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Abstract
Surficial material overlying the bedrock surface can either amplify (most commonly) or deamplify
the bedrock ground motions by the time they reach the ground surface where manmade structures
are built. Therefore, to better estimate the shaking and damage to manmade structures during an
earthquake, it is necessary to modify the bedrock motions shown on national hazards maps with
soil amplification multipliers. The Central U.S. Earthquake Consortium State Geologists have
produced these soil amplification maps for three Project Impact communities based on existing
and newly collected borehole geologic descriptions and shear wave seismic velocity information.
These soil amplification maps, at a scale of 1:24,000 (1 inch = 2,000 feet) are produced for
FEMA’s Earthquake Loss Estimation Program (HAZUS) for use by the communities to estimate
and mitigate their earthquake losses.
The soil amplification maps are based on geologic maps, at a scale of 1:24,000, that were
specifically made for this project or used existing maps that were modified with new data. The
new geologic base maps are also useful to these communities for other hazards outside of the use
for estimating earthquake losses.
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NON-TECHNICAL SUMMARY
The Central U.S. Earthquake Consortium (CUSEC) State Geologists have gathered information on
the local geologic and material properties of the soils in the Project Impact Communities of Cape
Girardeau, Missouri; Carbondale, Illinois and Evansville, Indiana. This information was used to
first produce geologic maps of the materials resting on the bedrock of these communities at a scale
of 1:24,000 or 1 inch = 2,000 feet. The geologic map along with measurements of the soil’s
properties were used to classify the various soils as to how much they would amplify earthquake
ground motions. The amplification maps can be used in the Federal Emergency Management
Agency’s earthquake loss estimation program (HAZUS) to better estimate the amount of damages
a community may expect from various earthquakes. The maps and background information on
how they were produced are being presented in workshops in the communities.
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Introduction
The CUSEC State Geologists have worked with the Project Impact communities of Cape
Girardeau, Missouri, Evansville, Indiana and Carbondale, Illinois to produce soil amplification
maps at a scale of 1:24,000 for use in the earthquake loss estimation program, HAZUS. The soil
amplification maps indicate the amount that should be used to modify the national hazard maps
which essentially show earthquake shaking on the top of bedrock. The communities can use
HAZUS with the detailed soil amplification maps to produce estimates of earthquake losses which
can be used to mitigate situations to lessen losses. Also communities can use the estimates to
produce earthquake response plans.
The communities were a partner in production of these maps through their assistance in locating
and collecting borehole information from city, county, and state departments and local consulting
firms with similar information for their communities. The communities also assisted in locating
property where subsurface testing could be performed.
Following completion of the maps, the CUSEC State Geologists, with assistance from the
communities officials, presented to the communities the geologic information for the area,
methodology used to produce the soil amplification maps, how HAZUS uses the soil amplification
map to produce loss estimations, and the U.S. Geological Survey’s production of earthquake
probability maps.

General Mapping Background
Earthquake damage is related to the intensity of shaking or ground motion generated by an
earthquake. Usually, the only earthquake ground motion information readily available for an area
is the bedrock ground motions. The estimated bedrock ground motions for a variety of
earthquake conditions are available in map or tabular form from the U. S. Geological Survey
(http://geohazards.cr.usgs.gov/eq). The surficial material overlying the bedrock surface can
either amplify (most commonly) or deamplify the bedrock ground motions by time they reach the
ground surface where manmade structures are built. Therefore, to better estimate the shaking and
damage that may occur to manmade structures during an earthquake, it is necessary to modify the
bedrock motions with soil amplification multipliers. These maps are intended to serve that need.
Specifically, these maps are intended to be used with Federal Emergency Management Agency's
(FEMA) Hazards U. S. (HAZUS) computer program, for earthquake loss estimation, to give a
more refined estimate of earthquake damage based on six classes of soils versus the one soil class
provided as default soil amplification data in HAZUS. The maps can also be used by a variety of
users to get a general idea of where damage is likely to be greater or lesser. Use of the map to
evaluate individual specific sites is not recommended as the resolution of the source data is not
sufficient to pin-point the location of boundaries and unit characteristics. Individual sites need to
be evaluated with site specific subsurface investigations.
It has been shown that the amount of amplification of "soil" is correlated to one property of the
soil; its shear wave velocity. Based on this relationship, a classification has been put forward in
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the 1997 and 2000 NEHRP Recommended Provisions for Seismic Regulations for New Buildings
and Other Structures and is used in the 1997 Uniform Building Code (UBC) and the 2000
International Building Code (IBC), which classifies the upper 100 feet or 30 meters of "soils", by
its average shear wave velocity. In the Midwest, the state geological surveys have worked
together to produce maps that offer a consistent use of this soil amplification classification based
on a small number of measured shear wave velocity values of Midwest "soils."
The NEHRP classification system, summarized in Table 1, is referred to as the Site Class and it
contains six categories identified as A, B, C, D, E and F. It is in essence a combination of two
separate classification systems. Classes A, B, C, D and E are based on the average shear wave
velocity of all materials to a depth of 30 meters or 100 feet. The average shear wave velocity
associated with classes A through E is given in Table 1. Class F is based on identifying soils
requiring site-specific evaluation and is not related to the shear wave velocity of those soils.
These soils include: 1) soils vulnerable to potential failure or collapse under seismic loading such
as liquefiable soils, quick and highly sensitive clays and collapsible weakly cemented soils, 2)
peats and/or highly organic clays over 10 feet (3 meters) thick, 3) very high plasticity clays over 25
feet (8 meters) thick, and 4) very thick soft/medium stiff clays over 120 feet (36 meters) thick.
Rather than shear wave velocity, a different evaluation is performed to identify class F soils.
The maps were produced by the individual state geological surveys as part of a project of the
Association of Central United States Earthquake Consortium State Geologists (CUSEC State
Geologists) who received partial funding from a grant provided by the U. S. Geological Survey's
(USGS) National Earthquake Hazard Reduction Program (NEHRP).

Investigations undertaken
Cape Girardeau, Missouri Project Impact Community
This mapping effort is designed to support the City of Cape Girardeau, Missouri's participation in
FEMA's disaster resistant community initiative, known as Project Impact, and the use of the
HAZUS computer program for earthquake loss estimation. The city of Cape Girardeau, Missouri
is a FEMA and Missouri State Emergency Management Agency (SEMA) officially designated
Project Impact community that is actively trying to mitigate future disasters through a
public-private partnership.
The surficial materials or "soils" (all the loose material above bedrock) in the Missouri portion of
the Cape Girardeau, MO-IL 7.5' Quadrangle were mapped as a part of the Resources and Land
Inventory (RALI) project in 1972 to 1974. The mapping was not published at that time but
existed only as a manuscript copy on file at the Missouri Department of Natural Resources,
Division of Geology and Land Survey. The map is now being made available, without revision,
as Open-File Map OFM-01-399-GS titled Surficial Material Properties Map of the Cape Girardeau
7.5' Quadrangle; Cape Girardeau County, Missouri by David Hoffman and Roy Wagner. Refer to
that map for a description of the map units and how the mapping was conducted. A reduced scale
version of that map is included as Figure 1. The Missouri Department of Natural Resources
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(MoDNR), Geological Survey Program (GSP), with some assistance from the USGS
Mid-Continent Mapping Center (MCMC), digitized the paper manuscript copy of the Surficial
Materials Map of the Cape Girardeau 7.5' Quadrangle (figure 1) and converted it to a GIS
compatible digital map for use by the Project Impact Community of Cape Girardeau, Missouri.
The Bedrock Geology Map of the Cape Girardeau 7.5' Quadrangle was digitized by GSP and
placed into a GIS compatible format. These maps were used to prepare the earthquake soil
amplification map for the Cape Girardeau 7.5' Quadrangle. In order to prepare the earthquake
soil amplification map, the surficial materials units were characterized for earthquake shaking
using their shear wave velocity values (table 2). The GSP, with the cooperation of the Missouri
Department of Transportation (MoDOT), conducted twenty-one (21) cone penetrometer probe test
holes, with shear wave velocity tests, in the Cape Girardeau 7.5' Quadrangle to characterize the
surficial material map units (figure 2). The 21 probe holes characterized each 0.05-meter interval
of the surficial materials for cone tip resistance, side friction, pore water pressure, estimated soil
type, and estimated SPT blow count (N-value). The 21 probe holes averaged about eleven (11)
meters in depth, aggregating to a total of about 228 meters of probing. Shear wave velocity tests
were conducted at each 1-meter interval. One hundred and twenty-one (121) shear wave velocity
tests were run. The shear wave velocity test data was averaged at each site and integrated with the
mapped surficial material units to classify the surficial materials into soil amplification units.
Each layer of material for the upper 30 meters, or approximately 100 feet, was assigned a shear
wave velocity value and thickness. If specific shear wave velocity information did not exist for a
layer or layers in an area, then average shear wave velocities for that layer was assigned based on
values of similar sediments or rocks in the Midwest (table 3). The average shear wave velocity, to
a depth of 30 meters or approximately 100 feet, for the entire stack of layers was determined by
using the formula presented in FEMA 302, 1997 NEHRP Provisions. The upper 30 meters of
materials was assigned the NEHRP soil classification of A, B, C, D or E as per the calculated
average shear wave velocity. This process was facilitated by constructing a spreadsheet into
which the shear wave velocity and thickness data for the sequence of materials was entered and
then the average shear wave velocity for the stack was calculated. Areas on this map are
classified F due to their potential to liquefy or fail due to ground shaking and not according to shear
wave velocities. Therefore, geologic settings that have saturated sands near the ground surface or
have evidence of past liquefaction are assigned the classification F. The soils derivative map
showing classification according to amplification is shown in figure 3.
The work was assisted with meetings of the City of Cape Girardeau's Project Impact Steering
Committee and exchanges of information were conducted with the City's Project Impact, planning
and engineering personnel.

Carbondale, Illinois Project Impact Community
The city of Carbondale is near the corner of 4 topographic maps, therefore mapping for this Project
Impact Community was performed for the area of the township that the city is centered in and for
an area one to two miles outside of the edges of the township. Borehole information was
compiled at the Illinois State Geological Survey (ISGS) and Southern Illinois University at
Carbondale (SIU-C). Under an ISGS internship program, several students at SIU-C gathered
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local information on 300 to 400 boreholes from the city, university, state Department of
Transportation and consultants. These have been assembled into a spreadsheet. This work was
guided by Professor Harvey Hanson of the Geology Department of SIU-C and ISGS consulted
with Professor Sanjeev Kumar of the Civil Engineering Department at the SIU-C. Also borehole
records were used that are on the file at the ISGS from the Illinois Department of Transportation,
water well records and a few consulting firm project reports. A total of 501 boreholes were used
for this work in the township.
Based on the 2000 NEHRP Recommended Provisions For New Building and Other Structures,
three microzonation maps were prepared for this project. They were the amplification factor at
the ground surface, average shear wave velocity (vs) of the soil columns and the distribution of the
dynamic site period. Data used to produce these maps included a distribution map of surficial
geological materials, borehole data, an orthophoto, and a ground surface digital elevation model.
These data were also used to produce a bedrock surface model and a drift thickness map.
Field information was gathered by the ISGS at 14 sites around the city of Carbondale with the
cooperation of the city of Carbondale fire department and park district, Southern Illinois
University at Carbondale (SIU-C) and the township fire department. The fourteen sites are on
park district, SIU-C and city/township property. Two of these sites are next to fire stations; one
for the city and one for the township. Shear wave velocity determinations were made in the “soil”
column with a seismic cone type instrument using a push technology probe. Measurements were
taken at every 5 feet. The city and township fire departments are both interested in retrofitting
their facilities for earthquakes and will use the site specific shear wave and geologic information
for this work. Also as part of the shear wave velocity determinations work, the depth to bedrock
was probed. This work has shown large discrepancies with existing depth to bedrock maps,
which are at a scale of 1:500,000. This existing scale was never intended for work at a scale of
city mapping.
The geologic base map of Flowers (1969) of surficial materials was modified for this project
(figure 4) is at a scale of 1:24,000. Flowers work was partially based on a 1:62,500 scale early
map of Lamar (1925). The Carbondale area is just north of the southern most extent of glacial till
deposition. Illinoian till was deposited over the lower Pennsylvanian age bedrock deposits which
are mostly shale and sandstone. A large part of the mapping area (Type 1 soil column) had loess
deposited over the glacial drift. The remaining, nearly half of the mapping area, was affected by
the multiple episodes of large volumes of glacial outwash flowing down the Mississippi River,
blocking the flow of streams into the Mississippi causing the waters to back up creating large
lakes. These lakes filled the valleys, depositing silts and clays. In between the two episodes,
loess was deposited. These two episodes are listed on the map as early and later valley fills. In
many areas, the early valley fill is a very soft, low strength material with zero to single digit
Standard Penetration Test blow counts. The later valley fill unit is much stiffer layer than the
early valley fill. In the area along stream valleys, river related deposits (alluvium) is the last
deposits laid down. The variations in thickness, characteristic and average shear wave velocity of
each of these units is shown in table 4. The surficial geologic map along with variations in
thickness of units (figure 5) and the calculated average shear wave velocity values for the stacked
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units of materials were used to produce the soil amplification map (figure 6).
Another method was also used to classify the soils for amplification using shake analysis of the
soil columns to calculate amplification factors. For shake analysis, soil type columns of 145
boreholes from the existing 501 wells that provided logging data were prepared. The logging data
include the Standard Penetration Test results (SPT), natural moisture contents, and depths to the
groundwater table and bedrock. The dynamic soil properties (Shear modulus, G/Gmax, damping
ratio, shear wave velocities, and total unit weights) were estimated from the existing database
collected by the CUSEC. A most recent version of the Shake program (SHAKE2000) was used.
The program uses an equivalent linear approach to emulate soil nonlinearity. It is a simple but
practical program to conduct numerical site response analysis through a solution of the wave
function. The program employs an iterative procedure to calculate values for shear modulus and
damping ratio that are compatible with the equivalent uniform strain induced in each sublayer.
The analysis is repeated until the differences in values of the shear modulus and damping ratio for
two successive iterations are within a prescribed tolerance. No strong motion time histories were
available for the area, so a synthetic record (rock outcrop at a distance of 52 kilometers by a
magnitude 7.3, 1000-year event record, horizontal 1 component with a maximum acceleration of
0.263 g, for New Madrid, Missouri, earthquake (Risk Engineering, Inc., 1992) was used to
determine the effect of the earthquake strong motion on the soil type columns. The maximum
acceleration of the strong motion at the top of the bedrock was all scaled to 0.1 g during this phase
of the study. Using this method, three soil profile types were mapped for this area (figure 7).
Also using the shake analysis method, a distribution map of the predicted dynamic site periods
were calculated (Figure 8). It has been found that if the natural period of a building matches the
period of the soil it is built on, then that structure will experience greater shaking than structures
that don’t match the soil period. Roughly every tenth of a second period of a building is
represented by one story of a building. (i.e. a 2 story building roughly has a 0.2 second period).

Evansville, Indiana Project Impact Community
The Evansville mapping work has greatly benefitted from the downhole shear wave velocity
measurements and geophysical logging (Gamma) to determine the lithologic units in existing
water wells in nine urban areas starting in 1990. This work was supported by the Indiana
Department of Fire and Building Services, Indiana State Emergency Management Agency, the
City of Evansville, and Vanderburgh County Emergency Management Agency. This work
collected shear wave velocity information from 40 boreholes and engineering properties from
hundreds of boreholes in the Greater Evansville Area.
The general geology of Evansville is similar to Carbondale, Illinois in that it is located in an area of
the confluence of smaller streams with a much larger stream, at this site, the Ohio River. This
produced sediments in Evansville coming down the smaller streams, Ohio River sediments
flooding into Evansville and at times of the melting of the glaciers, large sediment loads in the
Ohio cut off drainage of the small streams into the Ohio causing them to back up forming lakes
(lacustrine sediments). The area where both sets of river sediments (small streams and Ohio
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fluvial sediments) occupied part of Evansville at different times, formed overlapping sediments,
called the transition area.
Unconsolidated deposits (soils) underlying Evansville have been aerially mapped as Ohio River
flood plain, Ohio River terrace, lake (lacustrine) terrace, lake terrace margins, terrace/upland
transitional slope, and upland surface (table 5 and figure 9). These deposits were reported to reach
about 46 m (150 feet) thick near the Ohio River. In contrast, soils underlying the upland areas of
the northeastern suburbs are very thin, commonly less than 2 m (6 feet); valleys adjacent to these
uplands are filled with interbedded lake silts, clays, and sands that exceed 18 m (60 feet) in
thickness (Hester et al., 1990).
The natural period of the soils of Evansville where estimated using the detailed geology and shear
wave velocities with the Shake 91 computer program. These periods are shown in figure 10. It
has been found that if the natural period of a building matches the period of the soil it is built on,
then that structure will experience greater shaking than structures that don’t match the soil period.
Roughly every tenth of a second period of a building is represented by one story of a building.
(i.e. a 2 story building roughly has a 0.2 second period).
The Southwestern Indiana Disaster Resistance Community Corporation with support from the
Indiana Emergency Management Agency, CUSEC State Geologists, and the U.S. Geological
Survey held a community workshop where presentations were made on the information collected
in the community and how it was used to generate maps showing where soils will amplify
earthquake ground motions and how this information could be used in earthquake loss estimation
programs. Information was also presented on how the U.S. Geological Survey produced the
national earthquake probability hazards maps and how these could be used along with the soil
amplification maps of the community. A draft version of the Evansville GIS was supplied to
various officials of the Evansville and Vanderburgh Co. governments. The group was grateful to
receive the electronic information and they plan to add it as a layer in the Vanderburgh County
GIS. The Survey has also offered to spend as much time with their staff and with other county
representatives to help all parties understand how the electronic information may be properly used
and to demonstrate the need for future work throughout the region.

Lexington, Kentucky Project Impact Community
The Kentucky Geological Survey (KGS) has participated in several Lexington/Fayette Urban
County Government, (Kentucky) Project Impact Community meetings and has completed the first
draft of a 7.5' quadrangle map for classification of soils for earthquake ground motion
amplification of the area. KGS used several sources of information to complete this project.
They used maps that they have already produced showing the type of rock and soil in the area,
some water well drilling borings and the Natural Resources and Conservation Service’s maps
showing soil type. The KGS assigned shear wave velocities to each of the soils units and
calculated the average shear wave velocity for the soil columns. Using the averaged shear wave
velocity for the soil columns, the surficial materials were classified into soil amplification units.
8

Summary
The Central U.S. Earthquake Consortium (CUSEC) State Geologists have gathered information on
the local geologic and material properties of the soils in the Project Impact Communities of Cape
Girardeau, Missouri; Carbondale, Illinois and Evansville, Indiana. This information was used to
first produce geologic maps of the materials resting on the bedrock of these communities at a scale
of 1:24,000 or 1 inch = 2,000 feet. The geologic map along with measurements of the soil’s
properties were used to classify the various soils as to how much they would amplify earthquake
ground motions. The amplification maps can be used in the Federal Emergency Management
Agency’s earthquake loss estimation program (HAZUS) to better estimate the amount of damages
a community may expect from various earthquakes. This work entailed gathering all existing
borehole information, “drilling” new holes for stratigraphy, measuring shear wave velocity and
producing new maps of the “soils” and their thickness. The average shear wave velocity is
calculated for the total column of “soil” and used to produce a map classifying the soils as to how
much they will amplify earthquake ground motions. The maps and background information on
how they were produced are being presented in workshops in the communities.
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Table 1. Soil Profile Type classification of 1997 NEHRP.
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Table 3. Shear Wave Velocity Values for Midwest United States Materials
(m/sec)
Cahokia Alluvium
Parkland Sand - dunes
Carmi Member of Equality
Mackinaw - Henry sand & gravel
Peoria Loess and Roxanna Silt
Glasford till
Sand & gravel of Glasford
Mounds Gravel
Tertiary clay & sand
Cretaceous sand and gravel
Cherty residuum
Sandy residuum
Sandy cherty residuum
Tertiary, Cretaceous of Mississippi Embayment
Pennsylvanian shale
Pennsylvanian sandstone
Mississippian shale
Mississippian limestone
Devonian limestone
Silurian limestone
Devonian & Silurian dolomite/limestone
Ordovician shale
Ordovician sandstone, dolomite
Ordovician dolomite
Ordovician sandstone
Ordovician limestone/dolomite

230
330
170
200
200
365
200
360
324
280
200
200
200
2,000
1,500
2,000
2,000
2,900
2,900
2,700
2,900
2,000
2,000
2,900
2,000
2,900

(ft/sec)
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701
1,006
518
610
610
1,113
610
1,097
988
853
610
610
610
6,096
4,572
6,096
6,096
8,839
8,839
8,230
8,839
6,096
6,096
8,839
6,096
8,839

Table 4. Characterisstics of unitss in the Carb
bondale mappping area.
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T
Table 5. Soil Profile Type Claassification correelated to Surficiial Map Units off Greater Evanssville Area.
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Figure 1.. Surficial geology map
p of the Capee Girardeau 7.5' Quadranngle. See tabble 2 for legeend.
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Figure 2.

Shear wave veloocity determinattion sites in Cape Girardeau Quadrangle.
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Figure 3.. Soil Profille Type classification off Cape Girarddeau Quadraangle. See legend Tablee 1 &
2..
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g
map
p of Carbond
dale Townshhip area, Illinnois.
Figure 4.. Surficial geology
Modified from Flowers
F
(196
69).
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Figure 5.. Thicknesss of materials resting on bedrock for Carbondalee area. Mapp was producced
by su
ubtraction off USGS digittal elevationn model from
m newly prodduced top off
bedro
ock surface map.
m
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Figure 6.. Soil amplification mapped by calcculation of thhe average sshear wave vvelocity
of co
olumns of soil. Soils in Carbondale area fall intto two differrent soil proffile
typess; D and E based on averrage shear w
wave velocityy.
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Figure 7.. Soil amplification map produced through
t
perfforming shakking analysis of soil coluumns
and assigning
a
soiil profile typ
pe by amplifi
fication ranges for Carboondale area.
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uced through
h performingg shaking annalysis of soiil columns
Figure 8.. Soil period map produ
for Carbondale
C
area.
a
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nsville area. Soil Profille Type see Table 5.
Figure 9.. Surficial soil map of Greater Evan
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0. Map of Evansville arrea showing calculated s oil periods.
Figure 10
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