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EXECUTIVE SUMMARY

Geotechnical factors have a major influence on the performance of almost every civil engineering
structure in an earthquake. This importance has been demonstrated by catastrophic or near
catastrophic failires during major earthquakes over the past 30 years. Significant attention to
geotechnical issues began after the extensive liquefaction in the 1964 Niigata, Japan earthquake,
the catastrophic landslides and ground failures in the great Alaskan earthquake of the same year,
and the near-failure of two critical earthdams in the 1971 San Fernando earthquake. Soil-
structure interaction effects on the behavior of nuclear power plants in earthquakes have been a
major source of uncetrtainty.

Our lack of understanding of dynamic geotechnical behavior continues to be confirmed time and
again as new earthquakes occur. Each new earthquake serves to dispel long held
misunderstandings and to reveal important new insights. The 1979 Imperial Valley earthquake
demonstrated that horizontal accelerations on level ground above 0.5g were physically possible;
vertical accelerations above 1g occurred in the epicentral region. The Mexico earthquake of 1985
demonstrated significant amplifications of peak motions, duration, and spectra due to local site
conditions involving deep, soft soil layers. The 1989 Loma Prieta earthquake in California,
probably the most relevant from a United States perspective, was a major geotechnical
earthquake which caused widespread damage due to soil- and rock-related failure or
phenocmena. The earthquake was moderately large in magnitude (M, = 7) but the duration was
relatively short. There was substantial damage in San Francisco and in Gakland and Alameda,
over 50 miles from the epicenter. Significant geotechnical responses/failures included ground
motion amplification, liquefaction in loose, sandy hydraulic fills, a large number of landslides,
settiement of highway bridge approach and abutment fills, and bridge failures due to liqguefaction.
The overall damage in the Loma Prieta earthquake is estimated at $7 to $10 billion. 1t is probably
reasonable to estimate that at least one-half this amount was due to geotechnical related failures.

Post-earthquake observations have given excellent documentation and insight into geotechnical
. hazards. Yet, there are large remaining uncertainties due to lack of measurements at locations of
interest and lack of data on pre-earthquake insiti conditions. The removal of these uncertainties
will require direct experimental programs under carefully controlled conditions. This need for
direct experiments led to the workshop reported here.

- The overall objective of this workshop was to provide an evaluation of current experimental needs
for geotechnical earthquake engineering and current capabilities to support those needs. Some
specific objectives were to:
»  Determine current needs for experimental data in support of geotechnical earthquake
engineering issues.

= Establish the level(s) of faithfulness with which test methods must represent
earthquake ground motion fields to mest gectechnical testing needs.

+ Document past experience and the current status of various testing techniques
including: actual earthquakes and after-shocks, shake tables, explosive simulation,
external shaker and pulser excitation, and dynamic tests on centrifuges.




«  Evaluate the fidelity and suitability of each test method for meeting current needs
including: cost-bensfit factors for each method, integration of the methods into a
hierarchy of testing for cost effective achievement of experimental objectives, and
compatibility of the methods with university research approaches.

Workshop participants included over 50 researchers and practitioners from academia,
government, and private industry. Their objective was to develop recommendations on overall
experimental needs, requirements for enhancement/improvement/evaluation, and test programs
which will lead to improved safety of geotechnical designs.

The format for the workshop included state-of-the-art presentations on geotechnical earthquake
engineering issues, and experimental needs and methods; panelwriting sessions covering
specific topics; and plenary discussions. The topics and speakers were:

+ Observational Methods: Ralph B. Peck

» Earthdams and Natural Slopes: Larry Von Thun

«  Soil-Structure Interaction {covering shallow and deep foundations, retaining
structures, and underground facilities): Stuart Werner

- Ground Motion {covering amplification, ground stability, and site improvement):
Geoffrey Martin

- Tests of Full Size Facilities by Actual Earthquakes and After-Shocks, and by Shakers
and Pulsers: T. Leslie Youd

« Explosive Simulation Tests: Cornelius J. Higgins

+ Dynamic Tests on Shake Tables and Centrifuges: Hon Yim Ko

Panels, organized around geotechnical topics, considered the needs in more detail, as well as the
applicahility, fidelity, and cost effectiveness of the various experimental methods. There were six
panels: 1) Earthdams, 2) Natural Slopes, 3) Foundations, 4) Retaining and Underground
Structures, 5) Ground Motion Response, and 6) Ground Instability and Site Improvement.

Six categories of knowledge gaps were identified by the panels: 1) Input Ground Motion, 2) Site
Characterization, 3) Fundamental Behavior and Properties of Soil and Rock, 4) Behavior/
Response/Failure Modes of the Geotechnical System, 5} Analytical Models (First Principle
Models, Simple Models for Practice, Model Validation, Model and Parameter Selection) and 6)
Mitigation/Soil improvement.

1} Specific ground motion concerns included coherency and spatial variation of motions,
the effects of wave type (P, S, R, etc.), vertical motions, local site and topographic
amplification, fault rupture, especially beneath dams, and overall prediction
uncertainties.

2) Detailed site characterization in three dimensions was especially important for large
geotechnical systems where the site can be variable over the dimensions of the
system and site details can dominate response. Although site characterization is
clearly important for earthquakes and most other geotechnical problems, dynamic
and otherwise, it was not the focus of this workshop.

3) Soil and rock behavior is a basic input inte understanding and predicting the overall
behavior of geotechnical systems. As with site characterization, the behavior of



geotechnical materials was not a direct topic in this workshop. Fundamental
behavior is of paramount importance, however, and must be pursued by NSF and
other research agencies.

4) Major knowledge gaps which require experimental evaluation for their resolution/
illumination begin to emerge in the consideration of the response modes of
geotechnical systems. Response and failure modes are major uncertainties because
either earthquakes have not occurred in the vicinity of major geotechnical systems
and/or post-earthquake observation and information are inadequate.

5) First principle finite element or finite difference models can provide some insight into
response and failure modes. However, they are limited by their ability to handle large
strain, nonlinear and inelastic behavior, three dimensional input, site conditions and
system geometry, and details of boundary and interface conditions. Several panels
pointed out the lack of validated models. Panels also commented on the need for
simple models for use in practical design and analysis.

6) There is a general lack of information on the effectiveness of mitigation and soil
improvement measures, including the use of geotextiles and density improvements.

There is also significant uncertainty on the spatial extent and depth of improvement
required.

The experimental methods recommended by the panels included: 1) Post-Earthquake
Observations, 2) Instrumented Sites in Seigmically Active Regions {and Mobile Instrumentation
tor Aftershock Monitoring), 3) Artificially-Induced Ground Shaking, 4) Centrifuge Tests, 5)
Shake Table Tests, and 6) Field Shaker and Snapback Tests.

All panels supported the continued conduct of post-earthquake observation of geotechnical
systems.

Instrumented sites in seismically active regions were recognized by all panels, without
controversy, as the ideal experimental condition. Experimental fidelity factors such as wavefields,
boundary conditions, and scaling are not issues in actual earthquakes. All panels recommended
permanent instrumented geotechnical projects at active sites.

Although instrumented sites in seisimically active regions provide ideal experimental conditions,
the expected results from such experiments are limited by lack of knowledge of precise time and
jocation of the event, as well as restrictions of numbers of measurements and limited
geotechnical site information. More use should be made of rapid instrumentation of sites
immediately after earthquake occurrence. Controlled, artificially-induced ground shaking to
simulate earthquake motion would permit concentration of instrumentation in spatially optimized
locations. Knowledge of the time, location, and source characteristics would permit pretest
predictions, better experimental planning, and higher instrumentation reliability. Candidates for
artificially-induced ground shaking include explosives and water pulse devices (being used by the
Russians as a seismic source). A limited amount of geotechnical information at low levels of
excitation can be obtained from the installation of shaking machines on instrumented structures.

Centrifuges have the advantage of permitting small scale experiments {o be performed in a
properly scaled gravity field.

iii




Only passing interest was expressed in the use of shake tables for geotschnical studies. This
was due mainly to concerns about scaling and boundary influence because of the limited size of
shake tables in the U.S. Japanese participants at the workshop stated that geotechnical studies
are conducted in Japan on their large shake tables.

Technical barriers were defined as those issues which must be resolved before adequate
experimental programs can be conducted. Three significant technical issues were raised relating
to instrumented sites in seismically active regions. First and most important was the issue of
instrument reliability/longevity, second was site aging effects, and third was the uncertainty
associated with time and location of the earthquake. This is really the origin of the instrument
reliability and site aging issues.

Explosive simulation is the main artificialty-induced grournd shaking method that has been used to
date. Since the primary motion from explosions in the near-field is from P-waves, there is
concern that the response will be different than S-wave induced response, thought to be the main
component in earthquakes. Concerns were also expressed about non-uniformity of motion,
higher frequency content, shorter duration, and fewer cycles of motion in explosions. 1t was
recommended that experiments and analyses be pursued to examine and resolve these issues.

The existence of several technical barriers was raised regarding the use of centrifuges for
geotechnical earthquake engineering studies. One barrier was the size of even miniature
transducers and instrumentation cables at the scales used in centrifuges. Another significant
barrier for studies of saturated soils, especially liquefaction, is the fact that time for water flow
(diffusion) scales as NZ while time for dynamic response scales as N. Other technical barriers
include size limits and resulting boundary reflections and in-flight property determination. The
major technical barrier to progress with centrifuges is the lack of high capacity shaker systems for
the larger centrifuges in the U.S. One-dimensional shakers are an immediate requirement.

The major technical barrier to meaningful shake table studies is the limited size and capacity of
U.S. shake tables. Larger shake tables, simitar to the large tables in Japan, would enable socme
geotechnical studies t¢ be conducted under satisfactory conditions.

The lack of sufficient funding was noted at the workshop as an overriding non-technical barrier.
This leads immediately to the non-technical barriers associated with a lack of equipment, and
inability on the part of the community to aggressively pursue large size projects. Serious
experiments cost significant amounts of money. Progress in the area of geotechnical earthquake
engineering has been significantly retarded by lack of funding. Other non-technical barriers
included the lack of central organizations tasked with the deployment and long term maintenance
of permanent instrumentation at geotechnical test sites. The USGS, Army Corps of Engineers,
and California SMIP instrument and maintain their own sites, but it is difficult for geotechnical

researchers o gain supporn from these organizations for deployment or maintenance of
geotechnical test sites.

It is the conclusion of the organizing committee that research funding 1o support the needs
identified by this workshop is too low in proportion to past and continuing investment in
geoctechnical infrastructure and structures influenced by geotechnical behavior. Loma Prieta
damage, mainly due to geotechnical causes, is estimated at $7 to $10 billion. A 1 percent
investment in research of say $100 million might have reduced the damage by as much as 25
percent. Considering a ten-year investment period (perhaps roughly on the order of the return
period for a significant damage causing earthquake), one could easily justify an investment of an



added $10 million per year for geotechnical earthquake engineering. There are many other ways
to derive similar estimates. The conclusion is simply that the nation must find ways to invest
additional resources into this research area.

Some combination of government and industry must address these funding requirements. The
construction industry in the U.S. has little incentive to innovate and support building research.
More incentive must be provided. The adversarial relationship that often exisis between owner,
engineer, and constructor, the high level of litigation in the U.S., and constraining government
regulations lead to uncreative, traditional solutions only because they have been accepted in the
past. As aresult, research leadership and the bulk of building research funding has been and,
apparently, must continue to be provided by the Federal Government.
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CHAPTER 1
INTROBUCTION

1.1 BACKGROQUND

Geotechnical earthquake engineering issues began to receive serious attention in the U.S. in the
1970’s in the wake of catastrophic or near catastrophic failures during earthquakes in the 1960’s
and 1970’s. The main events which illuminated the importance of geotechnical issues were the
extensive liquefaction in the 1964 Niigata, Japan earthquake, the catastrophic landslides and
ground failures in the great Alaskan earthquake of the same year, and the near-failure of two
critical earthdams in the 1971 San Fernando earthquake. In June 1377, the National Science
Foundation (NSF) and National Bureau of Standards (now National Institute of Standards and
Technology) sponsored a workshop at the University of Texas on “Research Needs and Priorities
for Geotechnical Earthquake Engineering Applications” (Ref. 1).

The University of Texas workshop resulted in recommendations for research in four major areas:

(1) Fundamentals
» analytical methods
+  stress strain refation
= soil properties

(2) Improved Design Methods

(3) Evaluation of Design Procedures by:
+ observations during and after earthquakes
+ dynamic excitation of large structures
» studies on large shaking tables
« studies on large centrifuges

{4) Technology Transfer
« financial support for graduate research
« research-user interaction

Substantial research progress has been made in these areas since the 1977 workshop.
Howaver, the one area that has not received significant attention nor seen much progress has
been the evaluation of design procedures by experimental means. There have been continuing
post-earthquake observations, some small centrifuge studies, and a recent larger program to
evaluate liquefaction on centrifuges, but there has been very little activity in the area of dynamic
excitation of large structures and studies on large shaking tables.



There is no question that post-earthquake observations are critical to our understanding of the
behavior of geotechnical materials and systems during earthquakes, but the evaluation of the
observations is limited by the lack of experimental control, limited understanding of the pre-
earthquake properties of the system, and limited instrumentation.

QOur lack of fult understanding of geotechnical behavior has been confirmed time and again in
earthquakes since 1977. Some of the most important earthquakes are:

+ 1979 Imperial Valley, California (Ref. 2)
+ 1985 Mexico City, Mexico (Ref. 3)

« 1988 Armenia (Ref. 4)

= 1989 Loma Prieta, California (Ref. 5)

+ 1990 Philippines {Ref. &)

« 1991 Costa Rica (Ref. 7)

Substantial damage occurred in these earthquakes due to the behavior or faifure of geotechnical
systems, and each earthquake served to dispel long held misunderstandings and to reveal
important phenomena. For example, the Imperial Valley earthquake demonstrated that horizontal
accelerations on level ground above 0.5g were physically possible. Furthermore, vertical
accelerations above 1g occurred in the epicentral region. This result cast in doubt the
assumption of an upper limit to earthquake accelerations in performing analyses and writing
building codes. This led to consideration of spectral acceleration in damped spectra and
“effective” peak accelerations. The response of the Imperial County Services Building also gave
strong indications of the importance of soil-structure interaction in earthquakes.

The Mexico earthquake of 1385 demonstrated, among other things, significant amplifications of
peak motion, duration, and spectra due to local site conditions involving deep soft soil layers.
Esteva (Ref. 8) notes that 5% damped spectra at some sites reached nearly 1g while the
maximum design spectra was 0.08g. There were also substantial reductions in shear capacity of
clay soils after many cycles of loading. This affected friction pile behavior.

The 1988 Armenia earthquake gave further evidence of the amplification of ground motion at
sites with relatively deep soft sediments. There also were a great number of landslides, as well
as concrete retaining wall and bridge abutment failures.

The 1989 |.oma Prieta earthquake in California is probably the most relevant from a United States
perspective. It was a major geotechnical earthquake which caused widespread damage due to
soil- and rock-related failure or phenomena. The overall damage in the Loma Prieta earthquake
is estimated at $7 to $10 billion. It is probably reasonable to estimate that at least one-half this
amount was due to geotechnical related failures. The earthquake was moderately large in



magnitude (Mg = 7.) but the duration was relatively short. Still, there was substantial damage in
San Francisco and the east bay area of Oakland and Alameda, over 50 miles from the epicenter.
This damage was due to two major geotechnical factors: (1) ground motion amplification on deep
fills and cohesive soils {bay muds), and (2) liquefaction in loose, sandy hydraulic fills. The
damage in the Marina district of San Francisco was due to large amplitudes of shaking and/or
large ground movement due to liquefaction. The east bay area experienced damaging
liquefaction at the Qakland International Airport, which suffered cracking and settlement of the
northern 9,000 ft of the main runway and taxiway, and at the Port of Oakland where some paved
areas were cracked and settled. |n addition, the large cranes at the Port were made inoperable
due to misalignment from settlement and lateral spreading. (See accompanying photographs.)

Some local site conditions in the Bay Area caused amplification of peak acceleration estimated at
up to three times that on nearby rock sites. There were no strong motion measurements in the
vicinity of the Cypress Viaduct failure, but measurements at other locations suggest the free-field
ground motions were at least a factor of 2 over what would have been predicted on firm ground.
Current code provisions do not consider such a large amplification (Ref. 9).

Other examples of geotechnical failures in the Loma Prieta earthquake include a large number of
landslides in the Santa Cruz mountains, settlement of highway bridge approach and abutment
fills, and bridge failures due to liquefaction and subsequent settlement, loss of bearing capacity,
and lateral spreading around the bridge foundation. Contrary to these failures, engineered fills
and dams which explicitly considered geotechnical earthquake engineering factors performed
well.

Geotechnical response was also important in the 1990 Philippine and the 1991 Costa Rica
earthquakes. Inthe Philippines, there was significant damage related to liquefaction, landslides,
and ground motion amplification. In Costa Rica, substantial liquefaction occurred in alluvial
plaing, in turh causing damage to roads, bridges, railways, ports, water systems, and plantations.

In summary, our experience with earthquakes over the past twelve or more years suggests that
geotechnical factors have had a major effect on the amount, location, and types of damage.
Geotechnical hazards associated with large earthquakes include:

- Site amplified ground motions

» Landslides and rockfalls

+  Widespread liquefaction with resulting settlement and lateral spreading affecting
highways, bridge abutments, and wharves, in particular

+ Damage to levees and dams

»  Soil strength reductions affecting foundation performance

+  Soil-structure interaction



- Damaged utilities
= Retaining wall movements

Post-earthquake observations have given excellent documentation and insight into these
hazards. Analyses of the behavior and failures will lead to improved prediction and design
methods. Yet, there will be large remaining uncertainties due to lack of measurements at
locations of interest and lack of data on pre-earthquake insitu conditions. The removal of these
uncertainties will require direct experimental programs under carefully controlled conditions. This
need for direct experiments led to the workshop reporied here.

Testing, including large scale testing, for structures has been in progress for a long period of time.
Structural testing is accomplished with shake tables, dynamic shakers, and quasi-dynamic
testing. This testing, however, does not address soil-structure interaction which requires
incorporation of the foundation material.

Geotechnical experimentation has not progressed as much. Geotechnical testing is more
demanding because the material which composes the structure {soil and rock) is the same
material through which the earthquake waves propagate. Hence, there is the need to test large
samples. Furthermore, the geotechnical materials are more variable and have complex
properties. There have been a few explosive simulation tests. Also, some facilities have been
constructed in active earthquake regions. In both cases, soil-structure interaction was the
objective. However, there is a need for testing to evaluate a wider range of geotechnical
problems including site improvement. This workshop was intended to evaluate and clarify this
need and establish an agenda for future experimental research to support geotechnical
earthquake engineering.

1.1.1  Recent Related Workshops and Meetings

Major workshops conducted over the last fifteen years related to experimental requirements in
support of earthquake engineering are given in Table 1. Every workshop emphasized the need
for significant experimentation. Many placed high priority on large scale testing. The major
workshop which covered experimental requirements for geotechnical earthquake engineering
was that conducted in 1977 at the Universily of Texas. Although testing was only one of several
topics at the workshop, the workshop recommendations emphasized prototype testing and the
further development of a wide range of test methods. The workshop documented here, aimost
fourteen years later, focused on experimental requirements, examined progress since the 1977
workshop, and developed current research recommendations.



Table 1. Major Workshops on Experimental
Requirements in Earthquake Engineering Research.

Worksh n Simulation of Earthquake Eff n_Struciures, National Academy of
Engineering, 1974. Recommended study and development of explosive methods for
earthquake simulation and recommended the establishment of a national test site for
explosive simulation of earthquake ground motions.

Woarksh n rch N nd Priorities fgor hnical hquake Engineering,
National Science Foundation and National Bureau of Standards, 1977. Recommended
instrumentation of free-field and structure motion in earthquake environments and
development of the use of explosives and mechanical shakers for testing prototypes or field
models and for tests using centrifuges and shake tables.

Worksh n the Potential Ltilization of the NA r . Marshall Fli nter in
Earthguake Engineering Research, National Science Foundation and the National
Aeronautics and Space Administration, 1878. Recommended large-scale tests using static-
cyclic testing towers, medium- or large-size shake tables, large centrifuges and high
explosives, and instrumentation of existing structures in earthquake prone areas.

Workshop on the Earthquake Resistance of Highway Bridges, National Science Foundation,
1979. Recommended improved cooperation and communication between researchers and
professionals, the development of means for verifying complex and sophisticated analysis
methods, and the development of procedures to determine the seismic resistance and
acceptable damage levels of existing bridges.

Workshop on Dynamic Excitation for Geotechnical Centrifuge Model Testing, National

Science Foundation, 1979. Noted that accurate simulation would be difficult and expensive
but that modeling systems with external vibration excitation {e.g., shakers) required little
development.

Buildings, Natlonal SCIence Foundatlon 1984 Recommended strengthenmg experlmental
research capabilities in the U.S. by modernizing existing facilities, establishing four to six
regional facilities with a variety of capabilities, and establishing a major national facility with a
large (20m x 20m) shaking table. Recommended further research on high-explosive
excitation methods for insilu testing and field tests for soil-structure interaction studies.

Worksh Review and [dentify th ke Engineering R rch N for Bri
and o Identify the Required Experimental Facilities, National Science Foundation, 1984.

Recommended a national bridge laboratory to permit analytical and experimental studies of
large scale models and full scale component. Recommended field experiments on full size
bridges insitu, including investigation of explosive testing techniques.

Worksh for hnical Experimentation in th
National Sc;ence Foundatnon 1988. Identified the existence, availability, and a high degree
of interest in having access to documented field test sites.

Workshop on Dynamic Soil Property and Site Characterization, National Science Foundation
and Electric Power Research Institute, 1989. Identified a wide range of requirements for
improvement in laboratory and insitu testing, test sites, field monitoring, and analytical

studies.



1.2 WORK P OBJECTIVE

The overall objective of the workshop was to provide an evaluation of current experimental needs
for geotechnical earthquake engineering and current capabilities to support those needs.
Experiments on physical models andfor prototype scale geotechnical systems were the main
issues. Laboratory testing of soils and rocks for determination of properties was not covered in
the workshop. Some specific objectives were to:

«  Determine current needs for experimental data in support of geotechnical earthquake
engineering issues.

«  Establish the level(s) of faithfulness with which test methods must represent
earthquake ground motion fields to meet geotechnical testing needs.

« Document past experience and the current status of various testing techniques
including: actual earthquakes and after-shocks, shake tables, explosive simulation,
external shaker and pulser excitation, and dynamic tests on centrifuges.

+ Evaluate the fidelity and suitability of each test method for meeting current needs
including: cost-benefit factors for each method, integration of the methods into a
hierarchy of testing for cost effective achievement of experimental objectives, and
compatibility of the methods with university research approaches.

Workshop participants included researchers and practitioners from academia, government, and
private industry. Their objective was to develop recommendations on overall experimental needs,
requirements for enhancement/improvement/evaluation, and test programs which will lead to
improved safety of geotechnical designs. A list of participants is given in Appendix A.

The workshop was organized by a commitiee comprised of Cornelius J. Higgins (Applied
Research Associates, Inc.), Chairman, Clifford J. Astill (U.S. National Science Foundation), H.T.
Tang (Electric Power Research Institute), T. Leslie Youd (Brigham Young University), Koon Meng
Chua (The University of New Mexico), Ronald F. Scott {California Institute of Technology), Paul
F. Hadala (U.S. Army Corps of Engineers), and Richard D. Woods (The University of Michigan).

1.3 RKSHOP FORMAT

The format for the workshop included state-of-the-art presentations on geotechnical earthquake
engineering issues, and experimental needs and methods; panelAwriting sessions covering
specific topics; and plenary discussions. Participants were invited to submit 2 - 3 pages of
comments in advance of the workshop on any topic related to the workshop. These submittals
were then given to the state-of-the-art speakers for consideration in their presentations.



The workshop was opened with a presentation on Observational Methods by Dr. Ralph B. Peck.
Three state-of-the-art speakers then considered major geotechnical earthquake engineering
issues organized by application. The topics and speakers were:

« Earthdams and Natural Slopes: Larry Von Thun

- Soil-Structure Interaction (covering shallow and deep foundations, retaining
structures, and underground facilities): Stuart Werner

s Ground Motion (covering amplification, ground stability, and site improvement):
Geoffrey Martin

State-of-the-art speakers focused on current methods, uncertainties in these areas, and
experimental needs to reduce the uncertainties.

The workshop then turned to experimental methods with state-of-the-art presentations on:

»  Tests of Actual Full Size Facilities by Actual Earthquakes and After-Shocks, and by
Shakers and Pulsers: T. Leslie Youd

« Explosive Simulation Tests: Cornelius J. Higgins

= Dynamic Tests on Shake Tables and Centrifuges: Hon Yim Ko

Panels, organized around the geotechnical topics, considered the needs in more detail, as well as
the applicability, fidelity, and cost effectiveness of the various experimental methods. There were
six panels as follows: (1) Earthdams, (2) Natural Slopes, (3} Foundations, (4) Retaining and
Underground Structures, {5) Ground Motion Response, and (6) Ground Instability and Site
Improvement.

These panels interacted during plenary sessions to permit exchange of information and critique of
panel conclusions.

1.4 REPORT QUTLINE

The remainder of this repori contains 4 chapters. Chapter 2 contains the state-of-the-art papers
prepared for the workshop. Chapter 3, written by the Organizing Committee, attempts to
synthesize and summarize the recommendations common to all of the workshop panels. The
specific panel reports are presented in Chapter 4. They vary in format and detail. They are
necessarily brief and sketchy due to the limited time available for their preparation during the
workshop. Finally, the Organizing Committee members provide some summary and concluding
remarks in Chapter 5.

Appendix B gives the agenda for the workshop. Appendix C gives the panel assignments.
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2.1 EARTHQUAKE ENGINEERIN F EARTH DAMS AND SL.OPES - EXPERIMENTAL
NEEDS IN 1991

Larry Von Thun
U.S. Bureau of Reclamation
Denver, Colorado

Coastal Bluff Failure at Daly City in Loma Prieta Earthquake {Photograph by
University of California, Berkeley, Geotechnical Engineering Group) (Ref. 5, fig. 4.44,
pg. 120, reprinted by permission of Earthquake Engineering Research Institute).
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Earthquake Engineering of Earth Dams and Slopes -
Experimental Needs in 1991
by
Larry Von Thun
U.S. Bureau of Reclamation, Denver Colorado

I. Introduction

The purpose of this paper is to serve as an aid to NSF workshop
participants seeking to identify the most important, current,
experimental needs-in the field of geotechnical earthquake
engineering of earth dams and slopes. To accomplish that
objective in a systematic way, the following approach will be
taken:

A. Summarize the elements of geotechnical earthquake
engineering analysis of earth dams and slopes and the
current procedures used in these analyses. .

B. Present a framework for evaluating the relative
importance and merits of needs being considered.

C. Identify difficulties and uncertainties presently
being experienced in the solution of geotechnical
earthquake engineering problems. Also, concurrently
review the status of design and analysis capabilities and
applications relative to the identified need. This
identification will provide an initial list of
experimental needs.

II. Earthquake Engineering Analysis and Design of Earth Dams
and Slopes

Evaluation of static slope stability of earth dams and slopes
consists of four basic elements:

1. Definition of potential failure modes and associated
failure geometry

2. Estimation of the pore pressure acting on the
potential failure planes

3. Estimation of the shear strength of materials along
the potential failure slide planes

4, Selection of an analysis method, execution of the
analysis, and evaluation of the results

Two elements are added for the dynamic problem:

5. Estimation of the earthquake loading and the attendant
ground motions to be applied
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6. Determination of any dynamic response of the slope or
earth dam to the earthquake motions

It is noted that the workshop separately addresses the question

of ground motions. However, in the interest of completeness and
the desire to focus on earth dams and slopes, consideration will
be given to needs related to ground motions.

Additional dynamic aspects regarding pore pressure, shear
strength and specific dynamic analysis techniques must also be

considered.

Pore Pressure -~ build up of pore pressure within
materials

- pore pressure response within
discontinuities as they respond
(open and close) to shaking

Shear Strength - variation, if any, due to the
nature of dynamic loading

- post earthquake resistance
Analysis Methods Need to account for:
- deformation during shaking

- c¢hange in strength properties
during loading

- change in geometry

- changes in dynamic response
during the earthquake

The above represents a summary of the basic elements and special
factors that need to be considered when examining the
experimental needs of the geotechnical engineer solving design
and analysis earthquake engineering problems of earth dams or
slopes. In addition to earth dam slopes, two other categories of
slopes need to be considered: (1) Natural slopes either unfailed
or failed (landslide slopes) which are being evaluated for
stability under earthquake loading and (2) Cut slopes, either
earth or rock, which are being designed to withstand earthquake
loading.

The problem of dynamic analysis of earth dams is illustrated in
Table 1. The table also provides a summary of the most common
dynamic analysis procedures used to address each part of the
problem.

Analytical procedures that are most commonly used in practice can
be categorized as:

13



Table 1. - Dynamic analysis of embankment dams.

Given: Earthquake magnitude and distance; site ground motion
parameters (at bedrock or ground surface)

Find: 1. Potential for liquefaction of dam or foundation deposits
(including amount of pore pressure rise if liquefaction
does not occur).

Permanent.displgcement of dam as a result of earthquake

Solution:

Two basic Two basic Two basic alternative
types of analyses steps_in each analyses approaches
Liquefaction analyses Dynamic response computation Empirical
Deformation analyses Pore pressure and deformation Analytical

response computations
DYNAMIC RESPONSE COMPUTATIONS
In preparation for a In preparation for a
liguefaction analysis Approach tvpe deformation analvyses
Seismic potential Empirical Performance of
embankment dams
T/ O, '% 0.65 ( /g9) R, (o /o)
aver Anan ¢ "simplified Makadisi and Seed (1977)
SHAKE, SHAKEM 1-DP-analytical SHAKE, SHAKEM
FLUSH, TLUSH 2-D-analytical FLUSH, TLUSH
DESRA, extended FEM Analytical coupled DESRA, extended FEM
3-D FEM, MASH Other analytical 3-D FEM, MASH
PORE PRESSURE AND DEFORMATION RESPONSE COMPUTATIONS
Ligquefaction analysis Approach type Deformation analyses
Seismic potential Empirical Performance of
embankment dans
Seed (1981-86) SPT simplified Makdisi, Seed, and DeAlba
empirical (1977)
Post liquefaction Analytical math Newmark-site specific -
stability (SPT model USBR-DYNDSP
correlations for
strength) )
{a) Dilative - Field and lab testing for in situ void ratio
contractive vs. steady-state line
{(b) Stability under Field and lab testing for steady-state
steady state strength
{c) Triggering Stress-strain properties under undrained
analysis cyclic loading
Seed simplified, 1971 Cyclic triaxial Seed-Idriss (strain
testing potential)
Exeanded FEM Coupled Erocedures Exvranded FEM
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- dynamic response analyses employing a one dimensional
procedure (e.g. SHAKE) ™

- deformation analyses employing the Newmark procedure!®

- liquefaction analyses employing the empirical SPT
procedure!

- liquefaction analyses employing steady state of
deformation concepts™

Although there are many variations and refinements to these basic
methods and approaches, they represent the fundamental status of
existing practice. Verification of each of these methods is
anchored to case history data. A more elegant and comprehensive
solution has been developed by Finn, TARA-3P), which combines all
of the analytical procedures into a single solution. Dynamic
response, liguefaction (pore pressure development) and
deformation are combined into a single comprehensive analysis.
This procedure has also been compared to case histories, however,
its use has, to date, been limited and thus general familiarity,
acceptance, and application by the profession has not been
achieved.

Byrne“].has recently developed a procedure for estimation of post
ligquefaction deformation. Application of this procedure has also
been limited and is, therefore, not yet in general use.

Certainly estimation of post liquefaction deformation is a great
uncertainty in the profession.

TIT. Framework for Needs Prioritization

The exercise being undertaken at the NSF workshop should identify
many desired improvements in information, analysis procedures,
data bases, and the like. Each, when introduced in context, has
merit but it seems appropriate to consider in advance a means of
determining the relative importance of the identified needs. The
factors that need to be considered in formulating prioritization
criteria are given below with descriptions of lower to higher
priority ranking statements given for each.
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FACTOR

PRIORITY RANKING STATEMENT

LOW

HIGH

How great is the
deficiency?

Current procedure
works well but
could use
improvement

No good preocedure
is available

How common is the
application?

Problem rarely
encountered

Problem routinely
encountered

How important is
the application?

Applications have
minor effects on

Application can
affect major

decisions on projects
(feasibility, cost,
remediation)

practical
application

How likely is
success of meeting

Very likely - data or
information is

Remote chance - no
particular lead on

needs. how to approach apparently available
solution or new procedure is
apparent
1v. Failure Mode and Model Uncertainties
A. Earth Dams

In formulating the analysis of an earth dam under dynamic

loading three basic types of failure are considered:

1. Generalized deformation including spreading,
raveling, settlement, slumping and sliding as primary
effects, and transverse or longitudinal cracking as
secondary effects. There is considerable uncertainty
and attendant variation in the methods used toc analyze
these deformation responses. The Newmark procedure,
settlement analysis formulas, and the finite element
method are all used but there is little knowledge or
guidance as to which method should be used under which
circumstances. Further, there is considerable
uncertainty in employing and interpreting the results
of each methoed. In the Newmark procedure, a decision
on the "ecritical" surface for dynamic analysis needs
to be made. Should this surface represent the lowest
factor of safety under dynamic load regardless of
location or impact or should it represent a surface
whose failure can potentially result in loss of the
reservoir.
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Finite element analyses have a good deal of
uncertainty in the selection of material properties
and constitutive model characteristics as well as in
the interpretation of the actual response based on
stress and deformation patterns.

One of the greatest unknowns and deficiencies in terms
of failure potential determination and available
analysis models relates to longitudinal and transverse
cracking, the most commonly observed effects of
dynamic loading of earth dams. This problem is
currently only qualitatively evaluated on the basis of
observing discontinuities in geometry, sharp
variations in stress, and total amount of predicted
settlement. A better empirical guideline or procedure
and a more rigorous method for analyzing the
possibility and extent of this occurrence is needed.

2. Ligquefaction is a special case of generalized
deformation in that in its most extensive expression,
flow failure, it can be considered an independent
failure mode while its limited occurrence can simply
be a contributor to settlement, slumping and sliding.
Considerable uncertainty resides in the liguefaction
analysis data base in that most of the empirical data
base relates to observations of liquefaction
phenomenon (e.g. sand boils), rather than flow
failure. Formulation of failure modes and models
which attempt to account for portions of a slip
surface undergoing liquefaction or for a three
dimensional effect due to narrow failure zones are
often regarded as experimental and non-definitive with
respect to a final decision on a course of action.

The basic model or framework of understanding of the
mechanism and effects of a =s0il undergoing
liquefaction is now considered to be understocd in
terms of a solil's stress-strain diagram. However,
there is considerable uncertainty in how to account
for the relatively larger strain that must occur for
less brittle, more plastic solils. Laboratory tests
can readily illustrate the strain dependent effect but
remain problematic with respect to being reliably able
to predict whether or not a specific soil in situ
under a specific overburden stress will liquefy under
a given earthquake ground motion.

3. Ground rupture beneath an earth dam is the third
potential dynamic failure mode to consider. The
amount and possible locations of fault rupture beneath
an earth dam are extremely difficult to predict. The
orientation of the faulting and the potential
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secondary effects are critical to failure mode
definition. Considerable uncertainty currently exists
when such a problem is faced. New designs can be
formulated to accommodate a variety of movements and a
variety of magnitudes, however, some existing dams
must be evaluated for safety given the possibility of
fault displacement.

B. Natural Slopes

Generalized deformation failure modes for natural slopes,
both rock masses and earth masses, are postulated
similarly to those for earth dams. However, the key
question in these formulations, which is a source of great
uncertainty, is whether or not the slcpe behavior will be
slip (along a preexisting slide plane) or stick=-slip
(requiring a rupture prior to sliding). The difference
between these two behaviors is critical to the hazard
determination of the slope as well as its analysis
formulation. Slopes that could rupture and accelerate
during sliding can pose a reservoir wave dgeneration
hazard, and can in some cases, pose a direct or indirect
threat to life.

Rock falls or rock slides constitute a second natural
slope failure mode/modeling uncertainty. The current
state of interlocking of a rock mass is extremely
difficult to estimate, as is the effective ground motion,
which might be transmitted, in shear across a potential
slide plane. Extremely rapid pulses of high frequency
earthquake motion may not last long encugh to produce any
deformation of the rock mass.

Farthquake Input Motion and Dynamic Response Uncertainties
A. Earth Dams

An accelerogram is required for a Newmark tyPe deformation
analysis (unless the simplified Seed-Makdisi'”? approach is
used). Currently, there is considerable uncertainty in
the selected accelerogram regardless of the procedure used
to develop it. The uncertainties include:

1. Selection of representative earthquake motion.
2. Source to site attenuation estimate.
3. Estimation of transmission of motion from bedrock

through foundation materials (if applicable) and
through the dam.
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V1.

4. Estimation of representative motion (frequency
characteristics) along the slip surface.

5. Scaling of representative motion to represent the
average level of shaking along the slip surface.

Comparative studies between 1-D and 2-D and between
uncoupled and early coupled versions of earthgquake
transmission programs (SHAKE, LUSH, FLUSH, vs DESRA)
indicate relative insensitivity to the method used under
most circumstances. Variations in subsurface conditions,
however, can result in great sensitivity regarding
results. Guidance is needed in deciding how to
appropriately account for subsurface features that may
indicate a base isolation effect. 1In addition, guidance
is needed in determining ground motions for sites with
moderate depth (150-300 ft.) of alluvial cover and great
depth of alluvial cover (> 300 ft).

The input for typical empirical liquefaction evaluations
only requires the earthquake magnitude and the earthquake
induced shear stress. This shear stress for the empirical
data base formulation was derived on the basis of a peak
ground surface acceleration (A ). Currently, a much
better estimate of the induced shear stress can be
obtained using subsurface information and a dynamic
response analysis program (e.g. SHAKE). However, since
the data base was formulated on a different basis, it is
uncertain whether or ncot the improved earthquake input
actually improves the analysis. Thus, a need exists to
either adjust the data base or determine under what
circumstances subsurface shear wave velocity information
along with SHAKE should be used.

B. Slopes

Earthguake input for slope analysis is obtained similarly
as for earth dams. However, as discussed under failure
mode uncertainties, a need exists for determining
effective peak motions for rock slope stability probiems.
This problem becomes even more uncertain for sharply
varying rock geometry. Such geometry has been seen to
produce extremes of earthquake motion (e.g. Pacoima Dam
abutment) .

Uncertainties in Pore Pressure Estimation and Liquefaction
Analyses

A. Earth Danms

Dynamic stability and deformation analyses are made
assuming that pore pressures in the embankment materials
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VITIT.

either build up due to contractive soil behavior (reducing
shearing resistance), are dissipated through drainage, or
are not built up because the compacted materials are
dilative. Deformation studies are very sensitive to these
assumptions. There is a need to provide more definitive
information on what compactive effort or relative density
can be assumed to indicate that materials will behave in a
dilative manner.

The preponderance of liquefaction related failures are
reported to have occurred in fine sands and non-plastic
sandy silts. Uncertainty exists about the flow failure
potential of coarser materials such as gravel. A need
exists to determine under what conditions that materials
other than sands and non-plastic silts can liquefy.

Shear wave velocity measurements serve as a backup
procedure to SPT testing when unreliable or questionable
SPT results are obtained. A more definitive relationship
between liquefaction potential and shear wave velocity is
required.

Uncertainties Related to Shearing Resistance

Despite the recent attempts (since 1985) to relate SPT
blow count to residual or steady state strength, (post
liquefaction) by Seed and more recently by Harder,
considerable uncertainty remains. Likewise, use of in
situ sampling and laboratory test procedures suggested by
Castro and Polous result in considerable uncertainty in
estimation of steady state strengths. Variations in
steady state or residual strength are seen to cause sharp
variations in post-earthquake stability analyses
indicating that they are critical to determining whether
or not flow failure will or will not occur. The need
exists for improvements or refinements in determining the
strength/behavior of liquefied deposits.

Hadala suggests, in his notes for this conference, that
there is a need for experiments to verify/quantify
non-level ground liquefaction resistance. I whole-
heartedly support that suggestion.

Model /Method Verification

Empirical liquefaction analyses using SPT are, in effect,
only partially empirical. Significant adjustments and
correction factors are applied on the basis of cyclic
triaxial test results. New methods of investigation (CPT,
Becker Hammer, Shear Wave Velocity) are used but all are
tied to correlation with SPT. P.K. Robertson, in notes
prepared for this workshop, describes the need for full
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IX.

scale test facilities. Such facilities may offer a means
for accommodating advances in the field of liquefaction
evaluation in the areas of dynamic response, constitutive
modeling, field testing, in situ sampling, and analysis
methods. Large scale test facilities may also offer the
opportunity to quantify the adverse effects of a clay
overlying a sand or the potential positive effects of
gravel deposits surrounding a narrow sand seamn,

Refinements to liquefaction analysis procedures, such as
those suggested by C.K. Shen who notes that higher pore
pressures are developed under multi-directional earthquake
loading, are needed. Such a refinement needs to be
gquantitatively tied to the basic empirical data base of
sites which did or did not result in liquefaction, or a
new procedure needs to be developed that also can be
directly tied to case histories. Perhaps a new data base
comprised only of flow failures would be an appropriate
starting pecint.

Evaluation Criteria

Evaluating the dynamic stability of an earth dam or slope
is primarily judgmental. Even when quantitative
calculations are produced (intervals indicating
liguefaction or feet of horizontal deformation during
shaking), a judgment is rendered as to whether or not the
structure or slope will render a satisfactory performance.
The only criteria somewhat commonly in use is a factor of
safety of about 1.25 against liquefaction failure under
maximum earthquake loading. It is possible to use this
criteria if tests and information relate to a specific
layer. If, however, a wide, variable interval is being
examined, the evaluation becomes considerably nore
judgmental.

Deformation criteria generally first relate to the
guestion of freeboard and then to secondary effects
(cracking, slumping, etc.). More definitive criteria in
this regard would be very helpful.

Unless large scale testing that provides a more rigorous
basis for establishing criteria is developed, then the
current practice of leaving the overall evaluation to the
analyst for reaching a conclusion on dynamic performance
of earth dams and slopes is appropriate.
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X. Summary Matrix of Problems, Categories, and Uncertainties.
Table 2 presents a matrix consisting of the uncertainties
related to five problem categories and six solution stages
in earthquake engineering for earth dams and slopes. The
problem categories are:

1. Liquefaction flow failure of dams

2., Dynamic deformation (but no flow slide) of dams
3. Dynamic stability of slopes

4, Dynamic stability of landslides

5. Ground rupture

The Solution Stages are:

1. Investigation Failure Mode/Model
2. Earthquake Loading/Response

3. Parameter Modeling

4, Analysis Procedure

5. Design/Treatment

6. Criteria

XI. Conclusions

Dynamic analysis of earth dams and slopes is primarily
accomplished in the profession in one of three ways:

1. Deformation analysis using Newmark's procedure or a
derivative thereof.

2. Liquefaction analysis using Seed's empirical SPT
procedure or a derivative. Variations using CPT, Becker
Hammer testing and in situ sampling and testing are also
used.

3. A coupled finite element approach linking dynamic
response, pore pressure development and deformation.
{e.g. TARA-3)

For the most part these procedures, especially the Seed
ligquefaction analysis, are linked to case histories for
verification. Although the empirical procedure is well
established in the profession, there is a general unrest among
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analysts who have proposed or wish to develop improved
liguefaction evaluation- procedures, but are frustrated because
definitive decisions almost always lead back to the empirical SPT
data base. For changes in accepted procedures to take place, a
new verification base must be developed. Large scale or full
scale test facilities or development of a flow failure data base
linked to in situ field testing methods would seem, at present,
to offer the most promise for advances in the discipline.
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SOIL-STRUCTURE INTERACTION:
THE STATE-OF-PRACTICE AND
RECOMMENDED RESEARCH NEEDS

by

Stuart D. Werner
Dames & Moare
QOakland, California

1.0 INTRODUCTION

Within the general area of geotechnical earthquake engineering being addressed in this workshop, one
of the more complex processes is that of dynamic seil-structure interaction (SSI). This process is initiated when
incident seismic waves propagating away from the causative fault and through the geologic media encounter a
structure and foundation whose inertial and stiffness characteristics differ substantially from those of the
surrounding soils. As these'incident waves strike the foundation, they are reflected and refracted. The resulting
motions of the foundation generate inertia forces and motions throughout the overlying structure, which further
alter the motions of the foundation and the surrounding soil.

This dynamic SSI process has several effects. First, it alters the motions, stresses, and deformations in
the soil relative to their free field state. Second, a structure founded on soif will respond as a softer dynamic
system with a longer natural period than that of the same structure founded on rock. Finally, the dissipation of
part of the structure’s vibrational energy by hysteretic action of the soil and by the radiation of waves away from
the structure will increase the structure’s effective damping. The potential significance of each effect, and
whether the combined effects actually increase or decrease the seismic response of the structure, will depend on
many factors related to: (a) the amplitudes, wave lengths, directions of approach, and relative phasing of the
incident seismic waves; (b) the stratigraphy and material properties of the site soil materials; and (c) the
configuration, stiffness, mass, and damping characteristics of the foundation and the overlying structure.

The objective of this paper is to summarize the current state of the practice for evaluating these complex
SSI effects, and to use this summary as a framework for identifying SSI research needs in accordance with the
overall goals of this workshop. To accomplish this objective, the remainder of this paper is organized into two
main sections. The first of these sections (Section 2.0) summarizes how analysis procedures, experimental
methods, and strong motion records are currently used to evaluate SSI effects, and how SSI is considered in
current seismic design standards for conventional buildings and bridges. The final section of the paper
(Section 3.0) contains recommended research needs that focus on (a) improving the current understanding of
dynamic SSI effects, and when they may have an important effect on the seismic response of structures;
(b) developing improved practical methods for incorporating SSI into the seismic design process; and
(¢) enhancing the ability of current methods of analysis to estimate SSI effects on the seismic performance of
critical facilities. It is noted that all of these discussions and recommendations address SSI effects for a stable
soil material only, for which the potential for significant pore water pressure effects or other possible modes of
soil failure or instability can be considered to be negligible. This facilitates our focusing on the significant
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number of SSI issues to be addressed even for stable soils, and anticipates that potential soil instability effects
will be covered at length in other papers presented at this workshop.

2.0 CURRENT STATE OF THE PRACTICE

2.1 Analysis Procedures

2.1.1  Foundation-Soil Impedance Concepts

An initial milestone in the development of dynamic SSI analysis procedures was the formulation of
analytical solutions for the harmonic response of a rigid circular and massless disk bonded to the surface of an
elastic half space and subjected to a harmonic force (vertical or horizontal) or moment (racking or torsional).
Such theories, which were first developed by Lamb (1904), Reissner (1936), and Bycroft (1957) among others,
have led to the determination of complex, frequency-dependent impedance functions that relate the applied
harmonic forces and moments to the computed foundation displacements and rotations.

Since these initial development efforts, a multitude of new and significant analytical and numerical
procedures have been developed to compute foundation-soil impedances: (a) for sites with uniform conditions
or horizontally layered stratigraphy, and linear elastic, linear viscoelastic or equivalent lincar material
properties’; and (b) for surface or embedded foundations of arbitrary shape that may be rigid or deformable,
and are bonded to the adjacent soil medium. The various procedures for obtaining these impedance functions
include analytical solutions based on integral transform techniques, semi-analytical or boundary element methods,
finite clement or finite difference methods with "wave transmitting” boundary conditions along the edges of the
soil grid, and hybrid techniques which combine finite element and analytical procedures. Reviews of many of
these significant procedures are provided in several references including Werner (1976), Lysmer (1978), Luco
(1982), Wolf (1985), Novak (1987), Roesset (1989), and Gazetas (19912 and b). Representative examples of
these procedures are described in the subsections that follow.

212 Substructure and Direct Analysis Procedures

The two principal methods of dynamic 8SI analysis are substructure and direct methods. In substructure
methods, the foundation-soil impedances (expressed as an impedance matrix) and a finite clement model of the
structure are developed separately and are then coupled along their common interface. Foundation input
motions that incorporate scattering effects? are also computed separately and are applied to the coupled model.
In current practice, substructure methods are most typically applied with linear viscoelastic or equivalent linear
soil constitutive models; in such applications the dynamic analysis is typically carried out in the frequency domain
(through the use of Fast Fourier Transform procedures) in order to incorporate the frequency-dependence of
the impedance matrix. Substructure methods have occasionally been applied to fully nonlinear soil-structure

IEquivalent linear soil material models are intended to approximate nonlinear material behavior by using iterative procedures to adjust
each soil element’s secant shear modulus and damping after successive applications of the seismic input excitations, until these soil
parameters are consistent with an effective strain level induced within the element by the seismic excitations.

The practice for computing input motions for SSI analysis typically invelves a process wherein the soil and assumed massless
foundation are subjected to the free fteld motions. The resulting motion of the massless foundation differs from the free field motions
because of scattering (i.e. reflection and refraction) of the incident waves that comprise the free field motions as these waves strike the
foundation. The computed foundation motions that include these scattering effects are used as input to the soil-foundation-structure model
(including mass) and the dynamic responsc of the modcl is computed.
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models, for which the dynamic analysis is normally carried out in the time domain and the coupling between the
substructures is implemented during each time step.

The direct method of dynamic SSI analysis involves construction of a finite element or finite difference
model of the complete soil-structure system in a single step, rather than as a multi-step process. Free field input
motions are then applied along the base and/or the sides of the soil portion of the model, in order to compute
the soil-structure system response. Direct methods of analysis may be readily applied to linear, equivalent linear,
or nonlinear soil-structure system models. Truly nonlinear SSI analyses including complete interaction etfects
are most commonly carried out using direct methods.

213  Computer Programs

Many examples of the current technology for substructure and direct methods of dynamic analysis are
available as computer programs. To illustrate this technology, five of these programs are summarized in Table 1.
These five programs encompass a range of methodologies, are established and well documented in the technical
literature, and have typically been used to provide analytical correlations in major SSI test programs.
Supplementary discussion of these programs is provided below.

FLUSH The FLUSH Code (Lysmer et al., 1975) uses a direct method of analysis of a two-dimensional
finite element soil-structure system representation with an equivalent linear model of horizontally layered soils
on a rigid base, and seismic input motions from vertically propagating shear waves. It approximates out-of-plane
radiation damping eftects through the use of in-plane dashpots attached to each soil node point. For many vears,
FILUSH has been among the most widely used SS1 analyses procedures in engineering practice. An advanced
version of FLUSH (named SUPERFLUSH) has been developed that has several new features, including
accommodation of simultaneous horizontal and vertical excitations, traveling wave eftects, and non-horizontal
soil layers and topography (Udaka, et al., 1981).

CLASSI The CLASSI Program (Luco and Wong, 1932 and 1987; Luco et al., 1988a) cmploys a
substructure approach in conjunction with a general three-dimensional structural model and a boundary element
approach to compute foundation-soil impedances for a linear viscoelastic and horizontally layered soll medium.
The superstructure properties used as input to CLASSI are its fixed base modes of vibration, which are computed
externally by any arbitrary structural analysis program. Originally developed to accommodate rigid surface
foundations of arbitrary shape, CLLASSI can now also accommodate deformable surface foundations, embedded
rigid foundations of arbitrary shape, and embedded deformable foundations of cylindrical shape, as well as
spatially random input motions from arbitrarily incident seismic waves.

SASSI The SASSI Program (Lysmer et al., 1981; Ostadan, 1983; Tabatabaie et al., 1982; Bechtel, 1991)
is a three-dimensional finite element program for SSI analysis of a structure located on or within horizontal soil
layers with equivalent linear material properties, and subjected to input motions from arbitrarily incident seismic
waves. It uses a substructuring method termed the flexible volume method, in which the excavated soil that is
replaced by the foundation is modeled and subtracted from the structure, and the SSI is assumed to occur over
a volume rather than at the boundaries of the foundation. This simplifies the computation of the foundation-soil
impedance matrix, and eliminates the need for a separate analysis to obtain foundation input motions that include
scattering effects. The equivalent linear model in SASSI cannot be automatically iterated after each dynamic
analysis run; rather, this iteration must be accomplished manually. Also, SASSI uses octahedral strain as the
strain ordinate in its equivalent linear model.
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TABLE 1

SUMMARY OF SELECTED SEISMIC S5 COMPUTER PROGRAMS

Code ]I FLUSH 4[7CLASSI SASSI | HASSI-8 TRANL
Methodology Direct Substructure Substructure Substructure Direct
Type Finite Element Finite Element Finite Element Hybr1d Finite
(structure) and Element
Boundary
Element
{foundation-
*I s0il system)
$03%1-Structure System 2-D 3-D 3-D 3-D 3-D
Configuration
Layering Horizontal Horizontal Horizontal Horizontal Arhitrary
Constitutive I Equivalent Linear Equivalent Equivalent Nonlinear
Model Lingar Viscoelastic Linear {(not Linear Hysteretlc
automatic Cap Model
iteration)
Soi1l Large No No No No Yes
Moded Deformation l
Capability
Nonlinear No No No Mo Yes
Foundation
Sail1 Interface
Element Types Linear elastic Any number of Wide range of Wide range of Nonlinear 30
becam and planar linear elastic, Tinear elastic Tinear elastic brigk, 3D
elements elements from structural structural plate,
any outside elements elements planar, and
structural beam
analysis elements, and
program elastic beam
substructure
Structural elements.
Hodel
Foundation Any number of Surtace Any number of Single Any number of

Characteristics

deformabie
embedded or
surface

foundations

Foundations:
- Any numboer
- Rigid or

deformable
Arbitrary
shape

Embedde
Foundation:
- Single
foundation
- Cylindrical
deformable
- Arbitratily
shaped rigid

deformahle
emhedded or
surface
foundationg of
arbitrary shape

deformahie
embedded or
surface
foundation of
arbitrary shape

deformable
embedded or
surface
foundations
of arbitrary
shape

Lateral Wave Semi-Infinite Wave Semi-Infinite S011 Island
Boundaries Transmitting layered medium Transmitting Med{ium
Base Rigid Semi-Infinite Wave Semi-Infinite S04l Island
layered medium Transmitting Tayered medium
Half Space
Basis for Specified Specified Specified Specified Arbitrary

Input
Motions

Computing Free
Field Motions

cagntrol motions

Vertically
incident body
waves

contral motions

Spatially
randem and
arbitrarily

control motions

Arbitrarily
incident body
and surface

control motions

Arbitrarily
incident body
waves

wave field
and criterion

incident body waves

and surface

waves
Basis for Deconvolution Free field Free field Free field Free field
Computing Input of control motions motions motions motions used
Motions for SSI motions madified to (scattering modified to as itnput to
Analysis include effects include SST analysis

scattering included scattering

effects through effects

flexible voliume
substructure
method}

Application of
Input Motions

A rigid base
of soil model

At foundation
{along soil-
faundation
interface)

At foundation
{(throughout
embedded
foundation)

At foundation
(along soil~
{foundatlon
interface)

At sides and
base of socil
island

Computational Technique

Implicit

Frequency
Domain

Tmplicit

Frequency
Domain

Implicit

Frequency
Domdin

Implicit

Frequency
Bomain

Explicit

Time Domain
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HASSI-8 The HASSI-8 Program (Katayama et al., 1991) is the latest in the HASST family of programs
which uses a hybrid model consisting of a three-dimensional finite element model of the structure and a near
field segment of soil, and an analytical solution to represent the far field soil region (Gupta et al., 1982: Chen
et al., 1990). This latest version accommodates free-field motions from arbitrarily incident body waves, considers
the site to be comprised of horizontally layered soils with an equivalent linear material model, and incorporates
scattering effects into the computation of the foundation input motions. The equivalent linear soil model in
HASSI-8 is defined in terms of octahedral strain.

TRANL The TRANL Program (Baylor et al., 1974; Isenberg et al., 1978) is a fully nenlinear three-
dimensional finite element program that incorporates nonlinear material models for the continuum and structural
elements, debonding and rebonding along the soil-structure interface, and large deformations. It uses a "soil
island” approach in which free field ground motions corresponding to any desired combination of incident seismic
waves are computed along a ficticious boundary enclosing a volume of soil (termed the soil istand) that surrounds
the location of the structure. Then, the structure is inserted inte this seil island, the above free field motions
are applied along the boundaries of the island, and the seismic response of the soil-structure system is computed.
TRANL does not have wave-transmitting boundaries; therefore, the size of the soil island must be sufficiently
large to minimize the interference of back reflections from the boundaries.

214  Nonlinear SSI Analysis Procedures

In addition to the TRANI Program summarized in Section 2.1.3, other significant efforts have been
directed toward the development of nonlinear SSI analysis procedures. Examples of such efforts are (a) the use
of nonlinear constitutive models based on mathematical functions, mechanical models, or plasticity theory (eg.
Pyke, 1979; Vaughn and Isenberg, 1983); (b) discrete element methods using finite difference equations applied
to a network of material zones to approximate the differential equations of motion for a continuum (e.g.,
Cundall, 1976); (¢) the use of nonlinear soil models coupled with pore water pressure models within an effective
stress framework, in order to incorporate pore pressure effects during the seismic analysis of the soil medium
(e.g., Finn, 1990; Prevost, 1981; NRC, 1985); and (d) the use of boundary elements for an elastic layered far field
region together with a nonlinear model of the soil and structure near-field region (e.g., Wolf and Darbe, 1984
and 1986). Itis noted that the above referenced work of Prevost, Cundall, and Finn has been used primarily to
assess pore pressure effects and the stability of soil deposits, earth structures, and retaining-structure /soil systems
(e.g., Roth et al.,, 1991), and have not yet been widely applied to SSI analyses for critical buildings, tanks, etc.
The remaining nonlinear procedures identified above have occasionally been applied for SSI analysis of major
structures subjected to earthquake shaking; however their principal role has been as a research tool for gaining
insight into earthquake-induced SSI effects and as a resource for calibrating simpler SSI analysis procedures.
Along these lines, it is noted that simplified procedures that focus on particular nonlinear response characteristics
such as foundation uplift have been developed (e.g., Yim and Chopra, 1985) and have provided helpful insights
for incorporating these effects in conventional engineering applications.

2.1.5  Spring-Dashpot Models

A widely used subset of the foundation-soil dynamic impedances discussed in Subsection 2.1.1 is
frequency-independent springs and dashpots, in which the spring stiffness coefficients represent the stiffness of
the foundation-soil system and the viscous damping coefficients associated with the dashpots simulate the energy
losses due to radiation damping. This use of springs and dashpots was originally developed as a frequency-
independent analog to the theory of a rigid circular disk on an elastic half space (e.g., Lysmer, 1965; Hall, 1967;
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Richart et al., 1970); this analog has since been extended to more general conditions of non-circular surface or
embedded footing foundations (e.g., Roesset, 1980a and 1980b; Novak, 1987; Gazetas, 1991).

For dynamic SSI analyses involving mat or footing foundations, the application of spring-dashpot
methods has most typically consisted of: (&) use of current frequency-independent spring-dashpot analogs to
estimate spring stiffness and viscous damping coefticients associated with each degree of freedom of an assumed
rigid foundation; (b) attachment of these spring-dashpot elements to the base of a finite element model of the
structure; and (c) application of free field motions (usually design spectra) to the base of the spring-dashpot
elements, and computation of the foundation-structure system’s dynamic response. In such applications, the
effects of scattering on the input motions are typically not considered, even though such effects may be
particularly important for embedded foundations. Also, it is always desirable to: (a) check the spring and
dashpot coefficients against coefficients estimated from existing frequency-dependent impedance results over the
estimated range of predominant frequencies of the soil-structure systemn being analyzed; and (b) carry out
parametric SSI analyses 1o assess the sensitivity of the computed system response to uncertainties in estimating
the spring and dashpot coefficients and the input motions.

In contrast to mats and footings, bridge abutments and pile elements are modeled as equivalent springs
only; i.e., as noted in Subsection 2.4, radiation and material damping characteristics of these elements have not
yet been incorporated into the SSI analysis procedures used in the typical engineering and design practice for
these elements. The growing body of experimental and analytical data on general impedance characteristics of
pile foundations and bridge abutments will hopetully provide a basis for rectifying this situation in the near future
(eg., Novak, 1991; Crouse ct al., 1987; Woll and von Arx, 1982; Roessel ct al., 1986; Dobry and Gazetas, 1988;
Banerjee et al., 1987).

2.2 Experimental Procedures and Programs

A variety of experimental test programs and procedures have been developed to provide data for
evaluating: (a) the effects of SSI on the response of foundations and structures; (b) frequency-dependent
impedances of existing soil-structure systems; and (¢) current SSI modeling and analytical procedures. Because
other participants at this workshop will be addressing these test programs and procedures in great detail, the
following paragraphs will provide only brief summaries of the procedures, together with selected examples of
experimental programs specifically directed toward investigation of dynamic SSI effects.

221  Full Scale Testing of Structures and Foundation Elements

The most common type of dynamic field testing of full-scale structures involves the use of harmonic
force-excitations or quick release ot applied static forces. Harmonic force excitations are typically applied using
eccentric mass shakers with counter-rotating weights; these forces are computed as the product of the magnitude
of the weights, the eccentricity of the weights, and the square of the frequency of excitation. Different modes
of vibration of the soil-structure system can be excited by changing the location of the shaker on the structure,
the direction of the applied harmonic force, and the excitation frequency (i.e., the rate of rotation of the counter-
rotating weights). The quick-release test method involves the application of a static force at an appropriate
location on the structure (using varicus methods ranging from pulling on the structure with a cable to pushing
on the structure using a pressurized hydraulic ram). Quick release of these forces generates damped free
vibrations of the structure. For both ¢ eccentric mass shaker or quick-release test methods, motions of the
structure, foundation, and often the soil medium as well are measured by a suitable array of accelerometers.
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Both methods have been used to assess dynamic SSI effects for numerous structure types including simple
foundations (e.g., Lin and Jennings, 1984; Novak, 1985; Stokoe and Erden, 1985), buildings (e.g., Luco et al,,
1988b), and bridges (e.g., Douglas and Buckle, 1985; Douglas et al., 1991).

Several different data analysis methods are available for obtaining soil-structure system response
characteristics from the motions measured during these dynamic tests. For example, Crouse et al. (1984) used
data from eccentric mass shaker-induced excitations to develop transfer functions between recorded
accelerograph station motions and free field motions and to obtain foundation-soil impedance matrices, in order
to assess the importance of SSI at a "free-field" accelerograph station. Other example data analysis methods
include: (a) use of a variational form of Raleigh’s Principle to estimate the foundation-stiffnesses of a single span
bridge from eccentric mass shaker test data (Crouse and Hushmand, 1987); and (b) formal system identification
methods to identify the modes of vibration excited from quick-release testing of a two-span bridge and the
surrounding soil medium (Werner et al., 1990).

When used with sound data analysis and interpretations, full scale dynamic tests as described above have
provided valuable insight into the dynamic SSI process. For example, tests of a nine-story reinforced concrete
building by Foutch and Jennings (1978) and later by Luco et al. (1987 and 1988b) have demonstrated that the
compliance of the building’s foundation-soil system in lateral translation and rocking had an important effect on
the building’s response during the tests. Similar insights into the importance of SSI at short bridge structures
has been provided by forced vibration test data (Werner et al., 1990; Crouse et al., 1987). Such data can serve
to assess the adequacy of SS1 provisions in current seismic design standards (as discussed in Section 2.4) and can
provide an important basis for assessing procedures for dynamic SSI analysis (e.g., Wong et al., 1988; Crouse et
al., 1990).

222  Explosive Testing

A second experimental approach for investigating dynamic SSI effects is through the use of explosive
testing. This approach has used two-dimensional sequentially-fired explosive arrays, barriers, and specially
designed source devices to develop ground motions that simulate earthquake-induced ground shaking. The most
significant program using explosive testing, named SIMOUAKE, was sponsored by the Electrical Power Research
Institute.  Four tests under this program (mini-SIMQUAKE, SIMQUAKE IA, SIMQUAKE 1B, and
SIMQUAKE ) were conducted in mid-to-late 1970’s by the Civil Engineering Research Facility of the
University of New Mexico, at an alluvial soil site near Albuguerque, New Mexico. A later test, SIMQUAKE
III, was conducted at a rock site in upstate New York (Higgins, 1991).

The SIMQUAKE tests deployed small (1/24-to-1/8) scale, partially embedded, nuclear plant
containment structure models in the geologic medium. Arrays of buried explosive charges were set off,
generating shaking throughout the medium and in the model structures. Accelerometers located in the model
structures and throughout the geologic medium measured the motions of the soil-structure system.

A key objective of the SIMQUAKE tests in New Mexico was to provide data for evaluation and
correlation with results from nonlinear SSI analysis methods. Two methods that were used were TRANL (in
SIMQUAKE IA and IB), which is summarized in Section 2.1 of this paper, and STEALTH (in SIMQUAKE II)
which is a two-dimensional explicit finite difference procedure with nonlinear constitutive modeling capability
and debonding-rebonding elements along the soil-structure interface. Both methods used a soil-island modeling
approach, and free-field accelerometers were deployed in the SIMQUAKE tests to record the motions around
the periphery of the soil-structure system for use as input motions around the soil island.
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The above analyses of the SIMQUAKE soil-structure system configuration in New Mexico consisted of
pre-test predictions and post-test analyses. Both sets of analyses showed that nonlinear rocking response of the
structures was primarily a result of debonding-rebonding and compaction of the soil along the soil-structure
interface -- a trend that was confirmed by dynamic interface stress measurements and post-test inspection of the
interface region (Isenberg, et al., 1978; Vaughn and Isenberg, 1983).

223  Laboratory Testing

Because of the expense and difficulty associated with the dynamic testing of full-scale soil-structure
systems, laboratory testing of scale models has been used extensively. Such tests may have any one of a number
of different objectives. For example, they may be needed to provide qualitative information on general
deformation characteristics or potential failure modes. Alternatively, such tests may be required to provide
quantitative measurements of soil-structure system response characteristics that can be used to verify system
designs or to evaluate analytical procedures for performing SSI calculations. In either case, if the model tests
are to represent prototype soil-structure system seismic response characteristics, it is necessary for the laboratory
tests to be designed to: (a) satisfy similitude relationships that would enable the test results to be extrapolated
to prototype conditions; (b) apply earthquake-like excitations to the model system; and (c) minimize wave
reflections from the sides of the model container.?

For many years, dynamic scale model testing of soil-structure systems has been carried out under
standard gravitational ("one-g") conditions. However, because the response characteristics of the soil depends
on ambient conditions (eg., confining pressures for sand deposits) it is particularly important to account for these
conditions if the model tests results are to be used to represent prototype seismic behavior. This can be
accomplished by centrifuge testing, in which small-scale soil-structure system models are tested in an increased
gravity field in order to properly incorporate ambient conditions and maintain similitude with prototype
conditions. In such methods, a scale model soil-structure system is constructed that is p times smaller than its
prototype, and contains the same soil materials as the prototype soils. The model is then placed in a centrifuge
acceleration field that is p times greater than that of normal gravity conditions, When subjected to the assumed
seismic excitations during the dynamic centrituge tests, the model’s measured stresses and strains will be the
same as for the prototype conditions. Dynamic seismic excitations for the centrifuge tests most typically use
external sources to shake the entire container such as servo-hydraulic shakers (e.g., Roth et al., 1986), shake
tables (e.g., Schofield and Steedman, 1988) or a hammer impact (e.g., Weissman and Prevost, 1989). Methods
for minimizing reflected waves at the side boundaries of the container are all based on the premise that the
motions at the sides will be horizontal, due to vertically incident shear waves caused by applying horizontal
motions to the container. Various mcthods for accomplishing this include: (a) use of a rectangular or circular
container of the soil-structure system model that consists of thin aluminum plates or rings with a low-friction
material or steel bearings between adjacent plates to absorb friction (e.g., Hushmand et al., 1987; Schofield and
Steedman, 1988); and (b) use of an absorptive material along the sides of the container (e.g., Weissman and
Prevost, 1989). An excellent summary of the current state of practice in dynamic centrifuge testing is provided
by Ko (1991).

In his recent summary of modeling considerations for earth structures, Scott (1990) points out that,
although centrifuge tests closcly represent the actual stress-strain behavior of full scale soils, model tests under
one-g conditions may also be used if they are carefully carried out using prepared materials with appropriate

hese requirements are desirable but not necessarily essenttal if it is desired to use SSI analysis procedures to represent an exuct
model test setup and to use the test measurements sclely to check the analysis results,
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scaling. This may be an econoinical and desirable supplement to centrifuge testing, although further evaluation
and development of similitude requirements is still needed.

The centrifuge device has been used to assess dynamic SSI effects for a variety of structure and
foundation types, including bridge-abutment-backfill systems (e.g., Hushmand et al., 1986), retaining walls (e.g.,
Ortiz et al., 1983), and pile elements (¢e.g., Finn and Gohl, 1987). Shake table tests of dynamic SSI effects under
one-g conditions are described by Tamori and Kitagawa (1988) and by Fukutake et al. (1990). In thesc latter
papers, no specific mention is made of similitude or scaling considerations; instead, the test results are used
directly to verify analytical procedures.

23 Strong Motion Instrumentation

23.1 Current Instrumentation of Structures

A potentially invaluable source of information for dynamic SSI effects on the seismic response of
structures would be the analysis of recorded earthquake motions frem properly planned arrays of strong motion
instruments in structures and the adjacent soil medium. To date, however, even with the substantially expanded
instrumentation of buildings and other structures by the California Division of Mines and Geology (CDMG) and
the US. Geological Survey (USGS), there are only limited arrays of recorded motions that are adequate for
assessment of dynamic SSI effects during actual earthquakes. For example, current instrumentation arrays at
many existing buildings are often not adequate to measure the full translational and rotational response of the
foundations, and virtually never have accelerometers in the adjacent soil medium. One reason for this is that
the strong motion instrumentation in many buildings has often been based on the minimum requirements
specified in the Uniform Building Code (UBC). These code requirements for buildings in Seistic Zones 3 and
4 call for a minimum of only three triaxial accelcrometers in: (a) buildings with 6 or more stories whosc floor
area exceeds 60,000 square feet; and (b) buildings with 10 or more stories, regardless of floor area (eg., ICBO,
1991). Experience from past earthquakes has shown that such limited instrument arrays are insufficient to
evaluate SSI effects as well as many aspects of structural response. The expanded instrumentation of buildings
by CDMG and USGS over this UBC minimum level has led to several sets of recorded building motions during
recent earthquakes that can be used to assess certain SSI characteristics (Huang et al., 1989; Celebi et al., 1989;
Werner et al, 1992); however, the current number of adequately instrumented buildings is still limited. Strong
motion instrument arrays in bridges and other structures are similarly lacking.

One program where progress has been made along these lines has been at the Meloland Road
Overcrossing (MRO) -- a two-span reinforced concrete bridge near El Centro, California. An array of 26 strong
motion accelerometers was deployed at the MRO in 1978, and strong motions (with peak accelerations as high
as 0.51 g at the midlength of the bridge deck) were subsequently recorded by all of the instruments during the
1979 Imperial Valley Earthquake (M, = 6.8). Formal system identification methods were applied to these data
by Werner et al. (1987), and led to significant insights into the MRO's seismic response. However, because of
insufficient instrumentation at the bridge abutments and centra! pier footing, the recorded motions were
insufficient to fully assess the potentially important dynamic SSI effects at the MRO. For this reason, the
California Department of Transportation funded a follow-on project involving joint efforts of the author, Bruce
Douglas of the University of Nevada-Reno, and C.B. Crouse of Dames & Moore, that has featured full scale
dynamic testing of the MRO to gain further insight into its dynamic SSI characteristics. An important result of
this current study has been the development of a plan for expanding the instrumentation at the bridge’s
abutments, embankments, and pier foundation that will facilitate evaluation of its dynamic SSI effects during
future earthquakes. This expanded instrumentation has now been deployed by CDMG.
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232  Lotung Taiwan Program

A significant program directed toward evaluation of dynamic SSI analysis procedures commonly used
in the U.S. nuclear industry was carried out in the mid-to-late 1980s by the Electric Power Research Institute
and the Taiwan Power Company, with additional support from the U.S. Nuclear Regulatory Commission. This
program is described in detail in EPRI (1989) and is briefly summarized below.

Under this program, two large-scale (1/4- and 1/2-scale) reinforced concrete models of nuclear plant
containment structures were constructed, each with extensive instrumentation on the models themselves and in
the adjacent soil. The models are located on a soft alluvium soil site in Lotung, Taiwan, where frequent
earthquakes occur and where SMART-1, the strong-motion array sponsored by the National Science Foundation,
is in operation. Over the months following completion of the Lotung facility in late 1985, several earthquakes
with Richter magnitudes ranging from 4.0 to 7.5 were recorded at the site. This strong motion data base,
together with mecasurements from forced vibration tests of the model structures, formed the basis for a
cooperative program to evaluate existing SSI analysis procedures. The evaluation process consisted of blind
predictions by the various analysis procedures, and comparisons of the predicted results with the measured results
from the forced vibration tests and earthquake excitations. A total of 13 participants from the U.S., Taiwan,
Japan, and Switzerland carried out these predictions using a variety of SSI analysis methods that ranged from
simple soil-spring representations to more complex finite element methods and substructure impedance
approaches. The recorded soil-structure system responses from the earthquakes were made available to the
participants only after their predictions had been documented.

The Program concluded with a 2-1/2 day international workshop, attended by over 100 engineers and
researchers, at which the blind prediction analysis results were presented and compared. Assessments of current
SSI practice and recommendations for {uture research were developed from the workshop. Such assessments
by Hadjian et al (1991) have indicated that differences in the various analysis results presented at the workshop
were due more to the variations in the modeling of the soil-structure system and the characterization of the input
motions than to the different computational methods used. According to Hadjian et al, the results from the
Lotung SSI analysis results demonsirated the importance of scattering effects due to foundation embedment, as
well as backfill stiffness effects on foundation impedances and possibly on input motions. In addition, the
assumptions of vertical wave propagation and the equivalent linear soil model were judged to be acceptable when
applied to the Lotung data, although the development of soil shear modulus and damping curves as a function
of strain from geophysical and laboratory tests (as required for the equivalent linear soil model) were shown to
exhibit significant variability.

It is noted that another program of this type is currently being developed at a stiff soil site in Hualien,
a highly seismic area on the east coast of Taiwan. A circular array of strong motion instruments, named
SMART-2, will be installed around Hualicn by scientists from Taiwan. The primary objcctives of the

Hualien program will be to obtain earthquake-induced SSI data at a stiff soil site, and to use these data to
further evaluale and devclop SSI analysis methods and criteria (Tang et al, 1991, Youd, 1991).
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2.4 Consideration of SSI in Current Design Standards
24.1  Building Design Standards

Current national design standards for buildings are contained in: (a) the Uniform Building Code (UBC)
(ICBO, 1991); (b) the recommended provisions for buildings developed under the National Earthquake Hazards
Reduction program (NEHRP) (FEMA, 1988); and {(c) the seismic design provisions for conventional and
essential Armed Services buildings that were developed jointly by the Departments of the Army, Navy and Air
Force (DOANAF, 1982 and 1988). These latter documents are commonly termed the Tri-Services Manuals.

Neither the UBC nor the Tri-Services Manuals contain any specific provisions for considering SSI effects
during the seismic design of structures and foundations. Such provisions are included in the NEHRP standards.
However, they are relegated to an appendix rather than to the main body of the NEHRP standards because, as
indicated in the commentary for this appendix, “use of (the SSI) procedures in the design of most buildings is
considered to be unnecessary; therefore, it was decided that they are too specialized to be considered in the
Provisions proper.” This conclusion is contradicted by studies of several sets of building strong motion records
that are sufficient to evaluate certain SSI effects; these studies have demonstrated the importance of SSI effects
on the seismic response of many classes of buildings (e.g., Crouse and Jennings, 1975; Rojahn and Mork, 1982;
Luco et al., 1987; Bard, 1988; Tajimi, 1988; Werner et al., 1992).

The SSI evaluation procedures contained in NEHRP (1988) include: (a) a method for estimating
damping ratios for the structure-foundation system that, in turn, are incorporated into an equation for reducing
the base shear force because of SSI; and (b) a procedure for estimating the lengthening of the building’s period
due to SSI that is dependent on the horizontal and rocking spring stiffness of the foundations. These spring
stiffnesses are to be determined from "principals of foundation mechanics," with suggested equations in the
commentary that are derived from analytical solutions for the response of a simple structure on a rigid circular
disk foundation that is bonded to the surface of an elastic half space or is partially embedded within the half
space. Therefore, these suggested procedures provide guidance for base mat or footing foundations only; no
comparable guidance is provided for pife foundations.

24.2  Highway Bridge Design Standards

Seismic design guidelines developed under the auspices of the Applied Technology Council (ATC, 1981)
have been approved as a national guide specification for highway bridges by the American Association of State
Highway and Transportation Officials (AASHTO, 1983). A subsequent three-volume report published by the
Federal Highway Administration supplements the AASHTO guide specifications by providing more complete
information on the seismic design of highway bridge foundations and abutments (FHWA, 1986). This
information, together with current foundation/abutment seismic design practice by the California Department
of Transportation (Caltrans) has been summarized by Lam et al. (1991). The seismic design procedures outlined
in FHWA (1986) and Lam et al. (1991) include the incorporation of SSI into the seismic design of pile
foundations, drilled shafts, footings and abutments, as summarized below.

Piles and Drilled Shafts The FHWA (1986) provisions for estimating pile stiffnesses for SSI analysis
range from hand calculation/graphical methods for a single pile in a uniform elastic soil medium to computerized
methods for obtaining nonlinear vertical and lateral load deflection (t-z and p-y) curves for a single pile in a
layered soil medium. No procedures are provided for incorporating pile group effects (i.e., through-soil coupling
of adjacent piles). Provisions are outlined for assessing effects of the axial stiffness of individual piles on the
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overall rocking stiffness of the foundation, and for assessing the contributions of the pile cap to the foundation’s
overall stiffness. The SSI provisions given in FHWA (1986) for drilled shafts are similar to those for individual
piles.

Fobtings Procedures incorporated into FHWA (1986) for representing SSI effects at highway bridge
footings are based on simple spring analogs to the theory of a rigid circular disk on an elastic half-space, with
corrections to incorporate rectangular footing shapes and foundation embedment.

Abutments The FHWA (1986) provisions consider abutment behavior only in the longitudinal direction
of the bridge; no guidance for assessing abutment performance in the transverse or vertical direction is provided.
For design of seat-type abutments, which do not depend on the bridge superstructure for stability, FHWA (1986)
recommends checking to assure that pseudostatic displacements caused by loads computed using the Mononobe-
Okabe Equation are within acceptable limits. Integral abutments are analyzed by using retaining wall solutions
to estimate longitudinal translational and rotational spring stiffnesses for the end-wall/backfilt system. These
are combined with the stiffness contributions of the footing or pile foundation system to obtain an estimate of
the total abutment stiffness. Then, an iterative approach is used to modify the abutment stiffness and design to
(a) obtain equivalent abutment stiffnesses that are coosistent with abutment displacements computed from a
seismic analysis of the bridge; and (b) check that abutment force capacities and aceeptable displacement limits
are not exceeded. In their summary of the FHWA provisions, Lam et al. suggest the possible use of an abutment
stiftness estimation procedure by Wilson (1988). Wilson’s procedure can be used to obtain six discrete spring
stiffnesses that correspond to three translational and three rotational degrees of freedom of the abutment, and
include the contributions of the abutment walls, pile foundations, and soil.

Damping  FHWA (1986) does not contain provisions for considering the radiation and material
damping contributions of the various foundation elements; instead, dynamic scismic analysis of the bridge are
carried out using a response spectrum approach with a modal damping ratio of 0.05. It is noted that data from
dynamic tests of pile foundations (e.g., Crouse and Cheang, 1987; Han and Novak, 1988), bridge abutments
(Crouse et al., 1987; Werner et al., 1990) and footings (see Section 2.3 of this paper) all suggest higher levels
of damping; however, this information has not yet been synthesized for incorporation into bridge design practice.

3.0 RESEARCH NEEDS

The preceding summary of the current state-of-the-practice is intended to provide a framework for
identifying recommended research necds directed toward: (a) providing insights into dynamic SSI etfects during
earthquakes; and (b) improving the current state of practice for SSI evaluation and analysis. These
recommendations arc provided in the following paragraphs.

3.1 Education
The overall engineering community has not had adequate exposure 1o SSI concepts, procedures, and
cvaluation results that would enhance the incorporation of SSI provisions in current seismic design practice.

Therefore, provisions for workshops, conferences, and publications that present SSI to practicing engineers are
encouraged.
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3.2 Seismic Design Standards

Simplified and practical SSI evaluation procedures that are currently available (e.g., Veletsos ct al., 1988)
should be reviewed to identify (a) those elements of the current procedures that may be appropriate for inclusion
into current seismic design standards; and (b) directions for future research to further develop and improve
simplified SSI procedures. In particular, programs are recommended for calibrating simplified procedures against
results from: (a) full scale and model tests of soil-structure systems; (b) SSI evaluations from strong motion
records; and (c) detailed SSI analytical methods.

3.3 Expanded Strong Motion Instrumentation

There is a need for expanded strong motion instrumentation of existing structures analogous to the
expanded program for the Meloland Road Qvercrossing that is summarized in Subsection 2.3.1. Ideally, such
instrumentation should be deployed to measure the significant transfational and rotational degrees-of-freedom
of the foundation response, lateral pressures applied to the embedded foundation elements, and horizontal and
vertical variations of motion in the surrounding soil. Because the deployment of such arrays will invariably be
limited by cost constraints, initial planning and prioritization of expanded instrumentation programs should focus
on areas of high seismicity and major structures where SSI effects are likely to be important or are not well
understood.

34 Full Scale Test Programs

FFull scale tests of structures subjected to harmonic or quick-release excilations represent a potentially
invaluable source of information for studying dynamic SSI effects and {or calibrating SSI analysis procedures.
Such tests are particularly encouraged at structures where strong motion records have been obtained during past
earthquakes. Correlation of test-induced and earthquake-induced measurements and response characteristics
for the same structure will be valuable for enhancing the future usefulness of full scale testing for evaluating
dynamic SSI effects in an earthquake environment.

35 Data Evaluation Methods

Further development of methods that optimize the reliability of the information that can be extracted
from earthquake or test excitations of soil-structure systems should be encouraged. For example, research should
be directed toward enhancing formal system identification methods (that can now identify classical modes of
vibration of a soil-structure system under dynamic excitation) to provide a capability for identifying non-classical
modes, stiffness (impedance) matrices, and nonlinear system parameters.

3.6 Pile Foundations

The performance of pile foundations in a seismic environment is not well understood, and their current
seismic design and analysis methods require further development. Research should be directed toward
synthesizing existing experimental and analytical results to develop seismic design procedures for pile foundations
that incorporate their dynamic response characteristics. Gaps in the technology for meeting this objective should
be addressed by further research. For example, research should be directed toward the evaluation of soil-pile
interface behavior, the response characteristics of batter piles, nonlinear pile-soil-pile interaction (pile group
effects), and the contributions of the pile-cap and pile-head connection details to the overall foundation response.
Along these lines, the implementation of well-planned pile load tests for developing additional data to calibrate
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nonlinear pile foundation analysis procedures is particularly encouraged. It is noted that recommendations
comparable to these have also been made in a soon-to-be-published paper on highway bridge foundations by
Lam and Martin (1992).

3.7 Bridge Abutments

The dynamic response characteristics of bridge abutments is not well understood. Further analytical and
experimental research should be directed toward improving our ability to characterize the stiffness and damping
characteristics of skewed and non-skewed abutments.

38 Underground Structures

Underground structures for subways and highway systems are typically designed to conform to the
seismic deformations of the adjacent soil in a free field environment (Monsees and Merritt, 1991). Although
this assumption is reasonable for long flexible tunnels, it is questionable at locations of "hard-points" in
underground structural systems, such as end walls at an underground subway station-tunnel interface or at
entrance structures for underground stations.  Also, the cffects of through-soil coupling between adjacent
underground structures or between near-surface underground structures and above-ground buildings is not well
understood. Research into these various aspects of the seismic response of underground structures is
recommended.

3.9 Stochastic Analysis Procedures

Because of the complexities inherent in the specification of seismic input motions, the soil-structure
systcm modeling process, and the SS1 analyses procedures, results of any SSI analysis will contain inherent
uncertainties. Several past efforts have been directed toward incorporating these uncertainties into the analysis
of dynamic SSI {e.g., the Scismic Safety Margin Research Programn at Lawrence Livermore Laboratories).
However, these efforts have not found their way into the current practice for dynamic SST analysis. Research
directed toward building on these past efforts to develop practical stochastic SSI analysis procedures and models
of input motions and soil material properties should be encouraged.

3.10 Equivalent Linear Model

The iterative equivalent liner model was originally developed for conditions of vertically incident shear
waves in a horizontally layered medium. The extension of these concepts to the more complex soil stress-
deformation states that will be induced under non-vertically incident wave conditions is not fully understood.
Since major SSI analysis procedures now incorporate the equivalent linear model for such complex stress-
deformation states (e.g., SASSI and HASSI), an experimental basis for extending the model to apply to these
conditions should be developed.

31 Scismic Input Motions

There are insufficient ground motion data for assessing the current procedures for computing spatially
varying free field motions (including wave passage and incoherence effects) for use as input to SSI analyses.
Research directed toward deploying additional arrays for this purpose and toward using available data from
existing arrays to assess current procedures is recommended.
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3.12 Foundation-Soil Damping

One of the most important and least understood parameters for the seismic design of foundations is the
foundation-soil damping ratio. A first step toward gaining insight into the characterization of this parameter for
seismic design purposes should consist of a detailed review and synthesis of the existing experimental and
analytical data base that could be processed to estimate damping characteristics for foundation-soil systems. This
review would provide a basis for (a) evaluating whether the existing data base is sufficient to develop rational
procedures for estimating foundation-soil damping for seismic design purposes; (b) if so, proceeding with the
development of these procedures; and (c) defining additional research that would build on this initial information
in order to enhance our ability to provide improved damping estimates in the future.

3.13 Soil-Structure Interaction Experiment

The Lotung Taiwan program summarized in Subsection 2.3.2 has provided an excellent basis for gaining
insight into SSI phenomena and for assessing SSI analysis procedure. Programs of this type should be
implemented at other highly seismic regions and should address other than the soft soil conditions and nuclear
plant foundation conditions that were the focus of the Lotung Program. For example, other programs of this
type could be deployed at firm sites and could include pile foundations, bridge abutments and/or building footing
and mat foundations, and could be a Iocus for addressing many of the SSI research needs identified above. In
additions, such programs (as well as more recent data from Lotung) could provide a basis for calibrating and
assessing various extensions of several of the SSI analysis procedures that have been implemented since the
completion of the Lotung program.
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GROUND MOTION: EXPERIMENTAL RESEARCH NEEDS
SUMMARY

by Geoffrey R. Martin
University of Southern California

INTRODUCTION

The determination of earthquake ground motion parameters for
seismic design is now recognized by most engineers as a critical component
of the seismic design process. The level of complexity of ground motion
characterization depends on the importance or criticality of the particular
facility being designed or evaluated. For example, for routine design of
smaller building structures, ground motions are normally defined by code
requirements. For more important structures, such as power plants, dams,
major bridges, or port and harbor facilities, site specific earthquake
ground motion parameters are normally selected to reflect levels of
seismicity associated with the accepted risk and local site soil
characteristics. For these cases, ground motion input would normally be
defined by acceleration design spectra, together with representative time
histories for dynamic response analyses. The effects of soil conditions on
site response would normally be evaluated using one-dimensional wave
propagation considerations. A third level of evaluation normally
considered to be in the realm of research as opposed to engineering
practice, would require consideration of two- or three-dimensional effects
arising from the nature of géologic boundaries (for example, bedrock
defining a valley and associated stratigraphy of alluvial soils), and input
wave motion characteristics.

Clearly, experimental research needs would be seen differently by
people practicing in the three modes defined above. Engineers using a
building code approach would probably see the need for a better definition
of the code soil factors used to determine design spectral shapes. On the
other hand, engineers regularly using one-dimensional site response
analyses on a site specific basis, probably see the need for improved in situ
characterizations of shear modulus and damping ratios and a better
definition of site conditions where one-dimensional analyses may not be
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appropriate. For thosc seismologists working in the area of two- and
three-dimensional analyses of the effects of site conditions on ground
motions, the greatest need may be related to a clearer understanding of the
effects of nonlinearity and under what conditions nonlinear soil behavior
becomes significant.

Clearly, the research needs of the three groups are strongly
interrelated. An improved understanding of two-dimensional effects, for
example, provides the means for identifying the applicability of one-
dimensional approaches. Improved one-dimensional evaluations, in turn,
provide the needed refinements to code approaches for characterizing
ground motions.

The increasing recognition of the importance of good ground motion
characterization for earthquake-resistant design is reflected by the many
workshops and confcrences in recent years where this subject has been
highlighted. Of particular note are:

« The NSF/EPRI Workshop on Dynamic Soil Properties and Site
Characterization held in 1989. This workshop was based on the premise
that earthquake experience has shown that site geology and local soil
properties exercise a decisive influence on seismic ground motions and
structural damage potential. The objectives of the workshop were to
discuss the current state of dynamic soil property measurement and site
characterization, to cxplore ways to achieve necessary advances, and
identify research priorities.

« A series of three workshops (1989, 1990, 1991) on ground motion
parameters for seismic hazard mapping sponsored by the National
Center for Earthquake Engineering Research. These workshops
focused on the choice of ground motion parameters to be utilized for
maps and codes related to earthquake-resistant design of buildings.

» The Second International Conference on Recent Advances in
Geotechnical Earthquake Engineering and Soil Dynamics, St. Louis,
March 1991.
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« The Fourth International Conference on Seismic Zonation held at
Stanford in 1991. As the definition of ground motion parameters plays
a critical role in the concept of seismic zonation, many significant
contributions aimed at developing an improved understanding of the
nature of earthquake ground motions, were presented at this conference.

The encouraging feature of these workshops and conferences was the
increased level of cooperation and understanding being developed between
geotechnical engineers concerned with local site soil response, and
seismologists interested in strong ground motion characteristics. A one day
workshop between seismologists and geotechnical engineers to discuss
nonlinear site response was recently sponsored by the Southern California
Earthquake Center. A consensus is also gradually being reached between
the two disciplines, as to experimental research needs to better define site
specific earthquake ground motions for design. Such cooperation is critical
to ultimate success.

Background comments on ground motion characteristics expressed in
the following paragraphs are drawn largely from the above workshops,
together with discussions with colleagues during meetings held at the
National Center for Earthquake Engineering and the Southern California
Earthquake Center. The NSF/EPRI Workshop was attended by about
seventy specialists with expertise in the fields of engineering and the earth
sciences. It resulted in the publication of a very well-documented
Proceedings containing several major recommendations for research.
Comments on research needs and priorities given in this summary draw
heavily from this workshop. The consensus reached at the NSF/EPRI
meeting forms a solid foundation for the development of recommendations
at this Workshop in relation to earthquake ground motions.
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BACKGROUND; GROUND RESPONSE CHARACTERISTICS

1. CODES

The parameters defining ground motion in the seismic provisions of
most codes are normally keyed to a particular parameter (for example,
effective peak ground accelerations, or more recently, spectral ordinates at
0.3 and 1 second periods) appropriate for a reference site condition (for
example, rock or deep alluvial soils). The effects of local soil conditions
are normally taken into account by the introduction of a site coefficient S
related to a number of broad categories of soil conditions. These site
coefficients in turn modify spectral ordinates for design, as compared to
those spectral ordinates for the reference site condition. The selection of
these factors has been historically based on average ground motion spectra
for recorded ground motions complemented by the results of one-
dimensional analyses. Figure 1 shows site coefficients recommended by
NEHRP (1988), while Figure 2 shows soil coefficients and categories
adopted by the New York City building codes. The hard basement rock
characterizing the Northeastern U.S. leads to higher site amplification
factors because of the increased soil-rock impedance contrast.

Definitions of site soil factors and their use in revised building codes
planned in 1994 (National Earthquake Hazard Reduction Program) are
presently under review by several committees. Acceleration response
spectra associated with recorded ground accelerations have clearly showed
the need to incorporate the effects of local soil conditions on ground
motions adopted for design. The experience during the Mexico City and
Loma Prieta earthquakes, where significant amplifications of ground
accelerations were recorded on soil sites (with associated amplification of
spectral peaks at longer periods), has emphasized the need for site
coefficients. However, the means of doing this within the framework of a
code is still clearly a major issue. Guidance in this effort may be obtained
through more detailed analysis of recorded earthquakes, coupled with
improved analytical modelling, both one- and two-dimensional. Recent
papers by Finn (1991) and Jacob (1991) address several of the issues
related to this problem.
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2. ONE-DIMENSIONAL SITE RESPONSE

The effects of site-specific soil conditions on earthquake waves
propagating vertically from bedrock or underlying firm ground are often
evaluated by 1-D shear beam analyses. These analyses assume that ground
motions can be modelled by horizontal shear waves propagating vertically
through horizontally soil stratigraphy. Methods of analysis are able to
model nonlinear soil behavior and can identify the influence of site
conditions in modifying the amplitude and period of maximum spectral
ordinates and the effects of ground shaking intensity on the amplification
or de-amplification of ground accelerations.

The predicted effects from nonlinear one-dimensional analyses have
been identified in ground motions recorded during earthquakes. Evidence
of a significant shift in site period arising from weak versus strong shaking
is seen in data from Japanese earthquakes (Finn, 1991) reflecting the effects
of nonlinear soil behavior. The reductions in spectral amplification factors
for strong motions when compared to weak motions observed at many soil
sites (for example, Treasure Island, Jarpe et. al, 1989) have also suggested
the significance of nonlinear effects and the need for caution when
identifying site periods associated with peak response deduced from low
amplitude events, such as microtremors.

Following the introduction of the computer program SHAKE
(Schnabel et. al., 1972), one-dimensional nonlinear site response analyses
have been routinely performed by geotechnical engineers. Whereas the
effects of nonlinearity on ground motion response has been the subject of
considerable debate between seismologists and geotechnical engineers over
the years, since the Loma Prieta earthquake, seismologists have taken an
increased interest in both the potential influence of nonlinearity on
recorded accelerograms and the value of one-dimensional analyses. Chin
and Aki (1991), in a study of ground motions recorded during the Loma
Prieta earthquake, report on a pervasive nonlinear site effect at sediment
sites in the epicentral area, following analyses to remove the potential
effects of earthquake source and propagation paths.

One major uncertainty in one-dimensional nonlinear analyses relates
to the values of soil parameters required by the analysis methods. Changes
in equivalent linear shear modulus with shearing strain amplitude are
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normally based on laboratory determined relationships between shear
modulus and shear strain amplitude normalized by in siru geophysical
measurements of low strain shear modulus. However, because of
disturbance effects in soil sampling, considerable uncertainty exists as to
actual large strain shear modulus values in the field, particularly for
alluvial deposits. Similarly, damping values during earthquake-induced
large shearing strains in situ remain uncertain in relation to values
determined in the laboratory. Self boring pressure meter systems capable
of large strain cyclic loading are seen as a promising means to obtain
improved in situ data for both modulus and damping. However, in
discussing this topic at the NSF/EPRI Workshop, considerable
improvements in equipment design were recommended in order to
perform this task with some degree of confidence.

Another major problem in determining site specific amplification
factors or spectral ratios using 1-D analyses is the uncertainty as to input
motions when comparing fiecld measurements with calculations, as site
response depends on both the intensity of ground motion input, and the
frequency content. The evaluation of appropriate input motions is
difficult. Whereas rock outcrop motions adjacent to a soil site are usually
considered appropriate, Finn (1991) notes that studies of ground motions at
the SCT strong motion site on the lake bed in Mexico City during the 1985
carthquake could not be simulated by using the rock outcrop motions in the
University District as input motions. The rock motions had no preferred
direction, whereas the observed motions at the SCT site on the lake bed had
acquired a strong East-West orientation, possibly due to surface waves
being propagated in the East-West direction by a local subsurface
topography or lateral inhomogeneities. Finn makes similar observations in
relation to computations of acceleration spectra for the Treasure Island
site, using motions recorded at the Yerba Buena site from the Loma Prieta
earthquake as input. Whereas one-dimensional analyses gave reasonable
results in the case of the East-West direction, relatively poor correlations
between observed and recorded spectra were obtained for the North-South
direction, possibly reflecting the fact that topographic effects due to
subsurface structure associated with the contact between rock outcrops and
sediments can alter motions significantly.
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The effects of site geometry and global characteristics on local site
response was discussed extensively at the NSF/EPRI Workshop.
Consideration of ground motions in alluvial valleys allows an assessment of
the patterns in response from a vertically propagating plane shear wave
assumption. The main effect of curvature of the sediment-basin interface is
the generation of surface waves, as well as trapped body waves which
propagate and superpose with the vertically propagating shear waves. This
may result in an amplification of motions, as well as increased duration
over 1-D soil effects alone.

A summary of 2-D effects presented at the Workshop is shown in the
attached table. Heavily instrumented, experimental arrays at sites likely to
experience a strong earthquake in the near future are seen as the best means
of addressing many of the questions posed above. The effectiveness of this
approach has been demonstrated by results obtained from the Lotung
downhole ground motion array in Taiwan. Analysis of results obtained
during a strong earthquake demonstrated that ground motion data obtained
from closely spaced instruments can be effectively utilized to both infer in
situ dynamic soil properties and variations of properties with levels of
ground shaking (Chang et. al. 1991).

3. TWO- AND THREE-DIMENSIONAL SITE RESPONSE

With the increased power of small computers, there has been a
recent upsurge in the number and complexity of two-dimensional site
response analyses being performed. The seismological approach to this
problem is to start with a model of the source at the fault break, propagate
elastic waves between the source and the site with a two- or three-
dimensional site (alluvial valley) characterized as an elastic medium. Aki
and Irikura(1991) describe a number of techniques used for these types of
analyses. However, they are normally restricted to computing
displacement amplitudes at the site, where the interest is in the long period
range. Such approaches have yet to be of value in the higher frequency
ranges generating the peak ground accelerations of interest to engineers.

The engineering approach to two-dimensional modelling normally
assumes plane waves (SH, SV or P) arriving .at the interface between
bedrock and an alluvial valley either vertically or at some angle of
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incidence. Valley stratigraphy may be modelled either as elastic and wave
propagation solutions developed, or alternatively modelled by linear or
nonlinear finite elements and numerical procedures used to compute site
response. Results from such analyses have clearly indicated the importance
of two-dimensional effects in many instances. Modaressi (1991) describes
a finite element approach for prediction of two-dimensional site effects for
the alluvial valley located at Turkey Flat in California. The model is
capable of both elastic and nonlinear behavior and reasonable comparisons
were obtained between computed and recorded accelerations at the site.
Papageorgiou and Kim (1991) describe a method of analysis for the
response of sediment-filled valleys arising from incident SV waves and SH
waves. A study of the earthquake response of the Caracas Valley using a 2-
D model and vertically propagating SV and SH waves showed important
differences when compared to each other, while for the 1-D model there is
no difference in response between SV and SH waves when the angle of
incidence is vertical. A study of oblique incidence of SH and SV waves
showed localized site amplification consistent with the localized damage
observed during the Caracas earthquake. Recent studies by Bardet et. al
(1991) on the two-dimensional dynamic response of the Marina District
during the Loma Prieta earthquake, also demonstrated the significance of
two-dimensional effects when compared to 1-D modelling. In this case, the
two-dimensional effects resulted mainly from the irregular geometry of the
bedrock and the hardpan layer separating the recent bay muds from the
older bay mud deposits. Localized ground motion amplifications
significantly greater than those predicted by 1-D analyses occurred when
the site was subjected to vertical or inclined SV and P waves.

The results from these and similar studies clearly indicate the need
for an improved understanding of the implications of two-dimensional
response on earthquake ground motions. As suggested above, closely
spaced arrays at selected sites appear the best means to obtain and validate
this understanding. A number of strong motion arrays are presently
operating in the United States, Japan, Taiwan, Mexico, and People's
Republic of China. They typically involve accelerometers or seismometers
located on or below the ground surface in a seismically active area. Some
are oriented towards scismological research and others to more practical
engineering issues. Several are instrumented with pore pressure
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transducers to monitor pore pressure increases in liquefiable soils. A good
summary of these arrays and their characteristics was provided in the
NSE/EPRI Workshop.

4. LIQUEFACTION

For the case of saturated, cohesionless soils, the effects of pore
pressure buildup during ground shaking leading to potential liquefaction
are of particular interest, both with respect to potential site stability
problems and with respect to the effects of pore pressure buildup on
recorded ground motions. Whereas there is a continuing need to improve
methods for determining in situ soil parameters necessary for site response
analyses in terms of effective stress, there is perhaps an even greater need
for experimental studies leading to a better understanding of the post-
liquefaction deformation behavior of cohesionless soil sites when subjected
to continued ground shaking, particularly in the case of slightly sloping
sites where potential large ground deformations or flow failures may
occur. Pore pressure and deformation data obtained from instrumented
sites can provide valuable data to enhance our understanding of post-
liquefaction ground motions. Data recorded at the Wildlife Site in the
Imperial Valley, California during a recent earthquake provided good
insight as to pore pressure buildup effects and associated permanent ground
deformations. Piezometer arrays with associated accelerometers have also
been installed at the Parkfield Site in California and a site in San
Bernadino.

Due to piezometer installation difficulties and time delays in waiting
for earthquakes, increased attention has been given to centrifuge testing as
a viable option to study the effects of liquefaction on ground response.
With the development of centrifuge shakers, it is now possible to study the
effects of simulated earthquakes on saturated cohesionless soils under
controlled conditions over a very short period of time. The VELACS
(Verification of Liquefaction by Centrifuge Studies) Project is an NSF
funded coordinated geotechnical centrifuge study of simulated earthquake
loading of a variety of different models in order to study the mechanisms
of liquefaction induced failure and to acquire data of the verification of the
various analysis procedures for liquefaction problems. The collaborating
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universities are University of California, Davis; University of California,
Berkeley; California Institute of Technology, University of Colorado,
Boulder; Massachusetts Institute of Technology, Rensselaer Polytechnic
Institute, Princeton University, and Cambridge University. Numerous tests
have already been performed and a program of analytical studies is about
to commence on a variety of models, with predictions being made prior to
the specific tests being performed. Whereas this program will provide
greater insight into the mechanisms of post-liquefaction earthquake
behavior and validate and improve numerical procedures, the challenge
still remains to characterize in situ soil properties related to the analytical
parameters needed for design related seismic response studies.

The centrifuge may also be effectively used to study the effects of
ground remediation (such as vibro compaction or dynamic compaction) as
a means of minimizing excess pore pressure buildup during earthquake
ground shaking. The potential for remediated ground to attract higher
acceleration levels than adjacent unremediated ground is of interest, and is
usually not addressed when evaluating compaction criteria for ground
remediation. Research needs associated with liquefaction problems and
associated ground remediation techniques were recently discussed at an
NSF sponsored workshop at the University of Washington, Seattle, and
recommendations for future research in this area will shortly be published.
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RESEARCH NEEDS

A good starting point in relation to the development of experimental
research needs for earthquake ground motion characterization may be
found in the recommendations arising from the NSF/EPRI Workshop. The
organizing committee for this workshop summarized research needs in
relation to site characterization as follows:

* Development and operation of field test sites in seismically active areas

» Technology developments in the areas of in situ testing, laboratory
testing, and ground response monitoring

+ Fundamental studies of physical-chemical processes

« Sensitivity studies to evaluate the importance of dynamic soil property
variation

« Analytical studies to develop improved data processing methods,
laboratory and field data interpretation techniques, and ground-response
modeling procedures

The first two items on this list relate more closely to the objectives of this
workshop. In particular, the development and operation of test sites
involving instrumental arrays located in areas of high earthquake
probability generally receive very strong support. Recommendations at the
NSEF/EPRI Workshop, in relation to test sites, were summarized as follows:

+ They should be tied in with new or existing strong motion seismic
arrays to optimize planning, management, and maintenance.

« The sites should be located on loose, saturated, granular soil and soft
clay to obtain data for a range of geologic conditions.

» The geometry should be well defined, and the test site area should be
large enough to allow numerous experiments to be carried out.
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Soil sites should include sloping ground and have nearby rock outcrops.

If possible, information on site characterization should be already
available,

The sites either should be available for non-earthquake-related studies
or may be part of other projects involving earthquake or non-
carthquake activities.

In relation to ground response monitoring at such sites, the
recommendations focused heavily on new technology developments as
follows:

Cyclic and permanent strain and deformation measurements
Systems to monitor cyclic stress-strain response
Six-component accelerometers

Continuous monitoring of Gmax during seismic events
Pore pressure devices

User friendly means to store, document and retrieve strong motion data

In situ testing techniques to determine soil properties, for both evaluation
of collected array data and for earthquake resistant design of new projects,
is clearly a high priority. Technology developments in this area
recommended at the NSF/EPRI Workshop were as follows:

Nondestructive, nonintrusive (geophysical, electrical, seismic, radar,
etc.) procedures for delineating subsurface stratigraphy in a rapid and
accurate manner
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= Nonlinear cyclic deformation and degradation characterization (stress-
strain, volumetric change)

« Material damping and its variation with level of shearing strain

» In situ density variation and/or in situ measurement of steady state
strength (Syg) in saturated, loose sand

« Standardization of in situ testing methods

The use of the centrifuge for earthquake simulation experiments on
the response of soil sites should also be emphasized as a developing
valuable experimental tool, particularly for verification of analytical
models and one-dimensional experiments for pre-earthquake simulation of
the response of array sites.

Refining and prioritizing the above recommendations, in terms of
the objectives of this workshop, would seem a worthy goal.

66



REFERENCES

Aki, K. and Irikura, K., "Characterization and Mapping of Earthquake
Shaking for Seismic Zonation," Proceedings, Fourth International
Conference on Seismic Zonation, Stanford, 1991, Vol. 1, pp. 61-110.

Bardet, J.P., Kapuskar, M., Martin, G.R., and Proubet, J., "An Assessment
of the Dynamic Response of the Marina District of San Francisco
During the L.oma Prieta Earthquake,”" Report to the National Science
Foundation, Department of Civil Engineering, University of
Southern California, September 1991,

Chang, C.Y., Mok, C.M., Power, M.S., Tang, Y.K., Tang, H.T., and
Stepp, J.C., "Development of Shear Modulus Reduction Curves
Based on Lotung Downhole Ground Motion Data," Proceedings,
Second International Conference on Recent Advances in Geotechnical
Earthquake Engineering and Soil Dynamics, St. Louis, March 1991,
Vol. 1, pp. 111-118.

Chin, Byau-Heng and Aki, K., "Simultaneous Determination of Source,
Path and Recording Site Effects on Strong Ground Motion During
the Loma Pricta Earthquake - A Preliminary Result on Pervasive
Non-Linear Site Effect,” submitted to Bull. Seis. Soc. Am., 1991,

Finn, W.D.L., "Geotechnical Engincering Aspects of Microzonation,"
Proceedings, Fourth International Conference on Seismic Zonation,
Stanford, 1991, Vol. 1, pp. 199-260.

Jacob, Klaus H., "Seismic Zonation and Site Response: Are Building-Code
Soil-Factors Adequate to Account for Variability of Site Conditions
Across the U.S.2.)" Proceedings, Fourth International Conference on
Seismic Zonation, Stanford, 1991, Vol. 2, pp. 695-702.

Jarpe, S., Hutchings, L., Hank. T., and Shakal, A., "Selected Strong and
Weak Motion Data from the Loma Prieta Earthquake Sequence,"
Seismol. Res. Letters, 60, pp. 167-176, 1989.

Modaressi, H., Bour, M. and Aubry, D., "A Finite Element Approach for
Prediction of Site Effects,” Proceedings, Fourth International
Conference on Seismic Zonation, Stanford, 1951, Vol. 2, pp. 261-
2776,

67



Papageorgiou, A.S. and Kim, J., "Oblique Incidence of SV-Waves on
Sediment-Filled Valleys: Implications for Seismic Zonation,"
Proceedings, Fourth International Conference on Seismic Zonation,
Stanford, 1991, Vol. 2, pp. 581-596.

Proceedings: NSF/EPRI Workshop on Dynamic Soil Properties and Site

Characterization, June, 1991, Vol. 1, Electric Power Research
Institute, Report NP-7337, Project 810-4.

Proceedings: NSF Workshop on Soil Improvement and Foundation
Remediation with Emphasis on Seismic Hazards, August, 1991,
University of Washington, Report to be Published 1992.

Schnabel, P.B., Lysmer, J., and Seed, H.B., "SHAKE: A Computer
Program for Earthquake Response Analysis of Horizontally
Layered Sites,” Report No. EERC 72-12, University of
California, Berkeley, December 1972.

68



SPECTRAL ACCELERATION

Soil FProfile Type S;--Rock of any characteristic, either
shale-tike or crystalline {n nature {suwch material may be
characterized by a shear wave velocity greater than 2,500 feet
per second), or stiff soil condftfons where the soil depth i{s
less than 200 feet and the soil types overiving rock are
stable deposits of sands, gravels, or stiff clays.

Soil Profile Type Sy--0eep cohesioniess or stiff clay soil
conditions, fncluding sites where the soil depth exceeds 200
feet and the soll types overiying rock are stable deposits of
sands, gravels, or st{ff ciays.

Sofit Profile Type S3--Soft-to-medium stiff clays and sands
characterized by 30 feet or more of soft- to medium—stiff clay
with or without fntervening layers of sand or other cohesion-
less sofls.

Soil Profile Type S4--Soft clays or silts greater than 70 feet
In depth and characterized by a shear wave velocity of less
than 400 feet per second.
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FIGURE Cl-9

Normai {zed response spectra recomsended for use in building codes.

FIGURE 1 Site Coefficients, NEHRP 1988
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Table A-1: Site Coefficients (Currently Proposed Version for the NYCBO)

Tvpe Description
So: A profile of Rock matenials of class 1-65 to 3-65

2/3

Sl: A soil profile with either: 1.0

(a) Soft Rock (4-65) or Hardpan (5-65) or similar matenial characterized
by shear wave velocities greater than 2500 fps, or

(b} Medium Compact to Compact Sands (7-65) and Gravels (6-65) or
Hard Clays (9-65), where the soil depth is less than 100 feet.

S2: A soil profile with Medium Compact to Compact Sands (7-65) and 1.2
Gravels {6-65) or Hard Clays (9-65), where the soil depth exceeds
100 feet.

S3 A wotal depth of overburden of 75 feet or more and containing: 15

more than 20 feet of Soft to Medium Clays (9-65) or Loose Sands
(7-65, 8-65) and Silts (10-65),

but not more than 40 feet of Soft Clay or Loose Sands and Silts.
S4: A sotl profile containing more than 40 feet of Soft Clays (9-65) or 25

Loose Sands (7-65, 8-65), Silts (10-65) or Unconwolied Fills (11-65),
where the shear-wave velocity is less than 500 feet per second.

Notes to Table A-1

1. The site S Type and corresponding S Factor shall be esmblished from properly substantated gentechnical dara,
with the classes of materials being defined in accordance with the appropriate sections of the Administratdve Code of

the City of New York

2. The soil profile considered in determining the S Type shall be the soil on which the soucture foundations bear or
in which ptle caps are embedded and all underlying soil materials.

3. Soil density / consistency referred to in the table should be based on standard penetration test blow counts
(N-values) and taken as:

{a) for sands, loose - where N is less than 10 blows per foot,
medium compact - where N is between 10 and 30, and
compact - where N is greater than 30 blows per foot, and

(b) for clays, soft - where N is less than 4 blows per foot
medium - where N is between 4 and 8,
suff to very stff - where N is between 8 and 30, and
hard - where N is greater than 30 blows per fooL

4. When determining the type of soil profile for profile descritpions that fall somewhere in between those categories
that are provided in the above table, the § Type with the larger S Factor shall be used.

5. For Loose Sands, Silts or Uncontrolled Fills below the ground water table the potential for hquefacuon shall be
evaluated by the perunent provisions of the code.

FIGURE 2 Site Coefficients, Proposed for
the New York City Building Code
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Structure

Conditions

Table

Type

Size

2-DIMENSIONAL GEOLOGIC STRUCTURAL EFFECTS
INFLUENCE MATRIX

Quantitative
Predictability®

Surface Topo-
graphy

Sensiuve 10
shape ratio,
largest for ratio
between 0.2 10
0.6. Most pro-
nounced when
wavclength
mountain width

Sediment-Filled Valleys

1) Shallow and
wide (shape
ratio <0.25)

2) Deep and

narrow {shape

ratio >0.23)

;) General

Y General

Effects most
pronounced
near edges.
Largely verti-
cally propagat-
ing shear waves
from edges.

Effects through-
out valley width

Local changes in
shallow sedi-
ment thickness

Generation of
long period
surface waves
from body waves
at shallow
incidence angles

Amplification at
op of structure
amplification
and deamplifica-
tion at base,
rapid changes in
amplitude phase
along slopes

Broad bard
amplification
across valley
because of
whole valley
modes

Broad band
amplification
across valley
because of
whole valley
modes

Increased
duration

Increased
amplification
and duration
because of
trapped surface
wWaves

* Good: generally within a factor of 1wo.
Fair: generally within a {actor of two to four.
Poor: qualitative only, can casily be off by an order of magnitudc.
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Ranges up o a
factor of 30 but
gencrally from

about two to 10

1-D models may
underpredict a1
higher frequen-
cies by about
two near cdges

1-D models may
underpredict for
a wide band-
width by about
two (0 four away
from edaes.
Resonant
frequencies
shified from
1-D.

Duration of
significant
mouons cin be
doubled

Duration and
amplification of
significant
mouons may be
increased over
1-D predictions

Poor: generally
underpredict
size. May be
because of ridge
interaction and
3-D effects

Good: away
from edges 1-D
works well, near
edges extend
1-D amptifica-
tions to higher
frequencies

Fair. given
detailed
description of
veriical and
lateral changes
in material
properties

Fair

Good at periods
exceeding
i second
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2.4 EULL- LE TESTS AT SITE ECT TO FARTHQUAKE SHAKIN

T. Leslie Youd
Brigham Young University
Provo, Utah

Rio Banano Bridge: Pile Cap and Piles of the Seuth Abutment Showing Void
Created by Settlement and Slumping of Soils in 1991 Costa Rica Earthquake (Ref. 7,
fig. 6-20, pg. 73, reprinted by permission of Earthquake Engineering Research Institute).
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INTRODUCTION

Observed behavior at well-documented sites has been a major factor in the development of
geotechnical earthquake engineering over the past few decades. For example, the development of
criteria for assessing liquefaction hazard has developed primarily from correlations between measured
soil properties and site conditions and observed effects of liquefaction (or lack of liquefaction) in the
field. Likewise, field evidence and records of amplified ground response at soft soil sites during many
past earthquakes have shown the nature of ground motion amplification and have led to development
of both empirical and analytical procedures for estimating site response. Future developments in
geotechnical earthquake engineering will require additional and more sophisticated measurement of
ficld and prototype behavior during futurc earthquakes.

This paper reviews the gencral need for ficld observation in geotechnical carthquake enginccring,
notcs recent progress in instrumenting sites and collecting case histories ol field performance, and
discusses specific research needs and issues raised in previous research evaluations and by members
of this workshop. The final conclusion is that more and more sophisticated observations and
experiments are required to develop engineering crileria for safe and economical design of new
structures and for accurately analyzing and strengthening existing structures.

REVIEW OF PAST RECOMMENDATIONS

The need ftor specific field observations and experiments to expedite the development of geotechnical
earthquake engineering has been considered by several panels of experts at workshops convened over
the past 15 years. Pertinent excerpts from the recommendations of several past workshops are
reproduced below to provide members of this workshop a briel synopsis of past thought and to
provide continuity in the development research initiatives for field experiments.

1977 Workshop

One of the early workshops on research needs in geotechnical earthquake engineering convened in
1977 in Austin, Texas (Lee and others, 1978). That workshop was divided into seven panels to
consider a wide variety of topics. With respect to full-scale field testing, all panels of this workshop
stressed "the importance of field studies as the logical beginning, middle and end of a worthwhile
program in geotechnical earthquake engineering research,” and that "detailed field work can provide
needed specific data for use in developing certain analysis and design models and techniques. Well-
documented field data provide the ultimate reference basis for comparing the results which may be
predicted by any proposed analysis or design procedure.”  This workshop further stressed the
importance of (1) compiling case histories of field performance and (2) initiation of a program of
instrumenting sites and structures in highly seismic areas to specifically monitor prototype behavior
during earthquake shaking.

74



1983 Workshop

In 1983, a workshop was convened in Blacksburg, Virginia to consider "Rescarch Nceeds in
Experimental Soil Engineering" (Clough and Silver, 1983). One of the several pancls ol this
workshop considered cumulative deformation under cyclic loading conditions and concluded that, "the
most valuable information for the prediction of cumulative deformation from cyclic loads comes from
full scale tests. This type of information can be obtained by investigating field performance and by
instrumenting sites where cyclic loading is expected to oceur.” Specifically this group recommended
that priority be given to (a) "investigations of prototype structures which deform significantly,” and
(b) "soil investigations at instrumented sites in localities of expected seismicity or storms, and
encourage the development of more instrumented sites."

1985 Workshop

In 1985, the National Research Council convened a workshop in Dedham, Massachuscetts (o assess
the state-of-the-knowledge and the state-of-the-art for engineering analysis and practice with respect
to liquefaction hazard (NRC, 1985). As part of that workshop, rescarch needs were assessed. The
first-listed research need is as follows: "Instrumentation of a limited number of selected sites is
needed in highly seismic regions, where there is a high probability that liquefaction will soon occur,
and at saturated cohesionless sites where pore pressure is expected to increase without liquetaction
occurring. The installation of field instrumentation (e.g., pore pressure transducers and recorders
strong-motion accelerometers) at both types of sites should proceed as expeditiously as possible.”

Another noted rescarch ilem states: "Validation ol the improved behavior of foundations and soil
structures that have been (reated to increase dynamic stability has become a major need. The
number of casc studies concerning the stability of natural deposits far cxceeds [lield evidence of
improved behavior of deposits that have been altered by drainage or in-situ soil improvement.
Almost completely lacking are casc histories involving sites or earth structurcs that have becn
improved and then subjected to earthquake shaking.”

1986 Workshop

The research recommendations with respect to liquelaction noted at the 1985 National Research
Council workshop were reiterated at a 1986 NSF-sponsored workshop entitled, "Siting and
Geotechnical Program Focus and Direction (Saxcna, 1986)." In addition to the restated
reccommendations on liquefaction, the 1986 workshop made four specitic recommendations [or [ield
studics for both ground responsc and liquefaction:

(1) For verification of nonlinear soil dynamic response models, "a team of engineers and carth
scientists should be formed to plan and carry out a detailed three-dimensional soil dynamic response
experiment in the Parkfield region or some other appropriate location. All of the site data necessary
for making ground motion predictions should be supplied to interested geotechnical engineers, and
the results of analytical predictions compared with observations.”

(2) For verilication of non-lincar soil dynamic response modcls, "a small number of dense three-
dimensional arrays should be deployed in solt soil deposits in regions ol expected very strong shaking.

These arrays could be in the U.S. or some other country.”
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(3) For verification of liquefaction models, "a team ol engineers and earth scientists should be formed
to plan and carry out a detailed liquefaction cxperiment in the Parkficld region or some other
appropriate location.”

(4) For verification of other analytical/numerical models, "a team of engineers and earth scicntists
should be formed to plan and carry out local topography experiments using aftershocks of strong
carthquakes."

1988 Workshop

In 1988, a workshop was convened in Durham, New Hampshire o consider the topic: "Designated
Sites for Geolechnical Experimentation in the United States.” The workshop made the following
recommendation with respeet to liquefaction (Benoit and de Alba, 1988): "To improve our
understanding and ability to analyze the deformation process, rescarch using both ficld and laboratory
experimentation is required. Well-instrumented sites in arcas likely to be shaken by carthquakes are
essential to this research for providing real data for both process evaluation and analytical or
empirical model verification. Specifically, it would be most desirable to monitor pore pressure and
deformation development induced by actual earthquake shaking within a saturated medium-dense
sand dcposit subjected Lo a significant driving shear stress, 1.€. in a slope.”

With respect to ground motion response, the 1988 workshop report states (Benoit and de Alba,
1988): "How these [soft] soils will respond during strong earthquake shaking, however, is not fully
understood, and there are disagreements among knowledgeable professionals concerning the level
of ground motion amplification that should be expected. Unfortunately, we do not have strong
motion records from soft soil sites in this country to resolve this issue, which probably can not be
resolved without such measurements. Therefore, the instrumentation of a well defined site or sites
is a high priority need to answer this critical question. To meet this need, development of
instrumented, well documented experimental sites containing soft soils are required. These sites
should be part of the national set of geotechnical experimentation sites, so that the many intercsted
partics may acccss the compiled data and parameters, and may conducl additional tests to develop
specialized data for individual needs.”

1989 Workshop

In 1989, the National Science Foundation and the Electrical Power Research Institute jointly
convened a workshop in Palo Alto, Calitornia, to consider the topic of "Dynamic Soil Properties and
Site Characterization.” With respect to test sites, the organizing committee and workshop panels
unanimously adopted the following general conclusion (Anderson and Tang, 1991):

The topic 'Development and Operation of Test Sites” was identified by the organizing committee as
being of special importance and requiring a more detailed discussion. It was selected for more
detailed discussion becausc:

. The topic was identified by all panels as one that will contribute to significant advances in the
state of the practice for site characterization and soil property measurement.

® Information obtained from the development and operation of test sites will be of use to
multiple disciplines, including geologists, geophysicists, scismologists, and enginecrs.
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. The program will complement cfforts already underway to identily sites for geotechnical
experimentation (Benoit and de Alba, 1988).

e  Finally, development and operation of test sites would likely require industry wide support.

The last reason cited above is thought to be critical. Development and operation of tests sites will
requirc significant planning, capital investment, and annual maintenance costs. It is unlikely that any
single privale organization or government agency presently has cither the budget or staff to
successfully operate the proposed test sites without significant contributions from other organizations.
Consequently, development and operation of the test sites is expected to require an industry-wide
cooperative ctfort.”

The following excerpts arc extracted [rom the "highest priority” recommendations listed by the various
assembled panels:

Panel on Low- and High-Strain Cyclic Propertics:
"The use of arrays to back-calculate and verify the cyclic propertics ol the soil from actual
earthquake records is strongly recommended. Priority should be given to soft cohesive and
loose saturated granular sites, as they have been shown to be most hazardous during
earthquakes."

Panel on Energy Dissipation

"A test site should be established that could be usced for experimental studics and that could
provide an opportunity for recording seismic motions. This site would be used for:

. Study of ground motions in order to back-calculate damping

. In-situ mcasurcments of soil damping

. Lahoratory tests on soil samples to determine damping

] Development and calibration of new testing techniques (using forced vibrations,

explosions, etc.) to determine values of damping under large strains”
Panel on Site Geomeltry and Global Characteristics

"The effects of vertical gradients of shear wave velocity and material damping in the upper
1 to 2 km beneath the site have been shown to exert a significant influence on the spectral
content of ground motions recorded at rock sites tor frequencies exceeding about 1 Hz.
Presently, disagreement exists as to the cause of such effects as related to source processes
or site effects or perhaps to both. In order to resolve this issue as well as improve the
prediction of short period ground motion properties, observations of ground motions at deep
borehole sites are nceded. Ideal experiments would include borcholes in both soft and hard
rock, drilled to depths of 2 to 3 km (some of which already cxist), mecasurcment of in situ
shear wave velocity and damping values, and placement of several three-component
instruments within the borehole and at the surface. Analyses would consist of determining
how the spectral content varies with depth, coupled with appropriate 1-D and 2-D modeling
of the site effects.”

"When feasible, a basin should be instrumented with hundreds of instruments to collect

aftershock data to capture the complex response of the basin. This experiment would provide
much needed dalta to study the effects of basin geometry upon strong ground motion. In lieu
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of the completion of such an experiment, new low-strain microtremor data should be collected
at existing strong motion sites and others sites that may be of interest to the basin geometry
problem. The site characteristics of the recording sites should be determined in detail; ie.,
shear-wave vclocilies, boundary depths, damping, and density should be obtained to depths
of at least 100 to 200 m. At some sites, upholc/downholc installations should be analyzed.
Thesc dala would provide the bases for a variety of studics.”

"A common engineering practice is to assume that a seismic recording from a rock outcrop
nearby to a soil sitc can be deconvolved to generate the input motion at the base of the soil
column. Two problems arise: (1) the spatial incoherence ol waves contributes variability in
the ground motion, even for relatively homogeneous site conditions and (2) the deconvolution
process is often ill-constrained because of insufficient knowledge of the soil properties
(seismic velocities) and assumes simple, vertical plane-wave propagation. Special 3-D arrays
should be designed to place uncertajnties on this approach. At the surface, arrays should be
designed to capture both soil and rock motions. At depth, seismometers should be placed at
each soil and/or rock horizon in order to directly measure the variability in the input motion
at each interface."

Panel on Seismic Arrays

"Additional strong-motion arrays should be established. Joint industry or university/industry
experiments should be supported to leverage manpower and tunding. ... Different soils should
be instrumented to provide a database covering a range of site conditions. The highest
priority should be given to sites with soft deposits, such as those in the San Francisco Bay
area, which suffered heavy damage during the October 17, 1989, Lama Prieta earthquake. ...
To address the problem of dynamic soil response and site characterization, the minimum array
configuration should consist of a layered 2-D array (horizontal array on the surface and at
depth) combined with several vertical arrays with multiple receivers.”

Panel on Sloping Ground Sites

"The documentation and collection of case history data should continue and be augmented
to provide detailed three-dimensional delineation of sediment stratigraphy, measured soil
properties, topography, and distribution of ground displacements. ... Well-characterized and -
instrumented sites, which are potentially susceptible to major deformations, are needed to
provide ground-motion and pore-pressure records, not generally available at case history sites.
A special effort should be made to measure displacements within the failcd matcrials.”

Summary

Clearly, the consensus of opinion of the various panels of experts that have convencd over the past
15 years is that results of field observations, including mcasurements from instrumented field sites
during strong earthquake shaking, are essential o the advancement of geolechnical earthquake
engineering. Lessons learned from the 1985 earthquake in Mexico, the 1989 earthquake in northern
California, and several other recent events are that (1) amplification of ground motions and (2)
liquefaction of loose granular soils greatly intensify damage locally in areas that otherwise were not
severely affected by earthquake shaking. Consequently, geotechnical engineers are being called upon
to develop predictive and design criteria to better cope with these severe local hazards.
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STATUS OF INSTRUMENTED GEOTECHNICAL TEST SITES

In response to the need for instrunrented sites and the great interest shown by the several workshops
that have considered this topic as listed above, several sites have been instrumented and several more
instrumented sites are planned in the near [uturc. Because of the required long-term maintenance,
most of these experiments arc being conducted by organizations with other instrumentation programs
and in-house personnel to operate and maintain those arrays. These organizations include the
California Division of Mines and Geology Strong Motion Instrument Program, the US Geological
Survey, the US Army Corps of Engineers, the US Bureau of Reclamation, and the California Division
of Water Resources. US cngineers and scicntists have also cooperated in foreign instrumentalion
experiments including the Lotung and Hualicn sites in Taiwan. In addition, engineers and scientists
in several foreign countries have developed many instrumented sites for geotechnical studics.

California Strong Motion Instrumentation Program (CSMIP)

For many years CSMIP has installed and maintained an extensive array of free-field
instruments in California and have instrumented numerous tall buildings, particularly in the Los
Angeles area. These instruments have been placed for many purposes, including seismologic studics
and investigation and verification of structural behavior. Only a few of the sites instrumented prior
to the Loma Prieta carthquake (1989) were designed to measure elfects of specilic importance Lo
geotechnical earthquake enginecring,

APEEL Array.--Several years ago, an array called the APEEL array was placed to monitor the
responsc ol sites underlain by sediments with varying stillnesses ncar San Francisco Bay. That array
consists of several strong-motion instruments placed at ground surface along a linc extending {rom
the margins of San Francisco Bay westward to the Santa Cruz Mountains. The array recorded ground
responsc on the various sediments during the 1989 Loma Pricta carthquake. Part of the stations in
that array are operated by CSMIP and part by USGS.

Meloland Overcrossing.--The Meloland Road-Interstate Highway 8 overcrossing in the Imperial
Valley of California was instrumented prior to the 1979 Imperial Valley carthquake. With to the
response ol this instrumented structure, Rojahn and others (1982) report the following:

At the time or the October 15 main shock, the Meloland Road-Interstate Highway
8 overcrossing, a contiguous two-span reinforced concrete bridge 0.5 km southwest
of the Imperial fault [surface rupture], was instrumented with two 13-channel remote-
accelerometer central recording accelerograph systems.  Although the [ilm transport
in one of the two recorders malfunctioned during the carthquake, these instruments
provided an important and usable data set. Peak accelerations in the north-south,
vertical and east-wesl directions at the base of the bridges central support column
were .28, (.17, and 0.33 g, respectively, whereas those at an free-field site were 0.32,
0.23, and 0.30, respectively.  Peak accelerations recorded on embankment sites
adjacent to cach abutment were substantially higher than those recorded at the base
of the bridge’s central support column; these data sugpest that the structure itself
altered the motion at the embankment sites. Other important features ol the records
include (1) an acceleration pulse 1 s long occurring in the cast-west components of
the free-ficld, column-base, and embankment sites; and (2) strong evidence of modal
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Electrical Power Research Institute (EPRI)

EPRI has coopcrated in the installation of instrumentation at several sites operated by other groups,
such as the Lotung and Hualicn sites in Taiwan, and the Cholame Valley USGS site. In addition,
EPRI has sponsored some in-house cxperiments such as the one at Stone Corral noted next.

Stone Corral.--EPRI has installed instrumcentation at a site called Stone Corral at Scobie Ranch, near
Parkfield, California. That site consists ol 13 surfacc and 8 downholce triaxial FBA accelerometers.
The surface array has [our instruments placed in each of three arms that arc 120 m in length and laid
out at 120 degree angles to cach other. The 13th instrument is place at the apex of the thrce arms.
The downhole instruments are clustered near the center of the array at depths of 7.5 m to 90 m. The
main purpose of the surface array is to measure three-dimensional wave coherence.

National Center for Earthquake Engineering Research (NCEER)

Owens’ Pasture Site.--NCEER has funded Jeremy Isenberg and his associates to conduct the
following experiment at a site called Owens’ Pasture as described by Isenberg and others (1991):
"A field experiment designed to investigate the performance of buried pipelines subjected to lateral
offset and to ground strains from seismic wave propagation has been constructed at Owens’ Pasture,
near Parkfield, California. The site was chosen to capitalize on the predicted recurrence of the 1966
Parkficld-Cholame carthquake scquence on the San Andreas Fault."

"As noted on the site plan shown on Figure 3, two segments of welded steel pipeline have been
constructed and buried in trenches that across the San Andreas fault. These two segments are
oriented to optimally generate tension and compression, respectively in the two pipeline scgments
as the fault shifts. In addition to the welded steel pipes, a scgment ol ductile iron pipes with push-on
joints has also been buried across the lault at the site. "Each welded steel pipe segment is
instrumented with 18 strain gages; two gages are placed on opposite sides of a springline at nine
stations. For the ductile iron pipes, each of six push-on joints is instrumented with one transducer
to measure relative extension (or compression) and another to measure relative rotation. To measure
permanent offset across the pipeline segments, survey monuments were placed approximately on a
straight line about perpendicular to the assumed fault strike. There are 12 such monuments with 5-m
spacing near the laull and 10-m spacing at greater distances. ... To measure ground motion due to
transient wave propagation, three three-axis SAMTAC 17E seismographs are installed at the corners
ol a roughly equilateral triangle 50 m on a side."

US Geological Survey (USGS) - I're Loma-Prieta Sites

The USGS has conducted a program in strong-motion seismology ftor many years, including
installation and maintenance of strong-motion instruments. Most of those instruments have been
placed at free-field sites, including sites on soft and stiff sediments. In addition, a few buildings have
also been instrumented. Most of these sites were planned for seismologic studies. Prior to the 1989
Loma Prieta earthquake, however, two major sites were instrumented specifically to monitor ground
response and generated pore pressures. Those two sites are the Wildlife Array in the Imperial Valley
of southern California north of Brawley, which recorded ground motions and large porc pressures
during the 1987 Superstition Hills ecarthquake, and a simjlar array in the Cholame Valley near
Parkfield, California.
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Wildlite Site.--'The Wildlife Array was developed in 1982 at a site where liquefaction occurred during
the 1981 Westmorland, California earthquake. 'That site is in the northern part ol the Imperial
Valley, California, an arca within which earthquakes have generated an occurrence of liquefaction
within a few km ol the site on an average of once in every seven to eight years over the past 50
years. The Wildlifc array consists ol a downhole 3-component accelerometer placed at a depth of
7.5 m and a sccond 3-componcent accelcrometer at ground surface (Figure 4). Five pore-pressure
transduccers were placed in a liqucfiable layer at depths ranging from 3 to 6 m (Youd and Wieczorek,
1984). Scveral lield and laboratory investigations have been conducted to measure pertinent soil
propertics at the site including penetration resistances, scismic velocities, stress-strain-pore pressure
behavior, cle. (Benneltt and others, 1984). These measurements were made by investigators from
several different universitics and governmental agencies with [unding from several sources.

The Wildlife array was shaken by the 1987 Elmore Ranch and Superstition Hills carthquakes and two
aftershocks. The system responded to each of these earthquakes with all components ol acccleration
being recorded and four of the five pore-pressure transducers responding and giving recorded pore-
pressure responses. No detectable pore pressures were generated by the Elmore Ranch event or by
either of the two alter shocks. The pore pressures rose to equal the overburden pressure following
the Superstition hills event, bringing the sediment into a state of liquefaction (Holzer and others,
1989). These records, reproduced in Figure 5, arc the lirst to show the development of such high
porc pressures in a lield setting,  These data have provided information to better define the
liquefaction process and to verily predictive criteria and analyses.  Even with this success, the
recorded pore pressure response raised additional questions.  Unexpectedly, much of the pore
pressure increasc occurred afler strong ground shaking had diminished to a low level. The reasons
for this delayed response are not entirely clear and additional records are needed to further verify
this aspect of the liquefaction process. Hushmand, Scott, and Crouse (1991) also discuss
questionable pore pressure measurements.

Lateral ground displacements as large as several tenths of a meter were also recorded at the site, but
no transducers were in place to record a time history of these displacements (Youd and Bartlett,
1989). Thus, we cannot fully examine the important interactions between ground motion, liquelaction
and ground displaccment.  Additional recordings at this and other sites with additional
instrumentation will be required to answer these and other important questions.

Cholame Valley Site.--To take advantage of the prediction of a moderate magnitude earthquake on
a scgment of the San Andreas lault near Parklield, California, several instrumental experiments are
in place, such as the Turkey Flat array and the Owens’ Pasture pipeline experiment mentioned
previously. Another experiment is a ground motion-liquefaction array placed near Cholame Creek
at a locality where ground water levels are relatively high and loose to dense granular sediments lie
at shallow depth. This site was instrumented as a joint project between EPRI and USGS with four
triaxial downhole accelerometers al depths ranging from 3 to 30 m and a lifth accelerometer at
ground surface (Figure 6). Twenty-four pore pressure transducers are in place at depths ranging from
5 to 15 m (Holzer and others, 1988; Anderson and Tang, 1991). Some pore pressure transducers
have failed and others have been installed to replace them.- As of October, 1991, the predicted
earthquake had not occurred; the instrumentation had been (riggercd, however, by at least one small
earthquake. This site has been thoroughly investigated with penetration tests, seismic velocity tests
and some laboratory analyses. This work has been performed by several different universities and
geotechnical consulting tirms.
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USGS - Post-Loma Prieta Sites

Since the 1989 Loma Pricta earthquake and new funding and initiatives that followed that event,
USGS has planned, and is in the process of implementing, several field experiments requiring
instrumentation. Those experiments are briefly described below:

Marina District, San Francisco.--During the 1989 Loma Prieta earthquake, liquefaction developed in
a hydraulic fill beneath a large part of the Marina District of San Francisco. To study ground motion
amplification and liquefaction, USGS is developing an instrumented site at a school yard in that arca.
To date, a downhole accclerometer has been placed beneath the [ill and soft mud, and work is
underway to install additional accelerometers and scveral electrically transduced pore-pressure
piczometers {(Tom Holzer, USGS, oral communication, October 1991).

San Bernardino Site.--Instrumentation of a liquefaction site in the San Bernardino area of southern
California is also being planned with instrumentation similar to that being installed in the Marina
District. Instruments are being purchased and site selection and permitting is in progress (Tom
Holzer, USGS, oral communication, October 1991).

Foot of Market Array, San Francisco.--A project is underway to install an array of sensors in the Foot
of Market section of San Francisco. That instrumentation will include surface and downhole
accelerometers and pore-pressure transducers. The project is designed to provide data for a
combination of seismologic and geotechnical engineering studies (Roger Borcherdt, USGS, oral
communication, March 1991).

Pacific Park Plaza Building, Emeryville, California.--Prior to the 1989 carthquake, USGS scientists
placed instruments in the Park Plaza building founded on soft San Francisco Bay sediments in
Emecryville, California. The building is a thirty-story, three winged, ductile moment-resisting
reinforced-concrete fame structure constructed in 1983, In 1985, acceleromelers producing 21
channels of output were deployed throughout the structure. A 3-component free-field accelerometer
was located just north of the building. All of these instruments are connected to a central recording
system. An additional indecpendent {ree-ficld triaxial accelerometer is deployed south of the building.
Those instruments provided a suite of records during the Loma Pricta earthquake that is sufficient
for analyzing the building response, but the data are insufficient for analyzing soil-structure
interaction effects which clearly occurred (Celebi and Safak, in press). Two downhole instruments
are to be placed on bedrock beneath the site in the next year. These instruments will provide
additional information for better assessment of soil-structure interaction as well as structural response
during future earthquakes.

Landslide Arrays.--Plans are underway at USGS to instrument two landslides with accelerometers,
electrical piezometers and electrically transduced extensometers. One landslide is located near
LaHonda in the Santa Cruz Mountains south of San Francisco, and the other site is planned for
Santa Anita Canyon near Pasadena in southern California. In the initial phase, one triaxial
accelerometer will be placed on each landslide with a second accelerometer nearby on unfailed
ground. Four piezometcers are planned for placement within or near the failure zone of each slide,
and 2 extensometers will be stretched from unfailed to failed ground at each site. These installations
should be complete by fall of 1992 (Ed Harp, USGS, oral communication, October, 1991).

Los Angeles Basin Arrays.--Two parallel experiments are being implemented in the Los Angeles basin
to study ground response and the influence ol the basin topography on ground motion. In both
experiments 24 bit recorders are being used with high-quality 3-component accelerometers to
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generate wide-band records with high dynamic range. In one experiment, sceveral instruments arc
being installed along a line strelehing from a bedrock outerop near the Whittier Narrows southward
across a sediment-filled basin. In the other experiment, pairs of accelerometers are being placed with
one al ground surlace and the other in the bottom of a borehole drilled into bedrock. One pair of
instruments will be located south of the Whittier Narrows as part of the above-mentioned linear
array. The other pair will be located near San Bernardino where there is a high probability of a
nearby large earthquake in the next few decades.  Both ol the pairs are being placed at sites
underlain by stilf’ sediments “typical” of the Los Angeles basin (Al Rogers, USGS, oral
communication, October, 1991).

Instrumentation of Dams

Instrumentation of major dams has become a routine practice in scismic areas ol the Uniled States.
Three primary agencies, the US Army Corps ol Engincers (USAE), the US Burcau of Reclamation
(USBR), and the California Department of Water Resources (CIDWR), have instrumented major
dams under their jurisdiction. More than 150 dams have been instrumented to date. Typically,
instrumentation consists of onc 3-component accelerometer on the crest of the dam and a similar
instrument on natural ground immediately below the dam. A third aceelerometer is commonly, but
not always, placed on onc of the abutments. Scveral large and important dams, such as Isabella, New
Melones and Oroville, all in Calilornia, have been instrumented more extensively with multiple
instruments (John Wilson, USBR, wrilten communication; A.G. Franklin, USAE, writlen
communication; Les Harder, CDWR, oral commun.),

Instrumented Sites in Canada

In his summary for this workshop, Peter K. Robertson makes note of the [ollowing experiment to be
conducted in Alberta. The site will eventually be shaken by artificially induced rather than
earthquake generated excitation.

In Canada a national lest is about to be initiated to study the characterization of
sands for dynamic and static liquefaction. This study has been initiated by Professors
P.K. Robertson and N.R. Morgenstern. The objective of the study is to develop a site
consisting of loose saturated sands extending to a depth of 40 m. Extensive in-situ
testing and sampling will be preformed, including in-situ freezing to obtain
undisturbed [rozen samples. One objective will be Lo calibrate the less expensive in-
situ test techniques. ... The study will conclude with a predictive event, where
movement will be induced by shakers or blasting. ... The main site has already been
selected and will be a large tailings dam in Alberta. A second site has been located
for a smaller scale site investigation (including {rozen samples). This second site will
consist of natural sands with all the natural variability in grain sizc, density, cte.

Instrument Arrays in Taiwan

The [ollowing information on instrumented sites and arrays are summarized from a report by Tang
and others (1991).
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Lotung, Taiwan Sitc.--In 1985, the Electrical Power Research Institute (EPRI) in cooperation with
the Taiwan Power Company designed, constructed and instrumented 1/4 and 1/2 scale reinforced
concrete models of nuclear containment vessels at a ficld site in Taiwan to study soil-structure
interaction (SSI) under strong carthquake shaking. The model structures are located in Lotung, an
area ol frequent moderate to large earthquakes. A circular array of Accelerometers (SMART-1
Array) had been previously installed in thce arca surrounding the site by the Institute of Earth
Sciences in Taiwan in cooperation with the University of California at Berkeley. The Lotung sitc and
scaled structures were instrumented to record free-field and structural motions. Pore-pressure
transducers wcre also placed in granular sediments beneath the site. Since the site became
operational, more than 30 carthquakes with magnitudes greater than 4 have shaken the site. Some
carthquakes have gencrated peak accelerations greater than 0.2 ¢. The records produced by these
carthquakes have been analyzed to assess the validity of SSI models and to quantify uncertainties.

The Lotung site is classed as a soft site and is underlain by sediments characterized by shear-wave
velocities that range from 90 m/sec to 300 m/sec to a depth as great as 60 m. The results of studies
conducted to date have provided useful verification and insight for response heavy vessels on a soft
site. These results, however, lcave many unanswered questions concerning the response of stiff sites,
which are in general more typical of localities where nuclear power plants have been constructed.
Hence, the Lotung site is being demobilized and a new sitc on stiffcr soils near Hualicn is being
developed.

Hualicn Site.--To further study SSI, a second and stiffer site is being developed in Hualien. Hualien
is located on the cast coast ol Taiwan in an arca of equal or greater historical seismicity to that at
Lotung. A circular array of sirong-motion instruments, the SMART-2 Array, will be installed around
Hualien by the Institute ol Earth Scicnces of Taiwan in cooperation with scientists at the University
of California at Berkeley. The primary objectives ol the Hualien experiment are 1o obtain earthquake
induced SSI data at a stitf soil site and to further develop and verity SSI criteria.

Instrumented Sites in Japan

Japanese geotechnical engineers have been instrumenting sites since 1975. In that year, a site on
Ohgishima Island was instrumented with accelerometers and piezometers.  That site was
decommissioned in 1979. A site on Owi Island was similarly instrumented and operated from 1977
to 1986. The Owi Island site produced some of the first recordings of both ground motion and pore
pressure response during actual earthquake shaking Ishihara and others, 1981). After the site on Owi
Island was abandoned, the Tokyo Metropolitan Government provided another site near Sunamachi
for installation of accelerometers and piezometers. That site was shaken by the December 17, 1987
Chiba-Toho-Oki earthquake (M = 6.7) which produced 122 gal peak accelerations at the site and
generated pore pressures as great as 14 percent of the mean effective confining stress (Ishihara and
others, 1987; 1989).

In a report to the 1988 Workshop on Designated Sites for Geotechnical Experimentation, T.
Kokusho (in Benoit and de Alba, 1988) summarized progress in instrumentation of geotechnical sites
in Japan. He noted that several organizations have developed their own earthquake measurement
sites, many with multi-level instrumentation systems. Figure 7 shows the number, types and agencies
that had established sites in 1988. Some of the more important geotechnical test sites are described
below:
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Seaward Extension of ITancda Airport.--A linear array containing many instruments has been installed
parallel to a new runway for Haneda Airport that is being extended onto land reclaimed from Tokyo
Bay. That array consists of 8 instrument localities, each with accelerometers at ground surface and
at 20, 40, and 80 m depths. Each locality also has three piezometers placed in medium dense sand
at depths of about 10 m (Figure 8). The array has been in operation since 1988, but no records have
yet been obtained that show transient buildup of excess pore pressures.

Sunamachi Project.--At this sitc, several piezometers have been installed at depths ranging from 5 to
10 m, and a vertical array ol accelerometers has been installed with one at ground surface and others
at depths of 10, 20, 40, and 89 m, respectively. These instruments are maintained by The Tokyo
Metropolitan Government, Port and Harbor Section, in collaboration with Prof. Kenji Ishihara,
University of Tokyo.

Chiba Dense Array.--A dense array of seismometers and instrumented buried pipes has been
operating at Chiba Experiment Station of the Institute of Industrial Science, University of Tokyo,
since April, 1982, In this array, a total of 155 components of ground motion, comprising 123
components of ground acceleration and 32 components of strains in buried pipes, are simultaneously
recorded. The topography and geological setting is simple with the ground surface being almost {lat.
Figure 9 shows the typical proliles obtained (rom three bore holes in which seismometers were
installed. The top 4-5 m of the site consists of loam with standard penetration resistances less than
10. Underlying the loam is a 3- to 4-m thick clayey layer with N values less than 10. A densc sand
layer underlies the clay with N-values greater than 20 to 30. Figure 10 shows the layout of the
surface seismometers (within 1 m of ground surface). As plotted on the figure, the network consists
of an outer array of several widely separated seismometers surrounding a denser inner array. Stacks
of downhole seismometers arc installed beneath cach of the sites in the inner array and beneath
several sites in the outer array. As many as 5 scismometers are placed in a stack with instrument
depths ranging from 1 m to 40 m. The seismometers consist of three piezoelectric accelerometers
oriented along orthoganal axes installed in a 65 mm diameter steel casing.

Instromented Sites in Mexico

Some of the most significant strong-motion scismograms cver rceorded on soft soil sites were
registered on lake-bed sediments in Mexico City during the 1985 Michoacan earthquake (M = 8.1).
Since 1985, the number of strong-motion accelerometer stations in Mexico City has been augmented
with several additional surface accelerometers and at least 3 downhole accelerometers. The latter

instruments will allow better definition of ground motions in stiff sediment and rock strata beneath
the soft lake-bed sediments.

Arrays in China

Figure 11 lists several arrays operating in China as reported in 1988 (Anderson and Tang, 1991). The
cryptic notes on the figure give the number of instruments and general purpose for each installation.
Arrays in Italy

Two strong motion arrays have been developed in Italy as reported by Anderson and Tang (1991).
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Southern Lazio Array.--The Southern Lazio Array, 100 km south of Rome, was established in 1984.
That array is designed to study boundaries between two areas, one of which does not show any
seismicity. The array consists of 10 triaxial accelerometers placed at ground surface and spaced over
a distance of 20 km. While this array was being installed, a magnitude 4.7 earthquake occurred 30
km from the site, but with only six records obtained, the data were insuflicient for an analysis of the
response of the different geologic units.

Cerreto di Spoleto Array.--The Cerreto di Spoleto array (Umbria, Central Appennine) is designed
to study topographical effects, mainly for the seismic behavior of an historical town on a 200-m high
ridge. The array consists of 4 triaxial accelerometers: one at the top of the ridge, one at mid height,
one at the base. The fourth instrument is located on the alluvial floodplain of a nearby river. The
instruments on the hill are 300 m apart and founded on calcareous bedrock; the instrument on
alluvium is 500 m from the accelerometer at the base of the hill, and is founded on a pile driven into
the underlying alluvial sediment.

Instromented Sites in Russia

During a joint US-USSR workshop on joint research opportunities, held in Moscow in September
1991, Prol. A. Nikolaev, Deputy Director and Head of Experimental Geophysics of the IFZ, briefly
described two experimental pieces of equipment being used in Russia to study nonlinear properties
of soils. The descriptions below are developed from my memory of information orally presented at
the workshop. I was unable to obtain wrilten reports or diagrams of this equipment to provide a
more detailed and accurate description of the equipment.

The first piece of equipment is a 30-ton seismic vibrator with an 8-ton inertial mass that is used to
generate large amplitude seismic waves (Figure 12). Monitoring instruments have been placed at
varying distances [rom the vibrator to measure the attenuation of seismic waves with distance. The
results are uscd to cvaluate the influence of nonlinear soil properties on wave propagation.

The second picce of cquipment is a set of large diameler tubes laid out in a parallel configuration
as diagrammatically illustrated in Figure 13. These tubes have been constructed near an oil field in
Siberia. With the aid of an elaborate pumping system, water is sloshed back and forth in the tubes
in a controlled and synchronized manner to generate large amplitude, low frequency seismic waves
for study of several properties of waves including the influence of nonlinear soil properties on wave
attenuation.

FUTURE NEEDS OR INSTRUMENTED GEOTLECHNICAL TEST SITES

The need for instrumented geotechnical test sites, as noted in the many excerpts from past
workshops, has only partially been met by presently instrumented or planned sites. There are several
reasons why additional instrumented sites are needed: (1) Instrumented sites are required to answer
several important questions that have not yet been addressed. (2) Because earthquakes are relatively
rare events, even in highly seismic areas, instrumented sites in different areas are required to optimize
the opportunity for collecting needed data. (3) Because site conditions and soil properties are fixed
al a given site, several siles may be required to Lest a reasonable range of soil and site conditions.
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Some of the more important unmet needs for instrumented sites are tabulated in the following
paragraphs. This listing is based on recommendations from past workshops, suggestions from
member’s summarics submitted to-this workshop, and the writer’s pcrsonal cxpericence.

Ground Motion

More instrumented sites are needed:

® For verification of nonlinear 1-D and 3-D soil dynamic response models for both soft and stitf
soil sites.

. For back calculation of nonlinear soil propertics to verily field and laboratory test data.
. To evaluate procedures and models for deconvolving measured ground motions.

. To further analyze and verify the influence ol basin structure and topography on ground
response.

. To provide sites for class-A predictions which arc needed for verification of design
procedures.
Ground Instability and Improvement
More detailed studies of ground failures and instrumentation of sites are needed:

° To provide case history information for better assessment of mechanisms controlling ground

failure and to obtain quantitative data for resolving the importance of various factors.

) To verify analytical and cmpirical models for prediction of pore pressure response, ground
instability and ground displacement for both liquefiable and non-liquefiable granular soils.

. For back calculation of nonlincar soil properties controlling pore-pressure and ground
deformation and o verily licld and laboratory test data.

. For analysis and verification of the performance of modificd or stabilized sites.

Natural Slopes
More instrumented sitcs are needed:

L To further evaluate and analyze lactors controlling brittle fracture of rocks and stiff soils and
yield of ductile soils.

. To further develop and verily analytical models and to develop empirical criteria and models
for predicting ground deformation and displacement.

. For back calculation of rock and soil propertics controlling deformation or failure and to
verity ficld and laboratory test data.
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Earth Dams and Embankments
More instrumented sites are needed:

L To evaluate and analyze pore pressure and deformation induced by actual earthquake
shaking. Particularly needed are measurements within saturated loose to medium-dense sand
deposits subjected to a significant driving shear stress, such as beneath sloping ground or
embankments.

. To provide case histories of embankment response and deformation to aid model
development and to provide real data for verification of analytical procedures.

Retaining Walls and Underground Structures

Maore instrumented sites are needed:

® To evaluate and analyze pore pressure and deformation response of bulkheads, sea walls and
other shoreline retaining structures.

L] To provide data for analysis and verification of response and deformation of various types ol
walls including reinforced earth, soil nailing, ticd-back walls, conventional gravity walls, bridge

abutments, elc.

[ To provide data for analysis and verification of response and performance of underground
structures including tunnels, underground chambers, pipelines, etc.

° To develop and verify methods for analyzing soil-structure interaction at "hard points” and
points of intersection with ground-failure or fault displacement in underground structures and
pipelines.

Foundations
Morc instrumented sites and structures are needed:

. To aid development and verification of analytical procedures for evaluating soil structure

interaction for various types of structures ranging from high-rise buildings to heavy

containment vessels, to bridges.

. To aid development and verification of procedures for evaluating the stiffness of pile
foundations.

. To provide data to evaluate the stiffness, deformation, and performance of various foundation
types including foundations with batter piles.

. To evaluate pile and caisson performance in arcas subjected (o various amounts of transient
and permanent ground displacement.

88



FINAL COMMENTS

Clcar Nced.--Based on the concentration and severity of damage that has occurred in areas with
unfavorable ground conditions during recent carthquakes, such as the concentration of severely
damaged and collapsed buildings in an arca of solt lake deposits in Mexico City in 1985, and the
concentration ol damage on soft or liquefiable sediments in San Francisco and Oakland in 1989,
better understanding and prediclive analyses are required in geotechnical earthquake engineering to
provide improved criteria lor cngincering design. A major component required to advance the state
ol the art in geotechnical earthquake engineering are data {rom carefully instrumented sites. Thosc
data are needed to provide insight into ground response and failure processes, to provide data for
development of analytical and empirical design procedures, and to provide case histories for
verification of those procedures. The state of the art cannot advance very rapidly without these
essential ficld data. Conversely, unsafe structures may continue to be built without verification of
seemingly correct but untested design criteria.

Various Levels of Instrymentation.--Various levels ol investigation and instrumentation may be used
to develop field data for the advancement of geotechnical earthquake engincering. Many of the
needs listed above require a high level ol ¢lectronic instrumentation, and work should proceed in this
area as expeditiously as possible (o develop sites with that level of effort. Many other necds can be
met, however, with a much lcss expensive, lower level of instrumentation.  For example, non-
electronic instrumentation and reference points, such as slope inclinomcters, survey monuments, and
cven large scale aerial photographs, provide extremely useful reference points for ground failure
studies. Development of sites or areas with this lower level of instrumentation should be pursued
to provide a more quantitative base of non-electronic field data.

Cooperative Effort.--1 repeat here the important note made at the 1989 workshop, that the cost and
manpowcr required to develop and operate an adequate program of test sites would likely require
cooperation and wide support betwecn government agencies, universities and private industry. Such
a program would likely requirc some super projects, with manpower and financial requirements far
beyond the individual-investigator projects that have been the primary mode of operation in the past.

Improved Technology.--In their writlen summaries, several members of the workshop pointed out the
nced for improved instrumentation, and in some instances the development of new instruments. For
example, strong motion accelerometers have been in service for many years, and reliable instruments
are rather readily available from scveral suppliers. On the other hand, displacement transducers have
not been widely needed in the past, but arc a key component for many geotechnical test
requirements. Transducers to measure stresses and strains in-situ are another instrumental need for
which present technology is inadequate. Thus, a companion rescarch program in instrument
development also may be required to mecet the needs of a concerted lield instrumentation program.

Must Be Supported By Laboratory and Analytical Rescarch.--Although full scale field studies and
experiments are a necessary part ol the research required to advance the stalc of the art in
geotechnical engineering, laboratory and analytical research are equally necessary components. Thus,
any major instrumentation projects should be closely coordinated with analytical and laboratory
analyses. Such coordination is needed to assure that [ficld projects arc instrumented (0 measurc
pertinent soil and structural responsces.  An integrated program will aid the development and
verification ol analytical procedures, and will require proper field and laboratory measurement of
matcrial propertics (o assurc valid analyses.
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test area for ground response analyses. (After Real, in Anderson and Tang, 1991)
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Tabie 1
Purposes of Earthquake Recording for Earthquake and Geotechnical
Engineering Research in Japan (excluding Seismological Research)

Number of Earthquake
Recording Sites

Seismic Amplification in Subsurface Soils: 28
Relarive Seismic Motion for Buried Strucmre Design: 15
Ground Motion for Soil-Structure Interaction: 13
Liquefaction by Seismic Pore Pressure Measurements: 9
Stability of Fill and Slope (excluding dams) plus Improved Soil 4

—_

Construction
Campanias \

Researsh
Institutes
for Ytility
and faiivey

Public
Kegsarch Jastitutes

Figure 7. Table listing the number and purpose of instrumented sites in Japan as listed by
T. Kokusho (in Benoit and de Alba, 1988).
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Figure 8. Map and profile showing approximate locations of instruments at Haneda Airport, near
Tokyo, Japan. The instruments were installed in 1988 adjacent to a new runway that is
constructed on land reclaimed from Tokyo Bay. (From K. Ishihara, University of Tokyo,

written communication, August 1991)
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Figure 12. 30-ton seismic vibrator with 8-ton inertial mass used in Russia for generation of seismic
waves for study of nonlinear soil properties on attenuation ol waves.
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Figure 13. Diagrammatic sketch of Russian large (approximately 1-2 m) diameter tubes used to
generate high amplitude, low frequency seismic waves for study of nonlinear soil properties on wave
attenuation. The facility consists of several parallel tubes with an elaborate pumping facility to slosh
water back and forth through the tubes to generate the waves. The facility is located in Siberia.
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25

EXPLOSIVE SIMULATION OF EARTHQUAKE-LIKE GROUND MQTION

Cornelius J. Higgins
Applied Research Associates, Inc.
Albuquerque, New Mexico

Close-up View of Front Array (SIMQUAKE IB}).
Cable Protection System with Detonation in Place.
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1. TORICAL BACK

High explosive simulation is the use of conventional high explosives or propellants in various
arrays and in combination with enhancement techniques to produce a wave propagation
environment with earthquake-like ground motion amplitudes and frequencies. Although the use
of nuclear explosions is feasible, they have not seen use probably because of restrictive nature.

Explosives have been investigated and utilized in the defense and blasting industries for their
direct shock effects over a long period of time. Applications to earthquake environment
simulation have come more recently, motivated mainly by the sparseness in space and time of
aclual large earthquakes. Rarely, if ever, have the right combination of measured input,
damaging amplitude, and measured structural response occurred for a variety of interesting
structures in a large earthquake. This situation has been partially remedied by the recent Lotung
and planned Hualien experiments in Taiwan.

The first use of explosives to investigate seismic level responses of structures seems to be in
Russia in the 1950's, where they used small high explosive blasts to evaluate the liquefaction
potential of industrial and dam sites. America’s scientists and engineers visiting the Soviet Union
report a continuous experimental program at a test site near Dushanbe, Tadzhik S.5.R. Inthe
late 1970’s, the USGS participated in a cooperative test program with the Soviets which used
single charges and sequentially fired explosions on a prototype multi-storey building (Ref. 1). Ina
recent visit, Professor T.L. Youd of Brigham Young University found that similar work is
continuing and some new innovative source concepts are being developed.

U.S. work using explosives to evaluate the dynamic response of structures for vibration and
seismic effects began in the 1950’s and 1960’s (e.g., Refs. 2, 3). Inthe early 1970’s, a group at
UCLA (Ref. 4) began to use explosives to simulate strong motion earthquake effects on nuclear
power plants. Inthe early studies, the investigators used the output from explosions mainly to
generate a dynamic excitation without special attention to control of the motion. Beginning in the
mid 1870's, the NSF funded two programs designed 1o enable control of the ground motions to
more closely resemble earthquakes. One program, at the University of New Mexico, addressed
arrays of conventional buried explosions with potential enhancement techniques (Ref. 5) and
improved prediction methods (Ref. 6). This prediction work was combined with DOD studies to
develop a unified scaling approach for buried explosive arrays (Ref. 7).

The other NSF funded program, at SR International, focused on the development of
controlled explosive sources which could be used to create seismic excitation (Refs. 8, 9, 10).
The sources were designed to be contained and reusable so that they could be used close to
existing structures. In the course of the SRI program, they fabricated and evaluated a planar
array of sources. SRI's most recent work (Ref. 11) has been concerned with achieving higher
levels of displacement from their method by improving source design and modifying the test site
to achieve a cantilever condition.

The only major experimental application of high explosive simulation in the U.S. was the
EPRI sponsored SIMQUAKE series (Refs. 12, 13, 14). This series consisted of 4 events in
alluvium: Mini-SIMQUAKE, SIMQUAKE 1A, SIMQUAKE IB, and SIMQUAKE il: and one event in
rock, SIMQUAKE IlI. in SIMQUAKE I, two arrays of explosive, one with about 40 tons and one
with about 30 tons of ANFO, were detonated 1.2 seconds apart to load several structures
including a nominal 1/8 size of a generic nuclear power plant. A later experiment, SIMQUAKE I
was conducted in rock at a Niagara Mohawk Power Company site in Northern New York State
(Ref. 14).

1
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2. ESCRIPTI

The basic dynamic ground motion input is obtained by the explosion of chemical (high
explosive or propellant) or nuclear devices usually buried deep enough to achieve maximum
coupling. Single point charges usually do not have the required combination of acceleration,
velocity and displacement, overall frequency content, and shaking duration to provide a direct
simulation of earthquake ground motions. As a result, several methods, separately or in
combination, have been used to enhance the environment. Some of these methods include:

(1) the use of two-dimensional explosive arrays to reduce the attenuation rate associated
with single point explosions and to provide some frequency and duration control,

(2) the use of sequentially-fired arrays to extend the time duration of metion,

(3) the use of barriers (relief trenches or shock shields) to obtain advantageous
reflections and/or diffractions which can tailor motion amplitudes and/or durations,
and

(4) the use of specially designed source devices, sometimes reusable, which increase
energy coupling into the ground and control the motion amplitude and duration at the
source.

The first two approaches are illustrated in Figures 1 and 2 which show a plan and cross
section, respectively, of the SIMQUAKE 1l experiment. The drawings show the layout of the two
explosive arrays and their position with respect to the structures. The back array (with respect to
the structures) was fired first and the front array 1.2 seconds later to achieve a longer excitation
duration.

Attempts to enhance motions by modifying the test area were first made in the defense
community. Figure 3 shows the layout for an experiment which used relief trenches and relief
holes around the test areas to increase the displacements (Ref. 15). Figure 4 shows the
configurations for an SR! experiment on a small clay soil cantilever designed to evaluate
displacement enhancement. The University of New Mexico (Ref. 5) investigated the use of
massive barriers and screening trenches in front of test areas to reduce accelerations from
explosive sources. It was found that the mass required to achieve significant acceleration
reduction was impractical but that barrier trenches had potential. A barrier trench forces the
incident waves to diffract around the trench and, as a result, the waveform diffuses, leading to
reduced accelerations. Figure 5a illustrates the ditfraction phenomena, while Figure 5b shows
the results of finite difference calculations of the effect of different trench depths.

SRI's research focused on the design and fabrication of controlled, contained, repeatable
sources for creating ground motion without major disruptions of the surrounding area. Figure 6
shows a single source used to produce three pulses of ground motion. The single sources can
be arranged in arrays. Reference 11 describes the process as follows:

"Each source is 12 m (40 ft) long and 0.31 m (1 ft} in diameter. The source contains three
vented steel canisters bundled inside a rubber bladder. For each pulse, a small amount of
propellant (rifle powder) is burned in one canister to produce a source of high-pressure gas. The
gas vents into the rubber bladder through specially desighed vent plugs that redirect the flow of
the pressurized gas away from the rubber bladder and adjacent canisters. The bladder expands
against the soil, pushing it out. A valve at the top of the bladder opens to release the pressure
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after a specified time interval. The cycle of pressurizing and releasing pressure in the bladder
produces a pulse of ground motion. Eight sources spaced at 2.4 m (8 ft) are arranged in a linear
array to produce planar motion, ...."

Reacent work at SRI has involved the redesign of the source to help achieve higher ground
displacement. The source was modified from cylindrical to rectangular to increase the soil area
directly pressurized. The new source is essentially an expandable box concept with a rubber
bladder around a rectangular mandrel. The source is then surrounded by a steel frame to provide
soil confinement at the free surface. Figure 7 shows a drawing, and Figure 8 a photograph, of a
3-m source.

With both conventional and special explosive sources, the explosive inputs are applied to the
soil or rock at some distance from the structure or geotechnical system of interest. Waves then
propagate through the media and subsequently excite the system of interest.

Substantial instrumentation is required to adequately characterize any major experiments.
An explosive simulation test is a major experiment. [nstruments must measure both soil and
structure response. Free-field response must be defined with range, depth and transverse
distance. Near-field response must be defined in the immediate vicinity (~ 2 diameters) of the
structure. Soil response parameters of interest include triaxial kinematic response (a, v, d) which
can be measured with some combination of accelerometers or velocity gages. The stress and
strain tensor in the soil is also of interest for evaluating the wave types. Structural responses
include rigid body translation, rocking, and torsion, plus deformational response of major
structural elements. In addition, interface normal and shear stress measurements are desirable
to define the input loads. These responses are measured by arrays of motion sensors, strain
gages, interface stress gages, and special deformation sensors.

3. SIMULATION CRITERIA

Experiment design requires careful definition of simulation criteria. Simulation criteria, here,
is defined to mean the level of fidelity that the simulation must achieve in matching prototype
earthquake conditions. The UNM study (Ref. 5) considered various levels of simulation and
concluded that the criteria would be system dependent.

The word simulation generally implies that the prototype environment cannot be generated at
will and that some characteristics of the prototype enwvironment may not be reproduced exactly in
a simulation. It is necessary to determine those characteristics of the full-scale environment
which are essential to adequately evaluate the system of interest. Certain features of
earthquakes may be important for one structure but not for ancther. For example, above ground
structures founded on soil may be adequately tested by simulating certain kinematic features of
earth motion (acceleration, frequency content, duration) while below ground structures may
require both kinematic and dynamic simulation {i.e., both motions and stresses).

If the dynamic characteristics of the structure are such that maximum response wiil be
achieved at, say, one-fourth the duration of the earthquake, then it may not be necessary to
simulate the complete duration. If the structure is not acceleration sensitive but velocity of
displacement sensitive, then certain acceleration amplitude features of the prototype earthquake
may be compromised while still achieving an adeguate simulation. The major point here is that
the adequacy of a simulation should be judged by the degree to which the response of the
system of interest matches or yields insight into prototype response.
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In developing simulation criteria, it is necessary to consider the two primary aspects of the
prototype problem: (1) the characteristics of the prototype earthquake environment, and (2) the
dynamic characteristics of the engineering system. Both are incompletely understood. At one
extreme, simulation criteria could require that the simulated environment contain & precise
duplication of the prototype waves, and their stress and moticn time histories. This would insure
precise duplication of structure response for a full-size prototype structure. Such a severe criteria
specification would be economically impractical, technically difficult to achieve, and is probably
inconsistent with the state-of-knowledge of the prototype environment.

A more realistic approach is to consider the type of structure, its dynamic characteristics,
anticipated response in the prototype environment, and the major uncertainties in the anticipated
response. Simulation criteria should then be specified to insure similar response, especially
excitation of the structure, in such a way that the major uncertainties can be evaluated.

The criteria will probably vary from structure fo structure and may include any or all of the
following:

(1) wave types (P, SV, SH or R),

(2) stress-time history associated with the waves,
(3) motion-time history at a point or points, and

{4) some level and type of response in the structure.

For structures in which the incident stress system is not of major importance {i.e., where the
structural strength is sufficient to withstand the incident stresses regardless of their distribution
and type), then the specification of a motion time history at a point in the ground may be suffictent
criteria. This would be the case where the ground motion excites structure base motion which, in
turn, excites motion and stresses in other parts of the structure not directly loaded by the incident
waves (internal or above ground components). This is a commeon problem in seismic design and
is the one which most design codes ireat for above ground siructures. [If only motion time history
at a point is of interest, there is a wide range of wave types or combinations which can be uysed to
produce it.

The least restrictive simulation criteria in terms of defining the waves, stresses, or ground
motions is the use of one or more structural response parameters as measures of simulation.
The response spectrum is a convenient tool for retating the characteristics of an input excitation
to the response of a system. The SIMQUAKE series of experiments was designed using the
shock spectrum approach.

4. CHARACTERISTICS OF DYNAMIC INPUT

Single explosions cause stresses and motions in the surrounding medium which are a
function of the explosive type, size and depth of burst, and the nature of the medium, including
layering. The amplitudes reduce exponentially with range from the source. The frequency
content is a function of the source, especially size, and the medium.

Arrays of explosives can be used to alter the attenuation rates with range, change the
frequency content of the motion, and produce a more uniform motion field over a larger region.
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Sequential detonations with time can be used to reinforce certain frequencies and lengthen the
duration of the pulse. Data and analysis methods from DOD research provide a good basis for
predicting the ground motions. Figure 9, for example, shows the behavior of particle velocity
versus range on a series of planar events. The data show a flat atienuation rate followed by a
break to a steeper attenuation rate at a range which is dependent on the array dimensions. The
break location is different for acceleration, velocity, and displacement. It is this behavior which
can be used to design arrays suited to earthquake simulation. Procedures for these predictions
have been documented in References 5, 6, and 7.

Example time histories have been selected from SIMQUAKE 11 to show strong ground
motions. In this experiment, the arrays were designed to achieve amplitudes and frequency
content on the order of those expected in a large 1/2 10 1 g earthquake, scaled to 1/8 to 1/12 size.

Figure 10a shows the free-field horizontal acceleration and its integrations at the 200-ft (61-
m) range and 5-ft (1.52-m) depth. This position corresponds closely with the location of the
largest (1/8-scale) structure. It can be seen that the double-array explosion caused about four
cycies of excitation in both the acceleration and the velocity time histories. The ground motion
duration is about 2.5 5. The peak ground motions are 2.2 g, 0.95 m/s (37 in/s) and 0.14 m (5.5
in). The major frequency content is in the range of 1 Hz to 2 Hz. These ground motions achieved
a good simulation on the structure under a NRC 1/2 g to 1 g earthquake.

The verlical acceleration and its integrations at the same location are shown in Figure 10b.
The peak upward vertical mations are about 4.1 g, 0.58 nmvs (23 in/s), and 0.073 m (2.9 in). The
vertical velocity and displacement are about one-half the horizonial values, while the vertical
acceleration is about 75% greater. The frequency associated with the maximum vettical
acceleration is fairly high and, as a result, the vertical velocity and displacement remain lower
than the horizontal values. The high vertical acceleration is apparently due to vertical relief
foward the free surface. The peak downward acceleration at the 200-ft (81-m) range is about 1 g.
There does not appear to be a significant dwell time at this acceleration leve! and, hence, tensile
failure in the soil has probably not occurred.

Figures 11a and 11b show the horizontal and vertical accelerations and their integrations at
the 350-ft (106.7-m} range and 5-ft (1.52-m) depth. The motions become increasingly oscillatory
with increasing range. The motion duration at this range is on the order of 3.5 8. The peak
horizontal motions are 0.78 g, 0.54 m/s (21 in/s), and 0.072 m (2.8 in). The peak vertical
acceleration is about equal to the peak horizontal acceleration, the peak vertical velocity is about
65% of the peak horizontal, and the peak vertical displacement is about 40% of the peak
horizontal. The vertical record appears to contain higher frequency components than the
horizontal record. The motions at the 350-ft range are probably more relevant for traditional civil
design applications than the very strong motions used for nuclear power plants.

Figure 12 compares the SIMQUAKE [l horizontal spectra at the 200-ft (61-m) range and 5-ft
{1.52-m) depth with 1/8-scaled prototype spectra based on the Newmark, Blume and Kapur
approach (Relf. 16). The motion spectrum shows strong frequency content inthe 0.8 to 3 Hz
range. The comparison with the prototype spectra suggests that the 1/8-scale structure was
excited at levels above those of a 1/2-g earthquake for frequencies below about 4 Hz,

An example of ground motions produced by the original SRI technique is shown in Figure 13.
These records were obtained on the ground surface 6.1 m (20 ft) from the center of an array of 8
sources of the type shown in Figure 6. Three pulses of ground motion were produced with a
delay of 0.25 s between the pulses. The peak ground motions were about 0.1 g for acceleration,
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2.0 cmy/s (0.8C in/s) for velocity, and 0.10 cm (0.04 in) for displacement. Reference 11 states that
the maximum ground motion produced (in other experiments) with the sources shown caused
peaks of 0.3 g acceleration, 5 cm/s (2 in/s) velocity, and 0.2 cm (0.08 in) displacement.

A major difference between actual earthquakes and explosive simulations is in the wavefields
causing the ground mctions. The horizontal motion in earthquakes has traditionally been thought
to be caused mainly by upwardly propagating horizontally polarized shear (SH) waves. Until the
San Fernando earthquake, where bridge decks were lifted off their supports, very little attention
was paid to vertical components. In the Imperial Vailey earthquake of 1979, measurements
made near the source showed very high vertical components, in one case about 1.5 g upward. [t
appears that earthquake fields are quite complicated, especially in the strong near-in region. We
still do not have adequate seismic arrays which can carefully define the motion fields with depth,
range, and transverse locations.

The motion fields from explosions are better understood. Figure 14 shows the wavefronts
which would theoretically result frem a single planar array if the site were a perfect elastic
medium. These wavefronts were determined by considering the geometry of the source and the
presence of the free surface. The figure shows three primary types of body waves:
compressional (P), shear (S), and von Schmidt-like (SP) waves, which provide continuity between
the P and S waves and have features similar to both. The particle motions associated with the
waves are shown on the wavefronts. The actual wavefronts will be influenced to some degree by
material nonlinearity, inelastic behavior, and layering. Figure 15 shows typical velocity
waveforms near the surface and at depth measured during a planar experiment in dry alluvium.
Horizontal and vertical velocities are shown with directional orientation as noted on each ordinate.
The wavelorms are divided by vertical lines into temporal regions where a particular wave or
waves are thought to be dominating metion. These regions have been identified by observing
direction and timing of particle motion.

The dissection of the planar wavefield demonstrates two important points. The first is that the
initial motion everywhere is due 1o the initial P-wave. At the surface it causes initial upward
motion. Even at distant ranges, where the P-wave travels almost parallel to the ground surface,
there is initial upward motion due to a Poisson expansion necessary to meet the boundary
conditions. The second major point is that a significant amount of the horizontal motion in the
near-surface ragion is caused by the Von Schmidt wave (SP1) which has characteristics similar
to those of an SH wave. That is, the SP1 wave is traveling upward while causing mainly
horizontal motion.

Although we have some insight into earthquake and explosive wavefields, it will take some
time before we can discern the importance of the differences to system response. Cursory
analyses performed in Reference 12 suggest that a relatively rigid body in a soil media will tend to
filter specific wave type effects. Particle motion into a rigid surface will cause loads and reflect as
it it were P-wave induced regardless of whether the incident wave is a P or S wave. Likewise,
particle metion parallel to a rigid boundary will cause loads and reflect as if it were an S-wave
regardiess of the incident wave causing the particle motion.

5. APPLICABILITY TO GEQTECHNICAL SYSTEM
Explosive simulation is especially applicable and was developed for geotechnical systems

where the soil or rock either makes up or surrounds the structure and is the medium through
which the load travels and is applied. A large part of the geologic medium must be included in
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the experiment. In addition, the large source size possible with explosive simulation can load
large structures of any type. The method has no inherent size restrictions. Because some
systems have a strong gravity dependence, the larger the scale, the better the fidelity of the
simulation,

6. EXPERIENCE

Explosive simulation using conventional explosives in planar arrays has been applied to
nuclear power plant contaminant models in the SIMQUAKE series of experiments. These
experiments were mentioned in paragraph 1 and are reported in References 12, 13, and 14.
Figures 1 and 2 showed the plan and elevation of SIMQUAKE 1. The main objective of the
SIMQUAKE experiments was investigation of soil-structure interaction, especially rocking
behavior, for massive, relatively rigid, partially embedded structures. The conduct of the
experiments encompassed all of the major tasks involved in a major experiment including:

« Development of Simulation Criteria

« Explosive Array Design

«  Structural Design

» Empirical and First Principal Pre-Test Predictions
» Instrumentation Layout and Selection

« Data Acquisition and Reduction

* Analysis

In SIMQUAKE I, six structures with variations in size, embedment, backfill type, and ground
motion amplitude were tested. One hundred forty-five (145) active measurements were made.

Figure 16 shows a general view of the site. Figure 17 shows the near-field and structure
instrumentation for the largest structure (1/8 scale). Typical response data are illustrated by
Figures 18 and 18 which show measurements which quantify the amount of rocking experienced
by this structure. Typical spectra comparisons are shown in Figure 20,

The SR! contained explosion research has been mainly devoted to the design, fabrication,
and evaluation of alternative devices and planar arrays. A one-storey model structure having a
first mode frequency of 5.7 Hz was tested using an array of eight 12-m (40-ft)-long sources, each
capable of producing three pulses (Ref. 10). At a standoff of 20 ft, the {ree-field response was
0.25 g acceleration, 1.4 in/s velocity, and 0.071 in displacement. The corresponding structure

motions in the base were 0.21 g, 2.4 in/s and 0.085 in. Reference 10 concluded that very little
soil-structure interaction occurred at the level of excitation.

7. STRENGTHS AND WEAKNESSES QF THE METHOD

The main strengths and weaknesses of the conventional and contained explosion simulation
approaches are listed below.

a. Conventional Buried Explosions
rength
(1) Large mation {strain} amplitudes are possible.

(2) Large structures can be tested.
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(3) Environment is a wave propagation environment containing wave interactions as
complex as in earthguakes.

(4) Full interaction without boundary interference can occur.

(5) Environment (amplitude and frequency) control is possible through sequenced firing
and enhancement techniques such as gas venting control, array shape variations,
and relief trenches and barriers.

(6) Can be fully instrumented.

Weaknesses

(1) Wave types differ from earthquake wave types.

(2) Single detonations have limited duration.

(3) Access to large test areas containing soils of interest is required.

{4) Large tests create craters and ejecta which must be evaluated and require safety
plans.

Contained Explosive Sources (RESCUE)
rength
(1) Can be used near existing structures.
(2) Devices can be reused.
(3) Smaller quantity of explosive/propellant used.
{4) Minimal disruption of site.

(5) Environment is a wave propagation environmenl containing wave interactions as
complex as in earthquakes.

(8} Full interaction without boundary interference can occur.

(7) Environment (amplitude and frequency) control is possible through sequenced firing
and enhancement techniques such as gas venting control, array shape variations,
and relief trenches and barriers.

(8) Can be fully instrumented.

Weaknesses

(1) Restricted to small displacements and concomitantly high frequencies due to small
amount of explosive/propeliant.
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{2) Relatively high expense of device.
{3) Wave types differ from earthquake wave types.

(4) Single detonations have limited duration.

8. BREQUIRED DEVELOPMENT

A partial list of research required to improve the effectiveness of explosive simulations

follows:

(1)

(2)

Investigation of the use of high explosives for simulation purposes should be continued,
especially with regard to the control of frequency content and duration.

Experimental investigations should be expanded to include more fundamental
investigation of such enhancement techniques as sequential firing, relative array location
(on one side of test area or on opposite sides), and barrier trenches.

Theoretical and experimental investigations should be initiated to examine potential
methods for generating shear wave excitations (e.qg., excite a near-surface hard layer to
generate an SV head-wave in the upper soil layer).

Evaluate alternative sources, e.g., Soviet idea using water in pipes to generate shear
waves (See T.L. Youd's paper in these proceedings).

Experimental needs and simulation criteria for various generic geotechnical systems
should be established.

A steering committee should be formed to plan and direct needed large-scale
experiments. Since a major cost of an experiment is related to the environment and free-
field instrumentation, it appears reasonable to plan projects which provide a basic
environment and free-field instrumentation. To this basic program, more specific projects
may be added {and funded) by federal and private agencies.

9. UNCERTAINTIES

Major uncertainties in the use of high explosive simulation revolve around the difference in
the wave fields between actual earthquake and explosive simulations. Further analysis is needed
to define these differences and their importance for various geotechnical systems. Scale also
introduces uncertainty because of the importance of gravity forces in many geotechnical
applications. This can be evaluated with carefully designed experiments and analytica! studies.

There are other uncentainties associated with predicting the ground motion environments
from explosive simulations. There is an inherent uncertainty of £ a factor of 2 in ground motion
data in repeated experiments due to site inhomogeneities, source variability, and instrumentation
error. This uncertainty can grow substantially at new sites due to material property uncertainties.
The use of laboratory properties ¢an lead to large errors in initial predictions. It is prudent to
perform in-situ calibration tests before major experiments at a site.
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Planar Incident Wave (Ref. 5).
Depth (ft)
1 /.\ 0 R=220ft
,[ \ : * ——- 10 20 in/sec
’ . \ n———e v e— 20
'./“‘K': % Y mmmes w40
— . \ \
< LA AN
= 0 H \ i — o — — T
3 !: \\ /.7*'--""""20 infsec
l M:\ : '.’-ﬂ 4y /
D N \A -~ - ouT
20 \\ S 1 ——
Wy =T
No 2P5 Data . o —
1. 1 1 - -,l/— 1
0. .20 .40 .60 .80 1.0

Time (sec)

Figure 5b. Horizontal Velocity History Comparisons Trench Screening
Calculations (Ref. 5).

118



TOP SECTION

Exhaust

BOTTOM SECTION

m—

e Py

E

T

YL

| i
Jemm——)
{ | G I :
I —
iﬁé& Detonator —*H\/—
Leads J
N !’
" ]
2.0 EE R ﬂ -
= Vent Plug j
‘ | Ports \P‘ﬁ
Ty 3: Upper Steel ;
LiF=
T el (

Steel Canister

|8 4.25in.0D) &
‘ ?
d
( Rubber 4
{
¥ Sleeve 4
(4
{ Pressure :
//(/ Gage

(2.79in. ID x ——

|
O 1 /
Perforated

-~ | Steel Mandrel

=

|

Rubber Bladder |
—(10.75 in. 1D x

11.75in. OD)

q

i

T

T

= oy

119

Figure 6. Line Source (Ref. 11).

MA-7556-348



(o

1/4
N i LA L N .
1/4 T 4 il + l+ll+pt tw [
/l Ll i ™
V4 T~
o
Y -
‘ KTV
T }t—f——
5 -
&
V14 \
o
&
V14 “
e e
&
V 174 ‘\ //
s eve U B R e
5 Lol N T N :;///_
T T A VRN o s
1 AV, VAR il

T

41_0w

{a) Source details

Figure 7. Plans for 3-m Source {Ref. 11).

120

Exhaust

—-—— 12" dia. Helium

Controlied Vent

—— -+———— §" {0 12" dia. Extender
| Detonator Lead

Canister Access Port Cover

1/2" Top Plate
1/2" Clamp Support Plate

| 3/8" Stiffener
T~~~

3/8" dia. hole @ 4"
6" 1.D. Canister Support

9" O.D. x 3/8" Wall Pipe

1/2" #18 Standard Expanded
Metal

2" x 3/8" Expanded
Meta! Support

Canister

2" x 3/8" Expanded

Metal Support

5-14" |.D. Pipe to Receive
Tapered End of Canister
3/8" dia. Holes @ 4"

3/8" Stiffener

1/2" Clamp Support Plate
1/2" Bottom Plate

- _| 4-1/2"

RM-2134-39



Pariicle Velocity, V (m/s)

, 7 ‘ S
Figure 8. Photograph of 3-m Source During Fabrication {Ref. 11),

T

"Note: A1l data are scaled Measure
¥ v to equivalent TNT. Symbol Event -ment Ry/H
10.0 DIP IIA v 1.734
DIP VA v 1.40
Shot 1 IA}-I '34
Shot 1 v )

Shot 3 JA
Shot 3 V}O'SO
Shot 9A JA
Shot 9A y_fo.1]
MSQ-Front v 0.74
MSQ-Back v 0.88

1.15
Avg.

1.0

QIR OB eNO >4

0.1 Zm1 Peak "

& ? 15t Peak &

1 1 I
0.1 1.0 10.0 100.0 1000.0
Scaled Range, R/o (mv(kg/m?2))

Figure 9. Peak Horizontal Velocity Versus Range on the Centerline of
Planar Events {Ref. 5).

121



Acceleration, g

Acceleration, g

Figure 10b. Vertical Motions at 61-m (200-ft) Range and 1.52-m (5-11) Depth on SIMQUAKE 1l (Ref. 13).
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Reproduced from
bast available copy.

Figure 16. General Site View. Explosive Arrays are to the Left. Markings on
Structures are Camera Targets.
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2.6

DYNAMIC TESTS ON CENTRIFUGES AND SHAKE TABLES

Hon-Yim Ko
University of Colorado
Boulder, Colorado

Failed Concrete Retaining Walls Near Spitak in 1988 Armenia Earthquake (Ref. 4,
tig. 5.13, pg. 65, reprinted by permission of Earthquake Engineering Research Institute).
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DYNAMIC TESTS ON CENTRIFUGES AND SHAKE TABLES

by
Hon-Yim Ko
University of Colorado

Introduction

The need to conduct dynamic tests to study the behavior of
soil masses and structures founded in soil is obvious. From such
experiments, we can make qualitative observations of the wvarious
phenomena that occur in soils during vibrations which simulate
earthquake conditions, obtain quantitative data to check the
accuracy of a numerical procedure used to analyze the performance
of the structure, or validate the design of a particular project.
Ideally, these tests should be carried out in the field on the
full scale structure, but the costs and consequences of loading a
structure to failure usually preclude an active experiment from
being carried out to failure.

On the other hand, physical model experiments can be made on
shake tables to simulate the effects of earthquakes. Here, we
include experiments conducted under normal gravity (1 q)
conditions as well as under elevated gravity conditions as
obtained in a centrifuge. As in other fields of engineering
where scale models are tested to obtain results for extrapolation
to the full scale (prototype) conditions, the important factors
influencing the response of the prototype structure must be
faithfully simulated 1in test model. Then, through the
appropriate scaling relations, the model test results can be
interpreted as representing the prototype response.

Shake table tests under 1 g conditions have been used
primarily for structural testing by employing input motions that
represent the ground shaking at the foundation level. For these
purposes, shake tables as large as 10 m by 10 m have been
constructed in Japan, with up to 6 degrees of freedom to simulate
the base motions experienced by building structures during
earthquakes. However, it is much less common to use these test
facilities for purely geotechnical or soil-structure interaction
studies, mainly due to the recognition that similarity is much
more difficult to achieve when body force effects, which are
important as far as earth materials are concerned, are not
simulated properly in 1-g experiments, and that the scaling
relations are considerably more complex. It is safe to conclude
that the trend in geotechnical earthquake engineering is in the
direction of dynamic simulation in the centrifuge where the self-
weight induced effects on an N-th scale model are simulated by
testing 1in an N.g gravity field obtained in the centrifuge.
Under such conditions, the scaling relations summarized by Ko
(1988) are applicable, as shown in Table 1. The emphasis in this
paper is tilted heavily in that direction.
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Table 1
Scaling Relations for Centrifuge Modeling

Quantity Prototype Model
Length N 1
Area N2 1
Volume N3 1
Velocity 1 1
Acceleration 1/N 1
Mass N3 1
Force N2 1
Energy N3 1
Stress 1 1
Strain 1 1
Time (Dynamic) N 1
Time (Diffusion) N2 1
Time (Creep) 1 1
Frequency 1/N 1

Centrifuge testing of earth models was first attempted in
the 1930’s in the US for mining applications and in the USSR for
civil engineering applications. The need for this type of
testing is clearly indicated when it 1is necessary to properly
simulate the gravity induced effects that arise through the self
weight of the material which is acting to produce the loading as
well as to control the material response (stiffness and strength)
to other stimuli. However, in the next four decades following
the first centrifuge experiments, little progress was made in
advancing the state of the art in this field of geotechnical
testing, largely because of a lack of suitable hardware and due
teo preference for numerical modeling as the path to take for
solving complex problems. However, beginning in the mid-1970’s,
there began a strong revival of interest, particularly in the US,
in using scale model testing in the centrifuge as a means of (1)
observing simulated prototype response, (2} studying new physical
phenomena, (3) calibrating numerical models, and (4) conducting
parametric studies for formulating design charts (Ko, 1988). 1In
the last 15 years, there are at least 8 small centrifuges and
three medium to large centrifuges which have been brought into
operation in the US for research and testing of different
geotechnical problems.

The need to conduct physical model testing is even more
acute for dynamics problems, such as for simulating earthquake

loadings. This 1is because earthquakes do not strike at
predetermined times and their 1locations have largely defied
scientific predictions. Most of what has been learned about

earthquake damages have been derived from ©post mortem
investigations in which much of the evidence has been destroyed
by the event itself. Thus, scale model experiments in the
centrifuge remains the only viable means of obtaining .an insight
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to the various phenomena occurring in soil masses when shaken by
earthquakes.

In the 1last decade, major advances have been made in
developing techniques of simulating earthgquake-type vibratory
motions 1in the elevated gravity environment existing in a
rotating centrifuge. In the US alone, there are at least 5
centrifuge facilities where earthquake simulation capabilities
exist, and a corresponding number of overseas facilities are
similarly equipped. The rate of progress in this area is best
judged by the number of papers appearing in the last two
international centrifuge conferences (Corte, 1988; Ko and McLean,
1991) which were devoted to the subject of earthquake simulation.
In 1988, there were 8 papers addressing this subject. The number
increased to 13 in 1991. In the following section, the
experimental techniques used in these facilities are reviewed.

Earthquake Simulation in Geotechnical Centrifuges

The first attempt at simulation earthquakes in centrifuge
testing was made by releasing a cocked spring to produce damped
vibration of the model container carried on the payload platform
(Morris, 1983, and Ortiz, et al., 1983). The frequency and
amplitude of vibration were determined by the spring
characteristics and were not easily varied from test to test. At
about the same time, the "bumpy road" technique was developed at
Cambridge University in which, through a lever arrangement, the
payload container was allowed to experience the motion of a wheel
riding on a track mounted on a portion of the wall of the
centrifuge chamber (Schofield, 1981). Although the wave form
machined on the track is fixed, the amplitude of the base motion
experienced by the payload can be adjusted in flight and repeated
earthquakes can be triggered. However, due to the time and
expense associated with preparing and changing to a different
track in order to produce a different type of input motion, only
sinusoidal motion has been used in the bumpy road method. It
appears that it would be costly to simulate a wide range of input
motion as experienced in real earthquakes. The above methods
excite both the soil model and the container.

Arulanandan, et al., (1982) described a system which uses
the piezoelectric effects to produce motion by applying
fluctuating voltages to a stack of piezoelectric ceramic elements
buried in the soil. The main drawbacks of this method are that
high voltages are required to produce sufficient amplitude of
motion for earthquake simulations and that only high frequency
motions are obtainable. Zelikson, et al., (1981) used the
detonation of explosives at the boundary of the soil container to
generate soil motion which is transmitted to the test model. A
similar method of boundary excitation was described by Prevost
and Scanlon (1983) using a hydraulic hammer to strike a plate
buried at the bottom of the soil model. Although the frequency
of the input motion can be adjusted by changing the dynamic
characteristics of the plate, only high frequency motion has been
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obtained so far. All three methods are handicapped by the fact
that only one event could be set off at a time, and that the
resulting motion is  not particularly representative of
earthquakes.

A more versatile method is the servo-control, electro-
hydraulic method first applied by Aboim, et al., in 1986 to
earthquake simulation in centrifuge testing. The basic technique
of closed~loop testing using hydraulic actuators has been applied
to structural testing for many years. However, the key to its
successful application to testing in the centrifuge environment
lies in mounting hydraulic accumulators on the centrifuge to
serve as the main power supply, thus bypassing the small,
restrictive passages of the hydraulic rotary Jjoints in the
centrifuge. Over the relatively short duration of the earthquake
(time scale is compressed by the factor N), the decompression of
the hydraulic fluid in the charged accumulators serves to drive
the double-acting actuator to deliver the preprogrammed input
motion to the mass being shaken. The feedback signal is either
the acceleration or the displacement of the mass. This method is
superior to the others because of the large forces which can be
generated by the hydraulic actuators and because of the
versatility in producing pre-programmed motion to match the
desired frequency and amplitude.

Whitman (1988) gave an excellent review of the above methods
of dynamic excitation 1in earthquake simulation in centrifuge
testing and produced a comparison of them as shown in Fig. 1.
Since all recent developments in earthquake simulation testing in
the centrifuge are adaptations of the versatile electro-hydraulic
method, the next section gives a discussion of the pros and cons
of this particular method.

Performance of Electro-hydraulic Shake Tables in Centrifuge

To date, only one-dimensional shaking in the prototype
horizontal direction has been possible in the electro-hydraulic
method of earthquake simulation. Whitman (1988) compared the
response spectrum of the horizontal motion produced by Aboim, et
al., (1986) in the Caltech centrifuge with that of the record of
the 1971 San Fernando earthgquake and found that in general the
method is capable of capturing the essential features of the
motion of the prototype earthguakes.

In the ground motion simulator in the Caltech centrifuge,
the soil container is suspended from the payload platform by rods
while the hydraulic actuator applies the driving force from below
the container using the platform as the reaction mass. The base
motion shakes the soil model in the circumferential direction in
the centrifuge, which brings into question the effects of a
divergent centrifuge acceleration field over the dimension of the
s0oil model in the direction of shaking. To minimize these
undesirable effects, researchers using ground motion simulators
which shake the model in the centrifuge circumferential direction
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have prepared the soil model with a curved surface conforming to
the radius to the center of the rotating centrifuge. (See, for
example, Arulanandan, et al,, 1988). On the other hand, a
different approach is adopted for the University of Colorado
centrifuge, in which the soil model container is supported on a
slip table which is also shaken from below, Ketcham, et al.
(1988, 1991), Fig. 2. However, to avoid the need tc curve the
soil model, the Colorado shake table produces motion in the
vertical direction in Earth’s reference frame. Thus, a parallel
body force field prevails on the model egquivalent to the
prototype conditions.

However, bprototype vertical motion is unavoidable in most
apparatuses employing the electro-hydraulic method of excitation.
This is due to the fact that when the driving force is applied by
the hydraulic actuator mounted below the center of mass of the
paylocad, as dictated by space 1limitations on the small
centrifuges on which the technique has been implemented, a
rocking motion is developed, which is superimposed on the
horizontal motion desired by the experimenter. It has been
argued that such coupled motion, although not purposely planned,
produces a better simulation of actual earthquakes which usually
have all three components of motion present. Irrespective of the
desirability of this additional component of the shaking motion,
it has to be measured and characterized along with the input
horizontal motion, sco that the effects of both can be gquantified,.

Containers for Model Testing

Whether model testing is to be conducted on a shake table in
1-g conditions or in the centrifuge, a container has to be used
to hold the soil mass. Thus, special attention has to be given
to the interaction of the so0il mass with the container,
particularly in view of the fact that the finite size of the
centrifuge limits the size of the model container that can be
used to carry the soil model.

When a container with rigid walls is used in the experiment,
particular care is required to ensure that the stress waves
reflected from the boundaries are either measured and quantified
in regards to their effects on the model performance, or reduced
by suitable absorption at the boundaries. Prevost (Coe, et al.,
1985) pioneered the use of Duxseal as a liner material for
absorbing the stress waves at the boundary in dynamics
experiments in rigid containers. The effects of such attempts
have been evaluated by Cheney, et al., (1988) and Lenke, et al.,
(1991). There are indeed beneficial effects in situations where
an embedded foundation is excited from above, with relatively
small soil deformations involved in the vibration problem.
However, when the so0il mass is subjected to earthquake-like
shaking from the base with larger soil motion developed, there
has been no systematic evaluation of the effectiveness of the
Duxseal lining.
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On the other hand, a totally different approach has been
taken in dealing with the boundary effects when large soil motion
is involved 1in the experiment. Whitman and Lambe (1986)
described a circular stacked ring device used as the model
container in earthquake simulation experiments. The lateral
flexibility of the device allows the soil column to move as a
shear bean. Under ideal conditions, the socil movement is
unrestricted by the confinement from the container. Improvements
were implemented by Hushmand, et al. (1988), whe developed a
rectangular laminar container as shown in Fig. 3. Similar
devices have been constructed by others. For example, Law, et
al. (1991), described a systematic evaluation of the performance
of the laminar container by measuring the uniformity of soil
motion inside the container and demonstrated the effectiveness of
such efforts in dealing with the boundary reflection problem. It
is now widely accepted that the laminar container is an
indispensable toecl in earthquake simulation experiments 1in the
centrifuge where stress wave reflections from the end boundaries
of the container are of concern when input motion is supplied at
the base of the model.

Experience with Earthguake Simulation in Centrifuges

Ags indicated earlier, much progress has been made in the
last few years in developing the capability for simulating
earthquake ground motion in centrifuge testing. The National
Science Foundation is currently funding a research project on the
Verification of Liquefaction Analysis by Centrifuge Studies
(VELACS), involving a number of universities with dynamic
simulation facilities on their centrifuges. The primary
ocbjective of the project is to produce a data base on the
performance of earth structures shaken by simulated earthquakes
in the centrifuge to the point of ligquefaction for validating
analytical procedures commonly used in practice. In order to
establish confidence in the ability of this method of dynanmic
testing to produce reliable results, the first phase of the
project was focused on conducting identical model tests of a
horizontally layered soil deposit in the wvarious centrifuges to
determine any machine dependence of the test results. Although
the results from the participating laboratories showed the type
of scatter usually encountered in experimental research, similar
trends of the behavior of the experiments in terms of the pore
pressure generation and ground motion characteristics transmitted
through the so0il layers were clearly identified. In the second
phase of the project, several experiments have been defined in
which various geotechnical structures will be subjected to
simulated earthquake ground Tmotions in the centrifuge.
Analytical predictions of the performance of these experiments
have been invited from analysts around the world. When these
truly Class A predictions are submitted next April, the
experiments will then be performed to provide data for the
refinement of the analytical procedures.
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It has been widely recognized that one of the outstanding
issues in earthquake simulation experiments in the centrifuge is
the conflict in the time scaling relations for dynamic phenomena
(1/N) and diffusion phenomena (1/N2), as shown in Table 1. This
factor becomes important when the soil mass is shaken long enough
to the point where dissipation of the pore water pressure
generated during shaking begins to be significant. This effect
is probably not as important in fine grained soils with low
permeability as for most sandy soils. Attempts have been made to
slow the dissipation process by using a substitute pore fluid
(such as silicone o0il) with a viscosity N times greater than
water. However, there is no documented record of the success of
these attempts, while the question of the alteration of the
properties of the soil by the substitute pore fluid has not been
examined.

Very little work has been done in using the existing dynamic
simulation capability to model structures that have been shaken
by actual earthquakes. This is primarily due to the insufficient
capacity of existing centrifuges which are equipped with the
shaking capability. Thus, much of the testing has been limited
to examining basic phenomena. The lack of larger shake tables
also hampers the application of the "modeling of models" testing
scheme, which could be beneficially utilized to delineate the
limits of a particular dynamic centrifuge model testing program
by showing when modeling at a certain scale fails to apply.
Results of "modeling of model" testing can also point out when
boundary constraints become unacceptable, and when it is
necessary to use a substitute soil material by altering its grain
size distribution.

Research Needs

The VELACS project just described will go a long way in
establishing centrifuge testing as a viable alternative to full
scale testing in earthquake geotechnical engineering. However,
much research is still needed to expand the capability and ensure
the accuracy of this method. The following represents a listing
of these needs:

1. The effects of boundary conditions on the performance of the
test model require considerably more systematic investigation.
The need to use an absorbing boundary versus a laminar container
should be clarified for different problem types.

2. The conflict in the time scaling relations for dynamic and
diffusion phenomena must be addressed. Fundamental research is
needed to justify the need for the use of substitute fluid and to
determine the changes in the dynamic constitutive properties of
the solil containing such substitute pore fluid.

3. Further miniaturization of transducers, or development of new
methods, for accurate measurement of dynamic soil pressures and
pore water pressures is heeded.
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4. Methods for consistent soil model preparation, particularly
for fine grained materials, as well as techniques for in-flight
material characterization, have to be developed, particularly in
those applications where prototype conditions are to be

simulated.

In addition, shake tables need to be developed for the large
centrifuges which have been put into operation in recent years.
The availability of such testing capabilities will greatly
enhance the power of the method by allowing for the full
utilization of the modeling-of-models testing scheme and for
better representation of the details in a structural model.
While the technology for servo-control electro-hydraulic
excitation has been proven for application in small centrifuges,
the scaling up to larger centrifuges is not necessarily
straightforward. The potential benefits certainly outweigh the
anticipated costs for such development.
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CHAPTER 3
COMMON RECOMMENDATIONS

3.1 INTROQDUCTION

Each of the panels was asked to consider experimental needs using the following format:

{1) Knowledge Gaps - What are the major knowledge gaps in your panel’'s area that force
conservative decisions or avoidance of economically desirable alternatives in new
construction or remediation?

(2) Suggested Experiments - What experiments or groups of experiments would close or
narrow these gaps? In answering this question, we are not looking for detailed
experimental design or planning. We hope that the panel would state an objective, a
descriptive name, some indication of the experimental approach recommended (there
may be more than one, i.e., laboratory bench, field test, long-term performance
observation on existing structures, centrifuge, shake table, etc.), and whether the
resources required are smail (3 staff years of effort), median (3 to 10) or large (>10). We
hope you will not constrain yourselves to existing test capabilities or sites in answering
this question. We do not want the answer to this question to be an exhaustive “laundry
list”. Perhaps the most difficult challenge for the chair will be to lead the group to a
consensus as to which experiments should be on the short list {certainly no more than
10).

{3) txperimental Methods - Which experimental methods appear to be the most effective
ways of carrying out these experiments?

(4) Technical Barriers - What are the technical barriers relating to the short list experimental
programs? Here we would like you to focus on such things as inadequacies in presently
available instrumentation, test apparatus, test site, and our state of understanding of
scaling methods and model construction techniques. Another way of asking this question
is "what research or development must be successfully completed before you are ready
to do the experiment?”

(5) Non-Technical Barriers - What are the non-technical barriers and resource limitations
making it difficult to carry out the short list experiments? The obvious one is funding.
There may also be issues of inter-university, university-government, university-private
firm, or government-government cooperation or support. Environmental or public safety
constraints may also represent real or perceived barriers,
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(8) Targets of Oppertunity - Can the panel identify any “targets of opportunity” where a
“short-list” experiment can be piggy-backed on an already planned or funded activity or
event?

Each panel followed thig format to varying degrees. Detailed panel results are presented in
Chapter 4. Inthis section, we have tried to identify items, issues, and areas which seem to be

common to each of the panels.

3.2 KNOWI EDGE GAPS

Knowledge gaps identified by the panels can be placed in one of six categories:

(1) Input Ground Motion
(2) Site Characterization
(3) Fundamental Behavior and Properties of Soif and Rock
(4) Behavior/Response/Failure Modes of the Geotechnical System
{5) Analytical Models
+  Finite Element and Finite Difference Models
= Simple Models for Practice
»  Model Validation
*  Model and Parameter Selection
{6) Mitigation/Soil Improvement

3.21 In round Motion

Ground motion was the main subject of one of the panels. In addition, it was raised by the
Earthdams, Natural Slopes, and Retaining and Underground Structures panels. Specific
concerns included coherency and spatial variation of motions, the effects of wave type (P, S, R,
etc.), vertical motions, local site and topographic amplification, fault rupture, especially beneath
dams, and overall prediction uncertainties. The recommendations of the ground motion panel, if
pursued, will address most of these issues.

3.2.2 i har rization

Detailed site characterization in three dimensions was especially important for large geotechnical
systems where the site can be variable over the dimensions of the system and site details ¢an
dominate response. The Earthdams, Natural Slopes, and Ground Instability panels, especially,
raised this issue.
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An important subissue in site characterization was the use of insitu measures of site
characteristics and material properties, and correlation of those measures with field behavior.
Replacement of crude measures, such as the Standard Penetration Test (SPT) and cumbersome
methods, such as cross-hole seismic, should be pursued. The Cone Penetration Test (CPT) with
associated measures such as down-hole seismic, dilatometers, etc. should be emphasized.

Insitu index tests of dynamic properties, such as small explosive tests, should also be considered.

Although site characterization is clearly important for earthquakes and most other geotechnical
problems, dynamic and otherwise, it was not the focus of this workshop. The importance of this
issue, however, demands attention by the NSF and other research agenciss.

3.2.3 FEundamental Behavior and Pr

Soil and rock behavior is a basic input into understanding and predicting the overall behavior of
geotechnical systems. The constitutive models and parameters which define fundamental
element behavior are important for analytical modeling. Major uncertainties exist on issues such
as insitu versus laboratory properties; damping; saturated soil behavior; the effect of plasticity and
cementation on liquefaction; and strength degradation and residual strength, especially of clays.
As with site characterization, the behavior of geotechnical materials was not a direct topic in this
workshop. Fundamental behavior is of paramount importance, however, and must be pursued by
NSF and other research agencies. A major NSF/EPRI workshop entitled “Dynamic Soil Property
and Site Characterization” was held in November 1889. The recommendations of this workshop,
if pursued, will greatly improve our site characterization capability and understanding of basic
properties.

3.24 Behavior/Response/Failure Modes of the Geotechnical Systems

Major knowledge gaps which require experimental evaluation for their resolution/illumination
begin to emerge in the consideration of the response modes of geotechnical systems. Response
and failure modes are major uncertainties because either earthquakes have not occurred in the
vicinity of major geotechnical systems and/or post-earthquake observation and information are
inadequate. The Natural Slopes panel noted the lack of well documented (quantitatively) slope
failures. The Foundations and Retaining and Underground Structures panels noted the wide
diversity of foundations and structure types fer which little or no response/ffailure mode
observations are available. Both the Earthdams and Ground Instability panels noted response
uncertainties in heterogeneous material. The documentation of transient and permanent
deformations were also of interest to both of these groups.
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It appears that response/failure mode definition, including illumination, documentation, and
quantification, for real geotechnical systems is the major knowledge gap requiring experimental
evaluation.

3.25 lvtical Model

Finite element or finite difference models can provide some insight into response and failure
modes. However, they are limited in their ability to handle large strain, nonlinear and inelastic
behavior, three dimensional input, site conditions and systerm geometry, and details of boundary
and interface conditions. Once response and failure modes have been identified from
observations or experiments, humerical models can be focused to reproduce those modes and
then used to evaluate the effect of various parameters. Several panels pointed out the lack of
validated models, as well as concerns about three dimensional effects, large strain modeling, and
constitutive parameters. Two panels, earthdams and foundations, commented on the need for
simple models for use in practical design and analysis. The development and validation of
medels is a knowledge gap closely related 1o that associated with identifying modes of response
and failure. Experimental programs can integrate the evaluation of both of these gaps.

3.2.6 Mitigation/Soil Improvement

Three panels, Natural Slopes, Foundations, and Ground Instability, noted a lack of information on
the effectiveness of mitigation and soil improvement measures, including the use of geotextiles
and density improvements in earthquake engineering applications. The Ground [nstability panel
observed that there is significant uncertainty on the spatial extent and depth of improvement
required.

3.3 EXPERIMENTS AND EXPERIMENTAL METHODS

The suggestion of relevant experiments and the evaluation of experimental methods were
generally treated together by the panels. The experimental methods recommended by the panels
can be placed in six major categories:

(1) Post-Earthquake Observations

{2) Instrumented Sites in Seismically Active Regions {and Mobile [nstrumentation for
Aftershock Monitoring)

{3) Arificially-Induced Ground Shaking

{(4) Centrifuge Tests

(5) Shake Table Tests

(6) Field Shaker and Snapback Tests
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There was also mention of laboratory single-element (e.g., cyclic triaxial, cyclic simple shear) and
specialized tests {e.g., foam rubber models) by some panels, but these did not receive much
emphasis.

3.3.1  Post-Earthquak rvation

All panels supported the continued conduct of post-earthquake observation of geotechnical
systems. However, some panels emphasized more quantitative measurements ot deformations
and analysis of case histories. The Earthdams panet pointed out the need for a large database of
analyzed case histories. The Natural Slope panel recommended timely quantitative
measurement of slope failures. The Ground Instability panel recommended measurement of
deformations.

3.3.2 Instrumented Sites in Seismically Active Reqions

This approach was recognized by all panels as the ideal experimental condition, without
controversy regarding such factors as wavefields, boundary conditions, and scaling.
Instrumented sites are essential for resolving the knowledge gaps on earthquake ground motion
per se. Ali panels recommended permanent instrumented geotechnical projects at active sites.
The ohbvious locations for such installations are sites which already have adequate strong motion
arrays installed or planned. Very little attention was given to the location and type of
instrumentation, although the Ground Motion panel recommended very dense surface and
vertical arrays, including accelerometer and piezometer measurements, and settlement gages.
The organizing committee concurs with this recommendation and also recommends stress
measurements in the ground to help identify the type of waves causing the motion. A few
accelerometers with more than 3-axis measurements would also be useful. Instrumentation on
the individual experiments would be experiment dependent but might include motion, interface
stress, total stress and pore pressure, rotation, and transient and permanent displacements.

Recognizing that aftershocks can themselves be substantial earthquakes, the Natural Slopes
panel recommended the establishment of a mobile instrumentation capability for extensive
monitoring of slope response to aftershocks. The Earthdams panel expressed interest in the
measurement of aftershock effects on damaged dams.

3.3.3 Adificially-In r hakin
Instrumented sites in seismically active regions provide ideal experimental conditions, but the

expected results from such experiments are limited by the lack of knowledge of precise time and
location of the event, as well as restrictions on numbers of measurements and limited
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geotechnical site information. The data are not provided on a known schedule and therefore
cannot be counted on in a planned, organized program.

The Earthdams panel suggested construction of a controiled full scale embankment at a
seismically active site which could also be tested with artificial shaking. The Retaining and
Underground Structures panel noted that controlled artificially-induced ground shaking to simulate
earthquake motion would permit concentration of instrumentation in spatially optimized locations.
Some other panels suggested artificial shaking as well. it would permit better organized and
more efficient use of manpower and other resources. Furthermore, knowledge of the time,
location, and source characteristics would permit pretest predictions, better experimental
planning, and higher instrumentation reliability. Candidates for artificially-induced ground shaking
include explosives and vibroseis. Youd reported to the workshop on Russian work using water
filled pipes (perhaps water pulse devices) as a seismic source. All artificial methods have
shortcomings asscciated with the type, amplitude, frequency, duration, and spatial extent of
ground shaking. Explosives and, perhaps, water pipes approaches have the greatest potential
for producing ground motions characteristics of interest for earthquake applications.

3.3.4 Centrifuge Tests

Centrifuges have the advantage of permitting small scale experiments in a property scaled gravity
field. Most panels noted the potential usefulness of centrifuge studies for revealing failure
mechanisms and system responses. However, the panels alse noted several shortcomings
which are discussed under Technical Barriers.

3.3.5 hake Table T

Passing interest was expressed by only 2 panels in shake tables for geotechnicatl studies. This
was due mainly to concerns about scaling and boundary influence because of the limited size of
shake tables inthe U.S. Japanese participants at the workshop stated that geotechnical studies
are conducted in Japan on their large shake tables. Such studies are mere common because of
the availability of tables. They seem to be limited to basic studies of level soil [ayer response in
dry and saturated sands.

3.3.6 Field Shaker.and Sn kKT

Field shaker and snapback tests were mentioned by the Foundations panel as methods for
obtaining information on existing foundations. Such tests are limited to small to intermediate level
strains but they may have value in determining insitu characteristics of complex installations.
These tests could be performed on systems installed in seismically active areas or to be tested in
artificially-induced earthquake conditions and then correlated with response.
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3.4 TECHNICAL BARRIERS

Technical barriers were defined as those issues which must be resolved before adequate
experimental programs can be conducted. Barriers might include inadequacies in test methods
or apparatus, instrumentation, test site conditions, or lack of understanding of technical factors
such as scaling methods, model construction and characterization, etc. Technical barriers are
best organized by experimental method.

3.4.1 Post-Earth k rvation

No majer technical barriers were identified for this method. However, unknowns associated with
site geotechnical conditions (see 3.4.2 below), and earthquake input at the site limit the analyses
of post-earthquake observations.

3.4.2 [nstrumen i in Seismically Active Region

Four significant technical issues were raised here. The first and most important was the issue of
instrument reliability/longevily especially for downhole instruments and instruments in
inaccessible areas of structures. The second was site aging effects. Soils and backfills are
known to settle and change in properties over long periods of time. Consideration must be given
to monitoring these changes so site conditions are reasonably well known at the time of the
earthquake. The third technical barrier is the difficulty of measuring stresses in the soil. Stress
conditions associated with the earthquake waves help with interpreting the earthquake wave field
which, in turn, affects how certain geotechnical systems respond. The fourth technical barrier is
the uncertainty associated with time and location of the earthquake. This is really the origin of the
instrument reliability and site aging issues. It also leads to some inefficiency in instrumentation
allocation and some non-technical barriers.

3.4.3 Adificially-Induced Ground Shaking

Explosive simulation is the main artificially-induced ground shaking method that has been used to
date. Since the primary motion from explosions in the near-field is from P-waves, there is
concern that the response will be different than S-wave induced response, a main component in
earthquakes. Concerns were also expressed about non-uniformity of motion, higher frequency
content, shorter duration, and fewer cycles of motion in explosions.

The main experience with explosive simulation was in the SIMQUAKE series supported by EPRI.
The results are not widely known in the earthquake engineering community. A state of the art
paper in this workshop discussed those experiments. The experiments utilized several
enhancement techniques to overcome many of the objections. Planar arrays of explosives were
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used to provide more uniform motions over a larger test area. Two arrays of explosives were
used to extend the duration and increase the number of motion cycles. The array was designed
to produce frequencies and motion amplitudes that were relevant 1o earthquake conditions.
Other methods for tafloring wavetorms, including the use of relief trenches or mitigating materials,
require evaluation.

The P-wave versus S-wave issue is important. There is evidence that the response of & relatively
rigid inclusion in soil, e.g. a foundation or wall, is relatively insensitive to the wave details but
responds mostly to the kinematic characteristics of the ground motion. There are also concepts
for producing shear-waves with explosives. One such approach is the generation of near
vertically propagating S-waves in a near surface layer by driving a horizontal P-wave in a hard
underlying layer.

As mentioned earlier, the Russians seem to be producing ground motions using arrays of 1m
diameter x 50m long water filled pipes. Youd reported that these are buried in the ground in
three-dimensional arrays. Although it is not clear how they are being used, it is speculated that
they may be exciting waves in the pipes which cause back and forth longitudinal pipe motion,
thereby simulating S-waves. This concept should be investigated as a potential simulator for the
u.s.

3.4.4 Gentrifuge Tesls

Several technical barrier issues were raised regarding the use of centrifuges for geotechnical
earthquake engineering studies. One problem is the size of even miniature transducers and
instrumentation cables at the scales used in centrifuges. A 0.5 inch transducer becomes about a
4 foot block at 1/100 scale. There is a need for even smaller {ransducers or alternative methods
of measurement at small scale.

Another significant barrier for studies of saturated soils, especially fiquefaction, is the fact that
time for water flow (diffusion} scales as N2 while time for dynamic response scales as N. This
certainly affects studies of pore pressure dissipation after liqguefaction. It may also affect the
onset of liquefaction since pore pressure increases and the tendency for pore water to flow
occurs well in advance of actual loss of total effective stress. Substitute fluids and their influence
on other behavior need to be evaluated to help overcome this barrier.

Other technical barriers include size limits and resulting boundary reflections and in-flight property
determination. Approximations to non-reflecting boundaries have been investigated to diminish
size limitations. Hon Yim Ko’s paper in this workshop refers to a laminar container for this
purpose. This needs further work.
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Perhaps the major technical barrier to progress with centrifuges is the lack of high capacity
shaker systems for the larger centrifuges in the U.S. One-dimensional systems are an immediate
requirement. The need for two or three dimensional shaking requires analysis of the trade-offs
between payload capacity and shaker capability.

3.45 ghake Table Tests

The major technical barrier to meaningful shake table studies is the limited size and capacity of
U.S. shake tables. The largest table for earthquake testing in the U.S. is the 6.1m x 6.im table at
the University of California Earthquake Engineering Research Center. The relatively small size
limits the model size and causes boundary reflections in a short time. The fact that tests are
conducted at 1g causes scaling conflicts at less than full scale. The importance of this issue
depends upon the relative amplitude of transient stresses versus body stresses, and their relative
influence on response.

Larger shake tables, similar to the large tables in Japan {15m x 15m at Tadotsu Engineering
Laboratory) would enable some geotechnical studies 1o be conducted. For example, the interface
stresses and total forces on retaining walls might be investigated on such a table. Boundary
reflections might be reduced with artificial non-reflecting boundaries as mentioned for centrifuges.
However, even at large size, there is a limit to the height of the column of soil included in the
model, caused by payload considerations.

3.4.6 Field Shaker and Snapback Tests
There are no fundamental technical barriers to these methods because they are not direct
earthquake simulators. However, because of this, they provide enly limited insight into

earthquake response. They can, however, be part of a larger program.

3.5 NON-TECHNICAL BARRIERS

The fack of sufficient funding was noted at the workshop as an overriding non-technical barrier.
This teads immediately to the non-technical barriers associated with a lack of equipment such as
the lack of large shake tables in the U.S. and the lack of shakers on large centrifuges. [t also
leads to a hesitation on the part of the community to pursue aggressive large size projects, such
as large explosive tests, because they are expensive.

Other non-technical barriers included the lack of central organizations tasked with the deployment
and long term maintenance of permanent instrumentation at seismically active sites and mobile
instrumentation systems for monitoring aftershocks. Access to sites and data after earthquakes
was cited as another non-technical problem.
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All of these non-technical barriers could be readily resolved with adequate funding for
geotechnical earthquake engineering research. This funding could lead to well organized
programs for providing expertise, equipment, planning, and implementation of significant
research.

3.6 TARGETS OF QPPORTUNITY

[t was noted that there are in place or planned strong motion arrays at potentially active seismic
sites at Palmdale, CA, Treasure Island, CA, and several overseas locations. Geotechnical
experiments could be fielded at those sites. The most promising foreign site for adding
experiments is the Hualien, Taiwan site. Here, EPRI is teamed with the USNRC, Taiwan Power
Company, and several other French, Korean, and Japanese organizations to evaluate the
response of nuclear power plant models at a seismically active site. The site is well instrumented
with surface and downhole strong motion arrays. [t would seem to provide a good opportunity for
piggy back experiments. Parallel experiments using artificial ground shaking and other
approaches could also be considered.
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CHAPTER 4
PANEL RECOMMENDATIONS
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- 4.1

REPORT OF THE PANEL ON EARTHDAMS

Chair: Mary Ellen Hynes, U.S. Army Engineer Waterways Experiment Station
Recorder: Pedro de Alba, University of New Hampshire

Panel: K. Arulanandan, University of California, Davis

Jean Prevost, Princeton University
Larry Von Thun, U.S. Bureau of Reclamation

Organizing Committee Representative: Paul Hadala, U.3. Army Engineer
Waterways Experiment Station
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NATIONAL SCIENCE FOUNDATION

Earth Damsg Panel Report
January 14, 1992

1. Background

a. User Requirements: The State of the Art papers presented by Von Thun reviewed
the evaluation of the seismic safety of existing earth dams. This, rather than design of new dams
in seismic regions, is the principal geotechnical seismic investigation focus of the U.S. dam
owners today.

b. Dams are built to provide some combination of flood control, water supply, power
generation, navigation and recreation. Seismic safety policies require dam performance to ensure
{1) life safety, and (2} mitigation of economic damage. Generally, the requirements are (1) that the
pool is retained during and after the earthquake, {2) that the outlet works are operational during
and after the earthquake, and {3) that reservoir functions such as navigation, power generation
and water supply can be restored within a short period of time after an earthquake.

Earth dam seismic stability evaluation field problems have typically led to field and
laboratory research projects because of shortcomings in the current state of the art and the state
of practice in geotechnical earthquake engineering. With the greater number of alternatives
available in design of a new project, the designer can often "design-around” uncertainties in the
state of the art. In analyzing existing dams this cannot be done. Such projects involve extensive
studies of seismic hazard as well as extensive experimentation in the field, in the laboratory, and
on the computer. The results of such studies suffer from large, residual uncertainties. These
uncenainties combined with the potential for disastrous downstream consequences if failure
occurs, force the adoption of conservative, expensive, defensive design measures for both new
construction as well as remediation of existing dams. Advancement of the state of the art can get
us out of the expensive cycle of undertaking research to sclve each site spscific problem.

c. The process of seismic safety evaluation of a dam can be viewed as six steps or
stages.

(1)  Estimation of ground motians for use in the evaluation.

(2) Site characterization.
{3)  Detining the possible failure modes.
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(4)  Measuring the materials behaviors and conducting numerical analysis.
(5)  Assessing stability.
(6) Planning and executing remediation if needed.

d. Another panel in this workshop will deal with Ground Motion Response so there will
be no discussion of experimental needs in that area (item (1)) in this section of the report. It
should also be noted that the panel on Ground Instability and Site Improvement shares interest in
items (2), (3), (4), (5), and (6) albeit for level ground rather than for a dam and its foundation.

e. Siate of the Art Reporl: Von Thun listed eight items as the greatest uncertainties in
seismic safely evaluations of earth dams.

(1)  "The nature of the alluvium deposits at the site” (para 1.c(2))
Fluvial deposits found at many dam sites are very heterogeneous and there are
many examples where understanding this heterogeneity is key to the analyses.

(2) "The nature of dynamic deformation and its effects” {para 1.¢(5))
The author notes four areas requiring additional study: secondary effects,
criteria for evaluation, generalized settlements and slip along predsfined
surfaces.

(3) "The characterization of deposits actually susceptible to flow slides”
(para 1.c(4))

(4) "The effect of an embankment (overburden) on the liquefaction resistance of a
foundation deposit" (para 1.c(4))

(5) "The amount of deformation that will occur post liquefaction--can we predict
(i) ?"

(6) "SPT Correction Factors” (para 1.c(4))

(7)  "Residual shear strength estimation" (para 1.c{4))

(8) "Becker Hammer resuits" (para 1.¢(4))

This list suggests that most of our uncertainty in seismic safety analysis of dams {and thus our
need for experimental research) lies in measuring material properties or indexes of material
properiies and in site characterization.

1. Selected Issue Papers: Before the conference, participants were asked to submit

issue papers on research needs in geotechnical earthquake engineering. A review of those
papers was conducted. Sentences for those relevant to earth dams are exiracted below:
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"The current methods...(of dynamic analysis)...need to be extended to include nenlinear
effective stress based methods" (K. Arulanandan)

"The biggest problem...is determining how much deformation will result during and
immediately after earthquake shaking. Site characterization is a key step herg"
(M. E. Hynes)

"Development/improvement of testing methods..." (1) for damping in situ at large strains
and for separating damping associated with compression and shear, (2) for undisturbed
sampling of cohesionless soils, (3) field measurement of void water and fabric description
and (4) measuring ground displacement and pore water pressure during earthquakes

{J. L. Chameau)

"There is...a need for (large} experiments that involve shaking of saturated (cohesionless)
slopes to verify trends observed in cyclic triaxial testing..where « = 7, /c = 0 "
(P. Hadala)

"What is the post-earthquake deformed shape (of a dam)? There is a need for large or
properly scaled experimentation...to gain insight as to the potential for analytical methods
to address this question” (P. Hadala)

...need for improved methods of characterization of soil and foundation conditions"
(S. Kramer)

"full scale facilities to evaluate soil structures under cyclic loading” (i.e. Canadian National
Test on characterization of sands for static and dynamic liquefaction (P. K. Rebertson)

"experimental investigators using 2D simple shear or large centrifuge with 2D shaking
capability should be considered to study liquefaction resistance of soils under the K,

condition” (C. K. Shen)

"more experimental tests such as the centrifuge and shake table are needed to show
how...soil improvement techniques can...prevent liquefaction.” (J. P. Welsh)
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g. Other workshops: Other recent workshops and studies at least peripherally touched
on research needs in the subject area of the workshop. Reference 1 validated the need for
research on "Protecting Dams Against Earthquakes and Floods." The focus of the proposed
research thrust was on the safety of existing dams but the report gave no specific details
regarding what research should be conducted, or on the need for large experiments.

Reference 2 summarized four regional workshops on research needs in geotechnical
engineering. One of the four (held at San Francisco) focused attention on geotechnical
earthquake engineering. They hoted "estimating seismic-induced ground displacement” high on
their prioritized list of recommended research topics.

Reference 3 recommended the development and operation of two [arge size natural test
sites in zones of high seismic activity in the U.S. to complement efforts described in Reference 4.
These two sites would be used for field research on site characterization technology and in-situ
dynamic property measurement. Reference 3 also recommended research in use of surface
geophysics in site characterization, in-situ cyclic deformation tests, strength degradation testing
and material damping tests, instrumentation to support field testing, undisturbed sampling of
gravels, easier laboratory material damping tests, relating dynamic properties of soils to physical
and chemical processes improved analytical and numerical methods of dynamic analysis. Of
interest to the current workshop was the recommendation to use centrifuge, shake table and full
scale embankment tesis to calibrate or validate numerical models.

h. Sumyary: The panel found, as the foregoing matertal shows, similar themes being
voiced by many people. Perhaps the strongest of these are the need for better site
characterization tools for use at the sites of existing dams being evaluated for their seismic
response and the appreciation of the complexity of the subsurface conditions at these sites.

a. The panel accepted the ideas presented in the previous section as valid.
Recognizing that a purpose of the workshop was to link needed geotechnical earthquake
research with large scale experimental capability needs, the panel concentrated on research
topics which lent themselves 1o field test sites, centrifuge or shake table experiments. The
deticiencies listed here only deal with that subset (i.e., laboratory bench scale material property
research, research on numerical and analytical methods of dynamic analysis, and other valid and
needed areas of geotechnical earthquake engineering research have been deliberately avoided).
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b. Sile Characterization: The panel members were collectively aware of a large number
of cases where the understanding of the nature of foundation soils under existing dams changed

significantly during the course of a seismic safety evaluation from that which existed at the end of

construction or in the early stage of the evaluation. Fiuvial deposits, especially those in glaciated

regions, are extremely heterogenous and three-dimensional so it should be no surprise that this

was the case. The panel felt that site characterization technology needed significant

advancement so that the profession can:

(1)

8)

Accurately map, and visualize, in three dimensions, materials, initial conditions
(pore pressures, stresses) and propenty fields (permeability, void ratio,
compressibility, velocity) existing at the site with improved and new in-situ
testing techniques, including surface {(non-destructive) and subsurface
techniques, with a high degree of precision and resolution.

Develop empirical correlations to directly relate in-situ measurements such as
shear wave velocity (V) and cone penetration tests to observed seismic

performance such as residual strength, liquefaction, pore pressure
development and cracking.
Improve in-situ geophysical techniques so that we can measure V with a spatial

resolution of a few inches.

Develop a Standard Penetration Test (SPT) device that will accomplish full
sample recovery.

Develop an in-situ testing technique that will allow us to assess contractive/
dilative material behavior in-situ.

Develop simplified criteria for screening out soils such as a corrected blow
count (N4 go) threshold, gradation characteristics or site configurations

{drainage conditions) that are not susceptible to liquefaction,

Develop a rational way of characterizing and analytically dealing with a complex
site (i.e., alluvial deposit, irregular boundary conditions).

Use stochastic fields to represent material parameter spatial variation.

¢. Anticipating Failure Modes: The panel considered possible failure modes and felt
that the feast understood were:
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(1)  Seismically induced movements in the vicinity of and damage to filters and
drains near stiff inclusions and complex boundaries that might weaken a dam’s
defenses against piping.

(2) Response and failure under three dimensional loading.

(3) Hydrodynamic loading on the upstream face.

(4)  Eftects of aftershocks on already damaged dams or with seismically elevated
pore pressures remaining in the foundation.

In opening remarks at the beginning of the workshop, Dr. Ralph Peck, reminded us that a
case history is only one realization of a complex problem with many parameters, many degrees of
freedom and many possible cutcomes. The panel recognized that our understanding of the bast
understood failure modes involving liquefaction and residual strength is really tied to one detailed
quantitative case history of an embankment dam (Lower San Fernando} and a very few qualitative
{or poorly defined quantitative) case histories of other embankment failures.

d. Material Behavior and Numerical Medels: In the materials area the panel re-iterated
basic need for accurate 3-dimensional characterization of soils. A field in-situ test device that can
clearly distinguish contraclive verses dilative behavior in granular soils is needed as are better
(cheaper and less complex than freezing) sampling methods for obtaining nearly undisturbed
samples of granular and low plasticity materials. Today, no currently available laboratory test can
impose fully satisfactory cyclic loading boundary conditions even for the simple horizontally
polarized SH wave case. Our understanding of K which is used to evaluate whether or not lique-

faction will occur under the compiex state of stress imposed on the embankment and the
foundation under the embankment and to extrapolate level ground field empirical liquefaction
data to the sloping ground case is based on such laboratory tests and deserves evaiuation both in
the laboratory under better boundary conditions and in large size experiments. Finally more
research is needed in the laboratory in the area of microstructure studies.

In the numerical medeling arena, major issues include:

(1)  Large deformation problems are currently numerically intractable.

(2)  Numerical procedures that incorporate or accommodate stochastic
representation of soil properties and input motion are not generally available.

(3) To validate numerical models (present and future) there is a need for several
densely instrumented, well characterized embankments on relatively simple
foundations in highly seismic areas.

159



(4) More emphasis and study should be directed to input motion at the boundaries
between embankment dams and narrow canyon walls. This is often ignored
and may be very impontant. Centrifuge shaker tests might help explore the
question. '

{8) A model for computing permanent deformations of embankment-foundation
systems in the case where there are substantial pore pressures mobilized is not
available. There is a lack of case histories to assist in model development and to
validate analysis procedures for this case.

{8)  Numerical models for composite, remediated or reinforced materials in dynamic
analysis are not available. There is a lack of case histories to assist in model
development and to validate analysis procedures for this case.

e. Assessing Stability: Criteria for static stability of earth dams is largely based on a long
history of many dams bulilt to similar factors of safety against sliding that have performed well. We
need more full-scale case histories to test our seismic design procedures against before we have
the desired level of confidence.

We need to assess the trade off between conservatism in the selection of ground
motions and uncertainties in the site characterization, material properties, identified failure modes
and methods of analysis.

Centrifuge models may help us better understand how much displacement/disruption
constitutes a threat of internal erosion (filter disruption) or overtopping although the modeling of
the process of the erosion of soil by water in the centrifuge environment has not been proven.

f. mm f Most | nt N Requiring Major Experimen

(1}  Site characterization, define 3D variability.

(2) Empirical correlation of in-situ tests to seismic performance.

(3) Case histories involving large seismically induced deformations for use in
numerical model validation.

(4) Re-evaluation of K, in large and/or better boundary condition tests.
(5) In-situ test to define contractive or dilative behavior.
(6) Experiments to provide insight into uncommon seismic failure modes or loading

conditions such as disruption of filters and drains and response of dams in
narrow valleys.
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3. R mm

n Ex rim | R rch

a. General: Not all of the research needs identified could be addressed in the time

available. Four experimental programs are outlined below. That was all that there was time

available at the workshop to address. The other areas listed in paragraph 2f above, not treated in

this section, are also important areas for experimental research.

b. Full Scale Embankment Test: This experiment is described in detail in Appendix
4.1A. It would be one of the largest if not the largest geotechnical field test ever carried out. ltis a

large controlled, layered, full-scale foundation test bed in an area with a high ground water table

which is also a seismic "hot spot.” (The site is envisioned as a part of the National Test Site

Program. Reference 4, p 4.)

(1)

(4)

Phase (1) involves constructing the foundation (Figure 1), using the con-
structed foundation to evaluate all available in-situ test methods, and installing
of pore pressure and strong motion instrumentation to record site response in
future earthquakes.

Phase (1A) involves constructing an embankment on the foundation and
additional insitu testing to show how the presence of the embankment
changes the insitu test results in the foundation under the smbankment.
Phase {2) involves the addition of a retaining dike and a reservoir (See Figure 2)
in preparation for future earthquake loadings of the potentially liquefiable
foundation under the dam. Instrumentation installation and long-term
maintenance is also included.

Phase (2A) involves pre- and post-earthquake centrifuge modeling of the
Phase 2 system. A large size model would be required to replicate the layers in
the foundation. A shaker capable of operating on a large geeotechnical
centrifuge would of course be needed.

Phase (3} involves a buried explosive test on a companion test site constructed
lo the same spegcilications so that response (probably short of failure) could be
obtained without waiting for an earthquake.

The major technical barriers to this experiment are the (1) placement of certain subsurface layers in
the desired state of looseness while placing denser layers above them, {2) definition of size
sufficient to remove significant boundary effects and (3) achieving saturation in the foundation
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layers. This would be a several million dollar, multiagency, multi-year experiment and would
require development of a long term funding base, extensive coordination and the location of an
appropriate remotely located seismic hot spot. The experimental program would contribute to
items 2f(1), 2f(2), and 2f(3).

¢. Saturgted Slope Test Under Earthquake Loading Condifions: This is aimed at item
21(4). ltis desired to duplicate conditions in which applied shear siresses act on a soil element
hefore the seismic loading and examine K, under different boundary conditions and at larger

scale. There are two possible ways of conducting this type of experiment: (1) large laboratory
shaking table and (2) constructing an instrumented field experiment in a seismic hot-spot and
waiting for an earthquake to occur.

(1)  Shaking table test concepts: There are two ways of looking at the problem in
the shaking table environment. The first involves testing an element of loose
soil placed under controlled conditions, confined with a membrane,
backpressured and subjected to a downslope gradient as shown in Figure 3.
The second simpler shake table experiment, shown in Figure 4 is a series of
shaking tests of small sand slopes of different slope angles saturated as much
as possible under atmospheric conditions. This alternative has the
disadvantages of being unable 1o fully saturate the specimens and very low
confining stresses (i.e. the sand may be dilative rather than contractive at low
effeclive stress loads). Both of these shake table experimentis are feasible on
existing U.S. shake tables. Only one directional shaking is required. Because
of scaling issues, these tesls are, necessarily, phenomenological in nature.

(2) Field Test Concepts: In this case, loose sand slopes of different slope angles
would be built against the upstream shell of an existing earth dam, or the
upstream face of a gravity dam when the reservoir was empty or low (or simply as
embankments in the reservoir during a dry period) at a site in a seismically active
region. The sand would be placed under known controlled conditions.
Instrumentation to measure induced pore pressure, flow velocity, and extent of
run-out would be installed and maintained until the desired full scale shaking
event occurred. Given that a site could be found, there are ne serious technical
barriers present.
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d. Case-History Database of Dam Response: A cooperative government agency-
university effort is recommended by the panel to develop an international database of case
histories of dams that have suffered displacement and/or cracking during earthquakes. This
should include both modern engineered large dams as well as smaller structures. Perhaps post-
earthquake investigations o evaluate material properties may be required to flesh out an
otherwise nearly complete case history. This would, if accomplished, allow the profession to
deduce criteria and evaluate new procedures for assessing deformation potential, a need
identified in 2i{3) above.

e. Cenirifuge Case Histories of Dam Respeonse: This was recognized as an ongoing
effort related to d above. The thrust of acquiring new case histories using n-g models subjected
to base shaking should be validation of gffective stress, constitutive model based, dynamic
numerical anvalysis procedures for predicting seismically induced liquefaction. Of course such
experiments should be coupled with laboratory determination of the state and soil parameters
required by the constitutive models. The reader should be cautioned that achieving similitude for
simultaneous modeling of the elastic wave propagation equation and the diffusion equation is not
a simple or fully solved matter and that boundary condition effects in such models are not fully
resolved either. The second thrust involves n.g centrifuge model experiments involving unusual
failure modes (See 2{(6) above). In addition to the above similitude and boundary issues, the
problem of valid experiments is further complicated by a lack of knowledge of how to simulate
internal erosion and by the fact that such processes are controlled by elements of the dam whose
prototype dimensions are so small that they are difficult to simulate geometrically except on the
largest centrifuges. Experimentation to attempt to overcome these difficulties appears to be
worthwhile.

f. Benefits of Proposed Experiments: The remediation of an existing large
embankment dam (or its foundation} judged to be unsafe in a large earthquake is a project in the
$10M+ range. If the proposed experiments were to provide information causing an owning
agency to change its conclusion from "unsafe" to "safe" only once, the research would pay for
itself. There are many U.S. dams currently being studied to evaluate the seismic safety in the light
of improved knowledge of earthquake ground motion threats and the proposed experiments will
likely pay for themselves several times over. The converse c¢ase, i.e. that new experimental
research results will cause us to change our perception from "safe" to "unsafe" and thus require
more meney to be spent or remediation must be recognized but in that case the avoidance of a
failure as the resuit of new knowledge will have even larger cost savings (property damage
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prevention) and will also save lives. The proposed experimental research is definitely in the
interest of greater public safety.

4. n¢luding Remark

a. |mpacts on Facilities: To carry out experiments described in paragraphs 3b and 3c¢(2),
we need acceptable full scale test sites in seismically active areas which do not presently exist. As
an initial step there should ke a search for test sites of the type described. Obviously, if they
cannot be found or do not have a likelihood of seeing significant shaking in the next decade, the
experiments would not be feasible and without a specific site in mind it is difficult to evaluate
technical feasibility, time or cost. No needs for additional shake tables, upgraded shake tables or
further development of explosive ground motion generation technology were identified as
barriers. What we have now appears to be good enough for the applications proposed here. A
need for a centrifuge with a shaker capable of shaking fairly large models of earth dams in a high-g
environment was identified in this workshop. Regrsttably, the panel did not explore the question
of whether this shaker capability should be more than one-dimensiona! as this is an important cost

driver.

b. Barriers: The technical barriers have been discussed with each experiment but can
be summarized as follows:

(1)  Full scale expetiments
(@  Finding a suitable site
(by  Difficulty in construction of uniform low density layers and saturating them
(¢}  Uncertainty in how large the experiment must be to avoid boundary
effects

{2) Centrifuge experiments
(@  Simultaneous scaling of diffusion and wave propagation
{b) Lack of knowledge of how to simulate piping
(¢) Boundary conditions

One of the research needs expressed in section 2f—an insitu test to define contractive or dilative
behavior in soils is itself a technical barrier. There is no generally agreed approach to follow in
pursuing this goal and there will have to be quite a bit of trial and error before (hopefully) somecne
comes upon a test technique with real promise.
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The major nontechnical barriers are the coordination planning, multi-organizational effort,
justification and funding required to carry out and maintain major long term field experiments. The
profession is not used to forming the long term umbrella technical management organizations
(government and academia) that would be required to successiully carry out the experiment and
maintain its instrumentation until the earthquake eventually occurs. However, recent work in
organizing a U.S. system of geotechnical experimentation sites (ref. 4, p. 4) is currently coming to
fruition, and it is foreseen that a basic overall management system for this experimentation site
systemn will be in place by 1993. A major charge to this umbrella management group is to facilitate
joint efforts by government, academia and private industry at these designated test sites. The
proposed large scale experiment would fit very well in this context.

c. Prigritization of Experiments: The panel prioritized the experimentai research
described in Section 3 in the order listed.

The exercise conducted in this workshop panel was worthwhile in that in it focused
attention on the experimental needs related to the seismic safety evaluation of existing earth
dams and allowed us to look at whether there were needs for more research or development on
dynamic loading apparatus or technologies. The only requirement in this area identified was the
need for specimen shaking capabilities on the larger of the U.S. geotechnical centrifuges.
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167




A

!
i
/;' [ i1 AERENEEEREEN HERRRN II | IL<\
™~ | 1
J AR N A R A R R B o
I | ! 1
I
Controlled Foundation A 4—
1 C (See Figure 1) -1
1 nt);
| TR NNE I\y

pN

-
\-

Lé[tl JlllllllllTllT]ll'l ]IIIIL

A

RN

\/7/////7/////////_////

Loose Silt (ND)

Y////////////////////

Al' Loose Sand
Y//////////////////

|- 300 —>|

SECTION A-A

Figure 2. Embankment {(Phase 1A) and Reservoir (Phase 2) Over Controlled Foundation.

168



Back
Pressure

¢

Saturated
Sand

Back
Pressure

'

/

4/, Shake Table

Membrane

....l||||||||||||“"“nllll

A
A\

. R T E R ErEmTETE T T KT =SS

Figure 3. Saturated Slope Under Cyclic Loading, Alternative A.

?S“ﬁ Pervicus Support
AV

Sand \

R

Figure 4. "Saturated” Slope Under Cyclic Loading, Alternative B.

169



APPENDIX 4.1A
Controlled Constructed Foundation Proposal

Proposal—to construct a foundation with known properties for a variety of materials
including--clean sands, silty sands, gravels, gravely sands, non plastic silts, sandy silts
and silts and sand with some plasticity. These materials would be placed in various
potentially liquefiable states and in various configurations (e.g. gravel overlying sand, clay
over sand). The deposits would be separated by clay barriers. Approximate dimensions
are 1500 ft by 300 ft by 30 ft.

Purpose—Phase 1 - In-situ testing for level ground
« To provide a site with known properties of placed materials to allow testing by various
in-situ methods
« This site would in fact become and be operated in a manner similar to a nationat test
site
+ The site would be instrumented with pore pressure devices and strong motion
instruments to determine the response in the event of an earthquake

Rationale
The use of verified procedures to analyze a field situation requires verification of the
effectiveness of various in-situ testing techniques to evaluate properties such as void ratio, K,

OCR, compression index A, swell index K, slope M of the critical state line on p-q space,

permeability, etc., in situ. Research into the assessment and development of methods to
determine the above properties in-situ is needed.

Purpose—Phase 1A - Embankment construction - [n-situ testing through the embankment
» To determine the influence of the embankment construction on the materials and
allow comparison of the various methods of in-situ testing through the embankment

Pumpose—Phase 2 - Addition of a reservoir and retaining dike in preparation for a failure test
- To determine the influence, if any, of the presence of a reservoir on material
properties.
+ To provide a dam on a potentially liquefiable foundation, "earthquake test bed" that
would be well instrumented and would allow verification of analysis methods given an
earthquake (with or without failure).
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» The deformation response could also be modeled pre- and post-earthquake by
centrifuge to determine the liquefiable layer of a soil at a particular depth. Dynamic
centrifuge tests on large models are necessary so that small layers of soils can be
incorporated in the models. Large capacity shakers are necessary for this purpose.

Purpose—Phase 3 - Explosive test on a companion site constructed to the same specification
- Obtain results on relative liquefiahility of various deposits immediately, without waiting

for an earthquake

Technical barriers

Placement of the materials in the desired state of liquefiability.

Determination of adequate size to remove significant boundary conditions.
- Problems in centrifuge scaling and interpretation of results (Phase 2).
- Dis-similar wave fields from earthquakes and explosions (Phase 3).

{mplementation
Phase |
Obtain multiagency, multischool, multicrganization funding support for the controlled
foundation construction. Put the fill under control of the National Test Site organization
for management purposes. Specifications preparation and site inspection could be
accomplished by a multiagency technical team on a "donation basis." Agencies
anticipated that could be participating include USCE, (CADWR & other states), USBR,
EPRI, EERI, USCOLD, DOE, PGE (and other utilities). Phase | completed by 1994.

Problem with Proposal

- Difficult to ensure saturation of loose deposits and placement of overlying materials.
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NSF WORKSHOP ON EXPERIMENTAL
NEEDS IN GEOTECHNICAL EARTHQUAKE ENGINEERING
REPORT FROM THE PANEL ON FOUNDATIONS

Knowledge Gaps

Foundation response under seismic excitation can be a very complex problem with which to deal.
There are a number of foundation types to consider. They are, in order of complexity:

*  Footings/rigid mats

«  Flexible mats

= Caissons/large diameter shafts

= Pile groups

= Hybrid, e.g., abutment wall

«  Special, e.g., containment structures

Likewise, there are a number of analytical techniques available ranging from the simple springs
model {springs for vertical and lateral rotational response requiring only material stiffness and
damping), all the way to complex numerical models with detailed constitutive relations. Figure 1
presents a matrix of analytical techniques versus foundation type.

Figure 1. Matrix of Methods of Analysis vs. Foundation Type.

Foundation Type
Analysis Methods RHybrid
Footings | Flexible Mats | Caissons | Piles | (Abutments) | Special

Simple Springs

Complicated
Springs (p - ¥)

Hybrid Finite Element
Springs to Far Field

Finite Element
Boundary Solutions

Complete Numerical
Models with
Constitutive Relations

In Figure 1, general foundations are presented varying from individual foetings to hybrid systems.
These foundations may be further subdivided into the following types:
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« Individual footings

- Rigid mais

«  Flexible mats

«  Multiple footings

+ Caissons

+  Single piles

-+ Pile groups

= Hybrid systems (for example: bridge abutments on piles, etc.)

Our knowledge of the performance of different foundation types during earthquake shaking
decreases as system complexity increases. Further, site characterization increases in
importance and extent as system complexity increases.

Special foundations refer to foundations of special and unique facilities (.., nuclear plants, LNG
facilities, efc.} or to unique foundation conditions for which detailed foundation design and more
complex SS| analysis procedures would be required.

It may be observed that the axis of the matrix representing foundation types also refers to the soil
conditions on the one hand and complexity and cost of the structure on the other. Simple, lightly
loaded structures in good soils are supported by individual footings. Heavier structures in poorer
soils require foundations which range from mats in relatively better surface soils to caissons and
piles in bad soil conditions, where, for example, soil improvement may be considered as an
alternate technique. Figure 1 is thought to represent a logical way of thinking about the
relationships, but the panel did not have adequate time to explore the relationships in detail.

The knowledge gaps relative to the use of such analytical models include:
1. Choice of soil modulus for intermediate to large strain response in the simple model, to
assessing the multiple soil property value input to the constitutive relationship for the

complex model.

2. Considerations of damping and its characterization, i.e., material, geometric, and other
energy dissipalion mechanisms.

3. Effect of foundation embedment.
4. Pile group or multiple footing interference effects.

5. Consideration of soil softening profile (cyclic degradation of clay or pore water pressure
buildup in sand).
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6. Limitations in terms of associated response.

a. Near surface liquefaction and flow-around loading of the sides of the foundation {from
the residual strength of the liquefied soil).

b. Consideration of foundation behavior in an improved foundation soil (geotextiles,
straps, root piles, etc.).

It should be noted that in going down the list of analytical methods in Figure 1, issues of
embedment, group interference effects, cyclic degradation, etc. are more directly taken into
account. However, the more complex the model, the more soil property input values are
required.

With regard to the analytical models, there is a need to discuss the full range of models because
it may be more effective to use the simpler ones with a better delineation of standard soil
properties for applications where there is classical resistance in the profession to the
consideration of soil-structure interaction response. Simple models will go a long way to
demonstrating, economically, the importance of such considerations.

Simple SS1 models and progedures may be appropriate in seismic design standards and codes
for conventional buildings, bridges, and other structures. The conditions of applicability of such
models and procedures should be assessed through correlation with data from suitable strong
motion instrumentation arrays, field test programs, and centrifuge est programs.

Once complex nonlinear models have been validated, an important use will be as an additional
method for defining the conditions under which simple spring-dashpot models can be applied to
the conventional design applications noted above.

Experimental studies are required to provide a basis for validation of each method of analysis and
its range of applicability. The more complex analytic methods which may be feasible require
detailed specification of appropriate constitutive models.

While it was decided not fo prioritize investigation of all the different foundation types, the panel
did feel that seismic characterization of the pile group is a very kigh priority. However, toward
such an end, single pile behavior also needs to be investigated because it is part of the full (pile
group) behavior.
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Highest Pricrity Research Item

Both kinematic and inertial interaction effects need to be considered. The effects of nonlinear soil
behavior are presently accounted for only in ad-hoc empirical/intuitive ways; research is needed
towards developing more systematic methods of handling nonlinearities.

Experiments

Similar to the mairix characterization of the method of analysis vs. the foundation type, a similar
matrix of experiment type vs. type of foundation might be proposed (See Figure 2). As with
Figure 1, Figure 2 presents a logical way of thinking about the relationships, but the panel did not
have adequate time to explore these relationships in detail. Nevertheless, we present them as a
basis from which other researchers can develop research programs to complete the matrices.
The types of experiments that would constitute the vertical axis of that matrix are listed in Table 1.
Related parameters and conditions are listed in Table 2.

Figure 2. Matrix of Experiment Type Vs. Foundation Type.

Experiment Foundation »
Type Type

Prioritize Experiments

With regard to the different experimental techniques, there is the question of what will be
experimentally simulated or tested. Some of these parameters and conditions are listed in
Table 2.
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10.

Table 1
Types of Experiments’

Centrifuge - Laboratory experiments to evaluate applicability of equivalent linear model to 2D
and 3D computations

Model lab/field test (hydraulic lcading)

Scaled field test dynamically loaded (blast, bladder, water hammer, vibroseis)

Piggy-backed test (Parkfield, Lotung, Hualien, DOE/DOD programs)

Full-scale tests on foundations

a. Existing/abandoned sites {Cypress Viaduct in Cakland (1-880), Naval Facility at Oakland
outer harbor)

h. Newly designed/constructed with planned instrumentation (Treasure Island)

Full-scale bridge/structural tests?

a. Meloland Overcrossing

b. Milliken Library

¢. San Bernadino Bridge

Instrumented bridge/structural response in EQ?

6 & 7 compared

Shake table test using appropriately scaled material strength

Foam rubber modeling

Need high quality lab/field tests for soil property characterization for all of the above.
Need movable instrumentation package for aftershocks for structure/foundation response
characterization.
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Tahle 2.
Some Experimental Parameters or Conditions

Mode of Inertial Excitation
- Lateral

- Rotational

- Combined

Free-Field Strain (simulated or notf)
Soil - Sand

- Clay - Virgin cyclic

- Degraded

- Layered (impedance contrast)
Elevated Pore Water Pressure (sands)
Leoading Rates
Footing or Pile Caps

- Free standing or at ground surface
- Embedded

Pile Number and Spacing

- Fixed
- Variable
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Most Effective E itur

The following statements outline the main considerations for, in the panels’ judgement, the most
effective expenditures of money on an experiment.

1. Earthquake response experiment - 1 and 4 pile clusters - full scale

Parkfield

Taiwan - Lotung and Hualien - piles, caissons, footings at difterent depths
San Bernardino

Meloland (depending on ground water level)

Qther US and foreign arrays or targets of opportunity

® oo o

2. DOD blast simulation programs

3. Movable instrumentation package for aftershock
Structure/foundation response

4. Centrifuge
5. Full-scale testing on foundations/structures - no free field excitation

+  Millikan Library
«  Cypress Viaduct in Oakland {I-880), Naval Facility at Oakland outer harbor)

Technical Barriers
Some technical barriers to experiments are listed below:
1. Earthquake response experiments

+ longevity of buried instrumentation
» installation of transducers

2. Instrumentation Package (see footnote to Table 1)
+ Possible site descriptions and structural response evaluation

+ Pore pressure transducers
«  Accelerometer strings (need development)
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3. Centrifuge
«  Minaturization of instrumentation
«  Pore pressure simulation {dynamic/dissipation scaling)
- Intlight installation of piles difficult
{See H.Y. Ko) - Inflight determination of soil properties
4. Full scale tesis

+  Virgin tests to high loads last

Non Technical Barriers

Some nen-technical barriers are listed:
1. Earthguake
+ Maintenance and demobilization/clean up, access, both site and data
2. Coordinating with DOD, mob/demab, special equipment
3. Availability of mainienance
= Liability - Preplanning for instrumentation setup
4. Coordinating with host facility
5. Coordinating with owner -access

«  Liability - Mob/demob, special equipment
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INTRODUCTORY SUMMARY

There are fourteen knowledge gaps identified related to the con-
sideration of ground instability and site improvement in
earthquake geotechnical engineering. The major headings are
ligquefaction, deformation, site improvement and site charac-
terivation.

The specific knowledge gaps considered 1n subsedquent sections
are presented in the following manner: {(a} a description of the
specific area in which the lack of knowledge 1s impeding accurate
predictions of earthquake effects, (b} a discussion of the various
experimental approaches which may close the knowledge gap, and (c)
targets of opportunity which may be afforded in performing these
experiments.

The attached table summarizes the issues considered and
prioritized in the descending order of importance. The different
experiments which may be considered are ranked with three (3)
being the most promising,

The knowledge gaps identified were:

Liquefaction

1. Influence of stress state on paore pressure generation.

2. Mechanisms of pore pressure buildup, dissipation, and
redistribution in heterogeneous materials.

3. Effect of grain size, plasticity, and cementation on li-

cquefaction susceptibility.

4. Correlation of in situ test data with liguefaction suscep-
tibility.

Deformation

5. Factors affecting residual strength.

6. Estimation of ligquefaction-induced settlements and lateral
displacement.

7. Effects of 3-D gecmetry on earthguake-induced deformations.

8. Permanent deformations in cchesive soilge under cyclic
loading.

Site Improvement

9. Dynamic behavior of complex hetercgeneous materials.
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EXPERIMENTS**
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LIQUEFACTION
I. Influence of stress state on pore
pressure generation 0 3 2 1 1 3
2.  Mechanisms of pore pressure
buildup, dissipation and redistribution ip
heterogeneous materials 1 3 3 2 ! 2
3. Effect of grain size, plasticity, ang
cementation on liquefaction susceptibiljty 2 3 1 3 ] 3
4, Correlation of in situ test data with
liguefaction susceptibility 3 3 2 2 | 3
DEFQRMATICN
5. Factors affecting residual strength
3 3 i 3 ] 2
6.  Estimation of liquefaction-induced
settlements and lateral displacement 3 3 1 3 1 2
7. Effects of 3-D geometry on
earthquake-induced deformations 3 3 | 2 1 0
3. Permanent deformations in cohesivl
soils under cyclic loading 2 3 1 ) 2 3
SITE IMPROVEMENT
9, Dynamic behavior of complex
heterogeneous materials 1 3 3 2 1 3
10. Assessment of effectiveness of sitle
improvement techniques | 3 3 3 1 |
11. Determination of spatial extent an
degree of improvement required 0 1 3 2 1 0
12. New methods for site improvement
13. Design and control of underwater f111 1 2 2 3 1 2
SITE CHARACTERIZATION
14, Determination and description of site
conditions for input te analysis 1 | 1 1 1 0

* ranked in the order of importance/urgency

I=most important/urgent
**ranked in terms of applicabiliy
3=highly applicable
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10. Assessment of effectiveness o0f site improvement technigues.

11. Determination of spatial extent and degree of improvement
required.

12. New methods for site improvement.

13. Design and control of underwater fill.

Site Characterization

14. Determination and description of site conditions for input to

analysis.

LIQUEFACTION

1., Effect of initial shear stress including K,—condition can

influence the pore water pressure generation under earthquake

loading

The effects of the at-rest stress condition in the soil on the
pore-water pressure generation mechanism during an earthguake are
ill-defined.

Experiment:
. Laboratory triaxial, simple shear or torsicnal shear with

different K,—conditions in the field using pressuremeter or

dilatometer to determine K,-stress in situ stress state.

2. Mechanisms of pore pressure buildup, dissipation and

redistribution

Current state-of-the-art deoes not consider influence of site
inhomogeneities on pore pressure buildup, dissipation and
redistribution. Therefore occurrence and duration of pore pres-
sure build-ups is uncertain.

Experiments:

. Improved site characterization to determine lcocation and
extent of inhomogeneities.
. In situ tests to measure,

-- permeability (packer tests, active cone penetration tests,
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etc.),
-— pore pressure dissipation (packer, cone, vane shear with
pore water pressurce measurements), and

~— stresgss-strain properties (pressuremeter, dilatometer, step

blade) .
. Laboratory tests to correlate and callbrate in situ techni-
ques,

—-— calibration vessel tests, and

-- lab single-element tests.
. In situ calibration tests at sites of past ficld studies and

future experiments such as national test sites.

Determince the offect of gravel, plasticity and amount of

3.
fines, and cementation on the cyvelic resistance of sand, also the

cyelic resistance of wetted collapsible soils

The effect of gravel, plasticity and amount of fines, and cementa-
tion on the cyclic resistance of sand is not well-defincd. Ad-
ditionally, the cyclic resistance of wetted collapsible soils,
which may be naturally deposited, or placed as land-fills, is
becoming an important issue. Industrial developments are begin-
ning in these less preferred areas.

Experiments:

. Laboratory tests.

. Centrifuge ftests.

4. Correlaticn of in situ test data with liquefaction suscep-

The most widely used correlation for predicting liguefaction is
Seed's correlation between occurrence of liquefaction and site
propertics detcrmined by the Standard Penetration Test [SPT]. The
geotechnical community should develop new correlations for li-
guefaction based on more modern site characterization technigues.
Reasons for this recommendation are:

(a) The SPT is beset with numerous shortcomings, (e.g., lack of
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standardization, operator bias, difficulty obtaining uniform
energy at the sampler, general lack of continuous sampling,
insensitivity to thin layers, etc.)
(by  Avallability of more accurate, relevant characterization
technigques including
—-— shear wave velocity profiles
=~ plezo-electric cone
-—- CPT
-— downhole density
-~ pressuremeter
-~ Stepped blade
-- dilatometer
-~ plezo vane
-— standardized contained explosive tests
FExperiments:
. Develop correlations in controlled laboratory environment.
. Development of field correlations at sites of known occur-
rence or non-occurrence of ligquefaction.
. Development of a data base at sites of previous correlation
efforts and future characterization efforts, such as the

national test sites.

DEFORMATIONS

5. Factore Affecting Residual Strength

The application of residual strength or steady state strength relies
on the assumption that the scil is either completely drained or
completely undrained. The excess pore pressure produced during
shaking, however, causes flow of pore water from zones of high
pressure to zones of low pressure. This can cause local drainage

or changes in void ratio which result in a change in steady state
strength, If there are layers of non-uniform permeability, layers
of non-uniform permeakplility, the pore water may tend to accumulate
at the interface causing large changes in void ratio at the

interfaces., Thus residual strength is likely to be a function of
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more factors than Jjust relative density or penetration resistance
such as thickness and permeability of the granular, and per-
meability of the soil cabping the liquefied =zone.

Other soil properties that likely influence residual strength

include grain size, fines content, and clay content.

Experiments:

. Post-earthquake field observations.

J Instrumenting earthquake-prone sites.

. Perform centrifuge experiments.

6. Estimation of liquefaction—induced settlement and latera
ispl men

The prediction of displacement in soil that has experienced high
pore water pressure buildup during earthquake remains one of the
most difficult problems to solve in ecarthguake engineering.

() The laterzl deformation caused by liquefaction is affected by
the duration of time over which high pore pressures are
present. This is affected by the permeability of the 1i-
quefying soil, the permeability of the overburden and the
thickness of the various layers. In addition, the per-
meability of "liquefied"” soil may be substantially higher
than that for the intact soil. Those relationships must be
clarified.

() The triggering of flow slides depends on whether the seoil is
softened to a steady state strength which 1s lower than that
required for static stability. The amount of straining (and
perhaps void ratio redistribution) required to trigger this
softening needs further study.

(c) It has been proposed that dilatant scoils will not suffer
large deformation. It 1s possible that due to pore pressure
redistribution, that initially dense soils may become loose
enough to flow. It is also possible that medium dense soils
may experience large deformation through accumulated effects
of many cycles of strong shaking.

(d) Settlement. The magnitude of settlement of level ground is
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due primarily to its volumetric strains. It may be that in

areas where boils are prominent, additional settlement

can be caused by ejection of deep soils to the surface. For

cases where slecping ground is present (even for slopes of a

few degrees), small lateral movements can result in sig-

nificant vertical movements which may be swelling of higher
deposits, of lower deposits, and settlement.

Experiments:

. Field Observation, instrumented sites and centrifuge testing
to investigate the effects of layers. The number, thickness,
permeability, slope angle and end conditions (free face, or
infinite slope) should be varied.

. Simple shear tests could also address interface (at top of
sample) and sustained stresses.

Technical problems.

Field c¢bservation and instrumented site approach: (a) ob-
taining the time histories of deformation, and (b) ensuring ade-
gquate means of tracking displacements.

Centrifuge: (a) the limited size of model, (b) the large
transducer dimensions, and (c¢) scale effects.

Explosives: may result in non-uniformity of motion over depth
and area of the test domain.

Non—-Technical Problems.

Field Observation: (a) getting data from restricted damage
zones, (b) the lengthy return period, and (c) there are only a
small number of events.

Centrifuge: complex geometry reguires large centrifuge shake
tables which can be costly.

Target of Opportunities:

v Surveying lateral movement from previous earthquakes.
. Low altitude aerial photography.
. Instrument Treasure Island site with inclinometer.

7. Effects of 2-D Geometry

Lateral displacement generated by liquefaction, usually in the
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form of lateral spreading, depends on several factors including
intensity and duration of ground motion, density, permeability,
thickness and extent, and 3-D boundaries to the liquefaction
layer. Present analvtical and empirical criteria for predicting
displacement are not sufficiently developed to account for many of
these factors, particularly the boundary effects., More research
is required to evaluate the influences of these factors. With
respect to boundary effects, more detailed investigations of
failures are requlred where measured vectors and prcfiles of
ground displacement can be compared. With carefully delineated

site stratigraphy and measured soil properties.

Experiments:
. Post-earthquake field cobservations.
. Instrumenting earthquake-prone sites.

8. Permanent Deformations in Cohesgive Soils Under Cvclic Loading

Although the main knowledge gap in predicting soil displacements
(particularly lateral displacements) i1s with respect to
liquefiable cohesionless soll, cohesive soils, particularly sen-
sitive clays, also pose gsignificant problems in geotechnical
engineering practice. Large deformations in sensitive clay layers
are thought to have been the cause for the Fourth Avenue landslide
during 1964 Alaska earthquake, and soft, sensitive clays exist in
other seismically active parts of the United States. The combined
effects of freguency and loading rate, number of cycles, and
amount of displacement on the strength available to resist defor-
mation throughout the duration of strong shaking are not well
understood at present, IHigher rates of leoading may increase soils
strengths above static wvalues, but if larger displacements start
to develop, strength might be significantly reduced in sensitive
scils, leading to still larger displacements.
Experiments:
. Laboratory cyclic tests con soll samples subjected to initial
static shcar stresses.

. Instrumentation of shoreline sites of cohesive soils in highly
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seismic regions (survey measurements, aerial photography,
inclinometers, accelerometers). '

. Measure displacements at various depths by means of
instrumentation emplaced at various depths), centrifuge (if
modeling of slopes can be adequately accomplished), and
shaking table (if confining pressures and soil strengths can
be achieved).

. Post-earthquake observations of sites (even if not instrumen-
ted) that have deformed cor not deformed. The most effective
techniques appear to be instrumentaticn of field test sites
and laboratory testing. Shoreline sites in the San Francisco
Bay area underlain by San Francisco Bay Mud appear to be good

candidate sites.
SITE IMPROVEMENTS

9. Dynamic Behavior of Complex Heterogeneous Materials

Site improvement to solve potential earthquake problems is a
relatively new and continually expanding field. Many of the site
improvement techniques actually liquefy the soil in accomplishing
their improvement (e.g., Dynamic Compaction, vibro-compaction,
vibroplacemant, compaction by explosives, etc.), but seldom is
this monitored as it occurs. This is an important missed project

opportunity.

Additionally, foreign materials, such as geosynthetics, stone
columns, etc., are usually introduced into the ground as part of
the site improvement process. The effect of the resulting
heterogenuity (vertically and/or laterally) on the integrity of
the improved site against dynamic loading is not well-defined.

The problem of accurately modeling material interfaces under
dynamic lcading is a challenging one.
Experiments:

. Observations of the behavior of treated test sections under
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either natural earthguake shaking or by artificially induced
shaking. ‘
. A promising initial approach 1is to test large-diameter
specimens of composite materials, such as sands with inclusions of

grout, in a laboratory triaxial device.

10. Assessment of Effectiveness of Site Improvement Techniques

The techniques to modify the ground have bheen basically contractor—
developed and this has left gaps in potential development of
techniques with Little basic research. There is a need to
determine the effectiveness, as well as the comparative effective-
ness of the different site improvement techniques. The research
community should attempt to catch up with the state-of-practice by
studying the fundamental mechanisms for site improvement.
Experiments:
. Observations of the behavior of treated test sections under
either natural earthquake shaking or by artificially induced
shaking.

» Centrifuge models also offer some promise.

11, Determinaticon of Spatial Extent and Degree of Improvement

Required

Designers of projects in liquefiablce potential specify soil
improvement techniques with increasing level of confidence in the
end results depending on their experience with the techniques, and
specify verification testing such as SPT, CPT, etc., also depen-
ding on theilr comfort level with that verification method and the
size of the project. What is constantly missing is instrumenta-
tion to verify the effectiveness of the site improvement when an
earthquake occurs. Other guestions remaining unanswered are: {a)
what areal extent of the site needs be improved to adequately
afford stability during ground motion, and (b) what degree of
improvement over the characteristics of the original is considered

adequate.
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Experiments:

. Laboratory testing should also be the normal first approach
to experimental work in support of the development of new
methods of site improvement.

. Centrifuge models may offer some promise.

12. New Meth for Si Improvemen

New methods of site improvement may be considered once the ques-
tions concerning the dynamic behavior of fills modified by
inclusions (as in geosynthetics, etc.) and regarding the effec-

tiveness of existing site improvement techniques are answered.

13. Design an ntrol if Underw r Fill

There are land reclamation projects around the world and in

earthquake-prone areas. Little is known as to how the fill should

be best placed in corder to improve its resistance to earthquake

loading, nor are there standard measures which describe the

integrity of this type of f£ill.

Experiments:

. Laboratory testing may explain the behavior of underwater
£fills placed using different metheods.

. Centrifuge models may offer some promise.

Target of Opportunity:

An attractive target of opportunity for investigation of under-

water fill is seen in the proposed Los Angeles Harbor Project.

Site Characterization

14, D rmination and D ription of Si nditions for In

Site characterization is vital to all types of geotechnical

problems. Two issues are involved:

(1) Determination of soil properties with sufficient detail to
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define all variations that are important to site response,
(2) Representation c¢f the site conditions in a way that is
suitable for input to analyses.
The geotechnical community should be using more sophlsticated
methods of in situ testing and evaluation, such as: CPT, shear
wave velocity measurements, other geophysical techniques, and
should be developing a data base which can be used to relate the
exploration methods to each other and to information on site
characteristics.
Experiments:
. Experimental methods in the matrix are only indirectly ap-

plicable to this problem.
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Ground Motion Panel Report

1. Background

Ground motion defines earthquake loading input to a structure. It plays a
fundamental role in seismic design considerations. To properly characterize
earthquake-induced ground motion, one needs an understanding of earthquake source
mechanisms, wave propagation path behavior and local site effect. Although the
boundary of seismology and geotechnical engineering is not clear cut, the first two
areas (involving such topics as rupture mechanics, wave attenuation, and others)
are of greater interest to seismologists and the third area (concerned more with soil-
structural interaction and soil amplification) is of greater interest to geotechnical
engineers. With this in mind, the ground motion panel tried to narrow its
discussions on geotechnical engineering topics; experimental needs to better define
seismological parameters were not explicitly identified. The state-of-the-art paper
on ground motions given in this proceedings points to the fact that the level of
complexity of ground motion characterization depends on the importance or
criticality of the facility being designed or evaluated. Experimental needs vary from
those needed to verify simple code requirements to those needed to calibrate
complex two- or three-dimensional soil-structure interaction evaluations.

Some research needs were identified and summarized in the state-of-the-art paper.
Development and operation of field tests in seismically-active areas was identified
to be one of the highest priority needs since laboratory testing has limitations in
characterizing ground motion characteristics. Also identified to be important is
characterization of in-situ soil properties, which demands continued research efforts
even though significant progress has been made in recent years.

In the area of soil-structure interaction (S5I), a separate state-of-the-art paper on the
subject offers an extensive review. Large-scale field test programs such as the one at
Lotung, Taiwan have yielded quantitative information and findings. However, for
pile foundation, earth dam and bridge structures, case histories and/or field test data
are lacking.

Prior to the workshop, participants were requested to submit in writing their
comments on experiment needs for geotechnical earthquake engineering. Pertinent
to ground motion, most participants expressed needs in field experiment and soil-
structure interaction effects quantification.
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2.  Major Deficiencies Identified by the Panel

Eleven topics were identified by the ground motion panel to require further
experimental research. Five of these were judged as having high priority and the rest
low priority. In the following, the major deficiencies in each topic are discussed and
summarized. Subsections 2.1 to 2.5 describe high priority topics.

2.1' Characterization of Near-Source Ground Motion

There is insufficient near-source ground motion data, especially for strong
motion from M>7 earthquakes, for quantifying variability of source rupture

and thereby reducing uncertainties in estimating near-source ground motion.
The scarcity and variability of the data makes the earthquake data gathered in active
tectonic regions difficult to apply to stable regions.

2.2 Soil-Structure Interaction and Spatial Variation of Ground Motion

There have been major experiments conducted to address the needs. However,
SSI effects for different site conditions, foundation configuration (pile, mat, ...)
and structure types (bridge, dam, high-rise, massive structure, ...) lack
quantification because of data insufficiency. Spatial coherency and amplitude
variation effects on 551 is a major current research topic. However,
experimental data that can be used for validation study are extremely limited,
particularly if vertical spatial variation is also considered.

2.3 Characterization of In-Situ Soil Properties

To date, there has been significant research in this area, particularly for low-
strain properties. Pressure meters, and other instruments have been and are
being developed for in-situ high-strain applications. However, these are still at
the research stage either because of uncertainty in interpreting data or due to
lack of capability to invoke strains sufficiently high to produce nonlinear
effects. As a result, in-situ characterization of damping and stiffness (shear
modulus) from low to high strain as functions of frequency and depth are
either unavailable or unreliable.

2.4 Site Response at Soft Soil Sites
There are large uncertainties in understanding soft site soil dynamic properties,

especially for clay sites. The categorization of soil-site is ambiguous and lacks
precise definitions.
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2.5 Hidden Liquefaction Potential

Although liquefaction in the stability sense is not the focus of the ground
motion panel, it nevertheless affects ground motion determination. In the case
of a hidden liquefaction layer at depth, because of no expressions at surface,
experimental data to assist ground motion prediction and evaluation is not
available, The implication of hidden liquefaction to engineering application is
not well understood. ‘

2.6 Variability of Site Response at Rock Sites

Rock outcrop motion is often ill-constrained because of variability in near-
surface velocity and damping. Moreover, because rock motions are often
assumed to be the input to a soil column, for response analysis, greater
discrimination and understanding of rock-site variability is greatly needed.

2.7 Long Period Motion

This issue has significant bearing on long-period or base-isolated structures
where displacement motion characteristics dominate. The effect of shallow
sedimentary basins on generating long-period surface waves is not well studied
because of lack of data. For 2 to 5 second period motions, experimental data has
large uncertainties.

2.8 Uncertainty of Ground Motion Estimation

The contribution of source, path and site to variability (randomness) of ground
motion is well understood. However, the uncertainties of these contributions
cannot be quantified without a large database.

2.9 Effect of Surface and Subsurface Topography

The effect of surface and subsurface topography on ground motion estimation
is poorly understood. There is a need for better quantification of complex 3-D
effects, including inhomogeneities in soil properties, through 3-D
modeling/simulations and analysis of dense array data.

2.10 Damping at High Confining Pressure

For deep, stiff-soil sites, damping at high confining pressure is of particular

importance for soil response determination. Experimental data in this regard is
not available.
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3.

2.11 Vertical Motions

Most attention to ground motion study has been on horizontal motions. For
high frequency response in structures, vertical motion is of importance. In
recent years, research has been expanded to include vertical motions. Data may
be available since earthquakes are almost always recorded with three-
component sensors (two horizontal and one vertical). More analysis and
modeling is needed.

Recommended Experimental Research

Associated with deficiencies identified for each topic given in the previous section,
the ground motion panel recommended specific experimental research programs.
In most cases, field earthquake monitoring stands out as the most needed
experiment in dealing with ground motion deficiencies.

3.1 Characterization of Near Source Ground Motion, Especially for
Earthquakes With M>7

Strong motion arrays close to faults with high probability of large earthquakes
are desirable. For prudence, one needs economical and wide-band
instrumentation for large quantity deployment. Some specific
recommendations include piggyback on existing programs (e.g., Southern
California Earthquake Center, USGS and CDMG in California) and assisting
maintenance and deployment in foreign countries with high likelihood of
large earthquakes (e.g., Turkey, Philippines, Mexico, Peru and Chile). It was
also pointed out that industry support should be sought for special arrays or
instrumentation sites in areas of high seismic risk.

3.2 Soil-Structure Interaction and Spatial Variation of Ground Motion

Dense arrays of strong-motion instruments are needed with the following
elements:

e embedded (e.g., 20 ft.) and surface structure of simple design.

. Surface distribution of accelerometers (to 1 Km aperture), including
perimeter of structure.

e  Vertical array of sensors to define 3-D wave-field.

Specitically, the panel recommended developing arrays around existing
structures in San Bernadino County and one of EPRI's four strong-motion
structural arrays along the Mexican subduction zone. Also, exploring
installation of array at stiff, shear-wall structure (85 ft.) at Mt. Umunhum in the
Santa Cruz mountains of California is recommended, recognizing that there
may be an extreme topographic effect.
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The panel recognizes that there are barriers in accessing desired sites/structures
and their general availability.

3.3 Characterization of In-Situ Dynamic Soil Properties

Vertical arrays of strong motion accelerometers to record both weak and strong
motion are recommended to provide data to back calculate in-situ soil
properties. This can also be achieved in conjunction with the SSI arrays
described in 3.2. For longer term research, innovative technology development
for high strain in-situ testing should continue including further development
of a pressure meter for cyclic loading at depth, in-situ freezing for laboratory
testing of undisturbed samples, vibroseis (vertical or shear source) to generate
strong surface waves, in-situ strain measurements and tools for in-situ tests.
Particularly for developing innovative devices, international cooperation is
encouraged, although patent rights and other practical matters may be obstacles
for such an effort. Further improvements of cross-hole and down-hole
measurements for high-strain conditions should be explored together with
investigating P-SV conversions from explosive sources.

The panel recommended using bore holes already drilled for characterization
of strong motion sites such as in the San Francisco bay area for more extensive
in-situ testing.

3.4 Site Response at Soft Soil Sites, Especially Clay Sites

It is desirable to have vertical arrays of accelerometers to bedrock with multi-

level monitoring in the soil column to record weak and strong motions.
Centrifuge tests of the soil column were recommended to characterize and

validate soil constitutive properties. Some specific proposals include exploring and
instrumenting a bay-mud site in the San Francisco bay area and Osaka Bay in

Japan.
3.5 Hidden Liquefaction Potential

Existing strong motion data should be examined to identify potential sites for
in-situ monitoring. In addition to vertical arrays of accelerometers,
piezometers in a liquefiable layer supplemented by settlement gages are
recommended to substantiate interpretation of ground motion data. The San
Francisco bay area and Imperial Valley may offer some sites for the desired
experiment.
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3.6 Variability of Site Response at Rock Sites

Routine characterization of local geology and near-surface velocity and
damping at strong motion sites is recommended. This information should

be utilized to develop rock-site categories for input to ground motion databases.
3.7 Long-Period Motion

In addition to instrumenting large basins with strong motion accelerometers, it
is recommended that surfacc waves from the world-wide database (M>6) be
analyzed in depth.

3.8 Uncertainty of Ground Motion Estimation

Experimental needs identified are:

¢+  Near-source ground motion for large events from strong motion arrays.

*  Estimation of material property measurement uncertainty (e.g., Turkey
Flat, Lotung).

« Estimation of ground motion variability due to wavefield scattering using
dense arrays.

Coupled with data acquisition, numerical modeling of 3-D effects and scattering
in inhomogeneous media should be conducted.

3.9 Effect of Surface and Subsurface Topography
Experimental needs identified include:

*  Quantification of 3-D structure effects from small arrays by recording weak
and strong motions.

*  Topographic modeling from dense 2-D surface arrays with explosion,
vibroseis or small-earthquake as source.

e  Scaled laboratory modeling test using foam rubber.

* Application of radar, electrical resistivity and other geophysical methods
to site characterization.

*  Small-scale centrifuge simulation in laboratory.
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3.10 Damping at High Confining Pressures

The deep vertical arrays recommended in previous topics should provide data
for quantification of damping at high confining pressure. For longer-term
research, one needs to look into development of improved laboratory
techniques for high-pressure measurements.

3.11 Vertical Motions

No specific experiment needs are identified. All the field data recorded
normally always include vertical motion components. The panel's
recommendation was that existing data be analyzed and modeled.

4. Concluding Remarks

Field arrays (surface and vertical, around structure and in the free-field) were
identified in almost all the topics discussed for both high priority topics and low
priority ones. The ground motion panel also identified specific potential sites for
such an effort. Although there may be difficulties in accessing certain desirable sites
or structures, the major non-technical barriers appear to be financial support and
administrative coordination. Some sites have ongoing programs already. One
needs to get funding to piggyback (coordinate) with the existing program to expand
the scope for various specific needs. Out of the potential sites identified, the San
Francisco bay area was mentioned the most and therefore offers the best candidate
sites for ground motion investigation. Cooperation with other programs such as
the Lotung and Hualien ones sponsored by EPRI and Taiwan Power Company
together with the U.S. NRC and companies in Japan, France and Korea, should be
explored. The Lotung and Hualien programs and the Turkey Flat one are good
models of pooling resources and ideas for large scale experiments at limited ideal
sites. The state-of-the-art paper on Full-Scale Field Tests at Sites Subject to
Earthquake Shaking in this proceedings describes in some detail the many ongoing
cooperative programs and testing sites. Some of these have potential for expanded
field experimental program development to meet the identified needs.

Equally important to field array installation, soil property characterization was
identified as needing further improvement, in particular, in the area of in-situ test and
measurement. Some advances have been made, e.g., the pressure meter technique and
large penetration test. However, uncertainties remain in interpreting the data.
Furthermore, in-situ high strain data is not attainable to correlate with laboratory
findings. Innovative ideas and techniques need to be developed. The centrifuge test

is theoretically feasible for scaled testing in all strain ranges in the laboratory to
characterize soil properties and other geometric effects. However, the application of
centrifuge data is a topic of research itself. For the case of combining centrifuge with
earthquake motion, data modeling and interpretation pose an even greater challenge.
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Explosive experiment was not considered as having much merit by the panel for
ground motion study primarily because it lacks the ability to generate wave field of
earthquake motion characteristics and thus makes data interpretation and
application ambiguous. However, in a limited way, it can furnish strong motion
data to investigate dynamic characteristics of a structure in a soil environment and
validate in part analytical modeling capabilities for soil-structure systems.
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REPORT QF THE PANEL ON NATURAL SLOPES
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Organizing Committee Representative: T. Leslie Youd, Brigham Young University
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Natural Slopes

The group decided that the scope should be limited to all natural slopes subjected to earthquake
loading excluding those that experience liquefaction. This would also exclude sensitive clay
slopes that may liquefy. The group felt that liquefaction would be adequately covered by other
panels.

The major perceived knowledge gaps related to earthquake engineering of natural slopes are as
follows:

Documented quantitative studies of slope failures.

Prediction of site response and topographic amplification.

Dynamic behavior of complex heterogeneous materials.
Groundwater/pore pressure response in heterogeneous soil/rock slopes.
Runout and crest setback distances.

Methods of analysis for complex failures.

Effectiveness of mitigation measures.

Nooo ks n =

In selecting the specific areas of experimental research, the panel has carefully considered the
effectiveness of the various techniques, including field studies, laboratory tests, scale model tests
(centrifuge and shaking table) and numerical or analytical metheds. 1t is the panel's conclusion
that there are large gaps in our understanding of the phenomena on the field scale (regional and
site-specific), and therefore our recommendation is that field studies and experiments and
observations of the phenomena on the field scale should be of highest priority. Scale modsl tests
may play a useful role in follow-up studies and analytical model development, generally after
sufficient understanding of the field problems is obtained.

The areas of greatest need and potential greatest impact are as follows:
1. Documentation of case histories and post-earthquake analysis of failed and unfailed slopes
+ Timely quantitative measurements of slope failure characteristics, such as:
- failure geometry (shape and size)
« lithology and stratigraphy
« material properties, to include:

= strength characteristics,
» distribution of materials and discontinuities
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- displacement patterns, to include:
= runout distances
» continuity of failure mass, and
+ deformation of adjacent ground

« hydrogeological conditions, especially post-earthquake changes

= Performance of mitigation measures.
This should include observations of previously-stabilized and engineered slopes.

«  Verification of analytical procedures
This should be based on the observed case history data

2. Topographic amplification and slope response

- Timely installation of mobile instrumentation to capture slope behavior during
aftershocks

« Research is needed to develop portable instrumentation packages

- Installation of permanent instrumentation to measure slope response in highly active
seismic regions

«  Calibration and evaluation of analytical models for site response
3. Behavior of heterogeneous and discontinuous soil/rock masses
- Determination of representative properties of heterogeneous and discontinuous soil/rock
masses for use in stability analyses
» Evaluation and development of field technigues for ¢characterization and

identification zones of weakness and discontinuities
»  Sludies of complex failure mechanisms

The primary technical barrier for elfective rapid field response for instrumentation of slopes is
development and improvement of compatible, portable instrumentation packages.

A major non-technical barrier is the lack of long-term management of maintenance and
deployment of mobile instrument packages and the associated expert personnel.
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Michael Katona, HQ AFESC/RD, Tyndall AFB, FL
Hon Yim Ko, University of Colorado, Boulder
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NSF WORKSHOP ON EXPERIMENTAL
NEEDS IN GEOTECHNICAL EARTHQUAKE ENGINEERING
REPORT FROM THE PANEL ON RETAINING AND UNDERGROUND STRUCTURES

Types of Retaining Walls

«  Gravity
»  Cantilever
« Tied-Back

»  Unyielding Basement

«  Earth Nailing

- Mechanically Stabilized
- Reinforced earth

- Geosynthetic
- FEtc.
Knowledge Gaps

+  Saturated Soil
- Dynamic pore pressure distribution
- Strength deterioration
- Liquefaction

«  Wall-Soil Interface
- Reinforcing from inclusions
- Contact pressures/shear

- Gapping

= Failure Modes
- Types of walls
- Types and direction of waves
- Types of soil

Experimental Methods

+  Explosives*

Centrifuge*

Shake Table

Passive Monitoring® (instrumentation of structures and post-earthquake investigations)
Shaker Tests

*Level of Effort: 3 - 10 staff years
Qbjectives
Develop better, more realistic predictive method
*  Understand deformation and faiture mechanisms in near-wall soil

« Understand interaction between structure and soil
» Develop appropriate instrumentation to menitor wall-soil response
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Key Parameter Variations

Stiff versus flexible walls

Saturated versus dry

Reinforced versus unreinforced soil
Cohesive versus cohesionless soil
Unrestrained versus top restraint

Technical Barriers

General Barriers
- Shear force instrumentation
- Local soil effects (hard/soft spots)

Explosive Tests
- Wave field simulation
- Saturation of backfill

Centrifuge

- Reflection of waves/3D effecis
- Pore fluid modeling

- Inflight soil property profiles

- Miniaturization of transducers

Shake Table

- Weight

- Size/scaling/boundary conditions
- Sample preparation

- Amplitude/frequencies

Passive Monitoring

- Maintenance of instrumentation

- Reliability

- Time/aging effects (annual G, determination)

Shaker and Plucking/Snapback Tests
- Partial results

Non-Technical Barriers

Explosives

- Location

- Expensive

- Safety (1/2 mile)

- Environmental restrictions
- Acceptance by profession

Centrifuge

- No shakers in large centrifuge
- Agcceptance by profession
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« Shake Table (L.arge Ones!)

- Expensive

» Passive Monitoring

- Owner cooperation

- Long-term maintenance
- Waiting time for experiment

« Shaker Tests

Tan f ni

»  EPRI Hualien SSi Experiment

- Use model structure

- Construct wall

+  FHWA Walls

- Shakers and snapback testing

- Explosives

«  Port/Drydock Construction

- Navy Lab
- Portof LA

« Canadian National Test Site
- Construct wall

« U.S. National Geotechnical Expetrimentation Sites

Table 1. Technical Priority Selection Matrix (1 highest, 0 is not applicable).

Studies Plucking | Passive | Centrifuge | Table | Explosives
Dynamic pore
pressure and
Strength Deterioration 0 0 3 3 2 2
Liquefaction 1 0 2 3 2 2
Wall-Soil
Interface 0 2 2 3 3 3
Failure Mode
Wave Field 0 0 3 1 1 2
Failure Mode
Wall Type 2 0 2 3 1 1
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EXPERIMENTAL METHODS
1. EXPLOSIVES

Here it is envisioned that explosives would be used to simulate earthquake motion in full scale,
fully instrumented retaining wall tests. Explosive testing technigues have been demonstrated in
the SIMQUAKE test series. The advantages of explosive testing, as opposed to waiting for
natural earthquakes are evident in that the precise time and lecation of the event are known. This
permits concentrating the instrumentation in spatially optimized locations as well as reducing the
manpower and other resource requirements that are necessary for monitoring natural
earthquakes. Further, by knowing the time, location, and source strength of the explosive event,
pre-test predictions can be made to better plan the experiment, and pre-test calibration shots ¢an
be made to tesi the instrumentation equipment.

Technical Barrigrs

Research is needed to devise ways to tailor the wave forms from an explosive source to better
simulate the ground motion of natural earthquakes. Wave forms from explosive events typically
differ from earthquakes by: higher frequency content, shorter periods, fewer cycles, and are p-
wave dominant vs. earthquakes which are often s-wave dominant. Several ideas are worth
pursuing to help tailer the waveforms from explosive events: spatial layout and temporal firing
sequence of explosives, trenches or mitigating materials to diffuse/refract waveforms, and
generation of s-waves by driving a herizontal basement slab with explosives.

Non-Technical Barriers

A major issue is safety. Thus, remote locations are often required for explosive testing. A
second issue is environmental restrictions, e.g., hoise, dust, and ground shock effects on the
environs.

2, CENTRIFUGE TESTING

Scale medel testing in the centrifuge allows the body force effects on soil structures to be
correctly represented. Several techniques have been developed in recent years for simulating
earthquake ground motion in centrifuge testing, of which the electro-hydraulic technigue is the
most effective. It is assumed here that this technology will be successtully transferred to the
recently completed large centrifuges in the U.S. to allow meaningful earthquake simulation
experiments to be conducted.

Shake table experiments on small centrifuges have so far been focused on producing horizontal
base motion on the test model. Two-and three-dimensional shaking is also conceptually
possible, and needs to be implemented ultimately for full simulation of earthquake effects.

Technical Barriers
A significant shortcoming of centrifuge testing is the fact that the soil has to be confined in a
container of limited dimensions. Siress wave reflections from the container boundaries produce

contaminations, which could be reduced by lining the container with absorbent materials. On the
other hand, a laminar construction for the container could be used to accommodate horizontal
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motion of the soil. The choice of the proper boundary conditions for a particular type of boundary
value problem is crucial to achieving fidelity of the simulation.

In addition, the conflict in the time scaling for dynamic (pore pressure generation) and diffusion
(dissipation) phenomena must be resolved. A suitable substitute pore fluid must be developed to
slow the flow without changing the fundamental constitutive properties of the soil. Alternatively,
the grain size distribution of the soil could be altered to achieve a lower permeability.

Because centrifuge testing is usually carried out at a linear scale of 100, conventional transducers
ot normal sizes would appear unduly large in relation to the soil mass. Thus, miniaturization of
these transducers, or development of new measurement devices with telemetric signal
transmission would be highly desirable to reduce, if not eliminate, transducer embedment effects.

Procedures must be developed for preparing the scil model to various strength and stifiness
specifications. 1t is also necessary 1o be able to measure the property profile inflight so that the
initial conditions can be compietely defined.

3. SHAKE TABLES

Only full-scale tests are valid on shake tables (until or unless we learn that body forces are not
important to this phenomena - unlikely). This means that large shake tables with very large
excitation capabilities will be necessary. Up to now, the shake tables that are large enough for a
minimum prototype wail with appropriate size backfill, say, 10 feet high and 20 x 20 in plan, do
not have sufficient excitation force to excite the soil/wall system to significant accelerations {less
than 1% g). However, if a sufficiently large and powerful shaker were available, shake table tests
could be performed. Some appropriate account would have to be 1aken with respect to
reflections off boundaries which are artifacts of the shake table prototype.

Technical Barriers

(1) No facilities available now which can provide required amplitude and frequency input. (2)
Saturation of the backfill of a prototype on the shake table causes some problems.

Non-Technical Barriers
Cost for adeguate shake table.
4. PASSIVE MONITORING

Facilities, at which earthquake monitoring instrumentation already exists and at which there aiso
exists a retaining wall, offer the opportunity for collection of valuable earthquake response data.
In some instances, additional instrumentation will be required to obtain meaningful data and
funding should be available to install same. Adequate soil characterization must also exist or be
obtained for each specific site. lnstrumentation might include pore pressure transducers, tilt
meters, ground displacement benches, interface effects transducers, and others.

Technical Barriers

(1) Any instrumentation installed to monitor response to earthquake excitation must be
maintained on a regular basis. Frequency of monitoring depending on experience gained as time
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goes on. (2) Instruments of proven reliability or instruments which can be removed, modified,
and replaced should be selected or developed for this application. (3) Soil characterization must
be repeated at appropriate intervals to assure that the properties have not changed, or measure
how they have changed since installation.

Non-Technical Barriers

(1) The owner of the target retaining wall must agree to the passive monitoring program, and
agree to the long-term maintenance requirements. (2) The waiting time to useful event is
unknown. In many situations, money will be spent for no data, but with a sufficient number of
installations, eventually valuable data will be gained.

5. SHAKER AND PLUCKING TESTS

Using steady state vibration exciters and plucking tests, existing retaining wall/backfilt systems
can be evaluated at any time for small strain hehavior. Changes in condition of the wall or soil
may be determined. These might be before and after earthquake events or period
measurements before an earthquake event to monitor system changes.

A more important application of these procedures might be in the evaluation of soil/wall interface
phenomena. Instrumentation to measure this effect could be tested, evaluated, and improved
using these procedures. Methods of interpreting interface could be developed.

Technical Barriers

{1) All instrumentation to do the interface tests may not yet be available. (2) Only a small part of
the total soil/retaining wall problem could be addressed.

Non-Technical Barriers
Permission of owner and liability for unexpected, unintentional vibratory damage.
GAPS AND OBJECTIVES

The design and perfoermance of retaining structures under seismic loads do not correlate well. On
che hand there are numerous documented cases of major failures, e.g., quay wall structures; on
the other hand, there are indications that some structures may be over-conservatively designed.
The design procedures are simplified extensions of methods developed for static conditions,
without sound physicat basis for a number of assumptions. Analysis techniques on computer
codes do exist; however, they suffer from similar limitations and the lack of verification or
calibration.

Fundamental knowledge gaps were identified in three areas: (1) water-soil-wall interaction
effects, (2) behavior of interfaces, and (3) identification of failure modes.

Defining the dynamic pore water pressures and the resulting soii strength deterioration which
takes place in a saturated backfill material are critical to understanding the response of the wall
and predicting its response during the loading process. Evaluation of these characteristics should
be made up to and subsequent to any condition of dissipation mechanisms that result from the
propagating waves and relative wall/soil movements. It relates to other issues in liquefaction
such as the existence of a steady state strength condition in some parts of the backdill.
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The response of soil-wall and/or soil-inclusion (e.q., reinforcement) interfaces during dynamic
loading is also poorly, if at all, understood. It is required for the development of any analytical and
numerical technique applicable 1o retaining structures. The interface behavior should be known
not only in terms of stress-strain characteristics, but also in terms of possible bonding-debending
effects and formation of gaps. Although this is important for all wall types, this knowledge gap
may be most significant for reinforced soil structures.

The third major knowledge gap relates to the determination of the failure modes of the different
wall types. The critical failure modes must be identified as a function of wall type and wave field.
One must give consideration to the following characteristics: (1) rigid vs. flexible walls, (2}
saturated vs. dry backfill, (3) reinforced vs. unreinforced soil, (4) soil type, and (5) geometric
considerations (e.g., tiebacks, 3-D, eic.).

[dentification of these knowledge gaps and issues lead 1o the selection of four fundamental and
inter-related objectives that should guide the planning and implementation of experiments:

Goal 1: Develop more accurate prediction capabilities applicable to different wall types, soil,
and geometric conditions. This goal is parallel to, and can only be achieved through,
successful completion of goals 2 and 3 below.

Goal 2: Understand the deformation and failure mechanism in the near-wall soil. This
includes assessment of dynamic water pressures and possible liquefaction conditions.

Goal 3: Understand the interaction mechanisms between the structure and the secil, and
inclusion elements and the soil.

Goal 4: Develop/impreve the appropriate instrumentation for monitering the different aspects
of the structure-soil-water interaction. This goal is critical o the completion of goals 2 and 3.
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CHAPTER 5
ORGANIZING COMMITTEE SUMMARY

5.1 RELATIONSHIP TO OTHER WORKSHOPS

A substantial number of earthquake engineering workshops has been held since the early 1970's.
Table 1 of this report summarized several. T. Leslie Youd, in his state of the art paper in these
proceedings, provides an excellernt summary of geotechnical workshops and their
recommendations. The subjects of the geotechnical workshops were either the broad needs of
geotechnical earthquake engineering, as with the 1977 workshop, or some specitic geotechnical
topic, e.q., liquefaction, soil improvement, soil properties, etc. Each workshop recommended fieid
observations and field experiments as a major input required for progress in the specific subject
area. The present workshop has concentrated on the experimental approaches and capabilities
available to support the experimental needs of the various geotechnical topic areas. Because of
this focus, the current workshop was able to spend more time in assessing strengths and
weaknesses of the various experimental methods and developing suggested experimental
approaches,

5.2 RECOMMENDED EXPERIMENTAL APPROQACHES

The workshop panels recommended experiments of the following types:

Post-Earthquake Observations

Instrumented Sites in Seismically Active Regions
Artificially Induced Ground Shaking

Centrifuge Tests

Shake Table Tests

Field Shaker and Snapback Tests

The committee concurs that there is no question that post-earthquake observations and
instrumentation of sites and facilities subjected to actual earthquakes are the two most important
activities contributing to improved understanding. Youd's paper described a large number of sites
in the U.S. and overseas which are instrumented for this purpose. It is strongly recommended
that investigators interested in specific geotechnical studies consider the installation of
experiments that can piggyback on the large instrumentation and site investigation investments
already made at the existing sites.

Although actual facilities subjected to real earthquakes provide an excellent test environment, the
committee concurs with several of the panels that uncertainties in place and time of actual
earthquakes, as well as site and structure uncertainties and complexities, place limits on their
usefulness. Accordingly, other test methods should be pursued. Artificially-induced earthquakes
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on geotechnical systems at relatively large scale provide the potential for evaluating response in
detail. In addition, such tests provide exceltent environments for evaluating and validating
analytical methods. Explosive methods and alternatives, such as the water filled pipe approach,
should be evaluated and developed to provide as close an approximation to earihquakes as
possible. Large, multi-application experiments should be planned.

Centrifuge development should continue. Centrifuges provide the opportunity to perform multiple
experiments in a scaled gravity field at modest cost. This capability should enable evaluation of
the effects of changes in important parameters on some responses. A good deal of additional
work is necessary on diffusion scaling, instrumentation, and shakers to achieve substantial
progress in this area.

Shake tables, field shakers, and snapback tests are of lower fidelity in investigating earthquake
response. Yet, they can play a valuable role as parts of overall programs. The committee
encourages individuals with an interest in these techniques to pursue good applications of these
methods using existing facilities. Very large shake tables exist in Japan and can be used for
some geotechnical studies. Perhaps international cooperation is a possibility.

53 NON-TECHNICA] BARRIER

Non-technical barriers consist mainly of funding and organizationat issues. The panels were
asked to give some consideration to costs in their deliberations. However, for [ack of time, little
attention was devoted to specific costs. Yet the committee is aware of the fact that serious
experiments ceost significant amounts of money. In fact, we believe that progress in the area of
geotechnical earthquake engineering has been significantly retarded by lack of funding.
Inadeguate funding causes lack of experimental equipment (e.g., shakers for shake tables and
large shake tables) and an inability to pursue aggressive large artificial shaking tests.

It appears to this committee that research funding to support the needs identified by this
workshop is too low in proportion to the past and continuing investment in geotechnical
infrastructure. Loma Prieta damage, mainly due to geotechnical causes, is estimated at $7 to
$10 billion. A 1 percent investment in research of say $100 million might have reduced the
damage by as much as 25 percent. Considering a ten year investment period {perhaps roughly
on the order of the return period for a significant damage-causing earthquake), one could derive
an investment of an added $10 million per year for geotechnical earthquake engineering
research. There are many other ways tc derive similar estimates. The conclusion is simply that
the nation must find ways to invest additional resources into this research area.

This committee is not qualified to recommend ways of raising and funding these requirements.
Nevertheless, we recognize that some combination of government and industry must find ways to
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fund these requirements. Regrettably, the construction industry in the U.S. has little incentive to
innovate and support building research; steps should be taken to increase the incentive. The
adversarial relationship that often exists between owner, engineer, and constructor, the high level
of litigation in the U.S., and constraining government regulations lead to uncreative, traditional
solutions only because they have been accepted in the past. As aresult, the bulk of building
research funding traditionally has been and must continue to be provided by the Federal
Government. The earthquake engineering community must find ways to encourage both
Government and Industry to provide adequate funding by presenting technical evidence of the
need for research and cost-benefit analyses which show the potential returns. This information
must be presented to the government agencies responsible for earthquake engineering research,
to state and Federal legislators, to industry organizations, and to individual firms.

Organizationat barriers relate to the fact that large experimental programs require cooperation
between and among government, university, consulting, and industry organizations. The
committee does not consider these barriers to be insurmountable. There are ample examples of
successful past and current multi-organization programs. Nevertheless, investigators that
propose to pursue large experimental programs must recognize the need, time, and costs
associated with establishing cooperalive agreements. Furthermore, they must cover the need for
strong program management.
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Rio Vizcaya Bridge: Fissures in the South Roadway Approach in 1991
Costa Rica Earthquake (Ref. 7, fig. 6-25, pg. 76, reprinted by permission of
Earthquake Engineering Research Institute).
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APPENDIX B

WORKSHOP AGENDA

November 4 (Monday). 1991
7:30 - 8:00 am Registration and Continental Breakfast
8:00-8:15 Plenary Session

(Objectives, format, expectations outlined)
8:15 - 8:30 Observational Methods

Ralph B. Peck
8:30-9:15 Earth Dams and Natural Slopes

Larry Von Thun

9:15 - 10:00 Soil Structure Interaction
Stuart Werner

10:00 - 10:30 Break

10:30-11:15 Grounhd Motion
Geoffrey Martin

11:15-12:00 pm Tests on Actual Full Scale Facilities
T. Lesiie Youd

12:00 - 1:00 Lunch

1:00-1:45 Explosive Simulation
Cornelius J. Higgins

1:45 - 2:30 Dynamic Tests on Centrifuge and Shake Tables
Hon-Yim Ko

2:30 - 3:00 Instructions to Panels

3:00 - 3:30 Break

3:30 - 5:30 Panels Meet

6:30 - 8:00 Dinner Banquet

8:00 - 10:00 pm Panels Reconvene

(Prepare a handwritten outline of conclusions for distribution)
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November 5 (Tuesd 1991
7:30 - 8:00 am Continental Breakfast
8:00 - .00 Plenary Session and Panel Presentations

Presentation: 5-7 minutes
Questions / Clarifications: 3 minutes

9:00 - 9:30 General Discussion & Consensus
{Instructions to Panels)

9:30 - 10:00 Break
10:00 - 12:00pm Panels Meet & Write

12:00 Noon - 1:.00 Lunch

1:00 - 3:00 Write
3:00 Turn in Materials to Organizing Committee
3:30 - 5:30 Plenary Session

Final Presentations & Responses
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Earthdams Arulanandan, K.
de Alba, Pedro (R)
Hynes, Mary Ellen {C)
Prevost, Jean H.
Von Thun, Larry

Foundations Benoit, Jean
Constantino, Carl J. (R)
Gazetas, George
Norris, Gary (C)
Simons, Jeffrey
Stokoe, Kenneth H.
Werner, Stuart

Ground instability and Blouin, Scott

Site Improvement Charlie, Wayne A.
Franklin, Arley G. (C)
Holzer, Thomas L.
Ishihara, Keniji
Kutter, Bruce L.
Power, Maurice S. (R)
Shen, Chih-Kang
Welsh, Joseph P.

Ground Motion Response Celebi, Mehmet
Costello, James F.
Joyner, William B. (C)
Kokusho, Takeji
Martin, Geoffrey R.
Ng, Tang-Tat (Percy)
Schneider, John F. (R)
Shakal, Anthony
Yokel, Felix Y.

Natural Slopes Harp, Edwin L.
Hryciw, Roman D.
Keefer, David K.,
Robertson, Peter (R)
Sitar, Nicholas (C)

Retaining and Underground  Anderson, Donald G. (R)
Structures Chameau, Jean-Lou
Hadjian, Asadour H. (C)
Harada, Keniji
Katona, Michael
Ko, Hon Yim

(C) Chair  (R) Recorder
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Spreading of Fill Beneath the Pont of Limon Opened Gaps of a Meter or More
Adjacent to the Container Handling Docks in 1991 Costa Rica Earthquake (Ref. 7, fig.
5-10, pg. 57, reprinted by permission of Earthquake Engineering Research Institute).
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