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SUMMARY

The 1811-1812 New Madrid earthquakes affected a large area in the Central

United States.  The seismic hazard is low since large-magnitude earthquakes such as

these are infrequent.  However, the seismic risk is considerable due to the geology and

building codes that do not adequately reflect the seismic hazard.  The strong ground

motions observed during the 1811-1812 earthquakes are attributed to the soft deposits

and the deep soil column encountered in the Mississippi Embayment.  This study

evaluated the effect of embayment deposits on dynamic site response.  Remote sensing

imagery was evaluated to identify soils susceptible to ground motion amplification.

Regional and local shear wave velocity (Vs) profiles were developed to model conditions

at soil sites based on the age of near-surface geologic deposits.

A parametric study was conducted to assess the effect of several geotechnical and

seismological factors on site response.  A stochastic approach using band-limited white

noise (BLWN) was used to model rock motions at the base of the soil column.  Peak

parameters were calculated using random vibration theory (RVT).  Shear wave velocity

profiles and dynamic soil properties were randomized to account for uncertainty.  Based

on one-dimensional site response analyses, the key factors affecting Fourier amplitude

and response spectra are the age of geologic deposits, the depth of the soil column, and

the effect of nonlinear soil behavior.

 Amplification spectra compare the response of a soil site relative to a rock site.

Ground motions for periods longer than 0.5 second may be more than twice that observed

at rock sites due to amplification from low-velocity deposits and resonances from the
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large impedance contrast at the base of the embayment.  Published amplification factors

do not account for the amplification at long periods.  At shorter periods, damping controls

site response and deamplifies ground motions.

The results of this study were also compared with published attenuation

relationships developed for the Central United States.  The attenuation relationships

overestimate ground motions at short hypocentral distances due to nonlinear soil

behavior.  However, at large distances, attenuation relationships may underestimate

ground motions since amplification from low-velocity deposits and resonances within the

soil column control site response.
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CHAPTER I

INTRODUCTION

The Central United States is the most seismically active region east of the Rocky

Mountains (Schweig and Van Arsdale, 1996).  The New Madrid Seismic Zone (NMSZ)

centered along the Mississippi River in southeastern Missouri was the epicenter of

several major earthquakes with estimated body wave magnitudes greater than 7.0 in the

winter of 1811-1812 (Johnston and Shedlock, 1992).  Evidence obtained from studying

paleoliquefaction features has identified several pre-historic earthquakes in this region

with similar magnitudes.  The seismic hazard in the Central United States is relatively

low due to the infrequency of these large magnitude earthquakes.  However, the seismic

risk is considerable due in part to the lower attenuation of soil and rock in this region

(Shedlock and Johnston, 1994), the inadequate seismic building codes, and the lack of

earthquake preparedness.

The strong ground motions produced by the 1811-1812 New Madrid earthquakes

were felt over a considerable region partly due to amplification from soft, deep soils

overlying stiff, crystalline rock.  The geology of the Central U.S. is strongly influenced

by the Mississippi Embayment, extending from southern Illinois to the Gulf of Mexico.

The Upper Mississippi Embayment, underlying the New Madrid Seismic Zone, consists

of post-Paleozoic sediments with a maximum thickness of 1 kilometer near Memphis,

Tennessee.
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1.1  Objective of Research

The objective of the research was to evaluate the effect of the deep soil column

encountered in the Upper Mississippi Embayment on site response.  Two regions were

considered for site response analyses based on the age of near-surface geologic deposits:

(1) recent, Holocene-age alluvial deposits in floodplains and (2) older, Pleistocene-age

terrace deposits.  Remote sensing imagery was used to aid the regional classification of

soils based on spectral reflectance and texture.

Site response analysis requires knowledge of the dynamic soil properties and the

expected motions at the base of the soil column due to the earthquake source.  The

relevant dynamic soil properties are the shear moduli and the material damping ratios.

Furthermore, the relationship between the dynamic material properties and shear strain is

required to model nonlinear soil behavior.  Shear wave velocity profiles from a variety of

in situ test methods were compiled for the Mississippi Embayment.  Using these data,

representative shear wave velocity profiles were developed for Holocene-age, alluvium

(Lowlands) and Pleistocene-age, terrace (Uplands) deposits in the Mississippi

Embayment as well as localized areas in Memphis, Tennessee.  These profiles were used

to determine the effect of several geotechnical and seismological factors on site response.

Since no strong motion records are available for large magnitude (M > 5)

earthquakes in the Central United States, motions at the base of the soil column were

generated using a stochastic approach that assumes seismic shear wave energy may be

modeled as band-limited white noise (BLWN).  The model and the selected

seismological parameters are discussed.  A one-dimensional, equivalent-linear analysis

was used to propagate the motions at the base of the soil column through the soil to
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estimate ground motions.  Thirty simulations were performed for each earthquake

scenario by randomizing the shear wave velocity profiles and nonlinear material

properties to account for randomness and uncertainty in these properties.

The site response results are presented as the median Fourier amplitude spectra

and response spectra calculated from the thirty simulations.  The response of soil sites is

compared to that of rock sites to generate amplification spectra.  The results of the

analyses performed are compared with published amplification factors for the Central

United States.  Additionally, the effect of factors such as embayment depth and soil

nonlinearity is evaluated by comparing the results of this study to published attenuation

relationships.

1.2  Organization of Report

This report evaluates ground motion amplification in the Central United States

from site response analyses.

•  Chapter II provides a summary of the geology and seismicity of the Central U.S. and

the New Madrid Seismic Zone.  Possible mechanisms contributing to ground motion

amplification are presented.  The current seismic zonation approach recommended by

the National Earthquake Hazards Reduction Program (NEHRP) is reviewed.

•  Chapter III discusses the use of remote sensing images to classify surface deposits

based on spectral reflectance and texture.

•  Chapter IV discusses the development of generic shear wave velocity profiles for the

Upper Mississippi Embayment and characteristic profiles for the Memphis,
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Tennessee, area.  Due to the lack of data for deep deposits, a new embayment shear

wave velocity profile is developed based on currently used embayment models.

•  Chapter V presents the methodology used to assess site response.  In particular, the

stochastic approach used to generate rock motions at the base of the soil column is

presented.  The dynamic material properties selected are discussed.  The equivalent-

linear approach used to propagate rock motions through the soil column is also

presented.

•  Chapter VI focuses on the results of the parametric study performed to evaluate the

effect of several parameters on site response.  Results are presented as Fourier

amplitude, response, and amplification spectra.

•  Chapter VII compares the results of site response analyses with current attenuation

relationships developed for the Central and Eastern United States.

•  Chapter VIII presents the conclusions of this research and recommendations for

future studies.
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CHAPTER II

SEISMICITY, SEISMIC HAZARD, AND SEISMIC RISK

IN THE CENTRAL UNITED STATES

The New Madrid Seismic Zone (NMSZ) located in the Central United States

(CUS) and centered along the Mississippi River is the most seismically active region in

the United States east of the Rocky Mountains (Schweig and Van Arsdale, 1996).  The

NMSZ was the epicenter of large intraplate earthquakes in the winter of 1811-1812 with

estimated body wave magnitudes (mb) of greater than 7.0 for four of the main shocks

(Stover and Coffman, 1993).  Although sparsely populated at the time, eyewitness

accounts report severe ground shaking throughout the region.  Due to the severity of

these ground movements, some reported seeing a change in the direction of flow in the

Mississippi River due to upstream wave propagation (Stover and Coffman, 1993).  The

total extent of damage from the 1811-1812 events has been estimated to be 600,000

square kilometers.  The felt area was approximately 2.5 million square kilometers

extending to Boston, Massachusetts, more than 1500 miles from the epicenter as shown

by the estimated Modified Mercalli Intensities in Figure 2.1 (Stover and Coffman, 1993).

Landslides, subsidence, and uplift are evident reminders of the intensity of these

events (Stover and Coffman, 1993).  The Lake County Uplift stretching from southwest

Kentucky to southeast Missouri and northwest Tennessee includes the Tiptonville Dome,

Ridgely Ridge, and Sikeston Ridge.  This region experienced a significant increase in
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FIGURE 2.1  Isoseismals of Modified Mercalli Intensity from the December 16, 1811
New Madrid earthquake (Stover and Coffman, 1993).
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elevation (Stover and Coffman, 1993).  Conversely, Lake St. Francis in Arkansas and

Reelfoot Lake in northwest Tennessee are examples of regions that subsided from 1.5 to

6 meters (Stover and Coffman, 1993).  Furthermore, extensive liquefaction occurred

throughout the St. Francis Basin as mapped by Obermeier (1989).  Current research

efforts in the Central United States focus on paleoliquefaction studies to estimate the

magnitude of the 1811-1812 earthquakes, identify previous seismic events, and determine

the recurrence interval of large magnitude earthquakes.

2.1  Geology of the Central United States

The Central United States is located within the North American tectonic plate.

Although the region is not situated at a plate boundary, the geologic history implies an

active tectonic setting that may account for the present-day seismicity.  The Reelfoot Rift,

shown in Figure 2.2, has been identified as a region where intrusion from the mantle

during Precambrian time caused rifting and uplift ranging from 1 to 2.4 km (Ervin and

McGinnis, 1975; Chen et al., 1996).  The base of the rift has been identified by gravity

surveys as an excess mass of denser material due to the intrusion of the mantle (Andrews

et al., 1985).  A schematic cross-section of the Reelfoot Rift is shown in Figure 2.3.  The

resulting Reelfoot basin is a northeast-trending graben approximately 70 km wide by 300

km long (Shedlock and Johnston, 1994; Andrews et al., 1985). After the initial upward

forces within the mantle were stabilized, the rift area began to subside.

Uplift during the Paleozoic era created the Ozark Uplift and Nashville Dome

which flank the Reelfoot Rift (Figure 2.2).  These two formations were joined by the

Pascola Arch and Clifton Saddle crossing southeasterly through southeast Missouri and
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FIGURE 2.2  Geologic structures in the Central United States.
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FIGURE 2.3  Cross-section of Reelfoot Rift and Blytheville Arch (based on McKeown
                      and Diehl, 1994).
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northwest Tennessee to south-central Tennessee (Stearns and Marcher, 1962).  The

Blytheville Arch extending northeast through the center of the Reelfoot Rift may also be

caused by tectonic activity during the Paleozoic period (Hamilton and Mooney, 1990).

Much of the recorded present-day seismicity is coincident with the Blytheville Arch and

the Pascola Arch (Hamilton and Mooney, 1990) as shown in Figure 2.4.  Hamilton and

Mooney (1990) identified high-attenuation faults within the Blytheville Arch from

variations in the velocity structure of the crust and scattering and absorption of seismic

waves.  Furthermore, the lower velocity crustal rocks in the Blytheville Arch may act as a

wave guide by propagating seismic waves away from the Blytheville Arch (Hamilton and

Mooney, 1990).  Tensional forces between the Pascola Arch and the surrounding uplifts

may have caused crustal failures such as the Ste. Genevieve fault zone near the Missouri-

Illinois border and the Cotton Grove-Rough Creek fault system near the Illinois-Indiana-

Kentucky border (Figure 2.5).

Much of the relief of the Pascola Arch eroded and subsequent subsidence

continued through the Mesozoic (Cretaceous) time creating the Mississippi Embayment

(Ervin and McGinnis, 1975).  Ultramafic (low-silica content) plutons located along the

edges of the rift and along the rift axis have been identified from aeromagnetic surveys

and may have been formed by the instability of the subsidence and tensional forces

between the uplifts and the Pascola Arch during the late Paleozoic and Mesozoic periods

(Andrews et al., 1985; Ervin and McGinnis, 1975).  Stress concentrations between the

plutons and the surrounding geologic deposits may be partly responsible for the seismic

activity (Andrews et al., 1985).
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FIGURE 2.4  Seismicity recorded in the Central United States (1974-2000) (data
                     obtained from CERI, 2000).
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FIGURE 2.5  Seismic zones in the Central United States.
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Overall, the seismicity in the Central United States has been linked to four

primary factors (Andrews et al., 1985).  These mechanisms have been briefly discussed

above and include the possible reactivation of the Reelfoot Rift system, the reactivation

of faults in the surrounding areas, the stress concentrations due to the intrusion of plutons,

and stress concentrations from the Pascola Arch and the embayment.  Furthermore, Al-

Shukri and Mitchell (1990) observed that lower seismic velocities and higher attenuation

were coincident with the regions of highest seismicity in the NMSZ and attributed this to

the large concentration of fluid-filled cracks that may reduce the stress required for fault

movement.

The Mississippi Embayment is the key geologic feature of the Central U.S. and is

shown in Figure 2.6.  The extent of the Mississippi Embayment is visible in the shaded

relief map of surface elevation in Figure 2.7.  The embayment was formed by a

southward plunging syncline extending from southern Illinois to the Gulf of Mexico and

located between the Ozark Uplift and the Nashville Dome (Ervin and McGinnis, 1975).

The embayment dates to the Paleozoic period when crustal movement and compaction of

deposits caused subsidence and created a basin for the deposition of alluvial and eroded

sediments (Cushing et al., 1964).  The basement rock is the Knox Dolomite from the

Paleozoic era (Cushing et al., 1964).  The estimated depth to the Paleozoic basement is

shown in Figure 2.8 and extends to a depth of 1000 meters near Memphis, Tennessee.

Figure 2.9 shows a cross-sectional view of the embayment near Memphis.  The sediments

in the embayment dip gently toward the axis at a rate of 1.9 to 6.6 m/km (10 to 35

ft/mile) (Brahana et al., 1987).
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FIGURE 2.6  Extent of the Mississippi Embayment and the age of near-surface geologic
                     deposits (Wheeler et al., 1994).
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FIGURE 2.7  Shaded digital elevation model (DEM) of the Central United States
(USGS, 2000).
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FIGURE 2.8  Elevation of Paleozoic basement relative to mean sea level in the
                      Mississippi Embayment.
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FIGURE 2.9  Northwest cross-section through Memphis, Tennessee in the Mississippi
                      Embayment (Brahana et al., 1987).
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The surface deposits in the Mississippi Embayment may be classified as Holocene

or Pleistocene (Figure 2.6).  Holocene deposits are found throughout the alluvial plains

particularly in the Mississippi River floodplain.  Pleistocene deposits are older deposits

located further inland.  The bluffs, which run along the eastern edge of the Mississippi

River, are a geologic boundary that separate the upland Pleistocene deposits from the

low-lying Holocene deposits.  Tertiary-age deposits are found below all surface deposits

(Obermeier, 1989).  Van Arsdale and TenBrink (2000) document the deposits in the

Upper Mississippi Embayment as listed in Table 2.1.

West of the Mississippi River, the distinguishing feature separating the St. Francis

Basin and the Western Lowlands is Crowley's Ridge which rises an average of 60 meters

above the alluvial plain and extends approximately 320 km (Van Arsdale et al., 1995).

The origin of Crowley's Ridge is uncertain and has been assumed to be either an

erosional remnant or a tectonic feature (Van Arsdale et al., 1995).  Crowley's Ridge,

delineated in Figure 2.2, is composed of Pleistocene-age deposits capped by a surface

layer of loess as shown in Figure 2.6 and is assumed to be similar to Pleistocene-age

deposits east of the Mississippi River.

Both the Pleistocene and Holocene-age deposits have low shear wave velocities

compared with the Paleozoic basement rock.  Amplification of ground motion is partly

due to the large shear wave velocity contrast between the basement rock and embayment

deposits.  Since ground motion estimation is a key component for assessing seismic risk,

the effect of the embayment deposits on ground motions is of primary concern.
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2.2  Seismic Hazard and Risk

2.2.1  Recent Seismicity

Although large-magnitude earthquakes such as the events of 1811-1812 are

infrequent with estimated recurrence intervals ranging from 400-1100 years (Schweig

and Van Arsdale, 1996), the area continues to be seismically active as shown in Figure

2.4 based on the seismicity of the region recorded over the past 25 years.  Hays (1980)

has found that at least one earthquake with a body-wave magnitude (mb) greater than 4.75

occurs in the Eastern United States every two years.  Small earthquakes since the 1811-

1812 events have damaged chimneys, cracked walls and foundations, and broken

windows throughout the Central United States (Stover and Coffman, 1993).

The NMSZ consists of 3 main linear features outlined by the epicentral density of

seismicity (Figure 2.4).  A northeast trend extends from Marked Tree, Arkansas to

Caruthersville, Missouri.  A north-northwest trend extends from Ridgely, Tennessee to

New Madrid, Missouri.  A second northeast trend extends from New Madrid, Missouri to

Charleston, Missouri.  This observed pattern of seismicity has been linked with the key

geologic features previously discussed.

No significant surface faulting has been identified in the Central United States.

This is partly due to the thick layer of sediment covering much of the region deposited by

the Mississippi River and its tributaries (McKeown, 1982).  Subsurface faults have been

identified from seismic reflection surveys (Potter et al., 1995; Stephenson et al., 1995;

Luzietti et al., 1995).  The Bootheel lineament is the main feature identified in the region

by satellite images and extends from Marked Tree, Arkansas to New Madrid, Missouri

(Marple and Schweig, 1992).
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2.2.2  Attenuation

The attenuation in the geologic materials in the Central United States is

significantly lower than in the Western United States (McKeown, 1982).  Nuttli (1973)

estimated that attenuation of short-period surface waves in the Central and Eastern United

States was an order of magnitude less than attenuation in the Western United States.

Although higher attenuation values were observed within the seismically active region,

Al-Shukri and Mitchell (1990) discerned a lower attenuation for the Central United States

based on analysis of recorded low-magnitude earthquakes.  The large felt areas of the

1811-1812 events is attributed to the lower attenuation that allows seismic wave energy

to propagate longer distances.  The effect of decreased attenuation is shown in Figure

2.10 comparing the felt area of the 1811-1812 events (M≈7.5) with the 1906 San

Francisco earthquake (M≈8.3).

Algermissen and Hopper (1985) developed theoretical isoseismals for an

earthquake with a surface wave magnitude (Ms) of 7.6 based on the observed intensity

from smaller magnitude earthquakes.  Figure 2.11 shows the theoretical isoseismals for

this hypothetical earthquake centered in the NMSZ based on the Modified Mercalli

Intensity scale that ranges from I to XII (Wheeler et al., 1994).  At an intensity of XII,

man-made structures are severely damaged whereas an intensity of I is felt by few.  The

intensity levels shown in Figure 2.11 represent felt regions with slight to serious

structural damage.  The large extent of possible damage by a large earthquake in the

NMSZ is evident.
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FIGURE 2.10  Comparison of isoseismals from the 1906 San Francisco earthquake and the 1811 New Madrid earthquakes (Hays,
                        1980).
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FIGURE 2.11  Theoretical isoseismals from a hypothetical earthquake of surface
                        magnitude (Ms) 7.6 (Wheeler et al., 1994).
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2.2.3  Site Effects

Local site conditions such as deep, soft sediments strongly affect the amplitude of

ground motions.  Ground motion amplification can cause subsequent ground failures such

as liquefaction, landslides or structural failures due to excessive ground shaking.  The

identification of soil deposits susceptible to ground motion amplification is required for

accurate risk assessment and loss estimation.

Ground shaking is affected by subsurface geology.  Previous studies in Los

Angeles have identified Quaternary deposits, particularly those from the Holocene epoch,

as susceptible to ground motion amplification due to the loose, unconsolidated nature of

deposition (Tinsley and Fumal, 1985).  Quaternary deposits from the Holocene and

Pleistocene epochs are found as surface deposits throughout the Central United States.

Holocene-age alluvial deposits are found primarily within the floodplains of minor and

major rivers whereas Pleistocene-age deposits are found in the upland, terrace regions

and are characterized by a surficial layer of loess.

Examples of Observed Ground Motion Amplification

The epicenter of the 1985 Michoacan earthquake was located more than 350 km

(220 miles) from Mexico City but caused extensive damage in areas underlain by soft

deposits (Zeevaert, 1991).  Mexico City is underlain partly by an ancient lake bed and

partly by stiffer material (Seed et al., 1988).  The deposits in the lake bed have low shear

wave velocities ranging from 40 to 90 m/s.  However, the bedrock below these sediments

has a shear wave velocity greater than 500 m/s.  The large impedance contrast between

the two layers amplified shaking at the ground surface by factors ranging from 3 to 20 at
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a period of 2 to 3 seconds and caused extensive damage (Dobry et al., 2000).  Seed et al.

(1988) compared ground motions from the main earthquake and an aftershock.  Ground

motion was similar for both showing that ground shaking was due to the site conditions

rather than the source.

The 1989 Loma Prieta earthquake caused widespread damage in the San

Francisco Bay Area.  Although the epicenter was located more than 80 km (50 miles)

south of the city, severe ground shaking and liquefaction occurred in San Francisco.  The

majority of damage was attributed to soft soils underlying areas such as the Marina

District and Mission Bay (Seed et al., 1990).  Amplification of ground shaking led to

secondary failures such as liquefaction, lateral spreading, and slope and bearing capacity

failures throughout these regions.  Deep deposits of soft soils such as the San Francisco

Bay Mud and loosely compacted fills amplified ground motions by factors of 5 to 6 for

frequencies around 1 Hz and factors of 2 to 3 for frequencies up to 5 Hz (Seekins and

Boatwright, 1994).  Furthermore, amplification was found to decrease for larger rock

accelerations (Seed et al., 1990).  The amplification of longer periods caused significant

damage to taller structures and bridges.

Mechanisms for Ground Motion Amplification

There are several mechanisms that contribute to amplification.  The first

mechanism considers the effect of resonances within the soil column that occur when the

frequency of seismic wave energy is equal to the natural frequency of the deposit.  A

simple estimate of the natural frequency of a geologic deposit (fn) is given by

H4

V
f s

n = (2.1)
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where Vs is the shear wave velocity and H is the thickness of the deposit.  If the

frequency of the seismic wave is approximately equal to the natural frequency of the

deposit, amplification will occur increasing the amplitude of ground motion significantly

at the natural frequency.  The intensity of amplification is based on the impedance

contrast between the two geologic deposits.  The impedance ratio (I) is defined as

where ρ is the mass density of the deposit, and the subscripts r and s refer to the rock and

soil, respectively.  Amplification increases as the impedance ratio between two layers

increases.

Another mechanism of amplification is based on wave propagation.  As elastic

waves propagate through a material, the flux rate of energy transmission defined by

ρVs
2u!  remains constant (Aki and Richards, 1980).  As a result, ground motion

amplitudes in a low-velocity material will be greater than in a high-velocity material

assuming other factors including material and apparent attenuation are comparable due to

the inverse relationship between shear wave velocity and the particle velocity ( u! ).  Thus,

geologic materials characterized by a low shear wave velocity such as loose sands and

soft clays may amplify ground motions significantly.

The mechanisms of amplification are directly related to the shear wave velocity of

the deposit.  Low shear wave velocity soils, particularly when underlain by hard,

crystalline rock, will amplify ground motions causing potential ground or structural

failure.  The large velocity contrast between the recent deposits in the embayment and the

older Paleozoic basement produces a strong impedance contrast that generates a

ss

rr

V

V
I

ρ
ρ= (2.2)
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boundary for the reflection of seismic energy and the phase conversion of seismic waves

(Chen et al., 1996).  Dorman and Smalley (1994) observed large-amplitude, long-

duration, low-frequency surface wave ground motions for propagation paths within the

embayment and attributed these to the waveguide effect caused by the softer embayment

soils overlying the Paleozoic basement.  In comparison, a larger earthquake located

outside of the embayment produced lower ground motions than the earthquake within the

embayment (Dorman and Smalley, 1994).

 Based on observed ground motions, the soil column attenuates high-frequency

energy (Boore, 1983).  Attenuation of seismic wave energy is due to three major factors:

(1) geometrical spreading, (2) material or intrinsic damping, and (3) apparent attenuation.

Geometrical spreading is due to the spreading of wave energy over a continuously

increasing area resulting in lower amplitudes of motion at each point along the wave

front.  Material or intrinsic damping results from the dissipation of energy due to particle

interaction.  Apparent attenuation is due to scattering as energy reflects from boundaries

and discontinuities.  Geometrical spreading is modeled as a function of distance from the

source.  In the field, material attenuation and apparent attenuation are measured by the

quality factor, Q.  The dissipation of high-frequency energy through the soil column is

defined by the spectral decay parameter, κ(0) and is related to Q (Anderson and Hough,

1984).

Observations from recent earthquakes have demonstrated that ground motion

amplification is more pronounced for weak ground motions than for strong ground

motions because of nonlinear soil behavior.  The largest amplifications in both the Loma

Prieta and the Michoacan earthquakes were recorded at significant distances from the
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epicenter where the amplitude of propagating seismic waves is generally considered to be

less due to attenuation.  Darragh and Shakal (1991) compared ground motions at soil sites

and rock sites for strong and weak ground motions.  Greater amplification was recorded

at soft soil sites than stiff soil sites particularly for weaker ground motions.  Additionally,

based on Fourier amplitude spectra, soft soil sites amplified motions by factors of 12 to

25 at 1-second periods compared with rock sites for weak motions.  In contrast,

amplification of strong ground motions was a factor of 3 greater than for rock motions

(Darragh and Shakal, 1991).  Stiff soil sites amplified motion by a factor of 2 or 3 for

both strong and weak rock motions.  This study showed that amplification is typically

greater for smaller magnitude earthquakes or lower rock accelerations at comparable

epicentral distances due to nonlinear soil behavior (Darragh and Shakal, 1991).

In a study of central California, Su et al. (1992) determined site amplification was

high for recent deposits of Quaternary age and decreased for older deposits.

Additionally, site amplification of Quaternary soil sites is greater at low frequencies and

lower at higher frequencies.  The opposite effect was observed at rock sites where

amplification was greater at high frequencies rather than low frequencies.  Su et al.

(1992) determined that for strong ground motions, surface geology was not well

correlated with amplification near the epicenter due to deamplification of energy in soft

deposits caused by nonlinear soil behavior.  However, surface geology was well

correlated with amplification for distances greater than 50 km from the epicenter.  In

other words, soft soil deposits of recent geologic age were found to be most susceptible to

ground motion amplification when subjected to weaker rock motions.  At large rock
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motions such as those near the epicenter, nonlinear soil behavior deamplified seismic

energy and resulted in lower ground motions than the observed rock motions.

Based on measured rock and soil ground motions, a relationship between soft soil

and rock peak ground accelerations (PGA) was developed by Idriss (1990) as shown in

Figure 2.12.  This relationship is consistent with observed ground motions from the 1999

Izmit (Kocaeli) Turkey earthquake (Youd et al., 2000).  Amplification is greater at soil

sites where comparable rock accelerations are less than 0.4 g.  At accelerations greater

than 0.4 g, deamplification occurs due to soil nonlinearity (Dobry et al., 2000).

2.2.4  Ground Failures

Amplification can produce ground failures from the increase in ground motions.

Liquefaction is the loss or reduction of soil shear strength due to an increase in the pore

water pressure.  Sands such as those found in the alluvial floodplain are highly

susceptible to earthquake-induced liquefaction.  Surface features such as sand boils are

created by the expulsion of fluidized soil under the large induced pore water pressures

caused by cyclic loading (NRC, 1985).  Structures on liquefied soil may fail under the

large ground deformations.  Furthermore, lateral spreading due to the flow of gently

sloping soil deposits may cause significant displacements (NRC, 1985).

The alluvial deposits in the Mississippi Embayment are highly susceptible to

liquefaction.  Obermeier (1989) mapped an extensive region of sand boils due to the

1811-1812 events.  Sand vents are clearly visible on aerial photography (Obermeier,

1989) and have been mapped in Arkansas by Wesnousky and Leffler (1994) and in
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FIGURE 2.12  Relationship between measured peak ground accelerations (PGA) at rock
                         and soft soil sites (Idriss, 1990).
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Memphis, Tennessee by Broughton et al. (2000) for minor rivers.  Amplification of

ground motions increases the likelihood of liquefaction due to the larger cyclic stresses.

Loess is found throughout Pleistocene-age terraces and is composed of aeolian

deposits formed from the erosion of bedrock and subsequent deposition of sediments.

These deposits consist of silt-sized particles characterized by a metastable structure with

slight cementation and low density (Bell, 1983).  However, the internal structure of loess

deposits may be susceptible to collapse particularly when saturated and subjected to

seismic loads (Mitchell, 1993).  The bluffs along the eastern edge of the Mississippi

River are capped by 5 to 50 meters of loess (Jibson and Keefer, 1994).  Obermeier (1989)

mapped landslides along the bluffs.  These landslides have been attributed to the ground

shaking from the 1811-1812 New Madrid events (Jibson and Keefer, 1994).

2.2.5  Building Stock and Earthquake Awareness

Since large-magnitude earthquakes are uncommon in the Central United States,

the earthquake awareness and preparedness of this region is low.  Studies of the building

stock have identified a preponderance of older, unreinforced masonry structures

particularly for essential facilities such as police and fire stations, hospitals, and schools

(Chang et al., 1995; French and Olshansky, 2000).  These structures typically do not

behave adequately under seismic loads and may be susceptible to structural failure when

subjected to seismic loads.
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2.3  Seismic Zonation

2.3.1  Region-Specific Seismic Zonation

Regional studies were conducted for select regions to identify soil deposits

susceptible to ground motion amplification.  Tinsley and Fumal (1985) used geologic

information to obtain a preliminary seismic hazard map of the Los Angeles area.  Surface

information such as grain size and age of deposits was used to delineate areas potentially

susceptible to ground motion amplification.  Fumal and Tinsley (1985) supplemented

geologic information with in situ measurements from standard penetration tests (SPT) to

improve seismic hazard mapping in the Los Angeles area.  Both studies demonstrated the

importance of including geologic information in seismic zonation.

2.3.2  General Seismic Zonation

The U.S. Geological Survey and the National Earthquake Hazards Reduction

Program (NEHRP) provide a framework for seismic zonation in the United States.

Seismic hazard maps provide the spectral acceleration at short periods and long periods

for a reference rock site with an average shear wave velocity of 760 m/s in the upper 30

meters (BC site class boundary).  The reference spectral accelerations are adjusted for site

conditions using site coefficients recommended by the NEHRP provisions.

Seismic Hazard Maps

The U.S. Geological Survey has developed seismic hazard maps based on the

maximum considered earthquake (MCE) ground motions.  The most recent seismic

hazard maps consider the expected ground motions that correspond to a probability of
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exceedance of 2% in 50 years at spectral accelerations of 0.2 and 1 second (Leyendecker

et al., 2000) and are shown in Figures 2.13 and 2.14.  Probabilistic maps are developed

by aggregating the contribution of all potential hazards for a given site.  These seismic

hazard maps are included in the NEHRP codes to select appropriate spectral accelerations

based on a reference site with an average shear wave velocity in the upper 30 meters of

760 m/s.  This case is termed the BC boundary since it defines the boundary between a

NEHRP site class B and C and is considered to reflect soft rock conditions (Frankel et al.,

2000).

The 1994 NEHRP codes and corresponding seismic hazard maps were based on

the peak ground acceleration (PGA) at a given site.  However, current codes consider

spectral accelerations at particular periods to define the response spectra such that the

effect of ground motions on structures are incorporated rather than only the peak ground

motions (Leyendecker et al., 2000).  The probabilistic maps represent the hazard

contribution of an earthquake located at various distances and magnitudes from a site

based on paleoseismology, historic seismicity, proximity to seismic zones, and fault

location (Frankel et al., 2000).  The results of such an analysis are shown in matrix form

in Tables 2.2 and 2.3 and graphically in Figures 2.15 and 2.16 for the hazard contribution

at Memphis, Tennessee.  Two spectral accelerations are considered to represent short

periods (T=0.2 sec) and long periods (T=1 sec).  The largest contribution to the hazard at

Memphis for both short and long periods is from an earthquake of moment magnitude 8.0

at an epicentral distance of 50 km.  In general, the contribution of short period spectral

accelerations is primarily from small magnitude earthquakes near the site whereas large

events at longer distances affect long period spectral accelerations (Frankel et al., 2000).
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FIGURE 2.13  National Seismic Hazard Ground Motion Map for short periods (0.2 second) spectral acceleration (USGS, 2001).
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FIGURE 2.14  National Seismic Hazard Ground Motion Map for long periods (1 second) spectral acceleration (USGS, 2001).



TABLE 2.2  Deaggregation of Seismic Hazard for Probability of Exceedance of 2% in
                     50 Years at Memphis, Tennessee for a Period of 0.2 Second (USGS, 2001)

5.0 5.5 6.0 6.5 7.0 7.5 8.0
25 1.344 2.326 2.821 2.590 1.355 1.063 0.000

50 0.055 0.214 0.571 1.069 0.793 0.962 52.064

75 0.002 0.015 0.067 0.212 0.252 0.437 19.693

100 0.000 0.002 0.014 0.064 0.111 0.260 11.201

125 0.000 0.000 0.004 0.026 0.055 0.160 0.000

150 0.000 0.000 0.002 0.011 0.021 0.073 0.000

175 0.000 0.000 0.000 0.004 0.008 0.034 0.000

200 0.000 0.000 0.000 0.002 0.003 0.017 0.000

225 0.000 0.000 0.000 0.001 0.001 0.009 0.000

250 0.000 0.000 0.000 0.000 0.001 0.004 0.000

275 0.000 0.000 0.000 0.000 0.000 0.002 0.000

300 0.000 0.000 0.000 0.000 0.000 0.001 0.000

TABLE 2.3  Deaggregation of Seismic Hazard for Probability of Exceedance of 2% in
                     50 Years at Memphis, Tennessee for a Period of 1 Second (USGS, 2001)

5.0 5.5 6.0 6.5 7.0 7.5 8.0
25 0.150 0.205 0.912 1.650 1.132 0.981 0.000

50 0.000 0.016 0.193 0.757 0.736 0.956 50.719

75 0.000 0.002 0.036 0.228 0.330 0.559 22.981

100 0.000 0.000 0.011 0.102 0.202 0.428 15.484

125 0.000 0.000 0.005 0.056 0.131 0.331 0.000

150 0.000 0.000 0.003 0.037 0.068 0.194 0.000

175 0.000 0.000 0.001 0.022 0.038 0.122 0.000

200 0.000 0.000 0.001 0.013 0.024 0.084 0.000

225 0.000 0.000 0.000 0.007 0.016 0.061 0.000

250 0.000 0.000 0.000 0.004 0.009 0.039 0.000

275 0.000 0.000 0.000 0.002 0.005 0.025 0.000

300 0.000 0.000 0.000 0.001 0.002 0.012 0.000

325 0.000 0.000 0.000 0.001 0.001 0.005 0.000

350 0.000 0.000 0.000 0.001 0.001 0.008 0.000

375 0.000 0.000 0.000 0.000 0.001 0.007 0.000

400 0.000 0.000 0.000 0.000 0.001 0.006 0.000

425 0.000 0.000 0.000 0.000 0.001 0.004 0.000

450 0.000 0.000 0.000 0.000 0.000 0.004 0.000

475 0.000 0.000 0.000 0.000 0.000 0.003 0.000

500 0.000 0.000 0.000 0.000 0.000 0.002 0.000
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FIGURE 2.15  Contribution of seismic hazard for Memphis, Tennessee for short period
                         (0.2 second) ground motions (USGS, 2001).
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FIGURE 2.16  Contribution of seismic hazard for Memphis, Tennessee for long period
(1 second) ground motions (USGS, 2001).
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Since both spectral accelerations are strongly influenced by the same event, this effect is

not significant for Memphis due to its proximity to the New Madrid Seismic Zone.

Site Coefficients

Seismic zonation may be based on the age of geologic deposits or on geotechnical

properties.  Borcherdt (1994) developed amplification factors for five discernable soil

classes that incorporate four major site conditions.  The site coefficients are based on in

situ data collected and the response of each site to strong ground motions in the Los

Angeles and San Francisco areas.  Borcherdt (1994) recommended characterizing site

conditions to a depth of 30 meters based on geology, inferred shear wave velocity, or

direct measurements of shear wave velocity.  The depth of interest was selected such that

the resonances within a soil deposit were greater than 0.1 second (Borcherdt, 1994).  The

work conducted by Borcherdt was incorporated into the National Earthquake Hazards

Reduction Program (NEHRP) provisions.  Anderson et al. (1996) evaluated the use of the

average shear wave velocity in the upper 30 meters.  Based on their work, attenuation

affects ground motions as much as the shear wave velocity, particularly for deeper

geologic deposits.  Although attenuation is not directly included in the current NEHRP

provisions, it is accounted for in the seismic hazard maps.

NEHRP adjusts the expected spectral acceleration at a reference rock site based

on the actual site conditions to increase or decrease expected ground motions.  The

reference case assumes rock is at the surface as shown in Figure 2.17 by point B.  The

site factors adjust the estimated rock motions to account for the soil conditions at point A.
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FIGURE 2.17  Modeled soil and rock sites (based on Dobry et al., 2000).
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The site classes specified by NEHRP are described in Table 2.4.  The site coefficients are

given in Tables 2.5 and 2.6 for short and long period motions.

TABLE 2.4  NEHRP Site Classification (NEHRP, 1997)

Site
Class

Description
Ave. Vs in upper 30 m

(m/s)

A Hard rock Vs > 1500

B Rock 760 < Vs ≤ 1500

C Very dense soil and soft rock 360 < Vs ≤ 760

D Stiff soil 15 ≤ N1 ≤ 50 or 50 kPa ≤ su
2 ≤ 100 kPa 180 ≤ Vs ≤ 360

E Profile with more than 3 m of soft clay with PI3 > 20, wc4 ≥ 40 %,
and su < 25 kPa

Vs < 180

F

1. Soils susceptible to failure or collapse under seismic loading
such as liquefiable soils, quick and highly sensitive clays,
collapsible weakly cemented soils.

2. Peats/highly organic clays with a thickness greater than 3 m.
3. Very high plasticity clays with a thickness greater than 8 m and

PI > 75
4. Very thick soft/medium stiff clays with a thickness greater than

36 m.
1N: SPT blow count
2su: Undrained shear strength
3PI: Plasticity index
4wc: water content

Code-Based Site Characterization

The current design of earthquake-resistant structures is based on the

recommendations from the Federal Emergency Management Agency (FEMA) National

Earthquake Hazards Reduction Program (NEHRP) (NEHRP, 1997).  The NEHRP

provisions outline a recommended procedure for determining design spectra based on

seismic hazard maps of spectral acceleration and site coefficients determined by local site

conditions.  The seismic hazard maps identify the maximum considered earthquake

(MCE) ground motion for short period (0.2 second) spectral acceleration and long period
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(1 second) spectral acceleration for 5% of critical damping for a site with a shear wave

velocity defined at the BC boundary.

TABLE  2.5  Short Period (0.2 second) Site Coefficients for NEHRP Site Classes
                      (NEHRP, 1997)

Maximum Considered Earthquake Spectral Acceleration for 0.2 second
Site Class

Ss ≤≤≤≤ 0.25 Ss = 0.50 Ss = 0.75 Ss = 1.00 Ss ≥≥≥≥ 1.25

A 0.8 0.8 0.8 0.8 0.8

B 1.0 1.0 1.0 1.0 1.0

C 1.2 1.2 1.1 1.0 1.0

D 1.6 1.4 1.2 1.1 1.0

E 2.5 1.7 1.2 0.9 *

F * * * * *

* Site-specific investigation and site response analyses required

TABLE  2.6  Long Period (1.0 second) Site Coefficients for NEHRP Site Classes
                      (NEHRP, 1997)

Maximum Considered Earthquake Spectral Acceleration for 1 second
Site Class

S1 ≤≤≤≤ 0.1 S1 = 0.20 S1 = 0.30 S1 = 0.40 S1 ≥≥≥≥ 0.50

A 0.8 0.8 0.8 0.8 0.8

B 1.0 1.0 1.0 1.0 1.0

C 1.7 1.6 1.5 1.4 1.3

D 2.4 2.0 1.8 1.6 1.5

E 3.5 3.2 2.8 2.4 *

F * * * * *

* Site-specific investigation and site response analyses required

Borcherdt (1994) observed amplification factors based on the ratio of the response

of soil to rock sites were proportional to the average shear wave velocity in the upper 30

meters.  NEHRP provisions of 1994 adopted the site classification proposed by Borcherdt
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establishing site classes for characterizing the subsurface (Table 2.4).  Site class A is

representative of rock sites in the Central and Eastern United States (CEUS) and has a

low susceptibility to amplification.  Site class B is representative of rock sites in the

Western United States (WUS) characterized by a softer rock.  Site class C and D

represent different soil conditions.  Site class E represents soft, deep soil deposits with

potential for ground motion amplification and ground failure.  Site class F defines soils

that necessitate site-specific analyses.

The site classes use the shear wave velocity in the upper 30 meters to determine

the ground response.  The average shear wave velocity (Vs) in the upper 30 meters is

computed based on the total travel time through the layer given as

where di is the depth of layer i, Vi is the shear wave velocity of layer i, and n is the

number of layers.

The NEHRP provisions recommend calculating a response spectrum as follows:

1) The maximum considered earthquake ground motions are obtained from a ground

motion model or seismic hazard maps as shown in Figure 2.13 for short periods (0.2

second), SS, and in Figure 2.14 for long periods (1 second), S1.

2) The site class is determine based on local site conditions via

a) Physical description of near surface geologic materials,

b) Estimates of average shear wave velocity obtained from standard penetration tests

(SPT) blow count or undrained shear strength, or
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c) Measurement of average in situ shear wave velocity of the upper 30 meters.

3) Site coefficients, Fa and Fv, are determined based on the site classes as shown in

Tables 2.5 and 2.6.

4) The maximum considered (SMS and SM1) and design (SDS and SD1) earthquake ground

motions are calculated to account for local site conditions.

5) The spectral response acceleration (Sa) is calculated as a function of design ground

motions and period.  The response spectra, Sa, is given as a function of the period by

where T0 and Ts are defined as

Although the NEHRP provisions are used nationally for determining spectral

response, the site classes recommended are based on soil conditions in the Western

United States (Borcherdt, 1994).  Similarly, the use of the average shear wave velocity in

the upper 30 meters is based on the input motions and soils encountered in the Western

United States.  Although the geology and seismicity in the Central United States is

different than that in the Western United States, little information is currently available

on parameters influencing seismic response for soils in Central United States.

Ds

1D
s

Ds

1D
0

S

S
T

S

S2.0
T

=

= (2.5a)

(2.5b)













>

≤<

≤+

=

s
1D

s0DS

0DS
0

DS

a

TT
T

S
TTTS

TTS4.0T
T

S
6.0

S
(2.4)



45

The objective of this study is to evaluate the effect of soil deposits in the Upper

Mississippi Embayment on dynamic site response.  Remote sensing images are analyzed

to evaluate their potential for regional seismic zonation to identify regions susceptible to

ground motion amplification.  Shear wave velocity profiles are developed that represent

soil conditions in the Central United States and particularly within the Upper Mississippi

Embayment.  The shear wave velocity profiles are used to estimate horizontal ground

motions for several earthquake scenarios.  The ground motions estimated for soil deposits

in the embayment are compared with rock profiles to determine the amplification of the

soil column as a function of the frequency of seismic energy or as a function of the

resonant period of a single degree of freedom (SDOF) system.  Amplification spectra are

compared with published amplification factors developed for the Central and Eastern

United States.  Additionally, the results of the calculated ground motions are compared

with attenuation relationships to assess the appropriateness of these relationships.
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CHAPTER III

REMOTE SENSING FOR CLASSIFICATION OF

NEAR-SURFACE GEOLOGY

The correlation between strong ground motions and geology was identified in the

mid-1800s (Del Barrio, 1855; Mallet, 1862).  Recent studies by Borcherdt (1994) and

Anderson et al. (1996) have quantified the influence of near-surface geologic deposits on

site response.  Tinsley and Fumal (1985) mapped surface geology in the Los Angeles

basin to identify loose soils such as Holocene alluvial deposits that are susceptible to

strong ground motions.  Similarly, Yamazaki et al. (2000) developed amplification

factors based on geomorphology and subsurface geology to estimate expected ground

motions.  These studies suggest using geology as an initial regional classification for

seismic zonation.  In this study, the use of remote sensing imagery for regional

classification is evaluated.  In particular, the objective is to identify Holocene-age

deposits that may be susceptible to ground motion amplification.  Subsequent chapters

assess the site response for Holocene-age and Pleistocene-age deposits in the Mississippi

Embayment based on additional subsurface information.

Holocene-age alluvial deposits in the floodplains are distinguished from loess

deposits of Pleistocene/Pliocene age in the inland, terrace regions based on the spectral

contrast and texture.  Agbu et al. (1990) observed that spectral reflectance is related to

subsurface conditions since subsurface conditions affect the properties observed at the
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surface.  The variation in soil type, moisture content, and geology influences the spectral

reflectance and texture.  Therefore, spectral reflectance and texture are the basis for

classification in this study.

3.1  Overview of Remote Sensing

Remote sensing has been used for reconnaissance since World War II.  Although

remote sensing only images the surface of the earth, it has been used extensively for

geologic mapping and mineral identification.  Peltzer and Rosen (1995) and Thatcher and

Massonnet (1997) compared radar images taken before and after earthquakes to estimate

surface displacement.  Newton and Boyle (1993) used Landsat TM images for geologic

mapping whereas Graham and Grant (1994) analyzed radar images for surface geologic

mapping.  Tronin (1996) observed a correlation between infrared anomalies and fault

location based on infrared images.  In the Central U.S., Marple and Schweig (1992) used

satellite imagery and aerial photography to identify lineaments that may be surface

expressions of faults.  Furthermore, aerial photography has been extensively used to map

liquefaction features throughout Arkansas (Obermeier, 1989).  These studies demonstrate

the increased use of remote sensing for earthquake-related applications.

3.2  Fundamental Concepts in Remote Sensing

Remote sensing systems measure the reflected or emitted electromagnetic

radiation from a surface.  The wavelength (λ) and frequency (f) of electromagnetic waves

are related by the speed of light, c, based on Equation 3.1
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where c is 3x108 m/s.  The energy (q) of electromagnetic waves is carried as photons or

quanta and is defined as

where h is Planck's constant (6.626x10-34 J-sec).  Therefore, radiation composed of higher

frequencies (shorter wavelengths) has more energy than that composed of low

frequencies (longer wavelengths).  Figure 3.1 shows the electromagnetic spectrum and

several defined regions ranging from gamma rays to radio waves.  Remote sensing

systems typically operate at wavelengths longer than the ultraviolet light since the

atmosphere does not transmit energy at shorter wavelengths (Sabins, 1997).

3.2.1  Effect of Atmosphere

The atmosphere may scatter or absorb electromagnetic energy as shown by Figure

3.2.  Scattering causes diffusion of electromagnetic radiation due to the interaction with

atmospheric particles.  There are three types of scatter.  Rayleigh scattering is due to

particles with diameters less than the wavelength of the radiated energy and affects short-

wavelength radiation.  This occurs predominantly in the upper atmosphere.  Mie

scattering is due to particle diameters that have approximately the same size as the

wavelength of the energy radiated.  Mie scatter affects longer wavelengths and is mostly

due to water vapor and dust in the lower atmosphere.  Non-selective scattering occurs

when the diameter of particles is greater than the wavelength of the energy.  Non-

selective scattering affects visible and reflected infrared radiation.

hfq = (3.2)

f

c=λ (3.1)
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FIGURE 3.1  Electromagnetic spectrum as a function of wavelength (from Sabins,
                       1997).
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FIGURE 3.2  Effect of interaction with the atmosphere and the surface of the earth on
                        electromagnetic energy.
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The atmosphere absorbs energy in the gamma ray, x-ray, and most of the

ultraviolet region due to particles in the atmosphere such as ozone and water.  Absorption

bands are those wavelength regions where the atmosphere absorbs most of the

electromagnetic energy.  On the other hand, the regions of the electromagnetic spectrum

that have a high transmission through the atmosphere are termed atmospheric windows.

Figure 3.3 shows the absorption bands and atmospheric windows in the electromagnetic

spectrum.

3.2.2  Interaction with Surface

As electromagnetic energy interacts with the surface of the earth, it may be

reflected, absorbed, or transmitted.  The result of this interaction is determined by the

physical properties of the surface and the wavelength of the electromagnetic radiation

(Sabins, 1997).  As electromagnetic radiation interacts with matter, changes in intensity,

direction, wavelength, polarization, and phase may occur.  To conserve energy, the

energy incident to the surface (EI) must be equal to the energy reflected (ER), absorbed

(EA), and transmitted (ET) given as

Reflection is due to the surface properties of the material such as color and roughness.

Transmission and absorption are due to the internal properties of the material such as

density and conductivity.

TARI EEEE ++= (3.3)
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FIGURE 3.3  Absorption bands and atmospheric windows in  the electromagnetic
spectrum and spectral bands for several remote sensing systems (Sabins,
1997).
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3.2.3  Emitted and Reflected Energy

Remote sensing systems measure energy emitted or reflected from a surface.

Energy that is emitted by the material is due to the temperature and structure of the

material and occurs at longer wavelengths.  The amount of energy emitted by a black

body is given by the Stefan-Boltzmann Law as

where σSB is the Stefan-Boltzmann constant (5.67 x 10-12 W cm-2 K-4) and Tk is the

kinetic temperature.  A black body absorbs all incident energy and emits all energy based

on its kinetic temperature (Sabins, 1997).  The energy emitted from a material is related

to the energy emitted by a black body by the emissivity, εb, as

where Hm is the energy emitted by the material.

The peak wavelength of emitted electromagnetic energy moves toward shorter

wavelengths as the temperature of the material increases as given by Wien's displacement

law.  The energy emitted by a material is a function of wavelength and temperature as

shown in Figure 3.4.  The maximum energy emitted by a surface is defined by Wien's

displacement law as

where Ac is 2898 µm-K and Tk is the temperature in Kelvin.  For example, the peak

wavelength of the earth (Tk=300 K) is 9.7 µm whereas the peak wavelength of the sun

4
kSBb TH σ= (3.4)

b

m
b H

H
=ε (3.5)

k

c
max T

A
=λ (3.6)
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FIGURE 3.4 Spectral distribution curves for energy radiated at several temperatures.
The two bands shown are for the reflected infrared and thermal infrared
spectral bands. (Sabins, 1997).
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(Tk=6000 K) is 0.5 µm.  These correspond to spectral bands shown in Figure 3.4.  The

spectral bands shown in Figure 3.4 have a high transmission of electromagnetic energy as

evident from the atmospheric windows in Figure 3.3.

Daytime thermal images are controlled by solar radiation and shadows whereas

nighttime images are dependent on the thermal properties of the material.  The two bands

used for thermal imagery are the 3 to 5 µm and 8 to 14 mm.  The 3 to 5 µm range is

useful for observing temperatures greater than 600 K for such applications as detecting

fires and lava flows (Sabins, 1997).  The 8 to 14 µm range is useful for materials in the

300 K temperature range such as mapping topography (Sabins, 1997).  Thermal imagery

has been used for distinguishing surface materials, mapping ground moisture, mapping

environmental features, monitoring volcanic activity, subsurface fires, and forest fires.

Reflected energy may be specular or diffuse.  If the surface is smooth or specular,

energy will be reflected at an angle equal to the angle of incidence.  This concentrates the

reflected energy in one direction.  If viewed from the reflected direction, the surface will

appear bright.  However, from all other angles, the surface will appear dark.  If the

surface is rough, diffuse reflection occurs where energy will be reflected in all directions.

A rough surface that diffuses or scatters reflected energy in all directions equally is

termed a Lambertian surface (Schowengerdt, 1997).  Polarization may also occur as

energy is reflected.

The spectral reflectance, Rλ, is the ratio of incident energy to the reflected energy

as given by

%100
)(E

)(E
R

R

I ×
λ
λ=λ (3.7)
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Spectral reflectance curves show the spectral reflectance as a function of wavelength.

Since certain materials reflect energy strongly in certain wavelengths and not others,

objects can be differentiated by spectral reflectance curves.  For example, if two bodies

have a different spectral reflectance at certain wavelengths and not others, then the

spectral band where the difference is greatest should be used to distinguish between

objects.  Figure 3.5 shows typical spectral reflectance curves for some common rock

types and vegetation.

Moisture will also affect reflectance.  Coarse, sandy soils are typically well-

drained with low moisture contents and a high spectral reflectance whereas poorly

draining fine-grained soils such as clays will generally appear darker (Arnold, 1997).

Soil reflectance will also depend on surface roughness, content of organic matter, and

iron oxide present (Lillesand and Kiefer, 1979).

3.3  Remote Sensing Systems

Several remote sensing systems are available.  Systems may be classified based

on platform supporting the scanner and the source of electromagnetic energy.  These

categories are described below.  Several commonly used remote sensing systems are also

discussed.

3.3.1  Types of Remote Sensing Systems

Remote sensing systems may be classified by two methods.  The first method

describes the platform carrying the system.  The second method classifies remote sensing

systems based on the source of electromagnetic energy.



57

FIGURE 3.5  Spectral reflectance signatures for several materials (Sabins, 1997).
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The airborne and satellite-based platforms are used to carry remote sensing

systems.  Airborne systems are carried aboard aircraft that fly over a selected study area.

The altitude of aircraft is relatively low, typically less than 20 km above the ground

surface.  Airborne systems are generally characterized by higher resolution than satellite-

based systems since more detail can be imaged due to the low altitude.  However, the

imaged area is smaller compared with satellite-based systems.  Specific flight patterns

may be flown to image a particular area.  Although a precise area may be imaged in

detail, the expense of obtaining such images is much greater than fixed-path systems on

satellites.  Satellite-based systems are set into a predetermined orbit at an altitude on the

order of several hundred kilometers.  Therefore, these systems traditionally have poorer

resolution than most airborne systems.  The advantages of these systems are the cost of

acquiring imagery, the large regional coverage, and continuous coverage for evaluating

temporal changes.

  The second method of classifying remote sensing systems is based on the source

of electromagnetic energy.  Active systems have a source emitting electromagnetic

energy and a receiver to record reflected energy.  Radar (Radio Detection and Ranging),

operating in the microwave region of the electromagnetic spectrum, is the most

commonly used active remote sensing system.  Both airborne and satellite-based active

systems are available that use an active source.  Passive systems measure reflected or

emitted energy.  These systems typically use the sun as the source of energy and measure

the reflected energy from a surface.  Similarly, they measure the energy emitted from a

surface where the surface itself is the source.
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3.3.2  Available Remote Sensing Systems

Remote sensing imagery is available from a variety of commercial and

government sources.  Several systems are briefly described below.

•  Landsat was first launched in 1972 by NASA and the Department of the Interior.

The most recent Landsat satellite (Landsat ETM 7) was launched in 1999.  These

satellites are multispectral, cross-track scanners that measure electromagnetic

energy in several spectral bands ranging from the visible to thermal bands.  Landsat

satellites have a nearly polar orbit and are sun-synchronous passing the same

latitude at the same time each day.  Since a Landsat image was selected for this

study, these satellites are discussed in more detail in a later section.

•  SPOT (Systeme Probatoire d'Observation de la Terre) is a French multispectral,

pushbroom-scanner satellite operating in the visible and near-infrared regions.

SPOT is also a polar-orbiting, sun-synchronous satellite.  It has a higher resolution

but a narrower swath than Landsat.  SPOT has the added advantage of rotating

sensors off-nadir and producing stereoscopic pairs (Sabins, 1997).

•  IKONOS is privately financed and was launched in 1999.  It is the first commercial

satellite to provide 1-meter resolution panchromatic images and 4-meter

multispectral images (Space Imaging, 2001).

•  The National Oceanic and Atmospheric Administration (NOAA) launched

Geostationary Operations Environmental Satellites (GOES) that maintain a constant

position relative the Earth and monitor weather and climate in the visible and

thermal-infrared bands (Sabins, 1997).  These satellites have a much lower spatial

resolution than SPOT and Landsat where each pixel is downsampled to represent an
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area 8 km by 8 km (Sabins, 1997).  The Advanced Very High Resolution

Radiometer (AVHRR) is a polar-orbiting, sun-synchronous satellite with a spatial

resolution of 1.1 km.  This satellite is generally used to monitor vegetation and

crops, deforestation, and desertification (Jensen, 1996).

•  AVIRIS (Airborne Visible Infrared Imaging Spectrometer) is a hyperspectral

scanner measuring energy in 224 spectral bands ranging from 0.4 to 2.5 µm.  The

spatial resolution of the acquired images is 20 meters.  Hyperspectral scanners

produce reflectance spectra for each pixel.  Due to the large number of bands

considered, hyperspectral scanners are ideal for mineral exploration since they can

identify specific minerals based on the measured reflectance spectra.

•  The Shuttle Imaging Radar (SIR) has been used on space shuttle missions.  Several

radar bands have been used to map the earth's surface.  The Shuttle Radar

Topography Mission in February 2000 completed coverage of 80% of the earth's

landmass (JPL, 2001) in two radar bands.  The Jet Propulsion Laboratory (JPL) is

currently analyzing the data.

•  Radarsat is a Canadian, sun-synchronous satellite launched in 1995.  The image

swath can be varied between 50 to 500 km.

3.3.3  Landsat Images

The Landsat satellite project began in 1967 by NASA and the Department of the

Interior.  Originally named the Earth Resources Technology Satellite (ERTS), its purpose

was to attain continuous multispectral data from space.  The objectives of the Landsat

program have been to monitor agriculture, forestry, urban development, and geologic
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mapping (Mika, 1997).  The National Aeronautics and Space Administration (NASA) has

been responsible for designing and deploying the satellites while the U.S. Geological

Survey has processed and supplied images to users.

A total of seven satellites have been launched.  All the satellites except Landsat 6

attained orbit and have been transmitting information to ground-based stations since the

launch of Landsat 1 (originally named ERST-1) in 1972.  Three generations of Landsat

satellites have been launched.  The first generation carried a return beam vidicon (RBV)

and a multispectral scanner (MSS).  The second generation consisted of a multispectral

scanner and a thematic mapper (TM).  The third generation was launched aboard Landsat

7 and consists of an enhanced thematic mapper (ETM+).

Multispectral Scanner

The first generation of Landsat satellites began with the launch of Landsat 1 in

1972 and was followed by Landsat 2 launched in 1975 and Landsat 3 launched in 1978.

Two remote sensing systems were used in these satellites: a return beam vidicon (RBV)

sensor and a four-band multispectral scanner (MSS).  Table 3.1 shows the wavelength

ranges of each band.  The RBV had 3 channels in the green, red, and reflected infrared

regions and was essentially used to take photographs of the earth's surface.  The

multispectral scanner has a four-channel system with bands in the green, red, and two in

the reflected infrared wavelength ranges.  The satellite completed 14 orbits each day and

global coverage in 18 days.  The scanner measured electromagnetic energy from -5.780 to

+5.780 from nadir with an instantaneous field of view (IFOV) of 11.560 producing an
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image swath width of 185 km.  Each pixel represented an area 79 meters by 79 meters.

The spectral reflectance for each pixel was quantized to 6 bits (64 gray levels).

TABLE 3.1  Spectral Bands for Landsat Multispectral Scanner (MSS)

Spectral Band
Wavelength

(µµµµm)
Electromagnetic Range

1 RBV -

2 RBV -

3 RBV -

4 0.5 - 0.6 Green

5 0.6 - 0.7 Red

6 0.7 - 0.8 Reflected Infrared

7 0.8 - 1.1 Reflected Infrared

8* 10.4 - 12.6 Thermal Infrared

* only on Landsat 3

Thematic Mapper (TM)

  The thematic mapper was carried aboard Landsat 4 and Landsat 5 launched in

1982 and 1984, respectively.  The thematic mapper improved the spectral, spatial,

radiometric, and temporal resolution relative to the multispectral scanner as shown in

Table 3.2.  Spectral resolution was increased to 7 spectral bands in the visible, near-

infrared, and thermal regions as listed in Table 3.3.  These were selected to observe

vegetation, plant and soil moisture, clouds, ice, water, rock, and mineral hydrothermal

characteristics (Jensen, 1996).  The spatial resolution was increased to 30 meters for 6 of

the 7 spectral bands.  Band 6 was a thermal-infrared band with a spatial resolution of 120

meters.  The radiometric resolution was increased to 8 bits allowing 256 gray levels to be

recorded.  Repetitive coverage was attained after 16 days rather than 18 days.
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TABLE 3.2  Comparison of Landsat MSS and Landsat TM

Landsat MSS Landsat TM

Spatial Resolution
79 meters

(237 meters in band 8)
30 meters (band 1-5,7)

120 meters (band 6)

Spectral Resolution 4 bands 7 bands

Radiometric Resolution 6-bit (64 gray levels) 8-bit (256 gray levels)

Temporal Resolution 18 days 16 days

TABLE 3.3  Spectral Bands for Landsat Thematic Mapper (TM)

Spectral Band
Wavelength

(µµµµm)
Electromagnetic Range

1 0.45 - 0.52 Blue-Green

2 0.52 - 0.60 Green

3 0.63 - 0.69 Red

4 0.76 - 0.90 Reflected Infrared

5 1.55 - 1.75 Reflected Infrared

6 10.40 - 12.50 Thermal Infrared

7 2.08 - 2.35 Reflected Infrared

Enhanced Thematic Mapper (ETM+)

The enhanced thematic mapper (ETM+) is used aboard Landsat 7, launched in

April of 1999 (Landsat, 2001).  The ETM+ has an eight-band multispectral scanner

similar to the thematic mapper (TM).  However, an added band records panchromatic

images with a pixel size of 15 meters.  The six visible and reflected infrared bands have

the same resolution as the thematic mapper.  However, the pixel size on the thermal band

was improved to 60 meters.
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3.3.4  Analysis of Landsat TM

Several band combinations have been found useful for particular applications.

For humid regions, Sabins (1997) recommends using the infrared bands (bands 4, 5 and

7) to improve contrast, reduce potential cloud coverage, and distinguish geologic

features.  Furthermore, geologic conditions may still be distinguishable beneath

vegetative cover since geology provides distinctive terrain features (Sabins, 1997).

Newton and Boyle (1993) found that Landsat TM images were better suited than SPOT

images to map geology due to the greater number of spectral bands available.  Lee et al.

(1988) used Landsat TM images with digital elevation models (DEM) of an agriculatural

area in Wisconsin.  They found that using both elevation and image data improved

regional classification of soil types.  Marple and Schweig (1992) identified a potential

fault termed the Bootheel lineament and smaller lineaments in northwest Tennessee using

SPOT and Landsat MSS imagery and aerial photography based on the spectral contrast of

different soil types.  Lineaments were identified as boundaries to liquefaction, fissures,

sharp changes in streams, regions of high moisture content, and changes in fluvial

patterns (Marple and Schweig, 1992).

3.4   Selection of Study Area

An image from the Landsat Thematic Mapper (TM) satellite was selected to

assess the feasibility of using satellite imagery for identifying regions susceptible to

ground motion amplification.  In particular, imagery was analyzed to distinguish between

Holocene-age and Pleistocene-age deposits.  As discussed in Chapter 2, Holocene-age

deposits are susceptible to ground motion amplification due to the loose, unconsolidated
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state of deposition.  In the Central United States, Holocene-age deposits are found

throughout the floodplains of major rivers.  Conversely, Pleistocene-age deposits are

located in the upland, terrace regions.  Analysis of imagery focused on distinguishing

between the two geologic deposits.

3.4.1  Selection of Landsat TM Image

The Landsat TM image was obtained from the USGS Earth Resources

Observation Systems (EROS) Data Center and georeferenced to a standard map

coordinate system.  The Universal Transverse Mercator (UTM) coordinate system, based

on the North American Datum of 1927, was selected.  The extent of each image is

approximately 185 km by 170 km.  After geometric correction, each pixel was resampled

to represent an area 28.5 meters by 28.5 meters.

The image was obtained on November 22, 1986 from the Landsat TM 5 satellite

launched in March 1984.  Autumnal images were selected due to the lack of vegetation

cover allowing imaging of the surface geology.  Marple and Schweig (1992) recommend

images acquired between November and March to distinguish soil types in the Central

U.S.  Marple and Schweig (1992) also suggest using images recorded a few days after

rainfall to enhance contrast between soil type.  Wet season images allow different types

of rock and vegetation to be distinguished by soil moisture, which aids in locating and

identifying geologic information (Sabins, 1997).  Based on data from the National

Climatic Data Center (NCDC), an average of 1.78 mm (0.07 inch) of rain fell on

November 14, 0.51 mm (0.02 inch) fell on November 15, and 2.54 mm (0.1 inch) fell on

November 20 as shown in Figure 3.6.
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FIGURE 3.6  Precipitation recorded for November 14-20, 1986 (NCDC, 2001).
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3.4.2  Geographic Location and Geology of Selected Region

It was assumed that a spectral contrast between poorly-drained, fine-grained soils

and well-drained, coarse-grained soils allows discrimination between these two materials.

Fine-grained deposits in the floodplains have a lower permeability and will appear darker

when wet.  However, coarse-grained deposits such as gravels and sands are also

commonly found in the floodplain.  Since these deposits are well-drained, an

understanding of the geomorphology is required to distinguish between floodplain

deposits and terrace deposits.

The southwestern portion of the image is shown in Figure 3.7.  Most of the region

imaged is in the Jackson Purchase area of western Kentucky.  This area is located near

the northern edge of the Mississippi Embayment.  The confluence of the Ohio and

Mississippi Rivers is visible in the western part of the image.  Kentucky Lake is seen at

the eastern edge of the image.  The city of Paducah, Kentucky is located near the center

of the image at the confluence of the Tennessee and Ohio Rivers.  The floodplains of

minor rivers in southern Illinois and Kentucky are also visible due to the spectral contrast

with the surrounding area.  A study area within this region was selected to assess the

viability of using Landsat TM imagery to differentiate between upland, terrace deposits

and alluvial deposits in the floodplain.

3.4.3  Study Area

The study area is located northeast of the NMSZ and was selected to evaluate the

use of Landsat TM imagery for regional seismic zonation.  The study area is a subset of
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FIGURE 3.7  Southwestern portion of acquired Landsat TM image (scene ID
LT5022034008632610).  (a) True-color image where band 1 is blue, band
2 is green, and band 3 is red.  (b) Map identifying features visible in (a).
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the area in Figure 3.7 and is located in the Jackson Purchase region of western Kentucky.

The study area is bounded by the Ohio River to the northwest and the Mississippi River

to the southwest.  Figure 3.8 shows the selected study area including parts of Kentucky,

Missouri, and Illinois and is comprised of 1000 by 1000 pixels.

Figure 3.9 shows the 15-minute topographic quadrangle map of the study area

(Terraserver, 2001).  The city of Cairo, Illinois is clearly visible in the Landsat image in

Figure 3.8.  The southwest part of the image is the New Madrid Floodway in Missouri

(USGS, 1978).  Some of the linear features in this figure are levees and roads.  Mayfield

Creek is located at southern edge of Figure 3.8.  The region in Kentucky near the Ohio

River is termed the Barlow and Oscar Bottoms (USGS, 1954) and is characterized by

fluvial features from abandoned meander belts including point bar deposits and oxbow

lakes (Kolb and Shockley, 1957).  Point bar deposits are due to the migration of the river.

Ridges and swales form on the inside of the river bend (Kolb and Shockley, 1957).

Ridges are generally composed of coarse-grained materials such as sands whereas swales

are composed of fine-grained silts and clays.  Oxbow lakes are remnants of abandoned

river channels composed on fine-grained deposits (Kolb and Shockley, 1957).  These

features are visible in Figure 3.8 and are not suppressed by agricultural features.

Based on the geologic map of Kentucky, the floodplain consists of alluvial

deposits from the Holocene series whereas the terrace as composed of a surficial layer of

loess and the Jackson, Claiborne, and Wilcox formations ranging in age from Pleistocene

to Tertiary (Noger, 1988).  Loess deposits have an average thickness of 3 meters (10 feet)

but may be up to 90 meters (30 feet) in thickness (Humphrey, 1976).  This observation is

consistent with previous discussions of geology in the Mississippi Embayment.  The
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FIGURE 3.8 False-color image of the study area.  Band 4 is red, band 3 is green, and
band 2 is blue.
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FIGURE 3.9 USGS topographic map of study area including parts of Kentucky,
Illinois, and Missouri (Terraserver, 2001).
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general soil map of the study area is shown in Figure 3.10 and classifies near-surface

deposits for agricultural uses.

This study is focused on identifying soil deposits in the floodplains from Landsat

images.  Maps such as those obtained from the USGS and soil surveys provide ground-

truthing to discern regions that may be susceptible.  For this study, information about the

geology of the region is available from geologic maps and soil surveys.  Therefore, soil

deposits susceptible to ground motion amplification may be classified based on the

known geology.  However, the use of remote sensing imagery for regional classification

of deposits is evaluated for application in regions where little information is available

regarding geology.

3.5  Analysis of Remote Sensing Imagery

The Landsat TM subimage was analyzed to distinguish between alluvial deposits

in the floodplains and upland, terrace deposits.  Image enhancement was used to facilitate

analysis by minimizing the number of spectral bands considered and improving the

spectral contrast.  Image segmentation was used to classify pixels based on their relative

brightness value (BV) and texture.  All analyses were performed on MATLAB®.

3.5.1  Evaluation of Spectral Bands

      As previously discussed, Landsat TM images record the spectral reflectance in

seven spectral bands ranging from the visible to the thermal infrared region of the

electromagnetic spectrum.  Figure 3.11 shows the study region in each spectral band.

Barges are distinctly visible on the Ohio River and lower Mississippi River in the three
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FIGURE 3.10  Soil map of the northern part of Jackson Purchase, Kentucky (Humphrey, 1976).
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(a) Band 1 (b) Band 2

FIGURE 3.11  Landsat TM image of study area (a) band 1 (0.45 - 0.52 µm), (b) band 2  (0.52 - 0.60 µm), (c) band 3 (0.63 -
0.69 µm),  (d) band 4  (0.76 - 0.90 µm), (e) band 5 (1.55 - 1.75 µm), (f) band 6 (10.40 - 12.50 µm), and (g)
band 7 (2.08 - 2.35 µm).
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(c) Band 3 (d) Band 4

FIGURE 3.11  Landsat TM image of study area (a) band 1 (0.45 - 0.52 µm), (b) band 2  (0.52 - 0.60 µm), (c) band 3 (0.63 -
0.69 µm),  (d) band 4  (0.76 - 0.90 µm), (e) band 5 (1.55 - 1.75 µm), (f) band 6 (10.40 - 12.50 µm), and (g)
band 7 (2.08 - 2.35 µm).
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(e) Band 5 (f) Band 6

FIGURE 3.11  Landsat TM image of study area (a) band 1 (0.45 - 0.52 µm), (b) band 2  (0.52 - 0.60 µm), (c) band 3 (0.63 -
0.69 µm),  (d) band 4  (0.76 - 0.90 µm), (e) band 5 (1.55 - 1.75 µm), (f) band 6 (10.40 - 12.50 µm), and (g)
band 7 (2.08 - 2.35 µm).
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(g) Band 7

FIGURE 3.11  Landsat TM image of study area (a) band 1 (0.45 - 0.52 µm), (b) band 2  (0.52 - 0.60 µm), (c) band 3 (0.63 -
0.69 µm),  (d) band 4  (0.76 - 0.90 µm), (e) band 5 (1.55 - 1.75 µm), (f) band 6 (10.40 - 12.50 µm), and (g)
band 7 (2.08 - 2.35 µm).
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visible bands.  The spectral contrast is not as significant in the infrared bands.  Since band

6 has a larger pixel size than the other bands (120 meters compared with 30 meters), only

a few of the barges are discernible.

Bands 1, 2, 3, and 6 show a contrast in relative spectral reflectance between the

Ohio River and the Mississippi River.  The Ohio River has a higher reflectance and

appears brighter than the Mississippi River due to differences in turbidity.  Wavelengths

in the visible bands are able to penetrate water whereas wavelengths in the infrared bands

are almost completely absorbed by water and thereby appear dark (Sabins, 1997).

Furthermore, the maximum transmitted energy has wavelengths consistent with those in

band 2 as evidenced by the strong contrast visible in this band (Sabins, 1997).

Urban areas such as Cairo, Illinois and Mound City, Illinois are clearly visible in

the three visible bands (bands 1, 2, and 3).  Cairo is bounded on the east by the Ohio

River and by the Mississippi River on the west.  Mound City is located north of Cairo on

the Ohio River.  Both cities have a high spectral reflectance in the visible bands due to

the spectral contrast between urban materials such as concrete and the surrounding

vegetation.  Similarly, major roads, such as Interstate 57 in the western part of the area,

are clearly identified in the visible bands.  Band 4 shows the levee system on the

Mississippi River floodplain.  The levees appear as linear features in Missouri and

directly south of Cairo, Illinois.  The Barlow and Oscar Bottoms, and the Mayfield Creek

floodplain in Kentucky are discernible in all bands.  The low reflectance in these regions

is attributed to the high moisture content and fine-grained materials generally found in

this area.  The north-south boundary between terrace deposits and the floodplain in

Kentucky is unmistakable in all bands.
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Although the ground surface has been disturbed due to agriculture, meander

scrolls are still visible in the New Madrid Floodway in Missouri.  Figure 3.12 shows a

close-up view of the New Madrid Floodway in band 4.  The lateral migration of the river

is evident due to meander scrolls.    

Correlation of Spectral Bands

The same features are discernible in several of the spectral bands.  Although the

spectral bands in Landsat TM images do not overlap, the bands are correlated.  For

example, Figure 3.13 shows the relationship between the relative spectral reflectance in

band 1 and 2.  Clearly, a correlation exists between these two bands.  A similar

relationship exists between all bands.

The correlation coefficient (ρij) between band i and band j is computed as

where BV is the brightness value of a pixel, µ is the mean, σ is the standard deviation,

and E[∙] is the expected outcome.  The correlation coefficient matrix is given in Table

3.4. Correlation coefficients range from -1 to +1.  Well-correlated bands have a

correlation coefficient close to +1.  A correlation coefficient of -1 signifies an inverse

relationship between the two bands.  If two bands are uncorrelated, the correlation

coefficient will be approximately zero.  The diagonal values in the correlation matrix are

equal to unity, as expected, since each band is perfectly correlated with itself.  The matrix

is also symmetrical since the correlation coefficient between bands 1 and 2 is equal to the

correlation coefficient between bands 2 and 1.

ji

T
jjii

j,i

])BV)(BV[(E

σσ
µ−µ−

=ρ (3.8)
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FIGURE 3.12  Close-up of southwest study area showing the New Madrid Floodway in
Missouri in band 4.  Meander scrolls due to the lateral migration of the
river are visible.  The linear features with a high spectral reflectance are
the man-made levees.
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FIGURE 3.13  Sample correlated relationship between bands 1 and 2.  Only a sample of
                          pixel values (1000 out of 1,000,000) are shown.  Note the low contrast in 
                          both bands.  
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TABLE 3.4  Correlation Coefficient Matrix (ρij) for Landsat TM Spectral Bands

Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7

Band 1 1 0.917 0.895 0.376 0.426 0.401 0.521

Band 2 0.917 1 0.918 0.442 0.394 0.391 0.454

Band 3 0.895 0.918 1 0.467 0.578 0.409 0.645

Band 4 0.376 0.442 0.467 1 0.756 0.356 0.604

Band 5 0.426 0.394 0.578 0.756 1 0.504 0.948

Band 6 0.401 0.391 0.409 0.356 0.504 1 0.521

Band 7 0.521 0.454 0.645 0.604 0.948 0.521 1

The three visible bands are well correlated and are represented by correlation

coefficients greater than 0.8.  This is consistent with the observed spectral reflectance in

these bands.  The three visible bands identify similar features including urban areas and

turbidity in the major rivers.  The similarity of infrared bands 5 and 7 is consistent with

the high correlation coefficients calculated between these two bands (ρ57>0.94).  The

third infrared band (band 4) is well correlated with band 5 (ρ45=0.76), but less correlated

with band 7 (ρ47=0.60).  Finally, the thermal band (band 6) is not well correlated with any

of the other bands.  This is expected since this band is representative of longer

wavelengths with a lower spatial resolution than the other bands.

The high correlation coefficients between the bands suggest that redundant

information is present.  Therefore, analysis of all bands may be computationally
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inefficient.  Selection of the appropriate band or bands for classification was evaluated to

reduce the number of bands analyzed.

Transformation of Spectral Bands

Several approaches may be considered to reduce the number of bands analyzed.

A specific spectral band may be used based on the information of interest.  For example,

if sediment transport or bathymetry is of interest, bands 1 or 2 may be considered for

analysis since energy in these wavelengths is able to penetrate water (Sabins, 1997).

Additionally, band ratios may be used to enhance the contrast between two spectral bands

and suppress environmental factors such as shadows (Jensen, 1996).  Vegetation indices

have also been defined to monitor vegetation changes and are based on combinations of

two or more bands (Jensen, 1996).

Two transformations are commonly used to create new uncorrelated spectral

bands.  The Tasseled Cap Transformation rotates six of the Landsat TM bands (band 6 is

excluded) to create new bands that represent greenness, brightness, and soil moisture

(Crist and Cicone, 1984).  The second transformation commonly used is the principal

component analysis (PCA) or Karhunen-Loeve transform and rotates the original spectral

bands to obtain new uncorrelated bands (Moik, 1980).  The new bands or principal

components (PC) can be selected so that most of the variance is included in a select

number of bands.  This transformation was used in this study and is discussed in more

detail in the next section.
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3.5.2 Band Selection Using Principal Component Analysis

Principal component analysis (PCA) is based on transforming the spectral bands

such that new uncorrelated bands are obtained.  The covariance matrix (C) for the

Landsat TM subimage was calculated as

and is given in Table 3.5.  Uncorrelated bands have a covariance, Cij, of zero.  The

diagonal elements in the covariance matrix represent the variance of pixel brightness

values within a particular band.  The objective of the PCA is to produce new bands that

have a diagonal covariance matrix such that

where C is the covariance of the original bands, CPC is the covariance matrix of the

principal components, and W is the transformation matrix.  The covariance matrix, CPC,

consists of the eigenvalues, λeig, of C and the transformation matrix, W, is composed of

the corresponding eigenvectors.  The eigenvalues are given in Table 3.6 and the

normalized eigenvectors are given in Table 3.7 for the Landsat TM subimage.

The principal components (PC) of the transformed bands are then computed as

where BV is the pixel value of the original bands.  Since the eigenvalues and

eigenvectors are based on normalized brightness values ranging from 0 to 1, the

brightness values in the principal component images must be adjusted to a similar range.

This was done by using a linear histogram stretch.  The minimum and maximum

T
PC WCWC = (3.10)

])BV)(BV[(EC T
jjiiij µ−µ−= (3.9)

BVWPC ⋅= (3.11)
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brightness values in a given band were determined and used to adjust the brightness

values for all pixels as

The final brightness values in the principal component images ranged from 0 to 255.

Figure 3.14 compares the brightness values in PC 7 and PC 6.  As expected, no strong

correlation is evident in the new transformed bands.

TABLE 3.5  Covariance Matrix (C) for Landsat TM Spectral Bands

Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7

Band 1 3.94x10-4 2.69x10-4 4.43x10-4 3.45x10-4 6.71x10-4 6.16 x10-5 3.86x10-4

Band 2 2.69x10-4 2.18x10-4 3.38x10-4 3.02x10-4 4.62x10-4 4.46x10-5 2.50x10-4

Band 3 4.43x10-4 3.38x10-4 6.21x10-4 5.39x10-4 1.14x10-3 7.87x10-5 6.00x10-4

Band 4 3.45x10-4 3.02x10-4 5.39x10-4 2.14x10-3 2.78x10-3 1.27x10-4 1.04x10-3

Band 5 6.71x10-4 4.62x10-4 1.14 x10-3 2.78x10-3 6.31x10-4 3.09x10-4 2.81x10-3

Band 6 6.16x10-5 4.46x10-5 7.87x10-5 1.27x10-4 3.09x10-4 5.97x10-5 1.50x10-4

Band 7 3.86x10-4 2.50x10-4 6.00x10-4 1.04x10-3 2.81x10-3 1.50x10-4 1.39x10-3

TABLE 3.6  Covariance Matrix (CPC) of Principal Components (Eigenvalues, λ)

PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7

PC 1 1.19x10-5 0 0 0 0 0 0

PC 2 0 3.45x10-5 0 0 0 0 0

PC 3 0 0 4.52x10-5 0 0 0 0

PC 4 0 0 0 6.10x10-5 0 0 0

PC 5 0 0 0 0 8.17x10-4 0 0

PC 6 0 0 0 0 0 8.93x10-4 0

PC 7 0 0 0 0 0 0 9.27x10-3

255
BVBV

BVBV
BV

minmax

minPC
adj_PC ×

−
−

= (3.12)
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FIGURE 3.14  Result of principal component analysis.  Uncorrelated relationship 
                          between transformed bands PC 6 and PC 7 for a sample of pixel values
                         (1000 out of 1,000,000).  
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Analysis of Principal Components

The principal component images are shown in Figure 3.15.  The principal

components show an increase in information content with increasing eigenvalue.  Since

the eigenvalues are the variance of the principal components, the larger variance is

associated with a larger contrast in spectral reflectance.  For example, PC 1 has the

lowest eigenvalue whereas PC 7 has the largest eigenvalue.  Little information can be

extracted from PC 1 due to the noise dominating the image.  On the other hand, PC 7

clearly identifies the features previously discussed.  The variance in each principal

component can be calculated as a percentage of the total variance in all components

(Jensen, 1996).  Table 3.8 lists the percent of total variance contained in each principal

component.  PC 5, PC 6, and PC 7 contain over 98% of the variance of the original image

and thereby include most of the spectral information from the original bands.

TABLE 3.7  Transformation Matrix (W) of Principal Components (Eigenvectors)

e1 e2 e3 e4 e5 e6 e7

-0.2127 0.6612 -0.2667 -0.3274 -0.5620 0.1127 0.1037

0.8816 -0.1202 -0.0991 0.0433 -0.4370 0.0135 0.0744

-0.3737 -0.3782 0.2400 0.4644 -0.6250 0.1607 0.1665

-0.0695 -0.0787 0.1079 -0.1738 -0.1206 -0.8821 0.3930

0.0601 0.1930 -0.2076 0.3444 0.2947 0.2084 0.8168

-0.1713 -0.5334 -0.7912 -0.2368 -0.0348 0.0341 0.0412

0.0111 -0.2783 0.4251 -0.6859 0.0081 0.3723 0.3643
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(a) PC 1 (b) PC 2

FIGURE 3.15  Principal component images (a) PC 1 (λ1=1.19x10-5), (b) PC 2  (λ2=3.45x10-5), (c) PC 3 (λ3=4.52x10-5), (d) PC
4  (λ4=6.10x10-5), (e) PC 5 (λ5=8.17x10-4), (f) PC 6  (λ6=8.93x10-4), and (g) PC 7 (λ7=9.27x10-3).
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(c) PC 3 (d) PC 4

FIGURE 3.15  Principal component images (a) PC 1 (λ1=1.19x10-5), (b) PC 2  (λ2=3.45x10-5), (c) PC 3 (λ3=4.52x10-5), (d) PC
4  (λ4=6.10x10-5), (e) PC 5 (λ5=8.17x10-4), (f) PC 6  (λ6=8.93x10-4), and (g) PC 7 (λ7=9.27x10-3).
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(e) PC 5 (f) PC 6

FIGURE 3.15  Principal component images (a) PC 1 (λ1=1.19x10-5), (b) PC 2  (λ2=3.45x10-5), (c) PC 3 (λ3=4.52x10-5), (d) PC
4  (λ4=6.10x10-5), (e) PC 5 (λ5=8.17x10-4), (f) PC 6  (λ6=8.93x10-4), and (g) PC 7 (λ7=9.27x10-3).
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(g) PC 7

FIGURE 3.15  Principal component images (a) PC 1 (λ1=1.19x10-5), (b) PC 2  (λ2=3.45x10-5), (c) PC 3 (λ3=4.52x10-5), (d) PC
4  (λ4=6.10x10-5), (e) PC 5 (λ5=8.17x10-4), (f) PC 6  (λ6=8.93x10-4), and (g) PC 7 (λ7=9.27x10-3).
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TABLE 3.8  Percent of Total Variance in Each Principal Component

Principal Component Variance % of Total Variance

1 1.19x10-5 0.1 %

2 3.45x10-5 0.3 %

3 4.52x10-5 0.4 %

4 6.10x10-5 0.6 %

5 8.17x10-4 7.3 %

6 8.93x10-4 8.0 %

7 9.27x10-3 83.3%

Total 1.113x10-2 100 %

Since the principal components are linear combinations of the original spectral

bands, the eigenvectors reflect the correlation of the PC with the original images.  PC 5

contains most of the information that identify urban areas and roads and is a linear

combination of bands 1, 2, and 3.  Turbidity in the rivers is also preserved.  However,

much of the detail in areas with relief is lost.  For example, geologic relief is visible in the

area directly north of Mayfield Creek and east of the Mississippi River.  The relief of this

geologic formation is not present in PC 5 and PC 6 but preserved in PC 7.  Similarly,

much of the contrast in the Barlow and Oscar Bottoms has been suppressed in PC 5 and

PC 6.  PC 7 retains most of the spectral contrast.  Comparing PC 7 with the images from

the reflected infrared bands, it is strongly correlated with band 5.

Principal component 7 was selected for subsequent analysis since this band

contained most of the variance (> 80%) from the original bands.  In particular, this image

shows a significant contrast between the floodplain and terrace regions.  Classification of

PC 7 is based on image segmentation where pixels are identified as either floodplain

deposits or terrace deposits.  Two approaches for image segmentation were evaluated in
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this study and are based on the brightness value of each pixel (spectral classification) or

the brightness value of a neighborhood of pixels (texture classification).

3.5.3  Spectral Classification

The first approach to classification or segmentation is based on the pixel

brightness values or relative spectral reflectance of the image.  The histogram of pixel

brightness values is shown in Figure 3.16.  Theoretically, each distribution in the

histogram represents a distinct class of pixels in the image.  To determine if each class

could be separated, the histogram of the entire subimage was modeled as the sum of four

normal distributions based on the shape of the histogram.  These four distributions may

represent four distinct classes of surface deposits.  The mean and standard deviation of

each distribution was determined by trial and error to adequately match the observed

histogram.  Furthermore, the number of pixels represented by each distribution was

varied until the maximum frequency was consistent with the observed peak values.  The

mean, standard deviation and number of pixels for each distribution are shown in Figure

3.16.

Based on the four assumed distributions, the image was classified based on the

where two distributions cross.  The boundary between distribution 1 and 2 is 13, between

distribution 2 and 3 is 35, and between distribution 3 and 4 is 78.  PC 7 was classified

according to these defined boundaries.  Figure 3.17 shows the results of such a

classification.

Class 1 (black pixels) is representative of pixels in bodies of water such as rivers

and lakes.  Class 4 (white pixels) represents pixels in terrace regions and regions
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FIGURE 3.17  Image classified based on pixel brightness value.
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composed of coarse-grained deposits such as sands and gravels in the Barlow Bottoms.

Few pixels were classified as class 2 and are not clearly visible in Figure 3.17.  However,

these may be assumed to represent floodplain deposits with high moisture contents or

composed of fine-grained soils.  Class 3 (gray pixels) includes both terrace and floodplain

deposits.  Hence, pixels may not be separable based on histogram segmentation.  The

misclassification of pixels may be attributed to the overlapping probability density

functions of classes 2 and 3.  Therefore, misclassification of pixels occurred.

Histogram equalization was applied to enhance spectral contrast between pixel

values and separate pixel values that were misclassified as terrace deposits due to the

overlapping probability distribution functions.  Histogram equalization is a nonlinear

enhancement technique that adjusts pixel values such that the high probability areas are

stretched to reveal more contrast (Jensen, 1996).  The pixel brightness values are

reassigned to produce a flatter histogram as shown in Figure 3.18b.  Histogram

equalization enhances the spectral contrast and is shown in Figure 3.18a.  However, local

features such as roads and agricultural boundaries are also enhanced.

To suppress man-made boundaries while maintaining geologic boundaries, a 3x3

and a 5x5 low-pass filter were applied to the image to reduce the appearance of

agricultural and urban features.  Cultural features such as these are not of interest since

they do not provide information of the surface or subsurface geology.  The low-pass

filters are shown in Table 3.9.  The low pass filters blur the image since it averages the

brightness value of a particular pixel based on a defined neighborhood.  The 3x3 and 5x5

filters correspond to neighborhood sizes of either 85.5 meters or 142.5 meters,

respectively.  The size of the low-pass filter must be selected such that agricultural
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FIGURE 3.18  (a) Histogram equalized image of Principal Component 7 and (b)
corresponding histogram.
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boundaries (considered as noise in this study) are suppressed while geologic boundaries

(such as the floodplain boundaries) are retained.

TABLE 3.9  Low-Pass Filter (LPF) Applied to Images

3x3 Low-Pass Filter

5x5 Low-Pass Filter

Two-dimensional convolution was used to apply the low-pass filters to the image

as is defined as

where Iorig is the original image, LPF is the low pass filter, and Ilpf is the filtered image.

The filtered images are shown in Figure 3.19 and the corresponding histograms are

plotted in Figure 3.20.  The low-pass filter reshapes the histogram but maintains the

contrast from the equalization process.  A brightness value of 90 was used as a threshold

to classify pixels.  This value was selected based on the local minimum value observed at

a brightness value of 90.  Pixel values greater than 90 were classified as terrace deposits

∑∑
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(a) 3x3 low-pass filter (b) 5x5 low-pass filter

FIGURE 3.19  PC 7 after histogram equalization and application of a (a) 3x3 low-pass filter and a (b) 5x5 low-pass filter.
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FIGURE 3.20  Histogram of Principal Component 7 after application of (a) 3x3 low-
                          pass filter and (b) 5x5 low-pass filter to histogram equalized image.
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while pixel values below 90 were classified as floodplains.  The result of the

classification is shown in Figure 3.21.

The histogram equalization produces less misclassification than the original

histogram.  The 5x5 low pass filter reduces the effect of small variations in pixel

brightness values and produces a broader classification than the 3x3 filter.  For regional

classification, the broader classification is adequate since small areas are not expected to

significantly affect ground response during an earthquake.  Instead, the identification of

large regions such as the floodplains is preferred.  The 5x5 filter distinguishes between

the floodplain of Mayfield Creek as well as smaller tributaries such as Humphrey and

Shawnee Creek and terrace deposits in Kentucky.  However, the effect of shadows due to

terrain relief is visible north of Mayfield Creek and contributes to misclassification.

Additionally, cultivated lands such as the New Madrid Floodway in Missouri and the

southern part of Illinois are not identified as floodplain deposits although these regions

are assumed to consist of alluvial deposits based on geologic maps, geomorphology, and

visual inspection.

Small areas are not of interest in regional seismic zonation since they may not

significantly affect the seismic hazard.  Additional filtering may be applied to the

classified images in Figure 3.21 to reduce the effect of small pixel clusters on

classification.  This was done by applying a median filter to the image.  Unlike low-pass

filters that blur images by averaging over a specified neighborhood, median filters

remove the effect of spurious or anomalous pixels (Gonzalez and Woods, 1993).  Median

filters reassign pixel values based on the median value of a neighborhood of pixels.  Four

median filters were evaluated and the results are shown in Figure 3.22.  The
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(a) 3x3 low-pass filter (b) 5x5 low-pass filter

FIGURE 3.21 Classification based on brightness value after histogram equalization and application of a (a) 3x3 low-pass
filter and (b) a 5x5 low-pass filter.  White pixels are classified as terrace deposits and black pixels are
classified as floodplain deposits.
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(a) 100 m x 100 m median filter (b) 200 m x 200 m median filter

FIGURE 3.22 Result of applying a median filter to image in Figure 3.21b with a neighborhood size of (a) 100 m by 100 m,
(b) 200 m by 200 m, (c) 600 m by 600 m, and (d) 1000 m by 1000 m.  White regions represent terrace deposit
and black regions represent the floodplains.
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(c) 600 m x 600 m median filter (d) 1000 m x 1000 m median filter

FIGURE 3.22 Result of applying a median filter to image in Figure 3.21b with a neighborhood size of (a) 100 m by 100 m,
(b) 200 m by 200 m, (c) 600 m by 600 m, and (d) 1000 m by 1000 m.  White regions represent terrace deposit
and black regions represent the floodplains.
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neighborhood defined by each filter is given in Table 3.10.  The larger neighborhoods

(600-meter and 1000-meter) are adequate for regional zonation such as that of interest in

this study.

TABLE 3.10  Neighborhood Sizes Defined by Each Median Filter

Filter Size Neighborhood Size

3x3 100 m x 100 m

7x7 200 m x 200 m

21 x 21 600 m x 600 m

35 x 35 1000 m x 1000 m

The classification based on brightness value does not consider the spatial

relationship with surrounding pixels.  Instead, the surrounding pixels are used to suppress

the effect of a small group of pixels.  Another approach to classification is textural

classification and is also considered for image segmentation.

3.5.4  Texture Classification

Texture is related to patterns in pixel brightness values.  Several approaches have

been applied to quantify textural analysis including first-order and second-order statistics,

directional filters, and fractal geometry (Sali and Wolfson, 1992; Carr and Miranda,

1998; Schowengerdt, 1997).  First-order statistics include calculating the mean and

standard deviation of a pixel cluster.  First-order statistics are used in this study to

quantify texture and are described below.  Second-order statistics such as co-occurrence

matrices and semi-variograms describe the spatial relationship between pixels of different

brightness values (Carr and Miranda, 1998).  Directional filters are applied to highlight
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edges in particular directions such as north-south or east-west orientations.  Fractal

geometry assumes that different surfaces have the same texture over a limited scale

(Schowengerdt, 1997).

First-Order Statistics for Texture Analysis

First-order statistics were used to evaluate texture.  In particular, the mean and

standard deviation of a neighborhood of pixels were used to classify pixels.  Based on

visual inspection, the floodplain regions are, in general, characterized by a lower, more

uniform brightness value than terrace regions.  Terrace regions appear brighter than the

floodplains.  Furthermore, due to farming practices, light and dark patches are visible in

the terraces due to crop rotation and harvesting times.

Scale is an important factor in texture analysis.  Cultural and geologic features

affect spatial statistics.  For example, the statistics of a small neighborhood of pixels may

be significantly different than a large neighborhood of pixels.  Based on visual

inspection, a neighborhood size of 35 pixels by 35 pixels was selected.  This represents

an area of approximately 1 by 1 kilometers and is consistent with the results of the

median filter discussed in the previous section.

Supervised classification was used to select areas in a known region to calculate

the mean and standard deviation for the floodplain and terrace regions.  Sixteen regions

were identified for each region in the histogram equalized PC 7 image to determine the

statistics of each region.  The mean and standard deviation for each region were

computed and are plotted in Figure 3.23.  Although some overlap occurs, the statistics of
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each region define two regions and suggest that pixels may be classified based on the

statistics of the neighborhood.

The mean of each class in Figure 3.23 was calculated and used to classify pixels.

Pixels were classified based on minimum Euclidean distance to the mean of the class.

The Euclidean distance between a pixel and a class is given by

where µi is the mean of the pixel neighborhood, σi is the standard deviation of the pixel

neighborhood, and µµ and µσ are the class mean.

 The histogram stretched image shown in Figure 3.18 was classified based on the

first-order statistics of the defined 35x35 pixel neighborhood.  In other words, the

statistics of the neighborhood around a particular pixel were calculated.  These were

compared with the statistics of the floodplain and terrace regions.  Classification was

based on the minimum Euclidean distance.  Figure 3.24 shows the result of this

classification.  The border of black pixels around the image is due to the edge effects.

Since the neighborhood is symmetric about the center pixel, the edge pixels were not

classified.  The result of the textural classification is similar to that from the spectral

classification.  The area in Western Kentucky is classified as floodplain deposits as is the

floodplain of Mayfield Creek.

The combined results of the spectral and texture classification are shown in Figure

3.25.  White areas correspond to regions classified as terrace deposits by both methods.

Similarly, black areas correspond to regions classified as floodplain deposits by both

methods.  Gray areas represent areas classified differently by each method.  The texture

classification identifies more areas as floodplains than the spectral acceleration.  This is

2
i

2
ie )()(d σµ µ−σ+µ−µ= (3.14)
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FIGURE 3.24  Classification based on texture for a neighborhood size of 35 pixels by 35
pixels (1000 m by 1000 m).
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FIGURE 3.25  Classification based on texture and pixel brightness value.
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partly due to areas with relief that have low values of brightness and a low spatial

frequency.  However, both methods do not classify areas in the New Madrid Floodway of

regions near Cairo, Illinois that are expected to consist of recent floodplain deposits due

to the surrounding geology and geomorphology.

3.6  Evaluation of Remote Sensing

The use of remote sensing imagery was evaluated for the Central United States to

determine if Holocene-age and Pleistocene-age deposits may be discriminated based on

brightness value and surrounding texture.  The image processing techniques including

principal component analysis and histogram equalization improve the spectral contrast

and aid in identifying geologic features.  These features may be used to infer the age of

geologic deposits based on knowledge of the geomorphology.  For example, meander

scrolls due to the lateral migration of the Mississippi and Ohio Rivers are found in

alluvial plains and consist of recent, Holocene age deposits.  Features such as meander

scrolls may be distinguished from Pleistocene-age deposits by their darker appearance

due to fine-grained deposits with a high moisture content or by texture reflected in

alternating bands of dark and light pixels from the deposition of fine-grained materials in

swales and coarse-grained material in ridges.

Classification based solely on pixel values may not adequately classify most

areas.  Qualitative classification based on visual interpretation may be as efficient as a

robust quantitative classification.  For example, classification based on visual

interpretation of Figure 3.8 may yield similar results to the quantitative classification

performed.  Higher-order statistical classification methods such as co-occurrence



112

matrices, semi-variograms, directional filters, or fractal geometry may improve

classification by using more robust analysis methods.  However, for any classification

approach, interpretation must include an understanding of the geology and geologic

processes that produce the observed features as well as ground truthing data for

verification.   Incorporation of other sources such as radar or high-resolution images may

also improve classification.  Radar has been effective in mapping surface texture and

roughness based on particle grain size (Graham and Grant, 1994).  Hyperspectral imagery

such as that obtained from AVIRIS may be used to distinguish between soil types based

on spectral reflectance signatures (Mustard, 1993).

In areas where soil types are already known or geology maps already exist,

remote sensing imagery may add little information about the general subsurface

conditions.  In these cases, remote sensing may yield insights into local variations of soil

types based on surface features and may be used for calibrating or ground truthing

spectral analysis and classification.  For areas lacking existing information, properly

interpreted and calibrated remote sensing data may be a valuable source from which to

infer geologic and geotechnical conditions.

Since the geology of the Central United States is well documented and various

researchers have investigated the subsurface conditions in this region, deposits in the

Central United States are classified from these more traditional sources in subsequent

chapters.
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CHAPTER IV

DEVELOPMENT OF SHEAR WAVE VELOCITY PROFILES

Shear wave velocity profiles were developed for the Central United States based

on measured profiles.  Although code-based approaches such as the National Earthquake

Hazards Reduction Program (NEHRP) provisions only consider the average shear wave

velocity in the upper 30 meters ((Vs)30m), generic profiles were generated for several

geologic environments in the Central U.S. to assess the effect of the deep soil column

encountered in the Mississippi Embayment.  Bodin and Horton (1999) observed that

peaks of horizontal to vertical (H/V) spectral ratios from recorded microtremors occur at

the fundamental period of the entire embayment depth.  This study evaluates the

importance of the spectral response of the entire soil column and not only of near-surface

deposits (Bodin and Horton, 1999).  Shear wave velocity profiles were developed for the

Mississippi embayment and specific areas in Memphis, Tennessee based on compiled

profiles and existing models.  These profiles were subsequently used for site response

analyses.

4.1 Compilation of Shear Wave Velocity Profiles

Shear wave velocity profiles were compiled for the Central U.S. from various

researchers.  Profiles were limited to only those tests directly measuring shear wave

velocity such as the seismic cone penetration tests (SCPT), seismic refraction surveys,
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and crosshole tests.  The results of more commonly conducted tests such as the cone

penetration test (CPT) and the standard penetration test (SPT) have been correlated to

shear wave velocity (Baldi et al., 1989; Mayne and Rix, 1995; Jamiolkowski et al., 1988).

However, correlations such as these may yield erroneous values of Vs in aged, highly

structured soils such as the Pleistocene-age deposits encountered in the Central U.S.

Additionally, correlations between the results of SPT and CPT tests and shear wave

velocity significantly increase uncertainty.

Various researchers have conducted in situ tests directly measuring shear wave

velocity (Vs) in the Central United States.  Table 4.1 lists each site, the source of the

profile, type of test performed, (Vs)30m, and the corresponding NEHRP site class for each

site.  Figure 4.1 shows the location of the measured sites that are briefly described below.

•  Bauer (1999) reported the average shear wave velocity in the upper 30 meters for 9

sites in Missouri.

•  Casey (1999) measured Vs profiles at 7 sites throughout the Memphis, Tennessee area

using the seismic cone penetration test (SCPT).

•  Casey et al. (1999) measured Vs profiles at 3 sites in the downtown Memphis area

using the SCPT.

•  Cooling et al. (1999) conducted downhole tests at 4 sites along the Mississippi River

near bridge foundations.

•  Hebeler (2001) measured 11 Vs profiles in the Memphis, Tennessee area using

spectral analysis of surface waves (SASW).

•  Liao et al. (2000) conducted 6 SCPT soundings at Mud Island in Memphis,

Tennessee.



TABLE 4.1  Shear Wave Velocity Measurements Compiled in the Central United States (continued)

Site Name Type of Test
Ave Vs* 

(m/s)

NEHRP 
Site 

Class*
Source Site Name Type of Test

Ave Vs* 

(m/s)

NEHRP 
Site 

Class*
Source

SHOOT-A SCPT n/a n/a Casey, 1999 Shel_For Downhole 272.66 D Liu et al., 1997

SHOOT-B SCPT n/a n/a Casey, 1999 Marked_Tree Downhole 211.35 D Liu et al., 1997

SHOOT-C SCPT 248.7 D Casey, 1999 Risco Downhole 219.65 D Liu et al., 1997

FORST-1 SCPT 286.6 D Casey, 1999 YARB-01 SCPT 221.57 D Schneider and Mayne, 1998a

FORST-5 SCPT 286.3 D Casey, 1999 BUGG-01 SCPT 209.48 D Schneider and Mayne, 1998a

FORST-6a SCPT 287.9 D Casey, 1999 BUGG-02 SCPT 213.69 D Schneider and Mayne, 1998a

FORST-6b SCPT 282 D Casey, 1999 3M617A SCPT 196.07 D Schneider and Mayne, 1998a

Marriott SCPT 329.7 D Casey et al., 1999 HUEY-01 SCPT 233.97 D Schneider and Mayne, 1998a

Echelon SCPT n/a n/a Casey et al., 1999 DODD-01 SCPT 209.11 D Schneider and Mayne, 1998a

Methodist SCPT n/a n/a Casey et al., 1999 DODD-02 SCPT 222.25 D Schneider and Mayne, 1998a

W1 SR 248.1 D Williams, 2000 JOHN-01 SCPT 225.92 D Schneider and Mayne, 1998a

W2 SR 286.3 D Williams, 2000 MEMPH-A SCPT n/a n/a Schneider and Mayne, 1998b

W3 SR 211.5 D Williams, 2000 MEMPH-B SCPT n/a n/a Schneider and Mayne, 1998b

W4 SR 189.1 D Williams, 2000 MEMPH-C SCPT n/a n/a Schneider and Mayne, 1998b

W6 SR 344.9 D Williams, 2000 MEMPH-D SCPT n/a n/a Schneider and Mayne, 1998b

W7 SR 345.9 D Williams, 2000 MEMPH-E SCPT n/a n/a Schneider and Mayne, 1998b

W8 SR 334.51 D Williams, 2000 MEMPH-F SCPT n/a n/a Schneider and Mayne, 1998b

W9 SR 347.7 D Williams, 2000 MEMPH-G SCPT 231.26 D Schneider and Mayne, 1998b

W10 SR 291.7 D Williams, 2000 MEMPH-H SCPT 276.31 D Schneider and Mayne, 1998b

W11 SR 273.9 D Williams, 2000 MEMPH-I SCPT n/a n/a Schneider and Mayne, 1998b

W12 SR 245.5 D Williams, 2000 MEMPH-J SCPT n/a n/a Schneider and Mayne, 1998b

W13 SR 203.3 D Williams, 2000 MEMPH-K SCPT 223.82 D Schneider and Mayne, 1998b

W14 SR 246.5 D Williams, 2000 SFSR-01 SCPT 235.74 D Schneider, 1999

W15 SR 188.6 D Williams, 2000 SFSR-02 SCPT 327.85 D Schneider, 1999

W16 SR 272.7 D Williams, 2000 SFSR-03 SCPT 264.89 D Schneider, 1999

W17 SR 239.8 D Williams, 2000 SFOR-01 SCPT 342.66 D Schneider, 1999

S_M_1 SR 350.1 D Street, 1999 S_KY_1 SR 458 C Street et al., 1997
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TABLE 4.1  Shear Wave Velocity Measurements Compiled in the Central United States (continued)

Site Name Type of Test
Ave Vs* 

(m/s)

NEHRP 
Site 

Class*
Source Site Name Type of Test

Ave Vs* 

(m/s)

NEHRP 
Site 

Class*
Source

S_M_2 SR 294.9 D Street, 1999 S_KY_2 SR 289 D Street et al., 1997

S_M_3 SR 238.2 D Street, 1999 S_KY_3 SR 452 C Street et al., 1997

S_M_4 SR 189.6 D Street, 1999 S_KY_4 SR 362 C Street et al., 1997

S_M_5 SR 265.6 D Street, 1999 S_KY_5 SR 430 C Street et al., 1997

S_M_6 SR 222.6 D Street, 1999 S_KY_6 SR 352 D Street et al., 1997

S_M_7 SR 283.2 D Street, 1999 S_KY_7 SR 261 D Street et al., 1997

S_M_8 SR 269.9 D Street, 1999 S_KY_8 SR 214 D Street et al., 1997

S_M_9 SR 216 D Street, 1999 S_KY_9 SR 302 D Street et al., 1997

S_M_10 SR 265.8 D Street, 1999 S_KY_10 SR 333 D Street et al., 1997

S_M_11 SR 218.5 D Street, 1999 S_KY_11 SR 324 D Street et al., 1997

S_M_12 SR 303.5 D Street, 1999 S_KY_12 SR 242 D Street et al., 1997

S_M_13 SR 392.9 C Street, 1999 S_KY_13 SR 217 D Street et al., 1997

S_M_14 SR 201 D Street, 1999 S_KY_14 SR 332 D Street et al., 1997

S_M_15 SR 271.8 D Street, 1999 S_KY_15 SR 348 D Street et al., 1997

S_M_16 SR 560.9 C Street, 1999 S_KY_16 SR 349 D Street et al., 1997

S_M_17 SR 471 C Street, 1999 S_KY_17 SR 385 C Street et al., 1997

S_M_18 SR 486.6 C Street, 1999 S_KY_18 SR 390 C Street et al., 1997

S_M_19 SR 340.3 D Street, 1999 S_KY_19 SR 498 C Street et al., 1997

S_M_20 SR 403.9 C Street, 1999 S_KY_20 SR 256 D Street et al., 1997

S_M_21 SR 258 D Street, 1999 S_KY_21 SR 379 C Street et al., 1997

S_M_22 SR 330.8 D Street, 1999 S_KY_22 SR 236 D Street et al., 1997

S_M_23 SR 208.9 D Street, 1999 S_KY_23 SR 202 D Street et al., 1997

S_M_24 SR 199.7 D Street, 1999 S_KY_24 SR 331 D Street et al., 1997

S_M_25 SR 252.1 D Street, 1999 S_KY_25 SR 429 C Street et al., 1997

S_M_26 SR 218.3 D Street, 1999 S_KY_26 SR 392 C Street et al., 1997

S_M_28 SR 192.8 D Street, 1999 S_KY_27 SR 394 C Street et al., 1997

S_M_29 SR 179.5 E Street, 1999 S_KY_28 SR 261 D Street et al., 1997
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TABLE 4.1  Shear Wave Velocity Measurements Compiled in the Central United States (continued)

Site Name Type of Test
Ave Vs* 

(m/s)

NEHRP 
Site 

Class*
Source Site Name Type of Test

Ave Vs* 

(m/s)

NEHRP 
Site 

Class*
Source

S_M_30 SR 180.9 D Street, 1999 S_KY_29 SR 291 D Street et al., 1997

S_M_31 SR 237.3 D Street, 1999 S_KY_30 SR 441 C Street et al., 1997

S_M_32 SR 191.3 D Street, 1999 S_KY_31 SR 465 C Street et al., 1997

S_M_33 SR 187.7 D Street, 1999 S_KY_32 SR 301 D Street et al., 1997

S_M_34 SR 193 D Street, 1999 S_KY_33 SR 418 C Street et al., 1997

S_M_35 SR 194.5 D Street, 1999 S_KY_34 SR 379 C Street et al., 1997

S_M_36 SR 248.8 D Street, 1999 S_KY_35 SR 427 C Street et al., 1997

S_M_37 SR 187 D Street, 1999 S_KY_36 SR 370 C Street et al., 1997

S_M_38 SR 195.9 D Street, 1999 S_KY_37 SR 375 C Street et al., 1997

S_M_39 SR 215 D Street, 1999 S_KY_38 SR 348 D Street et al., 1997

S_M_40 SR 251.3 D Street, 1999 S_KY_39 SR 475 C Street et al., 1997

S_M_41 SR 258.2 D Street, 1999 S_KY_40 SR 220 D Street et al., 1997

S_M_42 SR 278.8 D Street, 1999 S_KY_41 SR 298 D Street et al., 1997

S_M_43 SR 315.3 D Street, 1999 S_KY_42 SR 377 C Street et al., 1997

S_M_44 SR 346.8 D Street, 1999 S_KY_43 SR 413 C Street et al., 1997

S_M_45 SR 228 D Street, 1999 S_KY_44 SR 294 D Street et al., 1997

S_M_46 SR 258.6 D Street, 1999 S_KY_45 SR 363 C Street et al., 1997

S_M_47 SR 273.8 D Street, 1999 S_KY_46 SR 446 C Street et al., 1997

S_M_48 SR 265.8 D Street, 1999 S_KY_47 SR 269 D Street et al., 1997

S_M_50 SR 249.4 D Street, 1999 S_KY_48 SR 329 D Street et al., 1997

S_M_51 SR 384.8 C Street, 1999 S_KY_49 SR 283 D Street et al., 1997

S_M_52 SR 251.7 D Street, 1999 S_KY_50 SR 290 D Street et al., 1997

S_M_53 SR 200.4 D Street, 1999 S_KY_51 SR 334 D Street et al., 1997

S_M_54 SR 181.3 D Street, 1999 S_KY_52 SR 212 D Street et al., 1997

Silva_377 Crosshole 193.05 D Silva - PE&A Database S_KY_53 SR 298 D Street et al., 1997

Silva_378 Downhole 206.55 D Silva - PE&A Database S_KY_54 SR 207 D Street et al., 1997

Silva_381 Crosshole 189.03 D Silva - PE&A Database S_KY_55 SR 345 D Street et al., 1997
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TABLE 4.1  Shear Wave Velocity Measurements Compiled in the Central United States (continued)

Site Name Type of Test
Ave Vs* 

(m/s)

NEHRP 
Site 

Class*
Source Site Name Type of Test

Ave Vs* 

(m/s)

NEHRP 
Site 

Class*
Source

Silva_791 Downhole 229.74 D Silva - PE&A Database S_KY_56 SR 422 C Street et al., 1997

Silva_1695 SR n/a n/a Silva - PE&A Database S_KY_57 SR 429 C Street et al., 1997

Silva_1696 SR n/a n/a Silva - PE&A Database S_KY_58 SR 463 C Street et al., 1997

Silva_1697 SR 304.35 D Silva - PE&A Database S_KY_59 SR 417 C Street et al., 1997

Silva_1698 SR 279.23 D Silva - PE&A Database S_KY_60 SR 470 C Street et al., 1997

Silva_1699 SR 196.25 D Silva - PE&A Database S_KY_61 SR 254 D Street et al., 1997

Silva_1700 SR 419.14 C Silva - PE&A Database S_KY_62 SR 541 C Street et al., 1997

Silva_1701 SR 198.75 D Silva - PE&A Database S_KY_63 SR 239 D Street et al., 1997

Silva_1702 SR 272.01 D Silva - PE&A Database S_KY_64 SR 276 D Street et al., 1997

Silva_1703 SR 364.67 C Silva - PE&A Database S_KY_65 SR 269 D Street et al., 1997

Silva_1704 SR 187.32 D Silva - PE&A Database S_KY_66 SR 257 D Street et al., 1997

Silva_1705 SR 236.06 D Silva - PE&A Database S_KY_67 SR 269 D Street et al., 1997

CERI-East SCPT n/a n/a Zavala, pers. Comm. S_KY_68 SR 252 D Street et al., 1997

CERI-Mid SCPT n/a n/a Zavala, pers. Comm. S_KY_69 SR 304 D Street et al., 1997

Wolf1 SCPT 270.24 D Zavala, pers. Comm. S_KY_70 SR 331 D Street et al., 1997

Wolf5 SCPT 268.21 D Zavala, pers. Comm. S_KY_71 SR 279 D Street et al., 1997

MTREE01 SCPT 218.5 D Zavala, pers. Comm. S_KY_72 SR 419 C Street et al., 1997

MudA11 SCPT n/a n/a Liao et al., 2000 S_KY_73 SR 365 C Street et al., 1997

MudA12 SCPT 184.94 D Liao et al., 2000 S_KY_74 SR 365 C Street et al., 1997

MudB1 SCPT 189.49 D Liao et al., 2000 S_KY_75 SR 268 D Street et al., 1997

MudC1 SCPT 170.06 E Liao et al., 2000 S_KY_76 SR 308 D Street et al., 1997

MudD1 SCPT 214.22 D Liao et al., 2000 S_KY_77 SR 395 C Street et al., 1997

MudE1 SCPT 188.71 D Liao et al., 2000 S_KY_78 SR 465 C Street et al., 1997

Arkadelphia1 Crosshole 286.92 D Pezeshk, 1999 S_KY_79 SR 220 D Street et al., 1997

Arkadelphia2 Crosshole 257.08 D Pezeshk, 1999 S_KY_80 SR 376 C Street et al., 1997

Conway Crosshole 787.73 B Pezeshk, 1999 S_KY_81 SR 286 D Street et al., 1997

Newport Crosshole 245.68 D Pezeshk, 1999 S_KY_82 SR 316 D Street et al., 1997
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TABLE 4.1  Shear Wave Velocity Measurements Compiled in the Central United States (continued)

Site Name Type of Test
Ave Vs* 

(m/s)

NEHRP 
Site 

Class*
Source Site Name Type of Test

Ave Vs* 

(m/s)

NEHRP 
Site 

Class*
Source

Paragould Crosshole 270.15 D Pezeshk, 1999 S_KY_83 SR 386 C Street et al., 1997

Route14 Crosshole 190.5 D Pezeshk, 1999 S_KY_84 SR 280 D Street et al., 1997

Somerville Crosshole 259.45 D Pezeshk, 1999 S_KY_85 SR 296 D Street et al., 1997

Covington Crosshole 269.5 D Pezeshk, 1999 S_KY_86 SR 357 D Street et al., 1997

Brownsville Crosshole 325.86 D Pezeshk, 1999 S_KY_87 SR 281 D Street et al., 1997

Newbern Crosshole 206.37 D Pezeshk, 1999 S_KY_88 SR 311 D Street et al., 1997

Jackson Crosshole 239.86 D Pezeshk, 1999 S_KY_89 SR 290 D Street et al., 1997

Selmer Crosshole 216.03 D Pezeshk, 1999 S_KY_90 SR 335 D Street et al., 1997

Trenton Crosshole 359.97 D Pezeshk, 1999 S_KY_91 SR 323 D Street et al., 1997

Paris Crosshole 349.49 D Pezeshk, 1999 S_KY_92 SR 309 D Street et al., 1997

Wynnburg Crosshole 201.54 D Pezeshk, 1999 S_KY_93 SR 388 C Street et al., 1997

MO-1 200 D Bauer, pers. comm. S_KY_94 SR 288 D Street et al., 1997

MO-2 218 D Bauer, pers. comm. S_KY_95 SR 266 D Street et al., 1997

MO-3 184 D Bauer, pers. comm. S_KY_96 SR 385 C Street et al., 1997

MO-4 204 D Bauer, pers. comm. S_KY_97 SR 253 D Street et al., 1997

MO-5 181 D Bauer, pers. comm. S_KY_98 SR 238 D Street et al., 1997

MO-6 196 D Bauer, pers. comm. S_KY_99 SR 342 D Street et al., 1997

MO-7 163 E Bauer, pers. comm. S_KY_100 SR 298 D Street et al., 1997

MO-8 173 E Bauer, pers. comm. S_KY_101 SR 441 C Street et al., 1997

MO-9 208 D Bauer, pers. Comm S_KY_102 SR 441 C Street et al., 1997

Emerson_MO Downhole 275.3 D Cooling et al., 1999 S_KY_103 SR 336 D Street et al., 1997

Emerson_IL Downhole 212.83 D Cooling et al., 1999 S_KY_104 SR 374 C Street et al., 1997

Cario Downhole 233.31 D Cooling et al., 1999 S_KY_105 SR 576 C Street et al., 1997

I-40 Downhole 218.44 D Cooling et al., 1999 S_KY_106 SR 325 D Street et al., 1997

H_mudA SASW 190.85 D Hebeler, 2001 S_KY_107 SR 272 D Street et al., 1997

H_mudB SASW 210.53 D Hebeler, 2001 S_KY_108 SR 472 C Street et al., 1997

H_Sfarm SASW 207.17 D Hebeler, 2001 S_KY_109 SR 359 D Street et al., 1997
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TABLE 4.1  Shear Wave Velocity Measurements Compiled in the Central United States (continued)

Site Name Type of Test
Ave Vs* 

(m/s)

NEHRP 
Site 

Class*
Source Site Name Type of Test

Ave Vs* 

(m/s)

NEHRP 
Site 

Class*
Source

H_Sfor SASW 243.36 D Hebeler, 2001 S_KY_110 SR 310 D Street et al., 1997

Houston SASW 300.95 D Hebeler, 2001 S_KY_111 SR 383 C Street et al., 1997

Powell SASW 288.25 D Hebeler, 2001 S_KY_112 SR 470 C Street et al., 1997

Nonconnah SASW 260.28 D Hebeler, 2001 S_KY_113 SR 406 C Street et al., 1997

H_Jackson SASW 215.9 D Hebeler, 2001 S_KY_114 SR 439 C Street et al., 1997

U_Memphis SASW 250.93 D Hebeler, 2001 S_KY_115 SR 440 C Street et al., 1997

Johnson SASW 213.77 D Hebeler, 2001 S_KY_116 SR 326 D Street et al., 1997

H_Wolf SASW 211.63 D Hebeler, 2001 S_KY_117 SR 360 D Street et al., 1997

SR: Seismic Refraction Survey

*Only computed for profiles extending below 20 m
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FIGURE 4.1  Location of compiled shear wave velocity measurements in the Central
                      United States.

///

////

#S#S#S [[[

[

ð
ðð

ð
ð

ð
ðð ð
ð

ðð ð

ð

ð
ðð

ð
ðð

ð ð

ð

ð

ð

ð
ð

ð

ð

ððð ðð
ð

ð
ð

ð
ð ðð

ðð
ð

ðð

ð
ð
ð

ð
ð

ð

%

$$$

$

$

$

$

$

$

$$

$
$

$

$

%

%

YYY YY

YYY

UU UU

U

······

aa

a

a

a

T
T

T

T

T
TT T

T TTT T T T T

T

T

T
T

TTT
T

T
T

TTTTTTTTT

T
T T

T
T

T

T

T
TT

T
T

TT
T

T

T

T
T T

T
T

T
T

T

T

TT T

TT

T

T

T

T

T

T

T T T

T

TTTT TT
T

TTT

a a

a

a

a

a

a

a

a
a

####
##
#

#

#

T

TT

TTT
TTTT

TTTT
TT

TTTTTTTTTTTT
T
T

T

³³

³

³ZZ Z

Z

Z ZZ

$Z

Z
Z

Z

50 0 50 100 Kilometers

N Illinois

Missouri

Arkansas

Mississippi

Tennessee

Kentucky

Age of Near-Surface Geologic Deposits
in the Mississippi Embayment

Holocene
Pleistocene

Shear Wave Velocity Measurements

# Bauer, personal communication
a Pezeshk, personal communication

Y Schneider and Mayne, 1998a
S Schneider and Mayne, 1998b

[ Schneider, 1999

$ Silva, personal communication

0 Williams, 2000

U Zavala, personal communication

#S Casey et al., 1999
/ Casey, 1999
³ Cooling et al., 1999
Z Hebeler, 2001
% Liu et al., 1997
· Liao et al., 2000
T Street et al., 1997
ð Street, 1999



122

•  Liu et al. (1997) measured Vs profiles at 3 sites in Arkansas, Missouri, and Tennessee

using downhole tests.

•  Pezeshk (1999) measured Vs profiles at 15 sites in Arkansas and Tennessee using

crosshole tests.

•  Schneider (1999) measured Vs profiles at 4 sites in Shelby County, Tennessee using

SCPT.

•  Schneider and Mayne (1998a) conducted 8 SCPT soundings in Arkansas and

Missouri.

•  Schneider and Mayne (1998b) recorded 11 SCPT soundings in Memphis, Tennessee

and West Memphis, Tennessee.

•  Silva (2000) provided a database of shear wave velocity measurements for 15 sites in

the Central United States from tests conducted by the U.S. Army Corps of Engineers

Waterways Experiment Station and Dr. R. Street at the University of Kentucky using

crosshole, downhole, and seismic refraction surveys.

•  Street (1999) measured 52 Vs profiles throughout Arkansas, Mississippi, and

Tennessee using seismic refraction surveys.

•  Street et al. (1997) report the average shear wave velocity in the upper 30 meters for

117 sites in the Jackson Purchase area of western Kentucky.

•  Williams (2000) measured 16 sites in Arkansas, Mississippi, and Tennessee using

seismic refraction surveys.  He used reflected arrivals to identify low-velocity layers

below higher velocity layers (Williams et al., 2000).

•  Zavala (2000) provided 5 SCPT soundings in Memphis, Tennessee and Marked Tree,

Arkansas.
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The compiled shear wave velocity profiles are included in a relational Microsoft

Access™ database.  The fields describing each site are shown in Table 4.2.  Fields for

each type of profile are shown in Table 4.3.  Two types of profiles were compiled.

Discrete profiles such as those obtained from SCPT, downhole, and crosshole tests

measure the shear wave velocity calculated at a specific depth.  In contrast, layer profiles

such as those from seismic refraction surveys and SASW tests calculate the average shear

wave velocity for a layered subsurface model.  Appendix A lists the information

compiled for each site.

TABLE 4.2  Fields Describing Measured Sites

Field Name Description

Site_Name Unique identifier for each profile

Location Name of location such as municipality, recreational area, or owner's name

State State in which site is located

Latitude Latitude of site given in decimal degrees where positive is north of equator

Longitude Longitude of site given in decimal degrees where negative is west of prime meridian

Elevation
Elevation of site; if not recorded during testing, the elevation is approximated from
digital elevation models (DEM) obtained from the USGS (2000) in meters above mean
sea level

Test_Type
Type of test performed, if known (SCPT, downhole test, crosshole test, seismic
refraction surveys, surface waves, etc.)

Geology Geology of near-surface deposits (ex. Holocene or Pleistocene)

Profile Characteristic or generic profile representing site

Max_Depth Maximum depth of resolution or penetration in meters

Ave_Vs
Average shear wave velocity in the upper 30 meters in m/s based on the NEHRP
provisions (NEHRP, 1997)

Site_Class NEHRP site class based on average shear wave velocity in the upper 30 meters

Source Source of shear wave velocity profile
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TABLE 4.3  Field Describing Vs Profiles

Type of Profiles Field Name Description

Discrete Profiles Site_Name Unique identifier for each profile

Depth Depth of measurement in meters

Vs Shear wave velocity corresponding to depth in m/s

Layer Profiles Site_Name Unique identifier for each profile

Layer_No Layer number from the ground surface

Thickness Thickness of inferred layer in meters

Vs Shear wave velocity for corresponding layer in m/s

The Vs profiles compiled were aggregated and synthesized to establish local

characteristic profiles and regional generic profiles.  Site-specific studies were performed

at three sites in Memphis, Tennessee where multiple profiles were available to determine

the uncertainty in evaluating Vs.  Local characteristic profiles were generated for the

Memphis, Tennessee area based on the available data within the Memphis Metropolitan

Area.  Regional generic profiles were established for the Mississippi Embayment based

on the entire data set in the Central U.S.

4.2 Characteristic Profiles in the Memphis Metropolitan Area

Memphis, Tennessee is one of three cities selected by the U.S. Geological Survey

for site-specific seismic hazard mapping (CERI, 2001).  Due to the efforts of several

researchers, a significant number of Vs profiles are available for the Memphis

Metropolitan Area (MMA) as evident from Figure 4.2.  Memphis was selected for this

study to generate local characteristic Vs profiles based on the geographic location and the

geologic age of near-surface deposits.
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FIGURE 4.2  Location of compiled shear wave velocity measurements in the Memphis
                       Metropolitan Area.
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A site-specific analysis was performed at three sites where multiple Vs profiles

are available to assess the uncertainty in determining Vs.  A subsequent analysis was

performed by aggregating Vs profiles in similar geologic regions to produce

representative, characteristic profiles for several regions in the MMA.  The characteristic

profile represents the typical profile for a particular area based on compiled profiles with

an uncertainty defined from the site-specific analysis.  Profiles provided by Pezeshk

(1999) and Hebeler (2001) were not included in the analysis because these profiles were

obtained after the development of the characteristic and generic profiles.  These profiles

are only shown for comparison unless otherwise specified.

4.2.1 Site-Specific Analyses

The uncertainty in determining Vs in situ is due to the uncertainty associated with

test-related factors and the randomness associated with local variations of soil properties.

The epistemic uncertainty is the ability to accurately predict a given parameter based on

the available measured data and is due to such factors as limited data, data interpretation

and testing procedures (Toro et al., 1997).  This uncertainty may be reduced by the

acquisition of more data or improvements in data acquisition and interpretation (Toro et

al., 1997).  In contrast, the aleatory uncertainty is due to the inherent heterogeneity of a

material and may not be reduced by more or better data (Toro et al., 1997).  In other

words, the epistemic uncertainty is the variability "of the mean" whereas aleatory

uncertainty is the variability "about the mean".   Uncertainty is defined here as the sum of

both the epistemic and aleatory uncertainties.
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Three sites were selected for site-specific analyses.  Multiple profiles are available

at Shelby Farms, Shelby Forest, and Mud Island since these sites have been selected as

test sites by several researchers working in the MMA.  Shelby Farms is situated east of

Memphis on the floodplain of the Wolf River in Holocene-age alluvial deposits.  Shelby

Forest is located north of Memphis in a Pleistocene-age terrace deposit.  Mud Island

developed as a sand bar at the confluence of the Mississippi River and the Wolf River

(Clay, 1986) and is composed of Holocene-age alluvial deposits.  Seven profiles are

available at Shelby Farms and Shelby Forest and eight profiles are available at Mud

Island based on the results of several test methods.  For each profile, the shear wave

velocity at 1-meter depth increments was used to facilitate comparisons between profiles.

Uncertainty due to the normalization of profiles to 1-meter increments was assumed to be

minimal.  Profiles were compared within an area assumed to be of similar geologic age.

Furthermore, different testing methods were used at each site to measure shear wave

velocity.  Each site was analyzed separately to determine if the total uncertainty is

dependent on geology where the measure of uncertainty includes the effects of both

epistemic and aleatory uncertainty.

Shelby Farms

Shelby Farms is approximately 20 kilometers east of Memphis in the floodplain

of the Wolf River.  Seven profiles were compiled in this area (Casey, 1999; Schneider,

1999; Williams, 2000).  Six SCPTs and one seismic refraction survey were performed at

this site within a distance of 125 meters (Figure 4.3).  The seven profiles are compared in

Figure 4.4.  At each depth, Vs was assumed to be a normally distributed random variable.
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FIGURE 4.3  Location of test sites in Shelby Farms, Memphis, Tennessee.
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The mean, standard deviation, and coefficient of variation were calculated for each depth

increment and are given in Table 4.4.  Profiles were only compared to the depth to which

most profiles extended.  The standard deviation and coefficient of variation increase with

depth as shown in Figure 4.5.  This is expected since the resolution for both SCPT and

refraction surveys decreases with depth.

TABLE 4.4  Statistics for Shelby Farms Profiles

Depth
(m)

Mean Vs

(m/s)

Standard
Deviation, σσσσ

(m/s)

Coefficient of
Variation, COV

(%)

1 240 102.8 42.8

2 237 29.0 12.2

3 215 9.5 4.4

4 179 24.8 13.8

5 245 49.6 20.3

6 243 54.5 22.5

7 224 25.0 11.2

8 234 29.8 12.7

9 259 71.7 27.7

10 290 83.6 28.8

11 246 23.8 9.7

12 251 10.2 4.1

13 253 27.5 10.9

14 257 34.6 13.5

15 282 55.6 19.7

16 297 80.7 27.1

17 286 96.8 33.8

18 274 67.8 24.7

19 278 65.1 23.4

20 286 59.8 20.9

21 278 62.3 22.4

Large variations occur at three depth increments: 5-6 meters, 8-9 meters, and 16-

17 meters.  This variation may be due to a steeply sloping, thin, high-velocity layer
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located above a low-velocity material.  Another possibility for the variation in depth of

the high-velocity layer is data interpretation.  The presence of this layer in profile W14 is

based on reflections in seismic refraction surveys (Williams et al., 2000).  Similarly,

differences in interpretation of SCPT tests may account for the difference in profiles

SHOOTA and SFSR02.

Shelby Forest

Shelby Forest is located 20 kilometers north of Memphis on the bluffs of the

Mississippi River.  Seven profiles were compiled within a distance of 325 meters as

shown in Figure 4.6.  Profile H-Sfor obtained from Hebeler (2001) is shown only for

relative position and was not included in the analysis of this site.  Five SCPT profiles

(Casey, 1999; Schneider, 1999), one downhole test profile (Liu et al., 1997), and one

seismic refraction profile (Williams, 2000) are shown in Figure 4.7.  The mean, standard

deviation, and coefficient of variation are shown in Table 4.5.  Both the standard

deviation and coefficient of variation increase with depth (Figure 4.8) as previously

observed in Shelby Farms.

Nearly all of the profiles contain a high-velocity layer at depths from 15 to 25

meters located above a low-velocity layer.  The Memphis Soil Profile III proposed by

Hwang (2000) also contains a similar high-velocity layer.  This layer has also been

encountered throughout the Memphis area by other researchers.  This layer is composed

of fluvial deposits of sand and gravel with varying degrees of cementation (Broughton et

al., 2000; Brahana et al., 1987), which accounts for the high velocity and will be

discussed in more detail in a subsequent section.
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FIGURE 4.6  Location of test sites in Shelby Forest, Shelby County, Tennessee.
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TABLE 4.5  Statistics for Shelby Forest Profiles

Depth
(m)

Mean Vs

(m/s)

Standard
Deviation, σσσσ

(m/s)

Coefficient of
Variation, COV

(%)

1 158 18.0 11.4

2 229 70.9 30.9

3 221 27.9 12.6

4 225 21.1 9.4

5 232 15.0 6.5

6 237 21.1 8.9

7 232 15.6 6.7

8 260 31.9 12.3

9 271 31.5 11.7

10 265 26.0 9.8

11 258 16.6 6.4

12 275 29.2 10.6

13 271 36.6 13.5

14 296 52.9 17.9

15 383 70.1 18.3

16 398 61.7 15.5

17 424 34.9 8.2

18 437 51.4 11.8

19 435 66.5 15.3

20 442 95.6 21.6

21 415 78.7 19.0

Mud Island

Mud Island is located on the western edge of Memphis at the confluence of the

Mississippi and Wolf River (Figure 4.9).  Eight profiles were collected from 3

researchers from 2 test methods.  Profile H-mudA and H-mudB (Hebeler, 2001) are

shown for relative position and were not included in the analysis.  Six SCPT soundings

(Liao et al., 2000) and two seismic refraction surveys (Street, 1999; Williams, 2000) were

performed in this area and are plotted in Figure 4.10.  The profiles were obtained within 4
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FIGURE 4.9  Location of sites in Mud Island, Memphis, Tennessee.
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km of one another.  This is a significantly greater distance than that considered for the

previous two sites.  However, due to the geologic development of Mud Island as a sand

bar within the Mississippi River (Clay, 1986), it is assumed to be homogeneous.

The mean, standard deviation, and coefficient of variation are given in Table 4.6.

The standard deviation and coefficient of variation are shown in Figure 4.11 as a function

of depth.  The statistics of the compiled profiles are consistent with the assumption of

homogeneity and do not reflect a greater variability based on the larger area considered.

TABLE 4.6  Statistics for Mud Island Profiles

Depth
(m)

Mean Vs

(m/s)

Standard
Deviation, σσσσ

(m/s)

Coefficient of
Variation, COV

(%)

1 188 71.9 38.3

2 172 34.7 20.1

3 176 30.1 17.1

4 174 38.0 21.9

5 156 50.9 32.6

6 152 39.1 25.8

7 193 59.2 30.8

8 166 13.9 8.3

9 174 18.9 10.9

10 191 35.0 18.3

11 188 43.1 22.9

12 181 27.4 15.2

13 196 33.8 17.2

14 195 25.7 13.2

15 236 117.1 49.6

16 179 40.1 22.4

17 199 38.3 19.2

18 215 33.3 15.5

19 215 22.6 10.5

20 218 38.8 17.8

21 204 16.8 8.3
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Although the measured profiles span a larger area than the profiles compiled for

Shelby Forest or Shelby Farms, the profiles are similar and reflect the homogeneity of the

area.  All profiles exhibit low, near-surface shear wave velocity values.  Profiles B1, D1,

and E1 contain a thin, high-velocity layer.  The depth of this layer varies in the three

profiles.  Since all three profiles were obtained from seismic cone penetration soundings,

these high-velocity points may be due to interpretation methods and may be anomalous

or may reflect previous efforts to stabilize the river bank (Clay, 1986).

Determination of Uncertainty

The optimal model of uncertainty should be a function of depth to account for the

changes in epistemic and aleatory uncertainty with depth.  Based on the site-specific

studies at Shelby Farms, Shelby Forest, and Mud Island, such a robust model is not

practical due to the limited number of measurements below 21 meters.  Additionally,

epistemic and aleatory uncertainty can not be separated since the uncertainty of using

different test methods can not be distinguished from the homogeneity of the subsurface.

Therefore, a depth-independent uncertainty is defined based on the average standard

deviation for the available data.  The average standard deviation (σ) and coefficient of

variation (COV) over the 21-meter depth evaluated are 51 m/s and 19%, respectively, in

Shelby Farms, 42 m/s and 13% at Shelby Forest, and 40 m/s and 21% at Mud Island.

The greater standard deviation at Shelby Farms is due in part to the high-velocity layer

encountered at three different depths.  Disregarding these three anomalous measurements,

the standard deviation at Shelby Farms may be 39 m/s (COV = 15%).  The larger

coefficient of variation at Mud Island is due to the lower mean shear wave velocity and
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the high-velocity measurements recorded at three sites.   Furthermore, the profiles in Mud

Island are distributed over a larger area than those compiled at Shelby Farms or Shelby

Forest.  Considering these conditions, the difference in uncertainty at the three sites is not

statistically significant.  Therefore, the sum of the epistemic and aleatory uncertainty is

assumed constant and equal to ± 45 m/s for all local soil deposits.  Based on this estimate

of uncertainty, 62% of the measurements are within this range.  This is consistent with

statistical theory that defines the range given by the standard deviation as corresponding

to 68% of the potential outcomes.

Uncertainty may also be defined based on the coefficient of variation (COV)

resulting in greater variability at depth where Vs is generally larger.  Although the

epistemic uncertainty generally increases with depth, the aleatory uncertainty is expected

to decrease as the material becomes more homogeneous due to the effects of confining

pressure and decreased weathering.  Therefore, the total uncertainty may not increase

substantially with depth.  Thus, standard deviation (σ) and not COV is used to describe

uncertainty in this study.

Evaluation of Uncertainty

The calculated uncertainty may be evaluated at Shelby Forest and Mud Island

based on the data obtained from Hebeler (2001) since these profiles were not included in

the site-specific analysis.  The difference between the profiles measured by Hebeler

(2001) and the mean at these sites is given in Table 4.7 for Shelby Forest and Table 4.8

for Mud Island.
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Table 4.7  Comparison of Site-Specific Study and Hebeler (2001) Profiles: Shelby Forest

Depth
(m)

Mean
(m/s)

H_Sfor
 (m/s)

Mean - H-Sfor
(m/s)

1 158 143 15

2 229 238 -9

3 221 240 -19

4 225 180 45

5 232 205 27

6 237 235 2

7 232 235 -3

8 260 250 10

9 271 250 21

10 265 250 15

11 258 325 -67

12 275 325 -50

13 271 325 -54

14 296 324 -28

15 383 324 59

16 398 324 74

17 424 264 160

18 437 264 173

19 435 264 171

20 442 235 207

21 415 235 180

The profile measured by Hebeler (2001) at Shelby Forest is consistent with the

assumed uncertainty of 45 m/s for deposits in the upper 10 meters.  At Mud Island,

profiles measured by Hebeler (2001) are consistent with the estimate of uncertainty.

Only 1 measurement is outside of the assumed uncertainty for the H_mudA profile.

Several measurements are greater than the assumed uncertainty for the H_mudB profile.

The difference at large depths is attributed to the assumption of a layered soil profile in

the interpretation of surface wave tests (Hebeler, 2001).  This is evident in the Shelby

Forest profile where Hebeler overestimates shear wave velocity between a depth of 11
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and 14 meters and underestimates shear wave velocity below 14 meters.  The uncertainty

estimated may not adequately reflect the large variations due to interpretation in complex

geologic environments such as Shelby Forest.  Due to the lack of data to constrain a more

robust model of uncertainty, the assumed uncertainty of 45 m/s is used.

Table 4.8  Comparison of Site-Specific Study and Hebeler (2001) Profiles: Mud Island

Depth (m) Mean (m/s)
H_mudA

(m/s)
H_mudB

(m/s)
Mean - H_mudA

(m/s)
Mean - H-mudB

(m/s)

1 188 146 193 42 -5

2 172 154 179 18 -7

3 176 165 172 11 4

4 174 175 169 -1 5

5 156 145 169 11 -13

6 152 160 165 -8 -13

7 193 165 165 28 28

8 166 165 165 1 1

9 174 161 188 13 -14

10 191 161 188 30 3

11 188 161 188 27 0

12 181 175 188 6 -7

13 196 175 279 21 -83

14 195 182 279 13 -84

15 236 182 279 54 -43

16 179 182 279 -3 -100

17 199 198 279 1 -80

18 215 198 279 17 -64

19 215 198 226 17 -11

20 218 225 226 -7 -8

21 204 225 226 -21 -22

The determination of uncertainty for this study is based on a limited data set.  The

main objective of this study was to quantify the uncertainty based on the information

available.  However, further work should be conducted to obtain a more detailed model
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of epistemic and aleatory uncertainty in Vs profiles as a function of depth.  Such a study

should focus of identifying an area over which the geology is assumed to be

homogeneous.  The epistemic uncertainty would then be evaluated by measuring shear

wave velocity over a smaller portion of the defined area using a variety of testing

techniques.  This would quantify the uncertainty in obtaining a mean profile.  The

aleatory uncertainty would then be determined by testing sites throughout the entire

defined area using only one test method.  Additionally, this aleatory uncertainty may be

compared with that calculated from using a separate test method.

4.2.2 Geologic Analyses

Shear wave velocity profiles were aggregated in the MMA based on the geologic-

age of near-surface deposits and geographic location.  Profiles were divided into two

main categories based on geologic age.  Holocene-age deposits are found along the

floodplains of the Mississippi River and its tributaries whereas Pleistocene-age deposits

are located in the interfluve, terrace regions as shown in Figure 4.12.  Characteristic

profiles were developed within these regions to create generalized Vs profiles to a depth

of 70 meters.  Characteristic profiles were not extended below this depth due to the

limited number of profiles below 70 meters.  The nomenclature used to identify the

characteristic profiles is given by the age of deposits (H or P for Holocene or Pleistocene)

and the region represented (AR for Arkansas, SEM for southeast Memphis, SF for Shelby

Forest, etc.).  Multiple profiles in the same region are additionally differentiated by

number (H-AR1, H-AR2).
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FIGURE 4.12  Location of profiles in the Memphis Metropolitan Area based on age of
                         the near-surface geologic deposits.
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The characteristic profiles represent subjective interpretation of the typical profile

encountered within a particular region.  They do not represent the arithmetic mean of the

profiles since this may introduce artificial layers with no physical significance.  Instead,

layer depths are inferred based on the compiled profiles to determine the average

thickness of each layer.  Once layers are defined, the shear wave velocity of a particular

layer is obtained as the arithmetic mean of the measured values of Vs for the inferred

layer.  The uncertainty determined from the site-specific analyses (± 45 m/s) is used to

define the range of uncertainty for characteristic profiles.

Holocene-Age Deposits

Holocene-age deposits are found as alluvium throughout Arkansas, Mississippi,

and Tennessee in the floodplains of the Mississippi River and its main tributaries (Bicker,

1969; Haley, 1993; Miller et al., 1966).  These deposits were subdivided into two main

classes: (1) deposits in the Mississippi River alluvial plain and (2) deposits in the alluvial

plains of minor rivers.  Based on geologic maps, the alluvial plains of the Wolf River, the

Loosahatchie River, and Big Creek are composed of Holocene-age deposits (Miller et al.,

1966).  Nonconnah Creek is located in southern Memphis and is a significant tributary to

the Mississippi River.  However, based on geologic maps (Miller et al., 1966) the

floodplain of the Nonconnah Creek is composed of Pleistocene-age deposits.  Therefore,

profiles along this tributary are aggregated with Pleistocene-age deposits rather than

Holocene-age deposits.
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Mississippi River Deposits.     Profiles within the Mississippi River alluvial plain were

subdivided geographically.  Eight profiles were compiled in Arkansas.  Based on

Obermeier (1989) and Haley (1993), the profiles within the St. Francis Basin in

northeastern Arkansas may be further subdivided as profiles within the present meanders

(H-AR1) and the backswamp/older meanders (H-AR2).  Figure 4.12 shows the

approximate extent of the backswamp.  Deposits in the backswamp are typically fine-

grained and deposited as overbank flow whereas deposits in the meander belts are

generally coarser-grained (Kolb and Shockley, 1957).  The two characteristic profiles, H-

AR1 and H-AR2, are shown in Figure 4.13 with the individual Vs profiles obtained for

each region.  The primary difference between the two characteristic profiles is the

thickness of the second layer.

The six profiles in Mississippi may be subdivided in a similar manner as shown in

Figure 4.14.  The two characteristic profiles for Mississippi represent the present

meanders (H-MS1) and the older meander belts (H-MS2).  Although geologic maps do

not differentiate between the age of meander deposits in Mississippi (Bicker, 1969),

Obermeier (1989) does map older meander belts and backswamp deposits in

northwestern Mississippi in the same vicinity as the measured profiles.  Additionally,

characteristic profiles for the backswamp and older meander belts, H-AR2 and H-MS2,

contain layers with similar values of Vs and layer depths and may be composed of similar

deposits.

 The six profiles in Tennessee are shown in Figure 4.15.  These profiles have

similar layer thickness and Vs values.  The characteristic profile contains four layers
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where the upper two layers are assumed to be composed of Holocene-age alluvial

deposits from the present-day floodplain of the Mississippi River.

Minor Rivers.     Three minor rivers in the MMA are composed of Holocene-age deposits.

The Wolf River flows westerly into the Mississippi River through northern Memphis.

The Loosahatchie River flows westerly into the Mississippi River north of the Wolf

River.  Big Creek is a tributary of the Loosahatchie River in the northernmost section of

the MMA.  Characteristic profiles were generated for each river based on the compiled

profiles as shown in Figures 4.16 to 4.18.  The Wolf River (H-WR) is composed of

alluvial deposits of low Vs (200-236 m/s) in the upper 14 meters.  Alluvial deposits in the

Loosahatchie River (H-LR) extend to an average depth of 9 meters.  Other researchers

(Brahana et al., 1987; Broughton et al., 2001) have estimated alluvial deposits as ranging

in thickness from 9 to 14 meters.

Discussion of Holocene-Age Deposits.     The characteristic profiles for deposits in the

Mississippi River alluvial plain are compared in Figure 4.19 along with the Memphis Soil

Profile I proposed by Hwang (2000).  The Memphis Soil Profile I is based on correlations

between Vs and standard penetration tests (SPT) from multiple borings conducted in the

Mississippi River and is consistent with the results obtained from this study.  All the

profiles contain a low-velocity surface layer from 10 to 15 meters thick with a Vs value

ranging from 141 to 170 m/s.  The characteristic profile in Tennessee has a thicker layer

for near-surface sediments than the profiles in Arkansas or Mississippi.  Profiles in the

present meander belts are characterized by a surface layer ranging in thickness from 9 to



0 200 400 600 800

Shear Wave Velocity (m/s)

70

60

50

40

30

20

10

0

D
e

p
th

 (
m

)

S_M_45

S_M_48

W12

W14

WOLF1

WOLF5

SFSR01

SFSR02

SFSR03

MEMPH-E

MEMPH-F

MEMPH-G

MEMPH-H

MEMPH-J

SHOOTA

SHOOTB

SHOOTC

Characteristic
Profile

Estimated
Uncertainty

FIGURE 4.16  Shear wave velocity profiles in the Wolf River (H-WR).  The 
                         characteristic profile is the representative profile for the region.  The 
                         estimated uncertainty is based on the site-specific analysis of uncertainty.

153



0 200 400 600 800

Shear Wave Velocity (m/s)

70

60

50

40

30

20

10

0

D
e

p
th

 (
m

)

S_M_5

S_M_9

S_M_25

Characteristic
Profile

Estimated
Uncertainty

FIGURE 4.17  Shear wave velocity profiles in the Loosahatchie River (H-LR).  The 
                         characteristic profile is the representative profile for the region.  The 
                         estimated uncertainty is based on the site-specific analysis of uncertainty.

154



0 200 400 600 800

Shear Wave Velocity (m/s)

70

60

50

40

30

20

10

0

D
e

p
th

 (
m

)

S_M_7

S_M_52

Characteristic
profile

Estimated
uncertainty

FIGURE 4.18  Shear wave velocity profiles in Big Creek (H-BC).  The characteristic 
                         profile is the representative profile for the region.  The estimated 
                         uncertainty is based on the site-specific analysis of uncertainty.

155



0 200 400 600 800

Shear Wave Velocity (m/s)

70

60

50

40

30

20

10

0
D

e
p

th
 (

m
)

H-AR1

H-AR2

H-MS1

H-MS2

H-TN

HWANG I

FIGURE 4.19  Characteristic shear wave velocity profiles for Holocene-age deposits in
                         the Mississippi River alluvial plain.

156



157

18 meters and composed of clean sands, silts, and clays above a layer of clean sands and

gravels with a thickness of more than 30 meters (Obermeier, 1989).  These estimates of

layer thickness are similar to those obtained for characteristic profiles H-AR1, H-MS1,

and H-TN.

Deposits in the backwamp and older meander belts are characterized by silts and

clays extending 12 to 15 meters in the upper layer (Obermeier, 1989).  This estimate of

the thickness of the uppermost layer corresponds well to the thickness of the surface

layers in profiles H-AR2 and H-MS2.  Both of these profiles have a second layer with a

thickness of 28 to 34 meters.  This second layer, which may be described as the

abandoned channels of the Mississippi River, may be composed of more than 30 meters

of silts and clays (Obermeier, 1989).

Eocene deposits underlie Quaternary deposits throughout the region.  The Jackson

Formation is composed of fine-grained sediments and may be undistinguishable from

sediments in the backswamp and abandoned meanders.  However, the Jackson Formation

may extend from 30 to 66 meters in characteristic profiles H-TN, H-MS1, and H-AR1.

The Memphis Sand, also known as the "500-ft" sand, is composed of sand and clay

(Brahana et al., 1987) and may extend below a depth of 47 meters in Mississippi and 66

meters in Tennessee.

The variability of layer depths in the Mississippi River alluvial plain may be

attributed to the differences in the spatial extent of the floodplain.  The Mississippi River

has migrated eastward from northeastern Arkansas to its present location as it evolved

from a braided river to a meandering river.  The region is eastern Arkansas has low relief

from the Mississippi River to Crowley's Ridge as shown in the digital elevation model
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(DEM) in Figure 4.20.  This region, known as the St. Francis Basin, is separated from the

Western Lowlands by Crowley's Ridge.  The past meanders of the Mississippi River are

evident in aerial photography of the region (Obermeier, 1989).  Prior to the construction

of man-made levees, sediments were deposited over an extensive area west of the

Mississippi River.  However, the bluffs along the eastern edge of the Mississippi River in

Tennessee provided a natural barrier to the eastern extent of the floodplain as evidenced

by the narrower floodplain north of the Nonconnah River.  Therefore, the alluvial

deposits in Tennessee are deeper than those in Arkansas or Mississippi due to the limited

spatial extent available for the deposition of sediments.

The characteristic profiles for the three tributaries are shown in Figure 4.21.  The

characteristic profile for Big Creek (H-BC) is distinct from the other minor rivers in that

higher values of Vs are encountered at shallow depths.  Although alluvial deposits appear

to comprise the upper 11 meters for characteristic profile H-BC, older deposits of

Pleistocene-age may be present.  Therefore, the Big Creek floodplain may be more

similar to Pleistocene-age deposits than Holocene-age deposits.  The Wolf River has

alluvial deposits extending to an approximate depth of 14 meters, which corresponds well

with the silt/clay layer of 2.5 to 6 meters above a sand/gravel layer of 9 meters identified

by Broughton et al. (2001).  Alluvial deposits near the Loosahatchie River have a

thickness of approximately 9 meters overlying a distinct 15-meter layer.  Broughton et al.

(2001) identify a silt/clay layer of 9 meters overlying a 7.5-meter sand/gravel layer.

Holocene-age deposits have a low shear wave velocity in the uppermost layers

ranging from 158 to 200 m/s for the characteristic profiles.  Values of Vs are higher in the

tributaries than in the Mississippi River.  Furthermore, the shear wave velocity and layer
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FIGURE 4.20 Digital elevation model (DEM) of the Central United States (USGS,
                        2000).
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thickness are more uniform in the Mississippi River alluvial plain than in the floodplain

of the tributaries.  Table 4.9 lists the characteristic profiles for each region and the

estimated uncertainty in shear wave velocity as defined by the site-specific analysis (± 45

m/s).  Table 4.9 also lists the range of thickness for each layer based on the minimum and

maximum layer depths from the measured profiles.

Pleistocene-Age Deposits

Pleistocene-age deposits are found in the interfluve, terrace regions in Mississippi

and Tennessee and are characterized by a layer of loess near the surface.  Loess deposits

are clayey to sandy silt in Tennessee with a maximum thickness of 30 meters along the

buffs of the Mississippi River and thinning eastward (Miller et al., 1966).  In Mississippi,

geologic maps classify these deposits as predominantly silt with some deposits from the

Eocene (Tertiary) series (Bicker, 1969).  Pleistocene-age deposits were subdivided based

on the relative elevation and geographic location as shown in Figure 4.22.  In contrast to

Holocene-age deposits, Pleistocene age deposits are more variable in shear wave velocity

and layer thickness.

Nine profiles were available for the interfluve regions between Big Creek and the

Mississippi River in a region encompassing Shelby Forest (P-SF) and are shown in

Figure 4.23.  Of the nine total profiles, seven were used in the site-specific study of

Shelby Forest.  Two seismic refraction profiles are located south of Shelby Forest and

extend to a maximum depth of 20 meters.  These two profiles do not exhibit the high-

velocity layer previously identified in Shelby Forest.  However, since these profiles only

extend to a depth of 20 meters, the bottom of this layer may not have been encountered.
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TABLE 4.9  Characteristic Profiles in Holocene-Age Deposits

Deposit Profile Layer
Average

Vs

(m/s)

Range of Vs
1

(m/s)

Depth to
Bottom of
Layer (m)

Range of
Depth to Bottom

of Layer2 (m)

1 164 119 - 209 10 7 - 11

2 215 170 - 260 33 24 - 37H-AR1

3 444 399 - 489 - -

1 170 125 - 215 16 -

2 256 211 - 301 44 35 - 52H-AR2

3 509 464 - 554 - -

1 141 96 - 186 13 8 - 19

2 264 219 - 309 30 28 - 32

3 428 383 - 473 66 64 -
H-MS1

4 593 548 - 638 - -

1 158 113 - 203 13 8 - 19

2 258 213 - 303 47 45 - 50H-MS2

3 593 548 - 638 - -

1 164 119 - 209 15 13 - 18

2 222 177 - 267 31 28 - 34

3 328 283 - 373 66 64 - 69

Holocene:
Mississippi River

H-TN

4 532 487 - 577 - -

1 200 155 - 245 6 -

2 236 191 - 281 14 12 - 15

3 305 260 - 350 50 34 - 60

4 482 437 - 527 58 -

H-WR

5 670 625 - 715 - -

1 178 133 - 223 9 7 - 11

2 281 236 - 326 24 16 - 30

3 390 345 - 435 52 49 - 66

4 497 452 - 542 64 -

H-LR

5 613 568 - 658 - -

1 167 122 - 212 11 10 - 12

2 418 373 - 463 31 30 - 33

Holocene:
Minor Rivers

H-BC

3 565 520 - 610 - -
1 Based on uncertainty (± 45 m/s) determined from site-specific analysis
2 Based on variation of layer depths
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FIGURE 4.22 Location of profiles in Pleistocene-age deposits aggregated by geographic
                         location.
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FIGURE 4.23  Shear wave velocity profiles in Shelby Forest (P-SF).  The characteristic 
                         profile is the representative profile for the region.  The estimated 
                         uncertainty is based on the site-specific analysis of uncertainty.
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Additionally, these profiles are based on conventional interpretation of seismic refraction

data that may not detect the presence of a low-velocity layer beneath a high-velocity

layer.

Seven profiles were included in the interfluve region extending from the Wolf

River to Big Creek (P-WR).  No high-velocity layers were present for this region based

on the available profiles shown in Figure 4.24.

Eight profiles were compiled within the City of Memphis (Figure 4.25).  Four of

the profiles exhibit a high-velocity layer ranging in depth from 7 meters in eastern

Memphis to 14 meters near the confluence of the Mississippi River and the Wolf River.

The profiles that contain a high-velocity layer were interpreted by Dr. R. Williams of the

U.S. Geological Survey.  Williams uses both reflected and refracted arrivals to determine

Vs profiles (Williams et al., 2000).  In contrast, Dr. R. Street from the University of

Kentucky uses a conventional interpretation of seismic refraction data that can not

identify this high-velocity layer.

The presence of this high-velocity layer has been identified by others (Smith,

2000; Brahana et al., 1987).  This layer is composed of fluvial deposits of sandy gravel

with varying degrees of cementation, which may account for the variation of Vs (Smith,

2000).  The fluvial deposits are a highly cemented conglomerate in some regions and

largely uncemented in others (Brahana et al., 1987).  The variation in depth of this layer

is attributed to the varying thickness of the overlying loess deposits (Miller et al., 1966).

A cross-section through the city of Memphis shows the variation of this high-Vs layer

(Figure 4.26).  Of the seven profiles located along this cross-section, six are located east

of the bluff line.  Four of the six profiles exhibit a high-velocity layer.
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FIGURE 4.24  Shear wave velocity profiles north of the Wolf River (P-WR).  The 
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FIGURE 4.26 (a) Plan-view and (b) cross-section through the city of Memphis
                       identifying a high-velocity layer.
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Ten profiles were obtained for a region south of Memphis (Figure 4.27).  Profiles

W11 and W17 contain a high-velocity layer similar to that identified in Memphis.  Profile

W2 located on the western edge of the Pleistocene-age deposits does not exhibit this layer

even though Williams consistently identifies this layer at other locations in Memphis.

However, due to the location of this profile near the bluff line, the deposits may be

largely uncemented at this location.

Eight profiles were compiled for an area directly southeast of Memphis (Figure

4.28).  Profile W10 has a high-velocity layer similar to that measured at W11.  Profile

S_M_43 located approximately 10 kilometers east of W11 does not contain a high-Vs

layer, but does have a second layer with a Vs of 582 m/s.  This layer may be the high-

velocity layer.  However, based on the method of interpretation and the shallow depth of

the profile (20 meters), the bottom of this layer may not have been detected.

Eleven profiles were grouped for the southeast region of the MMA located at an

elevation greater than 100 meters above mean sea level.  Profile S_M_16 exhibits a high-

velocity layer (974 m/s) that may be the high-velocity layer previously identified in other

areas in the MMA.  Four profiles from SCPT do not extend beyond a depth of 5 meters.

However, of the other profiles, two subclasses may be identified.  Four profiles do not

contain a third layer and are similar to profiles south and southeast of Memphis (Figure

4.29).  Two profiles have a third layer characterized by significantly higher values of Vs

than previously observed in the MMA (Figure 4.30).  Both of these profiles are located in

the extreme southeastern region and may be representative of older deposits located

furthest from the Mississippi River and characterized by a higher shear wave velocity.
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FIGURE 4.27  Shear wave velocity profiles south of Memphis (P-SM).  The 
                         characteristic profile is the representative profile for the region.  The 
                         estimated uncertainty is based on the site-specific analysis of uncertainty.
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FIGURE 4.28  Shear wave velocity profiles southeast of Memphis (P-SEM).  The 
                         characteristic profile is the representative profile for the region.  The 
                         estimated uncertainty is based on the site-specific analysis of uncertainty.
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FIGURE 4.29  Shear wave velocity profiles in an area south-central of Memphis (P-SC). 
                         The characteristic profile is the representative profile for the region.  The 
                         estimated uncertainty is based on the site-specific analysis of uncertainty.
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FIGURE 4.30  Shear wave velocity profiles southeast of the MMA (P-SE).  The 
                         characteristic profile is the representative profile for the region.  The 
                         estimated uncertainty is based on the site-specific analysis of uncertainty.

173



174

Discussion of Pleistocene-Age Deposits.     Pleistocene-age deposits are more variable

than Holocene-age deposits in the MMA.  The characteristic profiles generated for

Pleistocene-age deposits are shown in Figure 4.31 and are subdivided into two classes.

Table 4.10 lists the characteristic profiles for Pleistocene-age deposits with the range of

shear wave velocity and layer thickness based on measured profiles.  The profiles with no

high-velocity layer are compared with the Memphis Soil Profile II proposed by Hwang

(2000).  The characteristic profile of Big Creek (H-BC) is also compared with the

profiles.  Characteristic profile P-SE has a significantly higher Vs at depth than the other

characteristic profiles and may be representative of older deposits due to its location.

Profiles containing a high-velocity layer are separated from those profiles not containing

such a layer.  Two additional profiles were generated to represent the high-velocity layer

observed in Memphis, south of Memphis, and southeast of Memphis.  The two profiles,

P-EM and P-SCM, only extend to a depth of 25 meters.  Below 25 meters, the Vs profiles

are assumed to be similar to P-M.  The profiles with a high-velocity layer are compared

with the Memphis Soil Profile III proposed by Hwang (2000).

The profiles proposed by Hwang compare well with the characteristic profiles.  At

greater depth, the Hwang profiles have lower values of Vs than any of the characteristic

profiles.  This may be due to the method of calculating shear wave velocity.  Hwang uses

correlations with SPT N-values to determine shear wave velocity.  Most SPT-Vs

correlations are based on measurements in unaged, unstructured soil.  When such

correlations are used in highly structured soils, such as the Pleistocene loess deposits in

the MMA, the resulting values of Vs tend to underestimate the true values and may
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TABLE 4.10  Characteristic Profiles in Pleistocene-Age Deposits

Deposit Profile Layer
Average

Vs

(m/s)

Range of Vs
1

(m/s)

Depth to
Bottom of
Layer (m)

Range of
Depth to Bottom

of Layer2 (m)

1 224 179 - 269 14 10 - 16

2 388 343 - 433 24 -

3 311 266 - 356 48 46 - 49
P-SF

4 462 417 - 507 - -

1 178 133 - 223 10 7 - 13

2 367 322 - 412 28 21 - 60P-WR

3 500 455 - 545 - -

1 274 229 - 319 6 3 - 11

2 466 421 - 511 13 10 - 16P-SE

3 720 675 - 765 - -

1 274 229 - 319 6 3 - 11
P-SC

2 466 421 - 511 - -

1 230 185 - 275 10 7 - 14

2 338 293 - 383 18 12 - 21P-M

3 522 477 - 567 - -

1 178 133 - 223 10 7 - 12

2 310 265 - 355 22 20 - 24

3 370 325 - 415 40 36 - 43

P-SM

4 536 491 - 581 - -

1 194 149 - 239 9 6 - 11

2 280 235 - 325 21 19 -

3 439 394 - 484 41 39 - 42
P-SEM

4 569 524 - 614 - -

1 227 222 - 312 7.5 7 - 8

2 590 545 - 635 11 11P-H13

3 300 255 - 345 - -

1 227 182 - 272 13 12 - 14

2 495 450 - 540 18 17 - 19

Pleistocene

P-H23

3 320 275 - 365 - -
1 Based on uncertainty (± 45 m/s) determined from site-specific analysis
2 Based on variation of layer depths
3 Extend to 25 meters
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account for the variations between the profiles proposed by Hwang and those proposed in

this study.

The high-velocity layer varies in layer thickness, depth, and shear wave velocity.

The variation in shear wave velocity is due to the varying degree of cementation as

previously discussed (Brahana et al., 1987).  The variation in depth is attributed to the

variation of the overlying loess deposits that thicken westward (Miller et al., 1966).  The

variation in layer thickness may be due to the partial cementation of the layer.  Additional

analyses are required to verify these hypotheses.

Pleistocene-age deposits are characterized by a layer of loess extending from 0 to

21 meters composed of silt, silty clay, and minor sand (Brahana et al., 1987).  Based on

the characteristic profiles, the loess is approximately 14 meters thick in Shelby Forest and

6 meters in the southeast region of the MMA.  The Vs of the loess ranges from 176 to 274

m/s, which is similar to that found by Smith (2000).  Fluvial deposits of the Lafayette

Formation underlie the loess.  These deposits are composed of sand, gravel, and clay with

varying degrees of cementation and may extend to a depth of 33 meters (Brahana et al.,

1987; Broughton et al., 2000).  Based on the analysis of characteristic profiles, fluvial

deposits extend to a depth of 28 meters and range in Vs from 280 m/s to 590 m/s.

The Jackson Formation and the upper Claiborne Group underlie fluvial deposits

and extend to a depth of 40 meters.  The Memphis Sand underlies the Upper Eocene

formations with an estimated Vs ranging from 414 to 610 m/s (Smith, 2000).  Only two

characteristic profiles in the Pleistocene-age deposits (P-SM and P-SE) appear to identify

the Memphis sand at a depth of 40 meters with a Vs of 536 to 569 m/s.
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4.3 Development of Generic Profiles for the Central U.S.

Generic shear wave velocity profiles were generated for the Central U.S. to

represent broad geologic environments.  The generic profiles are based on the

characteristic profiles obtained for the Memphis Metropolitan Area and profiles outside

of the MMA (Figure 4.1).  The characteristic profiles developed for the Memphis area

were used to develop the regional generic profiles rather than the actual measured

profiles.  This introduces an interpreted estimate of the shear wave velocity profile in the

Memphis area.  However, the use of the measured profiles may bias the generic profiles

substantially to the geology near Memphis rather than the general geology of the

Mississippi Embayment.

Two generic profiles were created and termed the Lowlands and Uplands profile.

Additionally, three profiles containing a high-velocity layer were generated as special

cases of the Uplands profile to simulate the high-Vs layer encountered in portions of the

Memphis area.

4.3.1  Near-Surface Profiles

The measured profiles outside of the MMA and the characteristic profiles in the

MMA were aggregated based on their geologic location within the Mississippi

Embayment.  The profiles acquired from Pezeshk (1999) and Hebeler (2001) were not

used to generate the generic profiles since these profiles were obtained after the generic

profiles were generated.  Generic profiles were developed with Dr. W. Silva from Pacific

Engineering and Analysis (2000) by calculating the logarithmic mean of the profiles and

smoothed to remove small variations.  Toro (2001) has found that shear wave velocity
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profiles are better approximated by a lognormal rather than a normal distribution.  The

difference between the lognormal and normal distribution decreases with variance (Ang

and Tang, 1975).  For example, the difference between the lognormal mean (µln) and the

normal mean (µ) is less than 2.5% for the three site-specific sites.  The smallest

difference (0.95%) occurs at Shelby Forest due to the lowest lognormal standard

deviation (σln = 0.13) whereas the largest difference (2.5%) occurs at Mud Island due to

the highest lognormal standard deviation (σln = 0.22).  Therefore, the assumption of a

normal distribution at a local scale is adequate for small standard deviations.  However,

for large regional variations, the assumption of a lognormal distribution may be a better

model of the observed uncertainty.  Hence, for development of regional generic profiles,

the lognormal distribution is assumed to be more representative than the normal

distribution.

The Lowlands profile represents Holocene-age deposits along the Mississippi

River floodplain.  The Lowlands region includes the St. Francis Basin and the Western

Lowlands in Arkansas.  Holocene-age deposits along the Wolf River and the

Loosahatchie River were also included in the Lowlands profile based on the geologic

map of Tennessee (Miller et al., 1966).  Figure 4.32 shows the individual profiles

compiled in Holocene-age deposits compared with the mean Lowlands generic profile.

The Pezeshk and Hebeler profiles are also shown for comparison and are consistent with

other profiles in Holocene-age deposits.

The Uplands profile represents Pleistocene-age deposits in terrace regions east of

the Mississippi River and Crowley's Ridge in Arkansas.  Profiles with a high-velocity

layer such as P-SF were not included in the generic profile.  Figure 4.33 shows the
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FIGURE 4.32  Profiles within Holocene-age deposits and the generic Lowlands profile.
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profiles used to generate the Uplands profile along with the generic profile.  The profiles

obtained from Pezeshk and Hebeler are shown for comparison.  Some of the profiles

provided by Pezeshk for Pleistocene-age deposits have a significantly lower shear wave

velocity than the other profiles compiled.

Figure 4.32 and 4.33 do not seem to validate the assumption of a constant

uncertainty with depth due to the increase in scatter below 30 meters.  The hypothesis of

constant uncertainty with depth was based on local variability.  When profiles from a

larger area, such as the embayment, are compared, the uncertainty is expected to increase

as is evident in these comparisons.  Furthermore, uncertainty is based on the shear wave

velocity within a given layer.  However, the uncertainty in layer depths has not been

quantified in a similar manner.  Therefore, some of the scatter among the profiles is due

to variations in layer depths and not shear wave velocity.  Cramer (2000) is currently

quantifying the uncertainty in layer depths within the Memphis area whereas this study

has not attempted to quantify this uncertainty.  However, this issue will be partly

addressed by randomization of the profiles as discussed in Chapter V.

Three additional profiles were created to model the high-velocity layer

encountered throughout the Memphis area.  The three high-velocity generic profiles are a

subset of the Uplands profile and represent a high-velocity layer with variations in the

thickness of the layer, the shear wave velocity, and the depth of the layer.  Figure 4.34

shows the three high-Vs generic profiles with the high-velocity characteristic profiles in

Memphis.

The two generic profiles are compared in Figure 4.35.  The Lowlands profile is

characterized by lower shear wave velocity values than the Uplands profile due to the



FIGURE 4.34  Uplands generic profiles with high Vs layer compared with high-velocity
                         characteristic profiles in Memphis.
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FIGURE 4.35  Near-surface (0-70 meters) Lowlands and Uplands generic profiles.
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looser Holocene-age deposits found in the alluvial plains.  Figure 4.36 compares the three

high-velocity profiles with the Uplands profile.

4.3.2  Average Vs in the Upper 30 Meters

The development of regional embayment profiles assumes that profiles can be

differentiated by shear wave velocity based on the age of near-surface deposits.

However, the NEHRP site classification based on (Vs)30m classifies almost all the profiles

as site class D.  Therefore, the distribution of deposits based on (Vs)30m was determined

for both Holocene (Lowlands) and Pleistocene (Uplands) deposits to assess if (Vs)30m can

be used to discriminate between the two classes.  In a study of Southern California, Park

and Elrick (1998) observed that deposits of similar geologic age have similar values of

(Vs)30m.

The value of (Vs)30m for profiles extending below 20 meters is given in Table 4.1.

For profiles not extending to a depth of 30 meters, the shear wave velocity was assumed

to remain constant below the deepest measurement.  In general, this is a conservative

estimate of average shear wave velocity since the value of Vs increases with depth.  The

profiles were aggregated based on the geologic-age of near-surface deposits.  Profiles

located in Crowley's Ridge, Big Creek, and the upland, terrace regions east of the

Mississippi River were classified as Pleistocene (Uplands).  Profiles classified as

Holocene-age deposits were located in the Mississippi River, Loosahatchie River, and

Wolf River floodplains.  

The histogram of the Holocene and Pleistocene deposits is shown in Figure 4.37.

The chi-square test is a "goodness-of-fit" test (Ang and Tang, 1975) and was used to
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FIGURE 4.36  Comparison of Uplands profile and high-velocity Uplands profiles.
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determine whether a normal or lognormal distribution best represented the data.  The chi-

square statistic (χ2) is calculated as

where n is the observed outcomes, e is the number of expected outcomes, and k is the

number of intervals or bins (Ang and Tang, 1975).  The interval k is typically selected

such that the number of outcomes is greater than 5.  Tables 4.11 and 4.12 show the results

of the chi-square test.  The lognormal distribution is a better approximation than the

normal distribution for both data sets based on the calculated χ2 statistic.  Figure 4.37

compares the lognormal distribution with the histogram of the data.  The significance

level for the Holocene-age and Pleistocene-age distributions is 1.1% and 13.2%,

respectively.  The significance level is higher for Pleistocene-age deposits due to the

smaller difference between the expected and observed outcomes.

Based on the distribution of (Vs)30m, the mean (µln) and standard deviation (σln) is

5.371 (215 m/s) and 0.144 for Holocene-age deposits and 5.759 (317 m/s) and 0.236 for

Pleistocene-age deposits.  The variability in Holocene-age deposits is partly attributed to

the inclusion of the floodplains of minor rivers.  The (Vs)30m of minor rivers is higher

than for the Mississippi River floodplain as is evident from visual inspection of the

compiled Vs profiles.  As previously observed, Pleistocene-age deposits are characterized

by a higher shear wave velocity and more variability than Holocene-age deposits.

Although most of the profiles are classified as site class D by NEHRP, two discernible

categories are evident from the statistical analysis.  Site response analyses, which are

∑
=

−=χ
k

1i i

2
ii2

e

)en(
(4.1)
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discussed in the subsequent chapters, will show that these two geology-based categories

also produce distinct response and amplification spectra.

TABLE 4.11  Chi-Square Test for Lognormal and Normal Distribution: Holocene-Age
                      Deposits

Distribution
Range of (Vs)30 m

(m/s)
Expected Count Observed Count

Chi-Square
Statistic, χχχχi

2

Lognormal < 180 8.5 4 2.42

180 - 200 15.7 24 4.39

200 - 220 20.2 25 1.15

220 - 240 16.9 10 2.84

240 - 260 10.2 6 1.74

260 - 280 4.8 8 2.19

280 < 2.6 2 0.16

Total χχχχ2 14.88

Normal < 180 10.3 4 3.81

180 - 200 13.5 24 8.21

200 - 220 18.3 25 2.44

220 - 240 17.5 10 3.19

240 - 260 11.7 6 2.77

260 - 280 5.5 8 1.15

280 < 2.3 2 0.04

Total χ χ χ χ2 21.61

4.3.3  Mississippi Embayment Model

 The shear wave velocity of geologic deposits has previously been estimated to the

Paleozoic basement for several sites in the Upper Mississippi Embayment from sonic

logs, correlations, and models.  This information was used to generate a Vs profile for

deep soils extending from 70 meters to the maximum depth of the Upper Mississippi

Embayment at an approximate depth of 1000 meters.  This deep soil profile was

combined with both the Lowlands and Uplands profiles described above to create a Vs

profile for the entire soil column.
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TABLE 4.12  Chi-Square Test for Lognormal and Normal Distribution: Pleistocene-
                       Age Deposits

Distribution
Range of (Vs)30 m

(m/s)
Expected Count Observed Count

Chi-Square
Statistic, χχχχi

2

Lognormal < 200 4.7 2 1.56

200 - 220 6.5 12 4.57

220 - 240 10.8 9 0.30

240 - 260 15.0 17 0.26

260 - 280 18.3 21 0.40

280 - 300 20.0 23 0.45

300 - 320 20.0 10 5.02

320 - 340 18.6 16 0.37

340 - 360 16.4 18 0.17

360 - 380 13.6 13 0.03

380 - 400 10.9 11 0.0006

400 - 420 8.4 7 0.25

420 - 440 6.3 7 0.07

440 - 460 4.6 6 0.40

460 - 480 3.3 8 6.58

480 < 7.3 5 0.72

Total χχχχ2 21.14

Normal < 200 10.1 2 6.46

200 - 220 6.3 12 5.08

220 - 240 8.9 9 0.001

240 - 260 11.7 17 2.35

260 - 280 14.5 21 2.89

280 - 300 16.8 23 2.25

300 - 320 18.3 10 3.78

320 - 340 18.7 16 0.39

340 - 360 17.9 18 0.0009

360 - 380 16.0 13 0.57

380 - 400 13.5 11 0.46

400 - 420 10.6 7 1.24

420 - 440 7.9 7 0.10

440 - 460 5.5 6 0.05

460 - 480 3.5 8 5.58

480 < 4.7 5 0.02

Total χχχχ2 31.23
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Several models for the Mississippi Embayment have been used to estimate the Vs

of deposits in the Mississippi Embayment and are listed in Table 4.13 and shown in

Figure 4.38.  The embayment model developed by Herrmann and Akinci (2000) assumes

a soil column overlying Paleozoic limestone with a shear wave velocity of 2.5 km/sec.

The shear wave velocity profile is defined as a power law varying with depth and

constrained to a total travel time of 0.6 seconds near New Madrid, Missouri where the

depth of the embayment is 600 meters (Herrmann and Akinci, 2000).  The model

proposed by Mueller (2000) is similar to the Herrmann and Akinci model based on a

power law relationship between shear wave velocity and depth.  The Mueller profile is

constrained at the surface by the average shear wave velocity in the upper 30 meters as

defined by NEHRP and with a velocity of 3 km/sec at a depth of 15 km (Mueller, 2000).

TABLE 4.13  Models Developed for the Mississippi Embayment

Source Other Description Type of data

Kausel and Assimaki, 2000 MIT profile Based on Memphis data

Herrmann and Akinci, 2000 Based on travel time

Mueller, 1999 Based on travel time

Hashash, 1999 New Madrid Test Well (NMTW) Based on borehole test data

Hashash, 1999 Haynes Well Based on borehole test data

Hashash, 1999 Mini-Sosie Based on mini-sosie test

Wen, 1999 Based partly on Hashash profiles

Hwang, 2000 Memphis Soil Profile I Based on SPT data

Hwang, 2000 Memphis Soil Profile II Based on compiled SPT data

Hwang, 2000 Memphis Soil Profile III Based on compiled SPT data

The model obtained from Kausel and Assimaki (2000) is based on data from

Abrams and Shinozuka (1997) for the Memphis area.  Hwang (2000) proposed three
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FIGURE 4.38  Mississippi Embayment models and embayment profile developed
                          in this study.
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profiles for the Memphis area based on more than 8500 boring logs and correlations with

SPT N-values.  These profiles have been previously compared with characteristic profiles

generated by this study for the MMA.  Hashash (1999) developed three profiles based on

two well logs (New Madrid Well and Haynes Well) and a Mini-Sosie test.  Wen (1999)

developed a profile based on the three profiles proposed by Hashash to represent the

entire soil column.  Since the profile developed by Wen (1999) is based on data from

Hashash, it was not used to compute the average embayment profile to avoid biasing the

profile to this data.

Based on these available profiles, a composite profile was developed by

computing the arithmetic mean of the profiles at 10-meter increments.  The lognormal

mean was also computed.  The lognormal mean approaches the normal mean for small

values of the lognormal standard deviation (σln ≈ 0.1) (Ang and Tang, 1975).  Due to the

lack of data and the low lognormal standard deviation, the normal mean was used and is

shown in Figure 4.38.

Layering is an artifact of the averaging process due to layers present in some of

the model profiles.  Although these may represent actual geologic boundaries, further

review of the literature was performed to determine the accepted layer thickness.  Van

Arsdale and TenBrink (1999) identify the stratigraphy given in Table 2.1.  This

stratigraphy was used to determine layer boundaries in the new embayment profile.

Artificial layering produces significant impedance contrasts causing scattering of seismic

wave energy.  The interface between the Paleozoic basement and the embayment

produces distinct reflections, conversion of seismic energy, and guided waves that

propagate considerable distances through the embayment (Andrews et al., 1985; Chiu et
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al., 1992).  However, similar strong reflections have not been observed within the soil

column itself.   Therefore, the profile was smoothed to reduce the strong impedance

contrast between soil layers in the Mississippi Embayment.  The profile was smoothed by

varying the gradient within a layer to reduce the impedance contrast while maintaining

the same travel time within a given layer.  Assuming a constant density, the impedance

between geologic layers was generally greater than 1.03 while the impedance within a

geologic layer was less than 1.02.  Overall, the intralayer impedance was smaller than the

interlayer impedance for all depths.  The final smoothed embayment profile is shown in

Figure 4.39.

The new embayment model assumes a lower velocity profile than measured by

travel time in the embayment largely because of low-velocity, near-surface deposits.  The

travel time through the upper 600 meters of the developed embayment model is

approximately 0.96 second for Pleistocene-age deposits near the ground surface.

Herrmann and Akinci (2000) estimated a travel time of 0.6 sec for an embayment

thickness of 600 meters near New Madrid, Missouri.  For an embayment depth of 960 m,

Bodin and Horton (1999) estimated an average shear wave velocity of 834 m/s for the

sediments based on microtremor measurements.  This corresponds to a travel time of 1.15

sec for an embayment depth of 960 meters and 0.72 sec for an embayment depth of 600

meters.  The embayment model with Pleistocene-age deposits in the near-surface

corresponds to a travel time of 1.35 sec through the upper 960 meters.

The low-velocity profile developed may overestimate ground motions at longer

periods.  The longer travel time due to low-velocity deposits may increase the effect of

amplification from the impedance contrast at the base of the embayment.  Although
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increasing the travel time through the embayment will reduce amplification from the

impedance contrast, it will produce a larger Vs gradient that may amplify ground motions

based on the energy flux through the material.  Therefore, the overall effect of these two

amplification mechanisms may not significantly affect ground motions.  However, further

work should be performed to evaluate this assumption.

The increase in uncertainty due to the use of the average embayment profile is not

considered in this study.  The embayment profile is randomized to account for

uncertainty about the mean profile.  Since the median response is of interest in this study,

the average profile is assumed to be adequate for estimating site response.  Due to the

lack of adequate shear wave velocity measurements at depth, the average profile is

assumed to be valid based on the Central Limit Theorem (Ang and Tang, 1975).

However, to adequately estimate the uncertainty about the median, the importance of the

variability at depth becomes more important.  Furthermore, Anderson et al. (1996)

concluded that the near-surface and, specifically, the upper 30 meters significantly affects

ground motions even though it may only represent 0.3% of the total path.  Therefore, the

effect of the shear wave velocity at large depths may not significantly affect ground

motions.  This effect has been observed in this study and is presented in Chapter VI.

4.3.4  Crustal Models

The crustal model defines the shear wave velocity and density at depths greater

than 1 km.  Specification of crustal parameters is generally not required for site response

analyses since a previously measured time history at a rock outcropping are used to excite

the base of the soil column.  However, in this study, input motions are generated based on
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a stochastic approach, as discussed in Chapter V, and require knowledge of the density

and shear wave velocity at the seismic source.  A model of the Fourier amplitude spectra

of the seismic shear energy at the source is propagated through the crustal layers to the

base of the soil column defined as the interface of the Mississippi Embayment and the

Paleozoic basement.

Several crustal models have been proposed for the Central U.S. and are shown in

Table 4.14 and compared in Figure 4.40.  Nuttli et al. (1969) developed a simple crustal

model based on the measured travel time for earthquakes in the Central U.S.  Herrmann

(1995) revised the Nuttli crustal model to account for Rayleigh waves and shear wave

arrival times based on a 1991 earthquake near Malden, Missouri.  Andrews et al. (1985)

developed a crustal model for the Reelfoot Rift and regions east and west of the rift based

on seismic refraction surveys.  Chiu et al. (1992) revised the Andrews model using wave

inversion of travel times from seismic events recorded at PANDA (Portable Array for

Numerical Data Acquisition) stations.  Nicholson et al. (1984) used P- and S-wave

conversion from the base of the embayment to estimate crustal layers.  Catchings (1999)

used seismic refraction and gravity modeling to model the velocity structure from

Memphis, Tennessee to St. Louis, Missouri.

With the exception of the Catchings (1999) model, the crustal velocity models

proposed represent the northern section of the Mississippi Embayment near New Madrid,

Missouri where the depth of the embayment is approximately 650 meters (Chiu et al.,

1992).  Therefore, the Catchings model for Memphis was used as the crustal velocity

structure in this study for geologic deposits below 1 kilometer. The Catchings model
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TABLE 4.14  Crustal Models for the Central United States
Thickness

(km)
Shear Wave Velocity

(km/sec)
1 1.60

0.5 2.10
0.5 3.28
18 3.60

Nuttli et al., 1969

20 3.92
1 2.89
9 3.52

10 3.70

Herrmann, 1995 (CUS)

20 3.87
1 2.83
9 3.44

10 3.59
10 3.72
10 3.74

Herrmann, 1995 (Malden)

20 4.6
1 2.89
9 3.52

10 3.70
20 3.87

Ou and Herrmann, 1990

- 4.7
2 3.04
3 2.76

13 3.65
12 3.79

Nicholson et al., 1984

10 4.35
0.65 0.6
1.85 3.56
2.5 3.2
12 3.57
10 3.8

Chiu et al., 1992

13 4.2
0.65 0.56
1.9 3.4
2.5 2.8
12 3.6
10 3.8

Andrews et al., 1985 (Rift Model)

13 4.2
2.8 3.4

14.2 3.6
15 3.8

Andrews et al., 1985 (Western Flank)

8 4.2
0.60 0.56
1.9 3.4

14.5 3.6
15 3.8

Andrews et al., 1985 (Eastern Flank)

8 4.2
1.8 2.04
9.6 3.52

15.7 3.66
15.7 4.22
15.7 4.51

Catchings, 1999

- 4.73
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FIGURE 4.40  Crustal models for the Central United States.
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assumes a sedimentary basin, three crustal layers, and two mantle layers.  The

approximate total thickness of the crust is 43 kilometers.

Source Depth

The source depth for earthquakes in the New Madrid Seismic Zone has been

estimated by several researchers.  Andrews et al. (1985) observed that 80% of

earthquakes occurred between depths of 3 to 14 kilometers.  Nicholson et al. (1984)

calculated similar focal depths ranging from 4 to 13 kilometers.  Chiu et al. (1992) found

that of 700 seismic events recorded by PANDA stations in a 27 month period, none were

deeper than 15 kilometers and most ranged from 5 to 14 kilometers.  For this study, the

source was located at a depth of 8 kilometers from the ground surface for the crustal

model proposed by Catchings (1999).  The shear wave velocity and mass density at the

source are 3.52 km/s and 2.8 g/cm3, respectively.  The source depth and source

parameters were used in the site response analysis discussed in Chapter V.

4.3.5 Final Generic Profiles

Generic profiles for regions in the Central U.S. were generated by combining the

near-surface generic profiles, the embayment model, and the crustal model.  The generic

profiles are shown in Figure 4.41 with the crustal model.  These profiles were used to

determine site response within each region.  Additionally, the effect of varying the depth

of the embayment was assessed.  Embayment depths of 1000 meters, 600 meters, and 100

meters were considered by truncating the embayment model at each respective depth and
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FIGURE 4.41  Lowlands and Uplands generic profiles with crustal model.
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extending the crustal model to maintain a constant crustal thickness.  The variation of

embayment depth is shown in Figure 4.42 for each generic profile.

Rock profiles were also developed to compare site response for a soil and a rock

site.  The three profiles are shown in Figure 4.43.  Rock A represents a hard rock

representative of the Central and Eastern United States with a shear wave velocity of

2040 m/s.  Rock B is a softer rock typical of the Western United States with a shear wave

velocity of 1200 m/s.  A BC boundary rock site with a shear wave velocity of 760 m/s

was considered based on the use of this site as a reference for seismic hazard maps

(Frankel et al., 1996).  For each rock profile, the material is assumed to have a constant

shear wave velocity in the upper 1000 meters.  Silva (2000) recommends incorporating a

gradient such that the average shear wave velocity in the upper 30 meters has a shear

wave velocity equal to the target velocity.  However, for this study, a constant velocity

profile was assumed.

4.4  Mass Density Profile

A variation of mass density, ρ, with depth was assumed for the generic profiles.

The mass density of the crustal layers was based on the Catchings (1999) model.  For the

embayment profile, the mass density for near-surface layers was assumed to be 1.9 g/cm3.

At the base of the embayment, the mass density was taken as 2.3 g/cm3.  The mass

density was varied between these two limits for sediments in the embayment.  The

variation of mass density is shown in Figure 4.44.
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FIGURE 4.44  Mass density, ρ, profiles in the Mississippi Embayment.
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4.5  Damping and Qs Profile

An initial value of small-strain damping was assigned to each layer in the Vs

profiles developed.  Computed strain levels based on rock motions are compared with the

initial damping values to determine the extent of nonlinear behavior.  The effect of

nonlinearity will be discussed in more detail in Chapter V.  Based on the work by Silva

(2000), nonlinear behavior was constrained to the upper 150 meters for the reference

case.  Therefore, for the generic profiles, only small-strain damping ratio values were

specified for the upper 150 meters.  Due to the lack of in situ measurements of damping

in the Central U.S., the small-strain damping values selected are based on the damping

curves developed by EPRI (1993).  The initial damping ratio values are a function of

depth and are given in Table 4.15.  Chen et al. (1994) estimated a quality factor, Qs,

ranging from 25 to 30 for deposits in the Central U.S. based on analysis of seismic wave

conversion at the bottom of the embayment.  The quality factor, Q, is approximately

related to the damping ratio (D) by

The estimates of Q by Chen et al. (1994) correspond to low-strain damping values

ranging from 1.67% to 2%.  These estimates of Q may also include the effects of

scattering within the embayment.  The initial small-strain damping values selected for

this study only consider material damping (intrinsic attenuation) of embayment deposits.

Below 150 meters, the damping within soil deposits was constrained by the

estimated attenuation within the embayment.  The attenuation time of a layered geologic

media includes the stiffness and damping of a soil layer as given by

D2

1
Q ≈ (4.2)
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where z is the depth, Q is the quality factor, β is the average shear wave velocity of the

soil column, and H is the thickness of the soil column (Liu et al., 1994).  The attenuation

is typically measured from recorded earthquakes and represented as the spectral decay

parameter or kappa (κ(0)) at the epicenter and includes the effects of material damping

and scattering.  Anderson et al. (1996) observed that κ(0) and t* are essentially equal.

Therefore, for this study, κ(0) will be considered and assumed equal to t*.

TABLE 4.15  Initial Small-Strain Damping Ratio Values

Range in Depth
(m)

Damping Ratio
(%)

0 - 6 1.4

6 -15 1.2

15 - 37 1.0

37 - 76 0.8

76 - 152 0.7

152 - 305 0.6

Herrmann and Akinci (2000) have defined a total κ(0) value of 0.048 sec at New

Madrid, Missouri for an embayment depth of 600 meters.  This value is assumed to be

applicable to the entire embayment for this study.  The assumption of a constant κ(0) that

is independent of embayment depth may underestimate damping for thicker deposits and

overestimate damping for shallower embayment depths.

∫ β
=

H

0

* dz
Q

1
t (4.3)
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The κ(0) computed for the upper 150 meters based on the initial damping values

is subtracted from the total κ(0) of the embayment.  This value was subtracted from the

total κ(0) for the entire soil column and assigned to the remaining linear layers.  The

values of κ(0) used for this study are listed in Table 4.16.  Hence, the damping in the

nonlinear soil layers is explicitly defined from the initial damping values and the

damping curves discussed in Chapter V.  For the linear soil layers, the damping is defined

by κ(0).

For the rock profiles, kappa values are based on EPRI (1993) and are given in

Table 4.16.  A κ(0) value of 0.006 sec is used for hard rock sites (Rock A) in the Central

United States (EPRI, 1993; Frankel et al., 1996).  A κ(0) of 0.02 sec is assumed for the

soft rock case (Rock B) but may vary from 0.1 to 0.4 sec (Frankel et al., 1996).  A κ(0) of

0.02 sec was also assumed for the BC boundary rock site.  Rock sites were assumed to

behave linearly at all depths.

TABLE 4.16  Spectral Decay Parameters (κ(0)) for Generic Profiles

Profile Total Kappa, κκκκ(0)
(sec)

κκκκ(0) for Linear
Deposits

(sec)

Lowlands Profile, 100 m 0.048 0.042

Lowlands Profile, 600 m 0.048 0.041

Lowlands Profile, 1000 m 0.048 0.041

Uplands Profile, 100 m 0.048 0.043

Uplands Profile, 600 m 0.048 0.042

Uplands Profile, 1000 m 0.048 0.042

Hard Rock (Site Class A) 0.006 0.006

Soft Rock (Site Class B) 0.02 0.02

BC Boundary 0.02 0.02
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The Vs profiles developed for the Mississippi Embayment and the Memphis,

Tennessee area were used in site response analyses to determine response spectra for

several deterministic earthquake scenarios.  Fourier amplitude spectra, response spectra,

and amplification spectra were calculated based on the parameters presented in this

chapter and the methodology discussed in Chapter V.
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CHAPTER V

METHODOLOGY FOR SITE RESPONSE ANALYSES

The shear wave velocity profiles developed in Chapter IV are used for one-

dimensional site response analyses to assess the effect of several parameters including

near-surface geology, embayment thickness, and nonlinear soil behavior on response

spectra.  Figure 5.1 shows the parameters and methodology for site response analyses.

Rock motions at the base of the soil column are modeled using a stochastic approach

because of the lack of instrumental strong motion records for rock sites in the Central

United States and within the Mississippi Embayment.  The selection of source and path

parameters as well as the stochastic approach for generating rock motions is discussed in

this chapter.

The rock motions at the base of the soil column, the shear wave velocity profiles,

and dynamic material properties are inputs to a one-dimensional equivalent-linear

analysis for estimating motions at the ground surface.  An equivalent-linear approach was

used to model the behavior of horizontally layered deposits subjected to vertically

propagating seismic shear waves.  The results of equivalent-linear analysis may be

represented as Fourier amplitude spectra (FAS).  Furthermore, a transfer function may be

applied to the Fourier amplitude spectra to generate response spectra.  Response spectra

represent the behavior of a single-degree of freedom (SDOF) system to the estimated

ground motion.  The results of the site response analyses are presented in Chapter VI as
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FIGURE 5.1  Flow-chart showing methodology for estimating Fourier amplitude and
response spectra.
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Fourier amplitude and response spectra.  Additionally, Chapter VI compares the response

of a soil site to that of a rock site by generating amplification spectra.

5.1  Stochastic Model of Rock Motions

Rock motions are required to excite a soil column and determine the dynamic

response under seismic loading.  Traditionally, time histories measured at recording

stations located at rock outcrops are used as input motions at the base of the soil column.

However, strong motion records for large magnitude events are not available for the

Central U.S.  Furthermore, more emphasis has recently been placed on using stochastic

models rather than theoretical methods to predict strong motion (Hanks and McGuire,

1981; Boore, 1983; Atkinson and Boore, 1998).  At shorter periods, ground motions are

complex due to the loss of phase coherence and geologic heterogeneity and are more

adequately modeled by stochastic methods than traditional deterministic or empirical

approaches (Hanks and McGuire, 1981).  In this study, the stochastic approach is used to

generate rock motions at the base of the Mississippi Embayment.  Rock motions are

subsequently used to excite the soil column and calculate ground motions.

Acceleration time histories of horizontal ground motion may be modeled as band-

limited, zero-mean, Gaussian white noise and the peak amplitude approximated using

random vibration theory (RVT) (Hanks and McGuire, 1981; Boore, 1983).  This

approach assumes that the seismic shear wave energy represented by the Fourier

amplitude spectrum is band-limited by the corner frequency, fc, at low frequencies and by

the cut-off frequency, fmax, or the spectral decay parameter, κ, at high frequencies.  Band-

limited white noise (BLWN) has been successfully used in seismology to estimate ground
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motions at both rock and soil sites for earthquakes (McGuire and Hanks, 1980; Hanks

and McGuire, 1981; Boore, 1983; McGuire et al., 1984).  A brief overview of the model

is given in the following sections.

5.1.1  Fourier Amplitude Spectrum

The stochastic model assumes the acceleration Fourier amplitude spectrum for

horizontal ground motions due to shear waves may be modeled as

where S(f, Μ0) is the source model, D(f, R) is a diminution factor accounting for

attenuation, and P(f) is a low-pass filter to model the decrease of Fourier amplitude

spectra at high frequencies (Atkinson and Boore, 1995).  The model assumes that the

Fourier amplitude spectrum of an acceleration time history may be approximated as

band-limited, random, Gaussian white noise (BLWN).  In other words, the shape of the

spectra is specified by seismological parameters whereby the seismic shear wave energy

is concentrated within a finite frequency range.  Furthermore, the acceleration time

history is assumed to be stationary (statistics are time invariant) within the signal duration

and the corresponding peaks are uncorrelated and have a Gaussian distribution (Boore,

1983).  An example of the Fourier amplitude spectrum is shown in Figure 5.2.  Table 5.1

lists the model parameters selected to generate rock motions for this study.  The model

parameters are discussed in more detail in the following sections.
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FIGURE 5.2  Sample Fourier amplitude spectrum for a point-source model with one
                       corner frequency, a moment magnitude ( Mw) of  6.5 at an epicentral 

                       distance (Re) of 50 km, with κ-filter (κ=0.048 sec) and based on 
                       attenuation model proposed by Atkinson and Boore (1995).
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)fexp()f(P κπ−=

TABLE 5.1  Point Source Model and Attenuation Parameters

Acceleration Fourier Amplitude Spectrum

Source Spectrum

Rφτ = 0.55
F = 2
V = 0.71
ρ = 2.8 g/cm3

R1 = 1 km

Corner Frequency

β = 3.52 km/sec
∆σ = 110 bars, 150 bars

Attenuation

Geometric Attenuation

Anelastic Attenuation

Q model

Low-Pass Filter

κ = 0.048 sec for soil
κ = 0.006 sec for hard rock
κ = 0.02 sec for soft rock
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Earthquake Source Model

The most commonly used earthquake source model is based on Brune (1970,

1971) and assumes an instantaneous rupture of a circular fault producing seismic shear

energy attenuating as 1/ω2 where ω is the angular frequency.  This model is a point

source model and does not consider the dimensions of the fault.  Although the model only

considers the contribution of shear wave energy, it has been effective in predicting

motions since shear wave energy provides the largest contribution to horizontal ground

motion (Boore, 1983).  The Brune source model is defined as

where C is a constant, M0 is the seismic moment, f is the frequency, and fc is the corner

frequency (Boore, 1983). The constant C is defined as

where Rθφ is the average radiation pattern (Rθφ = 0.55), F is the free-surface amplification

(F = 2), V is the partition of energy onto two horizontal components (V = 0.71), ρ is the

mass density at the source, and β is the shear wave velocity at the source.  The density

and shear wave velocity at the source for this study are based on the Catchings (1999)

model described in Chapter IV and taken as 2.8 g/cm3 and 3.52 km/sec, respectively.  A

source depth of 8 km was assumed based on the estimated depths of recorded earthquakes

in the Central U.S. discussed in Chapter IV.
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The corner frequency, fc, is defined as

where β is defined above, and ∆σ is the stress drop (Boore, 1983).  Therefore, the Brune

source spectrum is dependent on two key parameters: (1) the size of the earthquake given

by the seismic moment and (2) the energy released during the event defined by the stress

drop.  The seismic moment, M0, defines the size of the earthquake based on the rupture

strength of the fault (µ), the area of fault rupture (A), and the average slip along the fault

rupture (D) and is given as

and is related to the more commonly used moment magnitude (Mw) by

(Hanks and Kanamori, 1979).    

The stress drop (∆σ) is a measure of the strength of high-frequency energy

(Atkinson and Beresnev, 1997) and represents the available stress that produce seismic

shear waves (Brune, 1970).  Stress drop, also referred to as the stress parameter, is

generally computed from the high-frequency energy of the Fourier amplitude spectra of

measured earthquakes (Atkinson and Beresnev, 1997).  However, the calculated stress

drop may vary significantly from 25 bars to 500 bars based on interpretation of a

particular earthquake (Atkinson and Beresnev, 1997).  Furthermore, the value of stress

drop may be used as a fitting parameter to adjust the point-source model to adequately

model observed ground motions that may not fit the Brune model.  In this case, the stress
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drop (or stress parameter) would be consistent with a modeled shear wave velocity at the

source and near-surface amplification of the rock (Frankel et al., 1996).  A stress drop of

100 bars has been widely used for the Central and Eastern United States and adequately

models measured ground motions (Boore, 1983; EPRI, 1993).  For this study, a stress

drop of 110 bars was used based on the suggestion by Silva (2000).  However, a stress

drop of 150 bars was also considered for select cases to assess the effect of stress drop on

site response.  This value is used in the National Seismic Hazard Maps for the Central

and Eastern United States (Frankel et al., 1996) and accounts for the possibility of an

earthquake with a large stress drop (500 bars) similar to the 1988 Saguenay, Quebec

earthquake.  A sample source spectra is shown in Figure 5.3 with the parameters

specified in Table 5.1.  The stress drop slightly increases the corner frequency and

magnitude of the Fourier amplitude spectra.  In comparison, an increase in moment

magnitude decreases the corner frequency thereby producing more low-frequency energy.

Furthermore, the magnitude of the Fourier amplitude significantly increases with an

increase in moment magnitude.  This increase is more significant at frequencies less than

1 Hz.

Variations from Brune Point-Source Model.     The Brune source model used in this study

considers a point source characterized by one corner frequency.  Joyner (1984) proposed

a two-corner frequency model to more accurately estimate amplitude spectra for large

magnitude earthquakes generally greater than a moment magnitude (Mw) of 6.5 or 7.  The

one-corner frequency model assumes that the high-frequency energy spectrum is

proportional to the rupture area of the fault (Joyner, 1984).  In contrast, the two-corner
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FIGURE 5.3  Comparison of source spectra for stress drops (∆σ) of 110 and 150 bars
                        and moment magnitudes (Mw) of 5.5, 6.5, and 7.5.
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frequency model assumes this applies for earthquakes with a seismic moment, M0, less

than a critical moment, M0C, where the rupture length and width both increase with

magnitude (Joyner, 1984).  Above the critical moment, the rupture width remains

constant while the length increases.  Therefore, the two corner frequencies, fA and fB, are

inversely proportional to the rupture length and width, respectively.  The two-corner

frequency model may produce lower Fourier amplitudes at lower frequencies as shown in

Figure 5.4.  Although the two-corner frequency model has been used to model earthquake

source spectra in Eastern North America (Atkinson and Boore, 1995), the one-corner

frequency model was assumed for analyses in this study although it may be

unconservative at high frequencies.

Beresnev and Atkinson (1997) proposed a finite-fault model to predict ground

motions from large-magnitude earthquakes.  The finite-fault model divides the fault into

smaller segments that are each represented as a point source.  The contribution of each

segment is summed to determine the overall effect at the site of interest.  The finite fault

model requires knowledge of the size of the fault plane and the stress drop for each

subfault.  Furthermore, directivity of the propagation of sources within the fault zone

contributes significantly to the predicted ground motion.  Although the finite fault model

has been successful in modeling strong ground motion (Beresnev and Atkinson, 1997),

the point-source model is considered in this study.

Attenuation Model

The diminution factor represents the total attenuation through the geologic media

and is given as a function of hypocentral distance and frequency by
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FIGURE 5.4  Comparison of source spectra for one and two-corner frequency models.
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and incorporates the effects of anelastic (Da) and geometric (Dg) attenuation.  The

anelastic attenuation considers the decrease of amplitude with increasing frequency and

distance due to intrinsic losses and is given as

where f is the frequency, R is the hypocentral distance, β is the shear wave velocity at the

source, and Q(f) represents the quality factor, Q, as a function of frequency and is given

by

for Eastern North America (Atkinson and Boore, 1995).

Geometric attenuation considers the decrease in amplitude of seismic energy as it

propagates away from the source.  The corresponding geometric attenuation for Eastern

North America selected for this study is dependent on the hypocentral distance and is

given by

(Atkinson and Boore, 1995).  At short hypocentral distances, the direct shear wave is

responsible for the arriving shear wave energy at a location (Atkinson and Mereu, 1992).

For distances from the source greater than two source depths, surface waves dominate
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ground motions for periods greater than 1 second (Hanks and McGuire, 1981).

Reflections from the Moho discontinuity are responsible for amplification at distances

between 50 and 200 km (Atkinson and Mereu, 1992).  The Lg phase composed of

postcritical reflections from trapped shear waves in the crust carries most of the shear

wave energy at distances from 200 to 1000 km due to the waveguide effect (Atkinson and

Mereu, 1992).

Herrmann (2000) proposed a separate geometric attenuation and Q(f) model for

the New Madrid region based on coda or backscattered waves.  The Herrmann model

assumes

and a geometric spreading function varying as a function of R-1 between a hypocentral

distance of 0 and 50 km, R-0.25 between 50 and 120 km, R0.0 between 120 and 200 km,

R-0.5 between 200 and 220 km, and R-1 between 220 and 500 km.  The Herrmann model

and the Atkinson-Boore model are compared in Figure 5.5 for select frequencies.  The

anelastic attenuation and geometric attenuation models are correlated and must be

implemented consistently.  Furthermore, the stress drop selected should also correspond

to the model adopted.  The Atkinson-Boore model was selected for this study since it has

been widely used and validated (Atkinson and Boore, 1998).  However, the difference

between the two models is not significant particularly for hypocentral distances less than

50 km.

30.0f900)f(Q = (5.11)
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FIGURE 5.5  Comparison of attenuation models proposed by Atkinson and Boore (1995)
                       and Herrmann (2000) for select frequencies.  Attenuation model includes 
                       the effects of anelastic and geometric attenuation.
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Low-Pass Filter

P(f) is a low-pass filter modeling the attenuation of high frequencies from the

source spectra.  The high-frequency attenuation has been attributed to both source effects

and site effects (Hanks, 1982; Boore, 1983).  Two models have been proposed.  Boore

(1983) proposed a fourth-order Butterworth filter given by

where fmax is the cut-off frequency defined by Hanks (1982).  The fmax low-pass filter

assumes seismic energy is unfiltered between the corner frequency (fc) and a defined cut-

off frequency (fmax).  The energy is rapidly attenuated for frequencies greater than the cut-

off frequency.  Hanks (1982) provides two possible physical interpretations of fmax.  One

possible explanation considers fmax as the maximum frequency radiated by the seismic

source (source-controlled).  The second possibility is related to the dissipation of high-

frequency seismic energy at the site (site-controlled).  Based on recorded Fourier

amplitude spectra in California, fmax appears to be related to site conditions due to its

variation with distance from the source (Hanks, 1982; Silva and Darragh, 1995).

Anderson and Hough (1984) proposed a second type of low-pass filter based on

the spectral decay parameter (κ) that produces a more gradual attenuation of high-

frequency energy than the fmax-based filter.  Figure 5.6 compares the fmax-filter and κ-

filter for a cut-off frequency of 50 Hz.  A cut-off frequency of 50 Hz has been used in the

Central and Eastern United States (Atkinson and Boore, 1995).  The κ-filter assumes a

decrease in amplitude at frequencies greater than a specific frequency, fE (Anderson and
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FIGURE 5.6  Comparison of low-pass filters used to remove high frequency energy: 
                        κ-filter for soil (κ=0.048 sec),  κ-filter for soft rock (κ=0.02 sec),
                        κ-filter for hard rock (κ=0.006 sec) and fmax-filter (fmax=50 Hz) where

                        κ is the spectral decay parameter and fmax is the cut-off frequency.
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Hough, 1984).  No physical significance has been related to fE, but it is generally greater

than or equal to the corner frequency (Anderson and Hough, 1984).  The corresponding

low pass filter is given as

where κ is defined as the high-frequency slope of the Fourier amplitude spectra plots.

Anderson and Hough (1984) found κ approaches a constant value near the epicenter of a

seismic event and assume it is dependent on the subsurface geology.  At longer distances

from the source, κ increases slightly due to path effects associated with wave propagation

in the crust (Anderson and Hough, 1984).  Hence, the total kappa may be represented as

and the site-dependent κ(0) may be estimated as

where z is the depth, Q is the quality factor, β is the shear wave velocity of the medium,

and H is the thickness of the soil column (Anderson and Hough, 1984; Liu et al., 1994).

The κ(0)-filter was used in this study to model attenuation of high-frequency energy.  A

κ(0) of 0.048 sec was selected for deposits in the embayment as defined by Herrmann

and Akinci (2000).  A κ(0) of 0.006 sec was selected for hard rock sites and κ(0) of 0.02

sec was selected for the soft rock and BC boundary rock sites based on the value

recommended by Frankel et al. (1996) for Central and Eastern North America.
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5.1.2  Random Vibration Theory (RVT)

Random vibration theory (RVT) has been used to estimate peak parameters

including peak ground acceleration (PGA) and peak spectral acceleration (SAmax) from

root-mean-square parameters (Silva, 1992).  The source duration, Td, is defined as the

time for the fault to rupture (Vanmarcke and Lai, 1980) and specifies the interval over

which the signal is stationary (Ou and Herrmann, 1990).  The source duration should not

be confused with the ground motion duration which increases with both period and

distance (Hanks and McGuire, 1981).  Hanks and McGuire (1981) suggest that large

earthquakes produce greater accelerations due to the longer faulting duration.  Seed and

Idriss (1969) observed a similar effect.  Earthquakes producing large maximum ground

accelerations with short durations have produced less damage than earthquakes with

lower accelerations and longer durations (Seed and Idriss, 1969).

The source duration is inversely proportional to the corner frequency given as

The ground motion is controlled primarily by body waves at short distances from the

source (Herrmann, 1985).  However, surface waves and reflections due to the soil

column-basement boundary (half-space boundary) increase the duration of strong ground

motion at increasing distances (Herrmann, 1985).  At much larger distances, reflections

from the Moho ("Moho bounce") also contribute to the duration of strong ground motions

(Herrmann, 1985).  Herrmann (1985) proposed using a total duration of
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to account for path duration and the wave guide effect of the crust.  This source duration

was used in this study.

Vanmarcke and Lai (1980) estimated the root-mean-square acceleration (arms)

from Parseval's Theorem.  Parseval's Theorem relates the total energy in the frequency

domain to the total energy in the time domain where the total energy is defined as

and a(t) is the acceleration time history, and A(f) is the Fourier amplitude spectrum

(Vanmarcke and Lai, 1980).  The arms is defined as

The maximum acceleration or peak ground acceleration (amax, PGA) is obtained

from Cartwright and Longuet-Higgins (1956) for the maxima of a random function.

Cartwright and Longuet-Higgins (1956) assume that the phases of the random function

are random and uniformly distributed between 0 and 2π.  Cartwright and Longuet-

Higgins (1956) defined the ratio of amax to arms as

where ε is a measure of the width of the energy density spectrum of the time domain

history and may be expressed as

∫= dT

0

2

d
rms dt)t(a

T

1
a (5.19)

[ ]∫
∞

θ
θ



 θ−ε−−−=

0

N
2

rms

max d
1

)exp(111
2

1

a

a (5.20)

40

2
2402

mm

mmm −
=ε (5.21)

∫∫
∞

∞−

∞

∞− π
= df)f(A

2

1
dt)t(a

22 (5.18)



230

(Cartwright and Longuet-Higgins, 1956) and mn is the nth spectral moment given as

where A(f) is the energy density spectrum.  N is the number of maxima as approximated

by Boore (1983)

where fd is the predominant frequency and Td is the duration of motion.  The predominant

frequency is given by

(Boore, 1983).  Finally, θ is given by Cartwright and  Longuet-Higgins (1956) as

Random vibration theory is used to approximate the peak ground acceleration (amax or

PGA) from source duration and the root-mean-square acceleration (arms).  Random

vibration theory adequately predicts ground motions as long as the assumptions of

stationarity and uncorrelated peaks are not unreasonable (Boore, 1983).

5.1.3  Modeling Ground Motions Using BLWN and RVT

The stochastic approach using band-limited white noise (BLWN) and random

vibration theory (RVT) is used to model ground motions.  Hanks and McGuire (1981)
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provide approximations to estimate peak ground motion parameters.  Boore (1983)

proposes an approach to generate acceleration time histories based on the BLWN-RVT

previously discussed.  The approach outlined by Boore (1983) is encoded in the computer

program SMSIM (Boore, 1996) and is represented in Figure 5.7.  A time domain

sequence is generated as a Gaussian white noise signal (uncorrelated, zero mean signal

with Gaussian distributed maxima).  A window is applied to produce a finite duration

signal.  The Fourier amplitude spectrum of the windowed signal is multiplied by the

model spectrum, A(f,M0,R), previously defined.  The random phase spectrum is

unchanged.  The acceleration time history is obtained as the inverse Fast Fourier

Transform of the Fourier amplitude spectra and the random phase spectra.  The new time

signal has a finite duration and a Fourier amplitude spectrum that corresponds to the

model spectrum.  This method produces one realization of the stochastic process.  Monte

Carlo simulations may be used to generate a suite of time histories to account for the

probabilistic nature of strong motion where the average Fourier amplitude spectrum of

multiple simulations approaches the model spectrum (Boore, 1983).  This approach has

been used extensively to model ground motions (Atkinson and Boore, 1995; Wen and

Wu, 1999).

If time histories are not required for analysis, random vibration theory may be

used to determine peak parameters in the time domain as discussed in the previous

section.  The use of random vibration theory produces probabilistic estimates of site

response and eliminates the need for a suite of time histories (Silva et al., 2000).

Silva and Lee (1987) used a similar approach to Boore (1983) to generate

acceleration time histories.  However, rather than using a random phase, the phase from a
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FIGURE 5.7  Methodology developed by Boore (1983) for generating finite duration 
                       acceleration time histories, a(t), with the specified Fourier amplitude 
                       spectral shape.
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recorded time history of similar magnitude and hypocentral distance to the desired is

used.  Therefore, the program RASCALS produces a more realistic phase spectra rather

than the random phase spectra resulting in more realistic interpretations of velocity and

displacement time histories (Silva and Lee, 1987; Schneider et al., 1993).

5.1.4  Validation of BLWN-RVT

The stochastic approach modeling rock motions as band-limited white noise

(BLWN) and using random vibration theory (RVT) has been used extensively.  Boore

(1983) observed that the approach agrees with observed peak velocities and accelerations.

McGuire et al. (1984) evaluated the use of the stochastic approach and concluded that it

provides accurate estimates between frequencies of 1 to 10 Hz.  Schneider et al. (1993)

found that the point-source model using BLWN-RVT estimated ground motions from the

1989 Loma Prieta earthquake adequately.  Atkinson and Boore (1998) compared various

models based on the BLWN-RVT concept and observed that, in general, the models may

overpredict ground motions at longer periods.  Differences among the models are

attributed to the selection of attenuation models and seismological parameters and not

necessarily to limitations of the BLWN-RVT approach (Atkinson and Boore, 1998).

Overall, the stochastic approach employing BLWN-RVT has modeled recorded ground

motions adequately and is a reasonable choice to model ground motions when recorded

motions are not available.
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5.2  Dynamic Material Properties

The susceptibility of a soil deposit to ground motion amplification is determined

by the dynamic properties.  The shear modulus and damping ratio are key parameters in

modeling the nonlinear soil behavior in site response (Hardin and Drnevich, 1972).

Shear modulus is a measure of the stiffness of a material and damping is the ability of the

material to dissipate energy.

5.2.1  Definition of Dynamic Properties

A soil subjected to cyclic shear loading undergoes the stress-strain relationship

given by the hysteresis loop in Figure 5.8 for one cycle of loading.  The shear modulus,

G, is defined as the slope of the stress-strain relationship. The curved path shown in

Figure 5.8 is due to the nonlinear behavior of soil.  Different measures of shear modulus

may be calculated from this relationship.  The maximum shear modulus (Gmax) is defined

as the initial slope of the stress-strain curve.  The slope at a particular strain is termed the

tangent shear modulus (Gtan) whereas the secant shear modulus (Gsec) is the average shear

modulus for a given load cycle.  As is evident from Figure 5.8, the shear modulus

decreases with increasing strain.  The relationship between shear modulus and shear

strain is given by the modulus reduction curve.  A typical relationship is shown in Figure

5.9 where the shear modulus is normalized by the maximum shear modulus.  A true

nonlinear analysis considers the shear modulus at each strain increment given by Gtan.

Equivalent-linear analyses use the secant modulus to approximate the nonlinear behavior

(Schnabel et al., 1972).
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FIGURE 5.8  Hysteresis loop and definition of maximum shear modulus (Gmax), tangent
                      shear modulus (Gtan), and secant shear modulus (Gsec).
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FIGURE 5.9  Typical relationship between normalized shear modulus and shear strain.
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The energy dissipated in one cycle of loading is defined by the damping ratio (D)

as

where Emax is the maximum strain energy and ∆E is the strain energy dissipated in one

cycle given by the total area of the hysteresis loop (Figure 5.10).  The damping ratio

represents the strain energy dissipated as intrinsic losses and is also termed material

damping or intrinsic attenuation.  As with shear modulus, the damping ratio is also strain-

dependent.  The damping ratio increases with strain level as the material softens and is

able to dissipate more energy.  The typical relationship is illustrated by the damping

curve shown in Figure 5.11.

The modulus reduction and damping curves are measured in the laboratory.

Resonant column tests are conducted to establish the relationship at small to intermediate

strains.  Large-strain measurements are typically conducted using cyclic triaxial tests,

cyclic direct simple shear tests, or cyclic torsional shear tests (Kramer, 1996).  The

damping ratio is dependent on the frequency of excitation increasing with increasing

frequency (Lo Presti et al., 1999).  The maximum shear modulus for a soil deposit is

measured in the field to preserve the in situ soil fabric and cementation.  The shear wave

velocity is measured by tests such as crosshole tests, downhole tests, seismic cone

penetration tests, spectral analysis of surface waves (SASW), or seismic refraction

surveys.  The maximum shear modulus (Gmax) is calculated from the shear wave velocity

(Vs) as

maxE4

E
D

π
∆= (5.26)
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FIGURE 5.10  Hysteresis loop and initial strain energy (Emax) and strain energy (∆E)
                         dissipated in one loading cycle.
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FIGURE 5.11  Typical relationship between damping ratio and shear strain.
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where ρ is the mass density.

5.2.2  Factors Affecting Dynamic Properties

Hardin and Drnevich (1972) identified the confining stress, strain level, and void

ratio as the key factors affecting dynamic properties.  The total confining stress increases

with depth and is defined as the product of the unit weight of the soil and the depth from

the ground surface.  The effective confining stress is the stress acting on the soil particles

and is equal to the difference between the total confining stress and the pore water

pressure.  An increase in effective mean principal stress increases the elastic strain

threshold.  Therefore, soils under high confining stresses will behave as stiffer materials

than similar soils at lower confining stresses.  For clays, an increase in void ratio causes a

decrease in both shear modulus and damping ratio.

The reduction of shear modulus with shear strain decreases with increasing

plasticity index.  Vucetic and Dobry (1991) showed that the shear modulus of high

plasticity clays remains elastic for higher strains than for soils with a low plasticity index.

However, this same study found that the damping ratio decreases with increasing strain

for higher values of plasticity index.  Therefore, although the shear modulus does not

degrade as rapidly at high strains, the soil does not dissipate as much energy producing

linear soil behavior at larger strains.  The result of this phenomenon is increased

amplification such as that recorded in Mexico City during the 1985 Michoacan

earthquake (Vucetic and Dobry, 1991).

2
smax VG ρ= (5.27)
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Rogers et al. (1985) observed that the increase in damping controls soil behavior

at high strains.  Hence, although the material is “softer” at higher strains, it absorbs more

energy and is less likely to amplify ground motions.  However, at lower strain

amplitudes, the damping ratio is small and does not control the dynamic behavior.  The

decrease in shear modulus governs the behavior and results in ground motion

amplification in soft deposits.  This has been observed in several earthquakes where

greater amplification was observed in soils undergoing weak motions than strong

motions.

5.2.3  Modulus Reduction and Damping Curves

Several researchers have developed modulus reduction and damping curves based

on laboratory measurements.  The EPRI (1993) study developed relationships based on

collected and tested samples.  Assimaki et al. (2000, 2001) developed a model based on

the results of Laird and Stokoe (1993).  Darendeli (1997) performed resonant column and

torsional shear tests on numerous samples at high confining pressures.

EPRI (1993)

The EPRI (1993) study conducted resonant column/torsional shear (RCTS) and

large-scale triaxial chamber (LSTC) laboratory tests on samples obtained from Gilroy 2

(California), Treasure Island (San Francisco Bay Area), and Lotung, Taiwan.  Based on

the extensive laboratory tests performed, as well as a literature review of recent test

results, modulus reduction and damping curves were developed for various confining
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pressures corresponding to depths ranging from 0 to 305 meters.  These curves are shown

in Figure 5.12.

Assimaki et al. (2000, 2001)

Assimaki et al. (2000, 2001) developed a model for estimating shear modulus and

damping ratio as a function of vertical confining stress and strain.  The model is based

partly on the results of Laird and Stokoe (1993) at high confining stresses to predict the

modulus degradation and damping curves at large depths.  The model estimates dynamic

properties for a confining pressure ranging from 30 kPa to 1.8 MPa.  The shear modulus

(G) at a particular shear strain (γc) is given as

and the shear stress is defined as

A, B, C, C1, and C2 are a function of confining stress, Poisson's ratio, void ratio, and the

elastic bulk modulus (Assimaki et al., 2000, 2001).  The damping ratio is given as

c
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FIGURE 5.12  EPRI (1993) (a) modulus reduction and (b) damping curves.

(a) Modulus reduction curves

(b) Damping curves
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The Assimaki et al. (2000, 2001) model is shown in Figure 5.13 for select confining

stress conditions.

Darendeli (1997)

Darendeli (1997) performed resonant column and torsional shear tests on samples

from the 1994 Northridge earthquake.  Tests were performed at confining pressures

ranging from 34.5 kPa to 1.1 MPa.  The results of some of these tests are shown in Figure

5.14.

5.2.4  Selection of Dynamic Properties

Figure 5.15 compares the modulus degradation and damping curves obtained

from EPRI (1993), Assimaki et al. (2000, 2001), and Darendeli (1997) for a select

confining pressure.  The EPRI (1993) modulus degradation and damping curves were

selected for site response analysis.  These curves were selected due to the large database

of laboratory tests conducted to establish these relationships.  However, the curves were

randomized to account for aleatory uncertainty using the computer program RANPAR

developed by Silva (2000) that is discussed in the next section.  The randomization varies

the material properties and encompasses the results from Assimaki et al. (2000, 2001)

and Darendeli (1997).

5.3  Randomization of Site Response Inputs

Key parameters were randomized to account for aleatory uncertainty.  A

randomization computer program developed by Silva (2000) and called RANPAR was
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FIGURE 5.13  (a) Modulus reduction and (b) damping curves based on the model  
                          proposed byAssimaki et al. (2000, 2001) for several depths at a void 
                          ratio of 0.6.
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FIGURE 5.14  (a) Modulus reduction and (b) damping curves based on measurements
                          by Darendeli (1997) for several soil depths.

(a) Modulus reduction curves

(b) Damping curves
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FIGURE 5.15  Comparison of (a) modulus reduction and (b) damping curves proposed
                         by EPRI (1993), Assimaki et al. (2000, 2001) and Darendeli (1997) for 
                         selected soil depths.

(a) Modulus reduction curves 

(b) Damping curves
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used to randomize shear wave velocity profiles and the corresponding dynamic

properties.  Thirty simulations were conducted such that the shear wave velocity and

dynamic properties for each simulation was perturbed from the original base case.  Thirty

simulations produce a stable estimate of the lognormal mean (Silva, 2000).  More than

300 simulations may need to be performed to achieve a stable lognormal standard

deviation.  Each set of randomized Vs profiles and dynamic properties were entered into

the site response program RASCALS.  Thirty random Fourier amplitude spectra were

generated using BLWN and RVT to approximate the modeled spectra.

5.3.1  Randomization of Vs Profiles

The profiles developed in Chapter IV were selected as the base case profiles.

However, the randomization algorithm varies the total depth of the profile based on the

maximum depth of the base case profile.  Therefore, the profiles were extended to capture

the depth of interest.  For the 1000-meter embayment profiles, the depth of the

randomized profiles was varied between 900 and 1020 meters.  For the 600-meter

profiles, the maximum depth was varied between 500 and 620 meters.  The 100-meter

profiles were varied from a depth of 75 to 110 meters.

The layer thickness, shear wave velocity of the profiles, and shear wave velocity

of the half-space were randomized based on a subroutine developed by Toro (2001) and

encoded in RANPAR.  The Vs profiles were randomized such that travel time through the

randomized profile was within 10% of the base case profile.  The lognormal standard

deviation (σln) for each layer was assumed to be 0.15 based on the site-specific analyses

described in Chapter IV.  Additionally, the correlation coefficient between the lognormal



249

mean of adjacent layers was specified as 0.50. Figure 5.16 shows an example of the

randomized profiles for the Uplands generic profile.  Figure 5.17 shows the median

computed for the profiles with a near-surface, high-velocity layer.

The standard deviation and correlation coefficient are based on the results of the

site-specific studies discussed in Chapter IV and may underestimate the uncertainty and

randomness in the Upper Mississippi Embayment.  Furthermore, the uncertainty of the

shear wave velocity at large depths (>70 meters) may be greater than that assumed due to

the few measurements obtained at these depths.  Therefore, confidence intervals or

uncertainty estimates are not presented in this study.  Instead, median results are

presented.

5.3.2  Randomization of Dynamic Properties

The modulus reduction and damping curves were randomized to account for

aleatory uncertainty in dynamic properties.  The EPRI (1993) curves, shown in Figure

5.12, were selected as the base case curves.  Maximum and minimum curves were

specified based on the recommendations of Silva (2000).  These were selected such that

unrealistic curves were not created.  The lognormal standard deviation (σln) for the

modulus and damping was defined as 0.11 and 4.0%, respectively (Silva, 1992).  The

randomization algorithm maintains the shape of the modulus reduction and damping

curves.  The randomized curves for one depth range are shown in Figure 5.18.
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FIGURE 5.18  Randomized (a) modulus reduction and (b) damping curves for a depth
                         ranging from 37 to 76 meters.
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5.4  Site Response

Site response analyses were conducted based on the dynamic properties discussed

in the previous section, the Vs profiles developed in Chapter IV, and rock motions

generated from the stochastic approach.  Rock motions at the base of the soil column are

propagated through the soil to determine the surface ground motions as shown by items 1

to 3 in Figure 5.19 where the response of the soil is represented by a simplified

amplification spectrum.  Several models have been developed to calculate stresses and

strains in the soil column including linear, equivalent-linear, and nonlinear approaches.

These approaches generally consider one-dimensional wave propagation.  Such an

analysis does not consider basin effects that trap seismic energy within the embayment.

However, a one-dimensional analysis is assumed to be a good approximation for this

study due to the shallow slope of the embayment-basement interface (Bodin and Horton,

1999).

5.4.1  Linear Method:  Quarter-Wavelength Approximation

A simplified, linear approach was proposed by Joyner et al. (1981) to predict site

response.  The quarter-wavelength approximation is used to estimate the amplification of

Fourier amplitude spectra for a soil site compared with a reference rock condition.  The

amplification is defined as

( )
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FIGURE 5.19  Methodology used in site response analysis to determine the response
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                         amplitude spectrum calculated at the ground surface.
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where ρ is the mass density, β is the shear wave velocity, θ is the angle of incidence, and

the subscripts r and s corresponding to the rock and the site, respectively.  Since the angle

of incidence is generally assumed to be small, the cosine factors are typically neglected

(Joyner et al., 1981).

The procedure for calculating the amplification is outlined in Boore and Brown

(1998) and is briefly presented here.  The properties of the soil site are averaged over a

distance equal to a quarter wavelength.  The travel time to the depth of interest and the

average shear wave velocity over that distance are obtained.  The amplification between

the reference rock parameters and the site is determined by the equation above.  This

amplification corresponds to a frequency equal to one-fourth of the travel time to the

depth of interest.  The frequency is determined as

where z is the depth and t(z) is the travel time to depth z.  Finally, an attenuation factor

may be applied to model the attenuation of seismic energy with frequency.  One of the

features of using the quarter-wavelength approach is that a smooth amplification

spectrum is obtained because resonances within the soil column are disregarded (Boore

and Joyner, 1997).

5.4.2  Nonlinear Methods

Unlike methods such as the quarter-wavelength approximation that assume the

soil behaves linearly regardless of strain level, nonlinear methods use the value of shear

modulus and damping ratio at the strain level of interest.  Nonlinear methods employ

)z(t4

1
)z(f = (5.32)
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modulus reduction and damping curves to describe the strain-dependent soil behavior

(Kramer, 1996).  Numerical integration techniques are used to calculate the stress and

strain at each successive depth and time-interval due to the propagation of seismic energy

through the soil column (Kramer, 1996).  Several computer programs such as

CHARSOIL, DESRA-2, and DETRAN have been developed that consider nonlinear soil

behavior.  Hashash and Park (2001) used the nonlinear model encoded in the program

D_MOD to estimate amplification spectra in the Mississippi Embayment.

5.4.3  Equivalent-Linear Methods: SHAKE and RASCALS

Equivalent-linear analyses have been developed to model dynamic behavior and

predict site response based on average shear modulus and damping ratio values within a

soil layer.  Idriss and Seed (1968) idealized subsurface layers as homogeneous, horizontal

layers that extend infinitely in the lateral direction and overlie a uniform half-space.

Initial values of damping and shear modulus are provided for each layer.  The shear strain

of each layer is determined based on the input motion and the dynamic properties of the

layer.  Due to the transient nature of acceleration time histories, the peak strain will

overestimate the average cyclic strains.  Therefore, an effective strain is defined as a

fraction of the peak strain.  For this study, the effective strain is taken as 0.65 of the peak

strain.  The appropriate modulus and damping values for the calculated effective strain at

the midpoint of a layer are determined based on the modulus reduction and damping

curves specified.  The shear strain is recomputed and compared with the value of

effective strain from the previous iteration.  This process continues until the effective

strains converge.  Hence, the equivalent-linear method uses an iterative approach to



257

determine shear modulus and damping ratio values corresponding to the calculated

effective shear strains within each layer.  Furthermore, the equivalent-linear analysis is a

total stress analysis that does not consider the effect of excess pore pressure on site

response (Dikmen and Ghaboussi, 1984).

The computer program SHAKE, developed by Schnabel et al. (1972), implements

the equivalent-linear approach outlined by Idriss and Seed (1968) to calculate stresses

and strains at each successive layer.  SHAKE has been extensively used to estimate

motion at the surface.  Wen and Wu (1999) used the stochastic approach proposed by

Boore (1983) to simulate time histories and SHAKE to model ground motions in the

Central U.S.  Dobry et al. (1994) found that the results of SHAKE and the nonlinear

program DETRAN were comparable.

SHAKE has four distinct disadvantages for a study of the type performed here.

Since acceleration time histories are entered as the motion at the half-space, multiple

simulations must be performed such that the average Fourier amplitude spectra of each

time history models the desired spectra.  This can be an inefficient, time-exhaustive

process.  Secondly, the number of soil layers is limited to 50.  This limitation may not be

adequate to model deep soil profiles such as that present in the Mississippi Embayment.

Furthermore, for thick soil columns subjected to large motions, an equivalent-linear

analysis such as SHAKE may underestimate ground motions at short periods (Joyner et

al., 1981).  Finally, the equivalent-linear approach may not be able to converge due to

nonlinear behavior at large strains.  Therefore, SHAKE may be incapable of adequately

modeling ground motions for acceleration time histories that produce significant

nonlinear behavior.
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Silva employs an equivalent-linear approach in the computer code RASCALS.

However, unlike SHAKE, RASCALS works exclusively in the frequency domain.

RASCALS calculates the maximum strain from the root-mean-square strain using

random vibration theory.  Therefore, numerous simulations in the time domain to obtain a

stable estimate are not required since the frequency domain estimates are probability-

based (Silva, 1992).  The effective strain is then computed as 0.65 of the maximum

strain.  RASCALS uses the stochastic approach proposed by Boore (1983) to generate

rock motions.  A database of measured earthquake spectra may be used to select an

appropriate phase spectrum when calculating time histories.  If response spectra are to be

computed, no phase spectra need to be specified and the analysis occurs entirely in the

frequency domain.  Another advantage of RASCALS is no constraint is placed on the

number of layers.  However, the method is still an equivalent-linear approach and may

not converge at large strains.  RASCALS was implemented in this study to predict

ground motions.

Another modification to the equivalent-linear approach was proposed by Kausel

and Assimaki (2001).  Kausel and Assimaki (2001) introduced frequency-dependent soil

parameters into an equivalent-linear analysis.  This approach considers the variation of

strain amplitude with frequency instead of relying on a single effective strain value that

reduces the attenuation of high-frequency motion.

5.4.4  Validation of Equivalent-Linear Analysis

Equivalent-linear analysis have been used extensively to estimate site response

(Schneider et al., 1993; Dobry et al., 1994; Wen and Wu, 1999).  Idriss (1990) compared
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the results of equivalent-linear analyses with the recorded ground motions from the 1989

Loma Prieta earthquake and concluded the equivalent-linear approach is adequately

estimates motions for ground motions less than 0.2 g of input rock accelerations.  Dikmen

and Ghaboussi (1984) compared nonlinear and equivalent-linear analyses and observed

that the equivalent-linear analysis produces larger spectral accelerations at intermediate

periods (≈0.5 sec) and smaller spectral accelerations at shorter periods (≈0.1 sec)

compared with nonlinear analyses. EPRI (1993) observed little difference between the

results of equivalent-linear and nonlinear analysis for motions between 0.05 and 0.5 g.

The equivalent-linear analysis encoded in RASCALS was used in this study to determine

site response based on its effectiveness in modeling observed ground motions (Schneider

et al., 1993).

5.5  Response Spectra

The response spectrum is used to represent the maximum response of a single-

degree-of-freedom (SDOF) system as a function of the natural frequency of the system

(Kramer, 1996).  The response of a single degree of freedom (SDOF) system to a ground

motion is used to model the response of structures.  The SDOF system shown in Figure

5.20 is characterized by a mass, m, with a damping, cd, and a stiffness, k.  The equation

of motion of a SDOF system subjected to a ground acceleration, gu!! , is

where u, u! , and u!!  are the displacment, velocity, and acceleration of the system relative

to the ground (Kramer, 1996).

gd umkuucum !!!!! ⋅−=+⋅+⋅ (5.33)
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FIGURE 5.20  Single-degree-of freedom (SDOF) system with stiffness (k) damping (cd),
                        and mass (m).  The ground acceleration is given by )t(u g

!! .

m
k

)t(u
g

!!

cd
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A transfer function is applied to determine the effect of the Fourier amplitude

spectrum of the ground surface on the SDOF system.  The transfer function is dependent

on the natural frequency and damping of the system and is given by

where ωn is the natural frequency of the system, Ω is the frequency of excitation, and ξ is

the fraction of critical damping of the system defined as

and ccr is the critical damping coefficient

Therefore, given the ground motion in terms of the Fourier amplitude spectrum, the

response of the SDOF system is the product of the Fourier amplitude spectrum and the

transfer function. Response spectra were computed for all simulations assuming a

spectral damping (ξ) of 5%.

Items 3 through 6 in Figure 5.19 conceptualize the methodology used to generate

response spectra.  The Fourier amplitude spectra calculated at the ground surface from a

site response analyses is multiplied by the transfer function.  This produces the Fourier

amplitude spectrum of a SDOF system with a specific resonant frequency.  The

maximum acceleration of the SDOF system is the spectral acceleration at the specified

natural frequency of the system.  This process is repeated for various resonant

cr

d

c

c=ξ (5.35)
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frequencies to obtain the response spectra.  The peak ground acceleration (PGA) occurs

at a natural period of 0 where the stiffness of the system in infinite.

5.6  Overview of Methodology

Site response was determined for the generic and characteristic profiles based on

the methodology outlined and described in this chapter.  Band-limited white noise

(BLWN) was used to generate rock motions at the base of the soil column as illustrated in

Figure 5.1.  Soil parameters such as the shear wave velocity profiles and dynamic

material properties were randomized to account for uncertainty.

The equivalent-linear approach encoded in RASCALS propagates the rock

motions through the soil column to estimate motions at the ground surface.  Figure 5.19

outlines the procedure for calculating the response spectrum of a single-degree-of-

freedom (SDOF) system from rock motions.  This can be conceptualized by applying an

amplification spectrum to the rock motions to amplify or deamplify the Fourier amplitude

and estimate the motions at the ground surface.  The transfer function for a SDOF system

is then multiplied by the Fourier amplitude spectrum at the ground surface to determine

the response of the SDOF system with a specified resonant frequency.  The maximum of

the response of the SDOF system in the time domain is the spectral acceleration at the

resonant frequency of the system.  This procedure is repeated for all resonant frequencies

of interest to produce the response spectrum.  Therefore, response spectra show the

spectral acceleration as a function of the natural period of the SDOF system.  The results

of the parametric study conducted in this study are discussed in Chapter VI and presented
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in terms of Fourier amplitude and response spectra.  Amplification spectra are also

presented in Chapter VI as the ratio of response of a soil site to a rock site.
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CHAPTER VI

DISCUSSION OF SITE RESPONSE ANALYSES

The deep soil column in the Mississippi Embayment may amplify ground motions

significantly due to the low-velocity deposits found throughout the region and resonances

due to the large impedance contrast at the base of the soil column.  Therefore, site

response analyses were performed to estimate ground motions and assess the effect of

several factors on site response.  The factors evaluated are classified as geotechnical and

seismological.  The geotechnical factors include:

•  Depth of nonlinear soil behavior

•  Effect of distance on nonlinear soil behavior

•  Age of near-surface geologic deposits

•  Embayment depth

•  Effect of a near-surface, high-velocity layer

•  Comparison of generic and characteristic profiles

The following three seismological factors were selected for analysis:

•  Stress drop

•  Moment magnitude

•  Epicentral distance

The results of spectral acceleration as a function of distance are compared with published

attenuation relationships for the Central United States in Chapter VII.
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A parametric study was performed to evaluate the effect of the selected factors on

site response.  Site response was evaluated for select earthquake scenarios.  Table 6.1

lists the parameters and cases selected for analysis.  As discussed in Chapter V, 30

simulations were performed where the rock motions, Vs profile, and dynamic properties

were randomized for each simulation.  A reference case earthquake scenario was selected

with a moment magnitude of 6.5 and an epicentral distance of 50 km.  The effect of all

the factors was evaluated for this reference earthquake scenario.

Two soil profiles were considered: (1) the Uplands profile and (2) the Lowlands

profile.  Three embayment depths were evaluated for each of these soil profiles: (1) 100-

meter, (2) 600-meter, and (3) 1000-meter.  Additionally, the soil profiles were compared

to three rock profiles.  The rock profiles, previously introduced in Chapter IV, include a

hard rock profile representing NEHRP site class A (Vs=2040 m/s), a soft rock profile

representative of NEHRP site class B (Vs=1200 m/s), and a BC boundary rock site with a

shear wave velocity of 760 m/s.  The results of the site response analyses are presented

and discussed in this chapter.

Table 6.2 lists the earthquake scenarios evaluated and the calculated median peak

ground acceleration (PGA) obtained for the generic profiles.  Table 6.3 lists the median

PGA values calculated for the characteristic profiles in the Memphis area.  The results in

this chapter are presented in two ways: (1) the response of each profile (absolute

response) and (2) the response of each soil profile relative to a reference rock profile

(relative response).  The absolute response of each profile is presented as the Fourier

amplitude spectra and the acceleration response spectra (5% damping).  The relative

response is presented as a ratio of the response of a soil profile to a specific rock profile
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TABLE 6.1  Factors Selected for Parametric Study of Site Response

Parameter Cases Evaluated

Depth of Nonlinear Soil
Behavior

0 meters (linear)
30 meters
150 meters
300 meters
1000 meters

Distance and Nonlinear
Behavior

10 km
50 km
200 km

Geology

Uplands profile
Lowlands profile
Hard rock (Rock A)
Soft rock (Rock B)
BC boundary rock

Embayment Depth

0 meters (rock outcrop)
100 meters
600 meters
1000 meters

High-Velocity Layer
P-H1
P-H2
P-H3

Geotechnical Factors

Characteristic Profiles

H-TN (Mississippi River)
H-WR (Wolf River)
P-M (Memphis)
P-WR (North of Wolf River)
P-SC (South-central Memphis)
P-SF (Shelby Forest)

Stress Drop (∆σ)
110 bars
150 bars

Moment Magnitude
5.5
6.5
7.5

Seismological Factors

Epicentral Distance

10 km
25 km
50 km
100 km
200 km



TABLE 6.2  Median PGA Computed for Generic Profiles

Profile
Embayment Depth 

(m)
∆σ ∆σ ∆σ ∆σ 

(bars)
Depth of Nonlinear 

Behavior (m)
Mw

R     
(km)

Median 
PGA (g)

5.5 50 0.030

7.5 50 0.167

8 50 0.238

6.5 10 0.444

6.5 25 0.186

6.5 50 0.076

6.5 100 0.036

6.5 200 0.015

5.5 50 0.024

7.5 50 0.141

8 50 0.202

6.5 10 0.334

6.5 25 0.146

6.5 50 0.063

6.5 100 0.033

6.5 200 0.016

5.5 50 0.029

7.5 50 0.177

8 50 0.254

6.5 10 0.421

6.5 25 0.186

6.5 50 0.079

6.5 100 0.042

6.5 200 0.020

6.5 10 0.537

6.5 50 0.107

6.5 200 0.031

Lowlands 1000 110 30 6.5 10 0.293

5.5 50 0.030

7.5 50 0.157

8 50 0.203

6.5 10 0.245

6.5 25 0.149

6.5 50 0.080

6.5 100 0.048

6.5 200 0.027

Lowlands 1000 110 300 6.5 10 0.234

Lowlands 1000 110 1000 6.5 10 0.195

BC Boundary 0 110 0

Hard Rock (A) 0 110 0

Soft Rock (B) 0 110 0

Lowlands 1000 110 150

Lowlands 1000 110 0
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TABLE 6.2  Median PGA Computed for Generic Profiles (continued)

Profile
Embayment Depth 

(m)
∆σ ∆σ ∆σ ∆σ 

(bars)
Depth of Nonlinear 

Behavior (m)
Mw

R     
(km)

Median 
PGA (g)

5.5 50 0.037

6.5 50 0.097

7.5 50 0.188

5.5 50 0.032

7.5 50 0.156

6.5 10 0.249

6.5 25 0.148

6.5 50 0.083

6.5 100 0.050

6.5 200 0.028

5.5 50 0.033

7.5 50 0.152

6.5 10 0.238

6.5 25 0.148

6.5 50 0.081

6.5 100 0.050

6.5 200 0.028

6.5 10 0.4604

6.5 50 0.0914

6.5 200 0.02617

5.5 50 0.028

7.5 50 0.161

8 50 0.205

6.5 10 0.270

6.5 25 0.156

6.5 50 0.076

6.5 100 0.044

6.5 200 0.024

5.5 50 0.035

6.5 50 0.095

7.5 50 0.190

5.5 50 0.029

7.5 50 0.160

6.5 10 0.267

6.5 25 0.154

6.5 50 0.077

6.5 100 0.045

6.5 200 0.024

Uplands 1000 110 0

Lowlands 1000 150 150

Lowlands 600 110 150

Lowlands 100 110 150

Uplands 1000 110 150

Uplands 1000 150 150

150110600Uplands
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TABLE 6.2  Median PGA Computed for Generic Profiles (continued)

Profile
Embayment Depth 

(m)
∆σ ∆σ ∆σ ∆σ 

(bars)
Depth of Nonlinear 

Behavior (m)
Mw

R     
(km)

Median 
PGA (g)

5.5 50 0.031

7.5 50 0.161

6.5 10 0.287

6.5 25 0.158

6.5 50 0.081

6.5 100 0.047

6.5 200 0.025

Uplands - high-Vs 1 1000 110 150 6.5 50 0.053

Uplands - high-Vs 2 1000 110 150 6.5 50 0.044
Uplands - high-Vs 3 1000 110 150 6.5 50 0.041

Uplands 100 110 150
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TABLE 6.3  Median PGA Computed for Characteristic Profiles

Profile
Embayment Depth 

(m)
∆σ ∆σ ∆σ ∆σ 

(bars)
Depth of Nonlinear 

Behavior (m)
M

R      
(km)

Median PGA 
(g)

5.5 50 0.031

6.5 50 0.077

7.5 50 0.147

8 50 0.171

5.5 50 0.029

6.5 50 0.077

7.5 50 0.154

8 50 0.205

5.5 50 0.029

6.5 50 0.075

7.5 50 0.157

8 50 0.211

5.5 50 0.022

6.5 50 0.061

7.5 50 0.129

8 50 0.177

5.5 50 0.028

6.5 50 0.071

7.5 50 0.147

8 50 0.195

5.5 50 0.032

6.5 50 0.082

7.5 50 0.159

8 50 0.207

H-TN 1000 110 150

150

150

H-WR 1000 110 150

1000

110

110

P-M 1000 110

P-SC 1000

150

150P-WR 1000 110

P-SF
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and termed the amplification spectra.  Furthermore, the calculated amplification spectra

are compared with published amplification factors from previous studies in the Central

and Eastern United States.

6.1  Absolute Site Response

The absolute site response was evaluated using two measures.  The Fourier

amplitude spectrum (FAS) defines the frequency content of ground motions.  As

discussed in Chapter V, Vs profiles and dynamic material properties were randomized

and a total of 30 simulations were run for each earthquake scenario.  An example of the

results of each simulation and the median (50th percentile) of the simulations is shown in

Figure 6.1.  The FAS for all earthquake scenarios are included in Appendix B.  Cases

showing the effect of the selected factors are discussed in this chapter.

The second measure of absolute site response is the acceleration response

spectrum (Sa).  The response spectrum is the response of a single-degree-of-freedom

system (SDOF) with a spectral damping ratio of 5% to the input ground motions.  Figure

6.2 shows an example of the response spectra for each simulation and the median

spectrum calculated.  Response spectra for all cases are included in Appendix C.  Cases

showing the effect of selected factors are discussed in this chapter.

The median spectrum is presented for each earthquake scenario unless otherwise

noted.  Additionally, a stress drop of 110 bars was selected as the reference case.

Furthermore, nonlinear soil behavior was constrained to the upper 150 meters for all

cases unless otherwise noted.
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FIGURE 6.1  Example of individual and median (50th percentile) Fourier amplitude 
                       spectra.
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FIGURE 6.2  Example of individual and median (50th percentile) response spectra.
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The factors selected for analysis are discussed in the next two sections.

Geotechnical factors are the primary factors evaluated to assess the effect of deposits in

the Mississippi Embayment on site response.  Additional factors related to the

seismological source model were evaluated to determine the relative influence of model

parameters on site response.

6.1.1  Geotechnical Factors

Six geotechnical factors were selected: (1) depth of nonlinear soil behavior, (2)

effect of distance on nonlinear soil behavior, (3) age of near-surface geologic deposits,

(4) embayment depth, (5) effect of a near-surface, high-velocity layer, and (6)

comparison of generic and characteristic profiles.

Depth of Nonlinear Behavior

Analyses of the soil profiles assume nonlinear behavior is constrained to the upper

150 meters based on the recommendation of Silva (2000) where nonlinear behavior is

defined by the damping curves discussed in Chapter V.  Below 150 meters, material

damping is included via the spectral decay parameter, κ.  The validity of this assumption

was evaluated by relaxing the constraint of nonlinear behavior to the upper 300 meters

and the entire 1000-meter soil column.  Since nonlinear behavior is more likely to occur

near the epicenter, the only epicentral distance evaluated was 10 km for an earthquake of

moment magnitude 6.5.  Furthermore, the 1000-meter Lowlands profile was selected to

evaluate this assumption since it is composed of softer deposits than the Uplands profile.
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Therefore, this profile is expected to experience more nonlinear soil behavior than the

Uplands profile since the value of shear wave velocity is lower for near-surface deposits.

Since the modulus reduction and damping curves in EPRI (1993) only extend to a

depth of 305 meters, geologic material below this depth was assumed to be represented

by the most linear properties given by EPRI (1993).  This assumption may significantly

underestimate ground motions since the damping ratio decreases with confining stress.

Data from soils tested at the confining pressures encountered at depths greater than 305

meters are not currently available due to limitations in testing apparatus.

Two other cases were considered to assess the effect of the depth of nonlinear soil

behavior.  A case was considered where only the upper 30 meters was constrained to

behave nonlinearly.  The 30-meter assumption is based on the use of this depth for the

NEHRP site classification.  A linear case was considered where the material damping

within the entire soil column is defined by κ, the shear modulus is defined by the

maximum shear modulus, and no strain-dependent behavior is permitted.

The median Fourier amplitude spectra for the five cases are shown in Figure 6.3.

At high frequencies, the nonlinear profiles decrease the Fourier amplitude.  Since the

anelastic attenuation, Da, at a given frequency is the same for all the profiles, the

difference is attributed to κ and the increase in damping ratio at large strains.  Although

the initial intrinsic attenuation in the soil column is the same, the linear case has a larger

κ value.  The nonlinear cases incorporate intrinsic attenuation by κ and the initial small

strain damping ratio.  A significant difference in Fourier amplitude occurs between the

linear case and the 30-meter case at frequencies greater than 1 Hz due to nonlinear soil

behavior that increases damping.  The difference between Fourier amplitude of the 30-



Lowlands Profile, 1000m
Mw=6.5, Re=10 km

Linear

Nonlinear: 30 m

Nonlinear: 150 m

Nonlinear: 300 m

Nonlinear: 1000 m

0.1 1 10 100
Frequency (Hz)

1E-005

0.0001

0.001

0.01

0.1

1

F
o

u
ri

e
r 

A
m

p
li

tu
d

e
 (

g
-s

e
c

)

FIGURE 6.3  Effect of soil nonlinearity on Fourier amplitude spectra for the Lowlands 
                        profiles.
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meter and 150-meter cases suggests that most of the nonlinear behavior occurs in the

upper 30 meters with a small contribution from geologic material below 30 meters.

Relaxing the constraint of nonlinear behavior to a depth of 300 meters produces

negligible results when compared with the 150-meter case.  In other words, the nonlinear

soil behavior below 150 meters is not significant for a moment magnitude of 6.5.  At

larger magnitudes, the contribution of nonlinear behavior below 150 meters is expected

to be greater since larger motions are produced.

The difference between the 300-meter and 1000-meter cases is an artifact of the

selection of modulus reduction and damping curves.  The 1000-meter soil column

assumes the material properties at a depth between 152 and 305 meters are representative

of material properties between 305 and 1000 meters.  Obviously, this assumes a softer

material than is actually present and produces a lower Fourier amplitude at higher

frequencies.

At frequencies less than 1 Hz, the nonlinear cases produce larger amplitudes than

the linear case.  The amplification at low frequencies is attributed to the softening of the

material due to the decrease in shear modulus.  As seismic waves propagate upward

through the soil column, the decrease in shear modulus produces an increase in the

seismic wave amplitude, assuming the effects of attenuation are negligible.  Therefore, at

low frequencies, the decrease in shear modulus controls soil behavior and amplifies the

intensity of seismic waves.  At higher frequencies, damping controls the response largely

due to the larger frequency-dependent quality factor, Q(f), at high frequencies.  Silva

(1992) observed that the effect of material properties was more significant at higher

frequencies.
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The effect of the depth of nonlinear behavior is compared as response spectra in

Figure 6.4.  The linear response spectrum is characterized by a significantly larger peak

spectral acceleration (SAmax) and peak ground acceleration (PGA) than the nonlinear

cases.  The higher frequencies present in the linear case produce the larger PGA.

However, above a period of 1 second, the spectral acceleration estimated for the

nonlinear cases is greater than that estimated for the linear case.  Therefore, as previously

observed for the Fourier amplitude spectra, nonlinear soil behavior reduces the PGA and

peak spectral acceleration of response spectra due to the filtering of high frequency

energy.  However, larger spectral accelerations are produced at longer periods due to

amplification from material softening.

Comparing the nonlinear cases, similar observations may be made as those from

the analysis of Fourier amplitude spectra.  There is no significant difference between the

response spectra of the 150-meter and 300-meter profiles.  The full nonlinear profile

(1000-meter) produces a lower spectral acceleration due to the use of the same dynamic

properties to represent geologic materials between 150 meters and 1000 meters.  As

discussed above, this underestimates ground motions since it assumes a softer material at

large depths.

The assumption constraining nonlinear behavior to the upper 150 meters is valid

particularly for moment magnitudes less than 6.5 since it accounts for the effect of

nonlinear soil behavior but does not overestimate the effects of damping.  For all

subsequent analyses, the depth of nonlinear soil behavior was constrained to the upper

150 meters for embayment depths of 600 and 1000 meters.  For the 100-meter

embayment depth, the entire soil column is permitted to behave nonlinearly.  For
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FIGURE 6.4  Effect of soil nonlinearity on response spectra for the Lowlands profiles.
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magnitudes greater than 6.5, this assumption may overestimate ground motions.

However, since most of the nonlinearity occurs in the near-surface, the 150-meter

assumption is not expected to be overly conservative.

It is interesting to note that the 30-meter case may be an adequate estimate since

the largest contribution to nonlinearity occurs in the upper 30 meters.  Therefore, the 30-

meter case is a conservative estimate at frequencies greater than 1 Hz but may slightly

underestimate ground motions at frequencies less than 1 Hz.  If little or no information is

available for larger depths, the 30-meter assumption may be adequate to estimate site

response.

Epicentral Distance and Nonlinear Behavior

The difference between linear and nonlinear behavior was evaluated for the 1000-

meter Uplands and 1000-meter Lowlands profiles at three epicentral distances.  The

nonlinear case was constrained to allow nonlinear soil behavior in the upper 150 meters

whereas damping in the linear case was included as κ.  The Fourier amplitude and

response spectra were compared at distances of 10, 50, and 200 km.

Figures 6.5-6.7 compare the Fourier amplitude spectra of the linear and nonlinear

cases for the two generic profiles.  Figures 6.8-6.10 compare the response spectra for the

two profiles at the three epicentral distances.  The linear Lowlands profile produces larger

PGA values than the linear Uplands profile due to the greater amplification from low-

velocity soil deposits.  However, the Lowlands profile produces lower PGA values than

the Uplands profile due to the larger damping.  This is expected since the Lowlands

profile is a softer deposit that is expected to behave more nonlinearly.  Although the
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FIGURE 6.5  Effect of soil nonlinearity on Fourier amplitude spectra at an epicentral 
                       distance of 10 km for the (a) Uplands and (b)  Lowlands profiles.
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Uplands Profile, 1000m
Mw=6.5, Re=50 km
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FIGURE 6.6  Effect of soil nonlinearity on Fourier amplitude spectra at an epicentral 
                        distance of 50 km for the (a) Uplands and (b)  Lowlands profiles.
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Uplands Profile, 1000m
Mw=6.5, Re=200 km
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FIGURE 6.7  Effect of soil nonlinearity on Fourier amplitude spectra at an epicentral 
                        distance of 200 km for the (a) Uplands and (b)  Lowlands profiles.
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Uplands Profile, 1000m
Mw=6.5, Re=10 km

Linear

Nonlinear: 150 m

0.001

0.01

0.1

1

10

S
p

e
c

tr
a

l 
A

c
c

e
le

ra
ti

o
n

, 
S

a 
(g

)

FIGURE 6.8  Effect of soil nonlinearity on response spectra at an epicentral distance of
                        10 km for the (a) Uplands and (b)  Lowlands profiles.
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Uplands Profile, 1000m
Mw=6.5, Re=50 km
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FIGURE 6.9  Effect of soil nonlinearity on response spectra at an epicentral distance of
                        50 km for the (a) Uplands and (b) Lowlands profiles.
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Uplands Profile, 1000m
Mw=6.5, Re=200 km
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FIGURE 6.10  Effect of soil nonlinearity on response spectra at an epicentral distance of
                          200 km for the (a) Uplands and (b) Lowlands profiles.
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profiles are the same below a depth of 70 meters, the effect of near-surface deposits

strongly influences site response as observed in the previous section.  Although the

Uplands profile has a slightly larger κ (0.043 sec) than the Lowlands profile (0.042 sec),

the difference is less than 3% and would only affect high frequency energy.

The difference between the linear and nonlinear case decreases with epicentral

distance.  At larger distances, the amplitude of seismic waves is lower and produces

lower strains.  Hence, damping is not as significant.  At shorter epicentral distances, the

effects of amplification are evident at periods greater than 1 second.  Amplification

controls site response at longer periods (lower frequencies) producing amplification

whereas damping controls at shorter periods.

Age of Near-Surface Geologic Deposits

Three rock profiles, the Holocene-age soil profile (Lowlands), and the

Pleistocene-age soil profile (Uplands) were evaluated to determine the effect of near-

surface geology on Fourier amplitude and response spectra. The three rock sites are

discussed in Chapter IV.  Material damping for all three rock cases was included via κ

since the rock profiles were constrained to behave linearly.

Figure 6.11 shows the effect of geology on the FAS for the reference earthquake

scenario.  Rock B and BC have a larger κ than the Rock A and filter more high-frequency

energy.  The larger κ shifts the peak of the Fourier amplitude spectra to lower

frequencies.  The soil profiles filter more high-frequency energy than the rock profiles

due to the higher κ and the added effect of nonlinear soil behavior. Nonlinear soil

behavior decreases amplitudes at high frequencies because of the increased effect of
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FIGURE 6.11  Effect of the age of near-surface geologic deposits on Fourier amplitude
                          spectra.
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damping from the frequency-dependent quality factor, Q(f) and the larger damping ratio

at larger strains.

At lower frequencies, the soil profiles produce larger amplitudes than the rock

profiles due to the low shear wave velocity profile.  As discussed in Chapter II, the

amplitude of seismic waves increases as waves propagate from high-velocity to lower-

velocity deposits to conserve energy.    Amplification at low frequencies is also attributed

to resonances within the soil column due to the large impedance contrast at the base of

the embayment.  At frequencies less than 2 Hz, the Lowlands profile produces a larger

Fourier amplitude than the Uplands profile due to the amplification of low-velocity

deposits.  At frequencies above 2 Hz, the Uplands profile produces larger Fourier

amplitudes than the Lowlands profile.  This crossover is attributed to the greater effect of

damping in the Lowlands profile due to the larger induced strains.  Therefore, as

previously observed, stiffness controls soil behavior at low frequencies while damping

controls at high frequencies.

Figure 6.12 compares the response spectra of the five profiles for the reference

earthquake scenario.  The peak ground accelerations (PGA) for the five profiles range

from 0.063 g to 0.080 g.  The shape of the Fourier amplitude spectra is different for each

profile.  However, the PGA values are similar.  Therefore, PGA may not reflect

differences in response spectra.  Rock profiles produce lower Fourier amplitudes than the

soil profiles at low frequencies.  The opposite effect occurs at high frequencies.

Therefore, the net effect on PGA is the same.  However, at longer periods, the frequency

content for each profile affects spectral acceleration.  The period at which the peak

spectral acceleration (SAmax) shifts to longer periods as the shear wave velocity of the
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FIGURE 6.12  Effect of the age of near-surface geologic deposits on response spectra.  
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profile decreases.  The soil profiles deamplify motions at shorter periods compared with

the rock profiles.  However, the soil profiles amplify motions at periods longer than about

0.1 sec relative to rock profiles.  The larger κ for Rock B and Rock BC filter energy at

short periods compared with Rock A as previously observed for Fourier amplitude

spectra.  At periods longer than 0.53 second, the Lowlands profile produces larger

spectral accelerations than the Uplands profile due to amplification from low-velocity

deposits.  Seed and Idriss (1969) observed a similar effect for soft and stiff profiles.

Embayment Depth

Four embayment depths were considered: 0, 100, 600, and 1000 meters.  The

1000-meter depth represents the depth of the embayment near Memphis, Tennessee.  The

600-meter depth represents areas near New Madrid, Missouri.  The 100-meter depth

represents regions near the northern edge of the embayment in southern Illinois and

northwestern Kentucky.  The 0-meter embayment case is represented by the Rock A

profile and assumes the Paleozoic basement extends to the ground surface with no

overlying embayment deposits and may be assumed to represent regions outside of the

embayment in the Ozarks region of Missouri and Arkansas.  The 0-meter embayment

profile has a low κ (κ=0.006 sec) typical of a hard rock site in Eastern North America.

The effect of embayment depth on Fourier amplitude spectra is shown in Figure

6.13 for the reference earthquake scenario.  At high frequencies, the difference between

embayment depths of 100 to 1000 meters is negligible.  The slight difference may be

attributed to damping within the soil column.  Additional damping below 100 meters may

account for the difference in Fourier amplitude between the 100-meter profile and the
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FIGURE 6.13  Effect of embayment depth on Fourier amplitude spectra for (a) Uplands
                         and Lowlands profiles.
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deeper profiles.  At lower frequencies, the difference is due to amplification from

resonances within the soil column.  The 100-meter soil column has a resonant frequency

near 1 Hz while the deeper profiles have lower resonant frequencies.  Resonances are

discussed in more detail in section 6.2.

The response spectra for varying embayment depths are compared in Figure 6.14.

The median PGA values for these cases range from 0.076 to 0.083 g.  However, the

response spectrum for the rock profile is concentrated at short periods due to the lower κ.

The deeper embayment profiles produce larger spectral accelerations at longer periods

due to amplification of low-velocity and resonances within the soil column.  For periods

less than 0.3 second, the depth of the embayment does not significantly affect the

response spectra.

The depth of the embayment significantly affects site response at long periods.  At

periods longer than 1 second, the deeper profiles may produce spectral accelerations

twice as larger as the 100-meter profile due to the resonant period of the soil column.

Therefore, the depth of the soil column is an important parameter in estimating site

response.

Bodin and Horton (1999) measured resonances due to microtremors at different

locations in the Mississippi Embayment.  A resonance was observed at 4.5 seconds for an

embayment depth of 900 meters near Memphis.  For embayment depths of 500 meters

and 750 meters, the resonances occurred at periods of 2.5 and 3.5 sec, respectively.

Based on this study, the 1000-meter profile produced a resonance near 5 sec whereas the

600-meter profile produces a resonance near 3.3 sec.  The results of this study are

consistent with the observations by Bodin and Horton (1999).  Differences between the
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FIGURE 6.14  Effect of embayment depth on response spectra for (a) Uplands and
                          (b) Lowlands profiles.
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observed and calculated resonances may be partly attributed to the frequencies selected to

calculate spectral accelerations.  Since ground motions were only calculated at a few

frequencies below 1 Hz, the location of peak motions may be approximate.

Near-Surface, High-Velocity Layer

The effect of a high-velocity layer was evaluated as a special case of the Uplands

profile.  As discussed in Chapter IV, some regions in Memphis are characterized by a

high-velocity layer located above a low-velocity layer.  This high-velocity layer has been

previously identified as a fluvial deposit with varying degrees of cementation (Brahana et

al., 1987; Smith, 2000, Broughton et al., 2001).  The effect of a near-surface, high-

velocity layer on the response spectra was analyzed by including a high-velocity in the

generic Uplands profile.  Three cases were considered for the high-velocity layer as

discussed in Chapter IV and shown in Figure 4.36.  Each case modeled the high-velocity

layer with a different shear wave velocity, thickness, and depth.

The response spectra for the profiles with a high-velocity layer are compared with

the Uplands profile in Figure 6.15a.  High-velocity profile P-H1 is characterized by a thin

layer (5 meters) with a velocity of 460 m/s and shows a lower spectral acceleration than

the reference Uplands profile.  This effect is more dramatic for profile P-H2 (Vs=760 m/s,

thickness of 9 meters) and for profile P-H3 (Vs=610 m/s, thickness of 12 meters).  The

lower response spectra may be due to seismic energy that does not reach the ground

surface.  Seismic energy propagating upward may be trapped in the embayment due to

the large impedance contrast between the high-velocity layer and the underlying lower-

velocity material.
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FIGURE 6.15  Comparison of (a) response spectra and (b) normalized response spectra 
                          for the Uplands profile and Uplands profiles with a near-surface, high-
                          velocity layer.
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Figure 6.15b shows the response spectra normalized by PGA.  The shape of the

response spectra is similar for all four cases.  However, for profile P-H2 and P-H3, the

peak normalized spectral acceleration is 2.44 and 2.49 compared to 2.78 and 2.80 for P-

H1 and the Uplands profile.  The peak in the spectral acceleration near 0.1 second for P-

H2 is due to the resonance at this period from the impedance contrast with the high-

velocity layer.  In general, the presence of a thick (>5 meters), high-velocity layer near

the surface decreases both the PGA and the peak spectral acceleration due to the

reflection of energy from the high-velocity layer.

Comparison of Generic and Characteristic Profiles

Six of the characteristic profiles developed for the Memphis area were selected

for site response analysis and compared with the generic profiles.  For site-specific

analysis in the Memphis area, only one epicentral distance was considered.  Based on the

deaggregation of seismic hazard for the Memphis area discussed in Chapter II, an

epicentral distance of 50 kilometers was selected.  Site response analyses were conducted

for moment magnitudes of 5.5, 6.5, 7.5, and 8.0 to assess the effect of moment magnitude

in several regions in the Memphis area.  The magnitude 8.0 event at a distance of 50 km

was included in this analysis since it contributes more than 50% of the seismic hazard.

Profiles H-TN and H-WR represent Holocene-age alluvial deposits in the

Mississippi River and Wolf River floodplain, respectively.  These profiles are compared

with the 1000-meter generic Lowlands profile in Figure 6.16a.  Profile H-TN represents

the characteristic profile with the lowest shear wave velocity of those developed for the

Mississippi River floodplain.  Profile H-WR was selected for analysis due to the
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importance of the Wolf River in Memphis. Additionally, since evidence of

paleoliquefaction has been identified throughout the river (Broughton et al., 2001),

estimates of ground motion in the Wolf River may determine the possible magnitude of

the 1811-1812 New Madrid earthquakes and may be used in subsequent liquefaction

hazard maps.

Profiles P-M, P-SC, P-SF, and P-WR were selected to determine the site response

for several areas within Pleistocene-age terrace deposits in Memphis (Figure 6.16b).

Profile P-SF represents the Shelby Forest area characterized by a high-velocity layer

overlying a lower-velocity layer near the ground surface.  Profile P-M was selected to

estimate ground motions within the City of Memphis.  Profile P-WR is representative of

deposits north of the Wolf River and is similar to the generic Uplands profile.  Profile P-

SC was selected to represent regions with a stiffer profile than the generic Uplands

profile.  The response spectra of these four characteristic profiles were compared with the

generic Uplands profile.

Site response is represented as the median response spectra in Figures 6.17-6.20.

Profile H-WR and the Lowlands profile have similar response spectra for all four

moment magnitudes.  This is expected since both profiles have similar values of shear

wave velocity.  However, the low-velocity deposits in the Mississippi River floodplain

(H-TN) produce larger spectral accelerations at longer periods for all four magnitudes.

Therefore, although the Lowlands profile may adequately model site conditions along

minor rivers in the Memphis region, it may underestimate response spectra in the

Mississippi River floodplain particularly at longer periods and larger magnitudes.

Amplification at longer periods in profile H-TN is evident at all magnitudes and is caused
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FIGURE 6.17  Comparison of generic profiles and characteristic profiles in 
                          (a) Pleistocene-age and (b) Holocene-age deposits for a moment 
                          magnitude of 5.5 and an epicentral distance of 50 km.
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FIGURE 6.18  Comparison of generic profiles and characteristic profiles 
                         (a) Pleistocene-age and (b) Holocene-age deposits for a moment 
                         magnitude of 6.5, at an epicentral distance of 50 km.
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FIGURE 6.19  Comparison of generic profiles and characteristic profiles in 
                          (a) Pleistocene-age and (b) Holocene-age deposits for a moment 
                          magnitude of 7.5 and an epicentral distance of 50 km.
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FIGURE 6.20  Comparison of generic profiles and characteristic profiles in 
                          (a) Pleistocene-age and (b) Holocene-age deposits for a moment
                          magnitude of 8.0 and an epicentral distance of 50 km.
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by the low-velocity deposits.  At larger magnitudes, deamplification occurs at shorter

periods since damping controls site response.

For Pleistocene-age deposits, profile P-SC has a lower spectral acceleration than

the Uplands profile particularly at periods less than 0.8 seconds due to the stiffer shear

wave velocity profile.  Spectral accelerations are slightly lower for the Shelby Forest

profile (P-SF) compared to the Uplands profile.  This may be due to the reflection of

energy downward due to the impedance contrast with the near-surface, high-velocity

layer.  This phenomenon is more pronounced at moment magnitudes of 7.5 and 8.0.

Based on these comparisons, the Uplands profile adequately models the behavior

for most areas in Memphis.  However, the generic Uplands profile produces conservative

estimates of spectral acceleration in regions with a near-surface, high-velocity layer (P-

SF) or regions with a stiffer Vs profile (P-SC).  This result is consistent with the results of

the effect of a high-velocity layer within the Uplands generic profile.

The comparisons between the generic and characteristic profiles are based on the

median motions calculated.  If the uncertainty was accurately quantified and calculated in

this study, the uncertainty associated with the generic profiles should include the

combined uncertainty of the characteristic profiles.  The epistemic uncertainty of the

generic profiles is greater than that for the characteristic profiles since the generic profiles

encompass a considerably larger area.  This uncertainty would be reflected in the

randomization and would be reflected in the uncertainty about the median motions.  The

small difference between the characteristic and generic profiles is expected to be

enveloped by the uncertainty in the generic profiles.
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6.1.2  Seismological Factors

Three seismological factors were evaluated to assess their effect on site response.

The stress drop and moment magnitude are related to the size of the earthquake.  Both

factors control the corner frequency and the source duration.  Epicentral distance was

evaluated to assess the effect of attenuation as a function of distance.  The results from

the analysis of epicental distance are also compared with attenuation relationships and

discussed in Chapter VII.

Stress Drop

The stress drop is a controversial parameter that may vary significantly for a

particular seismic event due to interpretation of strong motion records (Atkinson and

Beresnev, 1997).  A stress drop of 50 bars is commonly used for Western North America

(EPRI, 1993; Atkinson and Silva, 1997).  EPRI (1993) used a stress drop of 120 bars for

Eastern North America.  Frankel et al. (1996) used a stress drop of 150 bars for the

Central and Eastern U.S. to develop the National Seismic Hazard Maps.  A stress drop of

110 bars was selected for this study based on the current research by Silva (2000).

Additionally, a stress drop of 150 bars was evaluated for select cases.  The stress drop is

magnitude dependent and decreases as the magnitude increases (EPRI, 1993; Atkinson

and Silva, 1997).  Therefore, the higher stress drop is assumed to be representative of

lower magnitude earthquakes whereas the lower stress drop represents larger magnitude

earthquakes.

Figure 6.21 shows the effect of stress drop on FAS for three moment magnitudes.

A larger stress drop produces slightly larger amplitudes.  At higher frequencies, damping
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FIGURE 6.21  Effect of stress drop on Fourier amplitude spectra for (a) Uplands and 
                          (b) Lowlands profiles.
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controls ground motions and reduces the amplitude.  This results in the crossover effect

visible at higher frequencies.  Therefore, for a given level of ground motion, the lower

stress drop may produce larger amplitudes than the higher stress drop at high frequencies.

The effect of stress drop is shown in terms of response spectra in Figure 6.22 for

the generic soil profiles at three moment magnitudes.  The larger stress drop produces

larger spectral accelerations for both generic profiles.  The larger stress drop shifts the

response spectra to slightly longer periods due to the higher corner frequency.  This trend

is most significant at the larger moment magnitudes.  The crossover effect in the FAS is

not present in the response spectra.  Since the crossover effect only occurs at high

frequencies, it is suppressed by the higher amplitudes at lower frequencies.

Moment Magnitude

Three moment magnitudes were evaluated: 5.5, 6.5, and 7.5.  The moment

magnitudes were selected to evaluate the effect of larger energy events on site response.

The effect of moment magnitude on Fourier amplitude spectra is shown in Figure 6.23

for the three moment magnitudes.  For frequencies less than 10 Hz, the Fourier amplitude

increases with increasing moment magnitude.  The crossover effect visible from 10 to 30

Hz is due to the same phenomenon observed for stress drop.  The larger magnitude

produces a larger amplitude and induces higher strains within the soil column.  At low

frequencies, the larger amplitudes control the site response.  However, the increasing

damping due to large strains and Q(f) control the amplitude at higher frequencies.  This

observation is consistent with the results obtained since the Lowlands profile produces
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FIGURE 6.22  Effect of stress drop on response spectra for (a) Uplands and  
                          (b) Lowlands profile.
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FIGURE 6.23  Effect of moment magnitude on Fourier amplitude spectra (a) Uplands 
                          and (b) Lowlands profiles.
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more nonlinear behavior than the Uplands profile.  Therefore, the crossover effect occurs

at higher frequencies for the Uplands profiles than the Lowlands profile.

Figure 6.24 shows the effect of moment magnitude on the Uplands and Lowlands

profiles as response spectra.  As previously observed for stress drop, the increase in

moment magnitude decreases the corner frequency.  As discussed in Chapter V, the

corner frequency is directly related to seismic moment and not moment magnitude.

Hence, the effect of moment magnitude is more significant than stress drop since moment

magnitude is directly proportional to the logarithm of seismic moment.

To facilitate comparison and evaluate the spectral shape, the response spectra

were normalized by the median peak ground acceleration (PGA).  Figure 6.25 shows the

results of normalization for both generic profiles.  The normalized peak spectral

acceleration is lower for the Lowlands profile than it is for the Uplands profile because of

the increased effect of nonlinear behavior.  At shorter periods, the effects of damping

dominate soil behavior and produce lower spectral accelerations for the Lowlands profile

than the Uplands profile particularly at large moment magnitudes.  However, at longer

periods, amplification controls behavior.  Therefore, the lower values of shear wave

velocity amplify spectral accelerations at long periods and large magnitudes.  This effect

is observed by the gradual shifting of response spectra to longer periods with increasing

moment magnitude.

Epicentral Distance

Five epicentral distances were considered: 10, 25, 50, 100, and 200 km.  For the 8

km source depth selected, these epicentral distances correspond to hypocentral distances
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FIGURE 6.24  Effect of moment magnitude on response spectra for (a) Uplands and
                         (b) Lowlands profiles.
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FIGURE 6.25  Effect of moment magnitude on normalized response spectra for 
                          (a) Uplands and (b) Lowlands profiles.
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(R) of 12.8, 26.3, 50.6, 100.3, and 200.2 km.  These distances were selected to compare

near-field and far-field ground motions.  Additionally, these distances are spaced

logarithmically to compare predicted ground motions with published attenuation

relationships.  Attenuation relationships are discussed in detail in Chapter VII.

Figure 6.26 shows the effect of epicentral distance on Fourier amplitude spectra.

At short epicentral distances (≈10 km), the Fourier amplitude at low frequencies is

approximately four times greater than at longer distances (≈200 km).  However, at higher

frequencies, the Fourier amplitude is lower for short distances compared to long

distances.  This effect is attributed to nonlinear soil behavior.  The large strain levels due

to strong motions near the epicenter increase damping and reduce the Fourier amplitude.

At longer distances, strain and hence, damping is not as large.

Figure 6.27 compares the response spectra at several epicentral distances for the

two generic profiles.  The Uplands profile produces larger peak spectral accelerations

than the Lowlands profile.  However, larger spectral accelerations are estimated at longer

periods for the Lowlands profile than the Uplands profile due to increasing amplification

from lower-velocity deposits.

The response spectra were normalized by the median PGA to compare the effect

of epicentral distance.  Figure 6.28 compares the normalized spectra.  For distances

greater than 25 kilometers, the shape of the response spectra is similar particularly at

periods less than 1 second.  At larger epicentral distances, weaker ground motions are

expected to produce smaller strains.  The lower strains result in less damping than in

regions closer to the epicenter.
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FIGURE 6.26  Effect of epicentral distance on Fourier amplitude spectra (a) Uplands
                         and (b) Lowlands profiles.
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FIGURE 6.27  Effect of epicentral distance on response spectra for (a) Uplands and
                          (b) Lowlands profile.
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FIGURE 6.28  Effect of epicentral distance on normalized response spectra for  
                         (a) Uplands and (b) Lowlands profiles.
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The effects of soil nonlinearity are clearly evident at short epicentral distances.

The normalized response spectra at an epicentral distance of 10 kilometers is significantly

different than the spectra at longer distances for both generic profiles due to nonlinear

soil behavior.  The spectra at shorter epicentral distances are shifted dramatically to

longer periods due to significant amplification from low velocity deposits.  The response

spectra for the Lowlands profile at 25 kilometers shows some of the effects of soil

nonlinearity including the slight shift of the response spectra to longer periods.  Hence,

for a moment magnitude of 6.5, the effect of increased soil nonlinearity becomes

significant at epicentral distances less than 25 kilometers from the epicenter for the

Lowlands deposits whereas greater nonlinearity is not as significant for the Uplands

deposits at this distance.

6.1.3  Comparison with NEHRP

Response spectra based on the recommendations of the NEHRP provisions were

compared with the response spectra calculated in this study.  The procedure described in

Chapter II was used to derive response spectra for NEHRP site classes B, D, and E.  Both

the Uplands and Lowlands generic profiles are classified as site class D based on the

average shear wave velocity in the upper 30 meters.  Spectral accelerations at short

period (Ss) and 1-second period (S1) were based on the spectral accelerations computed

for the Rock A profile and corrected for site class B.   The response spectra are shown in

Figure 6.29.  The response spectra are normalized by PGA to compare the shape of the

spectra.  The code-based response spectra show a similar spectral shape for both site
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FIGURE 6.29  NEHRP response spectra for site class B, D, and E for Memphis, 
                          Tennessee based on Rock A spectral accelerations at periods of 0.2 sec 
                          and 1 sec.
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classes.  The response spectra for site classes D and E are similar to site class B but

shifted to longer periods.

The response spectra for the BC boundary rock site, the Lowlands 1000-meter

soil profile, and the Uplands 1000-meter soil profile were compared with these spectra

for a moment magnitude of 8.0 at an epicentral distance of 50 km.  This scenario

earthquake was selected since it contributes most of the seismic hazard in Memphis.  The

BC boundary rock site was selected since site class B is characterized by the same shear

wave velocity in the upper 30 meters (760 m/s).

All the spectra were normalized by PGA to facilitate comparison of the spectral

shape.  Figure 6.30 shows the normalized spectra.  The spectral shape of the BC

boundary rock site is similar to that predicted by NEHRP site class B.  The peaks in the

BC rock site at periods greater than 0.25 second are due to the constant velocity profile

that produces resonances within the rock profile.  Overall, the shape is consistent with the

NEHRP spectra particularly for periods less than 0.3 seconds.  However, site class D

does not adequately model the response spectra calculated for the Uplands and Lowlands

profiles.  Although the normalized maximum spectral acceleration is consistent with that

from NEHRP, the calculated spectra produce significant spectral accelerations at periods

greater than 0.6 seconds.  The Uplands profile is better approximated by NEHRP site

class E.  However, resonances at periods longer than 1.5 sec are not captured by the

NEHRP response spectra.  Furthermore, NEHRP site class E does not model the spectral

shape of the Lowlands profile.  Therefore, although the NEHRP spectra do account for

the shifting of peak spectral accelerations to longer periods for softer profiles, the current

provisions may significantly underestimate the spectral shape at longer periods due to the
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FIGURE 6.30  Comparison of NEHRP normalized response spectra and calculated 
                          normalized response spectra for the Uplands, Lowlands, and BC 
                          boundary profiles.  The NEHRP response spectra are based on the 
                          spectral accelerations calculated for Rock A at periods of 0.2 sec and 1 
                          second.                 
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low-velocity deposits and the deep soil column found in the Upper Mississippi

Embayment.

6.2  Relative Site Response

Amplification spectra were calculated as the ratio of the response of a soil site to

the response of a rock site.  The response may be represented as the ratio of Fourier

amplitude spectra (RFS) or as the ratio of response spectra (RRS).  Both measures of

spectral amplification produce peaks at nearly the same periods with the same intensity

level (Dobry et al., 2000).  Figure 6.31 shows an example of the RFS.  Deamplification at

high frequencies is due to the large κ that filter these frequencies in the soil profiles.

However, amplification at low frequencies is due to the low-velocity deposit and

resonances from the impedance contrast at the base of the embayment.  Figure 6.32

shows an example of the RRS.  At short periods, the spectral acceleration of a rock

profile is greater than the spectral acceleration of a soil profile.

The resonant frequency of the soil column is an important factor in amplification.

The resonant frequency of the soil column was estimated as discussed in Chapter II.

Based on the absolute site response analyses, the effect of the selected factors on

amplification was evaluated.  These measures of amplification were compared with

published or theoretical amplification factors.

6.2.1  Resonance of Soil Column

The ratio of peak ground motion at a soil site to a rock site may be estimated

based on resonant period of the soil column and the impedance ratio.  The maximum
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FIGURE 6.31  Example of (a) Fourier amplitude spectra (FAS) and (b) amplification as
                          a ratio of the response of soil profiles to the Rock A profile (RFS). 

(b) Fourier amplification spectra
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FIGURE 6.32  Example of (a) response spectra and (b) ratio of response spectra (RRS)
                          relative to a Rock A profile.
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amplification of ground motion occurs near the resonant period of the soil deposit.  As

discussed in Chapter II, an approximation of the undamped fundamental resonant

frequency is given as

Resonances due to higher modes are approximated as odd multiples of the fundamental

frequency.  The amplification at the fundamental resonant frequency may be expressed as

a ratio of the maximum ground motion at a soil site to the maximum ground motion at a

rock site ([asoil/arock]max) and approximated as

where I is the impedance ratio defined in Chapter II, and D is the material damping ratio

of the soil.  The resonant period and corresponding maximum amplification are given in

Table 6.4.  These estimates compare the soil column to the half-space rock with an

assumed shear wave velocity of 2040 m/s and a mass density of 2.8 g/cm3.  A material

damping ratio of 1% was assumed for all cases.  Furthermore, the impedance contrast at a

depth of 70 meters may produce additional resonances within the soil column.  The

predicted resonant periods and amplification given in Table 6.5 are based on the average

shear wave velocity in the upper 70 meters and assume the depth of the soil deposits is 70

meters.

D
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maxrock
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TABLE 6.4  Average Vs, Resonant Periods, Impedance Ratios, and Predicted Maximum Amplification
                      for Each Generic Profile

Total Travel
Time
(sec)

Average Vs

(m/s)

Resonant
Period
(sec)

Resonant
Frequency

(Hz)

Impedance
Ratio, I

(rock/soil)

Predicted
Maximum

Amplification,
[asoil/arock]max

Lowlands Profile, 100 m 0.29 342 1.17 0.85 7.95 7.07

Lowlands Profile, 600 m 1.02 588 4.08 0.25 4.63 4.32

Lowlands Profile, 1000 m 1.45 688 5.82 0.17 3.96 3.73

Uplands Profile, 100 m 0.23 429 0.93 1.08 6.34 5.77

Uplands Profile, 600 m 0.96 625 3.85 0.26 4.36 4.08

Uplands Profile, 1000 m 1.39 717 5.59 0.18 3.79 3.58

Hard Rock (Site Class A) 0.49 2040 1.96 0.51 1.00 0.98

Soft Rock (Site Class B) 0.83 1200 3.33 0.30 2.27 2.19

BC Boundary 1.32 760 5.26 0.19 3.58 3.39
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TABLE 6.5  Calculated Peak Fourier Amplification for Soil Profiles Compared with Rock A Profile (upper 70 meters)

Average Vs of
upper 70 m

(m/s)

Average Vs

below 70 m
(m/s)

Resonant
Period
(sec)

Resonant
Frequency

(Hz)

Impedance
Ratio, I

Predicted
Maximum

Amplification,
[asoil/arock]max

Lowlands Profile, 100 m 293 560 0.956 1.05 2.01 1.95

Lowlands Profile, 600 m 293 678 0.956 1.05 2.43 2.34

Lowlands Profile, 1000 m 293 765 0.956 1.05 2.74 2.63

Uplands Profile, 100m 390 560 0.718 1.39 1.51 1.48

Uplands Profile, 600 m 390 678 0.718 1.39 1.83 1.78

Uplands Profile 390 765 0.718 1.39 2.06 2.00
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6.2.2  Amplification Spectra

The effect of five factors on amplification spectra was evaluated.  The effect of

nonlinear soil behavior, age of geologic deposits, embayment depth, moment magnitude,

and epicentral distance are discussed in the next sections.

Nonlinear Soil Behavior

Nonlinear soil behavior increases damping in the soil column and decreases

amplitudes at high frequencies.  At low frequencies, amplification occurs due to the low-

velocity deposits and resonances in the soil column.  Figure 6.33 shows the RFS for the

Lowlands 1000-meters profile compared to the Rock A profile.  Nonlinear soil behavior

deamplifies energy at frequencies higher than 2 Hz.  On the other hand, amplification is

significant at frequencies less than 1 Hz.  The amplification at lower frequencies is due to

the energy flux through low-velocity deposits and the resonances due to the impedance

contrast at the base of the soil column.  The resonance of the 1000-meter soil column

occurs at approximately 0.17 Hz.  A second-mode resonant frequency occurs at

approximately 0.51 Hz.

Figure 6.34 compares the RRS for the Lowlands profile and Rock A.

Nonlinearity deamplifies periods less than 0.32 second due to the increased damping in

the soil column.  However, at longer periods, amplification within the soil column

controls behavior and produces a larger RRS than the linear case.

Nonlinearity significantly reduces amplitudes at high frequencies (short periods)

due to the increase in damping within the soil column.  The fundamental resonant

frequency of the soil deposit occurs at approximately 0.17-0.18 second and is represented
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FIGURE 6.33  Effect of soil nonlinearity on amplification of Fourier amplitude spectra 
                          compared to a hard rock (Rock A) site.  
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FIGURE 6.34  Ratio of response spectra for Lowlands profile for linear and nonlinear 
                         cases compared to a hard rock (Rock A) profile.

329



330

by the first peak in Figure 6.33.  The second peak is due to the second resonant frequency

that occurs at approximately 0.51 second.  Higher mode resonant frequencies are

deamplified due to the increase in damping.  At higher frequencies, the anelastic

attenuation increases due to the frequency-dependent Q(f).  Furthermore, damping is also

affected by the larger damping ratio due to the large strains induced at short epicentral

distances.  Although the damping ratio considered in this study is independent of

frequency, the anelastic attenuation is not as significant at low frequencies.  Therefore, at

low frequencies, amplification, not damping, controls behavior.

Age of Geologic Deposits

Figures 3.31-3.32 compare the effect of age of near-surface geologic deposits as

RFS and RRS.  The Fourier amplification spectra are similar for both the Uplands and

Lowlands profiles at frequencies above 4 Hz due to the dominating effect of Q.  There is

no difference in anelastic attenuation between the Uplands and Lowlands profile since the

same attenuation model is applied to both profiles.  The slight difference between the two

profiles at high frequencies is attributed to the difference in κ.

At low frequencies, the difference between the Lowlands and Uplands profiles is

due to amplification and nonlinear soil behavior.  The low-velocity Lowlands profile

produces more nonlinear behavior than the higher-velocity Uplands profile.  This was

shown in Figures 6.8-6.10.  The effect of increased damping controls behavior at

frequencies higher than about 2 Hz.  However, at frequencies below 2 Hz, the effect due

to amplification controls the behavior.  This explains the crossover of amplification

spectra between the Lowlands and Uplands profile near 2 Hz.
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Based on the estimates of amplification in Tables 6.4 and 6.5, greater values of

amplification are expected for the Lowlands profile.  Resonances due to the impedance

contrast at the base of the soil column produce peaks at select frequencies.  The first four

resonant frequencies corresponding to the Lowlands profile are visible in Figure 6.31.

Subsequent resonances are deamplified due to nonlinear soil behavior.  However, the

Fourier amplification spectra of the Uplands profile shows up to 9 resonant frequencies

before nonlinearity begins to control behavior.

The RRS for the soil profiles is compared to the Rock A profile in Figure 6.32.

Amplification occurs at periods longer than approximately 0.13 second.  The resonances

within the soil column are evident at longer periods.  For the Lowlands profile, damping

controls behavior at periods less than 0.5 second whereas amplification dominates at

longer periods.

If the soil profiles are compared with the Rock B profile, less amplification occurs

relative to the rock profile at longer periods (Figure 6.35).  This is expected since the

Rock B profile produces larger spectral accelerations at longer periods due to the higher κ

value than for the Rock A profile.  However, amplification also occurs at periods less

than 0.03 seconds.

Embayment Depth

    The RFS is shown in Figure 6.36 for three different embayment depths relative

to the Rock A profile.  Ground motions are amplified at frequencies less than 5 Hz for

both the Uplands and Lowlands profile regardless of the depth of the embayment.

Amplification due to resonances is evident for both profiles.  The 100-meter profile has a
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                          relative to a Rock B profile.
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FIGURE 6.36  Effect of embayment depth on amplification of Fourier amplitude spectra 
                         compared to Rock A site for the (a) Uplands and (b) Lowlands profiles.
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fundamental frequency of 0.85 Hz for the Lowlands profile and 1.08 Hz for the Uplands

profile.  However, the impedance contrast at 70 meters also produces a resonance near 1

Hz for the Lowlands profile and 1.39 Hz for the Uplands profile.  Therefore, the strong

resonance near 1 Hz for both profiles may be due to the combined effects of these two

resonant frequencies.  The second resonant frequency also produces an amplification of

about 2.  At low frequencies (< 0.5 Hz), the 100-meter profiles do not amplify ground

motions.

The deeper profiles have fundamental resonant frequencies less than 0.26 Hz and

amplify Fourier amplitude significantly at lower frequencies.  For the 1000-meter and

600-meter embayment depths, several resonant frequencies are visible for both profiles.

As previously observed, damping controls behavior at frequencies higher than

approximately 2 Hz for the deeper Lowlands profiles whereas damping controls behavior

at frequencies higher than 5 Hz for the Uplands profiles.

Figure 6.37 shows the RRS for the different embayment depths relative to the

Rock A profile.  Deamplification occurs at periods shorter than about 0.13 second.  The

Uplands profile produce an RRS ranging from 1.75 to 3 for periods longer than about

0.25 second.  The Lowlands profile produces an RRS ranging from 1.75 to 4 for periods

longer than 0.25 second.  The deeper embayment profiles produce larger amplifications at

longer periods due to the longer resonant period.  Therefore, the embayment thickness is

a key parameter is estimating amplification spectra.
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FIGURE 6.37  Ratio of response spectra for the (a) Uplands and (b) Lowlands profiles 
                          compared with a hard rock (Rock A) site for embayment depths of 
                          100 m, 600 m, and 1000 m.  

Lowlands Profile
Mw=6.5, Re=50 km

(100 m)/(Rock A)

(600 m)/(Rock A)

(1000 m)/(Rock A)

0.01 0.1 1 10
Period, T (sec)

0

1

2

3

4

R
a

ti
o

 o
f 

R
e

s
p

o
n

s
e

 S
p

e
c

tr
a

, 
R

R
S

(a) Uplands Profiles

(b) Lowlands Profiles

335



336

Moment Magnitude

Figure 6.38 compares the effect of moment magnitude on Fourier amplification

spectra.  The main difference in amplification spectra may be attributed to the increased

effects of damping for larger magnitude earthquakes.  Large magnitude earthquakes

induce larger strains in the soil.  The larger ground motions are expected to produce

larger levels of amplification.  However, the damping ratio increases with increasing

strains.  Therefore, at lower frequencies, damping controls behavior for larger magnitudes

compared to smaller magnitudes.  This effect is visible in the Uplands profile at

frequencies higher than approximately 2.5 Hz.  For a moment magnitude of 7.5, the

Fourier amplitude spectra for the Lowlands profiles produces lower levels of

amplification than smaller magnitude earthquakes at frequencies higher than about 1.2

Hz.  Therefore, at higher frequencies, damping controls soil behavior.  A similar

phenomenon is observed between the magnitude 5.5 and 6.5 earthquakes.  The lower

magnitude earthquake produces higher ground motions at higher frequencies.  This was

previously observed as a crossover effect in the Fourier amplitude spectra (Figure 6.23).

The ratio of response spectra for the soil profiles relative to the Rock A profile is

shown in Figure 6.39.   Moment magnitude does not significantly affect RRS at long

periods since amplification due to the resonant frequency of the soil column controls the

soil behavior.  However, at intermediate periods, damping begins to dominate soil

behavior and reduces the effects of amplification.  Therefore, small magnitude

earthquakes that do not induce large strains may produce larger values of RRS than large

magnitude earthquakes.  This effect is particularly noticeable in the Lowlands profile

between 0.05 and 0.5 second.
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FIGURE 6.38  Effect of moment magnitude on amplification of Fourier amplitude
                          spectra compared to Rock A site for the (a) Uplands and (b) Lowlands
                          profiles.  
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FIGURE 6.39  Ratio of response spectra for the (a) Uplands and (b) Lowlands profiles 
                          compared with a hard rock (Rock A) site for moment magnitudes (Mw)
                          of 5.5, 6.5, and 7.5.  
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Epicentral Distance

Figure 6.40 shows the Fourier amplification spectra for five epicentral distances.

At distances greater than 50 km, the amplification spectra are similar.  However, as

previously observed for moment magnitude, the large ground motions produced near the

source induce large strains in the soil column.  Therefore, the effects of increased

damping begin to control behavior and are responsible for the lower amplifications at

frequencies higher than 0.8 Hz in the Lowlands profile and 2 Hz in the Uplands profile.

Although small epicentral distances can produce significant amplification at low

frequencies, damping decreases amplification at higher frequencies.  Hence, the effects of

nonlinear soil behavior are an important factor in determining amplification spectra for

large magnitude earthquakes.

The RRS are shown in Figure 6.41.  At an epicentral distance of 200 km,

amplification occurs at all periods for both profiles.  At shorter periods, the RRS

decreases with decreasing epicentral distance.  The amplification at large epicentral

distances is due to the soft deposits in the soil column that produces large spectral

accelerations at short periods.  Therefore, at large distances, the effects of damping do not

control behavior.  This behavior has been observed in the field by others (Seed and Idriss,

1969; Seed et al., 1988; Darragh and Shakal, 1991) and accounts for the strong ground

motions recorded in San Francisco and Mexico City for the Loma Prieta and Michoacan

earthquakes, respectively.
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FIGURE 6.40  Effect of epicental distance on amplification of Fourier amplitude
                          spectra compared to Rock A site for the (a) Uplands and (b) Lowlands
                          profiles.  
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FIGURE 6.41  Ratio of response spectra for the (a) Uplands and (b) Lowlands profiles 
                          compared with hard rock (Rock A) sites for epicentral distances (Re) of 
                          10, 25, 50, 100, and 200 km.  
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6.2.3  Comparison with Published Amplification Spectra

The ratio of the Fourier amplitude spectra of the soil sites to the Rock A site was

compared with the estimated resonances given in Tables 6.4 and 6.5.  Table 6.6 lists the

observed maximum amplification and resonant period in the amplification spectra.  The

observed peaks are consistent with the estimated location of resonant periods.  Figure

6.42 compares the Fourier amplification spectra with the estimates given in Tables 6.4

and 6.5 for the different embayment depths considered.  The resonant period of the entire

soil column is adequately approximated by Equation 6.1.  The differences in magnitude

between the predicted and actual peak amplifications are mostly attributed to the

approximation of damping ratio.

Quarter-Wavelength Approximation

The RFS is compared with the quarter-wavelength approximation proposed by

Joyner et al. (1981) and discussed in Chapter V.  A low-pass filter with a κ of 0.048 sec

was applied to remove high frequencies.  Figure 6.43 compares the quarter-wavelength

approximation with the result of the linear site response analysis of the Lowlands profile.

The result of the base case Lowlands profile is also shown for comparison.  The base case

profile shows the resonances inherent in the spectrum.  The randomization process

discussed in Chapter V removes some of the resonances at shorter periods due to the

averaging of spectra from 30 individual soil profiles.  The quarter-wavelength

approximation produces a smooth estimate of amplification and does not account for

resonances.
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TABLE 6.5  Calculated Peak Fourier Amplification for Soil Profiles Compared with Rock A Profile (upper 70 meters)

Average Vs of
upper 70 m

(m/s)

Average Vs

below 70 m
(m/s)

Resonant
Period
(sec)

Resonant
Frequency

(Hz)

Impedance
Ratio, I

Predicted
Maximum

Amplification,
[asoil/arock]max

Lowlands Profile, 100 m 293 560 0.956 1.05 2.01 1.95

Lowlands Profile, 600 m 293 678 0.956 1.05 2.43 2.34

Lowlands Profile, 1000 m 293 765 0.956 1.05 2.74 2.63

Uplands Profile, 100m 390 560 0.718 1.39 1.51 1.48

Uplands Profile, 600 m 390 678 0.718 1.39 1.83 1.78

Uplands Profile 390 765 0.718 1.39 2.06 2.00
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FIGURE 6.42  Effect of embayment depth on amplification of Fourier amplitude spectra
                          compared to Rock A site.  Predicted resonant frequency and maximum 
                          amplification are shown for comparison.
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FIGURE 6.43  Effect of randomization on amplification of Fourier amplitude spectra 
                         compared to a hard rock (Rock A) site.  The quarter-wavelength 
                         approximation is shown for comparison.
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 The effect of nonlinear soil behavior for the Uplands and Lowlands profiles is

compared to the quarter-wavelength approximation in Figure 6.44.  The quarter-

wavelength approximation does not capture the large resonances at periods longer than 1

second.  However, it overestimates amplification at longer periods since it does not

consider nonlinear effects caused by damping.

Figure 6.45 compares the RFS for several embayment depths to the quarter-

wavelength approximation.  The 600-meter and 1000-meter profiles produce large

amplifications at longer periods based on the resonant frequency of the entire soil

column.  The significant amplification of energy at 1 second for the 100-meter profile is

due to the resonance of the soil column at this period.  As previously discussed, the

quarter-wavelength approximation models the general shape of the amplification spectra

but fails to predict resonances within the soil column.

EPRI (1993) and Atkinson and Boore (1997)

The RRS for the hard rock site was compared to the amplification factors

recommended by EPRI (1993) and Atkinson and Boore (1997).  EPRI (1993) proposed

amplification factors as a function of median rock PGA, frequency, and depth of soil

column for stiff soil sites compared to hard rock sites in Eastern North America (ENA).

Table 6.7 lists amplification factors for soil columns deeper than 122 meters.  Figure 6.46

plots the amplification factors as a function of rock PGA.  Amplification factors for the

rock PGA values were interpolated based on these trends.

Atkinson and Boore (1997) developed spectral amplification factors for hard rock

sites in ENA.  These factors were derived by comparing the results of predicted ground
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FIGURE 6.44  Comparison of soil nonlinearity on Fourier amplification at a moment 
                          magnitude of 6.5 and an epicentral distance of 10 km for (a) Uplands 
                          and (b) Lowlands profiles.
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FIGURE 6.45  Effect of embayment depth on amplification of Fourier amplitude spectra 
                         compared to Rock A site.  The quarter-wavelength approximation is
                         shown for comparison.  
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TABLE 6.7  Median Amplification Factors for a Spectral Damping Ratio of 5% based on EPRI (1993) for Deep Soil Sites
                      (Thickness > 122 m) as a Function of Rock PGA

Amplification Factors Based on Rock PGA Values

Frequency
(Hz)

0.05 g 0.10 g 0.20 g 0.30 g 0.50 g 0.75 g 1.00 g 1.25 g

1.00 2.10 2.10 2.08 2.07 2.00 1.81 1.81 1.72

1.50 1.82 1.83 1.80 1.78 1.72 1.62 1.56 1.45

2.5 1.98 1.96 1.91 1.85 1.73 1.52 1.37 1.23

3.45 2.03 2.01 1.97 1.91 1.66 1.33 1.10 0.94

5.00 1.91 1.84 1.73 1.65 1.38 1.03 0.84 0.71

7.50 1.86 1.79 1.63 1.47 1.10 0.78 0.62 0.51

10.00 1.85 1.72 1.49 1.31 0.95 0.65 0.50 0.41

15.00 1.66 1.50 1.25 1.07 0.72 0.47 0.37 0.30

25.00 1.39 1.20 0.94 0.76 0.50 0.35 0.29 0.24

34.00 1.29 1.07 0.79 0.64 0.44 0.32 0.27 0.24

PGA 1.82 1.63 1.38 1.21 0.99 0.82 0.73 0.62
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motions at rock sites to the results of Boore and Joyner (1991) for deep soil sites.  Table

6.8 lists the amplification factors developed by Atkinson and Boore (1997).

TABLE 6.8  Soil Amplification Factors based on Atkinson and Boore (1997)

Frequency
(Hz)

Amplification
Factor

0.5 1.9

1.0 1.9

2.0 2.0

5.0 1.7

10.0 1.4

20.0 0.93

Figure 6.47 compares the RRS of embayment depth with the amplification spectra

from EPRI (1993) and Atkinson and Boore (1997).  Both amplification spectra

overestimate amplification at periods less than 0.25 second.  However, the published

amplification spectra underestimate amplification at longer periods.

The factors proposed by Atkinson and Boore (1997) do not account for nonlinear

soil behavior.  Furthermore, as with the EPRI (1993) base case profile, higher shear wave

velocity values are assumed for the soil column.  Since Atkinson and Boore (1997) use

the quarter-wavelength approximation to estimate site response, amplification due to the

resonant period of the soil column is not estimated.

The amplification factors included in EPRI (1993) do consider nonlinear soil

behavior.  The procedure for generating amplification factors is similar to that adopted in

this study.  Therefore, the difference between the EPRI (1993) amplification factors and

those calculated by this study are attributed to differences in the shear wave velocity
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FIGURE 6.47  Ratio of response spectra for the (a) Uplands and (b) Lowlands profiles 
                          compared with a hard rock (Rock A) site for embayment depths of 100
                          m, 600 m, and 1000 m.  The amplification factors developed by Atkinson
                          and Boore (1997) and EPRI (1993) are shown for comparison.
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profile of the soil column and the variation of soil column depth.  The EPRI (1993)

factors are averaged over a larger soil column depth than the results of this study and

suppress large resonances.  The shear wave velocity profile is also significantly stiffer

than the profile developed in this study.

The effect of epicentral distance of amplification spectra is shown in Figure 6.48.

As previously observed for RFS, at large epicentral distances, spectral accelerations are

amplified at short periods.  Low shear wave velocity deposits amplify ground motions at

large distances.  This amplification is underestimated by published amplification factors

since the amplification factors proposed by EPRI (1993) and Atkinson and Boore (1997)

are based on a higher-velocity soil profile.

Dobry et al. (1994)

A parametric study conducted by Dobry et al. (1994) developed RRS to model

amplification due to site effects observed during the 1985 Michoacan and 1989 Loma

Prieta earthquakes.  The study compared response spectra estimated for soil sites to

response spectra estimated at rock sites with a shear wave velocity of 1220 m/s (4000

ft/sec).  Dobry et al. (1994) identified two constant regions of RRS.  From a period of 0

to 0.5 seconds, an average RRS of 1.3 was determined.  For periods longer than 0.5

seconds, an average RRS of 2.3 was computed.  Dobry et al. (1994) found that as the

peak ground acceleration for rock increases, the RRS decreases due to soil nonlinearity.

On the other hand, as the stiffness of the rock increases, the RRS also increases.  The

results of the Dobry et al. (1994) study are compared with the RRS computed in this

study.
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FIGURE 6.48  Ratio of response spectra for the (a) Uplands and (b) Lowlands profiles 
                         compared with hard rock (Rock A) sites for epicentral distances (Re) of 

                         10, 25, 50, 100, and 200 km.  Amplification factors from Atkinson and
                         Boore (1997) and EPRI (1993) are shown for comparison.
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The effect of soil nonlinearity is compared with the RRS proposed by Dobry et al.

(1994) in Figure 6.49.  The RRS proposed by Dobry et al. (1994) overestimate

amplification at periods less than 0.5 seconds due to nonlinear soil behavior.  However,

amplification from the resonant period of the soil column is underestimated.  Figure 6.50

compares the effect of embayment depth on RRS.  The values proposed by Dobry et al.

(1994) underestimate spectral accelerations for periods between 0.2 and 0.6 second.  At

these periods, amplification from low-velocity deposits controls site response.  The

results of Dobry et al. (1994) do not account for the resonant periods of the soil column.

At longer epicentral distances, the RRS proposed by Dobry et al. (1994)

underestimate spectral accelerations at shorter periods (Figure 6.51).  This is attributed to

amplification of the low-velocity deposits in the embayment profiles.  At an epicentral

distance of 10 km, the RRS proposed by Dobry et al (1994) are adequate for all periods

except the resonant periods due to nonlinear soil behavior.

6.3  Discussion of Site Response

Based on the results of this study, several key factors have been identified that

significantly affect site response in the Central U.S.  Nonlinear soil behavior strongly

influences site response by attenuating high frequencies.  Soil nonlinearity may

significantly decrease the intensity of ground motions.  However, at large epicentral

distances or small magnitudes, amplification controls site response.  Amplification due to

low-velocity deposits and resonances from the impedance contrast at the base of the soil

column may significantly amplify ground motions.



FIGURE 6.49  Ratio of response spectra for the Lowlands profile with varying 
                          constraints on the depth of nonlinear behavior relative to a soft rock 
                          (Rock B) site.  The RRS developed by Dobry et al. (1994) is shown
                          for comparison.

(Lowlands Profile)/(Rock B)
1000 m, Mw=6.5, Re=10 km

Linear

Nonlinear 150 m

Dobry et al., 1994

0.01 0.1 1 10
Period, T (sec)

0

1

2

3

4

R
a

ti
o

 o
f 

R
e

s
p

o
n

s
e

 S
p

e
c

tr
a

, 
R

R
S

Average RRS

RRS +1σ

356



FIGURE 6.50  Ratio of response spectra for (a) Uplands and (b) Lowlands profiles 
                          compared with soft rock (Rock B) site for embayment depths of 100 m, 
                          600 m, and 1000 m.  RRS developed by Dobry et al. (1994) is shown 
                          for comparison.
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FIGURE 6.51  Ratio of response spectra for the (a) Uplands and (b) Lowlands profile 
                          compared to a soft rock (Rock B) site for epicentral distances (Re) of 10, 
                          25, 50, 100, and 200 km.  The RRS developed by Dobry et al. (1994) are 
                          shown for comparison.
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Darragh and Shakal (1991) identified nonlinearity as the key factor in

deamplification of energy at soft soil sites subjected to strong ground motions.

Furthermore, greater levels of amplification were observed at soft soil sites than stiff soil

sites for weak ground motions due to the low-velocity deposits (Darragh and Shakal,

1991).  A similar effect has been observed in this study.  The softer Lowlands profile

amplifies motions at longer periods than the stiffer Uplands profile.  However, at short

periods, the Uplands profile produces larger spectral accelerations.  At short periods,

damping controls site response and reduces spectral accelerations more for the softer,

low-velocity Lowlands profile.

Geologic-age strongly affects the observed ground motion amplification.

Holocene-age deposits produce larger spectral accelerations at longer periods than

Pleistocene-age deposits based on the results of this study.  Furthermore, recent deposits

in the Mississippi River floodplain amplify spectral accelerations at longer periods than

older deposits in the Wolf River floodplain.  In other words, the lower shear wave

velocity profiles will produce more amplification at longer periods.  This is due to the

conservation of energy as shear waves propagate from high-velocity to lower-velocity

deposits.  A study by Su et al. (1992) observed high amplification at low frequencies in

Quaternary deposits whereas older granitic rock sites amplified motions at higher

frequencies.

The embayment depth influences the shape of response spectra and produces

amplification at longer periods for deeper soil columns.  A similar effect was observed by

Kimball and Constantino (1999) for sites in the Eastern United States.  Deeper soil

columns deamplify high-frequency motions and shift the resonant period to lower
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frequencies (Kimball and Constantino, 1999).  Therefore, long-period site coefficients

increase and short period site coefficients decrease as the depth of the soil column

increases.  This is consistent with the results of this study as shown in Figure 6.30.

Additionally, shallower depths to bedrock produce resonances at shorter periods than

deep soil columns.  Bodin and Horton (1999) found that the resonant period of soil

column decreased with decreasing depth to the basement.  The same conclusion is

reached in this study.

Site response studies by Harris et al. (1994) in Paducah, Kentucky observed

similar results to those obtained for this study.  As the depth to basement rock increased,

the resonant period of the soil column increased while the amplitude of amplification

decreased.  A similar phenomenon was observed based on the site response analyses in

this study.  However, in this study, the decrease in amplitude with increasing depth of soil

column is more pronounced for the Lowlands profile than the Uplands profile. Harris and

Street (1997) found that sediments in Paducah, Kentucky located northeast of the New

Madrid Seismic Zone amplified ground motion near the resonant period by 2.5 times at

periods between 0.7 and 0.8 seconds.  This amplification is consistent with the

calculations from the Uplands profile.

Amplification is generally affected by intensity of ground motions.  Amplification

observed from microtremors is often significantly higher than that observed for strong

ground motions due to nonlinear soil behavior at large strains (Seed and Idriss, 1969).

For the moment magnitudes and epicentral distances considered, no significant difference

is observed in amplification.  The main effect observed in this study is the shift of

spectral accelerations to longer periods for larger ground motions.  Others have observed
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larger amplification for the weak ground motions generally encountered at larger

epicentral distances or lower magnitudes (Seed and Idriss, 1969; Darragh and Shakal,

1991).  These effects are not as significant for the earthquake scenarios considered in this

study.  However, further work should evaluate this effect by considering moment

magnitudes greater than 7.5 and less than 5.5.

The near-surface, high-velocity layer identified in Memphis does affect site

response by reducing spectral accelerations.  This effect is attributed to the reflection of

seismic energy downward due to the large impedance contrast between the high-velocity

layer and the underlying deposits.  Disregarding this high-velocity layer will produce

conservative estimates of ground motion.

Current amplification factors may underestimate ground motions in the Upper

Mississippi Embayment based on the results of this study.  The quarter-wavelength

approximation and amplification factors developed by EPRI (1993) and Atkinson and

Boore (1997) significantly underestimate amplification at periods longer than 0.3

seconds.  However, the amplification factors developed by EPRI (1993) are not

appropriate for soft soils.  In particular, the soft deposits in the Lowlands profile amplify

motions by a factor greater than three at periods longer than 1 second.  Therefore,

although these factors are based on deep soil sites, they do not adequately estimate

ground motions for low-velocity profiles such as those encountered in Holocene-age

deposits.  Similarly, the values of RRS proposed by Dobry et al. (1994) underestimate

spectral ratios particularly for resonances within the soil column.  The one standard

deviation (+1 σ) RRS best models the spectral amplification at most periods.  However,



362

amplification at intermediate periods between 0.3 and 0.5 seconds are significantly

underestimated by the both RRS limits proposed by Dobry et al. (1994).
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CHAPTER VII

ATTENUATION RELATIONSHIPS

Attenuation relationships estimate ground motion as a function of magnitude and

distance (Abrahamson and Shedlock, 1997).  These relationships have typically

considered the peak ground acceleration (PGA).  However, more recent models estimate

the spectral acceleration at select periods, particularly at 0.2 and 1 second due to the use

of these periods in the seismic hazard maps discussed in Chapter II.  Abrahamson and

Shedlock (1997) identify two approaches for developing attenuation relationships.

Empirical estimation is based on recorded ground motions from several earthquakes

within a given region.  Empirical estimates are commonly used in California due to the

large database of recorded ground motions.  However, in regions such as the Central

United States where no strong ground motion records are available, theoretical

attenuation relationships are generally based on the results of ground motion models

(Abrahamson and Shedlock, 1997).  The results from the site response analyses

performed in this study and discussed in Chapter VI are compared with attenuation

relationships developed for the Central United States.

7.1  Attenuation Relationships for the Central United States

Several researchers have developed attenuation relationships for the Central

United States.  Boore and Joyner (1991) estimated ground motions for the deep soil
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deposits in the Mississippi Embayment based on the stochastic approach and the quarter-

wavelength approximation discussed in Chapter V.  Atkinson and Boore (1997) modeled

ground motions at hard rock sites and soil sites based on observations.  Toro et al. (1997)

predicted ground motions at Eastern North America hard rock sites and introduced

uncertainty in estimating modeling parameters.  EPRI (1993) developed soil

amplification factors to adjust rock motions for the effect of the soil column.  The

differences among these attenuation relationships are primarily due to the use of different

source models, definition of duration, and selection of low-pass filter (Atkinson and

Boore, 1997).

7.1.1  Boore and Joyner (1991)

Boore and Joyner (1991) developed an attenuation relationship for the Central

United States using a Vs model of the Mississippi embayment.  Rock motions at the base

of the soil column were calculated using the stochastic approach discussed in Chapter V.

Two-corner frequencies were used to define the source spectrum.  The effect the soil

column was modeled using the quarter-wavelength approximation (Joyner et al., 1981).

A κ-filter (κ=0.02 sec) was employed to remove high-frequency energy.  The attenuation

relationship was valid for moment magnitudes ranging from 5.0 to 8.5 and hypocentral

distances of 10 to 400 km.  The peak ground acceleration is given by

M is the moment magnitude, R is the hypocentral distance, and the coefficients are given

in Table 7.1.  Since the quarter-wavelength approximation is used to estimate

amplification relative to a rock site, this attenuation relationship does not include the

RkRlog)6M(d)6M(c)6M(baSAlog 32 ⋅+−−⋅+−⋅+−⋅+′′= (7.1)
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effect of nonlinear soil behavior.  Therefore, conservative estimates of peak ground

acceleration are expected, particularly at short periods and small hypocentral distances.

TABLE 7.1  Coefficients for Boore and Joyner (1991) Attenuation Relationship

T (sec) a" b c d k

PGA 3.663 0.448 -0.037 -0.016 -0.00220

7.1.2  Atkinson and Boore (1997)

Atkinson and Boore (1997) developed an attenuation relationship for hard rock

sites in Eastern North America.  The stochastic approach discussed in Chapter V was

used to estimate ground motions.  Atkinson and Boore (1997) used a two-corner

frequency source model.  A fmax-filter (fmax=50 Hz) was used to filter high-frequency

energy.  Model parameters were based on recorded ground motions in the Eastern Canada

Telemetered Network (ECTN), data from intra-plate earthquakes, and estimation from

historical events (Atkinson and Boore, 1997).  The attenuation relationship was

developed for hard rock sites and is given as

The coefficients for PGA and select frequencies are given in Table 7.2.

This attenuation relationship adequately predicts ground motions for PGA values

greater than 0.25 g (Atkinson and Boore, 1997).  Conservative estimates are obtained for

PGA values between 0.1 and 0.2 g and significant overprediction may occur for PGA

values less than 0.05 g (Atkinson and Boore, 1997).  Atkinson and Boore (1997) also

provide spectral accelerations for low-seismicity regions to more accurately model the

RcRln)6M(c)6M(ccSAln 4

2

321
−−−⋅+−⋅+= (7.2)
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ground motions in these regions.  Table 7.3 lists the spectral accelerations for low-

seismicity regions.

TABLE 7.2  Coefficients for Atkinson and Boore (1997) Attenuation Relationship

Frequency
(Hz)

c1 c2 c3 c4

0.5 -1.660 1.460 -0.039 0.00000

1.0 -0.508 1.428 -0.094 0.00000

2.0 0.620 1.267 -0.147 0.00000

5.0 1.749 0.963 -0.148 0.00105

10.0 2.301 0.829 -0.121 0.00279

20.0 2.762 0.755 -0.110 0.00520

PGA 1.841 0.686 -0.123 0.00311

TABLE 7.3  Coefficients for Atkinson and Boore (1997) Attenuation  Relationship for
                     Low-Seismicity Regions

ln (Spectral Acceleration) in g
Hypocentral Distance

(km) PGA
0.2 sec
(5 Hz)

1 sec
(1 Hz)

10 -0.03 -0.12 -2.16

20 -0.90 -0.88 -2.92

50 -2.30 -2.10 -3.97

80 -2.96 -2.58 -4.41

100 -3.11 -2.63 -4.38

200 -3.99 -3.25 -4.79

Atkinson and Boore (1997) developed soil amplification factors based on the

ground motions predicted by Boore and Joyner (1991).  Atkinson and Boore (1997)

compared the ground motions at hard rock sites to those predicted at soil sites by Boore

and Joyner (1991) to adjust the attenuation relationship for soil sites as
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The amplification factors are given in Table 7.4 for select frequencies.  In general,

Atkinson and Boore (1997) suggest multiplying rock motions by a factor of 2 to estimate

motions at stiff soil sites.  Amplification factors greater than 2 may be expected for soft

soil sites particularly near 1 Hz.  However, since these estimates do not consider the

effect of nonlinear soil behavior, overprediction of PGA is expected (Atkinson and

Boore, 1997).

TABLE 7.4  Soil Amplification Factors for Atkinson and Boore (1997) Attenuation
                     Relationship

Frequency
(Hz)

log factor

0.5 0.27

1.0 0.27

2.0 0.29

5.0 0.24

10.0 0.15

20.0 -0.03

7.1.3  Toro et al. (1997)

Toro et al. (1997) developed an attenuation relationship for Eastern North

America based on the stochastic model discussed.  The attenuation relationship is valid

for magnitudes ranging from 5 to 8 and distances ranging from 1 to 500 km.  This model

was developed for hard rock sites commonly encountered in Eastern North America.  The

attenuation relationship is given as

factorlogSAlogSAlog rocksoil += (7.3)
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M is the moment magnitude, εe and εa are the epistemic and aleatory uncertainties, and

RM is given by

where RJB is the Joyner-Boore distance.  The coefficients are given in Table 7.5 for two

regions.  Two attenuation models were developed for the Mid-Continent region and the

Gulf Coastal Plain region.  In the Central United States, the Mid-Continent region

includes areas north of Mississippi and the northern half of Arkansas.  The Gulf region

represents the southern half of Arkansas and areas south of Tennessee.  The Gulf region

is characterized by a lower shear wave velocity than the Mid-Continent region.  Toro et

al. (1997) suggest using the amplification factors in EPRI (1993) to adjust the rock

attenuation relationship for soil sites.

7.1.4  EPRI (1993)

EPRI (1993) developed amplification factors as a function of depth of the soil

column, rock PGA, and frequency.  Ground motions were estimated using the stochastic

approach with one corner frequency.  These factors minimize the effect of the resonant

period of the soil column by randomizing the profile over a range of depths.  Table 6.7

lists the amplification factors included in EPRI (1993) for several rock motions.

Interpolation may be used to estimate amplification factors for other rock PGA values.

Amplification factors were estimated for the rock PGA values calculated in this study

2
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from Figure 6.46.  These factors were used to adjust the Toro et al. (1997) attenuation

relationship for soil sites.

TABLE 7.5  Median Coefficients for Toro et al. (1997) Attenuation Relationship

Region
Frequency

(Hz)
C1 C2 C3 C4 C5 C6 C7

0.5 -0.74 1.86 -0.31 0.92 0.46 0.0017 6.9

1.0 0.09 1.42 -0.20 0.90 0.49 0.0023 6.8

5.0 1.73 0.84 0.00 0.98 0.66 0.0042 7.5

10 2.37 0.81 0.00 1.10 1.02 0.0040 8.3

Midcontinent

PGA 2.20 0.81 0.00 1.27 1.16 0.0021 9.3

0.5 -0.81 1.72 -0.26 0.74 0.71 0.0025 6.6

1.0 0.24 1.31 -0.15 0.79 0.82 0.0034 7.2

5.0 3.10 0.92 0.00 1.34 1.95 0.0017 11.4

10 5.08 1.00 0.00 1.87 2.52 0.0002 14.1

Gulf

PGA 2.91 0.92 0.00 1.49 1.61 0.0014 10.9

7.2  Comparison of Results and Attenuation Relationships

The results of spectral accelerations calculated in this study were compared with

the attenuation relationships discussed above.  Spectral accelerations were compared for

four periods: PGA (0 second), 0.02 second, 1 second, and 2 seconds.  Attenuation

relationships were compared for a moment magnitude of 6.5 since response spectra were

calculated at several epicentral distances for this magnitude earthquake.  Table 7.6 lists

the spectral accelerations at the selected periods for the profiles considered.
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TABLE 7.6  Predicted Spectral Accelerations for Reference Cases (∆σ = 110 bars, Depth
                     of Nonlinear Soil Behavior = 150 meters, Mw = 6.5)

Spectral Acceleration, Sa (g)

Profile
Epicentral
Distance

(km)

Hypocentral
Distance

(km)
PGA (g) T=0.2 sec

(f=5 Hz)
T=1 sec (f=1

Hz)
T=2 sec

(f=0.5 Hz)

10 12.81 0.444 0.672 0.213 0.100
25 26.25 0.186 0.299 0.099 0.048
50 50.64 0.076 0.133 0.047 0.024

100 100.32 0.036 0.072 0.029 0.016
Hard Rock (A)

200 200.16 0.015 0.035 0.018 0.010

10 12.81 0.334 0.640 0.315 0.119
25 26.25 0.146 0.285 0.147 0.057
50 50.64 0.063 0.127 0.071 0.028

100 100.32 0.033 0.069 0.044 0.019
Soft Rock (B)

200 200.16 0.016 0.034 0.027 0.012

10 12.81 0.537 1.189 0.552 0.264

50 50.64 0.107 0.238 0.123 0.063
Lowlands Profile

1000 m Linear
200 200.16 0.031 0.065 0.047 0.028

10 12.81 0.245 0.331 0.536 0.347

25 26.25 0.149 0.248 0.274 0.142
50 50.64 0.080 0.153 0.125 0.065

100 100.32 0.048 0.096 0.077 0.043

Lowlands Profile
1000 m

200 200.16 0.027 0.051 0.047 0.028

10 12.81 0.249 0.350 0.517 0.258

25 26.25 0.148 0.261 0.267 0.106
50 50.64 0.083 0.155 0.124 0.049

100 100.32 0.050 0.092 0.076 0.032

Lowlands Profile
600 m

200 200.16 0.028 0.050 0.045 0.021

10 12.81 0.238 0.383 0.466 0.201
25 26.25 0.148 0.294 0.324 0.083
50 50.64 0.081 0.161 0.184 0.038

100 100.32 0.050 0.103 0.111 0.024

Lowlands Profile
100 m

200 200.16 0.028 0.054 0.069 0.015

10 12.81 0.460 1.075 0.420 0.221
50 50.64 0.091 0.215 0.093 0.053

Uplands Profile
1000 m Linear

200 200.16 0.026 0.059 0.036 0.023

10 12.81 0.270 0.416 0.422 0.266
25 26.25 0.156 0.297 0.198 0.116
50 50.64 0.076 0.160 0.092 0.055

100 100.32 0.044 0.094 0.058 0.036

Uplands Profile
1000 m

200 200.16 0.024 0.049 0.036 0.023

10 12.81 0.267 0.435 0.416 0.211
25 26.25 0.154 0.282 0.189 0.092
50 50.64 0.077 0.172 0.090 0.044

100 100.32 0.045 0.103 0.056 0.029

Uplands Profile
600 m

200 200.16 0.024 0.052 0.035 0.019
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TABLE 7.6  Predicted Spectral Accelerations for Reference Cases (∆σ = 110 bars, Depth
                     of Nonlinear Soil Behavior = 150 meters, Mw = 6.5) (continued)

Spectral Acceleration, Sa (g)

Profile
Epicentral
Distance

(km)

Hypocentral
Distance

(km)
PGA (g) T=0.2 sec

(f=5 Hz)
T=1 sec (f=1

Hz)
T=2 sec

(f=0.5 Hz)

10 12.81 0.287 0.480 0.570 0.142
25 26.25 0.158 0.345 0.228 0.062

50 50.64 0.081 0.185 0.095 0.030

100 100.32 0.047 0.103 0.055 0.019

Uplands Profile
100 m

200 200.16 0.025 0.052 0.033 0.012

7.2.1  Comparison of PGA

The calculated PGA values for the Rock A and Rock B sites are compared with

the attenuation relationships discussed above in Figure 7.1.  The results obtained from

this study for the hard rock site are consistent with the Toro et al. (1997) model for

hypocentral distances less than 50 km.  The difference at longer distances is attributed to

the use of different geometric attenuation models.  This study uses an attenuation model

developed by Atkinson and Boore (1995) that assumes the geometric attenuation is

constant between a hypocentral distance of 70 and 130 km.  This explains the change in

slope between a hypocentral distance of 50 and 100 km.

Although the same geometric attenuation model is used, the Atkinson and Boore

(1997) attenuation relationship based on Equation 7.2 overpredicts PGA.  The Atkinson

and Boore (1997) attenuation relationship for low-seismicity regions is a better

approximation, but still overestimates PGA.  This difference is attributed to the use of a

fmax-filter rather than a κ-filter (Atkinson and Boore, 1997).  The κ-filter removes more

high-frequency energy than the fmax-filter and may produce a lower estimate of PGA.

Furthermore, Atkinson and Boore (1997) assume the shear wave velocity of 2.8 km/s for
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FIGURE 7.1  Comparison of attenuation relationships and calculated rock PGA for a
                        moment magnitude of 6.5.
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hard rock sites in Eastern North America compared with the 2.04 km/s assumed used in

this study.

The difference in estimated PGA for Rock A and Rock B sites is due to κ.  Rock

A (κ=0.006 sec) has a lower κ than Rock B (κ=0.02 sec).  At small hypocentral distances,

the filtering of high-frequency energy has a larger effect on PGA than at larger distances.

Therefore, the PGA for hard rock sites is larger than for soft rock sites.  However, at

larger distances, the soft rock sites produce slightly larger values of PGA than hard rock

sites.  This effect may be due to surface wave energy from reflections trapped within the

soft rock layer.

Figure 7.2 compares the PGA of rock sites with the PGA for soil sites.  The

results of the linear analyses of the Uplands and Lowlands profile are also shown for

comparison.  Atkinson and Boore (1997) suggested ground motions at soil sites are

approximately a factor of 2 greater than at rock sites due to amplification from low-

velocity deposits.  This is a good approximation at a hypocentral distance of 200 km.

However, at smaller distances, the ground motions estimated from the linear analysis of

soil sites are only about 20% greater than at rock sites.  Some amplification is still

evident.  Since the soil column is assumed to be linear for these cases, the difference is

attributed to the difference in κ for soil sites (κ=0.048 sec).  The higher κ filters more

high-frequency energy and reduces the effects of amplification.

The difference between the Uplands and Lowlands linear profiles is due to the

larger amplification and higher damping in the Lowlands profile due to the lower-

velocity deposits.  The Lowlands profile produces a larger PGA than the Uplands profile

for the linear case due to amplification from low-velocity deposits.  However, more
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FIGURE 7.2  Comparison of peak ground acceleration (PGA) for the (a) Uplands and
                        (b) Lowlands profiles with rock profiles for a moment magnitude of 6.5.
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damping in the softer Lowlands profile produces lower values of PGA for the nonlinear

case compared with the Uplands profile.

The effect of nonlinear soil behavior decreases the estimated PGA.  Furthermore,

nonlinearity decreases with increasing hypocentral distance as the soil column behaves

more linearly at longer distances.  This effect was previously discussed in Chapter VI and

shown in Figure 6.8-6.10.  At short epicentral distances, the large ground motions

produce large strains and higher damping.  Therefore, damping is significant and controls

site response at short epicental distances.  In fact, damping deamplifies ground motions

relative to the rock site.  Damping is still present at larger epicentral distance (>50 km)

and accounts for the difference between the linear and nonlinear cases.  However, at these

distances, amplification controls site response and accounts for the increase in PGA

relative to the rock site.

The embayment depth does not significantly affect the estimation of PGA.  The

100-meter profiles produce slightly larger values of PGA than the 600-meter or 1000-

meter profiles.  This difference is attributed to additional nonlinear soil behavior below

100 meters.

Figure 7.3 compares the estimated PGA for soil sites with that predicted from the

attenuation relationships.  The results of the linear analyses are consistent with PGA

values estimated by the published attenuation relationships.  The underestimation of PGA

at 200 km is due to the different geometric attenuation model and duration model used

for this study.  The effect of nonlinear soil behavior is evident.  For distances less than

100 km, the attenuation relationships overestimate PGA.  The attenuation models

developed by Atkinson and Boore (1997) and Boore and Joyner (1991) model the soil
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FIGURE 7.3  Comparsion of peak ground acceleration (PGA) for the (a) Uplands and
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response using the quarter-wavelength approximation and do not account for

nonlinearity.  Damping of high frequencies is included through κ in the low-pass filter.

Additionally, these relationships do not account for amplification due to soft deposits in

the soil column.  Therefore, at large epicentral distances, amplification of ground motions

is not considered.  The EPRI soil factors, which are applied to the Toro et al. (1997)

relationships, do account for soil nonlinearity.  This effect is evident by the change in

slope of the attenuation relationship for hypocentral distances less than 20 km.  However,

the difference in PGA between the results of this study and the attenuation relationships

proposed by Toro et al. (1997) may be attributed to the lower shear wave velocity profiles

used in this study.

7.2.2  Comparison of 0.2-Second Spectral Accelerations

Figure 7.4 compares the spectral acceleration (SA) at 0.2 second for rock sites.

The differences between the spectral accelerations for the soft and hard rock sites are

negligible as shown by the response spectra in Figure 6.12.  The Gulf Coastal Plain

relationship assumes the spectral acceleration decreases significantly at larger distances.

The Atkinson and Boore (1997) relationship is consistent with the calculated spectral

acceleration values for this study.  The Atkinson and Boore (1997) attenuation

relationship overpredicted PGA by more than 20%.  This overprediction is not evident at

a spectral acceleration of 0.2 second.  Atkinson and Boore (1997) acknowledge that

ground motions may be overestimated by 20% to 40% at high frequencies for PGA

values ranging from 0.1 to 0.2 g.  Furthermore, the Atkinson and Boore (1997)

attenuation relationship for low-seismicity regions accurately predicts the ground motions
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FIGURE 7.4  Comparison of attenuation relationships and calculated rock spectral 
                       accelerations at a period of 0.2 second for a moment magnitude of 6.5.
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calculated in this study.  The attenuation relationships proposed by Toro et al. (1997) are

consistent with the results of this study at short epicentral distances.  However, due to the

different geometric attenuation models, ground motions at large epicental distances are

underestimated.

Figure 7.5 compares the spectral acceleration of rock and soil sites.  The spectral

acceleration calculated from the linear analyses is at least 60% greater than those

predicted for the rock sites at all distances.  The difference in spectral acceleration

between the linear soil profile and the rock profile increases slightly with hypocentral

distance.  Therefore, the effect of damping decreases with distance since ground motions

at larger distances are expected to produce lower strains in the soil column.  The

Lowlands profile produces larger spectral accelerations than the Uplands profile due to

the increased amplification from low-velocity deposits.

Nonlinear soil behavior decreases spectral accelerations due to the effect of

damping.  As previously noted, damping dominates site response at short distances

deamplifying rock motions.  However, at longer distances, amplification begins to control

site response and amplifies rock motions by more than a factor of 1.5.  The effects of

nonlinear soil behavior are more pronounced for the Lowlands profile than the Uplands

profile.  The Uplands profile has a higher shear wave velocity than the Lowlands profile

and does produces lower strains than the Lowlands profile.

The effect of the soil column depth is noticeable at this period for small distances.

Since the depth of nonlinear soil behavior is less for the 100-meter profile, less damping

occurs in this profile compared with the 600-meter and 1000-meter profiles.  This effect

decreases with increasing distance.  Therefore, it may be surmised that nonlinear soil
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FIGURE 7.5  Comparison of spectral acceleration at 0.2 sec (5 Hz)  for the (a) Uplands
                       profiles and (b) Lowlands profiles with rock sites for a moment magnitude
                       of 6.5.
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behavior below 100 meters is negligible at distances greater than approximately 50 km

for a moment magnitude of 6.5.

The spectral acceleration calculated for the soil sites is compared with the

attenuation relationships in Figure 7.6.  The attenuation relationships are consistent with

the linear analyses performed.  However, the Gulf region assumes that spectral

acceleration decreases significantly for distances greater than 100 km.  The Atkinson and

Boore (1997) relationship is conservative since it does not account for the effect of

nonlinear soil behavior.  The Atkinson and Boore (1997) attenuation relationship for low-

seismicity regions accurately predicts spectral accelerations for distances greater than 50

km.  At shorter distances, it overestimates spectral acceleration.  This effect may be due

to compensating effects.  The adjustment to the attenuation relationship may account for

some nonlinear soil behavior.  However, at short epicentral distances where damping

controls site response, the relationship still overpredicts ground motions.  The Mid-

Continent relationship adequately models the linear site response and the response at

large epicentral distances.  The overprediction at short distances may be due to the low-

velocity profiles used in this study that increase the effect of damping.  At longer

distances, damping is not as significant a factor in determining site response.

7.2.3  Comparison of 1-Second Spectral Accelerations

The calculated spectral accelerations at 1 second for Rock A and Rock B are

compared with the attenuation relationships in Figure 7.7.  The difference in spectral

acceleration between the hard rock and soft rock profiles is a resonance at 0.9 second for

the soft rock profile as shown in Figure 6.12.  The calculated spectral accelerations for
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FIGURE 7.6  Comparison of spectral acceleration at 0.2 sec (5 Hz) for the (a) Uplands
                      (b) Lowlands profiles with attenuation relationships for a moment 
                      magnitude of 6.5.
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FIGURE 7.7  Comparison of attenuation relationships and calculated rock spectral 
                        accelerations at a period of 1 second for a moment magnitude of 6.5.
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the Rock A are consistent with the results of the Mid-Continent region from Toro et al.

(1997) whereas the results of Rock B are comparable to the Gulf Coastal Plain region

(Toro et al., 1997).  The lower values predicted by Atkinson and Boore (1997) are due to

the source model used.  Atkinson and Boore (1997) used a two-corner frequency source

model.  The two-corner frequency and one-corner frequency source models are compared

in Figure 5.4.  The one-corner frequency model predicts larger ground motion at periods

greater than 1 second.

   The spectral acceleration results for rock and soil sites are shown in Figure 7.8.

The linear and nonlinear analyses estimate similar values of SA for embayment depths of

600 and 1000 meters.  At 1 second, amplification due to resonances from the impedance

contrast at the base of the soil column begin to control site response.  The negligible

difference between the linear and nonlinear analyses suggests two possibilities: (1)

damping is negligible or (a) amplification due to resonances compensates for the effects

of damping.  The 100-meter soil column has a natural resonant period near 1 second.

This accounts for the significant amplifications observed.  At 10 km, the 100-meter

Lowlands profile may produce significant ground motions that increase damping and

control site response.  Amplification is more significant in the Lowlands profile than the

Uplands profile due to the low-velocity deposits.

The calculated spectral accelerations of the soil sites are consistent with the

attenuation relationship proposed by Toro et al. (1997) as shown in Figure 7.9.  The Mid-

Continent region compares well with the spectral accelerations calculated for the Uplands

profiles.  The Gulf Coastal Plain region approximates the calculated SA for the 100-meter

soil column at distances less than about 50 km.  The Gulf Coastal Plain region is
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FIGURE 7.8  Comparison of spectral acceleration at 1 sec (1 Hz) for the (a) Uplands
                        and (b) Lowlands profiles with rock profiles for a moment magnitude
                        of 6.5.
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FIGURE 7.9  Comparison of spectral acceleration at 1 sec (1 Hz) for the (a) Uplands
                       and (b) Lowlands profiles with attenuation relationships for a moment
                       magnitude of 6.5.
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characterized by a lower shear wave velocity profile than the Mid-Continent region (Toro

et al., 1997).  The difference between the results of this study and the Atkinson and Boore

(1997) relationships is attributed to the use of the two-corner frequency model for the

attenuation relationships.

7.2.4  Comparison of 2-Second Spectral Accelerations

The 2-second spectral accelerations for rock sites are compared with the Atkinson

and Boore (1997) attenuation relationship in Figure 7.10.  Toro et al. (1997) do not

provide coefficients for periods greater than 1 seconds.  Atkinson and Boore (1997) do

not provide spectral accelerations for low-seismicity regions for 2-second periods.  The

large difference between the calculated rock spectral acceleration and the attenuation

function is due to the selection of source model.  The Atkinson and Boore (1997) model

assume a two-corner frequency source model compared with the one-corner frequency

model used in this study.

Figure 7.11 compares the results of the spectral accelerations calculated for rock

and soil sites.  Comparing the linear analyses, the Lowlands profiles amplify spectral

accelerations slightly more than Uplands profiles due to the lower-velocity deposits.  The

deep soil column amplifies spectral accelerations at small distances due to the shifting of

response spectra to longer periods as observed in Figure 6.29.  The difference between

the 600-meter and 1000-meter profiles is due to the resonances within the soil column

(Figure 6.14).  The 100-meter soil profiles does not have resonances at longer than about

1 second.  Therefore, the amplification, relative to the rock profiles, is attributed to the

low-velocity deposits.
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FIGURE 7.10  Comparison of attenuation relationships and calculated rock spectral
                          accelerations at a period of 2 seconds for a moment magnitude of 6.5.

388



T=2 sec (f=0.5 Hz)
Rock A

Rock B

Uplands Profile: Linear

Uplands Profile: 100 m

Uplands Profile: 600 m

Uplands Profile: 1000 m

0.01

0.1

1

S
p

e
c

tr
a

l 
A

c
c

e
le

ra
ti

o
n

, 
S

A
 (

g
)

FIGURE 7.11  Comparison of spectral acceleration at 2 sec (0.5 Hz) for the (a) Uplands
                          and (b) Lowlands profiles with rock profiles for a moment magnitude of
                          6.5.
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Figure 7.12 compares the results of the calculated spectral accelerations with the

Atkinson and Boore (1997) attenuation relationship.  As previously discussed, the

difference is attributed to the two-corner frequency source model.

7.3  Evaluation of Attenuation Relationships

The rock motions calculated in this study are consistent with published

attenuation relationships for the Eastern and Central United States for hard rock sites.

The effect of selected low-pass filter and source model are negligible at periods less than

1 second.  However, for periods greater or equal to 1 second, the two-corner frequency

source model produces large differences in spectral acceleration for soil and rock sites.

The two-corner frequency source model was partly developed for Eastern North America

(ENA) based on the recorded ground motions at Saguenay, Quebec in 1988 (Atkinson

and Boore, 1995).  This earthquake considerably increased the strong motion database for

intraplate regions.

Nonlinear soil behavior strongly influences estimates of spectral acceleration.  At

short periods, soil nonlinearity decreases spectral acceleration for the strong motions

encountered at small hypocentral distances.  However, at long periods, amplification due

to low-velocity deposits and resonances within the soil column significantly increase

ground motions.  As previously observed in Chapter VI, nonlinear soil behavior controls

site response at small distances and short periods.  At larger distances and longer periods,

amplification controls site response.  This phenomenon is also observed for the

attenuation relationships.
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FIGURE 7.12  Comparison of spectral acceleration at 2 sec (0.5 Hz) for the (a) Uplands
                          and (b) Lowlands profiles with attenuation relationships for a moment
                          magnitude of 6.5.
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The more recent deposits represented by the Lowlands profile produce larger

spectral accelerations at longer periods due to resonances within the soil column.

However, the amplification caused by the low-velocity deposits in the Lowlands profile

is reduced by the increased damping within the soil column.  Therefore, at short distances

and short periods, the Uplands profile will produce larger spectral accelerations than the

Lowlands profile.  The opposite effect occurs at large distances and long periods.

The depth of the embayment affects spectral acceleration at longer periods.  At

short periods, the depth of the soil column is not a significant factor affecting site

response.  Larger embayment depths may produce slightly lower ground motions due to

the damping below 100 meters.  However, at periods near 1 second, the effect of the

resonant period controls site response and produces significant ground motions.

The results of this study are consistent with the attenuation relationship developed

by Toro et al. (1997) with the recommended amplification factors from EPRI (1993).

The Toro et al. (1997) attenuation relationship is based on similar source and attenuation

parameters selected in this study.  The difference between the results of this study and the

Toro et al. (1997) relationship are largely due to the different shear wave velocity profiles

used.  Toro et al. (1997) use the shear wave velocity profile developed by EPRI (1993)

that assumes a higher shear wave velocity.  The Vs profile used in this study is more

representative of deposits in the Central U.S. since it is based on the numerous shear

wave velocity profiles compiled.

The Atkinson and Boore (1997) attenuation relationship adequately predicts

spectral accelerations at short periods.  In particular, the relationship developed for low-

seismicity regions is consistent with the results of this study.  However, at longer periods,
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the Atkinson and Boore (1997) relationship may significantly underestimate spectral

accelerations due to the two-corner frequency source model.  Since the Atkinson and

Boore (1997) relationship does not account for nonlinear soil behavior, it overestimates

spectral accelerations at short distances.
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CHAPTER VIII

CONCLUSIONS AND RECOMMENDATIONS

8.1  Conclusions

A comprehensive study was performed to identify soil deposits susceptible to

ground motion amplification in the Central United States.  The parametric study

conducted identified key parameters that influence site response in the Central United

States.  The principal conclusions determined from this study are briefly outlined below.

Remote sensing imagery was analyzed to differentiate near-surface geologic

deposits for regional seismic zonation.  In particular, Landsat Thematic Mapper (TM)

was evaluated for a study area in western Kentucky.  Based on the results of this analysis,

remote sensing imagery may be used to identify geologic features. Image processing

techniques such as image enhancement and band selection improve interpretation of

images.  However, image segmentation and classification requires a priori information of

the geomorphology and is not easily automated.  Therefore, remote sensing imagery may

be more applicable for small-scale characterization in areas with limited information.

Since geologic maps and subsurface properties are available in the Central United States,

remote sensing imagery is not as valuable a technique to distinguish between near-surface

geologic deposits.

Based on the shear wave velocity profiles compiled for the Central United States,

representative profiles were developed for generic alluvial and terrace deposits as well as
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more localized areas within the Memphis, Tennessee, region.  The generic profiles

developed in this study represent typical profiles based on age of near-surface geologic

deposits in the Mississippi Embayment.  The characteristic profiles developed for

Memphis, Tennessee show the effect of near-surface geology and geographic location on

shear wave velocity profiles.  Prior to this study, much of the subsurface information had

not been interpreted on a regional basis or aggregated based on geology.  The database of

shear wave velocity profiles compiled provides future researchers with a wealth of

information about the subsurface properties of near-surface soils in the Central United

States.  Furthermore, the database should be continually updated by other researchers.

The representative profiles were used in site response analyses to study the

influence of deep soil columns encountered in the Mississippi Embayment on strong

ground motions.  These profiles were randomized to account for uncertainty in measuring

shear wave velocity and layer depths.  Furthermore, dynamic material properties were

also randomized to account for uncertainty.  The shear wave velocity profiles and

dynamic properties are used to represent the site effects due to the soil column.  The

motions at the base of the soil column were modeled using a stochastic approach that

assumes the Fourier amplitude spectrum at a rock site can be represented as band-limited,

white noise.  A one-dimensional, equivalent-linear analysis was used to determine

motions at the ground surface based on the rock motions at the base of the soil column

and the site effects due to the soil column.

The results of this study identify three main factors that influence site response

including the age of near-surface deposits, the depth of the soil column in the Mississippi

Embayment, and nonlinear soil behavior.  The age of near-surface geologic deposits
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affects both the Fourier amplitude and response spectra.  Recent Holocene-age deposits

amplify ground motions at longer periods more than older Pleistocene-age deposits due to

the low-velocity deposits in the near-surface.  However, significant spectral accelerations

are estimated at longer periods for both the Holocene-age and Pleistocene-age deposits.

The depth of the soil column in the embayment affects site response at longer

periods.  The depth of the embayment produces resonances in the soil column due to the

large impedance contrast between the embayment deposits and the Paleozoic basement.

The deeper soil column, representative of areas near Memphis, Tennessee, has a

fundamental resonant period greater than 4 seconds and produces significant spectral

accelerations at longer periods.  Although shallower soil columns do not produce large

spectral accelerations at longer periods, they may produce significant ground motions

near a period of 1 second.  Large ground motions were observed at 1 second for the 100-

meter embayment depths.  Therefore, since site response is significantly affected by

embayment depth, the depth of the soil column must be known to accurately estimate

ground motions at a site.

The third factor affecting site response is nonlinear soil behavior.  Dynamic

material properties are strain dependent.  The stiffness decreases and damping increases

with increasing strain level.  Furthermore, the anelastic attenuation increases with

increasing frequency.  Therefore, for large amplitude motions, the material may

deamplify ground motions due to the increased effects of damping.  This behavior has

been observed in this study.  At short periods, damping and attenuation control site

response.  At longer periods, the effects of damping are not as significant and

amplification due to low-velocity deposits and resonances within the soil column control
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site response.  Additionally, the effects of damping are more significant for low-velocity

deposits than high-velocity deposits.

For periods longer than 0.5 second, soil deposits in the Mississippi Embayment

may amplify ground motions by a factor of 2 or greater due to the strong impedance

contrast with the bedrock and the low-velocity, near-surface deposits found throughout

the region.  Amplification factors developed by EPRI (1993), Atkinson and Boore

(1997), and Dobry et al. (1994) do not account for these effects and may underestimate

amplification at longer periods.  Current codes such as those recommended by the

National Earthquake Hazards Reduction Program (NEHRP) provisions may significantly

underestimate ground motions at periods longer than 1 second.  The large ground motions

estimated at longer periods will affect tall structures and bridges and pose a significant

risk throughout the Central United States.

Attenuation relationships developed for the Central and Eastern United States

may overestimate spectral acceleration at small epicentral distances and underestimate

spectral accelerations at large distances.  The overestimation at small distances is

attributed to the effect of nonlinear soil behavior whereas the underestimation at large

distances in due to amplification from low-velocity deposits.  This effect is more

significant at longer periods since the published attenuation relationships do not account

for the effect of the deep soil column.

8.2  Recommendations for Future Work

Based on the results of this study, several key areas have been identified for future

research and are discussed below.
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The application of remote sensing imagery to small-scale seismic zonation in

remote regions should be pursued.  Since geologic and subsurface information was

available for this study, remote sensing imagery did not provide significant new

information.  However, in remote regions where field testing is limited, remote sensing

offers a cost-effective and efficient approach to regional seismic zonation.  Additionally,

the use of other remote sensing systems including radar imagery is suggested.  More

robust image segmentation and classification methods should be evaluated and compared

with the first-order statistical classification performed in this study.  It is expected that

more rigorous methods will improve classification.

The uncertainty in this study was based on limited information.  A more detailed

study of uncertainty should be conducted to develop a robust model quantifying the

uncertainty in measuring shear wave velocity as well as the variation of shear wave

velocity with depth.  Other researchers are currently working on quantifying the

uncertainty of shear wave velocity and layer depths in the Central United States.

The embayment profile developed in this study is based on currently used

embayment profiles.  Future work should concentrate on obtaining quality shear wave

velocity data at large depths to produce a shear wave velocity profile that adequately

models the deep soil column in the Upper Mississippi Embayment.  Furthermore, the

uncertainty and randomness should be evaluated such that it may be incorporated in

subsequent site response analyses.

The motions at the base of the soil column were modeled as a point source with

one-corner frequency.  Other models including the finite fault source and two-corner
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frequency model should be evaluated for the Central United States to improve ground

motion estimation.

The spectral decay parameter, κ, selected for this study is based on the work by

Herrmann and Akinci (2000) for an embayment depth of 600 meters.  The same κ was

used for this study regardless of embayment depth.  This may overestimate the filtering

of high frequencies for shallow soil columns.  Conversely, the κ selected for this study

may not filter enough high-frequency energy for deep soil columns.  Therefore, future

work should consider adjusting κ based on the depth of the soil column.  Furthermore,

the geometric attenuation model and frequency-dependent Q are based on Atkinson and

Boore (1997) and not Herrmann and Akinci (2000).  An inconsistency exists between the

attenuation model, D, and low-pass filter, P, in the model of the Fourier amplitude spectra

model.  This effect was assumed to be negligible in this study.  However, it should be

evaluated to assess the effect on ground motion estimation.

The dynamic material properties used in this study are based on EPRI (1993).  No

information is currently available of the deep soil deposits in the Mississippi Embayment.

Since nonlinear soil behavior has been identified by this study as a key factor in site

response, subsequent research should focus on obtaining soil samples, particularly for

deep deposits, to determine the strain-dependent shear modulus and damping values.

The parametric study conducted in this research is based on deterministic

earthquake scenarios.  Since the National Seismic Hazard Maps are based on

probabilistic earthquake scenarios, subsequent research on site response should consider

probabilistic earthquake scenarios to determine site response and amplification spectra.
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The results of this study were compared with attenuation relationships developed

for the Central and Eastern United States.  These attenuation relationships do not model

the effect of the deep soil column and low-velocity deposits generally found throughout

the Mississippi Embayment.  Therefore, these relationships should be re-evaluated to

incorporate the effects of damping and amplification.  In addition, it is recommended that

attenuation relationships incorporate the depth of embayment deposits.
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APPENDIX A

SHEAR WAVE VELOCITY DATABASE

This Appendix includes the site information from shear wave velocity profiles

compiled in the Central United States.  The site information compiled includes the site

name, location, state, latitude and longitude, elevation, type of test performed, near-

surface geology, representative profile, maximum depth of profile, average shear wave

velocity in the upper 30 meters, NEHRP site class, and source of data.



Table A.1  Shear Wave Velocity Measurements Compiled in the Central United States

Site_Name Location State Latitude Longitude
Elevation 

(m)
Test_Type Geology Profile

Max_Depth 
(m)

Ave_Vs 
(m/s)

Site_Class Source

SHOOT-A Shelby Farms TN 35.12 -89.84 76 SCPT Lowlands / Holocene H-WR 9.7 n/a n/a Casey, 1999

SHOOT-B Shelby Farms TN 35.12 -89.84 76 SCPT Lowlands / Holocene H-WR 16.1 n/a n/a Casey, 1999

SHOOT-C Shelby Farms TN 35.12 -89.84 76 SCPT Lowlands / Holocene H-WR 30.8 248.7 D Casey, 1999

FORST-1 Shelby Forest TN 35.35 -90.01 120 SCPT Uplands / Pleistocene P-SF 31.85 286.6 D Casey, 1999

FORST-5 Shelby Forest TN 35.35 -90.01 121 SCPT Uplands / Pleistocene P-SF 32.9 286.3 D Casey, 1999

FORST-6a Shelby Forest TN 35.35 -90.01 121 SCPT Uplands / Pleistocene P-SF 32.95 287.9 D Casey, 1999

FORST-6b Shelby Forest TN 35.35 -90.01 121 SCPT Uplands / Pleistocene P-SF 30.25 282 D Casey, 1999

Marriott Memphis TN 35.15 -90.04 75 SCPT Uplands / Pleistocene P-M 27.5 329.7 D Casey et al., 1999

Echelon Memphis TN 35.14 -90.04 75 SCPT Uplands / Pleistocene P-M 17.5 n/a n/a Casey et al., 1999

Methodist Memphis TN 35.13 -90.02 87 SCPT Uplands / Pleistocene P-M 17.1 n/a n/a Casey et al., 1999

MEMPH-A Memphis TN 35.02 -89.7 103 SCPT Uplands / Pleistocene P-SE 5 n/a n/a Schneider and Mayne, 1998b

MEMPH-B Memphis TN 35.02 -89.7 103 SCPT Uplands / Pleistocene P-SE 3 n/a n/a Schneider and Mayne, 1998b

MEMPH-C Memphis TN 35.02 -89.7 103 SCPT Uplands / Pleistocene P-SE 3.5 n/a n/a Schneider and Mayne, 1998b

MEMPH-D Memphis TN 35.02 -89.7 103 SCPT Uplands / Pleistocene P-SE 3.8 n/a n/a Schneider and Mayne, 1998b

MEMPH-E Memphis TN 35.11 -89.8 76 SCPT Lowlands / Holocene H-WR 5.5 n/a n/a Schneider and Mayne, 1998b

MEMPH-F Memphis TN 35.11 -89.8 76 SCPT Lowlands / Holocene H-WR 9.5 n/a n/a Schneider and Mayne, 1998b

MEMPH-G Memphis TN 35.11 -89.8 76 SCPT Lowlands / Holocene H-WR 32 231.26 D Schneider and Mayne, 1998b

MEMPH-H Memphis TN 35.1 -89.73 83 SCPT Lowlands / Holocene H-WR 21 276.31 D Schneider and Mayne, 1998b

MEMPH-I Memphis TN 35.09 -89.81 91 SCPT Uplands / Pleistocene P-SEM 13 n/a n/a Schneider and Mayne, 1998b

MEMPH-J Memphis TN 35.19 -90.04 60 SCPT Lowlands / Holocene H-WR 15.5 n/a n/a Schneider and Mayne, 1998b

MEMPH-K Memphis AR 35.15 -90.12 65 SCPT Lowlands / Holocene H-AR2 33 223.82 D Schneider and Mayne, 1998b

SFSR-01 Shelby Farms TN 35.12 -89.84 76 SCPT Lowlands / Holocene H-WR 31 235.74 D Schneider, 1999

SFSR-02 Shelby Farms TN 35.12 -89.84 76 SCPT Lowlands / Holocene H-WR 21.6 327.85 D Schneider, 1999

SFSR-03 Shelby Farms TN 35.12 -89.84 76 SCPT Lowlands / Holocene H-WR 26 264.89 D Schneider, 1999

SFOR-01 Shelby Forest TN 35.35 -90.01 120 SCPT Uplands / Pleistocene P-SF 22 342.66 D Schneider, 1999

W1 Memphis TN 35.08 -90.11 62 Seismic refraction Lowlands / Holocene H-TN 30 248.1 D Williams, 2000

W2 Memphis TN 35.06 -90.12 91 Seismic refraction Uplands / Pleistocene P-SM 30 286.3 D Williams, 2000

W3 Memphis TN 35.06 -90.14 64 Seismic refraction Lowlands / Holocene H-TN 75 211.5 D Williams, 2000

W4 Mud Island TN 35.15 -90.05 60 Seismic refraction Lowlands / Holocene H-TN 70 189.1 D Williams, 2000

W6 Memphis TN 35.15 -90.04 71 Seismic refraction Uplands / Pleistocene P-M 30 344.9 D Williams, 2000

W7 Memphis TN 35.14 -89.99 89 Seismic refraction Uplands / Pleistocene P-M 30 345.9 D Williams, 2000
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Table A.1  Shear Wave Velocity Measurements Compiled in the Central United States

Site_Name Location State Latitude Longitude
Elevation 

(m)
Test_Type Geology Profile

Max_Depth 
(m)

Ave_Vs 
(m/s)

Site_Class Source

W9 Memphis TN 35.11 -89.93 88 Seismic refraction Uplands / Pleistocene P-M 45 347.7 D Williams, 2000

W10 Memphis TN 35.09 -89.86 96 Seismic refraction Uplands / Pleistocene P-SEM 30 291.7 D Williams, 2000

W11 Memphis TN 35.07 -89.99 69 Seismic refraction Uplands / Pleistocene P-SM 30 273.9 D Williams, 2000

W12 Memphis TN 35.11 -89.8 78 Seismic refraction Lowlands / Holocene H-WR 65 245.5 D Williams, 2000

W13 Memphis TN 35.1 -90.1 67 Seismic refraction Lowlands / Holocene H-TN 68 203.3 D Williams, 2000

W14 Shelby Farms TN 35.12 -89.84 76 Seismic refraction Lowlands / Holocene H-WR 115 246.5 D Williams, 2000

W15 Hopefield Point AR 35.15 -90.08 65 Seismic refraction Lowlands / Holocene H-AR1 60 188.6 D Williams, 2000

W16 Shelby Forest TN 35.35 -90.01 91 Seismic refraction Uplands / Pleistocene P-SF 76 272.7 D Williams, 2000

W17 Memphis TN 35.07 -89.99 73 Seismic refraction Uplands / Pleistocene P-SM 30 239.8 D Williams, 2000

S_M_1 Ellendale TN 35.15 -89.84 86.9 Seismic refraction Uplands / Pleistocene P-NW 30 350.1 D Street, 1999

S_M_2 Ellendale TN 35.2 -89.8 89.9 Seismic refraction Uplands / Pleistocene P-NW 40 294.9 D Street, 1999

S_M_3 NE Memphis TN 35.22 -89.96 97.6 Seismic refraction Uplands / Pleistocene P-NW 40 238.2 D Street, 1999

S_M_4 Mud Island TN 35.15 -90.05 62.5 Seismic refraction Lowlands / Holocene H-TN 80 189.6 D Street, 1999

S_M_5 NW Memphis TN 35.24 -90.01 70.1 Seismic refraction Lowlands / Holocene H-LR 50 265.6 D Street, 1999

S_M_6 Millington TN 35.27 -89.94 73.2 Seismic refraction Uplands / Pleistocene P-NW 70 222.6 D Street, 1999

S_M_7 Millington TN 35.33 -89.89 83.8 Seismic refraction Lowlands / Holocene H-BC 40 283.2 D Street, 1999

S_M_8 Memphis TN 35.29 -89.84 77.7 Seismic refraction Uplands / Pleistocene P-NW 60 269.9 D Street, 1999

S_M_9 Brunswick TN 35.28 -89.76 76.2 Seismic refraction Lowlands / Holocene H-LR 70 216 D Street, 1999

S_M_10 Ellendale TN 35.18 -89.87 77.7 Seismic refraction Uplands / Pleistocene P-NW 40 265.8 D Street, 1999

S_M_11 Horn Lake MS 34.96 -90 82.3 Seismic refraction Uplands / Pleistocene P-SM 66.5 218.5 D Street, 1999

S_M_12 Horn Lake MS 34.97 -90.11 93 Seismic refraction Uplands / Pleistocene P-SM 50 303.5 D Street, 1999

S_M_13 Pleasant Hill MS 34.97 -89.94 117.4 Seismic refraction Uplands / Pleistocene P-SC 39.5 392.9 C Street, 1999

S_M_14 W Memphis AR 35.19 -90.21 67.1 Seismic refraction Lowlands / Holocene H-AR2 60 201 D Street, 1999

S_M_15 Germantown TN 35.07 -89.85 83.8 Seismic refraction Uplands / Pleistocene P-SEM 30 271.8 D Street, 1999

S_M_16 Germantown TN 35.03 -89.76 93 Seismic refraction Uplands / Pleistocene P-SE 20 560.9 C Street, 1999

S_M_17 Olive Branch MS 34.98 -89.79 123.5 Seismic refraction Uplands / Pleistocene P-SE 30 471 C Street, 1999

S_M_18 Olive Branch MS 34.9 -89.79 89.9 Seismic refraction Uplands / Pleistocene P-SE 20 486.6 C Street, 1999

S_M_19 Iolive Branch MS 34.95 -89.85 99.9 Seismic refraction Uplands / Pleistocene P-SC 30 340.3 D Street, 1999

S_M_20 Pleasant Hill MS 34.94 -89.95 99.1 Seismic refraction Uplands / Pleistocene P-SC 20 403.9 C Street, 1999

S_M_21 SW Memphis TN 35.03 -90.06 74.7 Seismic refraction Uplands / Pleistocene P-SM 20 258 D Street, 1999

S_M_22 SE Memphis TN 35.03 -89.96 88.4 Seismic refraction Uplands / Pleistocene P-SEM 20 330.8 D Street, 1999
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Table A.1  Shear Wave Velocity Measurements Compiled in the Central United States

Site_Name Location State Latitude Longitude
Elevation 

(m)
Test_Type Geology Profile

Max_Depth 
(m)

Ave_Vs 
(m/s)

Site_Class Source

S_M_23 NW Memphis AR 35.24 -90.11 67.7 Seismic refraction Lowlands / Holocene H-AR1 40 208.9 D Street, 1999

S_M_24 Edmonson AR 35.02 -90.33 62.5 Seismic refraction Lowlands / Holocene H-AR1 40 199.7 D Street, 1999

S_M_25 Arlington TN 35.32 -89.66 82.3 Seismic refraction Lowlands / Holocene H-LR 60 252.1 D Street, 1999

S_M_26 Germantown TN 35.04 -89.79 91.5 Seismic refraction Uplands / Pleistocene P-SEM 30 218.3 D Street, 1999

S_M_28 NW Memphis AR 35.14 -90.1 91.5 Seismic refraction Lowlands / Holocene H-AR1 40 192.8 D Street, 1999

S_M_29 W Memphis TN 35.19 -90.23 67.1 Seismic refraction Lowlands / Holocene H-AR2 70 179.5 E Street, 1999

S_M_30 Fletcher Lake AR 35.08 -90.22 65.2 Seismic refraction Lowlands / Holocene H-AR1 50 180.9 D Street, 1999

S_M_31 Free Corners MS 34.83 -90.08 80 Seismic refraction Uplands / Pleistocene P-SM 60 237.3 D Street, 1999

S_M_32 Banks MS 34.82 -90.23 59.5 Seismic refraction Lowlands / Holocene H-MS1 120 191.3 D Street, 1999

S_M_33 Robinsonville MS 34.82 -90.33 61.9 Seismic refraction Lowlands / Holocene H-MS2 90 187.7 D Street, 1999

S_M_34 Robinsonville MS 34.84 -90.23 62.2 Seismic refraction Lowlands / Holocene H-MS1 60 193 D Street, 1999

S_M_35 Banks MS 34.86 -90.2 61 Seismic refraction Lowlands / Holocene H-MS2 80 194.5 D Street, 1999

S_M_36 Banks MS 34.8 -90.14 73.2 Seismic refraction Uplands / Pleistocene P-SM 30 248.8 D Street, 1999

S_M_37 Lake Cormorant MS 34.95 -90.18 62.8 Seismic refraction Lowlands / Holocene H-MS1 39 187 D Street, 1999

S_M_38 Lake Cormorant MS 34.89 -90.16 64 Seismic refraction Lowlands / Holocene H-MS2 90 195.9 D Street, 1999

S_M_39 SW Memphis TN 35 -90.11 71.6 Seismic refraction Uplands / Pleistocene P-SM 70 215 D Street, 1999

S_M_40 SW Memphis TN 35.05 -90 75 Seismic refraction Uplands / Pleistocene P-SM 50 251.3 D Street, 1999

S_M_41 SE Memphis TN 35.02 -89.88 93 Seismic refraction Uplands / Pleistocene P-SEM 20 258.2 D Street, 1999

S_M_42 SE Memphis TN 35.05 -89.91 89.9 Seismic refraction Uplands / Pleistocene P-SEM 30 278.8 D Street, 1999

S_M_43 SE Memphis TN 35.08 -89.9 80.8 Seismic refraction Uplands / Pleistocene P-SEM 20 315.3 D Street, 1999

S_M_44 SE Memphis TN 35.12 -89.98 93 Seismic refraction Uplands / Pleistocene P-M 30 346.8 D Street, 1999

S_M_45 NE Memphis TN 35.19 -89.98 68.6 Seismic refraction Lowlands / Holocene H-WR 70 228 D Street, 1999

S_M_46 Locke TN 35.28 -90.04 91.5 Seismic refraction Uplands / Pleistocene P-SF 20 258.6 D Street, 1999

S_M_47 Locke TN 35.32 -90.05 105.2 Seismic refraction Uplands / Pleistocene P-SF 20 273.8 D Street, 1999

S_M_48 NE Memphis TN 35.19 -89.9 71.6 Seismic refraction Lowlands / Holocene H-WR 50 265.8 D Street, 1999

S_M_50 Colliersville TN 35.1 -89.65 93 Seismic refraction Uplands / Pleistocene P-WR 20 249.4 D Street, 1999

S_M_51 Colliersville TN 35.02 -89.65 112.8 Seismic refraction Uplands / Pleistocene P-SC 20 384.8 C Street, 1999

S_M_52 Millington TN 35.33 -89.95 76.2 Seismic refraction Lowlands / Holocene H-BC 50 251.7 D Street, 1999

S_M_53 Pecan Point TN 35.37 -90.03 68.6 Seismic refraction Lowlands / Holocene H-TN 30 200.4 D Street, 1999

S_M_54 NE Memphis TN 35.16 -89.92 77.7 Seismic refraction Uplands / Pleistocene P-M 100 181.3 D Street, 1999

Shel_For Shelby Forest TN 35.35 -90.01 113 Downhole Uplands / Pleistocene P-SF 58.3 272.66 D Liu et al., 1997
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Table A.1  Shear Wave Velocity Measurements Compiled in the Central United States

Site_Name Location State Latitude Longitude
Elevation 

(m)
Test_Type Geology Profile

Max_Depth 
(m)

Ave_Vs 
(m/s)

Site_Class Source

Silva_377 Olmsted Dam-KY KY 37.15 -89.07 92 Crosshole Lowlands / Holocene 46.63 193.05 D Silva - PE&A Database

Silva_378 Olmsted Dam-KY KY 37.15 -89.07 92 Downhole Lowlands / Holocene 21.34 206.55 D Silva - PE&A Database

Silva_381 Olmsted Dam-IL IL 37.15 -89.07 92 Crosshole Lowlands / Holocene 52.73 189.03 D Silva - PE&A Database

Silva_791 Noranda MO 36.64 -89.56 91 Downhole Lowlands / Holocene G-H 99.97 229.74 D Silva - PE&A Database

Silva_1695 OLAP MO 37.57 -89.68 129 Seismic refraction Other other 0 n/a n/a Silva - PE&A Database

Silva_1696 VIEN MO 37.41 -89.89 183 Seismic refraction Other other 0 n/a n/a Silva - PE&A Database

Silva_1697 WIKY KY 36.97 -89.09 115 Seismic refraction Lowlands / Holocene G-H 0 304.35 D Silva - PE&A Database

Silva_1698 COKY KY 36.76 -89.1 122 Seismic refraction Lowlands / Holocene G-H 0 279.23 D Silva - PE&A Database

Silva_1699 CHTN MO 36.94 -89.39 101 Seismic refraction Lowlands / Holocene G-H 0 196.25 D Silva - PE&A Database

Silva_1700 HIKY KY 36.55 -89.18 119 Seismic refraction Uplands / Pleistocene G-P 0 419.14 C Silva - PE&A Database

Silva_1701 VSAB KY 36.52 -89.5 90 Seismic refraction Lowlands / Holocene G-H 0 198.75 D Silva - PE&A Database

Silva_1702 RLTN TN 36.39 -89.32 125 Seismic refraction Uplands / Pleistocene G-P 0 272.01 D Silva - PE&A Database

Silva_1703 HNBK TN 36.33 -89.29 140 Seismic refraction Uplands / Pleistocene G-P 0 364.67 C Silva - PE&A Database

Silva_1704 RIDG TN 36.26 -89.48 85 Seismic refraction Lowlands / Holocene G-H 0 187.32 D Silva - PE&A Database

Silva_1705 LATN TN 36.12 -89.39 122 Seismic refraction Uplands / Pleistocene G-P 0 236.06 D Silva - PE&A Database

W8 SE Memphis TN 35.1 -89.92 91 Seismic refraction Uplands / Pleistocene P-M 30 334.51 D Williams, 2000

Marked_Tree Marked Tree AR 35.54 -90.38 65 Downhole Lowlands / Holocene G-H 33.59 211.35 D Liu et al., 1997

Risco Risco MO 36.55 -89.77 84 Downhole Lowlands / Holocene G-H 24.24 219.65 D Liu et al., 1997

YARB-01 Blytheville AR 35.97 -89.93 76 SCPT Lowlands / Holocene G-H 29 221.57 D Schneider and Mayne, 1998a

BUGG-01 Blytheville AR 35.97 -89.9 77 SCPT Lowlands / Holocene G-H 39 209.48 D Schneider and Mayne, 1998a

BUGG-02 Blytheville AR 35.97 -89.9 77 SCPT Lowlands / Holocene G-H 35 213.69 D Schneider and Mayne, 1998a

3M617A Blytheville AR 35.99 -89.83 77 SCPT Lowlands / Holocene G-H 32.2 196.07 D Schneider and Mayne, 1998a

HUEY-01 Blytheville AR 35.98 -89.88 77 SCPT Lowlands / Holocene G-H 27 233.97 D Schneider and Mayne, 1998a

DODD-01 Steele MO 36.09 -89.84 79 SCPT Lowlands / Holocene G-H 31.3 209.11 D Schneider and Mayne, 1998a

DODD-02 Steele MO 36.09 -89.84 79 SCPT Lowlands / Holocene G-H 26 222.25 D Schneider and Mayne, 1998a

JOHN-01 Steele MO 36.11 -89.84 79 SCPT Lowlands / Holocene G-H 25.75 225.92 D Schneider and Mayne, 1998a

CERI-East CERI TN 35.12 -89.93 91 SCPT Uplands / Pleistocene P-M 9.02 n/a n/a Zavala, pers. Comm.

CERI-Mid CERI TN 35.12 -89.93 91 SCPT Uplands / Pleistocene P-M 9.12 n/a n/a Zavala, pers. Comm.

Wolf1 Wolf River TN 35.09 -89.69 86 SCPT Lowlands / Holocene H-WR 24.22 270.24 D Zavala, pers. Comm.

Wolf5 Wolf River TN 35.09 -89.7 85 SCPT Lowlands / Holocene H-WR 30.12 268.21 D Zavala, pers. Comm.

MTREE01 Marked Tree AR 35.58 -90.38 65 SCPT Lowlands / Holocene G-H 31.21 218.5 D Zavala, pers. Comm.
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Site_Name Location State Latitude Longitude
Elevation 
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Test_Type Geology Profile
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MudA11 Mud Island TN 35.14 -90.05 59 SCPT Lowlands / Holocene H-TN 18.1 n/a n/a Liao et al., 2000

MudA12 Mud Island TN 35.14 -90.05 59 SCPT Lowlands / Holocene H-TN 30.1 184.94 D Liao et al., 2000

MudB1 Mud Island TN 35.15 -90.05 60 SCPT Lowlands / Holocene H-TN 29.95 189.49 D Liao et al., 2000

MudC1 Mud Island TN 35.15 -90.05 60 SCPT Lowlands / Holocene H-TN 34.65 170.06 E Liao et al., 2000

MudD1 Mud Island TN 35.17 -90.05 60 SCPT Lowlands / Holocene H-TN 27.95 214.22 D Liao et al., 2000

MudE1 Mud Island TN 35.17 -90.06 56 SCPT Lowlands / Holocene H-TN 23.5 188.71 D Liao et al., 2000

Arkadelphia1 Arkadelphia AR 34.08 -93.1 0 Crosshole Uplands / Pleistocene G-P 51.8 286.92 D Pezeshk, 1999

Arkadelphia2 Arkadelphia AR 34.08 -93.1 0 Crosshole Uplands / Pleistocene G-P 35.1 257.08 D Pezeshk, 1999

Conway Conway AR 35.08 -92.44 96 Crosshole Ozarks 30.5 787.73 B Pezeshk, 1999

Newport Newport AR 35.56 -90.05 70 Crosshole Lowlands / Holocene G-H 56.4 245.68 D Pezeshk, 1999

Paragould Paragould AR 36.11 -90.43 82 Crosshole Crowley's Ridge G-P 44.2 270.15 D Pezeshk, 1999

S_KY_4 Jackson Purchase KY 36.89 -88.31 144 Seismic refraction Uplands / Pleistocene 30 362 C Street et al., 1997

S_KY_5 Jackson Purchase KY 36.96 -88.41 130 Seismic refraction Uplands / Pleistocene 30 430 C Street et al., 1997

S_KY_6 Jackson Purchase KY 36.9 -88.44 122 Seismic refraction Lowlands / Holocene 30 352 D Street et al., 1997

S_KY_7 Jackson Purchase KY 36.67 -88.83 122 Seismic refraction Uplands / Pleistocene 30 261 D Street et al., 1997

S_KY_8 Jackson Purchase KY 36.99 -89.11 94 Seismic refraction Lowlands / Holocene 30 214 D Street et al., 1997

S_KY_9 Jackson Purchase KY 37.09 -89.06 94 Seismic refraction Lowlands / Holocene 30 302 D Street et al., 1997

S_KY_10 Jackson Purchase KY 37.11 -89.02 100 Seismic refraction Lowlands / Holocene 30 333 D Street et al., 1997

S_KY_11 Jackson Purchase KY 37.14 -88.9 115 Seismic refraction Uplands / Pleistocene 30 324 D Street et al., 1997

S_KY_12 Jackson Purchase KY 36.52 -89.07 113 Seismic refraction Uplands / Pleistocene 30 242 D Street et al., 1997

S_KY_13 Jackson Purchase KY 36.53 -88.96 99 Seismic refraction Lowlands / Holocene 30 217 D Street et al., 1997

S_KY_14 Jackson Purchase KY 36.52 -88.9 130 Seismic refraction Uplands / Pleistocene 30 332 D Street et al., 1997

S_KY_15 Jackson Purchase KY 36.52 -88.83 140 Seismic refraction Uplands / Pleistocene 30 348 D Street et al., 1997

S_KY_16 Jackson Purchase KY 36.55 -88.7 154 Seismic refraction Uplands / Pleistocene 30 349 D Street et al., 1997

S_KY_17 Jackson Purchase KY 36.56 -88.6 163 Seismic refraction Uplands / Pleistocene 30 385 C Street et al., 1997

S_KY_18 Jackson Purchase KY 36.6 -88.5 169 Seismic refraction Uplands / Pleistocene 30 390 C Street et al., 1997

S_KY_19 Jackson Purchase KY 36.57 -88.4 161 Seismic refraction Lowlands / Holocene 30 498 C Street et al., 1997

S_KY_20 Jackson Purchase KY 36.96 -88.84 117 Seismic refraction Uplands / Pleistocene 30 256 D Street et al., 1997

S_KY_21 Jackson Purchase KY 37.06 -88.92 116 Seismic refraction Uplands / Pleistocene 30 379 C Street et al., 1997

S_KY_22 Jackson Purchase KY 36.74 -89.04 101 Seismic refraction Uplands / Pleistocene 30 236 D Street et al., 1997

S_KY_23 Jackson Purchase KY 36.65 -89.1 97 Seismic refraction Lowlands / Holocene 30 202 D Street et al., 1997
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S_KY_24 Jackson Purchase KY 36.81 -88.28 119 Seismic refraction Lowlands / Holocene 30 331 D Street et al., 1997

S_KY_25 Jackson Purchase KY 36.8 -88.41 152 Seismic refraction Uplands / Pleistocene 30 429 C Street et al., 1997

S_KY_26 Jackson Purchase KY 36.79 -88.45 120 Seismic refraction Lowlands / Holocene 30 392 C Street et al., 1997

S_KY_27 Jackson Purchase KY 36.84 -88.45 132 Seismic refraction Uplands / Pleistocene 30 394 C Street et al., 1997

S_KY_28 Jackson Purchase KY 36.89 -88.53 113 Seismic refraction Lowlands / Holocene 30 261 D Street et al., 1997

S_KY_29 Jackson Purchase KY 36.95 -88.55 100 Seismic refraction Lowlands / Holocene 30 291 D Street et al., 1997

S_KY_30 Jackson Purchase KY 36.68 -88.17 161 Seismic refraction Uplands / Pleistocene 30 441 C Street et al., 1997

S_KY_31 Jackson Purchase KY 36.65 -88.23 164 Seismic refraction Uplands / Pleistocene 30 465 C Street et al., 1997

S_KY_32 Jackson Purchase KY 36.69 -88.27 131 Seismic refraction Lowlands / Holocene 30 301 D Street et al., 1997

S_KY_33 Jackson Purchase KY 36.7 -88.33 158 Seismic refraction Uplands / Pleistocene 30 418 C Street et al., 1997

S_KY_34 Jackson Purchase KY 36.71 -88.37 160 Seismic refraction Uplands / Pleistocene 30 379 C Street et al., 1997

S_KY_35 Jackson Purchase KY 36.69 -88.46 141 Seismic refraction Lowlands / Holocene 30 427 C Street et al., 1997

S_KY_36 Jackson Purchase KY 36.68 -88.53 168 Seismic refraction Uplands / Pleistocene 30 370 C Street et al., 1997

S_KY_37 Jackson Purchase KY 36.68 -88.59 143 Seismic refraction Lowlands / Holocene 30 375 C Street et al., 1997

S_KY_38 Jackson Purchase KY 36.66 -88.69 126 Seismic refraction Lowlands / Holocene 30 348 D Street et al., 1997

S_KY_39 Jackson Purchase KY 36.76 -88.76 133 Seismic refraction Lowlands / Holocene 30 475 C Street et al., 1997

S_KY_40 Jackson Purchase KY 36.84 -88.89 110 Seismic refraction Lowlands / Holocene 30 220 D Street et al., 1997

S_KY_41 Jackson Purchase KY 36.84 -88.79 152 Seismic refraction Uplands / Pleistocene 30 298 D Street et al., 1997

S_KY_42 Jackson Purchase KY 36.89 -88.73 138 Seismic refraction Uplands / Pleistocene 30 377 C Street et al., 1997

S_KY_43 Jackson Purchase KY 36.97 -88.64 122 Seismic refraction Lowlands / Holocene 30 413 C Street et al., 1997

S_KY_44 Jackson Purchase KY 36.72 -88.9 117 Seismic refraction Uplands / Pleistocene 30 294 D Street et al., 1997

S_KY_45 Jackson Purchase KY 37.02 -88.7 119 Seismic refraction Lowlands / Holocene 30 363 C Street et al., 1997

S_KY_46 Jackson Purchase KY 36.78 -88.35 162 Seismic refraction Uplands / Pleistocene 30 446 C Street et al., 1997

S_KY_47 Jackson Purchase KY 36.84 -88.52 109 Seismic refraction Lowlands / Holocene 30 269 D Street et al., 1997

S_KY_48 Jackson Purchase KY 36.82 -88.62 138 Seismic refraction Lowlands / Holocene 30 329 D Street et al., 1997

S_KY_49 Jackson Purchase KY 36.77 -88.73 137 Seismic refraction Lowlands / Holocene 30 283 D Street et al., 1997

S_KY_50 Jackson Purchase KY 36.69 -88.78 118 Seismic refraction Lowlands / Holocene 30 290 D Street et al., 1997

S_KY_51 Jackson Purchase KY 36.56 -88.8 121 Seismic refraction Lowlands / Holocene 30 334 D Street et al., 1997

S_KY_52 Jackson Purchase KY 36.59 -88.9 111 Seismic refraction Lowlands / Holocene 30 212 D Street et al., 1997

S_KY_53 Jackson Purchase KY 36.65 -88.94 122 Seismic refraction Lowlands / Holocene 30 298 D Street et al., 1997

S_KY_54 Jackson Purchase KY 36.57 -89.01 92 Seismic refraction Lowlands / Holocene 30 207 D Street et al., 1997
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Table A.1  Shear Wave Velocity Measurements Compiled in the Central United States

Site_Name Location State Latitude Longitude
Elevation 

(m)
Test_Type Geology Profile

Max_Depth 
(m)

Ave_Vs 
(m/s)

Site_Class Source

S_KY_55 Jackson Purchase KY 36.86 -88.89 138 Seismic refraction Uplands / Pleistocene 30 345 D Street et al., 1997

S_KY_56 Jackson Purchase KY 36.97 -88.92 122 Seismic refraction Uplands / Pleistocene 30 422 C Street et al., 1997

S_KY_57 Jackson Purchase KY 37.01 -88.97 126 Seismic refraction Uplands / Pleistocene 30 429 C Street et al., 1997

S_KY_58 Jackson Purchase KY 37 -88.85 143 Seismic refraction Uplands / Pleistocene 30 463 C Street et al., 1997

S_KY_59 Jackson Purchase KY 36.61 -88.25 156 Seismic refraction Uplands / Pleistocene 30 417 C Street et al., 1997

S_KY_60 Jackson Purchase KY 36.55 -88.23 155 Seismic refraction Uplands / Pleistocene 30 470 C Street et al., 1997

S_KY_61 Jackson Purchase KY 36.48 -88.35 180 Seismic refraction Uplands / Pleistocene 30 254 D Street et al., 1997

S_KY_62 Jackson Purchase KY 36.55 -88.35 155 Seismic refraction Lowlands / Holocene 30 541 C Street et al., 1997

S_KY_63 Jackson Purchase KY 36.8 -89.02 122 Seismic refraction Uplands / Pleistocene 30 239 D Street et al., 1997

S_KY_64 Jackson Purchase KY 37.04 -89 115 Seismic refraction Lowlands / Holocene 30 276 D Street et al., 1997

S_KY_65 Jackson Purchase KY 37.16 -89.02 98 Seismic refraction Lowlands / Holocene 30 269 D Street et al., 1997

S_KY_66 Jackson Purchase KY 37.13 -88.97 107 Seismic refraction Uplands / Pleistocene 30 257 D Street et al., 1997

S_KY_67 Jackson Purchase KY 37.16 -88.85 105 Seismic refraction Uplands / Pleistocene 30 269 D Street et al., 1997

S_KY_68 Jackson Purchase KY 36.95 -88.75 114 Seismic refraction Uplands / Pleistocene 30 252 D Street et al., 1997

S_KY_69 Jackson Purchase KY 36.97 -89.09 106 Seismic refraction Lowlands / Holocene 30 304 D Street et al., 1997

S_KY_70 Jackson Purchase KY 37.12 -88.82 107 Seismic refraction Lowlands / Holocene 30 331 D Street et al., 1997

S_KY_71 Jackson Purchase KY 36.76 -89.1 122 Seismic refraction Lowlands / Holocene 30 279 D Street et al., 1997

S_KY_72 Jackson Purchase KY 36.55 -89.18 118 Seismic refraction Uplands / Pleistocene 30 419 C Street et al., 1997

S_KY_73 Jackson Purchase KY 36.88 -88.99 113 Seismic refraction Uplands / Pleistocene 30 365 C Street et al., 1997

S_KY_74 Jackson Purchase KY 37.08 -89 118 Seismic refraction Uplands / Pleistocene 30 365 C Street et al., 1997

S_KY_75 Jackson Purchase KY 37.2 -88.98 97 Seismic refraction Lowlands / Holocene 30 268 D Street et al., 1997

S_KY_76 Jackson Purchase KY 36.78 -88.53 122 Seismic refraction Lowlands / Holocene 30 308 D Street et al., 1997

S_KY_77 Jackson Purchase KY 36.75 -88.45 121 Seismic refraction Lowlands / Holocene 30 395 C Street et al., 1997

S_KY_78 Jackson Purchase KY 36.74 -88.2 152 Seismic refraction Uplands / Pleistocene 30 465 C Street et al., 1997

S_KY_79 Jackson Purchase KY 36.62 -88.33 163 Seismic refraction Uplands / Pleistocene 30 220 D Street et al., 1997

S_KY_80 Jackson Purchase KY 37.1 -88.84 123 Seismic refraction Uplands / Pleistocene 30 376 C Street et al., 1997

S_KY_81 Jackson Purchase KY 37.11 -88.8 112 Seismic refraction Uplands / Pleistocene 30 286 D Street et al., 1997

S_KY_82 Jackson Purchase KY 37.12 -88.82 107 Seismic refraction Lowlands / Holocene 30 316 D Street et al., 1997

S_KY_83 Jackson Purchase KY 37.09 -88.88 128 Seismic refraction Uplands / Pleistocene 30 386 C Street et al., 1997

S_KY_84 Jackson Purchase KY 37.09 -88.78 113 Seismic refraction Uplands / Pleistocene 30 280 D Street et al., 1997

S_KY_85 Jackson Purchase KY 37.11 -88.76 105 Seismic refraction Uplands / Pleistocene 30 296 D Street et al., 1997
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Table A.1  Shear Wave Velocity Measurements Compiled in the Central United States

Site_Name Location State Latitude Longitude
Elevation 

(m)
Test_Type Geology Profile

Max_Depth 
(m)

Ave_Vs 
(m/s)

Site_Class Source

S_KY_86 Jackson Purchase KY 37.05 -88.76 122 Seismic refraction Uplands / Pleistocene 30 357 D Street et al., 1997

S_KY_87 Jackson Purchase KY 37.13 -88.8 104 Seismic refraction Uplands / Pleistocene 30 281 D Street et al., 1997

S_KY_88 Jackson Purchase KY 37.15 -88.79 96 Seismic refraction Lowlands / Holocene 30 311 D Street et al., 1997

S_KY_89 Jackson Purchase KY 37.14 -88.76 94 Seismic refraction Lowlands / Holocene 30 290 D Street et al., 1997

Route14 Route 14 TN 35.3 -89.82 91 Crosshole Uplands / Pleistocene P-NW 55.8 190.5 D Pezeshk, 1999

Somerville Somerville TN 35.27 -89.35 125 Crosshole Uplands / Pleistocene G-P 57.9 259.45 D Pezeshk, 1999

Covington Convington TN 35.4 -89.62 96 Crosshole Uplands / Pleistocene P-NW 58.8 269.5 D Pezeshk, 1999

Brownsville Brownsville TN 35.53 -89.26 119 Crosshole Uplands / Pleistocene G-P 60.4 325.86 D Pezeshk, 1999

Newbern Newbern TN 35.13 -89.24 123 Crosshole Uplands / Pleistocene G-P 58.8 206.37 D Pezeshk, 1999

Jackson Jackson TN 35.63 -88.92 114 Crosshole Uplands / Pleistocene G-P 58.8 239.86 D Pezeshk, 1999

Selmer Selmer TN 35.17 -88.6 144 Crosshole Uplands / Pleistocene G-P 28 216.03 D Pezeshk, 1999

Trenton Trenton TN 35.96 -88.94 109 Crosshole Uplands / Pleistocene G-P 57.9 359.97 D Pezeshk, 1999

Paris Paris TN 36.26 -88.33 178 Crosshole Uplands / Pleistocene G-P 25.9 349.49 D Pezeshk, 1999

Wynnburg Wynnburg TN 36.32 -89.47 88 Crosshole Lowlands / Holocene G-H 57.9 201.54 D Pezeshk, 1999

MO-1 Missouri MO 37.05 -89.58 101 Lowlands / Holocene 30 200 D Bauer, pers. comm.

MO-2 Missouri MO 37.05 -89.52 100 Lowlands / Holocene 30 218 D Bauer, pers. comm.

MO-3 Missouri MO 37.04 -89.45 98 Lowlands / Holocene 30 184 D Bauer, pers. comm.

MO-4 Missouri MO 37.02 -89.7 96 Lowlands / Holocene 30 204 D Bauer, pers. comm.

MO-5 Missouri MO 37.09 -89.71 98 Lowlands / Holocene 30 181 D Bauer, pers. comm.

MO-6 Missouri MO 37.12 -89.69 101 Other 30 196 D Bauer, pers. comm.

MO-7 Missouri MO 37.19 -89.7 101 Lowlands / Holocene 30 163 E Bauer, pers. comm.

MO-8 Missouri MO 37.12 -89.8 101 Lowlands / Holocene 30 173 E Bauer, pers. comm.

MO-9 Missouri MO 37.03 -89.78 97 Lowlands / Holocene 30 208 D Bauer, pers. Comm

S_KY_1 Jackson Purchase KY 36.62 -88.22 158 Seismic refraction Uplands / Pleistocene 30 458 C Street et al., 1997

S_KY_2 Jackson Purchase KY 36.96 -88.31 111 Seismic refraction Lowlands / Holocene 30 289 D Street et al., 1997

S_KY_3 Jackson Purchase KY 36.95 -88.36 140 Seismic refraction Uplands / Pleistocene 30 452 C Street et al., 1997

S_KY_90 Jackson Purchase KY 37.13 -88.74 93 Seismic refraction Lowlands / Holocene 30 335 D Street et al., 1997

S_KY_91 Jackson Purchase KY 37.14 -88.74 91 Seismic refraction Lowlands / Holocene 30 323 D Street et al., 1997

S_KY_92 Jackson Purchase KY 37.12 -88.68 91 Seismic refraction Lowlands / Holocene 30 309 D Street et al., 1997

S_KY_93 Jackson Purchase KY 37.04 -88.52 98 Seismic refraction Lowlands / Holocene 30 388 C Street et al., 1997

S_KY_94 Jackson Purchase KY 37.03 -88.59 105 Seismic refraction Lowlands / Holocene 30 288 D Street et al., 1997
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Table A.1  Shear Wave Velocity Measurements Compiled in the Central United States

Site_Name Location State Latitude Longitude
Elevation 

(m)
Test_Type Geology Profile

Max_Depth 
(m)

Ave_Vs 
(m/s)

Site_Class Source

S_KY_95 Jackson Purchase KY 37.05 -88.57 97 Seismic refraction Lowlands / Holocene 30 266 D Street et al., 1997

S_KY_96 Jackson Purchase KY 37.01 -88.53 122 Seismic refraction Uplands / Pleistocene 30 385 C Street et al., 1997

S_KY_97 Jackson Purchase KY 37.1 -88.61 98 Seismic refraction Lowlands / Holocene 30 253 D Street et al., 1997

S_KY_98 Jackson Purchase KY 37.09 -88.6 94 Seismic refraction Lowlands / Holocene 30 238 D Street et al., 1997

S_KY_99 Jackson Purchase KY 37.08 -88.59 93 Seismic refraction Lowlands / Holocene 30 342 D Street et al., 1997

S_KY_100 Jackson Purchase KY 37.06 -88.61 115 Seismic refraction Lowlands / Holocene 30 298 D Street et al., 1997

S_KY_101 Jackson Purchase KY 37 -88.59 114 Seismic refraction Lowlands / Holocene 30 441 C Street et al., 1997

S_KY_102 Jackson Purchase KY 37.01 -88.61 120 Seismic refraction Lowlands / Holocene 30 441 C Street et al., 1997

S_KY_103 Jackson Purchase KY 37.09 -88.65 100 Seismic refraction Lowlands / Holocene 30 336 D Street et al., 1997

S_KY_104 Jackson Purchase KY 37.09 -88.73 104 Seismic refraction Lowlands / Holocene 30 374 C Street et al., 1997

S_KY_105 Jackson Purchase KY 37.07 -88.68 112 Seismic refraction Uplands / Pleistocene 30 576 C Street et al., 1997

S_KY_106 Jackson Purchase KY 37.08 -88.66 106 Seismic refraction Lowlands / Holocene 30 325 D Street et al., 1997

S_KY_107 Jackson Purchase KY 37.11 -88.63 96 Seismic refraction Lowlands / Holocene 30 272 D Street et al., 1997

S_KY_108 Jackson Purchase KY 37.09 -88.67 105 Seismic refraction Uplands / Pleistocene 30 472 C Street et al., 1997

S_KY_109 Jackson Purchase KY 37.09 -88.66 100 Seismic refraction Uplands / Pleistocene 30 359 D Street et al., 1997

S_KY_110 Jackson Purchase KY 37.08 -88.63 107 Seismic refraction Lowlands / Holocene 30 310 D Street et al., 1997

S_KY_111 Jackson Purchase KY 37.05 -88.66 122 Seismic refraction Uplands / Pleistocene 30 383 C Street et al., 1997

S_KY_112 Jackson Purchase KY 37.04 -88.65 130 Seismic refraction Uplands / Pleistocene 30 470 C Street et al., 1997

S_KY_113 Jackson Purchase KY 37.06 -88.67 122 Seismic refraction Lowlands / Holocene 30 406 C Street et al., 1997

S_KY_114 Jackson Purchase KY 37.02 -88.62 119 Seismic refraction Uplands / Pleistocene 30 439 C Street et al., 1997

S_KY_115 Jackson Purchase KY 37.07 -88.65 122 Seismic refraction Uplands / Pleistocene 30 440 C Street et al., 1997

S_KY_116 Jackson Purchase KY 37.11 -88.65 91 Seismic refraction Lowlands / Holocene 30 326 D Street et al., 1997

S_KY_117 Jackson Purchase KY 36.75 -88.7 145 Seismic refraction Lowlands / Holocene 30 360 D Street et al., 1997

Emerson_MO Cape Girardeau MO 37.29 -89.52 122 Downhole Other other 30.35 275.3 D Cooling et al., 1999

Emerson_IL Cape Girardeau IL 37.29 -89.5 101 Downhole Other other 37.8 212.83 D Cooling et al., 1999

Cario Cario/I-57 IL 37.04 -89.2 96 Downhole Lowlands / Holocene 47.4 233.31 D Cooling et al., 1999

I-40 Memphis/I-40 AR 35.15 -90.07 65 Downhole Lowlands / Holocene H-AR1 48.9 218.44 D Cooling et al., 1999

H_mudA Mud Island TN 35.14 -90.06 58 SASW Lowlands / Holocene 32 190.85 D Hebeler, 2001

H_mudB Mud Island TN 35.15 -90.05 60 SASW Lowlands / Holocene 172 210.53 D Hebeler, 2001

H_Sfarm Shelby Farms TN 35.13 -89.83 76 SASW Lowlands / Holocene 53.7 207.17 D Hebeler, 2001

H_Sfor Shelby Forest TN 35.35 -90.01 120 SASW Uplands / Pleistocene 40.5 243.36 D Hebeler, 2001
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Table A.1  Shear Wave Velocity Measurements Compiled in the Central United States

Site_Name Location State Latitude Longitude
Elevation 

(m)
Test_Type Geology Profile

Max_Depth 
(m)

Ave_Vs 
(m/s)

Site_Class Source

Houston Houston Levee TN 35.08 -89.73 91 SASW Uplands / Pleistocene 35 300.95 D Hebeler, 2001

Powell Powell Park TN 35.06 -89.67 98 SASW Uplands / Pleistocene 59.2 288.25 D Hebeler, 2001

Nonconnah Nonconnah Pkwy TN 35.02 -89.75 94 SASW Uplands / Pleistocene 60 260.28 D Hebeler, 2001

H_Jackson Jackson City AR 35.58 -91.08 71 SASW Lowlands / Holocene 40 215.9 D Hebeler, 2001

U_Memphis U. of Memphis TN 35.11 -89.93 90 SASW Uplands / Pleistocene 60 250.93 D Hebeler, 2001

Johnson Johnson TN 35.07 -89.99 70 SASW Uplands / Pleistocene 29.25 213.77 D Hebeler, 2001

H_Wolf Wolf River TN 35.11 -89.8 77 SASW Lowlands / Holocene 46.5 211.63 D Hebeler, 2001
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APPENDIX B

FOURIER AMPLITUDE SPECTRA

This Appendix includes the Fourier amplitude spectra (FAS) for all earthquake

scenarios considered.  The results are grouped by profile.  All the results for a given

profile and epicentral distance are plotted on the same figure.  Furthermore, the results for

a given profile and moment magnitude are also plotted on the same figure.
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APPENDIX B.1  Fourier amplitude spectra for Rock A (a) for a constant epicentral 
                             distance of 50 km and (b) for a constant moment magnitude of 6.5.

(b) Constant moment magnitude (6.5)

(a) Constant epicentral distance (50 km)
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Rock B, Re=50 km
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APPENDIX B.2  Fourier amplitude spectra for Rock B (a) for a constant epicentral
                             distance of 50 km and (b) for a constant moment magnitude of 6.5.

(b) Constant moment magnitude (6.5)

(a) Constant epicentral distance (50 km)
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Rock BC, Re=50 km
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APPENDIX B.3  Fourier amplitude spectra for Rock BC (a) for a constant epicentral 
                              distance of 50 km and (b) for a constant moment magnitude of 6.5.

(b) Constant moment magnitude (6.5)

(a) Constant epicentral distance (50 km)

Rock BC, Mw = 6.5

Re = 10 km

Re = 25 km

Re = 50 km

Re = 100 km

Re = 200 km

0.1 1 10 100
Frequency, f (Hz)

1E-006

1E-005

0.0001

0.001

0.01

0.1

1

F
o

u
ri

e
r 

A
m

p
li

tu
d

e
 (

g
-s

e
c

)

415



Lowlands Profile
100-meter, Re=50 km
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APPENDIX B.4  Fourier amplitude spectra for the 100-meter Lowlands profile (a) for a 
                             constant epicentral distance of 50 km and (b) for a constant moment
                             magnitude of 6.5. 

(b) Constant moment magnitude (6.5)

(a) Constant epicentral distance (50 km)
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Lowlands Profile
600-meter, Re=50 km
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APPENDIX B.5  Fourier amplitude spectra for the 600-meter Lowlands profile (a) for a
                             constant epicentral distance of 50 km and (b) for a constant moment 
                             magnitude of 6.5.

(b) Constant moment magnitude (6.5)

(a) Constant epicentral distance (50 km)
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Lowlands Profile
1000-meter, Re=50 km
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APPENDIX B.6  Fourier amplitude spectra for the 1000-meter Lowlands profile (a) for a 
                              constant epicentral distance of 50 km and (b) for a constant moment
                              magnitude of 6.5.

(b) Constant moment magnitude (6.5)

(a) Constant epicentral distance (50 km)
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Lowlands Profile (Linear)
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APPENDIX B.7  Fourier amplitude spectra for the 1000-meter Lowlands profile for the 
                              linear profile.
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Lowlands Profile
1000-meter, Mw = 6.5, 
Re = 10 km
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APPENDIX B.8  Fourier amplitude spectra for the 1000-meter Lowlands profile where
                              nonlinear soil behavior is constrained to different depths.
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Lowlands Profile
1000-meter, Re=50 km,
Stress drop = 150 bars
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APPENDIX B.9  Fourier amplitude spectra for the 1000-meter Lowlands profile with a
                              stress drop of 150 bars.
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Uplands Profile
100-meter, Re=50 km
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APPENDIX B.10  Fourier amplitude spectra for the 100-meter Uplands profile (a) for a 
                                constant epicentral distance of 50 km and (b) for a constant moment
                                magnitude of 6.5.
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(b) Constant moment magnitude (6.5)

(a) Constant epicentral distance (50 km)
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Uplands Profile
600-meter, Re=50 km
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APPENDIX B.11  Fourier amplitude spectra for the 600-meter Uplands profile (a) for a
                                constant epicentral distance of 50 km and (b) for a constant moment
                                magnitude of 6.5.
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(b) Constant moment magnitude (6.5)

(a) Constant epicentral distance (50 km)
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Uplands Profile
1000-meter, Re=50 km
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APPENDIX B.12  Fourier amplitude spectra for the 1000-meter Uplands profile (a) for a
                               constant epicentral distance of 50 km and (b) for a constant moment
                               magnitude of 6.5.
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Uplands Profile (Linear)
1000-meter, Mw = 6.5
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APPENDIX B.13  Fourier amplitude spectra for the 1000-meter Uplands profile for the 
                                linear profile.
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Uplands Profile
1000-meter, Re=50 km,
Stress drop = 150 bars
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APPENDIX B.14  Fourier amplitude spectra for the 1000-meter Uplands profile with a 
                                stress drop of 150 bars.
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APPENDIX C

RESPONSE SPECTRA

This Appendix includes the response spectra for all earthquake scenarios

considered.  The results are grouped according to profile.  All the results for a given

profile and epicentral distance are plotted on the same figure.  Furthermore, the results for

a given profile and moment magnitude are also plotted on the same figure.



Rock A, Re=50 km
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APPENDIX C.1  Response spectra for Rock A (a) for a constant epicentral distance of 
                              50 km and (b) for a constant moment magnitude of 6.5.
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(b) Constant moment magnitude (6.5)

(a) Constant epicentral distance (50 km)
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Rock B, Re=50 km
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APPENDIX C.2  Response spectra for Rock B (a) for a constant epicenral distance of
                              50 km and (b) for a constant moment magnitude of 6.5.
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(b) Constant moment magnitude (6.5)

(a) Constant epicentral distance (50 km)
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Rock BC, Re=50 km
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APPENDIX C.3  Response spectra for Rock BC (a) for a constant epicentral distance 
                              of 50 km and (b) for a constant moment magnitude of 6.5.                    
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(b) Constant moment magnitude (6.5)
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Lowlands Profile
100-meter, Re=50 km
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APPENDIX C.4  Response spectra for the 100-meter Lowlands profile (a) for a constant 
                              epicentral distance of 50 km and (b) for a constant moment magnitude 
                              of 6.5.
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(b) Constant moment magnitude (6.5)

(a) Constant epicentral distance (50 km)
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Lowlands Profile
600-meter, Re=50 km
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APPENDIX C.5  Response spectra for the 600-meter Lowlands profile (a) for a constant
                              epicentral distance of 50 km and (b) for a constant moment magnitude 
                              of 6.5.
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Lowlands Profile
1000-meter, Re=50 km
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APPENDIX C.6  Response spectra for the 1000-meter Lowlands profile (a) for a 
                              constant epicentral distance of 50 km and (b) for a constant moment
                              magnitude of 6.5.
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(b) Constant moment magnitude (6.5)

(a) Constant epicentral distance (50 km)
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Lowlands Profile (Linear)
1000-meter, Mw = 6.5

Re = 10 km

Re = 50 km

Re = 200 km

0.01 0.1 1 10
Period, T (sec)

0.001

0.01

0.1

1

S
p

e
c

tr
a

l 
A

c
c

e
le

ra
ti

o
n

, 
S

a 
(g

)

APPENDIX C.7  Response spectra for the 1000-meter Lowlands profile for the linear
                              profile.
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Lowlands Profile
1000-meter, Mw = 6.5, 
Re = 10 km
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APPENDIX C.8  Response spectra for the 1000-meter Lowlands profile where nonlinear
                              soil behavior is constrained to different depths.
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Lowlands Profile
1000-meter, Re=50 km,
Stress drop = 150 bars
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APPENDIX C.9  Response spectra for the 1000-meter Lowlands profile with a stress
                              drop of 150 bars.
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Uplands Profile
100-meter, Re=50 km
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APPENDIX C.10  Response spectra for the 100-meter Uplands profile (a) for a constant
                                epicentral distance of 50 km and (b) for a constant moment
                                magnitude of 6.5.
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(b) Constant moment magnitude (6.5)

(a) Constant epicentral distance (50 km)
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Uplands Profile
600-meter, Re=50 km
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APPENDIX C.11  Response spectra for the 600-meter Uplands profile (a) for a constant
                               epicentral distance of 50 km and (b) for a constant moment 
                               magnitude of 6.5.
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(b) Constant moment magnitude (6.5)

(a) Constant epicentral distance (50 km)
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Uplands Profile
1000-meter, Re=50 km
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APPENDIX C.12  Response spectra for the 1000-meter Uplands profile (a) for a 
                                constant epicentral distance of 50 km and (b) for a constant moment
                                magnitude of 6.5. 

(b) Constant moment magnitude (6.5)

(a) Constant epicentral distance (50 km)
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Uplands Profile (Linear)
1000-meter, Mw = 6.5
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APPENDIX C.13  Response spectra for the 1000-meter Uplands profile for the linear 
                                profile.
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Uplands Profile
1000-meter, Re=50 km,
Stress drop = 150 bars

Mw = 5.5

Mw = 6.5

Mw = 7.5

0.01 0.1 1 10
Period, T (sec)

0.001

0.01

0.1

1

S
p

e
c

tr
a

l 
A

c
c

e
le

ra
ti

o
n

, 
S

a 
(g

)

APPENDIX C.14  Response spectra for the 1000-meter Uplands profile with a stress
                                drop of 150 bars.

441



Profiles with Near-Surface,
High-Velocity Layer
Mw = 6.5, Re=50 km
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APPENDIX C.15  Response spectra for profiles with a near-surface, high-velocity layer.
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H-TN Profile, Re=50 km
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APPENDIX C.16  Response spectra for the (a) H-TN profile and (b) H-WR profile for a
                                constant epicentral distance of 50 km.                             

H-WR Profile, Re=50 km
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(a) Characteristic profile H-TN

(b) Characteristic profile H-WR
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P-M Profile, Re=50 km
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APPENDIX C.17  Response spectra for the (a) P-M profile (b) P-SC profile, (c) P-SF
                                profile, and (d) P-WR profile at an epicentral distance of 50 km.
                               

P-SC Profile, Re=50 km
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(a) Characteristic profile P-M

(b) Characteristic profile P-SC
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P-WR Profile, Re=50 km
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P-SF Profile, Re=50 km
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APPENDIX C.17  Response spectra for the (a) P-M profile (b) P-SC profile, (c) P-SF
                                profile, and (d) P-WR profile at an epicentral distance of 50 km.
                               

(c) Characteristic profile P-SF

(d) Characteristic profile P-WR
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