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Preface

Organization of and Background for the Workshop

Under the National Earthquake Hazard Reduction Program (NEHRP)
established in 1977, the Federal Emergency Management Agency (FEMA),
United States Geological Survey (USGS), the National Science
Foundation, and the National Institute for Standards and Technology
(NIST) are charged with developing methods to reduce loss of life
and property damage from earthquakes both through national programs
and through the support of and cooperation with state and local
programs. Since 1985, FEMA and the USGS have concentrated their
efforts in the Puget Sound and Portland areas of Western Washington
and Oregon in a cooperative effort with State agencies (Washington
Department of Natural Resources, Division of Geology and Earth
Resources, (DGER); Washington Division of Emergency Management,
(DEM); the Oregon Department of Geology and Mineral Industries
(DOGAMI); the Oregon Emergency Management Division (EMD); and the
private sector.

USGS efforts to date have primarily concentrated on assessment of
the earthquake hazard by scientists within the USGS and by other
scientists and engineers supported by NEHRP. USGS has also funded
hazard vulnerability studies of lifeline systems in Seattle,
Washington and Portland, Oregon and a study of the implementation of
earthquake hazard policies in Washington and Oregon. FEMA provides
funding to the State emergency management agencies to support the
development of continuing state mitigation and preparedness
programs, delivers earthquake hazards reduction workshops to
specific target audiences (for instance, hospitals), distributes
general information on how to reduce earthquake hazards and protect
life safety, and carries out research on earthquake hazard reduction
strategies.

Annual workshops, like the one held in Seattle on April 17-19, 1990
are an attempt to communicate the information collected by the above
agencies and individuals to a larger audience that will use it
appropriately to prepare for future large earthquakes in the Pacific
Northwest. The 1990 workshop was targeted to the design community
of engineers, architects, and planners. Regional seismological and
geotechnical considerations important in earthquake resistant design
for buildings and lifelines were summarized. Techniques to improve
the earthquake resistance of existing buildings were presented
followed by a field trip to observe local examples of seismically
retrofit buildings. Model earthquake hazard reduction programs in
selected lifeline systems in Washington, Oregon, and British
Columbia were reviewed.

Unlike previous workshops, which were sponsored by the USGS under
contract with FEMA, the 1990 workshop was sponsored by DGER with a
grant from FEMA. As in previous years, the meeting was planned by a



local steering committee.
Washington

Committee members were:

Ray Lasmanis DGER

Tim Walsh DGER

Steve Palmer DGER

Josh Logan DGER

Carol Martens DEM

Todd Perbix Ratti, Swenson, Perbix, Clark
Peter May University of Washington
Oregon

George Priest DOGAMI

Ian Madin DOGAMI

Federal Government

Linda Noson FEMA

Craig Weaver USGS

Tom Yelin USGS

Bill Kockelman USGS

The steering committee planned the agenda and selected session
chairs to arrange for speakers and poster presenters. The session
chairs were Stew Smith (University of Washington), Tony Qamar
(University of Washington), Todd Perbix (Ratti, Swenson, Perbix,
Clark), Don Ballantyne (Kennedy/Jenks/Chilton), Bruce Olsen
(Consulting engineer), and Tim Walsh (DGER). Administrative and
clerical support by Michelle Davis and Mary Ann Shawver of DGER
contributed substantially to the success of the workshop.

This workshop represents the effort to synthesize the wealth of new
data gathered under the aegis of the NEHRP program for the Puget
Sound and Portland areas and to translate it into engineering
practice so as to reduce the risk from future earthquakes in the
region. Attendance by more than 300 scientists, engineers, emergency
planners, and others attests to the strong interest in understanding
regional earthquake hazards and reducing future personal and
property losses.

The editors
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Fourth Annual Workshop
National Earthquake Hazards Reduction Program
Puget Sound and Portland Area

April 17, 1990

Registration

Welcome addresses: Brian Boyle, Washington State Commissioner of Public
Lands; Gary Johnson, Chief of Earthquakes and Natural Hazards Programs
Division, FEMA; Ray Williams, Region X Director, FEMA; Craig Weaver, U.S.
Geological Survey

Tectonic Framework of the Pacific Northwest Session
Stewart Smith, Chairman

Tectonic overview of the Pacific Northwest: Robert Crosson, University of
Washington

Evidence for prehistoric earthquakes in the Pacific Northwest: Curt Petersen,
Portland State University

Coffee break

Great subduction zone earthquakes in the Pacific Northwest, fact or fiction:
Thomas Heaton, U.S. Geological Survey

Shallow crustal earthquakes (Loma Prieta in our backyard?): Craig Weaver, U.S.
Geological Survey

Summary and panel discussion: Stewart W. Smith, University of Washington
Luncheon - Lessons learned for NEHRP from the Loma Prieta Earthquake:
Richard Eisner, Director-Bay Area Regional Earthquake Preparedness Project of
the Governor’s Office of Emergency Services

Earthquake Site Effects Session
Anthony Qamar, Chairman

Site-specific earthquake strong ground motion studies in the Puget Sound and
Portland, Oregon areas: Ivan Wong, Woodward-Clyde Consultants

Liquefaction: Stephen Palmer, Washington Division of Geology and Earth
Resources

Influence of local geology on amplification/attenuation of seismic shaking: Ralph
Archuleta, University of California, Santa Barbara

Coffee break

Probabilistic ground motion model in the Pacific Northwest: S. T. Algermissen,
U.S. Geological Survey

Dam safety considerations: Jerald LaVassar, Washington Department of Ecology
Earthquake-induced landslides: Derek Cornforth, Landslide Technology

Seismic philosophy of the Uniform Building Code: John Hooper, Ratti, Swenson,
Perbix, & Clark

Surface geology vs. seismic intensity of earthquakes in Washington: Thomas
Bodle, University of Washington

No-host bar and complimentary hors d’oeuvres

Poster session
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Fourth Annual Workshop
National Earthquake Hazards Reduction Program
Puget Sound and Portland Area

April 18, 1990

Structural Engineering Session
Todd Perbix, Chairman

Introduction to earthquake engineering of buildings: Todd Perbix, Ratti,
Swenson, Perbix, & Clark
Retrofit building types/inventory: Bruce Olsen, consulting engineer
Case study-Heritage Building: NBBJ, Architect; Ratti, Swenson, Perbix, & Clark,
Engineer; Thomas Kinsman, Building official
Coffee break
Case History-Union Station: Ratti, Swenson, Perbix, & Clark, Engineer; Thomas
Kinsman, Building official
Break for lunch (on your own)
Introduction to the ATC-21 checklist: Todd Perbix, Ratti, Swenson, Perbix, &
Clark; Field trip to Heritage Building and Union Station (limited space)
Discussion of field trip
Coffee break
Case history-Franklin High School: Bassetti-Norton-Rekevic, Architect; Mahan &
Ingalvo, Engineer; Thomas Kinsman, Building official

ose

iv




0830
0840

0855
0910

0945
1000
1130
1145

1330
1345
1400

1415
1430

1445
1500
1515
1630

Fourth Annual Workshop
National Earthquake Hazards Reduction Program
Puget Sound and Portland Area

April 19, 1990

Lifelines Session
Don Ballantyne, Chairman

Introduction and welcome to lifelines session
Lifeline damage in the Loma Prieta earthquake-slide show with a newscast type
summary: Keith Eldridge, KOMO news
Overview of lifeline earthquake engineering: Donald Ballantyne,
Kennedy/Jenks/Chilton
Panel discussion
Introduction: Donald Ballantyne, Kennedy/Jenks/Chilton
Walter Anton, Seattle Water Department
Allan Walley, Washington Department of Transportation
J. D. Cattanach, B. C. Hydro
William Elliott, Portland Water Bureau
Ken Sullivan, FEMA
The panel will discuss the following four topics:
1) Marketing an earthquake mitigation program to decision makers who
control the lifeline’s budget
2) Assessing the vulnerabilities of a lifeline system
3) Estimating potential losses to a lifeline system
4) Plans to reduce losses to lifeline systems
Coffee break
Panel (continued)
Panel closing statements
Luncheon- Volcano monitoring and hazards in the Pacific Northwest: Edward
Wolfe, U.S. Geological Survey; Scientist-in-charge, Cascades Volcano Observatory

Loss Estimation Session
Bruce Olsen, Chairman

Evaluating the potential extent of earthquake damage: Peter May, University of
Washington

Damageability of buildings due to poor soil conditions: W. Paul Grant, Shannon
and Wilson

Architectural considerations in the evaluation of potential earthquake losses:
Chris Arnold, Building Systems Development

Coffee break

Seismic design and loss estimation in areas of low historical seismicity:

Roger McGarrigle, Van Domelen, Looijenga, McGarrigle, and Knauf

Loss estimation vis a vis the insurance industry: Craig Taylor, Dames and Moore
Overview of loss estimation: Bruce Olsen, consulting engineer

Panel; questions from floor

Closing remarks: Ray Lasmanis and Timothy Walsh, Washington Department of
Natural Resources, Division of Geology and Earth Resources




Highlights of the Fourth Annual NEHRP Workshop for Puget Sound
and Portland Areas¥*
by
Patrick Pringle, Stephen P. Palmer, and R. L. (Josh) Logan
Washington Department of Natural Resources
Division of Geology and Earth Resources
Olympia, Washington 98504

The 1990 National Earthquake Hazards Reduction Program (NEHRP)
workshop, sponsored by the Washington Division of Geology and Earth
Resources (DGER), Washington Division of Emergency Management,
Federal Emergency Management Agency (FEMA), and the American Society
of Civil Engineering Technical Council on Lifeline Engineering, was
held April 17-19 in Seattle. The workshop consisted of two field
trips, 29 oral presentations, two panel discussions, and a poster
session. The sessions integrated wide-ranging topics relating to
earthquake studies, from seismologic research to sociological
studies. Welcoming addresses were delivered by Brian Boyle,
Washington Commissioner of Public Lands, Gary Johnson, Chief of
Earthquakes and Natural Hazards Programs Division of FEMA, Ray
Williams, Region X Director of FEMA, and Craig Weaver of the U.S.
Geological Survey (USGS).

Keynote speaker Brian Boyle noted that earthquake policy
implementation was difficult because the issue generates little
pressure on political leaders. He questioned the preparedness of
Washington, pointing out that the State has no direct expenditure
for earthquake readiness—unlike California, which spends more than
$3 million annually for geologic studies alone. At the same time,
the need for preparedness has been demonstrated: 200,000 children
attend schools the Superintendent of Public Instruction thinks would
not survive a major earthquake; 65 bridges and freeway ramps are
obsolete; and numerous other buildings, such as hospitals, prisons,
nursing homes, and office buildings, need seismic evaluation. Boyle
further noted that California has 75 state—supported strong motion
accelerometers; Washington has only a handful. These instruments
provide detailed information about seismic motion, and Boyle
suggests this kind of information should be available to every
building designer in the state. He stressed the importance of added
training and organizational work to coordinate and improve readiness
of vital communication links throughout the state.

Tectonic Framework of the Pacific Northwest
The first morning of the workshop opened with a session concerning
the tectonic framework of the Pacific Northwest. Robert Crosson of
the University of Washington provided an overview of seismicity in
the Pacific Northwest as it relates to the structure and geometry of
local tectonic plates. He suggested that the angle of the subducting
plate (deviation from the horizontal) may have profound effects on

* modified from Washington Geologic Newsletter, 1990, V. 18, no. 3,
p. 14-18.
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the nature of uplift and on the distribution of earthquakes in the
Pacific Northwest. He suggested that the uplift of the Olympic
Mountains may be associated with the shallow dip (10° to the east)
of the Juan de Fuca plate as it is subducting beneath the North
America plate. The low angle is the result of a flexure or "arching”
of the slab beneath western Washington noted by previous
researchers. (See Weaver and Baker, 1988.) This geometry offers one
explanation for the development of the Olympic Mountains. Because
the previous large intraplate earthquakes of 1949 and 1965 were
located in or on the periphery of arched portion of the slab, other
areas overlying arched portions of a subducting slab could be
similarly vulnerable to large intraplate earthquakes.

Curt Petersen of Portland State University summarized observations
of interlayered deposits of peat and intertidal mud that serve as
proxy indicators of tectonic subsidence associated with subduction
zone earthquakes in Oregon and Washington. He reviewed his own
research, the pioneering work of Brian Atwater, Wendy Grant, Gary
Carver and others, stratigraphic evidence for earthquake-generated
tsunamis noted by Mary Reinhart and Joanne Bourgeois, as well as
archeological research, recent investigations of turbidites near
Vancouver Island by John Adams, and geodetic evidence of strain
noted by Mike Lisowski and Herb Dragert (using the Global
Positioning Satellite to measure across the Strait of Juan de Fuca)
and by Paul Vincent (who used first-order levelling near Tillamook,
Ore.). Petersen’s presentation included an updated compilation of
radiocarbon ages associated with the stratigraphic evidence that

suggest apparently contemporaneous subsidence in Washington and
Oregon.

Thomas Heaton, Scientist in Charge of the USGS seismological
laboratory in Pasadena, compared subduction zones and their
respective earthquake types in the Pacific Rim to the inferred
configuration of the subduction zone in the Pacific Northwest. In
particular, he summarized the work of Ruff and Kanamori (1980), who
sought correlations between the maximum observed earthquake on a
subduction zone interface and various geological and geophysical
characteristics of the zone. (See also Heaton and Hartzell, 1987.)
Characteristics that can be used in comparing wvarious subduction
zones include plate collision velocity, age of the subducting slab,
and the presence of back-arc spreading. Using these characteristics,
Heaton suggested that the subduction zones in Japan, Colombia, and
Mexico are those most similar to the Cascadia subduction zone. Of
these, only the Cascadia subduction zone has not experienced moment
magnitude (M,) 8+ subduction zone interface earthquakes in the 20th
century. Heaton also discussed the scale and nature of ground motion
and response spectra typically associated with great subduction zone
earthquakes. These earthquakes cause very strong shaking over a long
period (often greater than 2 min). He also noted that ground motions
from subduction zone earthquakes seem to persist over longer

distances than those from strike-slip earthquakes of a similar
magnitude.
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Craig Weaver, USGS seismologist, focused his discussion on shallow
crustal earthquakes. The occurrence of a damaging magnitude 5.0
crustal earthquake in the Deming area (northwestern Washington) the
week before the NEHRP meeting made his choice of topic all the more
relevant. He summarized the historic record of shallow-crustal
seismicity in the Pacific Northwest (or lack of it in some areas)
and related the foci of those earthquakes to geologic structures at
depth. Drawing on his previous work, he related the locations and
configuration of the northwest-trending St. Helens Seismic Zone
(SHZ) and a similarly trending fault zone west of Mount Rainier to
the edge of an inferred underlying crustal block at 12 km depth. He
speculated that a magnitude 6.3-6.8 earthquake could occur on the
SHZ between Elk Lake and Spirit Lake, depending on whether a 7- or
12-km segment of this strike-slip fault were to rupture. Such an
earthquake could have significant impact on the Portland area. (See
Weaver and Shedlock, 1989.)

Following Weaver’s presentation, Stewart W. Smith of the University
of Washington, who chaired the opening session, led a panel
discussion of the participants.

Richard Eisner, Director of the Bay Area Regional Earthdquake
Preparedness Project (Governor’s Office of Emergency Services,
California), delivered a luncheon slide presentation showing some of
the damage caused by the October 17 Loma Prieta earthquake. He noted
that the California Department of Transportation (Caltrans) had
spent more than $50 million on seismic retrofitting (phase 1) before
the Loma Prieta earthquake, but that $300 million had been required
for clean up to date (not including replacement of damaged or
destroyed structures). The money invested in phase 1, specifically
for the installation of joint restrainers, apparently prevented many
bridge spans from collapsing, according to testimony submitted by
Caltrans to the Governor’s Board of Inquiry to the Loma Prieta
earthquake. However, in the case of the ill-fated Cypress structure,
the joint restrainers were not enough to prevent collapse, and
column retrofitting would have been necessary to mitigate this
hazard because column abutments were so far apart. (See Thiel and
others, 1990.)

Ivan Wong of Woodward-Clyde Consultants discussed the role of
site-specific and regional effects in strong ground shaking. He
summarized recent methodologies for predicting strong ground motions
and applied them to modeling the spectral response at sites in the
Puget Sound and Portland areas for earthquakes of various magnitudes
and epicentral distances. These simulation methods are particularly

important because of the scarcity of strong-motion data in the
region.

Stephen Palmer of DGER reviewed the phenomena of seismically induced
liquefaction and ground settlement, using examples from the 1949 and
1965 Puget Sound earthquakes. Liquefaction studies presently being
performed by the USGS and other NEHRP-funded researchers in the
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Pacific Northwest were described.

Ralph Archuleta of the University of California at Santa Barbara
stressed the importance of impedance contrasts and resonance peaks
in analysis of amplification of strong ground motion. He summarized
work at McGee Creek, Calif., where he and Sandra Seale measured the
influences of local geology (glacial drift overlying hornfelsed
bedrock) on amplification of seismic waves. Major amplification
effects at the surface of their test site were caused by resonance
effects brought about by the impedance contrast between soil and
bedrock.

S. T. Algermissen of the USGS reviewed the methodology used to
generate probabilistic earthquake ground-motion maps. Such maps are
often used by engineers to estimate seismic lateral forces during
design of buildings, dams, bridges, and other major structures.
These maps are revised to "custom-fit" the various parameters used
in these analyses to the regional tectonic and seismologic history.

Jerald LaVassar, an engineer with the Dam Safety Section of the
Washington Department of Ecology, discussed some of the shortcomings
of the probabilistic approach to estimating earthquake ground
motions. A major problem in dam safety evaluation is determining the
liquefaction potential of older earth-filled dams. Liquefaction
depends on both the level of ground acceleration and the duration of
strong shaking. Probabilistic acceleration maps provide only an
estimate of the maximum probable acceleration and give no indication
of the expected duration of shaking. As a rule, larger earthquakes
are accompanied by strong shaking of longer duration, which results
in a greater potential for liquefaction. Also, it appears that many
probabilistic acceleration maps may overemphasize the contribution
of earthquakes of smaller magnitude, especially maps for events of
long return periods.

Derek Cornforth of Landslide Technology in Portland, Ore., provided
an overview of mass movements related to earthquakes. He discussed
three broad categories of mass failures: movements from marginally
stable slopes, block-slide movements, and movements resulting from
liquefaction. Cornforth stressed that liquefaction-induced movements
are the most important group of earthquake-induced landslides
because they are the most common and cause the most damage to
engineered structures.

John Hooper of Ratti, Swenson, Perbix, and Clark in Seattle
discussed the philosophy of seismic design of the Uniform Building
Code (UBC), including the intent and limitations of its provisions.
The basic design philosophy is to insure the safety of the
inhabitants. Hooper noted that minimum standards have been set to
safeguard structures against major failures and loss of life due to
ground shaking. However, no UBC provisions have been made for earth
conditions other than basic soil types that are generally not
genetically related to geologic parent material. These soil types
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are used only in characterizing the ground shaking and do not take
into account loss of strength of the soil during the shaking. In
light of the significance of liquefaction in causing damage to
engineered structures, Hooper believes this is an area where
improvements to the UBC could be made.

Addressing the importance of geologic parent material, Thomas Bodle
(University of Washington) related Seattle-area intensities of the
1965 and 1981 Puget Sound earthquakes and 1981 Elk Lake event to
surficial geology and elevation. He found significant association
between intensity and postglacial surficial deposits at elevations
less than 100 ft, and between intensities and all surficial units
except till for elevations between 0 and 200 ft. Previous studies
had plotted intensities against USDA soils maps; many mapped soil
units are only incidentally related to surficial geology.

Evening Poster Session
William J. Perkins and W. Paul Grant (Shannon and Wilson, Inc.,
Seattle) and T. Leslie Youd (Brigham Young University) displayed
their maps of liquefaction susceptibility for the Seattle North and
Seattle South quadrangles. The maps were prepared using estimated
thicknesses of wunits determined to be liquefiable by standard
penetration test data.

Mark Holmes presented single-channel seismic reflection data
recorded in Elliott Bay by the Department of Oceanography of the
University of Washington. These data show that slumping and
turbidity flows are the two primary mass-wasting phenomena
controlling sediment movement in this area of Puget Sound. These two
processes have severely modified the spoils pile deposited in
Elliott Bay during Seattle’s Denny regrade projects. Also, seismic
reflection data clearly show an underwater pipeline that had been
uncovered during slumping of overlying mud and evidence of turbidity
flows in the deeper channels of Puget Sound.

Stephen P. Palmer and John A. Shulene presented their work on
liquefaction in the Puyallup valley caused by the 1949 and 1965
Puget Sound earthquakes. Although the 1949 magnitude 7.1 earthquake
caused widespread liquefaction in Puyallup, the 1965 magnitude 6.5
earthquake did not produce ground acceleration and duration of
strong shaking sufficient to trigger liquefaction.

Ian Madin of the Oregon Department of Geology and Mineral Industries
and Silvio Pezzopane of the University of Oregon summarized results
of recent mapping in which investigators have identified fault
offsets in Pliocene-Pleistocene Boring Lavas near Portland. Madin
and Pezzopane also documented paleoliquefaction features (clastic
dikes and sand blows) in silts and fine sands deposited in the
Portland area by catastrophic Pleistocene floods from glacial Lake
Missoula. Strong ground shaking during local or distant earthquakes
and rapid loading during catastrophic floods provide possible
explanations for these features.



Earthquake~-hazard maps of the Portland area were also displayed by
Ian Madin, who used geologic mapping, geotechnical boring, and
water-well data to compile the maps. These maps show the
distribution of a variety of liquefiable sediments, as well as the
locations of numerous faults.

Mark Darienzo and Curt Petersen of the Geology Department at
Portland State University showed evidence for small-scale ( >>1 m)
tectonic subsidence in Alsea Bay, Ore., associated with Cascadia
subduction zone earthquakes. This subsidence is less than the 1-2 m
of sudden subsidence observed in estuaries of northern Oregon and
southern Washington. The smaller subsidence could be attributed to
Alsea Bay being farther from the axis of subsidence or to separate,
smaller magnitude subduction zone earthquakes. The first hypothesis
is supported by the position of an offshore fold belt that is
seaward of and parallels the subducting trench. Since this fold belt
comes onshore near Coos Bay, Darienzo and Peterson suggest evidence
of uplift may be found between Coos Bay and Alsea Bay. The latter

explanation might imply segmentation of the Cascadia Subduction
Zone.

Brian Cohee, Paul Sommerville, and Norman Abrahamson of
Woodward-Clyde Consultants presented the results of their computer
simulation of ground motions from Cascadia subduction zone
earthquakes. They computed the ground motion for a hypothesized M,=8
thrust earthquake on rock and soil sites in the Puget Sound and
Portland regions. These computations show that for periods less than
1 sec, the estimated spectral velocities would be as much as twice
those recorded during the 1949 Olympia and 1965 Seattle earthquakes,
and that the duration of strong shaking would be significantly
longer (40-60 sec versus 10-20 sec).

Tammi Baier of the Department of Geography and Regional Planning at
Western Washington University summarized her study of the public’s
attitudes toward and response to earthquake hazards in the Tacoma
and Puyallup areas of Washington. Because more than half the replies
to her questionnaire were returned on or before the October 17,
1989, Loma Prieta earthquake, she has been able to compare those
attitudes with later replies which may have been influenced by the
earthquake. Although her statistical analysis of the data is not yet
finished, Baier observed that perceptions of dread were noticeably
more common among those whose replies were postmarked after the Loma
Prieta earthquake. A greater percentage of the post-Loma Prieta
replies also indicated persons intended to take more precautions
about earthquake hazards.

Harry Halverson, retired vice president and co-founder of
Kinemetrics (manufacturer of seismometers), provided a photographic
display of Namazu-e, colorful woodblock prints reflecting Japanese
folklore that a great subterranean catfish (Namazu) produced
earthquakes. The creation of the prints was a result of the Edo
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(Tokyo) earthquake of 1855, although the prints contain references
to other earthquakes. The Namazu-e reflect conflicting ideas about
earthquakes that existed at that time. Earthquakes were seen as
punishment of various classes of people in some instances, and at
other times, the Namazu were thought to assist carpenters and other
laborers who might benefit from the effects of an earthquake. (See
Bolt, 1976.)

Structural Engineering Session
For geologists, one of the most rewarding aspects of the NEHRP
workshop was the opportunity to interact with engineers, architects,
and planners. This session demonstrated that new information on the
nature and magnitude of anticipated forces generated by earthquakes
must be accounted for in structural design and retrofitting older
buildings.

Todd Perbix of Ratti, Swenson, Perbix, and Clark provided an
introduction to earthquake engineering of buildings, including a
history of design code applicability in the Seattle area. He
summarized the typical problem areas: gable failures, parapet
failures, and general problems with unreinforced masonry. He showed
various examples of anchorage mechanisms and techniques for securing
parapets and the installation of ductile frames and diaphragms to
allow increased redundant transfer of shear forces.

John Hooper (Ratti, Swenson, Perbix, and Clark) talked about
retrofitting the Heritage Building in Pioneer Square. (See field
trip below.) This building has a long-aspect ratio problem and had a
"soft story" (a lower, open floor not able to accommodate shear
forces). The soft story was corrected by adding a center brick shear
wall to resist north-south lateral forces, anchoring of the wood
floor structure to this wall, and devising drag strut connections.
Anchorage rosettes were used to secure brick and sandstone faces of
the building. Elsewhere, beam and column tie plates were used, and
additional concrete shear walls were constructed.

Thomas Kinsman, building official for the City of Seattle, discussed
the nature of the retrofit problem in the Seattle area. He noted
that each building is unique, that there are no "“cookbook" methods
for dealing with retrofitting. Retrofitting regulations are
enforced when a hazard is observed, a building is being
substantially renovated, there is a change in occupancy, or the
building is re-occupied after more than a year of vacancy. A case
history of the Franklin High School in South Seattle was presented
by John Desalvo of Mahan and Desalvo to demonstrate how a local
landmark was preserved and expanded as it was upgraded to meet
current seismic safety standards. Major shear wall structures in the
original building were strengthened by the application of shotcrete
veneer and by the addition of steel ties at the roof and floor
levels. Additional lateral strength was supplied by the new addition
to the original structure.
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Field Trips
The day before the meeting’s opening, Robert Bucknam (USGS) led a
field trip to Bainbridge Island (5 km west of Seattle) to show
evidence of abrupt uplift in the last 1,700 years. An intertidal
platform cut into the Blakeley sandstone has been uplifted about 7
m, and Bucknam postulates that the uplift was caused by an
earthquake.

On the second day of the meeting, Todd Perbix led a field trip to
the Pioneer Square area in downtown Seattle, where the Heritage
Building and Union Station were visited. The trip was designed to
introduce participants to rapid visual screening of buildings for
seismic hazards and to provide an opportunity to view retrofit
techniques first hand. Many of the retrofit features described
during the Structural Engineering Session were observed during the
trip.

Lifelines Session

To begin the final day of the meeting, Keith Eldridge of KOMC News
narrated a slide presentation showing damage caused by the Loma
Prieta earthquake. The presentation was prepared by the Lifeline
Session chairman, Don Ballantyne. Eldridge was raised in the San
Francisco area, and thus had more than casual interest in this
earthquake. KOMO News dispatched him to California within hours of
the main shock. Ballantyne discussed the importance of insuring that
lifeline functions, such as power supply, communications, water and
sewer services, can be restored quickly and easily after a major
earthquake. He stressed that this can only come about with adequate
preparation before the event.
A panel composed of Walter Anton (Seattle Water Department), Allan
Walley (Washington Department of Transportation), J. D. Cattanach
(B.C. Hydro), William Elliott (Portland Water Bureau), and Ken
Sullivan (FEMA) discussed four issues:

- Marketing an earthquake mitigation program to decision

makers who control the lifeline’s budget

- Assessing the vulnerabilities of a lifeline system

- Estimating potential losses to a lifeline system

- Planning to reduce losses to a lifeline system
Elliott discussed the inventory and seismic loss estimation model
for the Portland, Ore., water and sewer systems. He noted that
credible expert opinion is the most important first step in
marketing an earthquake mitigation program. Walley noted that 3,000
highway bridges would be in jeopardy in Washington State if a major
earthquake were to occur. Of these, 70 would be vulnerable to
tension failure, and 85 would have lesser vulnerability. He
estimated that $30 million would be needed to retrofit existing
bridges to current standards. Anton described the operation of the
Seattle water-supply system and said that the most vulnerable part
of this system would be the pipeline west of Lake Washington which
carries water to Mercer Island. He noted that a $16 million seismic
upgrade program has funded a new dam, reservoir lining, improved
transition pipeline supports, strengthening of elevated tanks and
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standpipes, and other improvements. Sullivan explained the broad
spectrum of FEMA’s earthquake mitigation efforts with regard to five
types of lifelines. He noted that FEMA has published volumes
relating to each of the categories of lifelines and a final summary
volume, Abatement of seismic hazards to lifelines-An action plan.
The information has been distilled into an agency plan. Sullivan
briefly discussed ongoing and planned FEMA projects for lifelines
for the upcoming year.

Luncheon Festivities
Professors Bekhzad Yulgashev (particle physicist) and Tursun
Rashidov (seismic engineer) representing the Uzbek Academy of
Sciences (USSR) were distinguished guests at the luncheon on the
third day of the workshop. State Geologist Ray Lasmanis presented
the Uzbeks with a copy of Engineering Geology in Washington,
published by DGER in 1989. Yulgashev gave a slide presentation about
the impacts of the 1988 Armenian earthquake and his work on the
design (using seismodynamic theory) of seismic-resistant underground
structures.

Edward Wolfe, Scientist-in-Charge of Cascades Volcano Observatory
(CVO) in Vancouver, Wash., followed with an assessment of volcanic
hazards in the Pacific Northwest, which he had compiled with C. Dan
Miller of CVO. Wolfe summarized the postglacial eruptive activity of
Cascade Range volcanoes, described the nature of the volcanic
processes, and discussed methods of monitoring and volcanic hazards
analysis now being conducted by the observatory.

Loss Estimation Session
Bruce Olsen, independent consulting engineer, chaired the Loss
Estimation Session. The first speaker, Peter May of the University
of Washington, differentiated two types of loss estimates:
region-wide dollar estimates of prospective losses and vulnerability
assessments. He summarized implications and usefulness of these
estimates. Noting that there were few examples of loss estimates
being put to practical use, May stressed that we should focus more
attention on "vulnerabilities of key elements of our physical and
social systems than [on] region-wide dollar losses." The result
would be an increased emphasis on priorities for upgrading
facilities and lifeline systems to reduce their vulnerability. May
stated that loss estimates are highly uncertain and that policy
actions, such as research priorities and planning monies, linked to
them are potentially flawed.

W. Paul Grant of Shannon and Wilson, Inc., discussed the impact of
poor soil conditions on building damage during earthquakes. His
slides detailed typical damage caused by the 1949 Olympia and 1965
Seattle earthquakes.

Chris Arnold of Building Systems Development focused on the economic

aspects of architectural design as they relate to potential
earthquake losses. He discussed hidden costs, such as those
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associated with damage to a new Hyatt hotel by the Loma Prieta
earthquake. The hotel sustained $7 million damage outright, but it
lost an additional $1 million per month revenue because it could not
be opened until repairs were made. He demonstrated how difficult it
is to define loss because of the revenue increases in some
businesses and the increasing "velocity of money" following an
earthquake.

Roger McGarrigle of Van Domelen, Looijenga, McGarrigle, and Knauf
discussed seismic design and loss estimation in areas of low
historical seismicity. He noted that upgrading structural components
is generally a minor component (about 2-5 percent) of the total cost
of a new building and that it is much more expensive to retrofit.

Craig Taylor of Dames and Moore in Seattle examined the complicated
relation of earthquake losses to lenders and the insurance industry.
He analyzed the types of risks that lenders and insurers incur, the
nature of loss estimation, and stressed the need for financial
models that can quantify the degree to which lenders and insurers,
respectively, bear losses, as opposed to losses borne by others.

This Fourth Annual NEHRP Workshop for the Puget Sound and Portland
areas was probably one of the more successful in presenting not only
geotechnical data, but also engineering information to planners,
architects, and emergency response managers and specialists.
Likewise, geoscientists were able to learn a great deal about
mitigating structural damage, estimating losses, and protecting
lifelines. Evidently, not all the aftershocks of the Loma Prieta
earthquake were seismic in nature because new data and numerous
insights regarding earthquake damage and effects, in a large part
related to the recent studies of this event, have provided an
impetus for anticipating and solving similar earthquake problems in
the Northwest. Mitigation of earthquake hazards will have much
greater success with the kind of strong interdisciplinary approach
that characterized this meeting.
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WELCOME ADDRESS

Brian J. Boyle
Washington State
Commissioner of Public Lands

I'm delighted to be here, not least because it’s so hard nowadays
for elected officials to find anything to be strongly against. It
takes a lot of the fun out of being a politician if you can’t summon
up righteous indignation about something, and today it seems that
nearly every practice and substance has a well-organized defender,
even broccoli, as President Bush found recently when he came out
against it. I am going to take a chance, however, and say that I'm
against earthquakes, and I always have been.

Of course, implementation of that policy is the hard part, and,
in all seriousness, that’s Jjust the point: we can’t prevent
earthquakes, so we have to rely on mitigation and protection after the
fact. But earthquake protection is a remarkably difficult issue for
public policy to deal with. Unlike protection from fire or chemical
spills, there’s really no prevention alternative; and unlike crime
protection, earthquake protection typically generates little pressure
on political leaders. We don’t get reports of slow tectonic movement
on the six o’clock news.

It’s a sad fact that demands on government always exceed the
resources we have and the immediate need almost always carries the day
over the possible but not pressing event. Sadder still, much of what
happens in the public sphere happens because somebody is getting
public credit for it. When we plant a tree, it’s an event; when we
save a thousand trees through routine fire prevention actions, nobody
notices. Opening a new road or bridge is a ribbon cutting ceremony;
providing maintenance for that road or bridge is something that
happens obscurely in the back office; or maybe it doesn’t happen at
all.

I'm very much afraid that this is our current situation with respect
to earthquake readiness in the state of Washington. Currently, for
example, except for some university research funding, and some
retrofitting projects there is virtually no direct state expenditure
for earthquake readiness. California, in contrast, commits tens of
millions of dollars a year on this. Meanwhile, we have 200,000
children attending schools that the Board of Public Instruction thinks
would not survive a major quake. There are sixty-five freeway ramps
and bridges in this state that are obsolete and liable to collapse the
way the upper deck of the Bay Bridge did during the recent San
Francisco earthquake. All throughout the state are buildings housing
people for whom the state has special responsibility: not only
schools, but hospitals, prisons, nursing homes and office buildings.
Whether these people are as safe as we can make them, whether the
state government itself has shown an example of readiness is, I think,
open to question.
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And readiness counts. What government does counts: only 67 people
died in the Bay area, and vital services were restored in a matter of
days. In contrast, the recent Armenian earthquake, where planning and
mitigation were essentially absent cost 25,000 lives and brought the
economic life of the community to a stop for the better part of a
year.

One of the "benefits" (if that’s the right word) of the Bay earthquake
for us here in Washington, is that it has raised earthquake readiness
out of the back office, at least for a while. There is nothing like a
good visual aid to stimulate the imagination into action, and San
Francisco tilted and burning on the TV looked uncomfortably like
Seattle might look like if it were tilted and burning. The meeting
called in February by Senators Gorton and Adams to discuss our
earthquake preparedness drew over 1400 people, and I think it’s fair
to say that a lot of them would not have been there without the Bay
area example fresh in mind.

So we have a window of opportunity--press and political attention are
a lot higher than they would have been without the California shock--
but this will fade in time, and with it the understanding that we are
far less prepared than San Francisco was.

For example, the Bay area has had in place for decades a dense network
of strong-motion accelerometers to measure the strength and direction
of tectonic movement. Over the years this enabled authorities to
learn a great deal from the numerous small earthquakes that occur in
any seismic area, knowledge that was incorporated into damage
prevention codes and mitigation planning. We don’t have such a
network in this state, and there is no funded program to construct
one.

Having a base of detailed information about seismic motion would be
extremely valuable. As an example, the Department of Natural
Resources is currently participating to the construction of a new
Natural Resources Building in Olympia. Because we happened to have
had recording instruments located a few blocks away from the building
site for many years, we were able to provide the building’s designers
with relatively site-specific technical data, which will eventually
allow the more efficient construction of a seismically safer building.
What we provided by chance should be available by intent to every
building designer in the state. Otherwise we have to rely on uniform
building codes, which are designed to prevent catastrophic collapse

rather than to allow buildings to continue in use after an earthquake
shock.

The Department of Natural Resources supports the establishment of an
adequate monitoring system, and our Geology Division is ready to work
with other state agencies and the legislature to set one up. Only
then can we be sure that each seismic event is an experience from
which we can learn what we need to know to survive the inevitable big
one.

Structural preparedness is, of course, not the whole story. During
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the Bay area quake one of the things that broke down first was
communications. Outlying areas in the Santa Cruz Mountains, for
example, were cut off from the outside world for a considerable time,
as wire-based communications systems went down. A number of state
agencies, including the Department of Natural Resources, have radio
communications systems that could serve as emergency communications
links in a stricken area. But I'm not sure that anyone has done the
hard training and organizational work necessary to weld these systems
into a unit that would survive and serve during a major quake.

And this is just one of the things that should be done while we have a
heightened interest in the subject, and, needless to say, before the

next big earthquake. What the others are, you, of course, know far
better than I.

And with that, let me say that it gives me great pleasure to welcome
you all to the Fourth Annual Workshop of the National Earthquake
Hazards Reduction Program. You will hear a lot of recommendations
over the next few days about what should be done to make us ready:
let’s hope we accomplish these things before we have to hear them all
over again as what we should have done, after it’s too late.
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SECTION I: GEOSCIENCE INFORMATION

The contributions in this section contain scientific and
historical information on various aspects of earthquake
hazards in the Pacific Northwest. This information
supplements and extends two documents:

1) Hays, W. W., 1989, Proceedings of Conference
XLVIII, the 3™ annual workshop on earthquake
hazards in the Puget Sound-Portland area:
U.S. Geological Survey Open-File Report 89-
465, 303 p.

2) Noson, L. L.; Qamar, Anthony; Thorsen, G. W., 1988,
Washington State Earthquake Hazards: Washington
State Department of Natural Resources Information
Circular 85, 77 p.



REGIONAL SEISMICITY AND TECTONICS
R. S. Crosson
University of Washington

Seattle, WA 98195

The Pacific Northwest is a subduction zone environment that presents
difficulties for earthquake hazard estimation. Although we have made great
progress in understanding the patterns and causes of earthquake generation in
recent years, there is much work remaining. Since our recorded history is
short, we have relatively little observational evidence of large earthquakes.
Nevertheless, a number of significant earthquakes have been observed and a
pattern may be emerging. Large shallow earthquakes seem to occur in a
arcuate band around the Puget Sound region. The only large deep earth-
quakes (>40 km depth) that we have observed have occurred within the sub-
ducted Juan de Fuca plate in the center of this pattern, precisely where large
shallow earthquakes have not been observed. Large deep earthquakes may
occur beneath western Oregon and western British Columbia although none
have been well observed. Further work on structure and plate kinematics
may shed light on this problem.

Geologic, seismic, and geometric considerations suggest that the shape
of the subducted Juan de Fuca plate exercises important control on the geol-
ogy, topography, and earthquake generation process in the Pacific Northwest.
It has been suggested that the angle of dip of the subducted plate exerts a
profound influence on the rate of uplift of rock at the accretionary margin.
Theoretical models suggest that uplift cannot occur if the dip exceeds about
10°. Recent evidence indicates that the Juan de Fuca plate is bent into an
eastwardly plunging arch, or anticline, beneath the Olympic Mountains. As a
result, the angle of subduction is approximately 10° to the east in this region,
significantly less than regions to the north and south where the angle of dip
is in the range of 15° to 20°. This arch has a natural origin in the plate
flexure necessary to accommodate trench geometry off the coast. The Olym-
pic Mountains and the associated arcuate pattern of surface geology sur-
rounding the Olympics, including Puget Sound, apparently result directly
from this plate flexure as a consequence of the reduced plate dip. It is also
possible that the coastal subsidence in southwest Washington results from a
counterflexure of the subducted plate.

The most seismically active part of the subducted Juan de Fuca plate,
beneath Puget Sound, lies at the crest of the arch. Its influence may extend
to the Cascade front, into British Columbia, and into northern Oregon,
affecting the generation of intraplate earthquakes both in the subducted slab
and in the overlying North American Plate. It may also be important in
influencing interplate earthquakes. The insight that we have gained under-
lines the importance of further effort to define the plate geometry in Wash-
ington, Oregon, and British Columbia.



EARTHQUAKE-HAZARD GEOLOGY MAPS
OF THE PORTLAND METROPOLYITAN AREA, OREGON

Ian P. Madin
Oregon Department of Ceology and Mineral Industries

Abstract

As part of an earthquake hazard reduction program for
northwestern Oregon, earthquake-hazard geology maps have
been produced for eight 1:24,000 map sheets covering most of
the Portland metropolitan area. The maps are based on new
and existing geologic mapping and interpretation of several
thousand boring logs. The maps depict the distribution and
thickness of potentially responsive or liquefiable
Quaternary sediments, other Quaternary and bedrock geologic
units, faults and contoured depth to basement data. Four
units have been identified as potentially responsive or
liquefiable. These are, Quaternary catastrophic flood
sediments (Qff), Quaternary alluvium (Qal), artificial fill
(Qaf) and loess (Ql). Qff and Qal are commonly 30-60 ft
thick and sufficiently regular thickness to isopach. Q1 and
Qaf are locally thick, but have wide variability in
thickness and have not been isopached.

Numerous northwest- and northeast-trending faults have been
mapped, some of which may cut rocks as young as Pleistocene.



QUATERNARY DEFORMATION IN THE PORTLAND METRO AREA

Ian Madin, Oregon Department of Geology and Mineral
Industries (DOGAMI)

Silvio Pezzopane, University of Oregon

Abstract

The Portland Metro area has a modest history of crustal
seismicity but lacks any documented example of Quaternary
deformation. Recent mapping (Beeson and others 1989, Madin,
1990) has documented Neogene faults in the area for the
first time, but has not demonstrated Quaternary seismic
activity. Research in progress has identified faulted flows
of the Plio-Pleistocene Boring lavas. The flows have a K/Ar
age date of 612 +/- 23 ka, and have been offset an unknown
amount by several faults. Dating of other faulted flows in
the area is pending.

Paleoliquefaction features have been documented in
fine sands and silts deposited by Pleistocene catastrophic
floods at three sites in the Portland Metro area. The
features include sand and silt dikes and sand blows. Sand
“blows and dikes clearly cut or warp 3 successive paleosols
at one site. Strong ground shaking during local or distant
earthquakes or rapid loading during catastrophic floods may
have induced tnis liquefaction.

Beeson, M.H., Tolan, T.L. and Madin, I.P., 1989 Geologic
Map of the Lake Oswego Quadrangle, Clackamas, Multnomah, and
Washington Counties, Oregon. DOGAMI GMS 59

Madin, I.P., 1990 Earthguake Hazard Geology Maps of the
Portland Metro Area  DOGAMI OFR 90-xX in press.



VOLCANO HAZARDS IN THE PACIFIC NORTHWEST

Edward W. Wolfe and C. Dan Miller, U.S. Geological Survey, David
A. Johnston Cascades Volcano Observatory, 5400 MacArthur Blvd.,
Vancouver, WA 98661.

Thirteen major volcanic centers and numerous smaller basaltic
or basaltic andesite volcanoes occur along the Cascade Range of
Washington, Oregon, and California. During the past 12,000 years,
Cascade volcanoes have erupted at an average rate of almost two
eruptions per century. Most of the major centers have been active
during this period, and two (Lassen Peak and Mount St. Helens) have
erupted during the present century. The most recent, Mount St.
Helens, caused significant loss of life and economic disruption.
Future eruptions in the Cascade Range are a virtual certainty.

Assessment and warning of volcanic hazards in the Cascade
Range draw upon two complementary types of information: (1) the
geologic record of past activity at each potentially active
volcano, and (2) the character of processes directly observed at
active volcanoes in the Cascade Range or elsewhere. Thus, lessons
from recent eruptions such as those of Mount St. Helens or
Colombia’s Nevado del Ruiz, or from the current eruption at Redoubt
Volcano in Alaska, can be applied directly to assessments of
hazards and monitoring of volcanoes in the Cascade Range.

Potentially hazardous volcanic phenomena in the Cascade Range
include tephra falls, pyroclastic flows and surges, lateral blasts,
debris avalanches, lava flows, and debris flows and floods.
Debris-flow and flood hazards are particularly enhanced by the
large surface areas and volumes of snow and ice that mantle many of
the major Cascade volcanoes. Volcanic hazards increasingly
threaten human 1life and human activities as communities and
economic and recreational developments expand on the flanks of
volcanoes and in their drainageways. Successful mitigation of risk
from volcanic hazards requires a continuing program of volcano
studies, hazard assessment, and volcano monitoring combined with
education of the public and hazard-based planning for land use and
emergency management.



Ground Motions from Hypothesized Mw=8 Subduction Earthquakes in the Pacific Northwest

Brian Cohee, Paul Somerville and Norman Abrahamson (Woodward-Clyde Consultants, 566 El
Dorado Street, Pasadena, CA 91101)

The amplitude and duration of strong ground motions from hypothesized M,,=8.0 subduction
thrust earthquakes in the Puget Sound - Portland region were estimated using a semi-empirical
method. The simulation procedure assumes the rupture surface may be represented by a grid
of fault elements. Finite difference wave simulation in a detailed two-dimensional velocity
structure identifies direct-S and the Moho post-critical reflection as the primary components of
the S wave field at the distances considered (30-100 km). Green’s functions containing these
two arrivals are computed with generalized ray theory in an equivalent one-dimensional structure
for each source element - receiver propagation path. Scattering and attenuation structure are
empirically modeled by the use of corrected accelerograms from M, ~7 Michoacan, Mexico and
Valparaiso, Chile aftershocks as the fault element source functions. Spatial variations in slip on
the fault (asperities) are introduced by weighting the fault elements. The technique has been
validated for large subduction zone earthquakes by modeling acceleration time histories and
response spectra from the 1985 Michoacan (M,=8.1) and Valparaiso (M,=7.9) mainshocks.

Fault models for the Puget Sound and the Portland regions and seismic velocity structure
models are adapted from regional refraction studies. Uncertainty in the location of the asperities
on the fault surface results in a large degree of uncertainty in the simulated ground motions at
a given site. If distance is defined as the distance to the closest asperity, then the variability
in the ground motions is reduced, indicating that this uncertainty can be lessened by constraining
the depth of the asperity. The ground motion estimates are relatively insensitive to the difference
in fault dip between the Puget Sound and Portland fault models. For a seismic moment of 1.3
x 1028 dyne-cm, the attenuation of peak acceleration with distance r from the fault asperity is
given by:

In(PGA) = 15.5 - 3.33In(r + 128) + 0.794s
where s is a site term equal to O for rock and | for soil.

Formal estimates of uncertainty in the calculated ground motions are obtained by estimating
both parametric uncertainty (from the range of source models of hypothesized Cascadia subduction
earthquakes) and modeling and random uncertainty (from the misfit between recorded and
simulated ground motions of the 1985 Michoacan and Valparaiso earthquakes). For periods less
than 1 sec, the estimated response spectral velocities in the Seattle - Olympia region are about
twice those recorded during the 1949 Olympia and 1965 Seattle earthquakes, and the durations
of strong shaking are significantly longer (40-60 sec vs. 10-20 sec).



Evidence for and Implications of Small-Scale (<1m) Tectonic
Subsidence in Salt Marshes of Alsea Bay, Oregon, Central
Cascadia Margin

M. E. Darienzo and C. D. Peterson (Geology Department, Portland
State University, P.O. Box 751, Portland, OR 97207)

Alsea Bay is a fluvially-dominated estuary in central Oregon. The salt
marsh subsurface contains ten buried peat (paleomarsh) layers. The
radiocarbon age of the oldest layer is approximately 4500 years B.P. The
record of marsh burial in Alsea Bay is important for two reasons. First, a
tectonic mechanism {coseismic subsidence) of marsh burial, as opposed 0 a
storm, river flooding or oceanic {i.e. E1 Nino) mechanism, can be clearly
identified. For example, river flooding can be discounted, because 1) sand
deposits, directly overlying buried peats, contain a marine sand component,
2) these sand deposits thin up bay, and 3) there is widespread correlation of
key stratigraphic horizons.

Second, the estimated amount of subsidence at Alsea Bay (<1 meter) is
less than the amount of subsidence {1-2 meters) calculated for buried
marshes in estuaries of northern Oregon and southern Washington. Small-
scale subsidence at Alsea Bay is based on abrupt transitions from high
marsh w0 lower high marsh or upper low marsh, in contrast 1 high marsh to
tidal flat transitions associated with laxrger-scale subsidence. This indicates
either 1) a greater distance from the axis of subsidence and a closer distance
to the zero isobase (where no uplift or subsidence occurs) than northern
Oregon/southern Washington estuaries during large magnitude earthquakes
Or 2} separate events of smaller magnitude, which would argue for
segmentation of the Cascadia Subduction Zone. Evidence of smail-scale
subsidence would place Alsea Bay somewhere between the axes of
maximum subsidence and uplift for a large Cascadia Subduction Zone
earthquake. The offshore fold belt, that paraliels the trench, comes onshore
in the Coos Bay area of southern Oregon. Onshore fold belt, rather than
megathrust {subducton zone), tectonics might control peat burial as well a3
their distribution in the Coos Bay area. Therefore, evidence of uplift froma
large prehistoric subduction zone earthquake could be found somewhere
between Alsea Bay and Coos Bay.



SITE-SPECIFIC EARTHQUAKE STRONG GROUND MOTION STUDIES
IN THE PUGET SOUND AND PORTLAND, OREGON
METROPOLITAN AREAS

Ivan G. Wong and Walter J. Silva
Woodward-Clyde Consultants
500 12th Street, Suite 100

Qakland, CA 94607

and

Ian P. Madin
Oregon Department of Geology and Mineral Industries
910 State Office Building
1400 SW 5th Avenue
Portland, OR 97201

ABSTRACT

Despite views that the Pacific Northwest does not possess a significant
level of seismic hazard based on the relative absence of damaging
earthquakes in historic times, recent seismologic and geologic studies
suggest the contrary. Realistic site-specific predictions of strong ground
shaking that might be generated from future large earthquakes are thus of
utmost importance to seismic safety. Until recently, such estimates have
not been possible for the Puget Sound and Portland areas nor have they been
required based on the perception of low seismic hazard. The only strong
motion data available for the Pacific Northwest are a few recordings of the
1949 M 7.1 Olympia, the 1965 M 6.5 Seattle-Tacoma and the 1962 M 5.1
Portland earthquakes. This relative lack of strong ground motion data has
historically been a problem for regions outside California. Thus the use
of empirical relationships, generally for peak ground acceleration, has
generally been the approach taken to estimate potential strong ground
shaking at a site. The inability to incorporate site- and region-specific
effects, however, severely limits the applicability of such estimates. 1In
particular, actual observations and research have long since recognized the
influence of the near-surface geology on strong ground motions, especially
for those areas overlain with unconsolidated sediments. Such site effects
can often dominate the contributions of the earthquake source and
propagation path especially in the frequency range of most engineering
concern (approximately 1-10 Hz).

In the past decade, a new strong ground motion methodology incorporating
the Band-Limited-White-Noise (BLWN) source model coupled with random
vibration theory (RVT) and an equivalent-linear formulation has been
developed that appears to successfully predict strong ground motions for
both rock and soil sites in a variety of tectonic regimes (Hanks and
McGuire, 1981; Boore, 1983; Boore and Atkinson, 1987; Silva and Darragh,



1990; Silva et al., 1990). This approach is attractive in that it utilizes
simple source, propagation path, and site properties which are easily
determined. Currently, the BLWN-RVT model does not accommodate basin
effects which can amplify ground displacements in the period range of 5-10
seconds (Vidale and Helmberger, 1987). At shorter periods (less than

1 sec), basin effects do not appear to exert a controlling influence on
ground motions (Seed et al., 1988). Rather, the local soil properties,
velocity gradient, damping, and profile thickness appear to be the
controlling factors at soil sites where dense strong motion data are
available (e.g., SMART-1 array in Taiwan). Strong motion simulation
studies for the Puget Sound and Portland regions such as those by Cohee et
al. (1990) have been performed to address the details of the rupture
process of a potential M 8 Cascadia earthquake. Modifications of the BLWN-
RVT methodology are also currently being made to incorporate additional
source and path effects.

In a study of strong ground motions in the Puget Sound region employing the
BLWN-RVT methodology, we have computed acceleration response spectra for
the 1949 and 1965 earthquakes as recorded at the Olympia Highway Test Lab
and Seattle Federal Building (Silva et al., 1990). Incorporating site-
specifiic shear wave velocity, density, and Q. data in a geologic profile
for each site and the source parameters of tﬁe two events, the predicted
strong motions agree quite well with the actual recordings. Acceleration
response spectra and time histories for a hypothetical M 8 Cascadia
subduction zone earthquake have also been predicted for a hard rock and
deep soil site in Seattle at a rupture distance of 70 km. A comparisor of
the two spectra dramatically points out the influence of near-surface souils
and the properties of the underlying rock on the amplitudes and spectral
content of strong ground motions. Both amplification and deamplificatior.
are evident in the deep soil site response spectra compared to the rock
site.

Additionally, strong ground motions resulting from possible moderate to
large magnitude earthquakes near the Portland metropolitan area have been
estimated for the 28-m-thick soil site of the new State Office Building in
Portland (Wong et al., 1990). The earthquakes considered were three
crustal events of M 5.5, 6.0 and 6.5 located at an epicentral distance of
10.0 km and a focal depth of 10.0 km and a M 8.0 Cascadia subduction zone
event located at a closest distance to the rupture plane of 73 km. Region-
specific information on crustal structure and seismic attenuation and a
detailed geologic profile of the site were used in the ground motion
estimates. The estimated peak ground accelerations ranged from 0.18 to
0.32 g for the crustal earthquakes and 0.20 g for the M 8 Cascadia
earthquake. The predicted acceleration response spectra for the site for
these events were compared with Uniform Building Code (UBC) design spectra;
all but the M 5.5 crustal earthquake exceed the currently recommended UBC
zone 2B spectra for the Portland area. This comparison, however, should be
viewed in the context of two critical assumptions made in the study:

(1) the chosen epicentral distance and focal depth of the crustal
earthquakes and (2) the choice of magnitude for the Cascadia event.



Existing geologic and seismologic data cannot preclude the possibility of a
crustal earthquake occurring closer to Portland nor a subduction zone
earthquake significantly larger than M 8. Thus given the extensive
unconsolidated sediments in the Portland metropolitan area (Madin, 1989)
and the possible future occurrence of earthquakes of M 6 and larger, strong
earthquake ground shaking would appear to pose a potential serious threat
to many existing and possibly even to newly constructed buildings in the
Portland area.
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EARTHQUAKE-INDUCED LANDSLIDES

by

Derek H. Cornforth
Landslide Technology
Portland, Oregon

INTRODUCTION

This Paper presents a simplified summary of the types of landslides which occur
during strong motion earthquakes. Emphasis has been placed on discussing causation, and
relevance to geologic conditions in the Puget Sound-Portland region. For discussion purposes,
the earthquake-induced landslides have been grouped as follows:

e marginally stable soils

e translational-slide movements in clay soils

e liquefaction of cohesionless soils, especially sands

LANDSLIDES IN MARGINALLY STABLE SOILS

Many slopes have "marginal" stability under normal conditions. In western Oregon and
southwest Washington, ancient landslide terrain is encountered in which a stiff clay or
colluvium mantles a slope. The ancient slip zone comprises weakened clay at "residual"
strength. It often requires little change in the stability relationship (e.g. a road cut or fill) to
reactivate movement along the ancient slip; hence the ground has "marginal” stability. Other
examples of marginal stability include ocean cliffs, actively eroding river banks, manmade cuts
and fills on steep terrain, talus slopes, weathered rock faces, and stratified volcano slopes.

When marginally stable slopes are subjected to the horizontal forces from a strong
motion earthquake, failure can occur. Usually these failures are local and fairly small
(Chleborad & Schuster, 1989). However, the Olympia earthquake of 1949 (magnitude 7.1)
produced a slide in a 300-foot high cliff into the Tacoma Narrows near Fort Nisqually (Noson,
Qamar & Thorsen, 1988). The main body of the slide occurred in the Esperance Sand
stratum in a slope averaging about 32° to the horizontal. A photograph of the slide indicates
a surficial break typical of sands. Although some reviewers have suggested liquefaction may
have been partly responsible for the failure, the fact that failure was delayed until three days
after the earthquake, and the type of failure, suggest that it can be classified as failure of a
marginally stable sand slope. Approximately 50 slope failures were caused by the Olympia
earthquake.

Seed and Goodman (1964) and Goodman and Seed (1966) discuss the analysis of these
movements during earthquakes in slopes of cohesionless soils with marginal stability. These
analyses assume that the slopes are above the water table and will not be subjected to
liquefaction during the earthquake.

In clay slopes of ancient landslide terrain, a slope collapse would not occur, but
significant movements could damage structures located at the margins of the landslide.
Although this specific issue has not been studied extensively, Makdisi and Seed (1978) provide
an approximate method for estimating ground movements in clay slopes during a major
earthquake. Briefly, the method calculates the horizontal "yield acceleration” ky needed to
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bring the factor of safety of the slope below one. During an earthquake the slope is assumed
to move during the part of the earthquake-induced acceleration-time graph which exceeds the
calculated "yield acceleration". Therefore, significant total movements occur during a large
magnitude earthquake in which the duration of strong motions is high. The calculated "yield
acceleration” is low for slopes with marginal stability, and thus is likely to be exceeded for

longer periods of time (during an earthquake) than in a slope with a higher static factor of
safety.

TRANSLATIONAL-SLIDE LANDSLIDES

The second group is block slides in clay slopes which have adequate stability under
normal static conditions but can become unstable when subjected to the horizontal forces of
a large earthquake. This type of failure is likely to occur when the ground has a plane of
weakness in the near-horizontal direction and thus responds to the horizontal forces occurring
during an earthquake (Fig. 1). Several major slides of this type occurred in Anchorage, Alaska
during the 1964 Alaska earthquake (magnitude 8.4). The clay stratum which sheared along
near-horizontal surfaces during the approximately 5 minutes of strong motions is the
Bootlegger Cove clay, a blue-gray plastic clay, 200 to 300 feet thick, which is sensitive to
remolding and loses strength under cyclic loading (Seed & Wilson, 1967). Silty and sandy
beds are found within the clay, especially near the surface of the stratum, and liquefaction
pore water pressures within these more permeable beds may have contributed to the failures.
However, they are separated here because the main slippage at Anchorage appears to have
occurred within the sensitive clay and thus needs to be distinguished from those failures
which result from loss of strength within loose sand layers.

GROUND
DEPRESSION
"GRABEN”

oeizs v
BLOCK WEIGHT

.

e B
SHEAR RESISTANC Plane of weakness, lamination,
or interbed

Figure 1. Translational-Slide Landslide During Earthquakes

The failure of the soft sensitive lacustrine clays caused spectacular movements and
resultant damage. In Anchorage, the L Street slide moved about 12 to 15 feet horizontally,
and the Fourth Avenue slide moved about 10 feet (Long & George, 1967). In each case, the
block movement created a ground depression ("graben") at the head of the slide where the
unstable block separated from the stable ground (Fig. 1). The length of the Fourth Avenue
slide, from headscarp to toe, of about 600 feet has indicated that the half wavelength of the
seismic shock may control the breakaway point and has provided one method of making a
pseudostatic analysis of the slide (Long & George, 1967). These two slides were stabilized
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against future major earthquakes by construction of rockfill buttresses at the toe of the block
slide.

The Turnagain Heights landslide in Anchorage covered an enormous area: 8,500 feet
wide along the coastline and up to 1,200 feet inland (130 acres). The slide moved into the sea
for distances of up to 1,200 feet. The slide mass broke up and destroyed 75 homes. Model
tests of the Turnaround Heights slide were performed on a shaking table at the University
of California (Seed & Wilson, 1967). The results, Figure 2, showed that the failure was
retrogressive (i.e. started at the toe of the slide and moved backwards) and the broken up soil
in the model had a strong resemblance to the geologic section observed in the detailed site
investigations, Figure 3. These results indicate that the size and damage of such landslides
depend on the duration of the strong ground motions.

Figure 2. Progressive Failure Mechanism Observed in Model Tests (after Seed & Wilson,
1967)
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Figure 3.  Soil Profile at Turnagain Heights After the Alaska Earthquake (after Seed &
Wilson, 1967)

A landslide on the San Pedro River near Lake Rinihue, Chile during the earthquake
of 1960 caused shear failure in lacustrine clay with considerable breakup of the ground
surface (Fig. 4). This failure extended about 1,700 feet behind the original cliff (Davis &
Karzulovic, 1961) and involved 30 million cu.yd. of slide materials.
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Figure 4. Large Translational Slide Near Lake Rinihue, Chile (1960) (after Davis &
Karzulovic, 1961)

Washington State has lacustrine varved clay deposits of silt and clay with near-
horizontal bedding planes. Additionally, recently deposited clays and silts in rivers and
estuaries are known to drop in strength on remolding. Both types of clays could be
susceptible to failure under strong ground motions of sufficient duration. Although there is
no past history of such failures, it is possible that clay interbeds between basalt flows could
fail under strong ground motions.
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LIQUEFACTION-INDUCED LANDSLIDES

The third, and most important, group of landslides results from temporary liquefaction
of sands during strong ground motions. Sands (and other cohesionless soils, which include
gravels and coarse silts) have point-to-point contact between the grains. When the structure
is disturbed by earthquake shaking, the sand grains may go into a fluid state, depending on
the compactness of the sand, weight of overburden, duration and severity of shaking, etc.
When liquefaction failure occurs, sand "boils" often appear at the ground surface. The surface
itself may be broken up, but more often is subjected to extensive cracking as the ground shifts
laterally.

Landslides caused by liquefaction are reported in virtually every major earthquake.
To liquefy, the sand deposits have to be relatively loose and below groundwater. For a
landslide to develop, a slope also has to be present. Such a slope can be an embankment fill
on top of the sand deposits, or a river bank, waterfront, etc. Therefore, areas at particular
risk of liquefaction include flood plains of rivers, deltas, estuaries, and loosely placed sand fills
(including hydraulic sand fills). Highways or railroad fills may fail and bridges may be
compressed by ground moving towards the river from one or both sides (Fig. 5). Buried
pipelines may be broken or float to the surface.

l Horizontal distances can be large I
=

BRIDGE Extensive Cracking

LIQUEFIED SOIL

Figure 5. Liquefaction Causing Lateral Slide Movements on Flood Plains

At waterfronts, flow slides may develop. At Valdez, extensive sections of the
waterfront were carried away by flow slides during the Alaska earthquake of 1964 (Coulter
and Migliaccio, 1966), as shown on the artist’s sketch made after the event, Figure 6.
Shannon (1966) reported a similar waterfront flow slide at Seward.

It is estimated that 270 bridges were severely damaged by this earthquake, with
movements of up to 6% feet towards the rivers being observed at some locations (McCulloch
& Bonilla, 1967). The damage was greatest on the deltas at Whittier and Seward; it was six
months before the first train reached Seward after the earthquake. Bridges built with their
abutments on rock suffered little damage.

Dames & Moore (1989) examined damage in the San Francisco area immediately after
the Loma Prieta earthquake (magnitude 7.1). Although the 10 seconds duration of strong
shaking was relatively short, they noted extensive damage to uncontrolled fills. On the other
hand, engineered sand fills placed under careful control survived the shaking extremely well.
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A liquefaction analysis is a fairly complicated study. The study team must first
determine the design earthquake for the site, and then determine the probable ground
accelerations which will affect the potentially liquefiable soils. These analyses provide the
input destabilizing forces, expressed as the "cyclic stress ratio". The resistance of the ground
is determined from Standard Penetration Test (SPT) sampling with various corrections for
overburden weight, silt content, pre-existing horizontal shear stresses, etc. The lateral
continuity of the weak zones is also important. The resistance of the ground is then
compared to the input forces of the earthquake to determine the slope stability.

There are several methods of preventative treatments for ground subject to soil
liquefaction. They are comparatively expensive although the actual cost will depend on the
local circumstances. They include: drainage, soil compaction, remove and replace, grouting,
slope support, and relocation of the at-risk facility.

The Puget Sound-Portland region has many waterfront fills on the Sound, Olympic
Peninsula, coastline, Columbia River and other tributary rivers. There are also many old fills
in the cities and towns where sand is below groundwater levels. The potential for damage to
lifeline structures from liquefaction-type landslides during a major earthquake is substantial.
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THE RELATION OF EARTHQUAKE INTENSITY TO SURFACE GEOLOGY
AND/OR ELEVATION IN WESTERN WASHINGTON STATE

TOM BODLE
Geophysics Program, University of Washington, Seattle

Modified Mercalli Intensity values are analyzed to determine their
relation with surface geology and/or elevation. The research data
for this study consists of approximately 4000 intensity reports
derived from the 1965 (M=6.5, depth=59 km.) and 1981 (M=5.5,
depth=7 km.) Washington State earthquakes. The intensity reports
were collected from locations in western Washington and northern
Oregon. As a subset, the Seattle and Olympia areas are the principal
focus of my investigation. For each of these areas, the sites of these
reports lie in such close proximity that distance from the
hypocenter is not a factor in their relative variation. The Seattle
area study includes approximately 1600 reports, the Olympia area
250 reports.

In the Olympia area, for both the 1965 and 1981 events, intensity
is significantly associated by the Chi-squared test of significance
with surface geology. Both sets of intensity data are located 80 to
100 km. from each hypocenter. All the 1981 intensity values are
then adjusted by addition of a constant to allow comparison with the
larger intensities derived from the greater magnitude 1965 event.
The relation of intensity to surface geology is then found to be
independent of the type of earthquake (predominantly normal vs.
strike-slip), depth (59 vs. 7 km.), location (47.4 and 122.4 vs. 46.4
and 122.2 degrees latitude and longitude), intensity questionnaire,
and person assigning intensities from the reports. Cramer's measure
of asscciation batween intensity and surface geologic units for both
earthquakes ranges from .294 to .356 out of a maximum of
dependence of 1. The overall results are compared to previous
related research in this area.

In the Seattle area, for the 1981 event, intensity is significantly
associated with surface geologic classes, although it is not for the
1965 event. Three possible hypotheses are given for the lack of
association including deficits in the intensity method and sampling
errors. The results from both events are compared with previous
related research in this area. Cramer's measure of association
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between intensity and surface geologic classes for the 1981 results
is .137 out of a maximum of 1.

In the Seattle area, for the 1981 event, surface geologic units are
classified by site elevation. A significant association is found
between intensity, and post glacial surface geologic units located at
elevations of 0 to 100 feet in 25 foot increments. Another
significant association is found between intensities located on all
geologic units except glacial till at elevations of 0 to 200 feet in
100 foot increments.
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Evidence of Liquefaction in the Puyalliup Valley
During the 1949 and 1965 Puget Sound Earthquakes

by

John A. Shulene
Volunteer, U.S. Geological Survey
Puyallup, Washington

The city of Puyaliup, located 30 miles south of Seattle, is situated on the broad floodplain of the
Puyallup River. During the 1949 Olympia earthquake (magnitude 7.1 on the Richter scale) considerable
sand blow activity was observed in the vicinity of Puyallup.

The valley’s soil profile is varied, but generally the surface layer consists of a foot or more of
cohesionless sandy loam. A layer of clean sand has been widely found directly under the loam in many
excavations, borings, and wells. A high water table causes this sand to be saturated, thus making an
ideal situation for liquefaction of the sand during ground shaking, as in an earthquake. The release of
pore pressure from the liquefied sand deposit causes venting of water and sand through the overlying
materials, which results in mounds of sand, termed sand blows, on the soil surface.

In May 1989, | placed a short advertisement in the valley newspaper, The Pierce County Herald,
requesting information from people who had witnessed sand blows or "gushers” during the 1949 or 1965
Puget Sound earthquakes. | received 27 phone calls from persons who saw these phenomena.

The accompanying photographs were taken immediately after the 1949 earthquake by Richard Six,
who was at that time a Tacoma police officer. The street flooding is on 4th Avenue NW, just west of the
Puyallup school bus garages. The day of the earthquake, April 13, was sunny and dry. Six stated that
although there were some broken water mains after the earthquake, he was aware of no ruptured mains in
the area of the flooding. This flooding apparently was a product of the "gushers”. A heavy layer of sand
that erupted from the sand blows was deposited on lawns.

Memories of many events may dim after 40 years, but an earthquake tends to remain imprinted in
the mind. | received some vivid and detailed descriptions from those with whom | spoke. One person
told me of a crack in a basement floor that allowed liquefied sand to fill the basement to a depth of about
4 feet. Another said sand filled the basement and floated a furnace. There were descriptions of
"gushers” in gardens, in front and back yards, and in crawl spaces, as well as of sandy water venting
upward to heights of 6 feet or more. Others told of simple bubbling or small spurts of sandy water.

There were many stories of small hills of sand, 7 to 9 inches in diameter and as much as 6 to 9
inches high. A cluster of as many as 20 such hills appeared on front and back lawns or open fields. One
woman described the block where the Puyallup High School gymnasium now stands as an active site of
sand blows. A single sand blow north of the Puyallup River in the Firwood area was reported to cover an
area of 15 to 20 square feet. The owner states he can grow nothing on that spot.

Most of the reported sites of sand blows are in the northwest part of the city on both sides of the
railroad tracks and in the farm lands on the north side of the river toward the city of Fife. | received only
one report of a sighting near the fairgrounds in Puyallup, but there were many open fields near that site at
the time - and few observers. There was one report from Sumner, and a call from a woman in Orting
who reported a "gusher” that seemed a bit "oily". An oily sand blow would be atypical.

The 1965 earthquake (Richter magnitude 6.5) evidently caused very little sand blow activity. The
only report | received concerning this earthquake involved a considerable amount of sand and water on
the Aylen Junior High School playing field. This field is about 150 yards from the site where Six's
photographs were taken in 1949.

The pace of development and population increase continues to increase in the Puyallup area.
Liquefaction can disrupt building foundations, and can damage roadways and underground utilites. The
location of potentially liquefiable sand deposits can play an important part in mitigating this earthquake
hazard if appropriate land use and construction practices are undertaken.
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Geotechnical Analysis of Liquefaction in Puyaliup
During the 1949 and 1965 Puget Sound Earthquakes

by

Stephen P. Palmer
Washington Department of Natural Resources
Division of Geology and Earth Resources
Olympia, Washington

Liquefaction is a process in which a water-saturated granular (sandy) soil layer loses
strength during the strong vibratory shaking of a large earthquake. A liquefied layer and the
overlying soil mass can be subject to large lateral displacements, which may then result in
the disturbance of building and road foundations, failure of earth-filled dams and levees, and
disruption of underground utilities. Liquefaction of a near-surface soil layer is often expressed
by the eruption of a sand-water slurry, termed a sand blow, which forms a conical deposit on
the ground around the vent. Lateral spreading occurs when blocks of the soil mass overlying
a liquefied stratum slide down shallow slopes (0.5° - 3°) toward a free face, such as a river
channel or manmade cut. Fracturing and differential settlement of the moving blocks can
severely damage structures or pipelines situated in this material. Sand blows and lateral
spreading caused by the 1949 magnitude 7.1 and 1965 magnitude 6.5 earthquakes (Figure 1)
were widely reported in the Puget Sound region.

The precise locations of liquefaction phenomena that occurred in the city of Puyallup
are now available through the efforts of John Shulene (Shulene, 1990). These locations,
shown in Figure 2, provide important data for the evaluation of liquefaction hazards in the
Puget Sound area. Geotechnical boring data in the northwestern portion of Puyallup were
obtained from Ben Peterson of the City of Puyallup Engineering Division. Three potentially
liquefiable soil units, described in Figure 3, were identified in these borings using sample
descriptions, sieve analyses, and Standard Penetration Test (SPT) data. Two of these units
are described as loose, black, fine to coarse clean sands; this is consistent with many of the
descriptions of the material that erupted as sand blows at the Puyallup sites during the 1949
earthquake (Edwards, 1951; John Shulene, 1990).

Liquefaction typically occurs in loosely packed, sandy soils that lie below the
ground-water table (and consequently are saturated). The geotechnical properties most
important in determining a soil's liquefaction capability are the relative density and the amount
of silt-sized fraction. Relative density is a measure of the consolidation of a soil. Soils that
have a high relative density are tightly packed and have little capability to liquefy. Soils of
low relative density are loose and have a high susceptibility for liquefaction during an
earthquake. The SPT is the most commonly used method of measuring in situ soil density
during drilling of a geotechnical boring. In the SPT, a standardized core barrel (a 2-in. outer
diameter split-spoon sampler) is driven into the soil mass by a 140-lb hammer falling 30 in.
The sampler is driven 6 in. to be properly seated, and then driven another 12 in. The
number of hammer blows to drive the sampler this final 12 in. is counted, and this number is
termed the SPT blow count (or N-value). SPT blow counts in the range of 1 to 4 indicate a
very loose (low density) soil; N-values over 50 indicate a very dense soil which has little
susceptibility to liquefaction. Sandy soils in which the grain size is quite uniform (poorly
graded) will liquefy more easily than well-graded sandy soils with equivalent N-values. The
grading of a soil is measured by passing a soil sample through sieves of various mesh sizes.

Modified from an article in the Washington Geologic Newsletter, 1990, v. 18, no. 3, p. 3-7.
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A cumulative weight percentage of grains passing through each of the sieves is graphed as
shown in Figure 4. Typically, sandy soils containing more than 40 percent silt fraction
(passing a 200 mesh, or grains smaller than approximately 0.075 mm) are considered to have
little potential for liquefaction.

Liquefaction during an earthquake is dependent on the level of ground acceleration,
the duration of strong shaking, and the depth to the ground-water table, as well as the
relative density and grain-size gradation of the soil. Ground acceleration and duration of
strong shaking generally increase with increasing earthquake magnitude and decreasing
hypocentral distance. By happenstance, Puyallup was at the same hypocentral distance (65
km + 2 km) for both the 1949 and 1965 earthquakes (Figure 1). Thus, the difference in
acceleration and duration of shaking in Puyallup during these two earthquakes depended, to a
first approximation, only on the difference in magnitude of these two events.

The depth to the ground-water table is an important factor in assessing liquefaction
susceptibility, as liquefiable soils must be saturated. The elevation of the unconfined
ground-water table in the Puyallup valley is governed by seasonal recharge and discharge
(Walters and Kimmel, 1968). During April, the month in which both the 1949 and 1965
earthquakes occurred, unconfined ground-water levels are primarily determined by the amount
of rainfall during the previous wet season. Precipitation records from the Puyallup
Experimental Station indicate that the rainy seasons preceding these earthquakes were
similar, and that precipitation was somewhat below normal. Thus, the elevation of the
unconfined ground-water table during these two earthquakes probably was quite similar.

| postulate that the difference in earthquake magnitude appears to be the most
important parameter controlling the extent of soil liquefaction in Puyallup during the 1949 and
1965 events. Liquefaction-related phenomena were commonly reported only during the 1949
earthquake. This suggests that the smaller magnitude 1965 earthquake did not produce the
ground acceleration and duration of strong shaking necessary to cause significant liquefaction
in Puyallup.

To verify this interpretation, the critical accelerations required to cause liquefaction for
a magnitude 7.1 earthquake were calculated using the method of Seed and others (1983) for
each SPT N-value from the borings shown in Figure 2. The method of Seed and others
(1983) is an empirically-based analysis that uses SPT N-values and grain-size data to
determine the critical stress at which a soil will liquefy during an earthquake of a given
magnitude. This critical stress is compared to the stress imparted at the SPT sample depth
by the acceleration of the overlying soil mass during this earthquake. If the imparted stress
is greater than the SPT-based critical acceleration, then the soil is considered to have
liquefied. Critical accelerations were calculated using the SPT N-values from the borings
shown in Figures 5a and 5b and soils data summarized in Figure 3 . To account for the
seasonal variation of the unconfined aquifer, ground-water elevations in these borings were
assumed to have been 5 ft higher during the April earthquakes than during September, 1978,
when they were measured.

The above analysis was performed using SPT N-values from profile 1 (Figure 5a)
assuming a magnitude 7.1 earthquake. These results indicate that the critical accelerations
range from 0.10 g to 0.20 g for soil units 4 and 6, and that no other soil units could liquefy.
During the 1965 earthquake a peak ground acceleration (PGA) of 0.08 g was measured at
both Tacoma and Seattle, which were at hypocentral distances of 65 km and 67 km,
respectively. These measured PGA’s are less than the minimum critical acceleration (0.10 g)
estimated from the geotechnical boring data and shown in Figure 5a. In addition, the smaller
magnitude 1965 earthquake is estimated to have had approximately 75 percent of the number
of cycles of strong ground shaking in comparison to the 1949 event (Seed and lIdriss, 1982).
We conclude that the 1965 earthquake did not produce the ground acceleration and duration
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of strong shaking necessary to cause liquefaction in Puyallup. Shulene (1990) received only
one report of a sand blow during the 1965 event (Figure 2), compared to eighteen reports for
the 1949 earthquake.

A preliminary ground motion attenuation relationship specific to Puget Sound moderate
depth earthquakes predicts a mean PGA of 0.17 g at Puyallup during the 1949 earthquake
(C. B. Crouse, oral commun., 1990). Using this 0.17 g as the PGA in Puyallup during the
1949 earthquake, significant near-surface liquefaction would have occurred only in boring B-9,
which has more than 15 ft of soil that is liquefiable at accelerations of 0.17 g or less (Figure
5a). Boring B-9 is located just east of the densest occurrence of reported liquetaction sites
during the 1949 event (Figure 2).

In the borings shown in profile 2 (Figure 5b), only soil unit 2 has a significant
thickness of potentially liquefiable material. Most soil units along this profile are silts and clays
and are consequently not liquefiable. Oddly, this profile is near the reported area of most
intense liquefaction during the 1949 earthquake. Trenching during underground utility
installation has shown that the continuity of these soil units can be quite variable over short
distances (Ben Peterson, oral commun., 1990). Interfingering of these silty/clayey soils with
the liquefiable black sands may explain the pattern of liquefaction reports in the vicinity of
profile 2. Alternatively, the sand blows reported in the area adjacent to this profile may have
resulted from liquefaction of soil unit 2.

This study demonstrates the applicability of the method of Seed and others (1983) to
liguefaction assessment of shallow, flat-lying soil sites in the Puget Sound area. Further,
plausible bounds on PGA can be estimated at identified liquefaction sites for the 1949 and
1965 Puget Sound earthquakes using this methodology. Geotechnical analysis of other
identified sites of liquefaction that occurred during these earthquakes is planned. An on-going
sedimentological study of some liquefiable black sand units in Puyallup shows that they are
primarily composed of sub-angular to angular lithic and mineral fragments of Mount Rainier
andesite, and may represent highly or hyper-concentrated flow deposits derived from Mount
Rainier lahars (Pat Pringle, oral commun., 1990).
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5 @ = EPICENTER Figure 2. Locations of reported liquefaction phenomena in Puyallup
X during the 1949 (triangles) and 1965 (asterisk) earthquakes. Most of
Figure 1. Epicenters of the 1949 magnitude these reports described sand blows and “gushers” (Shulene, 1990)
7.1 and 1965 magnitude 6.5 Puget Sound during the earthquakes. Note that there was only one reported instance
earthquakes. The hypocentral distance from of liquefaction during the 1965 event. The geotechnical borings (des-
both of these earthquakes to the city of Puyallup ignated as B-xx) and alignment of profiles 1 and 2 are also shown.
is 65 + 2 km.
Soil Description Y Ysat % Lique-
unit (pch  (pch fines flable
1 [Fill, consisting of dense brown, silty, sandy gravels with scat-| 130 140 >35 NO
tered cobbles and asphalt blocks
2 |Loose, brown to gray, silty, fine to medium sand with 90 105 35 YES
scattered gravel and organic material
3 |[Very soft to medium stiff, gray-brown, clayey or, in places, sandy| 100 110 65 NO
silt with organics
4 |Very loose to medium dense, black, clean, fine to medium sand| 100 120 5 YES
with some lenses of silty fine sand and sandy silt
5 [Medium dense, gray, silty fine sand and sandy clayey silt with| 110 130 >35 NO
scattered organic material
6 |Loose to medium dense, black, fine to coarse sand with scattered| 110 130 5 YES
gravel

Figure 3. Descriptions and material properties for the six soil units encountered in the geotechnical borings
used in this study. v is the In situ unit weight {bulk density) of the soil unit measured in pounds per cubic foot
(pcf); ysat is the saturated unit weight of the soil unit.
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Liquefaction Suaceptibility Mapa for the Seattle North and

South, Washington Quandrangles

William J. Perkins
W. Paul Grant

T. Leslie Youd

ABSTRACT

To help planners and engineers mitigate future liquefac-
tion damage, we present ligquefaction suasceptibility maps for
the Seattle North and South Quandrangles. The mapa deli-
neate areas of different liquefactiion susceptibility.

We collected bore hole data (i.e. SPT blow count) and,
using Sead’as aimplified procedure, determined the cumulative
thickneas of liquefiable sediment in each boring. Thicknes-
seg were calculated for variouas scenario earthquakea. We use
thicknesa of liquefiable sediment as a meaasure of liquefac-
tion asusceptibility because damage ia likely a function of
the thicknesas. Filled areas along Elliot Bay and the old
Duwamish Tide Flata are the most suasceptible to liguefac-

tion. Recent lacusatrine, alluvial, and beach deposits also
have significant susceptibility. Plieatocene or older sedi-
ments that have been glacially overridden are not

ausceptible to liquefaction.
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The Standard Penetration Versus Depth Relations of
Quaternary Glacial and Nonglacial Deposits in the Southern
Seattle Area, Washington: Implications for Studies of
Liquefaction Susceptibility

By

James C. Yount, Greg S. Vick, and Gail McCoy
U.S. Geological Survey
Menlo Park, California

1990
Abstract

The southern Seattle area is underlain by a
lithologically complex sequence of glacial and nonglacial
gravels, sands, and muds of Quaternary age that show a wide
range of physical properties. In this study, we explore the
usefulness of one particular property, standard penetration,
as an indicator of near-surface liquefaction potential for
the water-saturated unconsolidated sediments in theSeattle
area. Following Youd and others (1975), we examine the
depth relations of standard penetration data for individual,
mappable geologic units and compare the slopes of plots of
standard penetration values, in blows per foot, versus depth
for various lithologic and stratigraphic units in order to
determine a relative ranking of liquefaction potential for
the units considered.

The standard penetration data are derived from 166
drill-holes in the Seattle South and Duwamish Head 7 1/2 '
quadrangles, and, except where noted, are confined to
measurements made while driving a 2-inch outside diameter,
split-spoon sampler with a 140 pound hammer dropped 30
inches. Mappable geologic units are grouped into the
following stratigraphic scheme: artificial fill (including
circa 1900 hydraulic fill), Holocene alluvium, Vashon
recessional outwash deposits, Vashon till, Vashon advance
outwash deposits, pre-Vashon nonglacial deposits, and pre-
Vashon glacial deposits. The units are further subdivided
into dominantly fine-grained (muddy) and dominantly coarse-
grained (sandy and gravelly) sediment types. Plots of
standard penetration, measured in blows per foot, versus
depth for samples within 45 feet of the ground surface were
prepared for each stratigraphic category, with muddy units
plotted separate from sandy and gravelly units.

The resulting plots show a great deal of variability
through the studied depth range for any given stratigraphic
class. The Vashon glacial deposits, including tills and
associated outwash, show considerable variability as is
typical of standard penetration data derived from gravelly
sediments. In general, plots for fill and alluvium display
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less variability than do the plots for the glacial
sediments, reflecting the more homogeneous nature of those
sediments. Using the slope of the standard penetration-
depth plot as a measure of a unit’s sensitivity yields a
crude three-fold classification, with muddy alluvium and
muddy fill being most sensitive, muddy recessional and
advance outwash, sandy alluvium, and older glacial deposits
making up an intermediate category, and sandy recessional
and advance outwash, Vashon till , and pre-Vashon nonglacial
mud and sand comprising the most stable category.
Interestingly, the plot for sandy fill displays a relatively
steep slope, perhaps reflecting improved techniques used for
emplacing fill in the recent past.

Correcting standard penetration data for overburden
pressure introduces considerable scatter into the depth
plots and destroys the three-fold classification presented
by the uncorrected data. Sandy sediments do show a
systematic increase in the slope of the standard
penetration-depth plot that agrees with geologic conditions.
For example, sandy sediments which have been overlain by
Vashon ice are less sensitive than sandy sediments which
have accumulated since the withdrawal of Vashon ice. Plots
of muddy sediments using corrected data show no such
tendency. Corrected blow count values usually decrease
slightly or remain unchanged with depth for muddy sediments
regardless of stratigraphic situation.

Introduction

Liquefaction of water-saturated sediment during even
moderate earthquakes is a commonly observed phenomenon, and
has caused much of the destruction during many large
earthquakes (National Research Council Committee on
Earthquake Engineering, 1985, p. 14-16). The term
liquefaction is used in this paper to mean "...the
transformation of a granular material from a solid state to
a liquefied state as a consequence of increased pore-water
pressures" (Youd, 1973, p. 3). The major elements necessary
to induce liquefaction during earthquakes are 1) the
presence of near-surface, water-saturated, geologic
materials with physical properties that enhance the build up
of intergranular pore pressure during particle rearrangement
and 2) seismic sources sufficiently large or nearby to
produce the cyclic accelerations needed to cause particle
rearrangement.

Previous Earthquakes and Liquefaction in the Puget Sound
Area

Liquefaction has been observed during at least 3 past
earthquakes in the Puget Sound area (fig. la) and ground
failure has taken place (table 1). Numerous cases of
geysering, sand boil activity, and settlement of building
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TABLE 1: QUOTATIONS REGARDING LIQUEFACTION AND GROUND
SETTLEMENT IN THE PUGET SOUND REGION DURING EARTHQUAKES
(see figure 1 for general locations of areas being
discussed; references to figure numbers in quotations refer
to original article)

1. 1939, Port Orchard (fig. la) "The Washington State
Highway Department sent in pictures of a paved highway near
Port Orchard, Washington. Investigations of this crack
showed it to be on the surface of a fill approximately 260
yards in length and 4 yards thick in the center. A bed of
quicksand fed continuously by many springs a short distance
away on the uphill side underlies the sand and gravel of the
fili.»

(Coombs and Barksdale, 1942, p.3-4.)

2. 1949, Centralia (fig. la) "Water and sand spouted from
the ground."
(Ulrich, 1949, p. 10)

3. 1949, Olympia (fig. la) "A large portion of a sandy
spit jutting into Puget Sound north of Olympia disappeared
during the earthquake."

(Ulrich, 1949, p. 10.)

4. 1949, Puyallup (fig. la) "Geysers ejected water and
sand."
(Ulrich, 1949, p. 10.)

5. 1949, Seattle (fig. l1la) "Large cracks in filled ground,
some cracking of pavement, and water spouted six feet or
more from many ground cracks."

(Ulrich, 1949, P. 10.)

6. 1949, Puyallup (fig. la) "Geysers of muddy water rose
in many yards to heights as much as 3 ft., forming circular
deposits of black, sandy clay while in some basements the
surging earth pushed the floors up, crushing the furnaces
and piping against the joists above."

(Edwards, 1951, p. 6.)

7. 1949, Puyallup (fig. la) "During this temporary
flotation of the surface areas the horizontal movements of
the quake created compression zones in some areas. In parts
of Puyallup they were so strong that basement floors were
lifted like pistons in a pump as much as 16 in. so that
furnaces and pipes were crushed against the joists above and
did not recede, while stud or post supports were forced
through floors to as much as 8 in. above. These compression
areas and adjoining tension areas caused soil movements
which pulled apart or broke underground piping or conduit
systems."

(Edwards, 1951, p. 7.)
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(Table 1 continued)

8. 1949, Seattle (fig. la) "The consolidation of the
alluvium by the vibratory action of the earthquake freed
water which previously had been retained in the spaces
between the soil particles. The presence of this released
water under the pressure of the surface soil or mat was
evidenced by the geysers of water and mud which spurted from
the ground reportedly as high as 3 ft., which flowed
continuously for as long as 24 hours, and which filled
basements in the Sears Roebuck area of 1st Ave. S. (fig. 1b)
in Seattle with sand."

(Edwards, 1951, p. 7.)

9. 1949, Frozen waves "Visible waves traveling over the
earth’s surface (often reported but pooh-poohed or
disbelieved by seismologists at the times of other
earthquakes) were seen here and in addition left their
imprint on the sands and soils of the soft areas in several
locations. On the Tacoma lowlands (fig. la), definite
though slight parallel ridges about 12 ft. apart were left.
In a freshly plowed, disked and leveled field near Kent
(fig. la) definite waves with crests about 6 in. high and 30
ft. apart resulted, and on a black-~topped road in Pierce
County (fig. la), according to the county engineer, troughs
were evident afterward extending diagonally across the
pavement for 1/4 mile having a crest-to-trough height of 2
to 3 in." ’

(Edwards, 1951, p. 7.)

10. 1949, Seattle (fig. la) "At one building in Seattle
the ground settled and was washed from under a footing by
escaping ground water. At other buildings, particularly
back of bulkheads along and in waterfront structures,
substantial settlement occurred, breaking water mains and
sewers, pulling electric conduit apart as much as a foot,
and causing similar damage to other underground structures."
(Edwards, 1951, p. 7.)

11. 1949, Olympia (fig. la) "A large portion of a sandy
spit jutting into Puget Sound north of Olympia disappeared
during the earthquake."
{Murphy and Ulrich, 1951, p. 20.)

Repeats 3.

12. 1949, Centralia (fig. 1la) "1 church condemned,
continued settling of ground caused extensive damage....
Water and sand spouted from the ground.... Four miles
southwest of town, water spouted 18 inches high in middle of
field, leaving a very fine sand formation for a considerable
space around each hole, the holes varying from 1 to 3 inches
in diameter. Water spouted from inch-wide crack 8 or 10
"feet long. Caretaker on Newaukum River (fig. 1la) intake
noticed gas or air boiling up through water in the river."

Murphy and Ulrich, 1951, p. 21 [also p.22].)

2 repeats a portion of this entry.
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(Table 1 continued)

13. 1949, Forest (fig. la) "At the Niels Paulsen farm, two
springs appeared; the first came in the 1946 temblor and
another appeared close by during this shock.”

(Murphy and Ulrich, 1951, p. 21.)

14. 1949, Longview (fig. la) "Water came through cracks in
sizable quantity for about 3 hours after the shock, stopped
entirely about 12 hours after the shock. Water and sand
spouted from the ground."

(Murphy and Ulrich, 1951, p. 21)

15. 1949, Puyallup (fig. la) "Geysers erupted in fields
bringing up much sand."
(Murphy and Ulrich, 1951, p. 22.)

le. 1949, Seattle (fig. la) "Water spouted 6 feet or more
from many ground cracks."
(Murphy and Ulrich, 1951, p. 22.)

17. 1949, Seattle (south section) (fig. la) "Water
observed spouting 6 feet or more from many ground faults.
Blue silt forced up through minor cracks in basement floors.
Many basements completely filled with silt, with floors
forced upwards until failure resulted."

(Murphy and Ulrich, 1951, p. 22.)

18. 1965, Harbor Island (fig. 1b) "A second instance of
damage on Harbor Island occurred at Piers #15 and #16 as
shown in figure 26. These piers shifted toward the water by
about one foot due to the soil losing much or all of its
strength, or partially liquifying, and pushing the dock
toward the water."

(Steinbrugge and Cloud, 1965, p. 78.)

19. 1965, Duwamish River (fig. 1b) "The low-lying filled
areas along the Duwamish River and its mouth settled and
were the locations of considerable building damages."

(von Hake and Cloud, 1967, p. 37)

20. 1965, Harbor Island (fig. 1b) "Piers 15 and 16 on
Harbor Island shifted toward the water by about 1 foot due
to the soil losing much or all of its strength, or partially
liquifying and pushing the dock toward the water."

von Hake and Cloud, 1967, p. 37.)

Repeat of entry 18.

21. 1965, Port of Seattle, (fig. la) "Pier 5, where
construction projects were underway, was hardest hit. The
bulkhead and the £ill behind it settled, the fill dropping 6
inches to 2 feet for a width of 25 to 40 feet. The bulkhead
was reported to be 6 to 8 inches out of line. Several Port
piers suffered similar damage. Pier 20 at the East Waterway
Terminal settled.n®

(von Hake and Cloud, 1967, p. 37.)
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{Table 1 continued)

22. 1965, University of Washington, (fig. 1b inset) "...a
fissure opened in the practice field at the University.
Underground pressure from the shock sent sand spurting in a
100-foot-long- zig-zag stretch on the lower football field.
Behind the men’s pool, areas of the ground dropped as much
as a foot. Dirt floor sections in the Hec Edmondson
Pavilion also sank slightly."

(von Hake and Cloud, 1967, p. 39.)

23. 1965, Gig Harbor (fig. la) "Press reported a part of
Crescent Lake Road, west of Gig Harbor, sank out of sight
and was covered with water."

(von Hake and Cloud, 1967, p. 41.)

24. 1965, Renton (fig. la) "At the Boeing Aircraft
Plant,... floors settled away from the foundation piling;"
(von Hake and Cloud, 1967, p. 47.)

25. 1965, Suquamish (fig. 1a) "The press reported the
shoreline of Suquamish, in northeast Kitsap County, heaved
up 15 feet in places. A 2-story beach house was demolished
and trees were uprooted....A nearby resident reported the
beach below the bank heaved in a wave-like motion and rolled
like a wave toward the bank. The beach close under the bank
seemed to sink several feet. ’‘The earthquake left a high
beach , most of which was washed out by the high tide.’"
(von Hake and Cloud, 1967, p. 48.)

26. 1965, Vashon Island "Press reports stated the Burton-
Tahlequah Road settled."

(von Hake and Cloud, 1967, p. 49.)

27. 1965, Georgetown (fig. 1b) "About a mile still farther
south, however, property loss at the Boeing Company was
reported to be high. Much destruction there resulted from
subsidence, but numerous broken windows attested to
vibration damage as well."

(Mullineaux and others, 1967, p. D188.)

28. 1965, Interbay Valley (fig. 1b inset) "At the northern
end of Interbay Valley (fig. 1), broken windows and cracked
walls in commercial and industrial buildings probably
resulted from vibration, and differential subsidence caused
some foundation damage."

(Mullineaux and others, 1967, p. D188)

29. 1965, Green Lake (fig. 1b inset) "Just south of Green
Lake (fig. 1), lacustrine sediments overlain by thin fill
subsided, apparently as a result of both compaction and
lateral movement downslope toward the lake. Here, ground
cracks opened as much as 2 inches, breaking the foundation
of a small building, fracturing walks and paving, and
breaking utility lines."

(Mullineaux and others, 1967, p. D188)

30. 1965, Union Bay (fig. 1b inset) "North of Union Bay, a
broad fill over alluvial and lacustrine sediments subsided
and exhibited scattered ground cracks and sand mounds."
(Mullineaux and others, 1967, p. D188.)
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foundations were reported from the 1949 Olympia (M=7.1,
Nuttli, 1952) and 1965 Seattle (M=6.5, Algermissen and
Harding, 1965) earthquakes. Lateral spreading most likely
developed during these earthquakes (table 1; entries 7, 18,
20, 29) as well as during the 1939 Olympic earthquake (MM
Intensity VII, Coombs and Barksdale, 1942) (table 1; entry
1).

Generally, the observed instances of liquefaction and
liquefaction-related damage have been confined to areas of
fill (Union Bay (fig. 1b inset), Harbor Island (fig. 1b)),
young alluvium (Duwamish River Valley (fig. 1b), Interbay
Valley (fig. 1b inset), Newaukum River floodplain (fig. 1la),
Chehalis River floodplain (fig. la)), young lacustrine
sediments (Green Lake (fig. 1lb inset)), young estuarine
deposits (mouths of Duwamish and Puyallup Rivers (fig. 1la)),
or young beach deposits (Suquamish (fig 1la)).

Use of Standard Penetration Information in the Prediction of
Liquefaction Potential

Many techniques for evaluating the liquefaction hazards
associated with earthquakes have been proposed recently (see
Chapter 4, National Research Council Committee on Earthquake
Engineering, 1985, for a summary). Many of the proposed
techniques rely on using data derived from Standard
Penetration Tests (SPT) to either 1) assign geologic units
to supposed liquefaction susceptibility classes on the basis
of their SPT properties (Youd and Perkins, 1978; Youd and
others, 1978; Youd and Perkins, 1987) or 2) empirically
evaluate liquefaction behavior of materials during actual
earthquakes (Seed and Idriss, 1971; Seed and others, 1983)

Problems exist with making and interpreting SPT
measurements (Schmertmann and Palacios, 1979; Kovacs and
Salomone, 1982) and other material properties (shear wave
velocity, cone penetration resistance) may predict
liquefaction susceptibility as well or better than SPT
measurements. Still, it is attractive, particularly for
reconnaissance or large-scale planning studies, to use the
large number of SPT tests available in most urban areas
throughout the country during evaluations of liquefaction
susceptibility.

Purpose of This Study

This study examines the variability of SPT data derived
from 166 geotechnical drill-holes through glacial and
nonglacial deposits in the southern Seattle area. Standard
penetration data (blow counts) are plotted against depth for
fine-grained (muddy) and coarse-grained (sandy and gravelly)
categories of the various stratigraphic units penetrated in
order to evaluate the usefulness of the geologic units as
predictors of liquefaction susceptibility. Plots and
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TABLE 2: SUMMARY OF BLOW COUNT VERSUS DEPTH PLOT PARAMETERS
Artificial Fill

sand (§1=101) Mud (N=14)

Uncor.i  cor.l Uncor. __ Cor.
Slopel 0.16 -0.50 0.07 -0.1
leutercept1 12.02 21.9 5.42 8.9
R 0.07 0.15 0.10 0.11

Holocene Alluvium

Sand (N=161) Mud (N=49)

Uncor. Cor. Uncor. Cor.
Slope 0.61 0.22 0.10 -0.06
Intercept 6.08 13.2 5.7 9.12
R 0.40 0.18 0.17 0.11

Vashon Recessional Outwash

Ssand (N=76) Mud (N=29)

Uncor. Cor. Uncor. Cor.
Slope 1.2 0.52 0.48 -0.37
Intercept 16.7 28.7 22.2 40.3
R 0.51 0.23 0.29 0.17

Glacial Till

Vashon (N=82) Pre-Vashon (N=29)

Uncor. Cor. Uncor. Cor.
Slope 2.1 0.35 0.49 -0.32
Intercept 39.6 71.3 35.8 51.2
R 0.58 0.09 0.17 0.11

Vashon Advance Outwash

Sand (N=155) Mud (N=137)

Uncor. Cor. Uncor. Cor.
Slope 1.4 0.661 0.57 -0.06
Intercept 16.6 28.9 21.0 33.2
R 0.50 0.24 0.28 0.03

Pre-Vashon Nonglacial

Sand (N=14) Mud (N=45)

Uncor. Cor. Uncor. Cor.
Slope 2.0 1.1 1.3 0.72
Intercept -5.6 8.2 -2.09 6.9
R 0.81 0.41 0.62 0.46

IN = number of samples; Cor. = blow count values

corrected for overburden pressure; Uncor. =
values; Slope =

raw blow count
slope of regression line for blow count vs.

depth plot; Intercept = intercept on blow count axis of
regression line for blow count vs. depth plot; R = square
root of coefficient of determination (R“) for blow count vs.

depth plot
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summary statistics are presented for SPT data that have been
corrected for effective overburden stress as well as for
uncorrected SPT data.

We would like to thank Les Youd (University of Utah),
John Tinsley (USGS), and Paul Grant (Shannon and Wilson,
Inc.) for numerous informal discussions and suggestions
regarding liquefaction susceptibility and its relationship
to geologic materials.

Geology of the Southern Seattle Area

The southern Seattle area is underlain by a sequence of
relatively flat-lying Quaternary glacial and nonglacial
deposits that is, in turn, underlain by steeply-dipping,
faulted volcanic and sedimentary rocks of Tertiary age.
Although flat-lying, the Quaternary sediments are separated
internally by contacts that often exhibit considerable
relief. Over 1000 meters of relief exists on the surface
separating the Tertiary rocks from the Quaternary sediments
between downtown Seattle and the hills of West Seattle (fig.
1b) or Magnolia (fig. 1b inset) (Yount and others, 1985).

As much as 75 meters of Holocene alluvium and estuarine
sediment fill the Duwamish River valley near its mouth
(Yount, 1983) with the bluffs of Beacon Hill (fig. 1b)
standing nearly 100 meters above the floodplain. This
relief was sculpted into the underlying sediments as ice
overrode the Seattle area during the last (Fraser)
glaciation of Puget Sound (Crandell and others, 1965).

Figure 2 depicts the sequence of glacial and nonglacial
deposits underlying the southern Seattle area. The volcanic
rocks of the Tukwila Formation and arkosic sandstones of the
Renton Formation are overlain by arkosic and volcaniclastic
Oligocene sandstones and siltstones. A sequence of glacial
and nonglacial sediments that predate the deposits of the
last glaciation sit unconformably atop the Tertiary bedrock
units. Two old tills and associated minor glaciofluvial
sediment are interposed between three sequences of
nonglacial alluvial and laiustrine sediment. The lowest
till, the Beacon Hill Till* , separates an unnamed
underlying nonglacial unit from the overlying Duwamish
Formation. The Duwamish Formation contains compact
lacustrine and fluvial medium- to fine-grained sand and
peaty silt and clay. One cedar branch enclosed in sediments
of the Duwamish Formation from a building excavation in
downtown Seattle yielded a C-14 age of greater than 42,000

lunless otherwise indicated, names of the Pleistocene
units follow Stark and Mullineaux, 1950 for the pre-Vashon
units and Mullineaux and others, 1965 for the Vashon units.

41



years (Marsters and others, 1969). The Klinker Till
overlies the Duwamish Formation in the west wall of the
Duwamish River valley. This till is, in turn, overlain by
fluvial and lacustrine sands and silts of the Olympia
Interglacial interval (Armstrong and others, 1965). Carbon-
14 dates from organic debris in Olympia nonglacial sediments
range from 15,000 * 400 to 24,100 * 900 years BP (Mullineaux
and others, 1965).

The Olympia sediments grade upward into sediments that
record the advance and retreat of the Cordilleran Icesheet
into Puget Sound during the last glaciation. These
sediments, termed the Vashon Drift (Mullineaux and others,
1965) consist of fine-grained lacustrine silts and clays of
the Lawton Clay Member and well-sorted fine- to medium-
grained glaciofluvial sands of the Esperance Sand Member.
The Esperance Sand grades upward into coarse-grained sandy
and gravelly outwash that accumulated in front of the
advancing icesheet. Vashon Till caps the complex of advance
proglacial and outwash facies sediments. Recessional
outwash deposits, made up of moderately- to poorly-sorted
sand and gravel, overlie the Vashon Till in some portions of
the southern Seattle area. Minor amounts of fine-grained
sediment accumulated in bogs and small lakes after ice
retreat. Radiocarbon dates from organic material in such
sediments range from 12,300 + 200 to 14,000 +* 900 years BP
(Mullineaux and others, 1965).

Accumulation of alluvial, lacustrine, and estuarine
deposits has continued throughout the Holocene in
topographic lows in and around Seattle. The greatest
thickness of Holocene sediment in southern Seattle occurs in
the mouth of the Duwamish River. Rainier Valley (fig. 1b)
and Interbay Valley also contain significant thicknesses of
alluvial sediment. A large portion of the low-lying areas
in the mouth of the Duwamish River and along the shores of
Elliot Bay (fig. 1b) have been reclaimed by the addition of
fill. Filling began near the turn of the century as street
grades were lowered in the Denny Hill (fig. 1b) area north
of downtown Seattle and the removed debris was sluiced to
the waterfront region. Major construction projects which
include emplacement of large amounts of fill have taken
place in the vicinity of the Duwamish River mouth, including
Harbor Island (fig. 1b).

Groupings of Geologic Units

The stratigraphic sequence penetrated by each drill-
hole utilized in the study has been interpreted, to a large
degree, from the projection into the subsurface of nearby
mapped surface units. Lithologic descriptions and physical
properties given in the drill-hole logs also were used to
assign the drilled units to a particular stratigraphic
interval. A companion report (Yount and others, in press)
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presents the lithologic and standard penetration data
utilized in a standard format for all 166 drill-holes
investigated.

To assess standard penetration values in various
geologic units the following groupings of stratigraphic
units was established (also see figure 2):

Bedrock
All Pre-Vashon Nonglacial Deposits = Qn
All Pre-Vashon Glacial Deposits = Qg

Vashon Advance Outwash Deposits,

including Lawton Clay and Esperance Sand = Qva
Vashon Till = Qvt

Vashon Recessional Deposits = Qvr

Holocene Alluvium and Estuarine Deposits = Qal

Artificial Fill = af

These classes are further subdivided into dominantly
fine-grained (muddy) and dominantly coarse-grained (sandy
and gravelly) types for the plots of standard penetration
versus depth that follow. 1In past earthquakes the latter
two types of deposits (Qal and af) have exhibited
liquefaction-related phenomena.

Nature and Distribution of Sstandard Penetration Data

One hundred and sixty-six drill-holes from the Seattle
South and adjacent Duwamish Head 7%’ quadrangle map areas
provide the data for this study (Yount and others, in
press). Unless otherwise indicated in the original data,
all standard penetration values used in this study were
obtained with a 2-inch outside diameter split-spoon sampler,
driven by a 140 pound hammer dropped 30 inches. Data were
grouped by appropriate stratigraphic interval and texture
and plotted against depth in the interval from the ground
surface to a depth of 45 feet.

Correction of Blow Counts

Blow count data were corsected to a standard effective
overburden stress of 1 ton/ft“ as suggested by the National
Research Council Committee on Earthquake Engineering (1985,
p. 98-101). Correction factors applied to the blow count
data were taken from Peck and others, 1974 (fig. 19.6, p.
312) using the effective vertical overburden stress for each
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sample depth in each drill-hole. The recommended correction
of blow count to a standard energy ratio of 60% for the rod
energy delivered to the sampler was not performed because we
could not be certain that the energy delivery systems were
the same for each test used in the study.

Standard Penetration versus Depth Plots

Figures 3 through 8 present blow count versus depth
plots for sandy and muddy sediments within each
stratigraphic subdivision. Uncorrected and corrected blow
count data are plotted separately. Regression equations are
given for sandy and muddy sediments on each plot. Table 2
summarizes the regression parameters for each plot.

Examination of the plots of uncorrected blow counts
against depth shows a relationship between geologic unit and
plot slope that may be useful for grouping units into
liquefaction susceptibility categories (fig. 9a). Standard
penetration values in muddy artificial fill, muddy Holocene
alluvium, and sandy artificial fill increase very little
with depth (slopes of .07, .10, and .16 respectively) in the
upper 45 feet of the deposits, suggesting that these units
have high liquefaction susceptibility. Muddy recessional
outwash, pre-Vashon till, muddy advance outwash, and sandy
Holocene alluvium (slopes of .48, .49, .57, and .61
respectively) comprise an intermediate category of deposits.
Sandy recessional outwash, muddy pre-Vashon nonglacial
deposits, sandy advance outwash, sandy pre-Vashon nonglacial
deposits, and vashon till (slopes of 1.2, 1.3, 1.4, 2.0, and
2.1 respectively) show marked increase of penetration
resistance with depth and would therefore appear to have a
low liquefaction susceptibility.

Corrected standard penetration data yield a poorer
grouping of deposits (fig 9b). With the exception of muddy
pre-Vashon nonglacial deposits, muddy deposits show no
tendency to increase their penetration resistance with
depth. In fact, these units show an apparent decrease in
resistance with depth. Sandy deposits do show an overall
tendency for the older units to have higher resistance at
depth than do the younger units, but clear groupings do not
emerge.

Discussion

This study of the standard penetration properties of
the glacial and nonglacial deposits of the southern Seattle
area suggests that SPT data may provide a basis for
subdividing geologic units into liquefaction susceptibility
categories. This study also shows that plots of blow count
versus depth show considerable variability, as may be
expected in lithologies as diverse in physical properties as
those present in this glaciated region.
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One unresolved issue is the lack of correlation between
deposit type and blow count properties when the blow count
data are corrected for excess overburden stress. A high
standard penetration resistance value at shallow depth will
be corrected by a larger amount than will a lower resistance
value. That is, applying a correction factor of 1.5 to a
blow count of 50 in a near surface test will result in a
corrected blow count of 75 blows per foot, while the same
correction to a measured blow count of 5 will yield a
corrected blow count of 8 blows per foot. Thus, the scatter
in values of corrected data versus uncorrected data will
appear greater for near surface high resistance units than
for near surface low resistance units. This may explain the
large scatter in corrected Vashon till data compared to
uncorrected data (fig. 6).
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SECTION II: ENGINEERING DESIGN

This section contains information on design and retrofit
of structures in seismically active areas, supplementing
information found in numerous FEMA publications. A complete

list of publications in FEMA’s Earthquake Hazard Reduction
Series is found in Appendix B.
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SEISMIC DESIGN PHILOSOPHY OF THE UNIFORM BUILDING CODE

by John Hooper
Ratti Swenson Perbix Clark
Seattle, Washington 98101

ABSTRACT

The primary function of the seismic design procedures in the Uniform Building
Code (UBC) is to provide minimum standards for use in building design regulations
to maintain public safety in the extreme earthquakes likely to occur at the site.
The intent of these provisions is to safeguard structures against major failures
and loss of life due to earthquake ground shaking; no attempt has been made to
include provisions that will limit damage due to earth conditions. It is the
intent of this presentation to review the seismic information provided by the
geotechnical community that helps to establish current seismic design criteria,
to discuss additional parameters that will aid in further expanding the near-
term state-of-the-art and, finally, to postulate the form of future seismic
design criteria.
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Abstract for NEHRP meeting held in Seattle, Washington
April 18, 1990

INTRODUCTION TO A SEISMIC RETROFIT OF OLDER BUILDINGS

Todd W. Perbix
Ratti Swenson Perbix & Clark

The object of this talk is a brief introduction to seismic retrofit as an engineering problem as well
as its context in the Pacific Northwest. Seismic retrofit is in a time of tremendous change;
development of technical methodologies is underway and, of course, a vast amount of research
and data collection is taking place as a result of earthquakes and their effects on existing
buildings.

Seismic retrofit as a problem has been addressed in the Pacific Northwest, particularly Seattle,
for about the last 15 years. In that time it is often proceeded on a singular course, but at present
the methods and attitudes employed to make our building stock safer are more and more the
result of a national consensus. Historically, seismic retrofit in the Pacific Northwest has focused
on building elements; the attempt to integrate, anchor and restrain, individual elements which
on the basis of previous experience are hazardous. However, as recently as ten years ago a great
deal of effort was put into the global restraint of existing buildings, that is, the installation of
reasonably contemporary lateral force restraining systems. Currently, efforts are directed
primarily towards understanding the relative risk posed by individual elements or by hazardous
building systems and addressing these hazards through techniques which focus on prioritizing the
economic question of how much money can or should be spent to make a building which has
performed adequately during past earthquakes, more able to resist future ones.

A philosophy has been posed and is generally accepted in the Pacific Northwest. That is, while
new building designs and codes provide a substantial degree of life and economic safety and
redundancy for all but the most severe seismic events, the retrofit of existing buildings focuses
on life safety as its preeminent concern while recognizing that for most existing buildings
providing the degree of safety mandated for new building systems is not economically feasible.

The extent to which the technical professions should be involved in societal issues, such as
deciding who or what building should be how safe, is a question with which the entire earthquake
community continuously grapples. Seismic retrofit represents the most extreme hazard in
buildings as well as the largest portion of our building stock. These factors along with the
uniqueness of older buildings make them the focus of the larger public policy issues faced by
professionals, regulators, and the public. The next phase in retrofit will be the integration of
these disciplines into a concept and philosophy which reflects society’s values.
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HERITAGE BUILDING TOUR

Review of the exterior of the building along both its
street and alley elevatioas, noting wall construction,
thickness and fenestration. Also note anchorage
rosettes on both the brick and sandstone faces of the
building.

On entering the building, please realize that the
Heritage Building is a working office and our visit
will take place during working hours, please gather in
groups in the gallery space located beyond the lobby,
directly behind the grand stairway on the first floor.
Note in this area the center brick shear wall which
forms a primary load resisting element for north/south
lateral forces. Note as well the anchorage of the wood
floor structure to this wall and the drag strut
connections located over the lobby.

Proceed upstairs via the stair to the second floor
lobby. Walking quietly through the large studio space
west of the lobby. Note the beam and column tie
plates, continuations of drag strut elements and floor
to wall anchorage. Also note the concrete shear wall
construction in the stairwell directly adjacent to the
elevator.

Proceeding again down the staircase, note the large

atrium-like openings which make up this stair and which
presents some concerns to the structural engineer.
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SEISMIC RETROFIT OF UNION STATION

Todd W. Perbix
Ratti Swenson Perbix & Clark

Union Station is a complex, concrete frame structure designed in 1910. It is a historic building
including large public spaces and detailed in a rich railroad style common to the era. Because
of its construction type and lack of a lateral frame system it should be regarded as hazardous
during an earthquake. Particularly in view of the large numbers of people which may gather
inside. Visual inspection and analysis of Union Station indicated that the large concrete frames
which support its gravity loads were inadequate to restrain any substantial lateral load and that
while the building has a large and heavy brick in-fill exterior, these bricks were designed and
constructed separately from the main building frames. This means that the bricks are poorly
connected to the building frame itself as well as not being available to provide substantial
damping of loads attracted to the building during an earthquake. Union Station has suffered
substantial damage in past earthquakes and was a candidate for interim reoccupation of its great
hall. Consequently, recommendations for interim seismic improvement were of two types:

. Anchorage of otherwise unrestrained and unintegrated building elements
such as cladding and parapets.

° Installation of a global shear wall system to restrict building movements while
carrying shears to the ground.

Due to the interim nature of the improvements, anchorage of exterior cladding elements,
parapets, cornices and so on was limited to the public ways. An anchorage of interior elements
such as in-fill gypsum walls was limited to those items adjacent to occupied areas.

The second system of improvements, global shear wall systems, were installed in the frame bay
between columns and beams using the shotcrete method. These systems were located for the
most part adjacent to the great hall, both to increase safety in the area and to allow for the
maximum flexibility when the building was fully reoccupied. Shear walls in this area do not
extend between the ground floor and the main floor for two reasons. First, overall life safety
was best provided by supporting the building above the main floor and there is a substantial
system of concrete walls surrounding the building below the main floor.

The retrofit of Union Station is an example of the need to address occupancy risk in the
development of seismic retrofit plans. It is also an excellent example of a case where interim
improvements substantially increase the safety of the building occupants while addressing the
economic needs of the owner and securing the building from further deterioration due to its
vacancy.
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UNION STATION TOUR

Walk around the exterior, particularly along the Fourth
Avenue and Jackson Street elevations. Note the general
configuration of Union Station, in particular the large
canopy and stone railing above the entrance as well as
the fact that at street level you are two floors above
grade. Note as well the anchorage locations along
Jackson & Fourth and the fact that they do not occur
along any other elevation of the building.

On entering through the main entrance, note the great
hall in particular since this space was the only
intended useful space addressed by the retrofit. Of
interest in the hall are the brick archway supports
against the far window. All other structural support
surrounding this area is visible only from behind on
upper floors.

Moving through the lobby to the left proceed up the
stairwell to the second floor. Note the steel stud
strongbacking as well as its attachment to both the
gypsum block and to the upper and lower structures.
Note as well the shotcrete shear walls and their
placement as between existing beam and column
structures. Along outside walls near Jackson Street
and Fourth Avenue note the floor to wall anchorage
(note wall cavity) and the rail bracing along Jackson
Street.

Proceeding to the third floor note the extensive
bracing along the street elevations again. In this
case the purpose of this work is to restrain the stone
sill work which is an ornate element on the building.
exterior. Note the concrete masonry walls along the
corridor which replaced the gypsum walls which
collapsed in an earlier earthquake.

If time is available, take the small stair to the
fourth floor and note the steel braces directly
adjacent to the truss area which extend the lateral
force system provided by the concrete shear walls
below. Note as well the vault cavity which is of
interest because the structural support of the great
hall as well as the non-structural support of its
plaster finish are clearly evident.
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rROBLEMS OF UNDERGROUND STRUCTURE
SETSMODYNAMICS

Abstract. The paper gi Ves a brief description of developed in
Uzbelkistan  seismodynamic thecry or underground
structures, based on wide analysis of data of ‘strung motion

cgamages during  recent 30-40 years; results of Iaboratory and
field tests and theoretical studv.Comparison results of
thecrectical and experimental investigati:on (con the basis of a

simple example of plane elastic wave incluence on cylinder
shell} allow to establish the reliability and the field of
practical usage of seismodynamic thecry 1n solving the
problems of  undergrocund structure seismic resistance. These
results are already widely used in constriiction of underground
structures: pipelines, tunnels, metro etc.

Intensive construction of underground structures in

podern cities, functioning of industrial enterprises and load
transportation leads to the necessitv of rational designing
and prediction of the behaviour of structures located in
Seismoactive areas. Means providing the security and stable
work of erected buildings should be economically expedient,
that is why the problem of evaluation of the character and
level of dynamic influence on structures at possible seismic
and shock actions is emphasized. The solution of this problem
eed3 the improvement of

depends on several factors. It n
seismomeasuring instruments and experimental equipment,
thcrhugn makroseismozoning, the development of the method of

k
definition of seismic action characteristics and methods of
stress-strain state of structure design, and finally, working
out ¢f new constructive solut:ions of seizmoresistant structure
elements.

% VYice-president of Uzbek Academy of 3ciences, Presidium
Academy of Uzbek A.S., Tashkent, Gogol str.70,700000, USE
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The experience of underground structure exploitation in
seismoactive regions and the analysis of earthquake effect on
these structures lead to conclusion of special importance of
the factor of ground conditions influence. In many cases at
relative small mass per length unit (pipes, collectors,
tunnels) ,underground structures have large contact area with
surrounding ground. Hence, the effect of non-inertial seismic
loads from seismostress state of ground prevails inertial ones,
wich appeare from presense and distribution of mass of the

structure itself. The way of account of seismic loads effect
aafines the approach to solution of underground structure
Seismic resistant problems. We mav distinquish three

approaches used now: quasistatic,seismodynamic and wave one,
which takes into accocunt the phencmena of difruction,
refraction and reflection of seismic waves.

Wave approach, when equations of motion for underground
structures are solved together with equations of ground motion,
allows on the basis of mathematical model to follow the
dynamics of force change in soil-structure interaction,
accounting physical and mechanical features of surrounding
ground, the character of dissipating seismic waves and the
depth of structure bedding.

Seismodynamic approach to evaluate dynamic effect is
based on results of the study of earthquake effect on
underground structure and results of experimental tests. It is
supposed that any underground structure may branch and in
hranch zones there are complex (rigid or flexible) massive
joints (See  Fig.1). Such structure is shemed as the
combination of interacting beam-frame constructions and
rassive solids having six degrees of freedom. In design motion
equations for each element of complex structurse are made up;
boundary conditions and vyeilding and rigid joints are
described.
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ig. 1 lTariant ¢i complex system of net underground
strucrures

Ground conditiors, sSone constructive peculiarities and
geometrical dimensions, the depth of bedding and cther factors
are taken into consideration through coeff:cient system (in

general case operators) calle interaction parameters.
Experimental tests allow to state change boundaries of these
coefficients for different  grounds, cepth of Ledding,

geometric dimensions in longitudina. and crouss motion, torsion
and bending.

FExperimental evaluation of interaztion par
held-both in static and dynamic condit.ions of loadi
under the effect of shock load in 1ieid te3ts.
parameters of soil-underground structure interaction, methods
of centrifugal modelling were used - wrathicaily the  only
laboratory method provid ng the ureservation of physical
nature of phenomena =ztudied. Experimental data. ootainec v
m:thod of  centrifugal medelling give the possibility ©o
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measure the distribution of ground structure depending on
configuration of its cross-section. It was stated that ground
pressure is distributed nonuniformly, maximum pressure value
falls on the bottom of the structure, minimum one - on
horizontal diameter.

"Loading-unloading" diagrams obtained for rectilinear
cection of underground pipeline in 1ongitudihal and cross
motion, torsion and bending (See Fig.2a-d) show that
tangential stress-loading dependence is linear only in initial
stage of loading.

0 043 06 wam

0 20 40 M% o0 25 0%

Fig.2 Diagrams of pipe interaction

Fig. 3 shows diagrams of repeating loading-unloading of
interaction. In these graphics in each loop maximum load My, Ta
acting on pipelines increases. As it is seen from the figure,
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even when load values are small residual displacement form
considerable part of total displacement.For example in the
first loop at Mob = 0.41 kN.m (See Fig.33)oly,= 0.6 10-‘3 m
that eqals to 50% of total displacement, and at T4 = 0.04Mpa
(Fig.3b) 70%.

J
20 R 6p
¥“ 3.,4-0"
> wzo
0 10 20 1% o af 23 Umm

Fig.3 Diagrams of pipe interaction at repeating
loading-unloading: a - cast iron ( 9 =0.169m,
{ =2.0m) pipes with sand;b - asbestos-concrete
(D=0.222m, £ =3.5m, H =0.7m) pipe with loam

If elasticity limit to consider as a load, when residual
part of displacement is no more then 2-3%, 1in these tests
elasticity limit of interaction 1lies below proportionality
limit. So only when load values are small, the interaction
submit to the law of deformation reversibility.

The range of linear connection between the loading and
displacement is not large. The main range of connection
. “loading-displacement" is presented by non-linear dependence
in the form

i[ :kiai [‘./-a)(@[)] (1)

where function & (6 ) characterizes non-linear (plastic)
features of interaction and is obtained from the test. From
dependence of the function @ [Ch ) on displacement 6€i (See

68



Fig.4b)it is shown that its character is similar to one of

ordinary elastisity function, which is used in solving the
problems of stressed solids plasticitv.

In equationz of underground structure-soil interaction
vibrations the plasticity function obtained experinmentally
enters in unevident form and it should be aprroximated by some
analvtical expression.

A/x, AN frm 3

w(w) |
a 06 5
/04.0 04 J
3
2.0 . 2 Q2 -
{
n 07 02 mm o Y, 0.2

iig. 4 Cast iron pipe - sand interaction dependences
Ry~U (a) and wu)~ U (b;
at H =0.2(1); 0.4(2); 0.6(2); 2.8(4)

The difficuity lies in the diffevrence c¢f interaction
plasticity functions for different depth of pedding, ground
conditions etc., do not submit to a certain laws and in each
coricrete case  should ke approximartad by different functions.
fn particular, plasticity functior may be  cuccessfuliv
approximated by  bilinear law of dependence. In solving some
proovleiis there rises the necessity of acaeount ¢f rheociogical
features of interaction. To define parameters which
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characterize the course of rheological processes for
underground pipelines several tests on creep and relaxation
were held. It was proposed to use results of hereditary
theory, writing load-displacement dependence as follows:

t
9. =- OJPL' (+-T)d6; (T) | (2)

or
' t
Qi =-Ri (0 [6: )+ [1; (t-Dyr (Dt 3
o
where Iy (+) = R; ({—)/k)i (0) |

F'i (£) - core of creep, Ri (+) - core of relaxation.
If to compare the expression (3)at =0 to the dependence for

elastic interaction, it becomes evident that interaction
coefficient is an operator of the form
t
Re =R (O [1+ [T (¢-7)d | (@
0

Fig.5 shows curves of creep and relaxation of pipe and
complex joint interaction in different grounds depending on
time for different depths of bedding, diameter and pipe
material. With increasing pipe diameter at equal depth of
bedding and load the effect of rheological features on the
character of interaction becomes more considerable.

Fig.6 shows the process of graphic description of
complex joint of spatial network of underground pipelines.
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Fig.5 Curves of creep (a,b,c) and relaxation (d) of
steel pipe (a,b), asbestos-concrete pipe (c,1),
cast iron pipe (c,2) and complex joint  (d)
interaction with loam
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In selected law of seismic motion of ground (See Fig.6) pipes
located along and axes X, ¢ perform cross motion only, and
pipes located along axis ¥ both longitudinal and cross

motion (¥ ),(Y ),{(2) have the form

o 3 e Bl p |
Ny ag‘/ +/ y — My /81}2 + P = L2 .
7 7
10w, 3741 '
%Z 82‘5 +/ ? /—é_ﬁ"'/oé = 3 (5)
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Analogous equation for pipes {(-X ). (-¢).(-2).
Direction of displacement

! //) ! 4 ' ” / "
Y] o
(W, ,w, , (W, W), (w, w)), (Wi‘:h’z), (“’,”)
are given i Fig. 6.
D - bending rigidity of pipes it corresponding plane;

B - ienszion rigidity of pipes ;
My, My, My - masses of pige leaglh uniis
» @ N .
m, , ﬁﬂf”, ﬁﬂe - aubslituting sasses ol wrourd;
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P ’p,p%,pz,p& - outer loads;

/% ’Py )/5 :/l ,fﬁ - ground response defined by =selected
interaction model
To close the system boundary conditions, conjugated
conditions in joints and kinematic conditions characterizing
the form or pipe joint are written. :

For practical usage the method was worked out; it
simplifies dynamic probliem of complex system of underground
structure vibration and reduces it to a problem of
longitudinal vibration of compound long structure with reduced
conjugation conditions in complex joint and simple junctions.

The accuracy estimation shows that the difference in
numer ical values of displacement in both methods does not
exceed 10-15%Z (for soft ground more than for rigid ones); that
means that given simplification may be considered possible in
solving the problems.

To obtain a reliable estimaticn of underground structure

behaviour it is advisable to take into account wave character
of seismic effect.

Detalied analysis of this aspect is based on solution of
the class of problem of plane longitudinal wave interaction on
linear underground pipelines; distribution front is
perpendicular to pipeline axis at different conditions of
sipe-soil contact.

Pipelines were simulated by elastic rods: the force
acting on side surfaces depends on displacement value of
points of the rod relative to moving particles of ground.

.- It was stated that the behaviour of underground pipelines
undei the action of seismic wave 13 considerably effected
Lv the value of M which is the satic of velocities of wave
ssipation in ground media and pipe matarial @ (M=Cp/a). At
<4 in pipelines prevail high-frequency vibration with

oy

2
ai
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rably depending on condition of
ZCil-pipelines contact. L is etpl“ined by the fact that
yxp eling svstem i3 under the influence of nonhomogenious wave

vield, and the‘wavelendth is less thaL usual length of a
sipelinge. With increasing value of M which corresponds to
the assumption of instantanevus coveriig of whole system of
vipaiines by seismic  action, the vibration cheracter
Aapprozimates to the case of seismic inei’.ia rorce action, that
13N this case, seismic field nonuniformity along pipeline

i

speciral composition cons

]
[

<D

a plane wave action on nwfinite pipeline with
-tz sarface  interacting with soil accoiding to elasto-plastic
iaw i3 considered. It ig shown that with moving away from the
vave Tronl the sections with plast:c and elastic features of
interaction alternate, and after severail full elasto-plastic
sycles the interaction may becons pucely elastic even with
invariable intensity of seismic action behind the wave front.
With increasing value of the zone of plactic interaction
i= spreading, it may appear on sufficiently far distance from
=elsmic wave front.

if we consider the case of pip» 3slipping which is
characterized by Coulomp Dry Friction Law we can come to
another conclusions. The influerce of the shock wave is
sonsiderad for, the semiinfinite pips after the front of wave,
the valocity  of ground fractions i= coustant. With M< {4 the

complex wave picture along the pipeline .3 arranged, it is
~how that the front of confuszion ii, the pipeline spread with
unkiown velocity which iz defined wibhin: the decizion. Besidgs

1houE revealed that in time alcisw ti- pipeling arise zcnes
ich ab\anpiizh combine movement wililh foound where can arize
veny i efforta, Vhen the wave 1nfiusnce on the infinite
ine in the ground with M >{ shen distance from wave
- over the length of the pipeline ti- section flixed in the
sround and moving  with it antercheuiws  with the sections,

Gavinyr the relative displacement. Wilh 1acreasing number of
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bﬂ , the width or the combine movement zone with the ground
is decreasing.

In the case of considerable cometrical sizes of the
underground structures the model‘ ing of their frame-beam
diagrams becomes problematic, besides it rises the question

abcut admitting in utilization of conblrm parametrs which have
been received within the expsrimental tests - of another 3ize
constructions. That’s whv the theory of shells embedded in the
ground, have been utilized for calculation the large-sized
underground structures.

For the purpose of definition the main combine parameters
o the shelis with the ground type =tructures and estimation
ihe results of  the theoretical investigations of the
tress-strain =tate of the ziructures. large-scale {ield

1mental investigations of the shell-type pipes,embedded
intc the ground, have been carried out within the dynamical
loadings created by the underground explosion.

Large-scale models of undergyroiand  structurez of
cylindrical and spherical shell type were used as experimental
sampies. The underground explosions  were conducted at
different epicentral distances and with various explosives.

The resulits of observation were used to define the
parameters of seismic wavesz and theiiv pressure on the
underground object, to cbtain analytic and emperic dependences
ior displacement, oscillation rate and stresses in the soil
and underground cylindrical structure, to study the stress-
strain state of  experimental zamples of  underground
structures and to conduct compa izon of thecoretical gnd
@Xperimental studies.

© The recoids were used to caloulate the juad to the
ande; ground cylindrical structure, r«iative movenents an
acceleralions of the scil and the studiad object. The xntegral
dynamic values of the interaction factor for the ¢viindrica
structures with 30il have been determined in the conducted
sXperiments.
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Table 1 present the test results of the underground
cvlindrical structure made of steel with the didieter of
@ =0.72 m and the wzll thickness of A =0.008m under the
?ctiun of’ 5615KiC loacs. The nurerical results cf the

rhecretical sztudies are obtais.ead according to the
mtwnmmam calculation metnhod withh  the 1sage of’

axper imental values of iiteraction facters Ry =6, Q9kG/em
K; =4.06 kG/cm  and =cismic lcadz.

T A ~ R - R AN
Tahle 1. Comparison of reults ofF svperinenteal

and theoretical studies

Vep Vh  Wep  Wu 67 6,

wm mm o mm kG/cm®* kG/cm?

7140 14. 5 1.0 1.06 2.0 1.23 87.0 87.7
2520 14.7 0.86 0.65 1.08 0. 87 31.90 59.3
540 16.0 0.95 0.89 1.45 1.02 79,3 oz, 7
2900 24.5 0.86 0.54 C. 95 C.63 31.4 23. 2
390 26. 4 0.31 0.18 0. 3¢ g.21 2€.5 19.3

For known values of interaction tarameters the rroblem of
theoretical investigation of stress-ztrain  state of
Jnderground shell in seismodvnamic fheory, to d

tor of  surrounding  soil-shell nteraction the
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where
ﬁ(g:%}, ﬁ;) 3 U(LZ)U; W) 2 ZZ(UOJ%)M)

vector of relative and absolute displacement of shell and
ground, respectively. ]

Total equation system of seismodynamics ‘of underground
structure of shell-type will be written as

{ A~ 2 o 3 —~ 3 ("7)
Lg-ll the V4 Lg/' W = fi + b (uo,VO:W»*PL',@ﬂ:S)’

where L:/ , L - differential operators, dezcribing
3tress state of shell with account of its interaction with
50il as the result of seismic effect; j% - function,describing
outer loads; P; - interaction forces.

According to the applied interaction models one can get a
system of differential or integrodifferential linear or
nonlinear equations systems which describe oscillations of the
underground shell during seismic effects.

Using the above approach we have solved certain problems
of seismodynamics of underground structure of cylindric or
spheric shell type with a closed or open profile with a
constant or varving thickness with different  boundary
conditions at different types of seismic effects.

Comparison results of experimental and theoretical values
of displacement and stresses (See Table 1) show  some
overstating of test data. It is explained by the fact that in
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theoretical design an silastic mode 1 ot 3oii-structure
interaction is accepted. When using an elasto-plastic model of
interaction resuits oif° theoretical study are riearer to
experinental ories. Ltn average  value of dirTerence of
theorstical and erperimental results forr the examinec case
equals 35. 84.

The presence of several approaches to  underground
structure stress state study arises he problem of n:ce531ty
of correctior. the areas of vwractical applicam iity
differant methods and reliability o re-ults obrauned. For
this purpose the problem of plane =iazt.c wave &2tion on
cylinder shell  was solved poth by the metiwd of wave dyvnamios
and ssi1smodynamic method.

The peneral statement of the protlem Yor bobth methods 2
the sape. It is assumed that infinitely jong cvlingrical shell
submeryged into the elastic scil s leaded by a  plane
longitudinal wave acting across the longitudinal sheil axis,

P}

i.e. i the case the problem ci’ piane deformation i3
considered. With  the approach according .o the wave dynamics
tha solution consists of two par arsi «ach of them iz a
solution of the wave equatxon for ithe chell and the
surrounding scil. These solutions consigsl  of  sStressss and
movemants connected  with the incident wave, excited and
revlected waves in the cvlinder and tie wases spreading in tne
envircnment. The sclution componernts .are combined undsr

condition that the conditions of continuiiv for movemsnts and
stressss were fulfilled on the exteinal surtace of the shel

and the internal surface was free of =fres-es. ’
According ©o the selaoction of thne modsl of the =truziars:
intéraction with the soil and the load. ilmematic awd dynams.:

> s

ratios of the elasticity theory, the -guat .ons o thiz stabte of
the shell and the surrounding soil can have diftorent compleX
tornis «hose malhemabical integration = A very complicatad
problem The  svstem of equaticn pased on a simplifisd
assumption on linear-slastic interact:on ot tne 3hell with Lhe
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soil has bpeen obtained according to the above mentioned
statement for the given probiem realization on seismodynamic
technique.

The solution of the e<gualion =ystem obtained bv  the
methods of seismodynamics and wave dinamics was made by using
the methods of separation of variable~ and integral Laplas
transformations under stationary (harmonic wave) and
non-cstationary(stegp) loads. Here we presarit. the comparison
results of the approachss to the sciution of the problem of
seismic stability of underground structures of the cyvliindrical
shell Uvpe.

Fig.7 shows the comparison results of maximum values Ggg
accordaingg to the calculation methods Aspending on the rati1o
of the length to the structure diameter 1/D . It is seen
that with the wave length 1noxedoe[)/0;>§) ( the low
frequency range) the stress values for both calculation
methodz get <closer. In this case the nature of the [ield
distritution for movements and stresses along the contour of
the underground cylindrical structure is similar and their
values according to the seismodynamic method are higher by
20%. The stress attains its maximum value in the range of 1.6 -
2.9 1 / A  and then asymptotically approachies the solution of
the static problem

¥ith the wave length decrease which corresponds to
the i1ncrease in the soil oscillation frequ-ncy, the value Ggg
is significantly  decreased. In this case nature of
distribution for the field of movments and stresses along the
contour of the underground cvlinricai sxructure according Lo
differen‘ from.

T

the results of the method of wave dynamic: i35

seismodynamics. Thiz 15 connected with 1 complex difraction
process occuring during interaction -t the high froquency
waves with underground chjecst. For  the underground round

shell uenxmmmermwmn,(a&mawvh;ﬁm seismodynamic
calculation methocds;at was egqual LO.ﬁ/Q:G.SS‘ where an abrupt
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Fig.7 Comparison of the stress variation
{1 - seismodynamic theory, & - wave theory,
3 - static solution}

increase in the stress values is obser ved.

Having studied the probilem of the wave interaction with
the round cvlindrical shell with a plane statement at  equal
initial data by two methods we have determined the field of
their practical application.

During calculations of° cylindrical zhell tvpe ©or the

action of seismic waves (the wave ifron. 1. perpendicular in
reference Lo the covlinrical =shell seneratrix the wave
difraction at 024 R/1 44 i35 not recuwivs'. The difraction iz
IRPUTTANT Tor Snort wWaves (N / 1 7 1)

The results of the  seisnmodyrnain.o theery of  the
urderground earthauake resistance LT oCctures Tound an

apidication. «noparticular., when solvaing 9 problem connectead
with the securing of the earthquake resistance of the Tashkent
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metropoliten structures,which ame_under construction in the
region with high seismicity and sedimentary ground. A
number of constructive decisions on securing the earthquake
resistance of the stage and station tunnels have been worked
out. The new earthquake constructions of thes stage tunnels and
station structures from prefabricated ferro-concrete elements
including the new station metropoliten constructions of the
column type made from pre-fabricated large-scale volume ferro-
concrete .elements have been worked out and inculcated.

The constructions of the stage tunnels of the open
excavacion in Tashkent metropoliten on the whole have been
made from the  wholesectional linings  which  represent
right-angled closed (exclusive) ferro concrete prefabricated

blocks According fto its constructive decision these
constructions meet the earthquake resistance and strength
req" rements and the modern industrialization building

requirements.

The stage tunnel constructions of the close excavation
have been made in a form of shell linings made from pre
fabricated ferro-concrete blocks monclithicated by specially
worked out seismojoints.

The construction of the column type station in comparison
with type decision have been considerably procesed taking into
account seismic, engineering-geoiocgical and climate
conditions. Concerning the antiseismic measures the
longitudinal and transversal seismobelts have been provided
‘which secure the joint work of the ferro-concrete elements
(partition slab, wall blocks, beams., columns). The powerful
ferro-concrete slab of the foundation have been provided for.
the uniform distribution of the loading on the ground. Besides
the column type stations, the one-arched stations have been

b

built in Tashkent metropoliten, which present the variable
section  arch with slide-chut. perceiving the horizontal
efforts.

For the mentioned metropoliten tvpes of constructions, on
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the basis of the seismodynamic theory of the underground
structures, the methodology of dynamic earthquake resistance
calculation has been worked out, according to the following
considerations: the underground structure experience the
seismic loading set by the displacement of the ground. Any
point of the construction vibrating during the earthquake, get
the longitudinal, transversal and tangential displasements.

The difference pbetween the ground and structw®-didplacements:
gives the relative displacements. The expressions of the
displacement and force factors have been received, their
numerical value have been calculated .  and the
tension-deformation state of the constructions have been
analysed. The calculation diagram having a form of the
right-angled frame with rigid connections of elememts ,
disposed in the ground media, have been picked out from the
wholesectional linings for calculating the earthquake
resistance of the linings of the stage tunnel. The calculating
diagram for investigation the vibrations of the linings of the
stage tunnel with circular section with antiseismic joints is
giverr as-a-clused' rritg;  disposed! it the grourd!  witich: corsist!
of the separate elements, with elastic connections.

The calculating diagram in the form of the semicylindrical
shell in the ground media is accepted for calculating the
metropoliten stations of the one-arched type.

In the supposition of the transversal influence of the
seismic forces, the vibrations are received and within the
following border conditions the expressions for definition the
displaceent and force factors, existing in the shell walls, .
have been received.

* Conclusion. Thus, in the given work. the essence of the
seismodynamic theory of the underground structures is set. The
imformation about the experimental investigations and possible
presentation of the parameters, interaction with the ground
are brought, which are the 1initial base for seismodynamic
calculation of the underground structures. For the purpose of
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def'inition the sphere of practical application and clearing
use the reliability of the receivied results, the comparison
of the results of simple problem solution of elastic wave
influence on the underground shell in the ground, on the basis
of' ceismodynamic and wave approach, have been carried out as
well as the comparison of the result with the results of large
-scale field investigations. )

At . present time the followingproblems are confronting us:

- the working out the basis of the
theoretico-experimental investigations of the earthquake
resistance and shockresistance of the wunderground spatial
structures (metro. depositiry, large diameter pipelines, etc.);

- the working out the method of calculation of the
complex underground structures system, taking into account the
unlinear properties of interaction the ground with liquids for
unstationary accidenf influence;

the working out the effective dampers for
vibroprotection of the underground structures;

- the experimental investigation of seismodynamic
SUTUCTUT €3, 1fiesiacied Wil giouna, and creation of'! -tiemew 4
ard' improvement' ofY the: existlity- experimertal’ arrargemert's;
having output to the automizing system;

- the establishment of the empirical dependences which
characterize the seismodynamic structures for the purpose of
securing the theoretical statement of problems with initial
information.
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SECTION III: EARTHQUAKE HAZARD MITIGATION

This section contains information on vulnerability of
systems to earthquake hazards and the application of
engineering and geoscience knowledge to mitigation of those
hazards. This information supplements and extends the
following two documents, as well as numerous publications in
FEMA’s Earthquake Hazard Reduction Series (Appendix B):

1) Hays, W. W., 1989, Proceedings of Conference
XLVIII, the 3™ annual workshop on earthquake
hazards in the Puget Sound-Portland area:
U.S. Geological Survey Open-File Report 89-
465, 303 p.

2) Noson, L. L.; Qamar, Anthony; Thorsen, G. W., 1988,
Washington State Earthquake Hazards: Washington
State Department of Natural Resources Information
Circular 85, 77 p.
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Lessons From the October 19, 1989 Loma Prieta Earthquake

Richard K. Eisner, AIA, AICP; Director
Bay Area Regional Earthquake Preparedness Project
Govemor's Office of Emergency Services
State of California

Abstract

The Loma Prieta Earthquake that struck the San Francisco Bay Region on
October 17, 1989 was the first field test of the efforts undertaken by the
State of California and the federal government through the National
Earthquake Hazards Reduction Program (NEHRP). State disaster
planning, integration of scientific research into disaster preparedness and
policy, local preparedness, hazard mitigation programs, and community
preparedness and education activities initiated over the last decade
changed the context within which Loma Prieta occurred. In evaluating the
impact of NEHRP, the Loma Prieta earthquake illustrates that
preparedness and hazard mitigation efforts in California changed the
outcome of this disaster. This paper will describe the efforts undertaken
in California prior to the earthquake, and our initial assessment of their
effectiveness.

86



Lessons From the October 19, 1989 Loma Prieta Earthquake

Richard K. Eisner, AIA, AICP; Director
Bay Area Regional Earthquake Preparedness Project
Governor's Office of Emergency Services
State of California

Did We Expect The October 17th Earthquake?

While the earthquake that struck northern California at 5:04 pm on October 17, 1989, was a
surprise to many, it should have been expected by government officials in the San Francisco Bay
Region. The history of northern California over the past 200 years is dotted with damaging
seismic events similar to the Loma Prieta earthquake. In 1836 and 1868 major earthquakes stuck
on the Hayward fault in the Bay Area. In 1838, and again in 1906, major quakes occurred on the
San Andreas fault on the San Francisco Peninsula, damaging structures around the bay. In fact,
the October 17 Loma Prieta earthquake is strikingly similar to an 1865 earthquake in the Santa
Cruz Mountains that collapsed structures in San Francisco and the East Bay.

Were we expecting the Loma Prieta earthquake? We should have been. In 1983 scientists from
the United States Geological Survey identified the Santa Cruz Mountain segment of the San
Andreas fault as having a greater than 47% probability of causing a major earthquake within the
next 30 years. In their 1988 evaluation of earthquake probabilities, the USGS once again
pointed to this segment of the fault as a "seismic gap"--an area in which earthquakes had not
occurred for several years, and should be expected.

Although we do not yet have the ability to predict exactly when earthquakes will occur, scientists
in California have been closely monitoring activity along high probability fault segments, in an
attempt to identify potential precursors to larger events. The Governor's Office of Emergency
Services has been working closely with the USGS and the California Division of Mines and
Geology, to develop techniques for issuing short-term earthquake advisories in areas of
increased seismic risk. In June of 1988, a moderate earthquake occurred near Lake Elsman in
the Santa Cruz Mountains. Because scientists felt this area was overdue for a damaging
earthquake, an advisory was issued to the local government emergency response officials and the
media in the South Bay, warning of the short-term increased probability of larger earthquakes.
Again in August of 1989, a moderate earthquake struck the same area. A second advisory was
issued, once again warning of the increased probability of larger earthquakes within five days.

In both instances, the advisories expired without the larger earthquake occurring; however, local
governments receiving the advisories took appropriate actions to ensure their readiness.

While these moderate events permitted short-term advisories and longer-term increased
readiness, the days that preceded the October 17 earthquake provided no precursory activity to
justify a short-term warning. Because of the previous advisories, however, local governments in
the South Bay had increased training and tested local response capability--a capability that was
put to the test on October 17.

Overview of the Earthquake

The Loma Prieta Earthquake, with a surface wave magnitude of 7.1, occurred at 5:04 Pacific
Daylight Time, October 17, 1989, rupturing a 25-mile segment of the San Andreas Fault. The
epicenter was located about 10 miles northeast of Santa Cruz, and 60 miles southeast of San
Francisco. The mainshock, lasting 7-10 seconds, initiated at a depth of 11.5 miles (18
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kilometers) beneath Mount Loma Prieta in the southern Santa Cruz Mountains. Over 5,000
aftershocks have been recorded in the two months since the earthquake. More than 100 have
registered more than M3.0, and several have been greater than M5.0.

The earthquake was felt over a 400,000 square mile area. Damage from the earthquake was
reported as far north as Sacramento County and as far south as Monterey County, a distance of
approximately 120 miles. Sixty-two people died as a direct result of the earthquake. Most of the
fatalities, 42, were caused by the collapse of a two-level elevated highway in Oakland.
Approximately 4000 persons were treated for injuries throughout the 10-county disaster area.
Over 14,000 persons have been left temporarily homeless by the event. Over 22,000 residential
structures and scores of commercial and public buildings have been damaged or destroyed as a
result of the earthquake. The regional transportation system in the Bay Area was heavily
impacted by the closure of the Bay Bridge, portions of Interstate 880 in Oakland, and Highway
17 which connects the Bay Area to Santa Cruz. Electric power, natrual gas, and water and
sewage systems, although heavily impacted in some areas, were restored to most residents within
the first few days after the earthquake. However, in several districts, natural gas and water
distribution systems are still being repaired.

The physical impact of the Loma Prieta earthquake of October 17 was predictable. Structures
that were built on poor soils were more extensively damaged than those on consolidated soils. In
the Marina district of San Francisco, both the violence and duration of ground shaking was
increased by the poor soils. In the Santa Cruz Mountains, ancient landslides were activated by
the shaking, setting in motion massive earth movements, some as large as 3 km long and 2 km
wide. In Oakland, the catastrophic collapse of the Cypress viaduct may have resulted from a
combination of poor soil conditions and archaic concrete design concepts. Earth scientists had
warned us to expect greater damage in these areas; their forecasts have now been validated.

Response of Local Governments

To a great extent, the Loma Prieta earthquake was a series of local disasters. Each affected
jurisdiction responded with its own resources, supplemented by the regional and state fire and
law mutual aid system. The Governor's Office of Emergency Services activated its regional
Emergency Operations Center and State Operations Center, and the Federal Emergency
Management Agency established its Disaster Field Office immediately following the earthquake.
However, in Watsonville, Hollister, Santa Cruz, San Francisco and Oakland, local emergency
responders were able to manage the response without requesting many state or federal resources.
Resource requests were primarily for generators, methods of providing potable water, medical
supplies, shelter support, feeding support, and engineers. Volunteer engineers were provided by
the state to assist local building departments in assessing damaged buildings, and the search and
rescue expertise utilized at the collapsed Cypress structure was supplied by the Governor's
Office of Emergency Services. However, the earthquake was largely a test of local governments'
capabilities to respond. Pressed to the limits of their expertise, most local governments proved
themselves up to the task. Training, exercises, and community preparedness programs
implemented throughout the Bay region provided the basis for quick response.

At the community level, individual residents of damaged areas spontaneously responded to assist
those in need of help. At the Cypress structure in Oakland, in the Marina district of San
Francisco, in the central business districts of Watsonville, Hollister, Los Gatos, Santa Cruz, and
on the Bay Bridge, spontaneous volunteers risked their lives to pull victims from the debris of
collapsed structures. As emergency response professionals arrived at the scenes of damage, they
incorporated the volunteers into their efforts to rescue victims. Californians pulled together in
response to the Loma Prieta disaster; this positive response was, to a great extent, a result of the
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state earthquake awareness and preparedness programs. Once again, individual citizens knew
what to expect and how to respond.

While the response to the Loma Prieta earthquake was handled as a local emergency, no one
should become complacent about the region's ability to respond effectively to a quake of similar
size closer to the urbanized center of the Bay region. A larger quake would quickly overwhelm
local response. Therefore, both local response capability, and staff management skills in
integrating state and federal resources will be necessary for effective response.

Mitigation Programs

Earlier mitigation efforts proved their effectiveness in the Loma Prieta earthquake. After the
1933 Long Beach earthquake, the state initiated a mitigation program with passage of the Field
Act to ensure that public schools were earthquake-resistant. The state also mandated seismic
building codes in every jurisdiction. It was not until 1980, however, nearly 50 years after the
Long Beach disaster, that all public schools were brought into conformance with the Field Act.
Although there was slight structural damage to several Field Act schools near the epicentral area,
none suffered major damage or collapse.

After each earthquake, seismic codes have been updated and improved, providing an assurance
that newer construction is seismically resistant, but we continue to have a significant inventory
of existing buildings--both those built before seismic codes and those built to lesser codes--that
we now know are inadequate in earthquakes. In the aftermath of the Coalinga earthquake, the
state required every jurisdiction in seismic zone 4 (Title 24) to inventory unreinforced masonry
wall and infill structures and by January 1, 1990, to develop and implement a program to
mitigate these hazardous structures.

It is clear from reviewing the performance of newer structures, and those facilities regulated by
the state, that high standards for seismic design, construction and inspection produced structures
that were able to withstand the violence of this quake with little or no damage. Older structures,
built without seismic resistance or to older seismic codes, did not fare as well. The structures we
knew were vulnerable suffered the greatest damage.

Our most recent mitigation efforts in California have been focused in two areas. We have
developed, at the local level, a high degree of professionalism and expertise in disaster response.
Simultaneously, through the efforts of the California Seismic Safety Commission and the
earthquake preparedness projects of OES, we have pressed local governments and other
institutions to reduce the hazards in their jurisdictions, particularly hazardous buildings. The
programs of OES include support and assistance to local governments through the California
Specialized Training Institute and the Southern California and Bay Area Regional Earthquake
Preparedness Projects. These programs provide the technical expertise and training necessary to
assist local governments in preparing and improving their abilities to respond. Recent
evaluations of these two programs and the real test of the Loma Prieta earthquake provide a clear
illustration of the effectiveness of the federal and state commitment to educating, training and
providing assistance to local governments and business in areas of high seismic risk. BAREPP's
work in the Bay Region had a significant impact on the outcome of this event. Local
governments knew what to do, many having developed mitigation programs for hazardous
structures and training for their staffs; many businesses were prepared for the disruptions in
transportation power, and communications; community groups and individuals knew what to do
to protect themselves and the respond after the quake. Government support for preparedness and
mitigation proved its cost effectiveness by reducing losses and injuries.
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Unreinforced Masonry

Unreinforced masonry buildings (URMs), brick structures built without steel reinforcement to
resist earthquake forces, collapsed into themselves, onto adjacent structures and onto the
sidewalks and streets in Watsonville, Hollister, Santa Cruz, Los Gatos, Oakland and San
Francisco. These structures, built before 1933, predominate in most older central business
districts in California as they do across the United States. They pose a threat to the lives of
occupants, as well as to passersby in quakes as small as Magnitude 6.

This earthquake, like Coalinga (1983) and Whittier (1987) before it, illustrates the folly of
investing in urban redevelopment of central business districts through urban design, landscaping,
and architectural decoration, without seismic strengthening of unreinforced masonry. In Santa
Cruz, Los Gatos, Watsonville, and Hollister, older central business districts were rejuvenated
through an investment in cosmetic beautification of URMs, many of significant architectural and
historical merit. These revitalized communities were once again thriving, drawing business and
commerce to their central business districts. Unfortunately, this increased the number of people
at risk by raising densities in the most hazardous areas: within URMs, and on the sidewalks and
streets in front of them. Many of those who perished in the Loma Prieta quake were drawn to
shop and work in rehabilitated structures.

Damage to these older brick buildings around the Bay had many social and economic impacts.
URMs provide a vital resource of low-cost housing and commercial space in older central cities.
Damage on October 17 resulted in the loss of more than 2,000 single-room occupancy housing
units and over 180 business sites, severely affecting lower-income community residents.
Displacement of these residents, in communities where the vacancy rate is less than 1%, has
posed a housing problem for which we do not currently have a solution. It is critical that
jurisdictions provide for the basic housing needs of their residents; if affordable, safe housing is
not available, an earthquake will add tens of thousands of families to the ranks of homeless in
our communities. The provision of affordable housing continues to be the single greatest
challenge to local governments in California.

To reduce damage to their older building stocks, many communities in California now require
strengthening of URMs. In these communities, damage to and collapse of URMs has been
reduced, but it is still too early to determine which of the many approaches utilized to mitigate
URMs proved most effective . It is clear, however, that Bay Area communities which ignored
the threat of damage to these structures are now faced with devastated central business districts
and business communities struggling to survive. In a form of structural Darwinism, the
earthquake destroyed the poorest quality construction, leaving the stronger buildings more or
less intact. Many of these surviving URMs await the next test, a larger quake closer to the center
of the Bay Area or the Los Angeles Basin. The response of URMs in these future earthquakes is
both predictable and avoidable.

Wood Frame Structures

Older wood frame structures--built after the turn of the century on brick foundations, without
bolting or bracing of foundation walls--also suffered extensive damage, adding to the loss of
low-income housing. In Watsonville, with a prequake vacancy rate of less than one percent,
more than eight percent of the housing stock was severely damaged or destroyed. Prevention of
this type of damage is both easy and cost-effective. Unfortunately, while the cost of mitigating
one structure was in the hundreds of dollars before the earthquake, the cost of repairing damage
to the same structure following the quake may well be in the tens of thousands of dollars. These
structures can readily be strengthened to withstand earthquake forces if local governments join
mortgage lenders and insurance companies, all of whom have a stake in preventing damage, in
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requiring foundation bracing and ties in all wooden structures. If these financial institutions
were as concerned with potential earthquake damage as they are with termites, the problem of
damage to wooden structures would be solved by the private sector, without government
intervention.

Non-Ductile Concrete Frame

The collapse of a single structure, the Cypress structure of Interstate 880, resulted in the single
greatest loss of life on October 17. The catastrophic collapse of more than a mile of this non-
ductile (brittle) concrete frame structure points up the greatest challenge to Californians: we have
thousands of structures of this type, both in our freeway infrastructure and also in our more dense
urban centers, where non-ductile concrete was utilized for midrise office, commercial and
residential occupancies though the 1960s. The collapse of the Cypress presented a sobering
view of the potential impact of future earthquakes, where the loss of life in the collapse of a
single structure could eclipse the losses from all structural collapses in earthquakes during this
century. The challenge before us at this time is to move forward quickly to inventory and
strengthen these structures to ensure their seismic resistance.

It should be noted, however, that the general mitigation and response planning efforts of
CalTrans and the public utilities proved effective during this earthquake. Excepting the
collapsed Cypress structure and failed Bay Bridge connections--both older structures built to
older seismic codes on poor soils--the retrofit of the freeway system proved its value: structures
remained operational after the earthquake. Similarly, except where massive ground failure
occurred, the public utilities continued to provide service with only scattered interruptions.
Response capability developed within the utilities reestablished service within days to most
areas. The monumental task of repairing the damaged Bay Bridge was completed in less than 30
days. In the interim, planning by the transit operators provided transbay travel on BART (Bay
Area Rapid Transit), ferries, and in van pools.

Lessons for California Cities

The Loma Prieta Earthquake presents a graphic lesson to those of us in hazard mitigation and
emergency response planning. First, and most important, seismic design pays off. Structures
designed and built to the most recent seismic design provisions of the Uniform Building Code
withstood the forces of the Loma Prieta earthquake with little or no damage. Structures built to
lesser code provisions, with no seismic resistance, suffered extensive damage.

The earthquake also reinforced the notion that site conditions can be a dominant factor in
determining damage to structures. We can no longer feel reassured that structures are safe if
they are built outside of the Alquist-Priolo Special Studies (Fault) Zones, because poor soil
conditions can make a structure vulnerable despite a relatively earthquake "safe" location. In
this earthquake, damage was most severe in the Marina, in downtown Santa Cruz, and in
Oakland--outside the Special Studies Zones! It is therefore important to ensure that seismic
design provisions adequately address site factors. Risk mapping of existing development on
poor soils can assist both emergency responders and redevelopment planners in understanding
the extent of local risk.

Unreinforced masonry buildings continue to be a life threat in even moderate earthquakes.

These structures can be cost-effectively strengthened to resist seismic forces. Because URMs
provide a vital source of low-cost housing and commercial space in older central business
districts, their strengthening and preservation is essential to the economic and social fabric of our
communities.
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As in the 1971 San Fernando and 1979 El Centro earthquakes, Loma Prieta illustrated the danger
of non-ductile concrete structures, designed and built before the 1973 revisions to the Uniform
Building Code. These structures can collapse in moderate and larger earthquakes, and have the
potential for causing a catastrophic loss of life. We must inventory and retrofit these structures
to withstand seismic forces.

The performance of schools, buildings housing essential services, and hospitals was ensured
through enforcement of strict seismic design and construction provisions administered by the
state. These facilities are essential to our communities. The regulation of their construction in
California by state agencies provided a greater measure of safety and performance in this
earthquake; however, it has taken almost 50 years to bring all of California's public schools into
conformance with the Field Act. The outcome of Loma Prieta would have been different if the
programs had not been initiated so long ago!

A seismically safe environment can not be created overnight. Therefore, emergency response
capability--including urban search and rescue, rapid damage assessment, and disaster
management--must be in place. With the assistance of FEMA, California has put in place a
comprehensive program of training, support for local government preparedness and mitigation,
and procedures to integrate state and federal resources to respond to the needs at the local level.
These systems and programs would be essential in the response to an earthquake in the Los
Angeles basin or on the Hayward or San Andreas faults in the Bay region, where hundreds of
jurisdictions will be hit simultaneously. The capability to utilize these resources and manage the
next earthquake disaster will require a commitment from each community's leadership. It will
also require training and regular exercise of all critical city and county departments to ensure that
plans are understood and procedures can be effectively implemented during a crisis.

The task of making our communities safe is one of making sure that new construction is safe
and, more important, of abating the hazards that decades of non-seismic design have produced.
A seismically safe environment can not be achieved without a political and financial
commitment.

Earthquakes are unique as natural hazards. Unlike hurricanes, tornados, or floods, they most
often occur without warning and complete their destruction within seconds. The outcome of an
earthquake can be determined before the ground starts shaking: our planning and development
decisions, the quality of our building design and construction, and our ability to respond quickly
make all the difference. We believe we have changed the outcome of earthquake events through
mitigation and preparedness.

Preparedness pays!
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Japanese NAMAZU-E Woodcuts
Harry T. Halverson

World folklore has many fanciful concepts as to the cause of
earthquakes. One of the more intriguing is that of the Japanese
who attributed the many devastating earthquakes in that country
to a NAMAZU (giant catfish) living underground under Hitachi
province. An earthquake would be caused if this NAMAZU was
permitted to thrash around. Control of the NAMAZU was the
responsibility of the Kashima damyojin (Japanese god) who placed
a pivot stone on its head to restrain it, but on occasion their
control would falter, and the NAMAZU would lift the pivot stone
and produce an earthquake.

This poster exhibit displays six photocopies of the original
woodcuts dating from the 1855 EDO (Tokyo) earthquake, and
discusses briefly the cultural connotations of the NAMAZU

earthquake concept.
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FOURTH ANNUAL WORKSHOP
NATIONAL EARTHQUAKE HAZARDS REDUCTION PROGRAM
LIFELINES SESSION
Donald Ballantyne, P.E.

Kennedy/Jenks/Chilton
206-874-0555

Moderator
Lifeline definition
1. Geographically distributed over a large area with varying seismic
hazards.
2. Society is dependent on these systems for survival:

life and function of institutions.
3. Network systems with interaction between components.

Systems typically considered lifelines

1. Transportation - highways, airports, ports, trains
2. Electric Power

3. Water and sewer

4. Communications - telephone, TV, radio, electronic

5. Gas and liquid fuels

First we would like to define the problem using photographs of damage to
lifelines in the Loma Prieta earthquake, 17 October 1989, near San Francisco.
The Modified Mercalli Intensities of 7, 8, and 9 experienced in that event and
the related damage are similar to what might be expected her in the Pacific
Northwest.

Here to present those photographs is Keith Eldridge with KOMO News 4. Keith
serves as weekend anchor for KOMO. Before joining KOMO in 1983, he worked in
Denver, and closer to earthquake country in both Fresno and San Luis Obispo
California. Keith provided coverage from San Francisco following the Loma Prieta
earthquake last fall.
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We have seen how earthquakes can impact lifeline systems. How can we mitigate
their impact on our lifeline systems here in the Pacific Northwest?

We have with us today 5 panelists who will address that question. Panelists
represent lifeline systems from Vancouver, British Columbia, Seattle, Olympia,
and Portland as well as a national perspective from the federal government.

Speakers today come from backgrounds in water supply, power, and highway systems.

I will pose four questions to the panel members which cover a broad base of the
considerations in lifeline mitigation programs:

1.

We are all aware of the potential impact an earthquake can have on
our lifeline systems. How can we get a program initiated?

Describe your experience with marketing an earthquake mitigation
program to decision makers controlling your lifeline budget?

Once a program is initiated, how can we assess the earthquake
vuinerability to our lifeline system components?

Describe your plans or experience in assessing the earthquake
vulnerability of your lifeline system? Focus on the vulnerability
of system components.

Once system component vulnerability has been identified, how will
their performance impact the overall function of the system network?

Describe your plans or experience in estimating potential earthquake
losses to your system? Discuss both dollar losses and lifeline
"system network" function loss.

And finally, component and system weaknesses have been identified.
What can be done to mitigate earthquake impact?

Describe your plans or experience with measures which will result
in directly reducing the impact of an earthquake on your system?
Such measures could include upgrade of physical structures or
equipment, or emergency planning.

Now I would like to present our distinguished panel members:

1.
2.
3.

Mr.
Mr.
Mr.
Mr.
Mr.

Walter Anton - Chief Engineer, Seattle Water Department
Allan Walley - Bridge Engineer, Washington State DOT

J. D. Cattanach - B.C. Hydro

William E11iott - Portland Water Bureau

Ken Sullivan - Federal Emergency Management Agency
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LIFELINE DAMAGE FROM THE LOMA PRIETA EARTHQUAKE
NEHRP Workshop, 19 April 1990
Presented by Keith Eldridge, KOMO
Prepared by Don Ballantyne, Kennedy/Jenks/Chilton

On 17 October, 1989, over 60 people were killed in the magnitude 7.1 Loma Prieta
earthquake. The earthquake, whose epicenter was located in the Santa Cruz
Mountains between San Jose and Santa Cruz, caused over six billion dollars
damage.

The Cypress viaduct collapse on highway 880 resulted in two thirds of the
earthquake’s deaths. Collapse of a section of the Oakland Bay Bridge cut off
200,000 commuters daily from passing between Oakland and San Francisco. Repair
only took one month. Slides on Highway 17 between San Jose and Santa Cruz closed
the road with complete renovation taking over 30 days. A bridge crossing Struves
Slough on Highway 1 north of Watsonville was lifted of its supporting pile
foundation and came to rest after moving laterally. That resulted in the piles
puncturing the road section.

The earthquake fault, with an offset of 7.5 feet, occurred between the North
American and Pacific plates at a depth of 11.5 miles below the earth’s surface.
A Modified Mercalli Intensity of 8 resulted at the epicenter with intensities
as high as 9 occurring in the San Francisco Marina District and Oakland.

Power was lost regionally with some areas being blacked out for four days.
Damage to a 500-kilovolt switch yard at this Pacific Gas and Electric Moss
Landing power plant was one of the primary causes. A raw water tank at that
site split at the bottom emptying its contents. The resulting vacuum imploded
the tank roof. Engine-generator sets such as this one at a Pajaro Water District
installation south of Watsonville, and this one at the Palo Alto wastewater
treatment plant were critical in maintaining lifeline system function.

Liquefaction at the Oakland Airport’s main 10,000 foot-long runway resulted in
its closure. Upon reopening it was limited to 7,000 feet of usable length. One
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window in the San Francisco airport control tower fell out which, along with
other disruption, caused airport closure. Resumption of full service took 2
days.

Liquefaction and settlement at the Port of Oakland’s Seventh Street facility made
container crane operation impossible. An estimated $75 million in damage was
estimated.

Over 100 water main breaks in San Francisco’s Marina District resulted in fire
control problems. The fire control problem was compounded by natural gas
pipeline damage resulting in fire. Ground motion amplified by soft soils damaged
building structures. Water continued to be in great demand. Water pipeline
break locations correspond closely to fill areas. Liquefaction and permanent
ground deformation was the primary pipe damage mechanism. Even the City’s
Auxiliary Water Supply System built specifically to be earthquake resistant did
not function as planned because of operational error. An emergency operation
center was set up in a neighborhood school. While pipeline damage was repaired,
water shortage continued to impact the community. The same level of damage is
expected to be identified in the city sanitary sewer system when its
investigation is complete.

Closer to the epicenter, the Santa Clara Valley Water District’s Rinconada water
treatment plant was devastated by sloshing water. Nearly half the radial
launders were ripped from their mounts putting the 80 MGD plant out of service.
Repair is expected to cost $1.5 million. At the same plant proper anchorage of
gas cylinders kept them in place. A chlorine cylinder owned by another water
purveyor broke loose, severing piping and releasing a chlorine plume. The area
was evacuated. Emergency battery racks remained intact having incorporated
earthquake resistant design. Most lab chemicals were kept on the shelf using
innovative designs.

Sludge digester cover guides were damaged from sloshing sludge at San Jose, East

Bay Municipal Utility District in Oakland, and as far away as Sacramento.
Sloshing sewage damaged clarifier baffles at two wastewater treatment plants in
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the south bay area. Scum troughs broke and fell into clarifiers at Palo Alto.
SToshing sewage in Palo Alto’s primary clarifiers pushed aluminum hatches out
of their frame. Plant operators then had to go fishing to pull them from the
bottom of the tank.

The East Bay Municipal Utility District’s Sobrante Water Treatment Plant was shut
down for four days as a result of failure of a 60 inch prestressed concrete
cylinder raw water line. Stored water provided adequate service until the Tine
was repaired. Compression failure in a 20 inch cast iron pipe under 20 feet
of fill also impacted the District.

A 1.1 million gallon post tensioned concrete tank owned by the Parissima Water
District split 4 inches at a seam discharging its contents. The release ran
towards Interstate 280 through four finely Tandscaped yards, collapsing a garage,
and carrying mud into a house.

A bolted steel tank owned by a small water utility in the Santa Cruz Mountains
buckled at the base.

A water tank on the roof of the Amfac Hotel near the San Francisco Airport fell
through the elevator shaft, requiring closure of the hotel. No one was injured.

At the Richmond petroleum terminal, an unanchored tank rocked resulting in
elephant’s foot buckling.

Over 100 dams were within a 60 mile radius of the epicenter. Of the 12 subjected
to heavy shaking, 9 showed evidence of damage. The Newell Dam, holding the city
of Santa Cruz water supply in Loch Lomond had small fissures open on the face.

In the Santa Cruz Mountains, the area hardest hit by the earthquake, the Redwood

Estates water system, with 400 services, was not completely restored for five
months. Portable showers and water tanks were brought in to meet people’s need.
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In Scott’s Valley, home of Seagate computer disk drives, a 1 million gallon water
tank connection snapped when the tank rocked, releasing its contents.

The bedding around pipelines leading to the Santa Cruz wastewater treatment
plant liquefied. The pipelines are suspect for damage. A raw sewage force main
broke in Santa Cruz releasing raw sewage into the San Lorenzo River. In Santa
Cruz, permanent ground deformation resulted in over 100 water 1line breaks putting
two city hospitals without water. Several fires erupted. The levee along the
San Lorenzo River slumped. Building damage was extensive including the Santa
Cruz Police headquarters and the downtown mall. Businesses such as Zoccolli’s
delicatessen relocated to stay in business.

Liquefaction and slumping along the Pajaro River, south of Watsonville, opened
a fissure, pulling apart a water line and reversing the flow in a gravity sewer

main.

Finally at Moss Landing, extensive liquefaction and slumping resulted in
offsetting the top half of this sewage pump station.
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OVERVIEW OF LIFELINE EARTHQUAKE ENGINEER!NG
PANEL DISCUSSION

ABSTRACT OF RESPONSES

by WALTER F. ANTON, CHIEF ENGINEER
SEATTLE WATER DEPARTMENT

During the past ten years, the Seattle Water Department has carried out a
seismic rellabllity evaluation of Its many water system facilitles. While
the water system faclilities are generally expected to remain operable in
the event of a major earthquake, some damage and leakage I|s expected which
could reduce the capabiliity of the Department to provide water in suffi-
cient quantity and pressure for drinking, fire fighting and sanitation
throughout its service area. Clty officlals have supported the
Department’s $16 million seismic upgrade program, which includes a new dam,
reservoir lining, improved transmisslion pipeiine supports, strengthening of
elevated tanks and standpipes, and structural! strengthening and more secure
anchorages at many of the operating facilities. The Department’'s Emergency
Response Plan is being modified to improve the Department’'s response readl-

ness and repair capabllity.

EA13.61.1
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OVERVIEW OF LIFELINE EARTHQUAKE ENGINEERING

PANEL DISCUSSION
RESPONSES TO FOUR TOPICS

by WALTER F. ANTON, CHIEF ENGINEER
SEATTLE WATER DEPARTMENT

MARKET ING AN EARTHQUAKE MITIGATION PROGRAM

The marketing of Seattle wWater Department’'s earthquake mitigation pro-
gram has not been particularly difficult as the program has evolved
over the past ten years.

Initiaily, the Water Department and City Council readily budgeted the
necessary funds to comply with the requirements of the National Dam
Safety Program to evaluate the earthquake vulnerability of the large
and small dams In the water system and to carry out the seismic
strengthening work identified. The last of this remedial work is in
this year’'s capital improvement program budget.

The next major effort Involved the comprehensive review of the seismic
rellability of all other water system facilities, including the review
of the Department’'s emergency response plan. The City Council author-
ized the $192,000 consuitant study in the Water Department’s 1988
budget.

This selsmic reliabitity study was carried out under Water Department
management by Cygna — a San Franclisco area engineering flrm that was
augmented by Seattle area subconsultants.

The next major step was getting budget authority for the addition of
the $9 milllon Selsmic Upgrade Program in the Water Department’'s 1990
Capital Improvement Program based on the initial results of Cygna’'s
selsmic evaluation. Recent media coverage accompanying the publication
of the flnal results of Cygna‘s evaluation has now acquainted the pub-
lic with the need for the upgrade work —-— now a $12 milllon program to
be carried out during the next five to seven years. As a result, we
expect positive support from the City Council as we carry out the
necessary work.

ASSESSING EARTHQUAKE VULNERABILITY OF SEATTLE WATER SYSTEM

The Seattle Water Department puts top priority on public safety and is
constantly looking at ways to improve the water system and reduce risks
to the population and our drinking water. To this end, the Seattle
Water Department engaged Cygna (a San Francisco area engineering flrm
augmented by Seattle subconsultants) in 1988 to perform a comprehensive
review of the reilability of water system facillties in the event of a
major earthquake. 101



This detailed analysis of major pipelines, pumping stations, treatment
plants, control centers, and tank type distribution storage reservoirs
(tank type) augmented eariier studies of the Cedar Falls Dam, Tolt Dam,
and embankment type reservoirs.

The evaiuation considered 6.5 magnitude and 7.5 magnitude earthquake
events (with one-in-a-hundred and one-in-five-hundred years recurrence
intervals, respectively) centered under the facility studied. The
study also considered a larger magnitude subduction event with an epi-
center located near the coast of Washington.

Overail, the water system facilities are generally expected to remain
operablie In the event of a major earthquake; damage sustalned would be
repaired on a priorlty basis. Speciflc results of the study are as
follows:

° The Water Operations Control Center (Administrative Building) --
the nerve-center of the water supply system which houses the
equipment that directs water dellvery functions -- was determined
to be adequately designed to withstand a major earthquake.

Cedar Falis Dam and Toit Dam and all but one embankment type dis-
tribution reservoir are expected to survive a severe earthquake
without serious damage.

The earth dam at Lake Youngs (a key regulating reservolir) In the
Mapie Vailey area and the earth embankment at Mapie Leaf distribu-
tion reservoir in north Seattle were determined to be subject to
Ilquifaction damage.

Seven elevated water tanks and nine standpipes located throughout
the Seattie area are among the more vulnerable facilities In the
system. All but three of these structures were found to need
additional support and anchorage to adequately withstand a major
earthquake. Out of sixteen storage structures In the City’'s dis-
tribution area, thirteen structures may not be operational after a
7.5 earthquake and nine of these structures may not be operabie In
the event of a magnitude 6.5 event. Although these reservoirs
would be damaged and may leak, It is unilkely that they wouid
collapse during an earthquake.

Throughout the system, the anchorage of control panels, electrical
equipment, consoies and roof-to-wail connections need to be
strengthened.

The supports of some water transmission |lines need to be improved.
This work will include improving the support of the major single
feed supply line to Mercer island.

Some damage will occur to distribution system watermains at loca-
tions where soil conditions are sandy, wet and unstable —— similar
to cast Iron pipeline breaks that occurred during past major
earthquakes in Western Washington.
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ESTIMATING POTENTIAL EARTHQUAKE LOSSES TO WATER SYSTEM

Following a large earthquake, the Seattle Water Department expects to
be able to provide water from existing sources to a majority of its
service area. However, damage to water mains, some tanks and operating
facilities would reduce the Department’'s ablllty to provide the normal
level of pressure, flow and reserve water.

Severe water use restrictions may have to go into effect to provide
water for drinking, fire fighting and sanltation.

Locallzed water main and sewer pipe breaks could result in severe loss
of pressure and possible contamination. In the event of an earthquake,
SWD would issue an immedlate "boil water" order through the media until
water quailty |Is assured.

Since It is the Water Department’'s obilgation to protect the public; to
minimize property damage, and to provide water for drinking, fire
fighting and sanitation following a major earthquake, there was |ittle
question in the mind of Water Department management that it was prudent
and sound utilities management to embark on the $12 million upgrade
program recommended by Cygna and to continue with the $4 million seis-
mic upgrade work previously underway. Any effort to assign a dollar
value to public safety or potential property damage resulting from the
escape of stored contents from a storage structure is difficult at
best. It was obvious that even the most modest monetary estimate of
potential public risk wouid likely far exceed the renovation cost for
the specific elevated storage tank or standpipe even if complete
replacement of the structure is necessary.

PLANS FOR REDUCING IMPACT OF EARTHQUAKE ON WATER SYSTEM

The Seattle Water Department has already embarked on a $16 million pro-
gram to strengthen its facilities to resist a severe earthquake. The
program includes:

° Constructing a new embankment dam immediately downstream of the
vulnerable Lake Youngs Dam (underway with complietion by mid
1990).

° Lining Maple Leaf Reservoir to prevent leakage water from causing
a llquifaction type foundation failure (underway with completion
by fall 1990).

° Plpeline tie-down measures and Improving the support of the Mercer
Isliand supply line.

o]

Augmenting the bracing, connections, and anchorage of eight ele-
vated water tanks (design to begin in 1990 with strengthening
between 1991 and 1995). Three of the tanks that need upgrading are
being left empty during low water use months to reduce damage
potential during a possible earthqguake.
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Improving the anchorage or replacement of seven standplpes (design
to begin in 1992 with construction between 1993 and 1995).

Improving anchorage of equipment and structure modification of
vulnerable pumping and treatment facilities. This work is being
initiated on a prlority basis.

Although the Water Department’'s Emergency Response Plan already
Iincludes most of the basic elements normally included In an earth-
quake prepardness plan, some modiflcations will be made to Improve
the Department’s response readiness and repair capabliiity.

Planned additions inciude formal plans to assess earthquake
damage, priorltizing repair work after an earthquake, additlional
stockpllIng of repair parts and equipment, and formailzing mutual
ald agreements with other utiiities.
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Ken Sullivan
Federal Emergency Management Agency

Q.1

Al

Describe your experience with marketing an earthquake mitigation program to
decision-makers controlling your lifelines budget.

The decision-makers for FEMA are the members of Congress and the President.
We have to convince them (and the American people) of the importance of
earthquake hazard mitigation for the whole United States.

Lifelines comprise:

(1) Transportation (airports, highways, waterways, railroads, oceans,
tunnels, subways, ports, etc.)

(2) Communications (telephone lines overhead and underground, radio
towers, communication disks [satellite], TV towers, and stations, etc.)

(3) Electric Powef (towers & lines, nuclear power plants, dams, solar power,
coal plants, oil-fired plants, etc.)

(4) Water and Sewage (distribution lines, water towers, treatment plants,
etc.)

(5) Fuel Transmission Facilities (oil, natural gas, steam, propane tanks, fuel
lines [above and below ground], etc.).

The key to the lifeline mitigation program is:

(1) Inventory all existing lifeline systems in the United States.

(2) Assess which of those lifelines are the most vulnerable.

(3) Implement a program to strengthen the most vulnerable lifelines.

Marketing this program involves making people aware of the danger and then
convincing the decision-makers of the nation as to how much of their resources
can be used to mitigate the future danger in all areas of the country. I will cover
how we “reach out” to the decision-makers later in this presentation.
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Q.2

A2

Describe your plans or experience in assessing the earthquake vulnerability of
your lifeline systems. Focus on vulnerability components.

FEMA'’s concerns cross the spectrum of lifeline systems. Thus, our plan
includes all lifelines in the United States.

Our past experiences have involved establishing contacts with Building Seismic
Safety Council (BSSC) to establish an over-all plan for lifelines. With FEMA
funding, a workshop was convened in Denver, Colorado in 1986. The workshop
attracted professionals from all over the United States and resulted in six
published volumes of material — one for each of the five lifelines and one
covering political, social, economic, legal, and regulatory issues. A final
volume: Abatement of Seismic Hazards to Lifelines — An Action Plan was
produced to summarize all of the workshop’s six volumes. The FEMA published
documents are contained in FEMA 135-143.

FEMA then had a panel of experts convened by National Institute of Building
Sciences (NIBS) in 1989 to review and distill all the data into one national
plan — Strategies and Approaches for Implementing a Comprehensive Program
to Mitigate the Risks to Lifelines from Earthquakes and other Natural Hazards.

FEMA is the lead agency for this program, but they can’t do it all. Therefore,
FEMA has developed an Agency plan — An Evaluation and Planning Report,
the Lifelines Segment of the FEMA Earthquake Program.

The objectives of the Lifelines Segment of the FEMA Earthquake Program are
(1) to reduce the vulnerability of lifeline systems in the United States to seismic
hazards in order to save lives and property and (2) to avoid catastrophic
national disruptions of lifeline services when earthquakes occur.

The goals of this program are to:

® Increase the awareness of lifelines systems providers, designers, builders,
managers, operators, and users of potential seismic hazards to their systems
and what can be done to reduce vulnerability to these hazards.

® Expand the knowledge base of vulnerability of lifelines systems to seismic
hazards.

® Increase the availability of technical publications, guidelines, design
criteria, standards, and model codes needed for improving the seismic
resistance of lifeline systems.
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Q.3 Describe your plans or experience in estimating potential earthquake losses to
your system. Discuss dollar losses and lifeline“system network” functional loss.

A3

Again, — FEMA’s program addresses all lifelines throughout the United
States. Lifeline systems in the United States have been estimated by NIBS to
cost $92.9 Billion,

The cost of rebuilding the lifeline systems depends on where the earthquake
occurs, how close the community is to the epicenter, and how well the
vulnerable area is prepared to meet the threat.

The lifeline loss potential includes (but is not limited to):

(1)
(2)
3

(4)
(5)

Lives
Injuries

Assets (fuel transmission facilities, transportation facilities, water and
sewerage facilities, electric power, and telecommunication facilities)

Work Productivity (lost time)

Economic Markets.

(A good book on this subject is FEMA’s Estimating Losses from Future
Earthquakes — A Panel Report from the National Research Council, 1989.)
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Q.4 Describe your plans or experience with measures which will results in directly
reducing the impact of an earthquake on your system; such measures could
include upgrade of physical structures or equipment, or emergency planning.

A4

Currently FEMA has the following ongoing or planned projects for lifelines this

year:

(1)

(2)

(3)

Vulnerability Assessment and Impact of Disruptions to Lifeline Systems

This FEMA project is with the Applied Technology Council for a study to
(1) develop a national overview evaluation of the overall extent and
distribution of lifeline systems and the potential consequences of
earthquake damage and disruptions to major lifeline systems, and
(2) develop and verify a practical approach for assessing the vulnerability
of lifelines and the impact of failure and disruption for at least one selected
lifeline system in a selected site (region) that is high prone to earthquake
damage and recommend priority steps for reducing the impact. The high-
prone system selected is the water supply system for San Francisco,
California.

Study of Existing Federal Practices on Lifeline Systems

Studies are conducted on Lifeline Systems where the Federal Government
owns, operates, leases, regulates, and finances these facilities. The first
report, due shortly, will be on Electric Power and Telecommunications.
The next reports, individually, will be on:

® Fuel Transmission
® Water and Sewer Systems
® Transportation Systems

Cajon Pass study of the Risks Posed by the Current Placement of Lifeline
Systems in the San Bernardino, California Region

The purpose of this project is to conduct a vulnerability study of the
current placement of lifeline systems in the Cajon Pass. The study would
address the risks that lifelines pose from earthquakes, including multiple
and serial events, The study will provide recommendations on means to
mitigate the risks identified. The means may involve lifeline separation,
new design, or new construction methods and materials. The recom-
mendations will be applicable to locations beyond the Cajon Pass area.
The Cajon Pass lifelines accident in May of 1989 will be used to provide
“lessons learned” and insights for mitigation techniques that can be
developed and applied there and elsewhere in the United States.
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(4)

Coordination and Guidance of Lifeline Seismic Hazard Reduction

Because “lifelines” embraces such a broad spectrum of organizational and
technical activities, comprehensive coordination and guidance are
essential.

Subject to availability of funds, we plan to initiate a lifelines safety council
similar to the BSSC so as to bring together all the diverse factions in the
country on lifelines. This council would:

Stimulate the various sectors of the lifelines community to support and
participate in the lifelines hazard reduction program, including the
areas of design, construction, and maintenance.

Recommend actions to improve the lifelines awareness, dissemination,
and application activities.

Assess the adequacy of educational and technical materials and
recommend projects for development of materials needed to fill gaps.

Evaluate dissemination and application activities and develop
distribution techniques and networks useful to all of the projects in the
Lifelines Segment.

Develop means to keep the lifelines community informed on a regular
basis of the progress of projects underway, of their results, and of the
availability of published products — through existing (or where
needed, new) newsletters, periodicals, training publications, or other
appropriate channels.
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DAM SAFETY CONSIDERATIONS

Jerald LaVassar
Department of Ecology, Dam Safety Section
Mail stop PV-11, Olympia, WA 98504-8711

ABSTRACT

The principal dam safety concerns arising from earthquake loadings
on earthen embankments are:

1. The assessment of liquefaction potential, and
2. The estimation of seismic induced deformations.

The peak bedrock acceleration values at a site by themselves are
insufficient to assess the above issues. It is necessary to know
the number of cycles expected for differing "equivalent
acceleration" levels. An "“equivalent acceleration" is the uniform
cyclic acceleration level that produces approximately the same
effect as the varying acceleration levels of a typical earthquake
time history.

In conducting periodic inspections of dams where past seismic
analyses are inadequate, the Dam Safety Section does a simplified
assessment of the seismic stability. This is essentially a coarse
screening to determine whether the projects warrant more detailed
analysis by the Owners' consulting engineers. This screening
involves selecting an appropriate time history for the bedrock
motion and scaling it to an appropriate peak acceleration level for
the site. This scaled time history is then used as the bedrock
motion in the SHAKE program to model the amplification of bedrock
motion in the soil column.

In the past the Dam Safety Section has used USGS Open-File Report
80-471 to appropriately scale the peak acceleration of the bedrock
motion at a project site. It was assumed that in the Puget Sound
Lowlands the mapped accelerations in this report were controlled by
the large magnitude earthquakes in the subducting Juan de Fuca
Plate. However, it has recently been learned that the USGS maps do
not appropriately reflect the impact of seismicity in the deeper,
subducting Juan de Fuca Plate. For annual exceedance probabilities
of .01 or less (return period of 100 years or more), the
accelerations generated by shallow, smaller magnitude earthquakes
are larger than those generated by higher magnitude, deep-seated
earthquakes. The deeper large magnitude earthquakes produce
considerably greater durations of strong ground motion than the
shallow, lower magnitude earthquakes in the upper crust. A smaller
peak acceleration for a longer duration of strong ground motion
poses potentially greater ground failure problems than a few cycles
of larger acceleration produced by shallow, lower magnitude
earthquakes. A number of models are being used in practice that
provide information on the peak bedrock motions associated with
both deep-seated as well as near-field, small earthquakes.
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The USGS maps of peak accelerations used the Schnabel and Seed
attenuation relationships that largely reflect data from
California. The appropriateness of this relationship to the deeper
seismicity of the subducting Juan de Fuca Plate is questionable.
However, these attenuation relationships were deemed of sufficient
accuracy for screening projects for gross inadequacies.

In the Puget Sound Lowlands the Dam Safety Section currently
accepts designs based on ground motions produced by deep-seated
earthquakes (M, 7.5) in the subducting Juan de Fuca Plate and
shallow (M, 6.5) events in the over-riding North American Plate.
Project proponents are informed of the controversy regarding the
interface events and encouraged to consider designing to
accommodate the greater ground motions potentially associated with
these very large earthquakes. At this time the Dam Safety Section
does not require projects to be designed for large interface
events.

To conduct a coarse screening of projects, the Dam Safety Section
has assumed that the deconvoluted accelerogram for the M, 7.1 1949
Olympia earthquake will have an acceleration spectra representative
of a M, 7.5 event. This deconvoluted bedrock accelerogram was
assumed to produce within the so0il column and embankment a
reasonable approximation of the maximum stresses under a M_ 7.5
earthquake. However, it seemed unlikely that the use of this
accelerogram would give a reasonable approximation of the effects
of the longer duration of strong ground motion associated with
greater magnitude earthquakes. In practice, the equivalent stress
at a particular point in the embankment cross-section from SHAKE is
used. But, the time-history of stresses from SHAKE is not used to
determine the equivalent number of cycles for a representative
uniform stress. Instead, an empirical approach has been taken that
a M, 7.5 event would produce 15 cycles of the equivalent stress.

The maps of peak acceleration values potentially could provide a
very helpful tool in performing initial screening of seismic
hazards. However, simply mapping peak accelerations without regard
to the associated duration of strong bedrock motion severely
restricts the utility of these reports. Ideally, future
acceleration maps will address this issue.
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Overview

This presentation is based on a study of expected earthquake damage to
water and sewer systems in Portland, Oregon. This work is supported by a
grant from the National Earthquake Hazards Reduction Program (NEHRP) of the
United States Geological Survey (USGS). The study addresses two sewage
drainage basins to demonstrate the applicability of the approach. The
findings from this research will help guide actions that can be taken to
inventory and display the effects that earthquakes would have on the water and
sewer lifelines in an urban setting.

Objective

The objectives have been to develop methodologies for determining damage
estimates and to develop loss estimating algorithms so that the importance of
damage can be better displayed to decision makers. Objectives further are to
utilize readily available technology (personal computers) and to discuss how

these approaches can be used for mitigation planning and in actual disaster
situations.

Scope

Two demonstration areas were chosen in Portland, each with different
characteristics and different mixes of water and sewer facilities. The
demonstration areas are as follows: the Tanner Basin includes important water
delivery and storage facilities and sewage collection and pumping facilities
serving a portion of the central business district; the Fiske Basin is a
densely developed residential area and includes the principal sewage treatment
plant for Portiand, the Columbia Boulevard plant.

Project Status

To date, field inventories have been completed and geographic information
systems (GIS) have been created. In particular the following are in place:

« Dr. Wang of O1d Dominion University in Norfolk, Virginia has developed a
graphical information system and prepared the overlays including
transportation system, parcels, water facilities, sewer facilities,
geology, seismology, ground shaking intensity, and the relationships of
earthquake intensity to distributed facilities (buried pipelines).
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» Concentrated facilities have been field reviewed and inventoried by Don
Ballantyne of Kennedy-Jenks-Chilton Engineers. Inventory formats for
buildings, equipment, and interior piping systems have been developed
and used. Loss experience research has been reviewed. Replacement
costs for facilities and their components and loss algorithms for water
and sewage facilities have been developed.

« The City of Portland has reviewed the Federal Disaster Relief and
Restoration system and prepared a flow chart of activities for
display. The relationships between earthquake magnitude and ground
shaking intensity have been described so that nonscientific readers can
better understand the cause and effect relationship.

Limitations

With regard to distributed facilities (pipelines), since the two study
areas represent only 9 percent of the served area (2,500 acres of 27,500
acres) and each basin has unique water or sewer facilities, no attempt has
been made to extrapolate and make a direct correlation to city-wide damage.

With regard to concentrated facilities, some system wide locations have
been reviewed in detail, but not all operating facilities are represented in
the reviews. The demonstration project looked in detail at the Columbia Blvd.
Waste Water Treatment Plant, the Headworks and Bull Run source intake
facilities, and the Groundwater well and pumping facility. All of these
facilities serve the entire city. Evaluations also look at key structures and
storage facilities that serve the test areas and that are an integral part of
the service to or from the test areas. Thereby, the damages and losses
portrayed are not inclusive of the entire water or sewer systems and serve
only to demonstrate the approaches and their feasibility.

With regard to earthquake magnitude and ground shaking from an earthquake,
the study used the best available information on geology and seismicity to
develop two earthquake scenarios. Since there is very little information on
ground shaking intensity, the study utilized published information on local
effects following the May, 1968 Portland earthquake. Since the State of
Oregon plans to undertake a rigorous ground response effort, better
information will be available.

Since Portland’s last experience with Federal Disaster assistance in 1972,
there have been many changes in Federal, State and local funding, approach and
requirements. The section on disaster declarations and information needs
draws on interviews with Oregon and Washington State emergency planning
officials as well as FEMA Region X staff.

Findings

Although information on pipeline damages (distributive facilities) is not
yet complete, algorithms have been developed and the approach is being
utilized to demonstrate how earthquakes will affect the water and sewer
pipes.

Particular findings are as follows:
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« Two different GIS software systems have been used on the separate
drainage basins to better understand the data needs and ease of data
analysis. Each has advantages and disadvantages in the PC environment
that will be discussed more fully in the final report.

» Graphic and data layers have been developed for geology, seismicity,
complete water and sewer pipeline systems, and the relationships of
supply, storage, and pumping that serve the test areas.

« Graphic and data layers grouping factors such as geology and seismicity
to develop ground response and liquifaction potential maps have been
demonstrated.

« Two scenario earthquakes have been applied producing ground response
maps for each of the basins.

« Loss algorithms (relationships) have been prepared to display the
effects of ground response on selected water facilities and sewer
facilities.

« Loss curves have been chosen to describe ground response and damage.

» Earthquake ground response has been applied to concentrated and
distributed facilities and loss estimates developed.

« The relationship of earthquake intensity and ground response has been
discussed.

« The activities and functions involved in emergency and disaster response
have been discussed.

Implications

The broad implications of these findings are that ways and means are
available to inventory and model complete water and sewer systems and to
describe the expected effects of damaging earthquakes on these facilities.
These model approaches in inventorying and developing replacement costs can be
used for multiple purposes. Some of those purposes include mitigation
planning and programming, emergency response, and documentation of existing
systems. To the author's knowledge this is the first lifeline analysis that
includes detailed treatment of inventories, modeling, damage, restoration, and
planning applications. The relative ease of developing these tools will be
more clearly displayed in the final report prepared for the USGS NEHRP
program.
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Abstract

This discussion addresses two types of loss estimates -- region-wide dollar
estimates of prospective losses and vulnerability assessments -- in considering the
uses of loss estimates. The limits in producing and using the region wide estimates
are discussed, casting doubts on efforts to provide more refined estimates of
prospective regional losses. Vulnerability assessments tied to decisions about
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