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Abstract

As part of the USGS partnership with Berkeley and Oakland, California, under
the former FEMA Project Impact, new methodologies were devel oped to map
liquefaction and site amplification hazards in these communities. The maps improve the
ability of these communities to plan development projects, set priorities for seismic
rehabilitation programs, and assess vulnerability of their infrastructure to these hazards.
The map of liquefaction hazard predicts the percentage of area underlain by each surficial
geology unit that will exhibit surface manifestations of liquefaction during a specific
earthquake. The liquefaction maps complement the California regulatory maps of special
studies zones by delineating the relative degree of hazard of subareas within the zones.
The map of site amplification portrays the capability of local soil conditions to amplify
ground shaking. It relies on the Vs Site classification of the Uniform Building Code and
can be readily incorporated into the project review process of municipalities.

Introduction

Reducing the risk from natural hazards begins with accurate portrayal of hazard.
In 1998, the USGS partnered with the cities of Berkeley and Oakland under the former
Project Impact Program of the Federal Emergency Management Agency (FEMA) to map
seismic hazards in these communities. The partnership provided an opportunity to work
with these communities to develop new maps that would improve the characterization of
their seismic hazards. This report describes the methodol ogies that were devel oped to
produce two of these maps and the maps themselves. The maps portray the liquefaction
and site amplification hazards in these communities. The official maps are available on
line at http://geopubs.wr.usgs.gov/open-file/of02-296 (Holzer and others, 2002a).

The maps are useful to these communities because they quantitatively convey the
hazards and are available in formats that are consistent with their geographic information
systems. The liquefaction hazard map estimates the percentage of area that will
experience surface manifestations of liquefaction during a specific earthquake. Thisis an
advantage over former maps, which presented qualitative descriptions of the hazard.
Thus, Berkeley and Oakland are better able to assess the seriousness of their liquefaction
hazard. The site-amplification hazard map predicts the capability of local soilsto amplify
earthquake shaking. It is based on the site classification adopted by the Uniform Building
Code (ICBO, 1997). In this code, the time averaged shear-wave velocity to a depth of 30
m, V s3, IS used to classify the potential of sites to amplify ground shaking (see Dobry
and others, 2000). Based on subsurface information about both the thickness and shear-
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wave velocity of geologic units within each community, maps were developed that
portray the regional variation of site amplification at a community scale.

Figure 1. Generalized map of surficial geology of Alameda, Berkeley, Emeryville,
Oakland, and Piedmont, California (modified from Helley and Graymer, 1997).
Original shoreline is the eastern boundary of the artificial fill.

Geology of Study Area and Methodology

The study area extends from the city of Berkeley southward to the city of
Oakland, California, along the eastern margin of San Francisco Bay. Although Berkeley
and Oakland were the target communities, Alameda, Emeryville, and Piedmont were
included in the study to improve both geologic control near city boundaries and statistical
sampling of geologic units. The surficial geology of the areais shown in Figure 1. The



area contains 5 major surficial geologic units in addition to bedrock—artificial fill,
younger San Francisco bay mud, Holocene aluvia fan, Merritt Sand, and Pleistocene
aluvia fan. The area can be subdivided into three broad regions from a surficial geology
perspective. The dominant surficial unit in the western region is artificia fill. It restson
Holocene deposits that consist primarily of younger bay mud. Most of the artificia fill is
sand that was hydraulically emplaced. The surficial unitsin the central region, whichis
east of thefilled area, are alluvia fan deposits. The youngest fan deposit is Holocene in
age and was part of an active aluvia fan until it was stabilized by urbanization. The
Holocene alluvia fan deposits unconformably overlie alluvial fan deposits of Pleistocene
age, which crop out in the eastern part of the central region. In the eastern region,
bedrock, ranging from consolidated Cretaceous sediments to Jurassic volcanic rocks,
crops out (Graymer, 2000). Locally within the western and central regions, the Holocene
deposits rest on Merritt Sand, which is primarily wind-blown sediment that was deposited
when sealevel declined during the last glaciation and exposed San Francisco Bay to
subaerial conditions. Thicknesses of the Holocene deposits are variable, and locally may
exceed 30 m. The thickness of the artificial fill averages about 3 m, but locally exceeds
10 m. Ground water is generally encountered at less than 3 m from the land surface in
most of the study area.

The primary source of earthquakes in the study area is the Hayward Fault. Recent
studies of earthquake recurrence on the Hayward Fault indicate thereisa 32 %
probability of aM ? 6.7 earthquake in the period 2000-2030 (WGCEP, 1999). These
studies also indicate a M 7.1 earthquake can be expected on the Hayward Fault with an
estimated recurrence time of 523 yr. This earthquake assumes both the north and south
segments of the fault rupture in a single event. Rupture of the northern segment alone,
which isin the study area, would produce an M 6.6 earthquake. Its estimated recurrence
time is 387 yr. The last mgjor earthquake on the Hayward Fault was in 1868. Its
estimated magnitude was 6.8 and it ruptured the northern segment of the fault.

The geotechnical properties of the surficial geologic units were characterized by
seismic cone penetration tests (SCPT) soundings. A total of 210 SCPT soundings were
conducted by the U.S. Geological Survey in the artificial fill and Holocene and
Pleistocene surficial units (Figure 1). SCPT is a standard geotechnical exploration tool
that measures penetration resistance and shear-wave velocity of subsurface units. Shear-
wave velocity was measured in each sounding at 2-m intervals. Soil sampling was
conducted adjacent to selected SCPT soundings to ensure soils were classified properly
from the SCPT penetration measurements. The SCPT data and shear-wave velocity travel
times are available at http://quake.usgs.gov/prepare/cpt/.

The liquefaction hazard maps are based on the liquefaction potential index (LPI).
The methodology is described in Holzer and others (2003a; 2002b). LPI, as originally
defined by Iwasaki and others (1978), predicts the liquefaction performance of the soil
profile to a depth of 20 m at a specific site. As applied here for a specific earthquake, it
provides an estimate of the severity of liquefaction effects at the land surface at a specific
location unlike the simplified procedure (Seed and Idriss, 1971), which provides an
estimate of the liquefaction potential only for a soil element. Investigations in both Japan
(Iwasaki and others, 1982) and the United States (Toprak and Holzer, 2003) of
liguefaction occurrences in historic earthquakes suggest that in general surface
manifestations of liquefaction—sand boils, ground cracking, and lateral spreading—



occur where values of LPI exceed about 5. If the cumulative distribution of LPI for a
geologic unit is known for a specific earthquake, the percentage of the area that will
exhibit surface manifestations of liquefaction can be estimated for the unit from the
percentage of LPI values that exceeds 5. LPI distributions were compiled from the SCPT
soundings conducted in the study areafor M 6.6 and 7.1 earthquakes on the Hayward
Fault (for distributions, see Holzer and others, 2003a). Thus, the maps are scenario maps
for these two earthquakes.

The site amplification map is based on local measurements of shear-wave velocity
and thicknesses of geologic units. The map was prepared in a three-step process. First,
the thickness of Holocene deposits was mapped. Thickness values were inferred
primarily from SCPT soundings, but were locally augmented with stratigraphic
interpretations of commercial borings provided by the California Geological Survey and
Port of Oakland. The map was prepared manually because many of the streams in the
region incised into Pleistocene deposits and formed deep valleys when their base level
fell as sealevel declined during the last glaciation. Manual contouring helped maintain
the integrity of the now buried valeys in the maps. Second, the contoured map of
thickness was digitized and values of Holocene thickness were computed for a 50-m-
spaced grid. And third, V s3 was computed at each node in the grid using average
velocities for the Holocene and Pleistocene sediments appropriate to the region in which
the node was located (Holzer and others, 2003b). For nodes in the western region, which
isunderlain by artificial fill, the thickness and velocity of the fill was included in the
computation of Vszo.

Maps
Liquefaction

Liquefaction hazard maps are shown in Figures 2 and 3, respectively, for M7.1
and 6.6 earthquakes on the Hayward Fault. The maps show the percentage of areafor
each geologic unit that will exhibit surface manifestations of liquefaction as predicted by
the LPI distributions of each geologic unit. Although the percentages estimated by the
LPI method are very specific, the map is subdivided into 10 % categories. For example,
the area underlain by the artificial fill was placed in the category where the area expected
to exhibit surface effects from liquefaction ranges from 70 to 80 %, rather than assign a
73 % prediction based on LPI to it. Units without a demonstrable hazard based on the LPI
data, but which locally might have some hazard based on geologic considerations, were
assigned to the 0-1 % category. In addition to using mapped boundaries of geologic units
to outline areas with different degrees of hazard, the eastward extent of saturated
Holocene alluvia fan sediment was determined and used as an additional boundary. East
of this boundary the Holocene aluvial fan is above the water table and does not
contribute to the liquefaction hazard. The liquefaction hazard east of the boundary
derives from the deeper underlying saturated Pleistocene sediment. To delineate this
hydrogeol ogic boundary, the depth to ground water was mapped based on water-level
measurements in the holes created by the SCPT soundings. By subtracting the depth to
ground water from the thickness of Holocene alluvial fan deposits, the intersection of
these mapped surfaces, the zero saturated thickness boundary, was identified.



Figure 2. Liquefaction scenario hazard map of Alameda, Berkeley, Emeryville,
Oakland, and Piedmont, California, for an M 7.1 earthquake on the Hayward
Fault. Map shows areas where different percentages of the land area are expected
to exhibit surface manifestations of liquefaction (From Holzer and others, 2003a).

The liquefaction hazard of the Merritt Sand is not geographically uniform for the
M 7.1 earthquake. Three areas with different degrees of hazard were recognized.
Soundings in most of the area underlain by Merritt Sand yield LPI values less than 5 for
the M 7.1 earthquake, which indicate the hazard is low. However, soundings in the
western part of northernmost exposure of Merritt Sand (see area A in Figure 3), yield
many LPI values greater than 5 for the M 7.1 earthquake. Detailed exploration of this
western area that included subsurface sampling revealed that two subsurface conditions
contribute to the elevated LPI values. First, the areais underlain by a 1-m-thick laterally
continuous layer of liquefiable soil at a depth of about 5 m. About 38 % of the soundings
yidd LPl ? 5inthisareafor the M 7.1 earthquake. Second, the upper part of the Merritt
Sand near the northern boundary of the western areais reworked and loose (see area B in
Figure 3). Soundingsin thissmall areayield LPl ? 10 for the M 7.1 earthquake. Geologic
cross sections indicate this area is south of a buried channel that was incised during the
last low stand of sealevel. Until the channel filled with Holocene sediment, we speculate
that the Merritt Sand on the southern bank of this channel was exposed to surface



processes and reworked by surface runoff and landsliding into the channel. The small
areawas lumped in the hazard map with the area underlain by artificial fill.
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Figure 3. Liquefaction scenario hazard map of Alameda, Berkeley, Emeryville,
Oakland, and Piedmont, California, for an M .6.6 earthquake on the Hayward
Fault. Map shows areas where different percentages of the land area are expected
to exhibit surface manifestations of liquefaction (From Holzer and others, 2003a).

A small, but finite, hazard level (<1 %) was assigned to the areas underlain by
Pleistocene alluvial fan deposits and most of the Merritt Sand because liquefaction cannot
be completely precluded at regional-scale hazard mapping. The low LPI valuesin
soundings in Pleistocene alluvia fan deposits and most of the Merritt Sand, however,
indicate these units are generally not susceptible to liquefaction.

Site Amplification

Figure 4 is the map of the potential for local site amplification. The map portrays
the regional distribution of the potential for site amplification within the study area based
on the Nationa Earthquake Hazards Reduction Program (NEHRP) site classification. In
this classification, a site is assigned a category based on its Vsz (ICBO, 1997).
Categories range from A for hard rock to E for soft soils. In the NEHRP provisions, two
amplitude-dependent site amplification factors are specified for each site category, one



each for short and long periods. The amplitude dependency is required because soils
behave nonlinearly, that is, amplification decreases as the shaking level increases.
Different factors also are required for short and long periods because the amplification is
dependent on the frequency of the shaking. Engineers use the factors to modify design
spectra. A simplified and descriptive summary of the classification is shown in Table 1.
The reader isreferred to ICBO (1997) and Dobry and others (2000) for a more complete
description. For the map shown in Figure 4, each nodal value of V3, as computed by the
procedure described in the section on methodology, was placed in the appropriate
NEHRP category.
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Figure 4. NEHRP site classification map of Alameda, Berkeley, Emeryville,
Oakland, and Piedmont, California. Map shows potential for amplification of
earthquake shaking as a function of local soil conditions (Modified from Holzer
and others, 2002a).



Table 1. Generalized NEHRP site amplification classification (modified from

ICBO, 1997).
C atsé;[;)ry Description (\r/r335(’) Amplification
A Hard rock >1500 | @ -
B Soft rock 760-1500 None
C Dense soil/soft rock 360-760 Low
D Stiff soil 180-360 Moderate
E Soft soil <180 High

The map of site amplification indicates that the land in most of the study areaisin
categories D and E, which have moderate to high potential for amplifying ground
shaking. The area with the highest potential, category E, is underlain by younger bay mud
and overlies buried stream channels. The map differs substantially from earlier maps that
(1) were based on small-scale geologic maps, (2) did not consider sediment thickness,
and (3) relied on regional shear-wave velocity data (for example, Wills and others, 2000).
The area classified as type E in the new maps is smaller and the area classified as type D
islarger than in earlier maps. The smaller area classified astype E is attributable to the
buried stream channels. Y ounger bay mud is not sufficiently thick outside these channels
in the study areato lower Vg to less than 180 m/s. The larger areaclassified astypeD is
attributable to the measured Pleistocene shear-wave velocities. The measured values are
lower than values inferred from regional compilations.

Application

The maps have multiple potential applications and are compatible with existing
regulatory requirements in Berkeley and Oakland. Potential applications include
improving the ability of communities to plan development projects, to set priorities for
seismic rehabilitation, and to assess areas where vulnerable infrastructure may be more
exposed to liquefaction and ground shaking. Oakland and Alameda are confronted with
major decisions about the use of surplus military bases, many of which were built on
artificial fill. The maps help delineate where seismic hazards at these facilities are
greatest and will require special engineering consideration. Rehabilitation of existing
structures that do not meet current building code standards is an ongoing challenge in
California. Hazard maps such as these can be used to set priorities for rehabilitation of
public buildings and public loans for rehabilitation of private buildings. The poor
performance of infrastructure during earthquakes also is arecurring problem for
communities. Damage to water systems and other underground utilities is a particular
problem that can slow post-earthquake emergency response and recovery. Like the
application to building rehabilitation, the maps are useful for anticipating where problems
are most likely. Because the maps were prepared in a geographic information system



consistent with those used by Berkeley and Oakland, these communities can readily
implement the maps.

Both maps are al'so compatible with community and state regulatory
requirements. Following the 1989 Loma Prieta, California, earthquake, the State of
California enacted the Seismic Hazards Mapping Act of 1990, which included a mandate
to map areas that may be susceptible to liquefaction and landdliding. These areas are
known as special studies zones. The act assigns responsibility to the California
Geological Survey to map these zones. Maps of all of the communitiesin the study area
were recently completed (see http://www.consrv.ca.gov/CGS/). State law requires that,
communities included in the maps implement and use them when permitting new
projects. Currently, these maps only distinguish between areas that may have a
liguefaction hazard and those that do not. They do not specify the degree of hazard within
the area that may have a hazard. As can be seen in the liquefaction mapsin Figures 2 and
3, the degree of hazard varies greatly in the study area. Thus, the maps should be useful
to communities during the project review process by indicating the scope of subsurface
investigation that is needed to evaluate adequately whether or not a site in the special
studies zone does indeed have aliquefaction problem. For example, a modest subsurface
investigation with negative results in a high hazard might receive greater scrutiny than a
modest investigation in alow hazard area. The map of site amplification classification
should be directly useful when reviewing building plans to determine if the effect of soil
conditions on input ground shaking was appropriately considered. It is based on the
classification of site conditions used in the Uniform Building Code.

Conclusions

New maps of liguefaction severity for two earthquake scenarios and an improved
map of NEHRP site classification and the potential for local amplification of ground
shaking in Berkeley and Oakland are now available. The primary refinement is the more
accurate quantification of the earthquake hazard. The maps can potentially improve the
ability of communities to plan development projects, to set priorities for seismic
rehabilitation, and to assess areas where infrastructure may be more exposed to severe
liquefaction and ground shaking effects. The maps complement community and state
regulatory requirements. The liquefaction scenario hazard map augments the maps of
specia studies zones prepared by the state. The site amplification map uses the same soil
classification categories that are in the Uniform Building Code. The resolution of the map
permits its incorporation into the municipal project review process.
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