EVALUATION OF LIQUEFACTION POTENTIAL IN
SEATTLE, WASHINGTON

By W. Paul Grant,! William J. Perkins,? and T. Leslie Youd?

ABSTRACT

Seattle has experienced significant damage related to
Jiquefaction during historical earthquakes and may be sub-
jected to even greater damage in the future due to increased
development of the area and the potential occurrence of a
subduction-zone earthquake. The methedologies and results
of two Tesearch studies that evaluated the liquefaction haz-
ard to Seattle are discussed and compiled in a single map
indicating the local liquefaction-hazard potential. Delinea-
tion of the liquefaction hazard in the area will benefit land-
use planning, future building development, and planning for
disaster response.

All liquefaction evaluations were based upon existing
data from more than 350 boring logs and an empirical pro-
cedure that relates Standard Penetration Test N-values to
threshold ground accelerations needed to initiate liquefac-
tion. A computerized database was developed to facilitate
storage and retrieval of the boring data for subsequent anal-
yses. The liquefaction potential was evaluated using two
procedures. One procedure grouped similar geologic units
and assigned relative rankings to the liquefaction potential
based upon the percentage of Standard Penetration Test N-
values that fell below a threshold N-value needed to resist
liquefaction resulting from a 0.30g (where g is equal to 9.8
meters per second) ground acceleration. The second proce-
dure assigned relative liquefaction-potential rankings based
upon the computed thickness of material in individual bor-
ings that would liquefy for ground accelerations of 0.15¢
and 0.30g. A review of all major geologic units within the
study area for liquefaction potential, using both criteria and
assigned hazard ratings of high, moderate, low, or very low,
showed that fills and Holocene alluvial deposits at the mouth
of the Duwamish River have a high liquefaction potential;
however, Holocene alluvium and beach deposits elsewhere
were given a moderate liquefaction rating. Pleistocene
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alluvial sedimentary deposits were given a low liquefaction
rating, and glacially consolidated Pleistocene sedimentary
deposits were assigned a very low potential.

INTRODUCTION

Earthquake-induced liquefaction and related ground
failures have caused substantial casuallies and major prop-
erty fosses in various parts of the world. Property losses in
excess of $800 million have been attributed to liquefaction-
related ground failures that occurred during the 1964 Niigata,
Japan, earthquake (Keefer, 1983). Also, property losses
related to liquefaction-induced ground failures were esti-
mated to have exceeded $200 million in the March 27, 1964,
Alaska earthquake (Keefer, 1983). During the Alaska carth-
quake, soil liquefaction induced lateral spreads that com-
pressed or buckled more than 250 bridges, disrupting railroad
and vehicular traffic. Liquefaction also generated subaque-
ous landslides that destroyed sections of the waterfronts of
Valdez, Seward, and Whittier.

Earthquake-induced ground failures during the 1949
and 1965 Puget Sound, Washington, earthquakes resulted in
substantial damage to buildings, bridges, highways, rail-
roads, water distribution systems, and marine facilities.
Property damage from the 1949 and 1965 events totaled $25
million and $12 million, respectively. Grant (1986) esti-
mated that 25-50 percent of the total damage from these
carthquakes may be attributed to earthquake-induced ground
failures such as liquefaction. Whereas this amount of
damage may seem relatively minor when compared with
other major earthquakes, the damage is consistent with the
relatively low levels of ground acceleration (typically less
than 0.10g, where g is equal to 9.8 m/s} that were recorded in
Seattle during these events. Should Puget Sound experience
a major Cascadia subduction-zone earthquake of magnitude
8.0 or greater, as postulated by Heaton and Kanamori (1984),
damage from earthquake-induced ground failures could
casily be an order of magnitude higher than the damage
experienced in past events.
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This report summarizes the results of two research
studies (Grant, 1990; Perkins, 1991) that evaluated the ligue-
faction-hazard potential in Seattle (fig. 215). Grant (1990)
was a U.S. Geological Survey (USGS) sponsored study in
which a computer database of existing borings in Seattle was
developed and used to evaluate liquefaction potential based
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on empirical procedures by Seed and Idriss (1971), Seeq and
others (1983), and Seed and others (1984). Liquefaczion'
hazard categories were differentiated on the basis of COmpgr.
ing SPT (Standard Penetration Test) N values for a geologic
unit with the N values required to resist liquefaction during
an earthquake with a 0.30g ground acceleration. Perkipg
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Figure 215, The Puget lowland and location of the study area, Washington.




(1991) used the same database but established liquefaction-
hazard categories based upon the cummulative thickness of
material liquefying from either 0.15g or 0.30g ground accel-
erations. The results from both of these studies were com-
pined, resulting in the single liquefaction-hazard map
contained on plate 9.

Identifying areas where liquefaction may potentially
occur within Seattle provides a tool to aid government agen-
cies in land-use planning, building development, and plan-
ging for disaster response. The liquefaction-potential map
developed as aresult of this study may be used by engineers,
city officials, and planners to assess the need for changes in
soming ordinances or building codes to mitigate the hazard.
For example, building codes could be modified to require
site-specific liguefaction assessments and appropriate foun-
dation designs for structures located in high-risk areas. The
map also could be used by engineering departments within
various governmental agencies and the insurance industry fo
estimate the damage potential to existing buildings during a
future earthquake, information that may be used to prioritize
structures for seismic retrofitting. Finally, the liquefaction-
hazard map could be used by emergency-response planners
1o anticipate areas within the city that may sustain high dam-
age and casualties or where the infrastructure (for example,
roads, bridges and water-supply lines) may be particularly
vulnerable, affecting emergency response efforts.
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THE LIQUEFACTION PHENOMENON

Liquefaction is a phenomenon in which saturated, cohe-
sionless soils are temporarily transformed into a liquid state,
most commonly as a result of earthquake-induced ground -
shaking. Tiquefaction occurs as a result of the buildup of
excess pore-water pressures during the shaking. When the
pore-water pressure exceeds the grain-to-grain (effective)
contact pressure of the soil, the soil particles lose contact
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with each other and the soil essentially behaves as a liguid.
Pore-water pressure in a liquefied soil may become so greay
as to result in small geysers from which water is ejected,
leaving sedimentary features commonly termed sand boils.

The development of liquefaction 1s conirolled by a
number of complex and interrelated factors. These factors
can be generally related to the following parameters: (1) the
strength of the underlying soil deposit, (2) the location of the
water table, and (3) the severity of earthquake ground shak-
ing. Historically, clean sands and silty sands are the materi-
als most susceptible to liquefaction. In addition, the
liquefaction resistance of any particular soil is affected by its
density, fabric, prior earthquake history, and in-place stress
conditions. The depth of the water tableis a controlling fac-
tor because a soil must be saturated or located below the
water table for liquefaction to occur. Within any given soil
deposit, liquefaction is more likely to occur where the water
table is shallow as opposed to conditions where the water
table is depressed. Finally, development of liquefaction is
dependent upon the magnitude of the earthquake siresses
induced in the soil deposit and also the duration of ground
shaking. The stresses and duration of ground shaking are, in
turn, affected by the size and location of the earthquake, the
travel path of the earthquake motions to the site, and any
local amplification of ground motions that may occur within
the soil column.

Depending on site-specific factors, liquefied soil can
cause various types of ground failures that may damage
overlying structures. A common rvesult is loss of bearing
capacity for shallow foundations located over the liquefied
soil. Other adverse effects include flow failures, buoyant
rise of buried structures, ground settlement, failure of retain-

ing walls due to an increase of lateral pressures, and lateral .

spreading.

HISTORICAL LIQUEFACTION IN
SEATTLE

Historical records provide valuable information for
assessing earthquake-induced liquefaction potential. Specif-
ically, areas that have experienced liquefaction during past
earthquakes may liquefy again during a future event. For
example, reconnaissance reports from the 1989 Loma Prieta
earthquake (U.S. Geological Survey, 1989) indicate that
many of the areas that experienced liquefaction and unusu-
ally severe ground shaking during the 1906 San Francisco
earthquake experienced similar damage patterns in the
recent event. In both of these earthquakes, locations of
unconirolled, random fills significantly correlated with
severely damaged areas. Therefore, in our study of the lig-
nefaction potential of soils in Seattle, we first reviewed
accounts of historical liguefaction in the area and then corre-
lated these accounts with historical maps that show tideland
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reclamation along shoreline areas, This information would
likely identify the soil conditions having the highest relative
liquefaction potential.

Table 34 provides accounts of liquefaction occurrences
in Seattle during the 1949 and 1965 Puget Sound earth-
quakes. The April 13, 1949, event was located about 63 km
south-southwest of Seattle, near Olympia, and had a surface-
wave magnitude (M) of 7.1 (Weaver and Baker, 1988). The
body-wave magnitude (m,) 6.5 earthquake of April 29, 1965,
occurred about 23 ki south of Seaitle (Weaver and Baker,
1988). As indicated in table 34, liquefaction during these
earthquakes typically resulted in differential settlement of
buildings, lateral movement of bulkheads, and cracking of
basement walls.

Because uncontrolled fills have been particularly sus-
ceptible to earthquake-induced liquefaction during historical
time, old topographic maps of Seattle were reviewed to
“delineate fill areas. The changes to Seattle shorelines and
their associated fills are shown in figure 216. Additionally,
the figure shows the locations of sites that liquefied during
the 1949 and 1963 earthquakes, the majority of which coin-
cide with shoreline areas that were filled during the early
development of Seattle. Experience from earthquakes in
other regions also suggests that areas of uncontrolled fill may
be particularly vulnerable to liquefaction during a future
event.

A final factor that is needed in understanding the histor-
ical accounts of liquefaction in Seattle is the level of ground
shaking, or peak ground acceleration, that occurred locally
during the 1949 and 1965 earthgnakes. Fortunately, both
events were locally recorded on strong-ground-motion accel-
erographs (Shannon & Wilson, Inc., and Agbabian Associ-
ates, 1980), which were located close to areas that
experienced liquefaction (fig. 216). These accelerographs
recorded peak ground accelerations of about 0.10g during
both the 1949 and 1965 earthquakes (California Institute of
Technology , 1976; Shannon & Wiison, Inc., and Agbabian
Associates, 1980). Based upon seismicity studies conducted
by Shannon & Wilson, Inc. (1980) for various sites within
the Puget Sound region, it is estimated that this leve] of
ground acceleration may have a 20- to 40-year recurrence
interval.

GEOLOGIC FRAMEWORK

Because liquefaction resistance can generally be corre-
lated with the age of a geologic deposit, understanding the
origins and ages of the different geologic units in the study
area helps establish a framework for categorizing potentially
liquefiable soils. In the following discussion, primary
emphasis is given to the glacial deposits in the region.

REGIONAL GEOLOGY

Seattle is located in the Puget lowland, which is
slightly arcuate, convex-eastward basin lying between g,
Cascade Range on the east and the Olympic Mountaing o
the west (fig. 215). The basin is open on the north 1q the:
(eorgia depression and the Strait of Juan de Fuca, the lage,
connecting Puget Sound with the Pacific Ocean. Beneath the -
Puget lowland, nonlithified Quaternary sedimentary deposits °
of varying thickness generally unconformably overlie Ter.
tiary bedrock. These sedimentary deposits are both glacial
and nonglacial in origin.

The incursion of Pleistocene continental ice into the
basin is well documented (Willis, 1898; Bretz, 1913;
Mackin, 1941; Crandell and others, 1958; Armstrong and
others, 1963; Crandell, 1965; Easterbrook and others, 1967,
Mullineaux, 1970; Crandell and Miller, 1974; Blunt and oth-
ers, 1987). Ice originating in the coast and insular mountaing
of western British Columbia, Canada, coalesced in the Geor-
gia depression and moved south across the 49th paralle] 1o
the south end of the Puget lowland, about 80 km south of
Seattle. At least four major advances and several partial
advances have been identified. Although highly complex,
each advance left a sequence of lacustrine, advance outwash,
glaciomarine drift, till, and recessional outwash deposits.
The nonglacial intervals generated combinations of fine-
grained deposits of fluvial and lacustrine origin and also
some organic deposits, except along the basin margins,
where coarse fluvial deposits and mudflows predominate.
The trend of the existing ridges, valleys, and deep inlets of
Puget Sound is north-south, with the vaileys being scoured to
great depths. The thickness of the total unconsolidated basin
fill varies from trace amounts in scattered locations through-
out the lowland to over 1,100 m in the central part of the
basin near downtown Seattle (Hall and Othberg, 1974; Yount
and others, 1985) (fig. 217).

The bedrock underlying the Puget lowland is not well
understood because of the thick and pervasive mantle of
Pleistocene deposits. The sparse knowledge of the configu-
ration of the bedrock surface has been interpreted from geo-
physical data, a few deep borings, projection of surface
exposures along the basin flanks, and several bedrock ridges
that partly cross the basin along northwest trends. The rocks
are mostly folded, faulied, and deeply eroded Tertiary marine
and estuarine sedimentary materials; volcanic materials con-
sisting of basalt, andesite, and volcaniclastic rocks; and ter-
rigenous deposits such as sandstone, shale, and
conglomerate, including extensive interbedded coal seams
that lie along the Cascade Range flank east and south of Seat-
tle. Gravity- and magnetic-survey data show high differen-
tials in the bedrock elevations, a result most likely related to
major faulting. In fact, some of the steepest gravity gradients
in the United States have been measured in Seattle (Danes
and others, 1965; Rogers, 1970). One of these steep gravity
gradients coincides with the Olympic-Wallowa lneament, &
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major west-northwest-trending  structural zone that cuts
fhrough the Cascade Range and Columbia Plateau to the
east. South of this lineament, bedrock is exposed in scattered
outcrops il southeast Seattle, at Alki Point, and in a series of
prominent ridges to the east, collectively called the
Newcastle Hills, that trend gastward to the Cascade Range.

LOCAL GEOLOGY

Seattle consists of several north-south-trending elon-
gated ridges and drift uplands. The hills and uplands are sep-
arated by large Pleistocene glacial troughs and outwash
channels that are now occupied by tida} waters and large
jakes or alluviated by streams that occupied the troughs
about 13,500 years ago following the retreat of the last gla-
ciation. Major troughs lie beneath the main body of Puget
Sound, the Duwamish River valley, and Lake Washington.
The symbols used to identify the geologic units in the fol-
jowing discussion correspond to those used on plate 9 and
those used by Waldron and others (1962}, who originally
mapped the surficial geology of the area.

BEDROCK

A broad band of Tertiary sedimentary and volcanic-
intrusive rocks forms the Newcastle Hills promontory
between Renton and Issaquah, east of Seattle. This west-

. northwest-plunging promontory crosses the southern part of
the city, with bedrock exposed or subcropping in the
southern part of Beacon Hill, locally in the southern Duwa-
mish River valley, and at Alki Point in West Seattle. These
rocks are folded into northwest to west-northwest-trending
anticlines and synclines that are broken by northeast-trend-
ing left-lateral faults (Weaver, 1937; Mullineaux, 1970).
The faults were most recently active in early to middle Ter-
tiary time (Gower and others, 1985).

Two Tertiary bedrock units lie beneath and sporadically
crop out within the study area. Waldron and others (1962)
identified the oldest unit as middle Eocene sedimentary con-
glomerate, sandstone, siltstone, and shale chiefly with volca-
nic clasts (Td). This older unit crops out along the southern
edge of the study area, along the sides and below the Duwa-
mish River valley. The younger bedrock unit (Tb) contains
Oligocene marine to estuarine sandstone and shale with sub-
ordinate amounts of conglomerate, mostly of volcanic oti-
gin. The unit is part of the Blakely Formation (Weaver,
1937; Waldron, 1962; and Livingston, 1971). This unit
crops out across the southern part of Seattle and at Alki
Point.

Immediately north of this band of Tertiary rocks, the
bedrock surface drops abruptly to depths of more than 1,100
m below sea level in a horizontal distance of less than 1.6
km, as shown in figure 217. Present data suggest that the
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bedrock surface rises from its lowest point in downtown
Seattle gradually to the northeast to about 400 m below sea
level at the north end of Lake Washington (Hall and Oth-
berg, 1974; Yount and others, 1985).

PLEISTOCENE DEPOSITS

Nonlithified, glacially overridden sedimentary deposits
generally lie unconformably above the Tertiary bedrock (pl.
9). This sedimentary material is both glacial and nonglacial
in origin. The youngest of these sedimentary deposits, the
Jower parts of the Vashon Drift, were deposited as the Vas-
hon ice lobe advanced southward during the Vashon stade of
the Frasier glaciation, about 15,000 yr B.P. (Mullineaux and
others, 1965). At its greatest extent, the lobe advanced to a
position about 80 km south of Seattle (Booth, 1987). Cover-
ing Seattle with an estimated 900-m-thick layer of ice, the
weight of the glacier greatly overconsolidated the underlying
sediment to various degrees, including the lower parts of the

. Vashon Drift. In the Seattle area, these very dense sedimen-

tary materials underlie most upland areas, including major
hills and ridges.

As the Vashon ice lobe retreated northward, it left
behind recessional outwash deposits (Qys, Qyg) largely
consisting of mixtures of gravel and sand. The outwash
was generally confined to the major glacial troughs but was
also irregularly distributed on the drift uplands. Reces-
sional deposits also include coarse-grained outwash deltas,
kame terraces and other ice-contact deposits along certain
ridge flanks, local fine sand and silt deposited in ephemeral
ice-marginal lakes, and sands and gravels in local outwash
channels. Locally, recessional deposits attain thicknesses
of 30 m or more in major outwash deltas. The younger
sands (Qys) are fine to medium grained and generally less
than 3 m thick in the upland channels. The younger gravels
(Qyg) are composed of sand and pebble-size grave] and are
also about 30 m thick.

HOLOCENE DEPOSITS

Holocene deposits in the Seattle area include alluvium
(Qa) in the Duwamish River, Rainier, and Interbay valleys;
beach and adjacent marine deposits (Qb) along shorelines;
colluvial and landslide deposits (Ql); and peat (Qp) and
lacustrine deposits (Qs¢) in upland depressions and along
low-lying lakes. Alluvial deposits (Qa) consist of fine sand,
silty fine sand, fine sandy silt, and nonplastic silt, with local
pockets or stringers of organic materials. Owing to shifting
of depositional channels, individual beds of uniform grain
size are tarely laterally continuous over large areas, and
interfingering of different soil units is common. Typically,
the Holocene deposits consist of very loose to loose granular
soils within about 10 m of the ground surface. Subsurface
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EXPLANATION FILLS AND LAND MODIFICATIONS
ACCELFROGRAPH STATIONS AND LOCATIONS o _ o .
* USGS aceelerograph station 2170 (discontinued) that recorded Major fills (f) and drainage modifications (m} in the
the April 13, 1949 earthquake; city have resulted from engineering projects during the first
4735 E. Marginal Way (= 47.55 N.; 122.54 W. two decades of the 20th century (Phelps, 1978). Areas of
" US([S\S Ef;‘;le‘fgéaspgaﬁgz;‘ki}oz {existing) that recorded the major tideland reclamation are shown in figure 216. Tn the
939 1st Ave. (= 47.604 N.; 122.335 W) garly 1900s, shallow tidal areas of the Duwamish River

delta were filled with material that was largely sluiced from
adjacent drift uplands to improve the usability of the seaport
and obtain an area for industrial development. As a result of
these operations, the mouth of the Duwamish River was

SITES OF HISTORICAL LIQUEFACTION
] 1949 earthquake

® 1965 earthquake

* Approximate location of liquefaction site ” \
extended about 0.80 km northwest to its present location,
HISTORICAL SHORELINES Also during this period, the sinuous, meandering course of
— U.S. Caast Survey {1879) the lower Duwamish River was straightened and deepened to
""" U.8. Geologieal Survey (1897) what is now the Duwamish Waterway. Additionally, Harbor

Island was built of hydraulic fill placed on tidelands at the
river mouth when the East and West Waterways were
Marsh or swamp dredged. A tidal marsh in the Pioneer Square area was filled
, with soil and with organic debris from nearby lumber mills.
Figure 216 (facing page and above).  Sites of historical iquefac-  (lacial soils from the Jackson and Dearborn Regrades were
tion in Seattle. The numbt?rs.corresp(?nd to the location mumbers sluiced via flumes and pipes to the Duwamish tidal flats
used in table 34 for descriptions of liquefaction. Base map from south of the Pioneer Square area, where it accumulated to
Waldron and others (1962). depths up to 12 m in the period between 1909 and 1910 The
water-laden soil was washed into a series of diked ponds so

explorations for the West Seaitle Bridge indicated that the ~ that the fine particles could settle out of the sluiry (Phelps,

alluvium near the mouth of the Duwamish River generally 1.978)' The tidal marsh at Smith’s Cove (Interbay) was
extends to a depth of about 55 m and locally extends to filled, as was the delta of Longfellow Creck (Young's Cove) .

Tidal flat

depths of 75 m. in West Seattle. These projects provided extensive areas for

Lacustrine deposits (Qsc) and very soft to soft peat seaport facilities and industrial expansion.

(Qp) also occur in numerous closed depressions on the sur- Logs of geotechnical borings show that these fills are

face of the drift uplands and along the shorelines of lakes. highly variable in composition, ranging from sand to silt to

Lacustrine sedimentary deposits are composed of silt, clay, clay and often containing sawdust, bricks, logs, wood frag-

and fine sand and are usually less than 3 m thick. The peat ments, cinders, and other debris. Yount (1983) reported that

ranges from fibrous to peaty silt (muck). Both the upland later fills are generally of better quality (more compact mate- i.{
and lowland peats contain a pervasive 2.5 to 5.0-cm-thick rial consisting of medium o coarse sand) than the older fills. m

layer of ash related to the eruption of Mount Mazama (Crater  The fills are typically 3-5 m thick but can be as much as 10 !
Lake, Oreg.) 6,800 years ago (Wilcox and Power, 1964; m thick.
Curran, 1965). Regrading of the downtown Seattle hillsides was
Colluvium is the veneer of loose to medium-dense soil accomplished in two major phases between 1903 and 1928
that drapes the sides and toes of slopes throughout the city to facilitate expansion and ease access within the central
and its environs. The deposits consist of mixtures of the  business district. This included removing Denny Hill
maserials composing the slopes and, hence, the grain size of entirely, which resulted in an excavation that was locally in
these colluvial deposits can range from fine-grained clay and excess of 30 m and covered a 62-city-block area (Sale, 1976;
silt to boulder-size clasts. Processes forming colluvium  Morse, 1989). Glacial soils removed from Denny Hill were
range from very slow creep (the imperceptible movement of either sluiced or dumped by barge into shallow areas of
only fractions of a centimeter per year) to catastrophic land- Eliiott Bay.
clides. The areal extent of landslide deposits (Ql) is rela- Between 1911 and 1916, the Lake ‘Washington Ship
tively small; these deposits lie near the base of steep hills, Canal was construcied, linking Lake Washington to Puget
ridges, and uplands. Slide material is especially common at  Sound. This construction resulied in lowering of the surface
or below the contact of the Esperance Sand and Lawton Clay of Lake Washington a nominal 3 m to the level of Lake
Members of the Vashon Drift (Tubbs, 1974). On steep  Union. Additionally, the canal construction, which also
slopes (greater than 40°), the colluvial veneer is generally  includes a set of locks, resulted in raising the water surface

very thin (1 m or less), whereas near the t0¢ of the hillside,  in Salmon Bay to the level of Lake Union. The lowering of

where slope angles are 10°-20°, thicknesses of colluvium  the water surface in Lake Washington eliminated the Black

generally range from 5 to 10 m. River, which drained from the south end of Lake
1

e —
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EXPLANATION

Contours showing depth to bedrock; in meters
Area of bedrock outcrop

Major structural or geophysical lineament
Marine seismic reflection profile

Water well

Geotechnical boring; depth to rock

Exploration not reaching rock

Figure 217 {facing page and above). Map showing
= depth to bedrock in the Seattle area. From Yount and
“ others {1983).

aishjngton to the Duwamish River at Tukwila. Also as
of the canal construction, the Cedar River was diverted
o Lake Washington (Chrzastowski, 1983).

The lowering of Lake Washington left a gently sloping
terrace underlain by loose sedimentary materials around the
ake’s periphery, part of which has been retained as park
and and part of which has been privately developed (Gal-
ter, 1989). The northern portion of Union Bay was filled
ubsequent to the lowering of Lake Washington. Originally,
e site was a landfill that was later capped with fill material.
peat bog to the north of N.E. 45th Street was partially
emoved for peat and then filled with granular materials,

During construction of the Sand Point Naval Air Sta-
tion, the site was extensively graded. Glacial soils from the
central portion of the site were excavated and used to fill a
-~ small embayment on the north side and at Mud Lake.

Smaller areas of fill, as shown in figure 216, are located
at the south end and northwest comer of Green Lake, the
south and west sides of Lake Union, and the southern por-
tion of Salmon Bay. Smaller fills were also placed in ox-
bow features along the Duwamish and Green Rivers.

GROUND WATER

Most of the normally consolidated soil units in the
Seattle area lie in alluvial valleys or along lakes and bays
where ground-water levels are relatively high. Static water
levels recorded or estimated from borings in various areas of
the city are summarized in table 35. As shown in the table,
the average depth to ground water generally ranges from 0.6
to 3 m except in the upland outwash gravels. Although
available boring data for the upland gravels suggest the
absence of near-surface ground water, the near-surface pres-
ence of water cannot be precluded because of the paucity of
data. High ground-water levels are likely where this gravel
lies adjacent to lakes or ponds in the upland areas. Addition-
ally, perched ground-water conditions may locally occur.
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REGIONAL SEISMICITY

Examining the historical record concerning seismicity,
earthquake source mechanisms, and postulated levels of
peak ground motion for the Puget Sound region is essential
to defining the liquefaction hazard of the Seattle area
because the strength of the earthquake and the duration of the
ground shaking directly affect the development of
liquefaction.

HISTORICAL SEISMICITY

Seattle is located in a moderately active tectonic prov-
ince that has been subjected to earthquakes of low to modei-
ate strength and occasionally to strong shocks during the
160-year historical record of the Pacific Northwest. The
largest historical earthquakes in the region are believed to be
associated with deep-seated plate-tectonic activity (U.S.
Geological Survey, 1975). Major mapped faulis in the
region (within 88 km of Seattle) have not been active in the
Holocene and, consequently, none are known to be associ-
ated with historical seismicity. The nearest faults known to
be active are small faults on the Olympic Peninsula, about 65
km west of Seattle.

The more significant historical earthquakes (those of
Modified Mercalli intensity VI or greater) that have occurred
in the Seattle area are listed in table 36. Of the 18 events
listed, 5 had intensities of VII or greater. The largest of these
were the April 13, 1949, M, 7.1 intensity VIII shock and the
April 29, 1965, my, 6.5 intensity VII-VIII event. These earth-
quakes, which were respectively centered 63 km and 23 km
from Seattle, caused considerable property damage in the
city.

Other large historical earthquakes that have affected
Seaitle include one in the North Cascades of Washington and
two in western British Columbia. The North Cascades earth-
quake of December 15, 1872, appears to have been one of the
largest in the Pacific Northwest, as it was felt over an area of
about 1,295,000 km?. It has been estimated that this major
shock had a magnitude of about 7 and an MMI of VIIL
Although the epicenter of this event is uncertain owing to the
sparse population of the area at that time, it apparently
occurred somewhere in the northern Cascade Range.

In Canada, major earthquakes occurred on Vancouver
Island on June 23, 1946, and in the Queen Charlotte Islands
on August 21, 1949 (Coffman and Hake, 1973). The Van-
couver Island event had a magnitude of 7.3 and a maximum
intensity of VIII. Although the magnitude 8.1 Queen Char-
lotte Islands earthquake was felt over an area of more than
5,180,000 km?, damage was minor because of the sparse
population in the epicentral area.
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Table 35. Ground-water depths in various parts of the Seattle metropolitan region,
{All values in feet, as originally measured or estimated from borings in study database. Values in parentheses are metric equivalents}

Arca Average depth Maximum depth Minimum depth Standard deviation

Duwamish River 6.5 (2.0} 21.5(6.6) 0.0 (0.0) 44(1.3)

valley (includes

filled tideflats).
AlkiBeach ............ 10.5(3.2) 25.0(7.6) 6.0(1.8) 3.7(LI)
Rainier Valley .......... 8727 26.0(7.9) 0.0¢0.0) 8.3¢2.5)
Interbay (includes 6.4 (2.0) 13.0 (4.0) 0.0 (0.0) 4.3 (1.3)

Lake Washington

Ship Canal, unit Qys!).
WestPoint ......... vo.o 1504.6) 30.0(9.1) 9.0(2.7) 6.9 (2.1)
UnionBay ............ 4.0 (1.2) 6.5(2.0) 2.0(0.6) 1.3(0.4)
Shilshole Bay .......... 1.7(0.5) 4.0(1.2) 0.0 {0.0) 1.7(0.5)

'Giacial recessional outwash deposit; upper part of the Vashen Drift. See plate 9 for description.

Table 36. Historical earthquakes in the Puget Sound region that exhibited a Modified Mercalli intensity (MMI) of VI or
greater and occurred within 60 km of Seattle.

[Leaders (--), not measured. PST, Pacific Standard Time; M; , surface-wave magnitude; my, body-wave magnitude]

Time, Epicentral distance (km)
Source’ Year Date PST Lat’N. Long®W. Magnitude Maximum Depth  and direction from
{mo/day) (hr:min) ) ] MMI (km) Seattle

AC 1880 08/22 13:25 48 122 - VI - 51 NNE.
AC 1880 12/12 20:40 475 1225 - VI - 16 SW.
A 1928 02/02 04:52 4738 1217 - VI - S3NE.
A 1931 12/31 07:25 47.5 123.0 - VI - 51 WSW,
A 1932 08/06 14:18 47.7 122.3 - VI - 11N
A 1939 11/12 23:46 474 1226 575 VI - 315w,
B 1945 04/29 12:16 47.4 121.7 - vII - S3ESE.
A 1946 02/14 1918 473 1229 575 VII - 558W.
B,C.E 1949 04/13 11:56 47.1 1227 7.1 (M) VIII n 63 SSW.
A 1950 04/14 03:04 480 122.5 - VI - 47 NNW.
A 1954 05/15 05:02 474 1223 - VI - 238,
B 1955 03/25 22:56 48.05 122.03 - VI - 55 NNE.
B 1960 04/10 22:48 47.57 122.25 - VI - 8 SE.
A 1963 0124 13:43 474 1221 - VI - 27 SE.
B,E 1965 04/29 07:29 474 122.3 6.5 (mp) VI-VIII 60 238,
B.C 1965 10/23 08:28 475 1224 4.8 VI - 13 SSW.
B 1975 04/22 15:04 47.08 122.65 4.0 (mp) VI 47 64 5SW.
B 1976 09/08 00:21 47.38 123.08 4.6 (mp) Vi 48 61 WSW.

"The following sources were used in compiling the earthquake data:

A, Coffman and von Hake (1973). C. U.S. Geological Survey (1975).
B. US. Coast and Geodetic Survey (1928-1968). D, Stoverand others (1978).
E. Weaver and Baker (1988).
*The range of uncertainty for epicenral locations may be taken as +0.5° for earthquakes prior to 1960 and +0.2° for those after 1960,
*Type of magnitude was not provided in the references prior fo 1975.

EARTHQUAKE SOURCE MECHANISMS for these two source zones, respectively (Rasmussen and oth-

ers, 1974; U.S. Geological Survey, 1975). The deeper events

Earthquake source mechanisms, which have been  are believed to be associated with fanlting or release of
correlated with the observed historical seismicity, include  extensional stresses in the subducted slab of the Pacific plate
shallow crustal events and deep subcrustal events. Maxi-  beneath the Puget lowland area (Taber and Smith, 1985;
mum magnitudes of about 6.0 and 7.5 have been postulated ~ Weaver and Baker, 1988). The two major earthquakes in the




n, the 1949 and 1965 events, both had focal depths in
< of 40 km, which is consistent with the deep-source-
anism hypothesis. The majority of historical events,
ver, occurred at relatively shallow depths of about 24
r less, which is consistent with the shallow-earthquake-

<hanism hypothesis.

: A third source mechanism, which is currently being
Jcbated within the scientific community, is the possible
currence of a major earthquake on the (ascadia subduc-
q zone off the coast of the Pacific Northwest (Heaton and
anamori, 1984). Presently, the Cascadia subduction zone
quiet, with only scattered and diffuse seismicity, and no
ge subduction-zone earthquakes have occurred during
orical times. However, Atwater (1987) has introduced
ologic information that would suggest the possible occui-
nce of several subduction-zone events during the past

POSTULATED GROUND MOTIONS

Estimates of seismic peak ground acceleration for the
Seattle area have been postulated from regional studies con-
‘ducted by the USGS and from Jocal microzonational studies
onducted by other researchers. Information on the ground
‘acceleration of the area is an essential parameter in conduct-
ing a liquefaction-hazard evaluation.

: The USGS has performed several regional studies on
seismic hazards in the Pacific Northwest (Algermissen and
others, 1982; Algermissen, 1988a, b). Figure 218 presents a
regional, probabilistic evaluation of peak ground accelera-
tions that could occur on rock within the Pacific Northwest.
The accelerations shown in this figure have a 10 percent
probability of being exceeded in a 50-year period, which
corresponds to a 475-year seismic return period. Figure 219
compares the seismic exposure of Seattle to other areas of
the United States. This figure presents ground accelerations
on rock that have a 10 percent chance of being exceeded dur-
ing the indicated time intervals. Both figures indicate that
Seattle may be subjected 0 a ground acceleration of 0.30g
an average of every 475 years.

Whereas the ground-motion estimates presented in
figures 218 and 219 are based upon conventional earth-
guake source mechanisms (shallow and deep), recent work
by Algermissen (1988a) suggests that ground accelerations
in Seattle from a large subduction-zone earthquake occur-
ring off the coast of Washington would not vary apprecia-
bly from the 475-year accelerations estimated from the
conventional earthquake sources. However, the duration of
ground shaking for a subduction-zone earthquake may be
several times greater than that associated with more con-
ventional earthquake source mechanisms. Increased dura-
tion of ground shaking would tend to increase the areal
extent of liquefaction.

On a site-specific basis, Langston and Lee (1983) and
Thnen and Hadley (1987) performed ray-tracing studies to
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investigate the local variations in ground response in the
Puget Sound region. Whereas Langston and Lee (1983) spe-
cifically evaluated amplification of ground motion in the
Duwamish River valley, Thnen and Hadley (1987) devel-
oped a seismic hazard map for the entire Puget Sound region
that included considerations for ground-motion amplifica-
tion due to soil type and wave-focusing effects, Results
from both of these studies indicated that ground motions
along the Duwamish River could be 50-100 percent greater
than adjacent elevated areas. Both studies, however, indi-
cated that the computed values of ground motion were
highly dependent upon the focal mechanism and location of
the generating earthquake. Because of the speculative
pature and high degree of sensitivity associated with the
results of the Iocal microzonational studies, the results from
these local studies have not been widely accepted or used for
seismic design within the local engineering community.

STUDY METHODOLOGY

TECHNIQUE

Methods for evaluating liquefaction potential on a
regional basis range from empirical technigues relating
general liquefaction susceptibility to underlying geologic

125° 120°
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Figure 218.  Farthquake peak ground accelerations for the
Pacific Northwest. Numbers are peak accelerations in percent of
g onrock with a 10 percent chance of exceedance within 50 years
(475-year return interval). Contours hachured to indicate closed
low. From Algermissen (1988a).
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various focations in the United States ang
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times. From Algermissen (1988b).
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conditions (Youd and Perkins, 1978), to more elaborate
probabilistic, analytical evalvations (Power and others,
1986). These techniques have been applied to sites in south-
ern California (Lee, 1977; Youd and others, 1979; Power and
others, 1982; Tinsley and others, 1985; and Power and oth-
ers, 1986), northern California (Youd and others, 1975; Blair
and Spangle, 1979; Davis and others, 1982; Youd, 1982;
Kavazanjian and others, 1985; Youd and Perkins, 1987; and
Power and others, 1988), and other locations in the Western
United States (Anderson and Keaton, 1982, 1986; Moriwaki
and Idriss, 1987} and Eastern United States (Budhu and
others, 1987; Hadj-hamou and Elton, 1989; Elton and Hadj-
hamou, 1990}.

Our liquefaction study of Seattle used empirical rela-
tions developed by Seed and Idriss (1971), Seed and others
(1983), and Seed and others (1984) to establish the
liquefaction potential of the various geologic units in the
area. The procedures were used because of their acceptance
and wide use in engineering practice. Furthermore, the use
of these procedures permits a better conceptual understand-
ing of the liquefaction phenomenon and the interrelation of
the various parameters, such as subsurface geology and SPT
N-values, that affect the occurrence of liquefaction.

The first step required the development of a database
containing ground-water levels and SPT N-values for the
various geologic units within the study area. This

200 250

information was obtained from more than 350 borings in
Seattle. The SPT N-values of the soils within the various
geologic units were then compared with the threshold SPT
N-values needed to resist liquefaction. The relative liquefac-
tion hazard of the particular geclogic unit was then assessed
on the basis of the percentage of SPT values falling below the
threshold SPT N-values. Additionally, the liquefaction haz-
ard was assessed on the basis of the computed cumulative
thickness of potentially liquefiable soil within the borings.

DATABASE

Because liquefaction susceptibility is affected by the
geologic origin, depth, relative density, and gradation of the
soil and the depth of the water table, a computerized database
was developed to facilitate the storage and retrieval of
subsurface data for subsequent use in the liquefaction evalu-
ation (Grant, 1990). The database, which includes the logs
of more than 350 borings, allows sorting of the data corre-
sponding to various parameters including geographic loca-
tion, drilling method, geology, and individual SPT N-value.
Data rtecorded for each boring include UTM (Universal
Transverse Mercator) coordinates, location description, date
drilled, drilling method, surface elevation of the boring,
static ground-water depth, and SPT N-value as a function of




- Each SPT sample in a boring was assigned a code
'gponding to the geologic unit of the material as well as
arate code describing the composition of the materials
the sample. The data corresponding to a particular
jgic unit or material were subsequently retrieved to
mine liquefaction susceptibility. By including individ-
PT data from each boring, we were able to statistically
unt for variability of the SPT values within individual
gs or within an entire geologic unit. This assessment is
smssed subsequently in the evaluation-criteria section.

PEAK GROUND ACCELERATION

A key parameter in the liquefaction evaluation is the

ection of a peak ground acceleration value for use in the

aumerical computations of the Jiquefaction potential. The

following factors were considered in selecting the peak

ground acceleration for the liquefaction study:

Scenario earthquake or probabilistic assessment

Criteria for probabilistic determination

Uniform risk or site-specific studies

E The first factor considered was whether to base the
evaluation upon a scenario earthquake, such as a repeat of
the 1949 or 1965 Puget Sound earthquakes, or to conduct the
"evaluation based upon a probabilistic risk assessment of the
study area. One advantage of selecting a scenario earth-
" quake is that other studies (U.S. Geological Survey, 1975;
Langston and Lee, 1983; Ihnen and Hadley, 1987) have been
conducted using such scenario events. Additionally, the
results from a scenario-earthquake evaluation may be com-
pared with historical earthquake damage in the area. The
disadvantage to a scenario-earthquake study is that the earth-
quake sources in the area are not constrained to well-defined,
known faults with surface rupture. Hence, it is quite proba-
ble that future earthquakes could occur at any location within
the Puget Sound region and not at the epicenters of past
events. Accordingly, it was decided to conduct the liquefac-
tion evaluation based upon a probabilistic assessment of the
earthquake hazard in the study area.

In selecting a probabilistic approach, it is necessary (o
establish the criteria for defining the design earthquake. In
this regard, the design-earthquake ground acceleration was
selected to correspond with motions having a 10-percent
probability of being exceeded within 50 years. This approx-
imately corresponds to a 475-year return interval. The crite-
ron was selected to be consistent with local building
practice in Seattle, which is based upon the Uniform Build-

‘ ing Code (International Congress of Building Officials,
1991). Thus, the 475-year return interval provides consis-
tency between the liquefaction-hazard map and nationally
recognized standards for earthquake design of buildings.
The third factor considered in the liquefaction evalua-
tion was whether to assume that the seismic risk or ground-
shaking potential was uniform throughout the entire study
area or whether the level of peak ground acceleration
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should be varied throughout the study area, considering
amplification from topographic effects or subsurface soil
conditions. Clearly, one would expect variations in ground
accelerations throughout the study area for any given earth-
quake. These variations could be atiributed to differences
in subsurface geology or geometric attenuation of energy
from the earthquake source. In fact, studies have been con-
ducted to evaluate the local influence of such effects (Lang-
ston and Lee, 1983; Thnen and Hadley, 1987). However,
one limitation of microzonational studies of local ground
motion is that the subsurface conditions throughout the
study area are not perfectly known. Furthermore, the
results of Jocal studies of ground-motion effects in the Seat-
tle area (Langston and Lee, 1983; Ihnen and Hadley, 1987)
have shown that the calculated results were highly depen-
dent upon the focal mechanism and location of the generat-
ing earthquake. Thus, it would appear that whereas
techniques are available for computing ground motions on
4 microzonational level, these computed ground motions
may be highly speculative and their application may be
limited, considering the unconstrained location of future
earthquakes in the Puget Sound region.

To avoid introducing additional uncertainties that are
associated with the calculation of site-specific earthquake
ground motions, it was decided to base the liquefaction eval-
uation upon a single level of ground acceleration. This
would imply a uniform seismic risk throughout the entire
study area. Although in reality ground motions may vary
throughout the siudy area, there are several reasons that sup-
port selection of a single value of ground-surface accelera-
tion. First, the fact that earthquakes in the Puget Sound
region are not constrained to well-known structural features
indicates that future earthquakes will likely occur at random
in the region. This factor is consisient with the assumption
of a uniform seismic risk. A second factor supporting the
selection of a single ground-acceleration value is that the
study area is predominantly underlain by similar soil condi-
tions. Specifically, about 80 percent of the study area is
underlain by glacially consolidated sedimentary deposits
that would be categorized as “stiff soils,” or “S,” soils using
the Uniform Building Code (International Conference of
Building Officials, 1991) soil classification scheme. The
remaining 20 percent of the study area is underlain by allu-
vial soils that may have a somewhat greater potential for
ground-motion amplification. These alluvial soils, however,
generally do not include the thick sequences of clay that have
characteristically resulted in large ground-motion amplifica-
tions in other areas, such as the San Francisco Bay region,
during prior earthquakes. Thus, based upon the random
location of future earthquakes in the Puget Sound region and
the predominance of a single soil type underlying the study
area, it was concluded that it is reasonable to use a single
ground-acceleration value to represent the seismic risk in the
liguefaction evaluation.

Based upon a 10-percent probability of exceedance
during a 50-year interval, it was decided to use a peak ground
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acceleration of 0.30g for the liquefaction-hazard evaluation.
This acceleration corresponds to the bedrock acceleration
that is indicated in figures 218 and 219. Additionally, it is
consistent with the seismic-hazard map recently developed
by the USGS (Building Seismic Safety Council, 1991) for
sites in the United States that are underlain by “stiff soils,” or
“S,” soils as defined in the Uniform Building Code (Interna-
tional Conference of Building Officials, 1991). Thus, this
acceleration would likely apply to at least 80 percent of the
study area. Furthermore, it is assumed in the liquefaction
analysis that this acceleration would correspond to an earth-
quake having a magnitude of about 7Y,. This level of accel-
eration was used in the liquefaction studies of both Grant
{1990) and Perkins (1991). In addition, Perkins (1991) used
a peak ground acceleration of 0.15g to evaluate the effects of
liquefaction from a smaller earthquake that may have a
higher probability of occurrence.

EVALUATION CRITERIA

The final and, perhaps, most important factor in the lig-
uefaction study was the selection of criteria for assigning the
relative hazard ranking to the various geologic units in the
study area. - Selection of an appropriate hazard ranking
scheme is complicated by the fact that no one criterion has
been consistently used in prior liquefaction studies. Conse-
quently, any Hquefaction evaluation criteria used in a map-
ping study may appear arbitrary and require adjustments to
reconcile the predicted performance with past observations
of liguefaction. For example, the liquefaction study of San
Mateo County, Calif. (Youd and Perkins, 1987}, includes an
adjustment factor of 10 to reconcile the study results with
damage resulting from the 1906 San Francisco earthquake.
Consequently, rating criteria developed for other geographic
locations may not necessarily be applicable to the Pacific
Northwest.

Two criteria were selected to assess the relative hazard
rankings of the local geologic units: threshold and thickness.
Threshold is based upon the relative percentage of SPT N-
values in a geologic unit that would signify liquefaction dur-
ing the 0.30g earthquake. Thickness differentiates the lique-
faction hazard on the basis of the computed thickness of a
geologic unit that may liquefy during a 0.15g and a 0.30g
earthquake. Both the threshold and thickness criteria were
selected to provide a reasonable segregation of the liquefac-
tion hazard of the different geologic units in the area.

THRESHOLD CRITERION

The threshold liquefaction criterion (Grant, 1990) is
based on evaluating the liquefaction resistance of a
geologic unit, defined by the SPT N-values for the unit, as
compared with a minimum SPT N-value needed to resist
liquefaction for a 0.30g peak ground acceleration.

Minimum SPT N-values needed to resist liquefaction, Withy
appropriate adjustments for fines content, were determineq
from the following equation based on empirical corre]y.
tions by Seed and others (1984):

N!mcorr = (Nl)ﬁ[) = O.65(Amax)6rd
Cn 261, Cy )

where
N,,.orr 18 the uncorrected SPT value,
{N g are the corrected SPT values adjusted for fineg
content (Seed and others, 1984),
Cy  is the correction factor for overburden pressyre
(Seed and others, 1984),
A, 1s the peak ground acceleration (0.30g),
o is the total overburden pressure,
o is the effective overburden pressure,
Ty is the reduction factor for depth (Seed and others,
1984),
T, is the factor for earthquake magnitude (Seed and
others, 1984}, and
2 is the gravitational acceleration

The liguefaction evaluations primarily concentrated on
the materials within 13 m of the ground surface because
historical accounts of substantial damage from liquefaction
have been concentrated within this depth range. The
uncorrected SPT N-values characterizing a particular
geologic unit were compared with the minimum SPT N-
values to resist liquefaction for each 1.5-m depth interval of
that unit. This incremental evaluation would account for
potential variability of the N-values with depth within the
geologic unit.

The following rating scheme was used to differentiate
the hazard potential of the soils in the study area:

Percent of N-values below Hazard
the 0.30g threshold criteria rating
>50 High
25-50 Moderate
10-25 Low
<10 Very low

The percentage cutoff levels in the above tabulation
were selected in an attempt to provide reasonable segregation
of the data. Whether other cutoff values may be used, too
stringent criteria could result in all of the soils falling in the
high-hazard rating, and too lax criterta could result in all soils
having a very low liquefaction potential. Thus, it is more
important to develop rating criteria that segregate the data
than it is to use criteria from other locations that may not
adequately describe the relative local hazard.



THICKNESS CRITERION

The liquefaction potential of the various geologic units
in the area was also evaluated using the thickness criterion
_{(Perkms 1991), which is based on not only a threshold
“acceleration but also a minimum thickness of liquefiable
‘material. The total amount (cumulative thickness} of poten-
gally liguefiable soil in each boring was computed using
equation | and the peak ground accelerations of 0.15g and
0.30g. The calculations were completed for borings that
were typically less than 16 m deep. Liquefaction was
defined to be significant at locations where a minimum of 3
m of soil (cumulative thickness) would liquefy in the 0.30g
garthquake and a minimum of 0.3 m soil would liquefy in the
0.15g earthquake. Although these thickness values are
qomewhat arbitrary, when combined with the 0.30g and
0.15g acceleration levels this criterion provides a basis for
segregating the performance of the underlying geologic
ppits under conditions of a large earthquake and a more
common, but smaller event.

The following classification scheme was selected to
differentiate the hazard potential of the soils in the study area
nsing the thickness criterion:

1)

Percent of borings with Hazard
computed liquefaction’ rating

>50 High
25-50 Moderate
<25 Low

L R o N

13 meters liguefaction—0.30g; 0.3 meters liquefaction—0.15g.
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One potential concern in the liquefaction evaluation
was that the drilling method may have a significant effect on
the SPT N-values obtained in the borings. Whereas rotary
techniques have been recommended as a standard procedure
in liquefaction evaluations (Seed and others, 1984), the vast
majority of borings drilled in the Puget Sound region were
advanced using hollow-siem auger drill rigs.

To evaluate the potential effect of drilling procedures
upon the resulting SPT N-values, a comparative stady was
made of N-values at sites at the mouth of the Duwamish
River, where there is a high concentration of both hollow-
stem auger and rotary borings in a relatively confined area.
The results from this study, which are presented in figure
220, indicate that the N-values obtained in the hollow-stem
auger horings are about 6-7 blows per foot less than the N-
values from the rotary borings. Additionally, the data pre-
sented in figure 220 indicate that the mean N-values from
the hollow-stem auger borings reasonably approximate the
lower quartile N-values from the rotary borings.
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On the basis of these results, it is concluded that when-
ever feasible, the rotary-boring data set should be used in the
liguefaction evaluations. Additionally, it was assumed that
the mean N-values from the hollow-stem auger data would
reasonably approximate the lower quartile N-values if all
data were obtained using rotary techniques. This assumption
is an integral part of our evaluation because of the lack of
coverage of rotary borings within some of the geologic units.

STUDY RESULTS

As previously indicated, two separate but parallel
studies (Grant, 1990; Perkins, 1991) were conducted to
delineate the liquefaction hazard of the scils in Seattle.
Although different criteria were used in these studies, the
results of both research efforts were quite similar. Because
of this similarity, a single liquefaction-hazard map (pl. 9)
has been developed representing both research efforts and
using the previously described methods and database. Both
background studies focused upon ranking the relative lique-
faction hazard of the major geologic units in the study area
because it was assumed that units having the same general
depositional characteristics should also have the same lig-
uefaction resistance, provided all other factors are equal,
such as the ground-water depth and assumed level of earth-
quake ground shaking. Three geologic groupings were
evaluated for liquefaction resistance; fills, Holocene depos-
its, and Pleistocene deposits. The three groups were prima-
rily differentiated by age becanse it was assumed that the
youngest deposits would likely have the highest liquefac-
tion potential and the oldest deposits would have the least
potential. The areal extent of these geologic units and the
assigned hazard rankings are indicated on plate 9.

FILLS

DUWAMISH TIDEFLATS

The liquefaction resistance of the fill and underlying
alluvial soils in the Duwamish River tideflats was evaluated
because this area represents the largest uncontrolled fill in
Seattle (fig. 216). The area is bounded on the north by
Elliott Bay, on the east by Beacon Hill, on the west by
Waest Seattle, and on the south by Orcas Street. The ground
surface is at about 3 m elevation (city of Seattle datum),
and the ground-water table is typically present at depths
ranging between 0.6 and 4 m below the ground surface.
The subsurface geology typically consists of 3—5 m of fill
materials, chiefly sands, underlain by alluvial deposits that
are also predominantly sand. The fill material within the
tideflat area has largely been deposited using hydraulic
techniques. It is estimated that the filt consists of about 70
percent clean sand, 10 percent silty sand, and the remainder
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Figure 220. Liquefaction evaluation of the Duwamish River tideflats fill using the threshold criterion. The drilling data represent mean

SPT values.

sandy silt and clayey silt. Based on the logs in the study
area, the underlying alluvial materials are composed of
about 50 percent clean sand and 20 percent silty sand. The
remaining materials range from sandy silt to clayey silt.

The threshold criterion was applied to the fills and
alluvial soils in the tideflats to evaluate their liquefaction
susceptibility, The minimum SPT N-values needed to resist
liquefaction from the 0.30g threshold earthquake are
indicated, together with the SPT values for the underlying
soils, in figure 220. Although the data in figure 220 have

been segregated into both clean sand and silty sand units, the .
most significant characterization of the data is the composite
plot of rotary boring data that includes not only clean and
silty sands but also SPT N-values that were excluded from :
the other plots because the SPT N-values exceeded 40 biows/
foot. These high SPT N-values were initially excluded from
the data set because of a belief that any N-value of 40 blows/
foot or greater may be the resuit of driving the sampler on 2
rock. However, a more detailed review of the logs indicated
that very few rocks are present in the underlying soils in the
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rideflats area and that excluding N-values above 40 blows/

fgot would bias the data set. Thus, the composite data set
represents the most accurate data set for evaluating the lique-
faction resistance of the underlying soils.

" Using the threshold criterion and the composite data,
figure 220 indicates that the mean (30 percentile) SPT N-val-
ues fall below the threshold level in the zope within 10 m of
the ground surface. This condition corresponds to a high
hazard rating. Because 25-50 percent of the composite SPT
N-values of soils below a depth of 10 m fall below the
threshold level, it is concluded that the underlying soils
would have a moderate liquefaction rating. The high lique-
faction-potential rating given to the topmost 10 m of soil in
the tideflats is consistent with the site-specific studies for the
West Seattle Freeway Bridge replacement (Shannon & Wil-
son, 1980), which similarly showed depths of liuefaction in
this area to be on the order of 6-9 m for an earthquake with

- a ground acceleration of about 0.30g.

Data supporting the thickness criterion evaluation of
the liquefaction susceptibility of the tideflats fill are pre-
sented in figure 221A. The curves in the figure represent the
percentage of borings in the Duwamish tideflats data set that
would experience liquefaction over an interval ranging from
0 to 8 m as a result of earthquake ground shaking with peak
accelerations of 0.15g and 0.30g. The cumulative thickness
of liquefaction computed for each boring does not necessar-
ily represent a continuous zone of liquefaction. The intent of
these evaluatons is to further quantify the liquefaction
potential and qualitatively indicate the areal extent where
liquefaction may oceur to a significant degree.

On the basis of the data presented in figure 2214 and the
thickness criterion previously discussed (Perkins, 1991), we
conclude that the fill soils along the Duwamish River tide-
flats have a high liquefaction potential. This conclusion is
based on the observation that a cumulative thickness of 3 m
of liquefaction would occur in about 63 percent of the bor-
ings for a 0.30g earthquake. Similarly, it is observed that a
cumulative thickness of 0.3 m of liquefaction would occur in
68 percent of the borings for 2 0.15¢ earthquake. A high lig-
uefaction-hazard rating would apply to the tideflats fill soils
because the computed cumulative thickness of potentially
liquefiable soils would exceed the minimum thickness crite-
rion in over 50 percent of the borings.

We conclude that the liquefaction potential of the soils

in the filled Duwamish River tideftats is high on the basis

of the criteria used in both methods of evaluation. This
conclusion is in reasonable agreement with the historical
record (fig. 216), which indicates that instances of reported
liuefaction primarily occurred in the tideflats area. IFur-
thermore, the high hazard rating of this area is consistent
with the findings of the site-specific liquefaction study for
the West Seattle Freeway Bridge replacement (Shannon &
Wilson, 1980). Whereas the fill in the tideflats has been
assigned a high liquefaction-hazard rating (pl. 9), areas on
the tideflats within about 60 m of open bodies of water
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would have an even higher liquefaction potential and the
potential for lateral spreading, based on the historical
performance of the area.

INTERBAY

Aliquefaction evaluation was performed for the fill soils
found in the Interbay area, which is bounded by Salmon Bay
on the north, Elliott Bay on the south, Queen Anne Hill on
the east, and Magnolia on the west. This location was also
identified for special study because it contains a significant
amount of uncontrolled fill that was deposited during the
early 1900’s. Ground-surface elevations in this area typically
range between 3 and 6 m (city of Seattle datum), and ground-
water levels commonly are about 3 m below the ground sur-
face. Soils in the Interbay area can include as much as 6-9
m of fill soils overlying alluvial deposits. The fill soils may
have a variable composition including clean sand, silty sand,
garbage, and construction debris or robble. The underlying
native soils range from clean sand to clayey silt.

Data relevant to the threshold evaluation of the liquefac-
tion hazard of the Interbay fill are presented in figure 222.
Conclusions drawn from the figure may be compromised
somewhat because the data set is relatively small and consists
exclusively of hollow-stem auger borings. Nevertheless,
because the mean (50 percentile) SPT N-values for the Inter-
bay fill soils fall below the threshold criterion for liquefaction
corresponding to a 0.30g earthquake, it is concinded that the
Interbay fills have a high liquefaction-hazard rating. Because
the mean SPT N-values from the hollow-stem auger data set
are typically 1015 blows per foot below the threshold crite-
rion, the high hazard ranking would not be changed if the hol-
low-stem auger data were increased by 67 blows per foot to
provide equivalency with rotary borings (see fig. 220).

Data supporting the thickness evaluation of the lique-
faction susceptibility of the Interbay fills are presented in
figure 221B. About 65 percent of the borings were calcu-
lated to have 3 m and 68 percent to have 0.3 m of sediment
that may liquefy during 0.30g and 0.15g events, respectively.
Using the thickness criterion previously discussed, the soils
in the Interbay area have high liquefaction potential.

Based on the application of both criteria, the Interbay
area is judged to have a high liquefaction potential. This lig-
uefaction rating, however, may be somewhat conservative
when compared with the high hazard rating also given to the
Duwamish River tideflats fill because historical liquefaction
has not been reported at Interbay whereas numerous loca-
tions of liquefaction have been reported along the tideflats.
Although this would not preclude liquefaction in the Inter-
bay area, it does demonstrate a higher hazard potential for
the Duwamish River tideflats. Nevertheless, considering the
potential variability of soil conditions in the Interbay area,
the Inierbay fills were assigned a high liquefaction-hazard
rating (see pl. 9).
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Figure 221.

OTHER FILLS

Other fills have been mapped by Waldron and others
{1962) throughout the Seattle area. Although boring infor-
mation was sparse or not available for these fills, it was
judged prudent to conservatively represent these materials
as having a high potential for liquefaction, considering their
variable composition and density. This high hazard rating is
partly substantiated by the performance of fills at the
University of Washington athletic fields and at the south end
of Green Lake (fig. 216), which experienced liquefaction

Liquefaction evaluation of soils in the Seaitle area using the thickness criterion. Each curve represents the curmulative
thickness of liquefaction for the indicated seismic ground acceleration. A, Duwamish River tideflats fill; B, Interbay fill; C, Duwamish River
valley Holocene alluvium; D, Alki Point Holocene beach deposits.
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during the 1965 Puget Sound earthquake. Therefore, all
significant fills mapped by Waldron and others (1962) have
been designated as having a high liquefaction-hazard rating
(see pl. 9).

HOLOCENE DEPOSITS
ALLUVIUM

The most significant deposit of Holocene alluvium
within Seattle consists of flood-plain material (hereafter
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Figure 222. Liguefaction evaluation of the low-lying Interbay area fills using the threshold criterion.

informaily referred to as the Duwamish alluvium for sim-
plicity) in the Duwamish River valley. The valley typically
extends several hundred to several thousand meters on either
side of the Duwamish River. This zone is characterized by a
relatively flat lying area with ground surface elevations
ranging between 3 and 6 m (city of Seattle datum) and
ground-water levels 0.6-3 m below the ground surface.
Typically, soils within the area consist of shallow fill overly-
ing alluvial deposits that may contain about 60 percént clean
to silty sand and about 40 percent sandy to clayey silts. The

alluvial material in the upper parts of the Duwamish allu-
vium contains a somewhat larger percentage of silt com-
pared with the alluvial materials underlying the Duwamish
tideflats.

Data relevant to the threshold evaluation of the
liguefaction hazard of the Duwamish alluvium are presented
in figure 223. The N-values in this plot have been segregated
based upon drilling technique as well as the material
encountered within the sampling depth. As indicated in the
figure, there is a relatively small percentage of rotary borings
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Figure 223. Liquefaction evaluation of Holocene alluvium in the Duwamish River valley using the threshold criterion. The drilling data

represent mean SPT values.

in the data set, with most of the information obtained from
hollow-stem auger drilling borings. Additionally, the smaller
set of rotary-boring SPT data is somewhat suspect because
the consistency that existed between the larger data set of
rotary and hollow-stem auger borings in the Duwamish River
tideflats (fig. 220) is absent in the data from the Duwamish
alluvium. Furthermore, figure 223 shows the mean SPT data
from the rotary borings to be erratic whereas the mean SPT
data from the hollow-stem auger borings are less variable and
similar to the data shown for the tideflats fill (fig. 220).

Due to these inconsistencies, it was decided to evalu-
ate the liquefaction potential of the Duwamish alluyium
based upon the hollow-stem auger data set. Because the
SPT N-values shown in figure 223 suggest that between 25
and 50 percent of the data would fall below the 0.30g
threshold criterion, it was concluded that the Duwamish
alluvium has a moderate liquefaction potential. This con-
clusion is based on the assumption that the mean SPT N-
values from the hollow-stem auger borings correspond to
the 25-percentile values of the equivalent rotary data and




t there would be a differential of about 6 blows/foot
tween the 23- and 50-percentile values (see fig. 220).
Data supporting the thickness criterion evaluation of
liquefaction susceptibility of the Duwamish alluvium are
asented in figure 221C. As shown in this figure, about 40
ccent of the borings in ihe area were calculated as having
At least 3 m of sediment that may liquefy during a 0.30g
arthquake. Also, about 38 percent of the borings were cal-
ated as having at least 0.3 m of sediment that may liquety
uring a 0.15g event. Thus, we conclude from the thickness
criterion evaluation that the soils in the upper part of the
Duwamish alluvium have a moderate liquefaction rating.
The moderate liquefaction rating of the Duwamish allu-
vium appears to be reasonably consistent with the rating
~ given to the materials within the Duwamish tideflats area
* pecause the materials in the upper parts of the Duwamish
alluviom appear to have higher SPT values, on the average,
compared with the materials in the tideflats area. This con-
clusion is based on reviewing the SPT N-values from hol-
low-stem auger borings advanced in both areas where the
SPT N-values in the upper part of the Duwamish alluvium
are about 7 or 8 blows/foot higher than the values obtained
at the mouth of the Duwamish River. Similarly, this lique-
faction rating appears to be consistent with the historical per-
formance of the area during the 1949 and 1965 earthquakes,
which indicated relatively few instances of liquefaction in
the upper Duwamish portion of the study area.

Whereas alluvial materials are present in areas other
than along the Duwamish River, the boring coverage that
exists in these areas is too sparse to support a significant
evaluation of liquefaction resistance. Therefore, based on
the Duwamish River valley data, all Holocene alluvial
deposits in the smdy area were classified as having a moder-
ate liquefaction-potential rating (see pl- 9.

BEACH DEPOSITS

Beach deposits within the Seattle area are primarily
found along Puget Sound at West Point, west of Magnolia,
and by Alki Point in West Seatile. These deposits form rel-
atively local zones where there may be either residential
development or municipal treatment plant facilities such as
at West Point. These zones typically have ground-surface
elevations ranging between 3 and 9 m{city of Seattle datum)
and ground-water levels typically on the order of 3 mor
more beneath the ground surface. The beach deposits are
predominantly clean, fine sands.

Data relevant to the threshold evaluation of the lique-
faction hazard of these Holocene beach deposits are pre-
sented in figure 224. Whereas there are relatively few
borings in the data set, the data show that the mean SPT N-
values from the rotary borings are consistently higher than
the hollow-stem auger data, similar to the trend observed in
the larger data set of the Duwamish tideflats area (fig. 220).
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Furthermore, the mean SPT N-values from both the hollow-
stem auger and rotary data show consistency (absence of
erratic N-values) at various depths below the ground surface.
Thus, it was concluded that the rotary boring data presented
in figure 224 are applicable for the liquefaction evaluation.
Because the SPT N-values of the rotary borings in the figure
indicate that between 25 and 50 percent of the data fall below
the 0.30g threshold criterion (mean SPT N-values are above
the threshold), it was concluded that the Holocene beach
deposits have a moderate liquefaction potential.

A similar conclusion was derived using the thickness
criterion and the data presented in figure 221D for the Alki
Point area. As shown in this figure, about 35 percent of bor-
ings were found to have at Jeast 0.3 m of sedimentary mate-
rials that may tiquefy during a 0.15g event. This percentage
corresponds to a moderate liquefaction rating. However,
only 13 percent of borings were calculated to have at least 3
m of potentially liquefiable soil during a 0.30g earthquake,
which would correspond to a low rating. In light of this vari-
ance, a moderate liquefaction-hazard rafing was Conserva-
tively-assigned to the Holocene beach deposits.

The moderate liquefaction-susceptibility rating of the
beach deposits is reasonable when considering that only two
instances of liquefaction of beach deposits were reported
during the 1949 and 1965 Puget Sound earthquakes. Both
observations occurred at the same residence in the Alki Point
area, Liquefaction was not reported at West Point following
either event. However, excavations conducted for the West
Point treatment plant have encountered materials that would
suggest ancient liquefaction (paleoliquefaction). Thus, on
the basis of these limited and scattered observations, we con-
clude that the moderate liquefaction-hazard rating conserva-
tively but accurately represents the relative hazard of the
beach deposits. This rating is consistent when compared
with the high hazard rating given to the Duwamish tidetlats,
where numerous instances of liquefaction occurred during
prior historical earthquakes. ‘

OTHER SEDIMENTARY DEPOSITS

Other Holocene sedimentary deposits mapped by Wal-
dron and others (1962), such as their lacustrine sediments
(Qsc) and peat (Qp) units, underlie small, isolated parts of
the study area. Unfortunately, there is relatively little infor-
mation in the database to characterize the liquefacticn sus-
ceptibility of these umits. Considering that these units may
be largely composed of cohesive sediments, it is believed the
liquefaction potential for these soils is relatively low, How-
ever, becanse the composition of these units 1s largely
unsubstantiated by the information coptained in the
database, these materials were conservatively assigned a
moderate liquefaction-potential rating, as shown on plate 9.
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Figure 224, Liquefaction evaluation of Holocene beach deposits found in all borings in the database using the threshold criterion. The

drilling data represent mean SPT values.

PLEISTOCENE DEPOSITS

NORMALLY CONSOLIDATED ALLUVIUM

Normally consolidated Pleistocene alluvial deposits
typically are found at higher elevations (above 6 m) in scat-
tered locations throughout the study area. Significant depos-
its of Pleistocene alluvium exist in West Seaitle and have
been described by Waldron and others (1962} as deposits of
sand or gravel. These materials may typically include up to

about 70 percent of clean to silty sand, with the remaining
materials consisting of silt or gravel. Because these materi-
als are recessional outwash deposits, they have not been gla-
cially consolidated. Ground-water levels within these
deposits may be quite variable, considering that perched
waier tables exist at higher elevations in the Seatile area.
Shallow ground-water conditions would be anticipated
within these deposits in areas adjacent to creeks or lakes.

Data relevant to the threshold evaluation of the
liquefaction hazard of the Pleistocene alluvial deposits are
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Figure 225, Liquefaction evaluation using the threshold eriterion for Pleistocene alluvium found in borings where ground surface
elevations exceed 6 m in the Seattle area. The drilling data represent mean SPT values.

presented in figure 225. Because of the size of the data set
and some of the inconsistencies noted in the rotary boring
data (such as erratic N-values and SPT resistance values
lower than the hollow-stem auger data), it was decided to
base the liquefaction evaluation on the hollow-stem auger
data. The data in figure 225 generally show that the mean
SPT values from the hollow-stem auger installations, which
are assumed to be equivalent to the lower quartile values
from rotary borings, are typically near the minimum SPT

required to resist liquefaction during a 0.30g earthquake.
Thus, these high SPT values, combined with the anticipated
relatively low ground-water levels, lead to the conclusion
that the deposits will be best categorized as having a low
liquefaction-potential rating. This rating also is consistent
with the observed historical performance of these materials
during the 1949 and 19635 earthquakes, as no instances of
liquefaction were reported within Pleistocene alluvial
deposits.

I
¥
N




468 ASSESSING EARTHQUAKE HAZARDS AND REDUCING RISK IN THE PACIFIC NORTHWEST

GLACIALLY CONSOLIDATED
SEDIMENTARY DEPOSITS

The majority of the soils within the study arca are com-
posed of glacially consolidated sedimentary materials rang-
ing from till to sand and gravel. These materials are found
throughout the city, typically at higher elevations, with vari-
able perched ground-water tables.

SPT data obtained from these glacially consolidated
sedimentary deposits are summarized in table 37. All the
SPT data were obtained using hollow-stem auger drilling
techniques. The data in the table have been differentiated on
the basis of undetermined-crigin material, till, and glaciola-
custrine deposits. High blow counts were obtained in practi-
cally all cases, and the 10-percentile values are greater than
the minimum SPT values required to resist liquefaction
during a 0.30g earthquake. As such, we conclude that these
materials would have a very low liquefaction-potential rating
and that the cohesive soils within this grouping, such as
glacial till, are not susceptible to liquefaction.

DISCUSSION

The liquefaction-hazard ratings that were developed for
each of the generalized geologic units in the study arca were
based upon the data presented in figures 220-225 as applied
to the threshold and thickness ranking schemes. To provide
a means of evaluating the internal and external consistency of
the tesults of the liquefaction siudy, the rankings of each of
the individual geologic units have been summarized in table
38 along with information on their liquefaction performance
and the relative liquefaction ranking that would be assigned
to the deposits using the liquefaction classification system of

Table 37. Summary of Standard Penetration Test (SPT) data for glacially consclidated sedimentary

deposits in the Seattie area.

[(=), no data available. n, number of samples; N, average standard penetration resistance (blows/foot); 10, 10th percentile of SPT N-values]

Youd and Perkins (1978). Agreement between these
schemes increases the confidence of the findings of the §;
tle liguefaction study.

Several trends are apparent in the liquefaction has.
rankings shown in table 38. First, although the thresh,
and thickness criteria are not necessarily mutnally inclug
the hazard rankings developed from both criteria are ide
cal except for the low rating for the Holocene beach dep
its corresponding to a 0.30g earthquake. Additionalily, th
assigned relative hazard rankings are in agreement with ¢
liquefaction performance of the soils. Specifically, (
areas assigned a high hazard rating frequently had nume
ous instances of reported liquefaction, (2) areas assign t
moderate rating had minor, scattered occurrences of liqu
faction, and (3) areas assigned a low hazard raiing had 1
reported liquefaction. The final external consistency chec
is the comparison of the assigned hazard ratings and those:
that would have been assigned using the ranking scheme of
Youd and Perkins (1978). As shown in the table, the
assigned liquefaction rankings are identical to those that
would be determined from the Youd and Perkins (1978)
classificational scheme with the exception of fill soils that -
Youd and Perkins (1978) have ranked as having a very high
hazard. On the basis of these favorable internal and exter-
nal comparisons, we conclude that the lquefaction potential
map presented in plate 9 provides reasonable and realistic
seismic hazard rankings.

SUMMARY AND CONCLUSIONS

Seattle is located in a tectonic and geologic environment
that is conducive to the development of liquefaction during

Soil source
Depth range Undetermined origin Till Lacustrine
in feet (meters)
n N 10 n N 10 n N 10
0-5 (0-1.5) 1 40 - - - - - - -
5-10 (1.5-3.0) 2 100 - 3 103 - - - -
10-15 (3.0-4.6) 8 100 34 5 120 82 1 €8 -
15-20 (4.6-6.1) 15 91 50 & 170 150 2 104 -
20-25 (6.1-7.6) 20 71 32 6 115 i3 5 109 38
2530 (7.6-9.1) i6 101 38 i3 118 50 13 113 36
30-35 (9.1-10.7) 27 92 28 7 98 42 7 a1 M
3540 (10.7-12.2) 26 107 39 8 133 100 5 57 31
4045 (12.2-13.7) 31 135 46 3 120 39 6 102 31
45-50 (13.7-15.2) 32 124 39 2 125 - 4 60 32




(), not available. g, acceleration due to gravity {approximately 9.8 m/sec)]

EVALUATION OF LIQUEFACTION POTENTIAL IN SEATTLE, WASHINGTON 469

Table 38. Comparison of the liquefaction ratings of geologic deposits in the Seattle area.

Liquefaction potential
Deposit Threshold Thickness Assigned -Historical Relative
criterion criterion rating liquefaction ranking'
{0.302) 0.152) {0.30g2)
FILLS
Duwamish River High High High High Numerous  Very high
Interbay High High High High Nene -
Other - - -- High Occasional -
HOLOCENE ALLUVIUM
Mouth of Duwamish River High High High High Numerous High
Flood plain Moderate Moderate Moderate Moderate  Occasonal ~ Moderate
HOLQCENE BEACH DEPOSITS Moderate Moderate Low Moderate  Occasional ~ Moderate
~ PLEISTOCENE ALLUVIUM Low - -~ Low None Low
PLEISTOCENE GLACIAL DEPOSITS Very low - - Very low None Very low

TRased on the classification system of Youd and Perkins (1978).

relatively strong earthquakes. Instances of liquefaction have
been reported during the two largest historical earthquakes in
the region, the April 13, 1949, magnitade 7.1 Olympia earth-
quake and the April 29, 1965, magnitude 6.5 Seattle-Tacoma
earthquake. Although only moderate damage occurred in
Seattle as a result of these earthquakes, the damage level is
consistent with the low level of acceleration recorded locally
(approximately 0.10g) during both these events. This histor-
ical damage, however, may not accurately represent the
potential hazard in Seattle because the area may likely expe-
rience an earthquake with a ground acceleration of 0.30g
(Algermissen, 1988b; International Conference of Building
Officials, 1991). The liquefaction-hazard potential of the
area may be even greater during a subduction-zone earth-
quake because the duration of such an earthquake may be
several times greater than any historical event experienced in
the Puget Sound region.

The methodology used for evaluating and mapping the
local liguefaction hazard assumed that the entire study area
would be subjected to a uniform peak ground acceleration of
gither 0.15g or 0.30g. The (1.30g level of acceleration has a
10-percent chance of being exceeded in 50 years (475-year
return period), and this acceleration is consistent with either
bedrock (Algermissen, 1988b) or stiff soil deposits (Build-
ing Seismic Safety Council, 1991). The 0.30g acceleration
is also consistent with local practice for the seismic design of
buildings (International Conference of Building Officials,
1991). This level of acceleration was coupled with the
empirical liguefaction procedures of Seed and Idriss (1971),
Seed and others (1983), and Seed and others (1984) to deter-
mine the liquefaction resistance of the various geologic units

in the area. A generalized liquefaction-hazard rating for
each geologic unit was evalvated using threshold perfor-
mance and thickness criteria. The threshold criterion ranked
the relative liquefaction potential on the basis of the percent-
age of SPT N-values falling below the minimum N-value
required to resist liquefaction during the 0.30g event. A high
liquefaction potential was assigned to units with a mean (50
percentile} SPT N-value below the threshold value. A low
liquefaction-potential rating was given to materials with
lower quartile N-values than the 0.30g threshold level. Inter-
mediate values were ranked as having a moderate liquefac-
tion potential.

The second evaluation method was based on the thick-
ness, or vertical extent, of soils that would potentially liquefy
in 0.15g and 0.30g earthquakes. A high hazard rating was
given to geologic units in which the thickness of the lique-
fied layer was predicted to exceed 3 m during a 0.30g earth-
quake and 0.3 m during a 0.15g earthquake in at least 50
percent of the borings. A low rating was assigned to units in
which these thicknesses would develop in less than 25 per-
cent of the borings. Intermediate values were ranked as hav-
ing a moderate liquefaction potential.

On the basis of the methodologies and criteria
described, a liquefaction-hazard map was developed for the
Seattle area (pl. 9). We conclude that fill soils and underly-
ing alluvial deposits, particularly in the Duwamish River
tideflats and the Interbay area, have a high potential for lig-
uefaction during a 0.30g earthquake. Deposits having a
moderate liquefaction potential at this seismic level include
Holocene alluvium, beach deposits, and other sedimentary
materials. The most significant Holocene altuvial deposits
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oceur along the Duwamish River valley. Pleistocene alluvial
deposits, which have not been glacially consolidated, were
given a low liquefaction-potential rating. Pleistocene gla-
cially consolidated sedimentary deposits received a very low
liguefaction-potential rating. ‘

The results from these studies are intended to provide
a regional assessment of liquefaction potential and should
not be considered as a substitute for site-specific studies for
individual buildings or other structures. Because conditions
vary locally, site-specific geotechnical investigations are
required to accurately assess liquefaction potential at any
given location.
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