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EXECUTIVE SUMMARY

A site-specific earthquake response study was conducted for the U.S.

Department of Energy (DOE) Paducah Gaseous Diffusion Plant (PGDP), located

near Paducah, Kentucky, to provide guidance for the seismic safety analysis

and future design of structures and facilities there. The methods used

generally follow widely-accepted and validated practices of the geotechnical

earthquake engineering profession as documented in professional literature.

Three earthquake events developed using probabilistic methodologies were

considered. Two horizontal components of rock outcrop motion in terms of

acceleration versus time were used independently (uncoupled). The peak

horizontal accelerations at rock outcrop are 0.19, 0.27, and 0.63 g for the

500-year, 1000-year, and 5000-year events, respectively.

Input parameters describing soil column idealization, geotechnical

engineering properties, and seismic velocities for four individual soil

columns were obtained from reports by others summarizing investigations around

the perimeter of the plant area. Soils at PGDP generally consist of

Pleistocene-age alluvium overlying Tertiary-age deposits and then hard

limestone. Idealized soil column heights range from 322 to 364 ft.

The computer program SHAKE was used to calculate the site response

corresponding to each of the four sites. The predominant site period is in

the range of 0.9 to 1.2 sec. Secondary response peaks occurred at periods

around 0.2 and 0.4 sec. The peak horizontal accelerations at (free field)

ground surface were calculated to be 0.20, 0.27, and 0.36 g for the 500-year,

1000-year, and 5000-year events, respectively. Peak spectral velocities of

18, 26, and 70 in./sec for the 500-year, 1000-year, and 5000-year events,

respectively, occur in this range of periods at 5 percent damping. Peak

spectral accelerations of 0.75, 1.1, and 1.0 g for these three events,

respectively, occur at a period of 0.2 sec.

A sensitivity study was conducted using an average soil column and the

1000-year earthquake event. The effects of including a measured velocity

inversion at Site 3 and reasonable ranges of impedance ratio, depth to

bedrock, and modulus relationships were found to be negligible to small. The

effect of damping ratio relationships and maximum shear modulus using very

large bounds was found to be considerable at lower periods.

- -m m m | | m |1



PREFACE

This report documents the site response evaluations performed for the

U.S. Department of Energy (DOE) Paducah Gaseous Diffusion Plant (PGDP) located

southwest of Paducah, Kentucky. The U.S. Army Engineer Waterways Experiment

Station (WES) was authorized to conduct this study from FY91 to FY93 by the

DOE, Oak Ridge Operations (ORO), Oak Ridge, Tennessee, through Inter-Agency

Agreement (IAG) No. DE-AI05-910R21971. The study was conducted under the

Gaseous Diffusion Plant Safety Analysis Report (GDP SAR) Program. Dr. Ronald

0. Hultgren and Mr. James A. Reafsnyder, ORO, were the DOE Program Officers.

The lAG was managed for Martin Marietta Energy Systems, Inc., by

Ms. Karen E. Shaffer, Uranium Enrichment, Martin Marietta Energy Systems,

Inc., Oak Ridge, Tennessee. Mr. William R. Brock, Deputy Engineering GDP SAR

Manager, Technical Operations, and Mr. R. Joe Hunt, Center for Natural

Phenomena Engineering, Technical Operations, provided technical requirements

and oversight for the study. The overall project manager was Mr. Anthony

Angelelli, GDP SAR Manager, Uranium Enrichment. A similar study was conducted

for the DOE Portsmouth Gaseous Diffusion Plant (PORTS), located near

Portsmouth, Ohio, under the same !AG and is reported under separate cover. A

reassessment of liquefaction potential and estimation of earthquake-induced

settlements at PGDP are also reported under separate cover.

The WES Principal Investigator was Mr. David W. Sykora, Earthquake

Engineering and Seismology Branch (EESB), Earthquake Engineering and

Geosciences Division (EEGD), Geotechnical Laboratory (GL), WES. Ms. Jennifer

J. Davis, a co-op student from Mississippi State University, assisted

Mr. Sykora. Mr. Gregory D. Comes, EESB, provided additional engineering

assistance, and Messrs. William M. McGeehee and Daniel M. Habeeb, EEGD, helped

to prepare report figures. Dr. Mary Ellen Hynes was the Chief, EESB, during

this study.

Overall direction at WES was provided by Dr. A. G. Franklin, Chief,

EEGD, and Dr. William F. Marcuson III, Director, GL.

At the time of publication of this report, Director of WES was

Dr. Robert W. Whalin. Commander was COL Bruce K. Howard, EN.
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CONVERSION FACTORS, NON-SI to SI (METRIC)
UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to SI
(metric) units as follows:

Multiply Abbreviation By To Obtain

acre 0.4047 square kilometers
feet ft 0.3048 meters
inches in. 2.54 centimeters
miles (US statute) mis. 1.609 kilometers
pounds (mass) per pcf 16.01846 kilograms per cubic

cubic foot meter
pounds (mass) per psf 4.882428 kilograms per

square foot square meter
pounds (force) per psi 6.894757 kilopascals

inch
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SITE-SPECIFIC EARTHQUAKE RESPONSE ANALYSIS FOR

PADUCAH GASEOUS DIFFUSION PLANT,

PADUCAII. KENTUCKY

PART I: INTRODUCTION

1. The Paducah Gaseous Diffusion Plant (PGDP), owned by the U.S.

Department of Energy (DOE) and operated under contract by Martin Marietta

Energy Systems, Inc., is located southwest of Paducah, Kenturky. An aerial

photograph and an oblique sketch of the plant are shown in Figures 1 and 2,

respectively. The fenced portion of the plant consists of 748 acres.* This

plant was constructed in the 1950's and is one of only two gaseous diffusion

plants in operation in the Uni'ed States; the other is located near

Portsmouth, Ohio.

2. The facilities at PGDP are currently being evaluated for safety in

response to natural seismic hazards. Design and evaluation 6 uidelines to

evaluate the effects of earthquakes and other natural hazards on DOE

facilities follow probabilistic hazard models that have been outlined by

Kennedy et al. (1990). Criteria also established by Kennedy et al. (1990)

classify diffusion plants as "moderate hazard" facilities.

3. The U.S. Army Engineer Waterways Experiment Station (WES) was tasked

to calculate the site response using site-specific design earthquake records

developed by others and the results of previous geotechnical investigations.

In all, six earthquake records at three hazard levels and four individual and

one average soil columns were used.

Purpose

4. The purpose of this study was to calculate a reasonable range of

expected site-specific, free-field earthquake response at PGDP to three

hazard-level earthquakes, a 500-year, a 1000-year and a 5000-year event, using

geotechnical and geophysical information collected by others specifcally for

this site response analysis. The response was calculated independently for

two components of horizontal motion at each hazard level. The emphasis of the

* A table of factors for converting US customary units of measurement to

metric (SI) units is presented on page 8.
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evaluation was on the 1000-year event which represents the Design Basis

Earthquake (DBE) for design and seismic evaluation studies at moderate hazard

DOE facilities. Calculated free field response spectra will be used by

structural engineers to evaluate the stability of sensitive structures and

facilities and to design future systems at PGDP. To our knowledge, no

previous detailed site response analysis has been conducted for PGDP.

Calculated acceleration records will be used by WES to update the study of

liquefaction potential at the site and estimate earthquake-induced

settlements.

Procedure of Site Response Analysis

5. A site response analysis, sometimes referred to as a soil

amplification analysis, involves the determination of components of ground

motion for design or seismic evaluation. Typically, as in this study, that

determination is made for a "free-field" response-the response at the ground

surface of an ideal soil deposit (horizontal layers extending to infinity) to

a spatially-uniform, horizontal motion applied at the base. The conceptual

relationship between free-field response with respect to two other primary

control points-rock outcrop and base rock-in a site response analysis is shown

in Figure 3. The motions at these three points, as well as any other point in

the vertical profile, are unique. Design earthquake motions are most often

specified as corresponding to rock outcrop. Mathematical expressions

(transfer functions) are then used to find the equivalent motion for the

baserock, and then the seismic waves are propagated through the soil column to

determine the free-field motion at the surface.

6. The determination of site-specific earthquake response of soil

deposits generally involves three basic steps:

a. Determination of earthquake hazard and the selection or
derivation of design motions.

b. Idealization of stratigraphy and selection of material properties.

c. Calculation and evaluation of site response.

For this study, step (a) and part of step (b), listed above, were conducted by

others (Risk Engineering, Inc. 1993, Automated Science Group, Inc. 1991, ERCE

1990b, and Staub, Wang, and Selfridge 1991) and submitted to WES by Martin

12



ROCK OUTCROP D000
MOTION FREE-FIELD 0 0 0

MOTION 1 1

STRUCTURE
OF INTEREST

BASE-RO K
MOTION

Figure 3. Three primary control points for a site response analysis

Marietta Energy Systems, Inc. WES was wholly responsible for the calculation

and evaluation of site-specific earthquake response (step (c) listed above).

WES also derived the average column used for sensitivity analysis.

7. At the direction of Martin Marietta Energy Systems, Inc., the

computer program SHAKE (Schnabel, Lysmer, and Seed 1972) was used to calculate

site response for purposes of this study. SHAKE is a one-dimensional, total

stress code that solves the wave equation in the frequency domain (complex

response technique). The soil profile is represented with an idealized soil

column of homogeneous, visco-elastic layers of infinite extent.

8. SHAKE is widely used by the geotechnical earthquake engineering

profession for the calculation of site response for horizontal motions.

Several investigators have reported close comparisons between the results

using SHAKE and the measured horizontal response from strong-motion

instruments triggered during earthquakes at periods less than 2 sec (e.g.,

Seed et al. 1987 and Seed, Dickenson, and Idriss 1991). The experience of

these investigators suggest that for periods greater than 4 sec, motions are

likely to be significantly affected by two-dimensional effects and surface

wave energy and are not well represented with SHAKE.**

** Personal communication, Prof. Raymond Seed, University of California at

Berkeley, 23 September 1991.
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Special Considerations for Study at •GDP

9. The analysis of earthquake response at a site is not only unique to

the material properties and site conditions but also to other factors such as

the number and spatial distribution of soil columns, assessment of how

representative the soil columns are of the range of site conditions, and

interpretations or assumptions required to provide the necessary complement of

input parameters. At PGDP, some special considerations were required.

10. Soil conditions at Site I, located on the southern boundary of PGDP

(refer to Figure 2), were reported to be considerably different than those at

the other three sites (ERCE 1990a). A review of the geology there indicates

that this area is underlain almost entirely by Tertiary-age deposits of the

Porter's Creek Formation which tends to be stiffer than the Tertiary-age

deposits of the Clayton-McNairy Formation. These deposits are expected to

exist beneath the southern portion of the C-333 processing building. The

calculated response at Site 1 was included to produce a full range of response

that could potentially exist in the near vicinity of PGDP. The results of the

analysis indicate that the response at Site I generally lies near the upper-

bound of response but does not differ significantly from the response at other

sites.

11. The four sites are spaced a large distance apart (two sites are

over 2 miles apart) and exist outside of the fenced boundaries. A number of

borings that were made within the fenced area for previous studies suggest

that the profiles at Sites 2, 3, and 4 are representative of the conditions

for the overall plant. The ranges in measured shear wave velocity with depth

at the four sites are relatively small considering the distance between sites.

Furthermore, shear wave velocities measured at the nearby Olmsted Lock and Dam

Project on the Ohio River in the same geologic formation that exists at PGDP

have essentially the same range and variability.

12. A comprehensive sensitivity analysis of inputs was performed to

account for reasonable uncertainties in the depth to bedrock, impedance

contrast, shear wave velocity, and relationships between shear modulus and

damping ratio versus shear strain. Potential variations in shear wave

velocity were addressed using guidance by the Nuclear Regulatory Commission

(1989).

14



Report Organization

13. The presentation of information henceforth generally will follow

the order of site response analysis listed earlier. First, the synthetic

records used in the analysis are presented in Part II. Then, stratigraphic

and material property information is presented in Part III. Detailed

descriptions of calculations and methods of presentation are given in Part IV.

The results of calculations for the 500-year, 1000-year, and 5000-year events

are presented in Part V. The sensitivity analysis was conducted using an

average column intended to represent all four sites and the 1000-year event.

This analysis is summarized in Part VI. A summary and conclusions section

completes the report. Figures representing many of the computations conducted

for the study are contained in the appendices for reference.
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PART II: DESIGN EARTHQUAKE EVENTS

14. The determination of earthquake hazard and the selection or

derivation of appropriate design records represent the first step of a site

response analysis. Based on current DOE guidelines and the moderate hazard

classification assigned to PGDP, probabilistic methods of hazard analysis were

used to derive parameters defining the design events and to develop

corresponding synthetic records.

15. The probabilistic assessment of seismic hazard was conducted by

Risk Engineering, Inc. (1993). They used an extended-source seismic hazard to

represent the New Madrid Seismic Zone (NMSZ) for site-specific evaluations at

PGDP. Recent seismic activity in the NMSZ is shown in Figure 4. The

extended-source model of the NMSZ is a system of parallel faults running in a

north-northeasterly direction. Earthquake magnitudes and epicentral distances

were smoothed with the dominant magnitudes and epicentral distances being 7.1

at 65 km for the 500-year event, 7.3 at 52 km for the 1000-year event, and 7.3

at 38 km for the 5000-year event. Uniform hazard response spectra were

generated at these three levels of hazard.

16. Three sets of synthetic earthquake records representing rock

outcrop motions were developed corresponding to three median levels of hazard

(500-year, 1000-year, and 5000-year events). Synthetic earthquake records

were developed by Risk Engineering, Inc. (1992) to completely envelop the

uniform hazard spectra. Two horizontal components of motion were provided for

each earthquake event. A time step of 0.01 sec (i.e., 100 samples per second)

was used corresponding to a Nyquist frequency of about 50 Hz, a value well

above the free-field natural frequency at the site. Records of the variation

of acceleration, velocity, and displacement with time and absolute

acceleration response spectra are presented below for the three design events

using a constant vertical plot scale for consistency. The acceleration and

velocity records were integrated exactly by WES to allow inspection of the

variations of velocity and displacement, respectively, with time.

500-Year Event

17. The two components of the synthetic 500-year design earthquake

event for rock outcrop are shown in Figure 5, and particular characteristics

16
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are summarized in Table 1. The peak horizontal ground accelerations are 0.19

and 0.18 g for the Horizontal I and Horizontal 2 components, respectively, and

the durations of strong motion (accelerations > 0.05 g) are 11 and 15 sec.

The variation of acceleration, velocity, and displacement for the two

horizontal components of the 500-year event are shown in Figure 6.

Table 1

Characteristics of 500-Year Event Outcrop Motions

Duration
Peak Peak Strong

Acceleration Peak Velocity Displacement Motion
Component (cm/sec 2 ) (cm/sec) (cm) (sec)

Horizontal 1 183 11.0 8.0 11

Horizontal 2 178 6.8 2.9 15

18. The variations of velocity and displacement for the two horizontal

components differ noticeably both in the peak amplitude and the number of

times that the zero amplitude line is crossed. The peak velocity and

displacement for the Horizontal I component are on the order of twice those

for the Horizontal 2 component.

19. The absolute acceleration response spectra at six levels of system

damping for the 500-year event are shown for both components of rock outcrop

motion in Figure 7. The spectra corresponding to 5 percent damping are

similar with spectral accelerations ranging up to 0.50 g. At 5 percent

damping, the Horizontal I component has a peak ordinate of 0.5 g at 0.042 sec,

and the Horizontal 2 component has dual peak ordinates at 0.021 and 0.035 sec.

The Horizontal 2 component consistently has a greater response at periods less

than 0.04 sec.

1000-Year Event

20. The two horizontal components of the synthetic 1000-year design

earthquake event for rock outcrop are shown in Figure 8, and particular

characteristics are summarized in Table 2. The peak horizontal ground

19
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accelerations are 0.26 and 0.27 g for the Horizontal 1 and Horizontal 2

components, respectively, and the durations of strong motion (accelerations >

0.05 g) are 15 and 17 sec. The variation of acceleration, velocity, and

displacement for the two horizontal components of the 1000-year event are

shown in Figure 9.

Table 2

Characteristics of 1000-Year Event Outcrop Motions

Duration
Peak Peak Strong

Acceleration Peak Velocity Displacement Motion
Component (cm/sec 2 ) (cm/sec) (cm) (sec)

Horizontal 1 258 18.1 13.7 15

Horizontal 2 265 14.7 11.1 17

21. The variations of velocity and displacement for the two horizontal

components are similar. The Horizontal I component has slightly larger peak

values of velocity and displacement. The variations of displacement for each

component are slightly skewed to one direction or the other.

22. The absolute acceleration response spectra at six levels of system

damping for the 1000-year event are shown for both components of rock outcrop

motion in Figure 10. The spectra corresponding to 5 percent damping are

similar with peak spectral accelerations up to 0.77 g. At 5 percent damping,

the peak spectral accelerations are 0.68 and 0.77 g, about one-and-a-half

times greater than the peaks for the 500-year event. Predominant periods for

the two components are again 0.042 and 0.035 sec, and the Horizontal 2

component has a consistently greater response at periods less than 0.04 sec.

5000-Year Event

23. The three components of the synthetic 5000-year design earthquake

event for rock outcrop are shown in Figure 11 and particular characteristics

are summarized in Table 3. The peak horizontal ground accelerations are 0.54

23
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and 0.63 g, respectively, and the durations of strong motion (accelerations >

0.05 g) are 15 and 16 sec. The variation of acceleration, velocity, and

displacement for the two horizontal components of the 5000-year event are

shown in Figure 12.

Table 3

Characteristics of 5000-Year Event Outcrop Motions

Duration
Peak Peak Strong

Acceleration Peak Velocity Displacement Motion
Component (cm/sec 2 ) (cm/sec) (cm) (sec)

Horizontal 1 525 53.5 45.9 13

Horizontal 2 615 59.0 41.8 15

24. The variations of velocity and displacement for the two horizontal

components are very similar. The Horizontal 2 component has a slightly larger

peak value of velocity, and the Horizontal 1 component has a slightly larger

peak value of displacement. The variation of displacement for the

Horizontal 1 component is slightly skewed to one direction. The peak values

of acceleration, velocity, and displacement for the 5000-year event are about

three times the peak values for the 1000-year event.

25. The absolute acceleration response spectra at six levels of system

damping for the 5000-year event are shown for both components of rock outcrop

motion in Figure 13. The spectra for the two components are significantly

different. The Horizontal 2 component produces significantly greater response

at periods less than 0.04 sec, much more pronounced than the stronger response

at these periods noted for the other two events. For a damping ratio of

5 percent, the peak spectral accelerations are 1.32 at 0.048 sec and 1.55 g at

0.03 sec, about two times the peaks for the 1000-year event and three times

the peak values for the 500-year event.
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PART III: SITE DESCRIPTION AND SOIL COLUMNS

26. PGDP is located about 10 miles west of Paducah, in McCracken

County, Kentucky, about 4 miles south of the Ohio River and about 3 miles

south of the Ohio River Valley. This area is at the northern boundary of the

Coastal Plain Province and the plant is situated on an upland surface that was

graded during construction in the early 1950's to between el 370 and

380 MSL.+ (ERCE 1990b) The region around the plant is relatively flat with

some upland erosion from nearby streams.

27. An attempt was made at the initiation of this study to obtain

information from investigations conducted by USACE in the 1950's at PGDP for

original construction of the plant. Despite considerable effort, this

information was not found. Therefore, only recently-obtained information was

involved.

Site Geology

28. Soil deposits at PGDP are part of the Mississippi Embayment which

consists of Cretaceous-age (pre-Tertiary) to Pleistocene-age deposits. The

Mississippi Embayment has undergone several cycles of uplifting with

consequent erosion and downwarping with consequent deposition. Tertiary-age

deposits were placed in marine environments. Pleistocene-age continental

deposits were deposited in fresh-water environments on erosional surfaces of

Tertiary-age deposits. "These deposits may represent part of a large alluvial

fan, and may consist partly of reworked glacial outwash." (ERCE 1990b) The

results of consolidation tests were not available to determine the degree of

overconsolidation of foundation materials. Based on the history of deposition

and erosion, however, soil deposits at PGDP are expected to be normally

consolidated or possibly slightly overconsolidated.

29- Soil deposits can be generally described as consisting of a

surficial veneer of loess, alluvial continental deposits that consist of

gravel, sand, silt and clay overlying Tertiary-age deposits of predominantly

clay interbedded with sands and silts, and occasionally a "rubble zone." Fill

is expected at the ground surface in isolated locations. Hard limestone

+ Mean Sea Levl
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underlies the entire site. The soil deposits and limestone dip gently

downward to the south (ERCE 1990b). An illustrated cross section showing the

primary soil deposits along a line projected north-south through the plant

area is shown in Figure 14. This figure is not to scale, but it generally

shows the distribution of materials along the profile. Brief descriptions of

the soil deposits and bedrock are presented below.

Fi 11

30. Fill was encountered in the upper five feet at Site 2. The fill

material is essentially a silty clay with limestone fragments (ERCE 1990b).

For this analysis, this material was generally lumped together with loess.

Loess deposits

31. Wind-blown loess deposits cover nearly the entire fenced area of

PGDP. These deposits are of Pleistocene age and vary in thickness from 15 to

40 ft (ERCE 1990b). At the four sites used for site response analysis, the

thickness only ranged from 10 to 20 ft. The loess generally classifies as a

silty clay (CL) with some CL-ML material. The liquid limits and plasticity

indices range from 22 to 35 and 4 to 14, respectively; moist unit weights

range from 120 to 124 pcf. The range in Standard Penetration Test (SPT) N-

values is 5 to 26 with an average of 11 blows per foot indicating a firm to

very stiff consistency.

Continental deposits

32. Continental deposits appear to underlie the entire area around

PGDP. These alluvial deposits are of Pleistocene age (possibly pre-

Pleistocene); they vary in thickness from 20 ft at Site I to 93 ft at Sites 3

and 4 and 95 ft at Site 2, and consist of low plasticity clays and silts,

silty and clayey sands, and gravels. The liquid limits and plasticity indices

range from 14 to 40 and non-plastic to 20, respectively; moist unit weights

range from 97 to 136 pcf. The range in SPT N-values is 4 blows per foot to

refusal with an average of about 45 blows per foot confirming that there is a

wide variation in material densities and consistencies.

Tertiary-age deposits

33. Three primary formations of Tertiary-age exist in the area of the

PGDP: the Clayton, McNairy, and rorter's Creek. The Clayton and McNairy

Formations are combined for engineering purposes of this study because the

materials are very similar. The Porter's Creek and Clayton-McNairy Formations

are described separately below.
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34. Porter's Creek Formation. The Porter's Creek Formation was

encountered at Site 1. The thickness of the deposits within this formation is

84 ft. These materials are micaceous silts and clays with intervals of fine

sand, in part glauconitic (ERCE 1990b). The plasticity of these deposits is

high and the Atterberg Limits plot well below the "A-line." The liquid limits

and plasticity indices range from 88 to 106 and 11 to 25, respuctiveiy; moist

unit weights were not measured. The range in SPT N-values is 43 to 170 blows

per foot with an average of 92 blows indicating a hard to very hard soil

consistency.

35. Clayton-McNairy Formation. The Clayton-McNairy Formation was

encountered at all four sites beneath Continental Deposits (at Sites 2, 3, and

4) or Porter's Creek Clay (at Site 1). These materials consist of interbedded

clay, silt, and fine sand. The thickness of these deposits ranged from 210 to

225 ft at the four sites. The liquid limits and plasticity indices of these

materials range from 22 to 43 and non-plastic to 18, respectively; moist unit

weights were not measured. The range in SPT N-values is 45 blows per foot to

refusal with more than half of the N-values being greater than 100 indicating

a hard to very hard soil consistency.

Little Bear Soil

36. Little Bear Soil (rubble zone) was apparently encountered at Site 3

at depths between 334 and 364 ft but not at any of the other three sites.

This deposit is believed to generally consist of silty clay with chert

fragments and limonite nodules (ERCE 1990b). This material is described from

the drilling log as "Probably siliceous limestone and chert fragments (rubble

zone)." An SPT sampler could not penetrate material in this zone.

Bedrock

37. Bedrock beneath the plant area at PGDP generally consists of

limestone of Mississippian Age, presumably of the Warsaw Formation (Martin

Marietta Energy Systems, Inc. 1991b). The limestone tends to be moderately

hard to hard with a relatively high shear modulus. Two borings for this study

fully penetrated the soils (at Sites 3 and 4) and were extended 5 to 35 ft,

respectively, into limestone using a roller bit.

38. Previous investigations by others for major projects in the region

on similar types of bedrock provided additional insight into the

characteristics of the limestone, particularly on representative shear wave

velocities. These previous investigations were for the Bellefonte, Browns
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Ferry, and Watts Bar Nuclear Power Plants and the Tennessee Valley Authority

(TVA) Yellow Creek Project.

Individual Soil Columns

39. A "soil column" is a one-dimensional idealization -f a layered soil

deposit. This representation assumes that the soil layers and surface of the

deposit are horizontal and that the material properties do not vary over the

thickness of any one layer. The primary components of a soil column are:

geometry (number of layers and thickness of each layer), geotechnical

engineering data, and seismic geophysical data. General descriptions of each

of these categories are provided in the following sections.

40. Four individual soil columns were derived from recent drilling and

geotechnical engineering investigations (ERCE 1990a) and geophysical

measurements (Automated Science Group, Inc. 1991) performed at general

locations shown in Figure 2 (ERCE 1990a). Seismic velocities were assimilated

by Staub, Wang, and Selfridge (1991). A summary of geotechnical tests and

shear wave velocity measurements made at each of the four sites are shown in

Figures 15 through 18.

41. All four of the sites are located outside the fenced boundary of

PGDP and are separated by great distances. Site 2 is the closest to a large,

important building, about 1,500 ft from building C-337. Site 1 is 2,000 ft

from building C-333 and Site 3 is 4,000 ft from building C-720. Site 3 is

located near the edge of the upland surface where the cooling water pipes

emerge and is about 11,700 ft from buildings C-335 and C-337. The distances

between each pair of sites are listed in Table 4. Coordinates and surface

elevations for all borings drilled at each site are presented in Appendix A.

42. The four idealized soil columns developed ;y EKOZ (1390a) are shown

in Figures 19 through 22. Minor modifications to the original soil columns

were made by WES by combining some adjacent layers with similar material types

and shear wave velocities. Changes in material types are designated with

solid horizontal line segments across the column whereas changes in parameters

for the same material type are designated with a dashed horizontal line

segment. Specifics about each component are described below.
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Figure 20. Soil column for Site 2
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Table 4

Distances Between Sites

Distance (ft)

Site Site 2 Site 3 Site 4

1 7,100 18,100 6,900

2 - 11,900 5,500

3 13,600

Geometry

43. Three or four boreholes were drilled at each of the four sites. At

Sites 1 and 2, three boreholes were drilled to depths ranging from 70 to

125 ft. Boreholes were not extended to limestone bedrock at either of these

sites. At Sites 3 and 4, four boreholes were drilled, three to depths of

about 125 ft and the last terminated in bedrock (encountered at depths of 364

and 322 ft, respectively).

44. Soil columns for site response analysis should extend to sound

bedrock. It was desirable to include information from all four sites

investigated at PGDP for the site response study even though boreholes were

extended to bedrock at only two sites. Therefore, Martin Marietta Energy

Systems, Inc., through ERCE (1990a), interpreted soil column parameters at

depth for Sites 1 and 2 based on available geologic, geophysical, and

seismologic data at PGDP to allow the analysis of four (semi-) independent

soil columns.

45. Soil layers within a soil column represent depths at which

significant changes in material occur. This includes soil classification and

material properties. The number of soil layers used for PGDP varied between

12 for Site 3 and 17 for Site 2 as shown in Figures 19 through 22.

Geotechnical engineering data

46. Geotechnical engineering data for this study refer to gradation and

plasticity index (PI), the unit weights (densities), and the variations of

shear modulus and damping ratio with shear strain. One of the three "shallow"

holes was used as the primary source of geotechnical data at each site.

Geotechnical data was also obtained from the two "deep" holes at Site 3 and
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Site 4. SPT's were generally performed at 2.5-ft depth intervals in the upper

strata and 5-ft intervals in continental deposits. The depth to the phreatic

surface was not of importance for the site response analysis (but is for

liquefaction and earthquake-induced settlement calculations subsequent to this

study).

47. Gradations and Atterberg limits. A number of these tests were

performed at each site, particularly in the loess and continental deposits.

The gradation and Atterberg limit values were used to classify the soil to

determine the appropriate number of layers and the thickness of each layer.

The PI was also used to assign appropriate relationships defining the

variation of shear modulus and damping ratio with shear strain as described

below.

48. Unit weights. The values of unit weight for each layer of the soil

columns (ERCE 1990a) were derived from measurements made in the laboratory,

interpretations of downhole geophysical measurements (Automated Science Group

1991), and assumptions. All but one unit weight was measured in the

laboratory on samples of loess and continental deposits at depths less than

55 ft. Measured values of moist unit weight ranged from 95 to 136 pcf. The

unit weight of rock was assumed to be 165 pcf. The range of unit weights for

soil column idealizations is 105 to 135 pef.

49. The report by ERCE (1990a) indicates that some of the unit weights

were measured on soil samples obtained with an SPT split-spoon sampler. This

practice is not widely accepted in the geotechnical engineering profession so

these values were not used for this analysis. Unit weights of samples taken

using shelby tube samplers indicate that suggested values for the soil columns

are representative.

50. Shear modulus and damping ratio relationships. The geotechnical

study at PGDP did not include a site-specific evaluation of the variation of

shear modulus and damping ratio with shear strain. Rather, standard

relationships published by others were used which typically represent a best-

fit of numerous compiled data from investigations conducted throughout the

U.S. In the absence of site-specific data, these relationships have proven to

work well in most applications for site response analyses. Upper-bound and

lower-bound relationships are also considered for some applications as with

this study. The results of Atterberg Limit and grain size distribution tests

were used to select the best-suited relationships.
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51. Nine different modulus degradation relationships and seven

different damping ratio relationships were considered. The relationships

representing shear modulus included the best-fit for rock (Schnabel 1973), the

best-fit for gravel (Seed et al. 1986), the best-fit, upper bound, and lower

bound for sand (Seed and Idriss 1970), and the best-fit for fout ranges of PI

for cohesive soils (Sun, Golesorkhi, and Seed 1988). The curves for soil are

shown in Figures 23a and 24a. Relationships representing damping ratio

include the best-fit for rock (Schnabel 1973), the best-fit, upper-bound, and

lower-bound for cohesionless soils (Seed and Idriss 1970 and Seed et ai.

1986), and the best-fit, upper-bound, and lower-bound for cohesive soils (Seed

and Idriss 1970). The curves for soil are shown in Figures 23b and 24b. The

collection of relationships are shown in Figure 25 and include the recommended

cap of 15 percent for damping ratio (Nuclear Regulatory Commission 1989).

52. The initial assignments of standard modulus relationships made for

each soil layer are listed in Tables 5 and 6. These assignments are based on

soil classification as described above. The dotted horizontal lines in the

tables show where contrasts in shear wave velocities exist for the soil

columns that will be presented in the next section. Rubble (bottom of column

at Site 3) was represented with the best-fit relationship for gravel. Sand

and gravel deposits were represented by the lower-bound relationship for sand.

53. The assignment of standard damping ratio relationships was also

made based on soil classification. Rubble and cohesionless soils were

assigned the best-fit relationship for cohesionless soils. Cohesive soils

were assigned the best-fit relationship for cohesive soils. The upper and

lower bound damping relationships shown in Figures 23a, 24a, and 25a were only

used in the parametric analyses described in Part VI.

54. Effect of confining stress. Confining pressure has been shown to

affect the normalized modulus and damping ratio relationships. As the

confining stress increases, the normalized modulus and damping ratio

relationships shift to the right (larger shear strains required to produce

same modulus or damping). At low confining stresses, the relationships shift

to the left. For shear modulus, Iwasaki, Tatsuoka, and Takagi (1976)

presented data for sands and Stokoe and Lodde (1978) presented data for San

Francisco Bay mud. A summary of these findings are shown in Figure 26.

Others have shown similar results (e.g., Zen et al. 1978, Geotechnical

Engineers, Inc. 1991). In general, the effect of confining pressure on
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modulus relationships increases as plasticity index decreases for cohesive

soils; the effect is greatest for cohesionless soils.

Table 5

Shear Modulus Degradation Assignments Based on Soil

Classification for Sites 1 and 2

Site 1 Site 2

Thickness Classification Thickness Classification
Layer (ft) Best Estimate (ft) Best Estimate

1 15 CIO 11 CIO
... °°................. .............................. .. ................................................

2 3 S 10 C20

3 10 CIO 9 ClO

4 40 C20 10 I

5 55 " 18 C20

6 6 S 17 SS.......... ................ .... .... ...................................................................

7 35 ClO 38 SGS.................................................. °................. I.............. °......... °..........

8 10 7

9 60 C20 3 CIOS....., ............................................................... . ............................

10 23 S 15 S
................ ,........ .......... ,,.......... ,................. ............ ........... ,..............

11 17 C20 32 ClO

12 7 1 10 "

13 41 S 60 C20

14 23 S

15 17 C20

16 7 "

17 35 S

Total 322 322
CIO: 5 < PI < 10 S: Sand
C20: 10 < PI < 20 SC: Lower-bound sand
C40: 20 < PI < 40 G: Gravel

55. The family of curves shown in Figure 26a indicates that the best-

fit relationship for sands (shown in Figure 23a) generally corresponds to a

confining stress of 0.5 ksc. The upper-bound relationship for sands generally

corresponds to a confining stress of 2.0 ksc. Therefore, sands confined at
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stresses greater than 1 ksc may be better represented by the upper-bound sand

relationship. To be consistent, sands confined at stresses less than 0.25 ksc

would then be represented by the lower-bound sand relationship. This process

of selecting an appropriate relationship from the proposed suite shown in

Figure 25a can be applied to cohesive soils (although with less impact) and

relationships can be extracted for higher stress regimes.

Table 6

Shear Modulus Degradation Assignments Based on Soil

Classification for Sites 3 and 4

Site 3 Site 4
Thickness Classification Thickness Classification

Layer (ft) Best Estimate (ft) Best Estimate

1 12 CIO 9 CIO
.. . . ... . . . ................ . . ............... ...................................................... ,............... .... . ......... ......... ........................ ......... ......... ...................

2 16 "14"
.................................................... I .. .. ,...... I ..................................................... ..................................................... ................ ......

3 41 " 15 C20

4 6 it20 SS................................... .............................. ... ..........................................................................

5 25 SG 30 SC

6 30 CIO 10 "
............... . ,........... .... ......... ... ............... .............................................. ......................................... I ...... - _......... ... ..... .............................

7 24 C20 5 "

8 41 It 6 S

9 70 CIO 14 CIO
• -.,............................................. I ...................................... i....................... ..... ................... ........ ........ ...... .................................

10 11 S 32 "

11 58 1 10 "S. ...• ...°.....°,......... .. ........................................... .......... •. ° ......... .

12 30 G 60 C20

13 23 S

14 17 C20

15 7 "

16 50 S

Total 364 322
CIO: 5 < PI < 10 S: Sand
C20: 10 < PI < 20 SG: Lower-bound sand
C40: 20 < PI < 40 G: Gravel
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56. The confining stresses likely to exist in situ at PGDP are within

the range considered to affect the variation of normalized shear modulus.

Therefore, modifications were made to the modulus relationship assignments to

account for this influence in accordance with the aforementioned procedure.

The stress-adjusted assignments are listed in Table 7.

Table 7

Shear Modulus Degradation Assignments Including

Effect of Confining Stress

Layer Site 1 Site 2 Site 3 Site 4

1S S S S

2 C20 Clx C0O

3 ClO ClO C20

4 C20 010 CO S.................... ................ o........... ,.............................. ...................

5 C20 S S

6 SS ss C20 ss

7 C20 S C40 f

8 0f C20S.... ....... ....... ....... ...... ................

9 C40 C20 C20

10 010IO
........................................

11 040"-"

12 " S C40

13 CIO C40 CI0

14 CIO C40

15 C40

16 CIO

17 C0O
C0O: 5 < PI < 10 S: Sand
C20: 10 < PI < 20 SS: Upper-bound sand
C40: 20 < PI < 40 G: Gravel

57. The results for damping ratio are less conclusive. This finding

does not appear to be applied as often in analyses by the profession. The

computer model used to calculate site response did not allow a large
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collection of modulus and damping ratio relationships. The large suite of

modulus relationships precluded a complementary collection of damping ratio

relationships. Therefore, the effect of damping ratio relationships was

evaluated through parametric analysis.

Seiamic geo~hvsical data

58. Compression and shear wave velocities of materials were measured in

situ using crosshole and downhole seismic geophysical techniques. Compression

wave velocities were not of interest for this study and are, therefore, not

reported. In general, shear wave velocities of loess and continental deposits

were measured using the more accurate crosshole technique with the three

"shallow" holes at each site. Shear wave velocities of Tertiary deposits were

made with downhole measurements in deep holes at Site 3 and at Site 4. An

evaluation of geophysical field and data processing procedures used by

Automated Sciences Group, Inc. (1991) was conducted by Staub, Wang, and

Selfridge (1991) and the results of their study for shear waves is the basis

for this presentation.

59. Accepted values of shear wave velocity measured using crosshole and

downhole techniques are presented in Figures 15 through 18. At Site 1, only

seven values of shear wave velocity to a maximum depth of 65 ft are available

from crosshole measurements. At the other three sites, several more values of

shear wave velocity are available to greater depths (between 115 and 150 ft).

Downhole measurements were made to depths of 334 ft and 322 ft at Site 3 and

Site 4, respectively.

60. The shear wave velocities measured in loess range from 500 to

770 fps. Shear wave velocities in alluvium range from 800 to 1,500 fps.

Measured shear wave velocities in the Tertiary deposits range between 1,000

and 1,200 fps in the Porter's Creek Formation and range between 1,070 and

1,550 fps in the Clayton-McNairy Formation. One interesting finding at Site 3

was the existence of a significant velocity inversion between depths of 265

and 334 ft. The importance of including this inversion was examined in the

parametric analysis presented in Part VI.

61. The shear wave velocity for the limestone bedrock was assumed to be

8,500 fps based on reported velocities from the same formation at power plant

projects in the region.++ The other data included calculated shear wave

++ Facsimile communications, Martin Marietta Energy Systems, Inc., Oak Ridge,

Tennessee, 20 February and 5 March, 1991.
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velocities (based on elastic moduli or compression wave measurements) at

Browns Ferry of 8,200 fps, Watts Bar of 5,300 to 7,200 fps, and Yellow Creek

of 6,900 to 9,700 fps and measured shear wave velocities using crosshole

techniques at Bellefonte of 8,300 to 9,300 fps.

62. The idealized profiles of shear wave velocity used for the soil

columns (Staub, Wang, and Selfridge 1991) are also plotted as a function of

depth in Figures 15 through 18 using a dashed line. The idealized velocities

attempt to average crosshole values and correspond to downhole velocities

where available. The variation of measured crosshole values about idealized

velocities is about ± 15 percent.

63. A comparison of all measured shear wave velocities, corresponding

shear moduli, and idealized values are shown in Figure 27. Data from

measurements using the crosshole method are available in the upper 135 ft.

Data from measurements using the downhole method are available at depths

between 123 and 334 ft (very little overlap with crosshole data). A shear

wave velocity and unit weight had to be assumed for the rubble zone (below

334 ft). The idealized velocity profiles in the upper 135 ft envelop about 70

percent of the crosshole-measured velocities and appear to be good average

representations for the project.

64. The collection of variations of idealized shear wave velocity and

corresponding shear modulus with depth are shown in Figure 28. These data

indicate that the upper 25 ft (loess) has a consistently low stiffness and

that there is a sharp increase in stiffness at the top of the continental

deposits which continues to increase slightly with increasing depth. The

range in moduli is generally within ± 30 percent of a calculated average at

any given depth. The velocity invers 4 on is significant relative to the four

idealized profiles.

65. Seismic velocities were reported by Yule and Sharp (1988) for the

proposed USACE Olmsted Lock and Dam Project, located at river mile 964.4 of

the Ohio River, near Olmsted, Illinois. This site is about 16 miles west of

PGDP. Although the alluvial deposits are expected to be different than

materials at PGDP, the condition of the older, buried Clayton-McNairy

Formation should be similar.

66. The profiles of shear wave velocity measured using crosshole and

downhole techniques at both the Illinois bank and Kentucky bank of the Ohio

River are presented in Figure 29. The velocities measured in the Clayton-

54



000

0, E

-c r

'x

-4

0 0 0 V0 0 U- 0 0
<N (N .

0

00

-. 4

in xm

0 17 ý.4-x"

0 r 
00*<U 0

> - 4" Z

o) u0
20Z

LC 0 0 i0-5
- (N N(0 ~~

50



0

0-

Q)

Lo2

X

0 00

(In 00 '

0

00

0 -4)

(nn

U-)-

00

> 0

44

0 l 4
00

Lo

0 0 D0C

(NN
(1j) L41d4

560



Shear Wave Velocity (fps)

0 500 1000 1500 2000

0

50

100 Kentucky Side
Illinois Side j

150

4-J

-200

250

300

Olmsted Lock and Dam

350
ii i I i I. i i 1 ii i i i i

Figure 29. Measured shear wave velocities at proposed Olmsted
Lock and Dam Project, Ohio River (Yule and Sharp 1988)
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McNairy Formation are shown as solid lines, whereas the dashed lines represent

shear wave velocities measured in alluvium. A comparison of the data shown in

Figures 28a and 29 shows consistency in the range of velocities for depths

between 90 and 180 ft. This similarity suggests that the measured profiles of

shear wave velocity at PGDP are representative of the soils present.

Average Soil Column

67. An average column was created to conduct sensitivity studies

described in Part VI and shown in Figure 30. An average column is intended to

represent the overall site. An average column can be useful to evaluate the

sensitivity of the analysis to various inputs. The variations of shear wave

velocity and shear modulus for the average column are shown in Figure 31 along

with the idealized profiles for the individual sites.
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PART IV: SITE RESPONSE CALCULATIONS

68. Site response calculations and analysis of the results comprise the

third step of a site-specific earthquake response analysis. Site response

calculations are presented below; the presentation of results and analysis is

made in later parts of this report. Different mathematical formulations can

be used to calculate site response including the solution of the wave equation

and use of a shear beam analogy (both continuous solutions) and lumped mass

(discrete). Initial formulations for site specific calculations were reported

in the U.S. by Roesset and Whitman (1969) and Roesset (1970) and have been

enhanced since. A number of computer programs are presently available to

calculate site response analyses including two- and three-dimensional

formulations.

Method of Response Calculations

69. The computer program SHAKE was used to calculate site-specific

response caused by the synthetic earthquakes. SHAKE was developed at the

University of California at Berkeley (Schnabel, Lysmer, and Seed 1972) and

written in FORTRAN IV to run on a CDC 6400 computer. WES has developed pre-

and post-processing routines and made enhancements to the program on two

platforms-the personal IBM-compatible computer (Sykora, Wahl, and

Wallace 1992) and the U.S. Army CRAY Y-MP at WES by Sykora. The latter

platform was used for purposes of this study to take advantage of

computational speed and massive file storage capabilities. The time necessary

to iterate to the proper solution was about 1 sec.

Background

70. SHAKE was developed to calculate the horizontal response caused by

an earthquake at any depth of a soil profile. The methodology and algorithms

incorporated in the program are fairly simple and straight-forward and quite

adequate for the purpose intended as clearly evident through the prolific

publication of results and favorable comparisons with measured response (e.g.,

Seed et al. 1987 and Seed, Dickenson, and Idriss 1991). The simplicity

associated with SHAKE is attributed to some basic assumptions regarding the

cyclic behavior of materials and geometry of the problem. The basic

assumptions of importance to this study are:
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a. Soil layers are horizontal and extend to "infinity";

b. Ground surface is level;

c. Each soil layer is completely defined by the shear modulus and
damping ratio as a function of strain, thickness, and unit weight;

A. The cyclic behavior of each soil (and base rock) is represented by
the equivalent-linear constitutive model; and

e. The incident earthquake motions are uniform, horizontally-
polarized shear waves propagating vertically.

In general, assumptions (a), (b), and (c) are consistent with site conditions

at PGDP. The equivalent-linear constitutive model, assumption (d), described

later in this section, is widely accepted by the geotechnical earthquake

engineering profession as a simple but effective model for the dynamic

response of soils. The last assumption, (e) above, narrows the focus to a

simple class of problems, but, is a common assumption for this type of

problem.

71. The computer program SHAKE has been in common use for almost 20

years. In that time, more knowledge has become available with regard to

specification of inputs to the program and significant advances have been made

in computer technology. As these findings have been made available, WES has

updated and refined the program and method of data input. One of the most

striking differences in the versions available at WES is the option to specify

shear wave velocity for each soil layer as opposed to using the modulus

coefficient, K2 , or undrained shear strength, S. . WES has also continually

updated a library of soil modulus and damping relationships. Important input

parameters to SHAKE for this study are described below.

Solution algorithm

72. The one-dimensional wave equation model (Kanai 1951) was used to

develop SHAKE. This model has proven to be effective despite the simplicity

and number of assumptions involved. The solution algorithm involves the

complex response technique and the Fast Fourier Transform (Cooley and Tukey

1965). The general formulation of the wave equation is not unique to

horizontally-polarized shear wave motion; the equation can also be solved for

the vertical propagation of compression waves.

Constitutive model

73. In general, soil is a non-linear material that exhibits hysteretic

behavior under cyclic loading. An example of the stress-strain behavior is
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shown in Figure 32a. Soil is difficult to model accurately for cyclic

response; exact representations are unavailable. The constitutive model

incorporated into SHAKE is linear with simulated nonlinear effects to account

for dependency of moduli on shear strain. This model, called the equivalent-

linear method, was proposed by Seed and Idriss (1970) and is widely used in

geotechnical earthquake engineering studies.

74. The basic components of the equivalent-linear method are the

maximum shear modulus, Gm. , moist unit weight, and ratio of critical

damping, . G. , which corresponds to the linear-elastic, continuum

material property (Lam6 1852), can be calculated from low-strain seismic shear

wave velocity using:

S p (1)

where

p - mass density (moist unit weight / gravitational constant)
V. - shear wave velocity

or from the maximum (low-strain) shear modulus coefficient, (K2).. , which is

defined by Seed and Idriss (1970):

Gax = 1000 (K2 ),. (o3)°s (2)

where

am' - mean effective stress, in psf

GC is in psf

Shear wave velocities (using equation 1) were used exclusively for this study.

75. At a certain threshold of shear strain, generally accepted to be

about 10-4 percent or less, the stiffness decreases to some value less that

GC," . The equivalent-linear model uses secant shear moduli that are adjusted

during each iteration to account for this. Damping is input by using complex

moduli, G* , and hysteretic damping (which is independent of frequency):

G" - G (i-2P-+ii''-2i s _-p l (3)

where

Damping increases as shear strain increases. The character of these functions

of strain was first addressed in studies by Hardin and Drnevich (1972), Seed

and Idriss (1970), and Schnabel (1973). Later studies include: Zen and
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Higuchi (1984), Seed et al. (1986), Sun, Colesorkhi, and Seed (1988), and

Vucetic and Dobry (1991). A presentation of the ielationships used for this

study was made in Part III.

Iteration scheme

76. An example of the iterative procedure for the equivalent-linear

model is shown in Figure 32b and described below. Assuming shear wave

propagation, the model is initiated with an assumed value of shear modulus,

GI , typically chosen to be slightly less than, or equal to, G. . For the

first cycle of loading, the stress-strain relation is linear between ± T1

with a slope of G, . The ordered pair (G1 , T, ) comes from the appropriate

modulus degradation curve as discussed in Part III of this report and shown

schematically in Figure 32b. Maximum shear strains are obtained from the

solution of the wave equation. Effective shear strain, PRMUL, is some

fraction of the maximum shear strain and is used to obtain a new value of

shear modulus, G2 , from the appropriate modulus curve. A new value of

is also obtained. This process is repetitive until the moduli and damping for

two successive iterations are within a prescribed tolerance, ERR. A summary

of system input parameters is presented in Table 8.

Table 8

Miscellaneous Parameters in SHAKE Used for This Study

Parameter Description Value

MAMAX Maximum number of points in the Fast Fourier Transform 4096

SKO* Lateral coefficient of earth at rest 0.45

ITMAX Maximum number of iterations 100

ERR Maximum acceptable difference for modulus and damping 1 %

PRIUL Effective shear strain factor 0.65

* Did not affect the calculations for this study since G was calculated using
V. , not K2

Application of Free-Field Results

77. It may not be appropriate to directly apply the free-field response

to the base of the structure for a number of reasons, including:
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A. The depths of the footings most likely are not at the ground
surface and motions will vary with depth.

b. The weight of the structure acting on the footings will affect the
motions beneath the footings.

c. The friction acting on the sides of the footing will affect the
motions acting on the footing.

•. The impedance contrast between the soil and foundation is normally
quite large.

The application of ground motions to the base of structures, i.e., the

consideration of points such as those listed, is commonly referred to as

dynamic soil-structure interaction (DSSI).

78. Basic design approaches for dynamic soil-structure interaction have

recently been documented by Johnson (1980) and Veletsos, Prasad, and Tang

(1988). Evaluation of simple foundation systems in the latter study suggests

the following rule of thumb: at lower periods, DSSI will have no effect on the

response; at higher periods, DSSI will reduce the maximum response; for

intermediate periods, DSSI might increase or decrease the maximum response.

Presentation of Output

79. Although a number of output options are available using SHAKE, the

primary focus of this study was to calculate the pseudo velocity response

spectra and present the results using the tripartite representation. It was

spe'ified in the scope of work for this study that damping ratios of 2, 5, 7,

10, 12, and 15 percent be used. Other forms of data were also used to

evaluate and present the results including the ratio of acceleration response

spectra between free field and rock outcrop motions and the variation of

ground acceleration with time as a function of depth.

80. SHAKE may be used to calculate spectral ordinates at periods up to

10 sec. The experience of investigators who have compared calculated free-

field response using SHAKE with measured response from major earthquakes

suggest that SHAKE works well at periods less than 2 sec. At periods greater

than 4 sec, motions are likely to be significantly affected by two-dimensional

effects and surface wave energy and are not well represented with SHAKE

(reference in Part I). Between 2 and 3 sec, the two responses typically begin

to diverge. For purposes of this study, data was presented only for periods

less than 2 sec. In many cases, the response did not drop significantly

enough within this range of periods to conclude unequivocally that the peak
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response had been predicted. The use of other computer models may be

necessary to define peak response values.

81. Six different figures and various tables are used to present

different aspects of the results for each case considered. The use of

different forms of results is described in the sections below and examples are

presented. Each of these types of data presentation are included in

appendices for each case analyzed. Care was taken to keep scales of plots

consistent with respect to the earthquake event to facilitate comparisons

between figures. Additional aspects of the computer code, including options

not presented, are described in the program documentation. For this reason,

further discussion is not included herein.

Acceleration-time records

82. The variation of particle acceleration with time was considered for

this study primarily to provide insight as to the effects of various layers on

wave propagation and to detect any potential anomalies. An example of the

presentation of this data is shown in Figure 33. An acceleration record is

plotted for each layer in the soil column, corresponding to the top of the

labeled layer. The peak accelerations are also identified and labeled and

are generally summarized in tables.

Shear strains

83. Shear strains corresponding to the mid-height of layers are used to

update shear modulus and damping ratio from normalized relationships. The

actual value used for this purpose is called the effective shear strain,

y,•f , which is calculated from the maximum value of shear strain, y , as:

¥ =f = PRMUL*y (4)

where

PRMUL - 0.65 for this study

The variation of effective shear strain with time at different layer contacts

are shown using a format similar to that for accelerations as shown in

Figure 34. The top and bottom of the column are excluded since the shear

strains are always zero.

Pseudo-velocity response spectrum

84. Pseudo-velocity spectrum is the response, in terms of velocity, of

an equivalent damped single-degree-of-freedom (SDOF) system to the free-field

motion. This spectrum is used for design and analysis by structural
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Figure 33. Example figure showing a profile of the
variation of acceleration with time
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engineers. An example of the presentation of this pseudo-velocity response

spectrum at the free-field (ground surface) in tripartite form for the six

levels of system damping is shown in Figure 35.

Absolute acceleration response spectrum

85. An absolute pseudo-acceleration response spectrum is the response,

in terms of acceleration, of an equivalent damped single-degree-of-freedom

(SDOF) system to the free-field motion. Absolute rather than relative

accelerations were used for this study as recommended by Wiegel (1970). An

example of the presentation of the absolute acceleration response spectrum for

rock outcrop and free field motions is shown in Figure 36. The spectrum for

rock outcrop is reproduced in a separate subplot using the same format for

easy comparison. The peak accelerations denoted in acceleration-time records

for this study generally correspond to response spectral accelerations at very

low periods.

Ratios of acceleration spectra

86. The ratio of free-field ground surface acceleration spectrum to

rock outcrop acceleration spectrum at each period was calculated to evaluate

the periods at which motions are amplified the most and to determine the site

period. The variation of this ratio with period at six levels of system

damping will be used for design and seismic stability evaluations. An example

of the presentation of this ratio is shown in Figure 37.

Dynamic amplification

87. Some studies of site response (e.g., Seed et al. 1974) and design

manuals (e.g., Department of the Army 1986 and Uniform Building Code) use a

"normalized spectra" that is calculated by dividing the acceleration response

spectra by the peak horizontal acceleration. This is sometimes referred to as

the dynamic amplification factor. An example figure is shown in Figure 38.

Recall that the absolute response acceleration (not relative acceleration) was

used in comparisons for this study.
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Figure 36, Example figure showing the absolute acceleration
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Figure 38. Example figure showing the amplification ratios (absolute
acceleration response spectra normalized to peak horizontal

acceleration) for rock outcrop and free field motions
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PART V: RESULTS FROM COLLECTION OF INDIVIDUAL SITES

88. The results of site response calculations for individual sites are

presented below respective of the three design events. Results at 5 percent

system damping are presented in the formats described in Part IV. The plot

scales were kept consistent, except for shear strain, to aid in comparing

values among the three events. Upper and lower bounds were also interpreted

to aid in these comparisons. The sensitivity of calculated response to soil

column inputs using the average column is presented in Part VI.

500-Year Event

89. The 500-year event is intended to represent a large earthquake at a

moderate distance. The calculated response for this event at the four sites

indicates that moderate peak accelerations and moderate shear straining can be

expected for this type of event. SliZht de-amplification of motion at periods

less than 0.08 sec and large amplification at greater periods are likely. The

range of spectra for free field response is fairly narrow. Discussion of the

data is presented below.

Acceleration versus time

90. The calculated motions for the top of each layer for the four sites

and two horizontal input motions are presented in Appendix B. A comparison of

peak accelerations is made in Table 9. The propagation of shear waves through

the four soil columns with two different horizontal earthquake components

produced small de-amplification of peak acceleration except in the case of the

Horizontal 2 component at Site 4. The peak horizontal accelerations at free

field (ground surface) range from 0.14 g to 0.20 g compared to the peak

accelerations of 0.19 and 0.18 g for rock outcrop and 0.16 g and 0.17 g for

base rock motions.

91. Observations of acceleration records in Appendix B indicate that,

in general, the amplitude of accelerations decrease and the higher frequencies

are filtered as the waves propagate upward through each layer. The spectral

content seems to change the most at depths corresponding to contacts with

continental deposits or the Porter's Creek Formation. Near the ground

surface, additional reflections caused by the free surface cause the peak

accelerations to increase. Most amplification of acceleration occurs in the
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upper 25 ft of the column. There are no significant differences between the

calculated responses for the two horizontal components.

Table 9

Peak Accelerations for 500-Year Event

Peak Acceleration (g)

Component Rock Outcrop Base Rock Free Field

Site 1 Horizontal 1 0.19 0.17 0.14

Horizontal 2 0.18 0.16 0.17

Site 2 Horizontal 1 0.19 0.17 0.17

Horizontal 2 0.18 0.16 0.18

Site 3 Horizontal 1 0.19 0.16 0.17

Horizontal 2 0.18 0.16 0.14

Site 4 Horizontal 1 0.19 0.17 0.18

Horizontal 2 0.18 0.16 0.20

Shear strains versus time

92. The calculated effective shear strains at each contact between soil

layers for the four sites and two horizontal components are presented in

Appendix C. The peak (effective) shear strains for each column are listed in

Table 10. (Note that shear strains in Table 10 represent values calculated at

mid-height of layers, whereas shear strains in Appendix C were calculated at

layer interfaces.) The results listed in Table 10 are fairly consistent among

sites and earthquake components, ranging from 0.015 to 0.019 percent with one

value at 0.026 percent (Site 3, Horizontal 1). The peak shear strains occur

in layers directly above layer contacts with large impedance contrasts. For

the 500-year event, these depths range from 72 to 305 ft. Within other layers

(especially near the ground surface), the peak effective shear strains are as

low as 0.004 percent.

93. In general, the peak effective shear strains listed in Table 10

correspond to a moderate amount of straining. The range in shear modulus for

soils corresponding to these strains is 85 to 60 percent of the small-strain
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(maximum) moduli. The range in damping ratio is between 4 and 8 percent for

soil layers. There are no significant differences between the calculated

responses for the two horizontal components except at Site 3.

Table 10

Peak Shear Strains for 500-Year Event

Peak Effective
Shear Strain

Component Depth (ft) (percent)

Site 1 Horizontal 1 95.5 0.018

Horizontal 2 95.5 0.018

Site 2 Horizontal 1 304.5 0.016

Horizontal 2 94.0 0.015

Site 3 Horizontal 1 72.0 0.026

Horizontal 2 305.0 0.019

Site 4 Horizontal 1 116.0 0.018

Horizontal 2 116.0 0.019

Pseudo-velocity spectra

94. The pseudo-velocity response spectra for the four individual sites

are presented in Appendix D. The combined spectra at five percent damping for

all sites and both horizontal components are shown in Figure 39. The eight

spectra produce a relatively-narrow range at site periods less than 0.01 sec

and a narrow to moderate range at greater periods. The peak spectral velocity

is 18 in./sec at a period of 1.1 sec. The general pattern of the combined

data have been characterized by tri-linear relationships representing an upper

bound and a lower bound as shown in Figure 39. These three relationships are

essentially parallel with transitions at 0.12 to 0.20 sec and 0.90 to 1.1 sec.

Absolute acceleration spectra

95. Absolute acceleration response spectra for the four individual

sites are presented in Appendix E. The combined spectra at five percent

damping for all sites and both horizontal components are shown in Figure 40.

Some spectra with pronounced peaks are identified. The spectra for rock are

included for comparison (refer to Figure 7). The combined spectra indicate
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that the largest spectral acceleration is 0.75 g at a period of 0.2 sec and

was calculated for the Horizontal 1 component applied to Site 4. The peak

spectral accelerations tend to occur at periods significantly greater than the

predominant periods of the rock outcrop motion (0.07 sec).

96. Simple multi-linear relationships were used to represent the upper

bound and lower bound of the spectral accelerations as shown in Figure 40.

The trend of the peak spectral accelerations is to increase rapidly at periods

between 0.09 and 0.2 sec and then decrease rapidly at periods greater than

0.2 sec compared to the spectral velocities which increase up to periods of

1.1 sec.

Ratio of acceleration spectra

97. The ratios of free field to outcrop acceleration response spectra

for the four individual sites are presented in Appendix F. Combined spectra

at all sites for both horizontal motions are shown in Figure 41. (The ratio

for rock outcrop is 1.) Spectra with sharp peaks are identified. The eight

curves shown in Figure 41 produce a wide range.

98. The predominant period of amplification is between 0.9 and 1.1 sec

for all four sites. Secondary peaks occur at 0.2 and 0.4 sec. At Site 4, the

amplification response at 0.2 sec approaches that at 1.0 sec for the

Horizontal 1 component. The spectral ratio is generally between 1.0 and 3 at

periods between 0.1 and 0.8 sec and then rises to peak values greater than 4

at periods between 0.8 sec and 1.1 sec. The amplification ratios are

generally less than one for periods less than 0.08 sec.

Amplification ratio

99. The ratios of free field spectral acceleration to peak horizontal

acceleration for the four individual sites are shown in Appendix G. Combined

relationships at all sites for both horizontal motions are shown in Figure 42.

The ratios for rock outcrop are also provided for comparison. The range of

relationships is moderately-wide with peak values of 3 to 4 between 0.1 and

0.2 sec and then ratios of 1 or less at periods of about 1.5 sec and greater.

100. Simple relationships were used to bracket the collection of

amplification ratio spectra as shown in Figure 42. At periods less than

0.27 sec, this ratio changes significantly, peaking at 0.2 sec. At greater

periods, the upper-bound relationship shows a moderate decrease in

amplification ratio as period increases; the lower bound has very little

slope.
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1000-Year Event

101. The 1000-year event is intended to represent a large earthquake at

a moderate distance, closer than the 500-year event. The calculated response

for this event at the four sites indicates that moderate peak accelerations

and moderate shear straining can be expected for this type of event. Moderate

de-amplification of motion at periods less than 0.1 sec and moderate to large

amplification of motion at greater periods is likely. The range of spectra is

narrow to moderate. Discussion of the data is presented below.

Acceleration versus time

102. The calculated motions for the top of each layer for the four

sites and two horizontal input motions are presented in Appendix H. A

comparist-i of peak accelerations is made in Table 11. The propagation of

shear waves through the four soil columns with two different horizontal

earthquake components produced moderate de-amplification of peak acceleration

except in the case of the Horizontal 2 component at Site 4. The peak

horizontal accelerations at free field (ground surface) range from 0.18 g to

0.27 g compared to the peak accelerations of 0.26 and 0.27 g for rock outcrop

and 0.22 g and 0.25 g for base rock motions.

Table 11

Peak Accelerations for 1000-Year Event

Peak Acceleration (g)

Component Rock Outcrop Base Rock Free Field

Site 1 Horizontal 1 0.26 0.23 0.18

Horizontal 2 0.27 0.24 0.21

Site 2 Horizontal 1 0.26 0.24 0.20

Horizontal 2 0.27 0.24 0.24

Site 3 Horizontal 1 0.26 0.22 0.22

Horizontal 2 0.27 0.24 0.18

Site 4 Horizontal 1 0.26 0.24 0.22

Horizontal 2 0.27 0.25 0.27
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Shear strains versus time

103. The calculated effective shear strains at each contact between

soil layers for four sites and two horizontal components are presented in

Appendix I. The peak (effective) shear strains at mid-heights of the layers

are listed in Table 12. The peak strains are fairly consistent among sites

and earthquake components, ranging from 0.025 to 0.043 percent with one value

of 0.061 percent (Site 3, Horizontal 2). The peak effective strain occurs in

the layer directly above the rock except for the Horizontal 2 component at

Site I and at Site 3. Within other layers, the peak effective shear strain is

as low as 0.006 percent.

Table 12

Peak Shear Strains for 1000-Year Event

Peak Effective
Shear Strain

Component Depth (ft) (percent)

Site 1 Horizontal 1 301.5 0.033

Horizontal 2 95.5 0.027

Site 2 Horizontal 1 304.5 0 031

Horizontal 2 304.5 0.025

Site 3 Horizontal 1 72.0 0.043

Horizontal 2 305.0 0.061

Site 4 Horizontal 1 297.0 0.030

Horizontal 2 297.0 0.027

104. In general, the magnitude of calculated shear strains correspond

to a moderate amount of straining. The range in shear modulus for soils

corresponding to these strains is 80 to 48 percent of the small-strain moduli.

The range in damping ratio is between 4 and 9 percent for soils.

Pseudo-velocity spectra

105. The pseudo-velocity response spectra for the four individual sites

are presented in Appendix J. The combined spectra at five percent damping for

all sites and both horizontal components are shown in Figure 43. The eight

spectra produce a narrow range at site periods less than 0.015 sec and a
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narrow to moderate range at greater periods. The peak spectral velocity is

26 in./sec at a period of 1.1 sec.

106. The general pattern of the combined data can be characterized by

quadra-linear relationships representing an upper bound and a lower bound as

shown in Figure 43. The shape and locations of these relationships differ

significantly from those developed for the 500-year event (refer to

Figure 39). The results for the 1000-year event have a significant increase

in spectral velocity at periods between 0.05 and 0.2 sec unlike the results

for the 500-year event. The results for 1000-year event also show

significantly more increase in spectral velocity with increasing period over

the range of 0.2 and 1.1 sec.

Absolute acceleration spectra

107. Absolute acceleration response spectra for the four individual

sites are presented in Appendix K. The combined spectra at five percent

damping for all sites and both horizontal components are shown in Figure 44.

The significant spectra are identified. The combined free-field spectra

indicate that the largest spectral acceleration is 1.1 g at a period of

0.2 sec which corresponds to Site 4.

108. A range defined by an upper bound and a lower bound of the data

are also shown in Figure 44. A comparison with similar interpretations made

for the 500-year event (refer to Figure 0D) shows that the most significant

change has occurred in the range of periods of 0.1 to 0.3 sec. A more

pronounced peak is beginning to form at these periods. For the other period

ranges, the spectral accelerations are greater for the 1000-year event, but

the changes in spectral accelerations with period are similar.

Ratio of acceleration spectra

109. The ratios of free field to outcrop acceleration response spectra

for the four individual sites are presented in Appendix L. Combined spectra

at all sites for both horizontal motions are shown in Figure 45 with some of

the spectra identified. The eight curves shown in Figure 45 are again

considerably different. The predominant amplification occurs at a period of

0.9 to 1.1 sec and the secondary peaks occur at 0.2 and 0.4 sec, consistent

with the results for the 500-year event. The ratios are nearly always less

than one for periods less than 0.1 sec and are as low as 0.6. The

amplification is generally between 1.0 and 3 at periods between 0.1 and

0.8 sec and then rise to peak values between 3 and 4 at periods between
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Figure 44. Absolute response acceleration spectra for 1000-year event
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0.8 sec and 1.1 sec. This ratio is generally less than that calculated for

the 500-year event.

Anlification ratio

110. The ratios of free field spectral acceleration to peak horizontal

acceleration for the four individual sites are shown in Appendix M. Combined

relationships at all sites for both horizontal motions are shown in Figure 46.

The range produced by the eight relationships is substantial and slightly

wider than that calculated for the 500-year event.

111. Quadra-linear relationships describing the upper bound and lower

bound of the data are also shown in Figure 46. These relationships are very

similar to those drawn for the 500-year event except that the ratio of

accelerations is slightly greater for the 1000-year event at periods greater

than 0.2 sec.

5000-YeaK Event

112. The 5000-year event is intended to represent a large earthquake at

a short distance. The calculated response for this event at the four sites

indicates that moderate to large peak accelerations and very large shear

straining can be expected for this type of event. Large de-amplification of

motion at periods less than 0.2 sec and small to moderate amplification of

motion at greater periods is likely. The range of spectra is typically

narrow. Discussion of the data is presented below.

AccPleration versus time

113. The calculated motions for the top of each layer for the four

sites and two horizontal input motions are presented in Appendix N. A

comparison of peak accelerations is made in Table 13. The propagation of

shear waves through the four soil columns with two different horizoittal

earthquake components produced large de-amplification of peak acceleration.

The peak horizontal accelerations at free field (ground surface) range from

0.24 g to 0.36 g compared to the peak accelerations of 0.54 and 0.63 g for

rock outcrop and 0.46 g to 0.59 g for base rock motions.

Shear str_,yAnA versus time

114. The calculated effective shear strains at each contact between

soil layers for four sites and two horizontal components are presented in

Appendix 0. The peak (effective) shear strains for each column are listed in
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Figure 46. Amplification ratio for 1000-year event
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Table 14 and are fairly consistent among sites and earthquake components,

ranging from 0.18 to 0.23 percent with one value at 0.33 percent. The peaks

occur in the lowest layer except at Site 3 where they occur in the layer above

the rubble zone. The peak shear strains in other layers are as low as

0.010 percent.

Table 13

Peak Accelerations for 5000-Year Event

Peak Acceleration (g)

Component Rock Outcrop Base Rock Free Field

Site 1 Horizontal 1 0.54 0.50 0.30

Horizontal 2 0.63 0.58 0.31

Site 2 Horizontal 1 0.54 0.50 0.30

Horizontal 2 0.63 0.59 0.30

Site 3 Horizontal 1 0.54 0.46 0.26

Horizontal 2 0.63 0.56 0.24

Site 4 Horizontal 1 0.54 0.50 0.30

Horizontal 2 0.63 0.59 0.36

115. In general, the magnitudes of calculated shear strains correspond

to a very large amount of straining. The range of shear modulus for soils

corresponding to these strains is 73 to 13 percent of the small-strain

modulus. The range in damping ratio is between 11 and 14.7 percent (NRC cap

not enacted) for soils.

Pseudo-velocity spectra

116. The pseudo-velocity response spectra for the four individual sites

are presented in Appendix P. The combined spectra at five percent damping for

all sites and both horizontal components are shown in Figure 47. The eight

spectra produce a fairly narrow range at site periods less than 0.13 sec and a

narrow to moderate range at greater periods. The peak spectral velocity is

70 in./sec at a period of 1.2 sec.

91



Frequency, f (Hz)
2b 10 10 0

10'

(21

C)

U)

>

PGD

I -Sie 1-

Q-f

U)0yerEvn

0)Hrzna

5 apn

-22



117. Tri-linear relationships representing an upper bound and a lower

bound are shown in Figure 47. The shape and locations of these relationships

differ significantly from those developed for the 500-year and 1000-year

events at periods greater than 0.2 sec. The spectra between periods of 0.07

and 0.2 sec are very similar for the 1000-year and 5000-year events. At

greater periods, however, the spectra rapidly increase in velocity. The upper

bound is at a constant spectral acceleration (0.9 g).

Table 14

Peak Shear Strains for 5000-Year Event

Peak Effective
Shear Strain

Component Depth (ft) (percent)

Site 1 Horizontal 1 301.5 0.22

Horizontal 2 301.5 0.22

Site 2 Horizontal 1 304.5 0.22

Horizontal 2 304.5 0.21

Site 3 Horizontal 1 305.0 0.22

Horizontal 2 305.0 0.33

Site 4 Horizontal 1 297.0 0.19

Horizontal 2 297.0 0.18

Absolute acceleration spectra

118. Absolute acceleration response spectra for the four individual

sites are presented in Appendix Q. The combined spectra at five percent

damping for all sites and both horizontal components are shown in Figure 48

with some spectra identified. The combined free-field spectra indicate that

the largest spectral accelerations is 1.0 g at a period close to 0.2 sec

corresponding to Site 4. These accelerations are actually slightly less than

those calculated for the 1000-year event. Large spectral accelerations also

occur at periods of 1.0 to 1.1 sec. The range of relationship representing

the upper bound and lower bound of data are is shown in Figure 48. The large

spectral accelerations at high periods cause the upper bound to change very

little with period.
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Figure 48. Absolute response acceleration spectra for 5000-year event

94



Ratio of acceleration soectra

119. The ratios of free field to outcrop acceleration response spectra

for the four individual sites are presented in Appendix R. Combined spectra

at all sites for both horizontal motions are shown in Figure 49 with some

notable spectra identified. The eight spectra show much more similarity than

the same presentation for the 500-year and 1000-year events. The response for

Site 3 is notably different at periods greater than 0.8 sec, however. This

difference is attributed to the effect of the rubble layer. For all sites,

large de-amplification is expected at periods less than 0.2 sec. In general,

small amplification is expected at periods between 0.2 and 0.8 sec, and

moderate amplification is expected at greater periods.

Amplification ratio

120. The ratios of free field spectral acceleration to peak horizontal

acceleration for the four individual sites are shown in Appendix S. Combined

relationships at all sites for both horizontal motions are shown in Figure 50.

The ratios for rock outcrop are also provided for comparison. The range of

relationships is moderately-wide.

121. The amplification ratios for the 5000-year event are very

different from those corresponding to the 500-year and 1000-year events as

seen by the shape of the range shown in Figure 50 (refer to Figures 42 and

46). In general, the ratio for the 50 00 -year event shows a significant

decrease at periods less than 1 sec and a significant increase at greater

periods. The peak value is reduced from about 4 to 3.

Conclusions

122. The four sites respond similarly for a given event for a system

damping of 5 percent even though the subsurface geology is different at

Site 1. The response at Site 1 was notable in only a few instances. The

general shape of the variation of acceleration and shear strain with time as

the shear waves propagate upwards through the column is also similar among

sites and events. However, the peak accelerations at Site 4 with the

Horizontal 2 component and the shenr strains at Site 3 tend to be

significantly larger. There appears to be only minor differences between the

responses calculated with the two components of motion for any given event.
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Figure 50. Amplification ratio for 5000-year event
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123. The calculated peak horizontal accelerations are relatively

consistent (less Site 4 and the Horizontal 2 component). The free-field peak

accelerations were de-amplified for all three events. The ranges overlap

somewhat: 0.14 to 0.20 g for the 500-year event, 0.18 to 0.27 g for the 1000-

year event, and 0.24 to 0.36 g for the 5000-year event. The peak free field

accelerations for the 5000-year event are about 45 percent greater than those

calculated for the 1000-year event and 75 percent greater than those

calculated for the 500-year event. The natural site period ranges from 0.9 to

1.1 sec.

124. A significant amount of modulus degradation and damping are

expected because of the large shear strains. The calculated ranges of

effective shear moduli for the three events are: 86 to 59 percent of maximum

for the 500-year event, 80 to 48 percent for the 1000-year event, and 73 to

13 percent for the 5000-year event. Similarly, the damping ratios for the

layers ranged from 4 to 8 percent, 4 to 9 percent, and 5 to 14.7 percent for

the 500-year, 1000-year, and 5000-year events, respectively.

125. Some consistent trends were found in response spectral values at

5 percent system damping. Peak spectral velocities increase tremendously as

the severity of motions increases. Between 0.9 and 1.1 sec, the peak

velocities are 18, 26, and 70 in./sec for the 500-year, 1000-year, and 5000-

year events, respectively. Conversely, peak spectral accelerations increase

until shear strains become too severe. The peak spectral accelerations are

0.75, 1.15, and 1.0 g for these three events, respectively, and occur at a

period of 0.2 sec. The ratio of spectral accelerations at free field over

rock is as large as 4.6 at the natural period and decrease with increasing

severity of motion. The amplification ratio (spectral acceleration normalized

to peak time-domain acceleration) is as large as 4 at a period of 0.2 sec.

The ranges in amplification ratios for the 500-year and 1000-year events are

very similar, with the values for the 1000-year event being slightly greater.

However, the range for the 5000-year event suggests a wide range of strong

response.
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PART VI: SENSITIVITY ANALYSIS USING AVERAGE COLUMN

126. An important aspect of any site response analysis is an evaluation

of how various system and site parameters affect the calculated results

because the site has been idealized-all the information for the site has been

summarized in a finite number of soil columns. Soil and rock parameters were

evaluated because of the variability and/or uncertainty associated with each

as noted throughout this report. The sensitivity to system parameters (e.g.,

those listed in Table 8) were performed for this study and found to have

negligible effect and, therefore, are not discussed further.

127. The sensitivity analysis of site parameters for this study was

conducted using the average column described in Part III. Details of the

average column are presented in Table 15. Stress-adjusted shear modulus and

damping ratio relationships were assigned to each layer. Results for all

three earthquake events using all six presentation formats are reported in

Appendices T, U, and V. The best-fit, upper bound, and lower bound of moduli

were considered. (Note that results are not reported for the 5000-year event

using the lower bound of moduli because shear strains exceeded 1 percent.)

The results for the 1000-year event using the tripartite format are presented

below. Six different variations were considered: shear wave velocity

inversion, depth to bedrock, impedance ratio, shear modulus relationship,

damping ratio relationship, and maximum shear modulus.

128. Each of these inputs was evaluated because of uncertainties noted

throughout this report. A shear wave velocity inversion was measured at

Site 3 but not at Site 4. The depth to bedrock was considered because

boreholes were extended to bedrock only at Sites 3 and 4. The assignment of

shear modulus and damping ratio relationships was considered because "average"

relationships actually represent a range of relations and site-specific

measurements were not available. Furthermore, it was not possible to consider

many variations in damping ratio in the analysis of individual columns.

Maximum shear modulus was considered because of the idealization of shear wave

velocity profiles and the lack of measured data at some depths for some sites,

especially at greater depths.

129. The response of the average column to two components of the 1000-

year event is shown in Figure 51 and compared with the range of individual

responses (refer to Figure 43). The spectra for the average column fall
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within the range at nearly all periods. Therefore, the average column spectra

are considered to be representative. The two average column spectra are used

as a baseline (shown as dashed lines throughout) for comparison with

sensitivity studies described below.

Velocity Inversion

130. As noted in Part III, an inversion in the shear wave velocity

profile was measured at Site 3 at depths between 265 and 334 ft (refer to

Figure 17). An inversion of lesser magnitude was proposed in the average

column idealization as shown in Figure 31 and Table 15. The effect of

including this inversion was evaluated by comparing the results with a profile

with a constant shear wave velocity at depths below 140 ft. The alternate

profiles of shear wave velocity and shear modulus are compared in Figure 52.

The comparison of velocity spectra for both horizontal components

corresponding to the average column with and without the velocity inversion is

made in Figure 53. The differences between the spectra are small and

inconsistent. The profile with the inversion tends to produce slightly

greater spectral velocities at low periods and slightly lesser velocities at

high periods. Given this insignificant difference, the average column with

velocity inversion is included for the remaining comparisons.

Depth to Bedrock

131. The depth to bedrock was varied ± 10 percent of the total column

height (± 33 ft). The variation in the depth to bedrock should generally be

within this range given the geologic setting. The variation was applied to

the bottom-most layer. The response was calculated for both components of

horizontal motion and the results are shown in Figure 54. The depth to

bedrock has a small to negligible effect on the response at low periods and a

small effect on the response at periods greater than 0.13 sec. Based on these

results, the sensitivity of calculations to reasonable ranges in depths to

bedrock is categorized as being low.
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Impedance Ratio

132. The shear wave velocity of bedrock was varied by ± 20 percent

(± 1,700 fps) to evaluate the effect of impedance ratio on calculated

response. This range roughly corresponds to data from investigations of

similar materials at other large project sites. The pseudo-velocity response

spectra for each velocity and both hcrizontal components are showi. 'n

Figure 55. The impedance ratio can be seen to have a negligible effect on

calculated response for the stated bounds.

Modulus Relationships

133. The effect of shear modulus relationships was evaluated by

reassigning each material with an adjacent curve from the family of curves

shown in Figure 25a. Both cases of adjusting all curves up one and down one

were used to develop the sensitivity bounds. This variation represents a

reasonable bounds for this parameter and is roughly equivalent to quartile

relationships for standardized relationships (refer to Figur'ý 23a). The

results of the calculations are shown in Figure 56. The impedance ratio can

be seen to have only a small effect on calculated response for the stated

bounds.

Damping Ratio Relationships

134. The effect of damping ratio relationships was evaluated by using

the upper and lower bounds of published relationships (e.g., those shown in

Figure 23 for cohesionless soils). These bounds are significantly greater

than those used for the modulus relationships but was used because only three

best-fit damping relationships were used in the individual site response

calculations. The results are shown in Figure 57. The range of response is

greatly expanded at low periods by changing the damping relationships as

stated. However, at periods greater than about 0.5 sec, the effects diminish

significantly. Most of the differences appear to be in amplitude of spectral

velocity; there are no apparent period shifts of the predominant peaks. The

lesser-damped response (upper sensitivity bounds) has spectral velocities on

the order of 50 percent greater than the average column response between
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0.02 and 0.1 sec. Notice that the upper sensitivity bounds shown in Figure 57

correspond well with the upper bound of the range defined by the collection of

individual site response at periods greater than 0.2 sec (refer to Figure 51).

Maximum Shear Modulus

135. The NRC Standard Review Plan (Nuclear Regulatory Commission 1989)

specifies upper and lower bounds of maximum shear modulus for use in seismic

safety assessments. The bounds are defined by:

Lower bound: (GA) b = Gmax (5)
2.0

Upper bound:
(G.•)• ub 2. 0 . Gýx (6)

These bounds were used to define very conservative limits to the range of

shear modulus for the average column. The rock velocity was also adjusted to

negate any combined effects of varying impedance ratio. A comparison of the

shear wave velocity and shear modulus profiles for the average column and the

corresponding lower and upper bounds is shown in Figure 58 (similar to

Figure 31). The profiles for the individual columns are also shown for

comparison. All measured values fall within the NRC upper and lower bounds.

The shear wave velocities for the upper and lower bounds are also listed in

Table 15.

136. The results for the sensitivity to shear modulus are shown in

Figure 59. The maximum shear modulus has a very important effect on

calculated response. The results for the lower bound moduli represent the

lower sensitivity bounds at low periods and the upper sensitivity bounds at

periods greater than 1.0 sec and vice versa for the upper bound moduli. Much

of this differen,• is due to a general shifting in period of the spectra-the

lower bound moduli produce an increase in natural period and vice versa. The

wide range of measured velocities at the site, then, serve to create a wide

range of calculated site response. The upper sensitivity bound is within the

range of the collection of individual site response at periods greater than

0.12 sec.
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PART VII: SUMMARY AND CONCLUSIONS

137. The site-specific, free-field, earthquake response was calculated

for four, idealized, one-dimensional soil columns at the Paducah Gaseous

Diffusion Plant. Two components of three design earthquakes, a 500-year

event, a 1000-year event (DBE), and a 5000-year event, were used for the

analysis. The computer program SHAKE was used on a U.S. Army CRAY Y-MP

supercomputer to perform the calculations and determine site response. SHAKE

has been validated for horizontal response calculations at periods less than

2 sec on numerous occasions and consequently is widely accepted in the

geotechnical earthquake engineering profession as a useful tool for site

response analysis.

138. The results for the collection of individual columns are believed

to represent reasonable expected response to vertically-propagating,

horizontally-polarized shear waves. Assumptions and interpretations required

to conduct the study were usually made within the bounds of reasonable values

with a slight bias toward values that would produce a slightly conservative

response. Potential variations across the site that could exist beyond values

adopted for soil columns were evaluated through sensitivity analyses.

139. In general, the eight spectra calculated for each earthquake

(using the four sites and two components of input motion) produced a fairly

narrow range of response. This narrow range exists despite the separation

distances between sites, noted differences in companion components of the

earthquake motions, and the different geology at Site 1 (inclusion of Porter's

Creek Formation); it suggests that the response is dominated by the thickness

of the soil and the average shear wave velocity of the profiles.

140. Standard relationships between the normalized shear modulus and

damping ratio versus shear strain were used since site-specific data were not

available. Relationships were initially assigned based on soil classification

and/or PI. The assignments for shear modulus were then adjusted to account

for the potential effects of effective confining (overburden) stress. This

procedure was considered to be appropriate because of the large confining

stresses caused by thick soil deposits (322 to 364 ft). Similar adjustments

were not made for damping relationships because of limitations in SHAKE.

141. In nearly all cases, the peak accelerations at free field were

found to be de-amplified from rock outcrop values. The percentage of de-
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amplification increased as the severity of motions increased. The peak

accelerations were calculated to be 0.20, 0.27, and 0.36 g for the 500-year,

1000-year, and 5000-year events, respectively. The de-amplification is

attributed to considerable amounts of shear straining. Peak (effective) shear

strains of 0.026, 0.061, and 0.33 percent were calculated for the 500-year,

1000-year, and 5000-year events, respectively. These peak values typically

occur in layers above contacts with large impedance ratios. As the shear

strains increase for larger motions, the layers with the greatest straining

exist at the base of the soil column (except at Site 3 where the layer with

the most straining is above the rubble zone).

142. The natural site period ranges from 0.9 to 1.2 sec. Peak spectral

velocities of 18, 26, and 70 in./sec for the 500-year, 1000-year, and 5000-

year events, respectively, occur in this range of periods at a system damping

of 5 percent. Peak spectral accelerations of 0.75, 1.1, and 1.0 g for these

three events, respectively, occur at a period of 0.2 sec. The ratio of

spectral accelerations at free field over rock are as large as 4.6 at the

natural period and decrease with increasing severity of motion. The

amplification ratio (spectral acceleration normalized to peak time-domain

acceleration) are as large as 4 at a period of 0.2 sec.

143. A sensitivity analysis was conducted using an average column to

represent the site and the DBE (1000-year event). The response calculated

using the average column was compared with the range of response calculated

using the collection of individual site responses and found to be comparable.

Therefore, the average column is considered to be a suitable representation

for sensitivity analysis.

144. Six different geotechnical parameters were evaluated to determine

their effect on the calculated response. Four of these parameters-velocity

inversion, depth to bedrock, impedance ratio, and assignment of modulus

degradation relationships-were varied within reasonable bounds defined by the

range of measured values. The results of these evaluations suggest that none

of these parameters have an important effect. The depth to bedrock and

assignment of modulus relationships are the most important of the four, but

the calculated response has a low sensitivity to both of these parameters.

The two other parameters-assignment of damping ratio relationships and maximum

shear modulus-were varied considerably more. The results of these evaluations

suggest that consideration of a maximum possible range of input values will
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produce a wide range of response. The use of upper bound and lower bound

damping ratio relationships significantly affected the amplitude of spectral

velocities. The use of the NRC criteria for maximum shear modulus also

significantly affects the amplitude as well as the periods of peak spectral

velocities.

145. The calculated response for PCDP is also expected to be strongly

dependent on the spectral content of the earthquake motions. The predominant

periods for the earthquakes are in the range of 0.03 to 0.07 sec. The natural

period of the site is in the range of 0.9 to 1.2 sec. If the period of the

earthquake is closer to the natural site period, stronger ground motions are

expected.
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APPENDIX A: LOCATIONS OF BORINGS USED FOR SOIL COLUMN

Al



Coordinates (ft) Elevation* (ft)

Boring Top Bottom
Site No. Northing Easting of Hole of Hole

1 Z-1 S 5955.57 W 4327.82 380.3 251.3

Z-2 S 5956.08 W 4312.61 380.4 311.9

Z-3 S 5955.68 W 4342.33 380.1 311.6

2 Z-5 N 297.88 W 891.52 379.9 239.9

Z-6 N 297.66 W 876.46 380.1 241.1

Z-7 N 297.72 W 861.40 380.0 241.0

3 Z-9 N 12075.30 W 2930.84 354.6 229.6

Z-10 N 12059.93 W 2930.41 353.7 229.7

Z-11 N 12045.08 W 2930.60 354.2 230.2

Z-12 N 12044.52 W 2980.58 351.1 -17.9

4 Z-13 S 385.11 W 8396.49 371.6 247.6

Z-14 S 385.28 W 8381.33 371.5 238.0

Z-15 S 385.15 W 8366.03 371.2 246.9

Z-16 S 385.15 W 8436.66 370.9 14.3

* MSL

A2



APPENDIX B: ACCELERATION-TIME RECORDS FOR 500-YEAR EVENT
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APPENDIX U: SENSITIVITY OF RESULTS TO MAXIMUM SHEAR

MODULUS FOR 1000-YEAR EVENT



0 cc

-~~ 0

IC C -

0 C. Q CD0 0 0 0 0 :."

-1 0 -

~~~~ w.N N

N~r- -4 -- C

0~ 0~ C

-0 ca0

-Q c4
-0 M

o3 co
C.)-4

jcc

0 bO

-tz

IP~~~~~ ~ ~ ~ ~ C p C 4)0!0 1 0 Cý 1 i ý ICI- , 1

r-~~~~ ~ ~ ~ 0 0 o oo o C ))

U2 J4



I-2 a - 00

0 Nl 0

-~~ 
0 ~

4J I4

0 14

-4-?

a..L

o c 0 ) 4o0 C

U3C



0=

oL C -r 4 - C
0 -o 0 00 0 0 -

L.~r CISNN

0 (0

-~~~c = 44-,.- ~ ~ -

0) 0

cc 0

0 o

"1 0 ,
0 CD

CY t- -

"4 0

C3C

ff

X340



I- L - - -

-, N. 0

03 0
W4-

41

ci C 0

cv 0

-~ ~~ ~~~~~ U3 , C C C' 0 ~ C CC '

-J. 4

-40

$4.

bon

0 0 0f .0 0

N -~ (U5



CC

0>0

2D 7
ID c IL Ic c I

00

.0

C' 0

C CýC 0 C>0 C 0 6 0 s C

(jua~~gd)ui~i-, jauS@Ail~abO

U6~.



0 Z

CD

ob 4t
C00 00 0 6 6 0 0 0 0 0 0 0 0

,nuzojd) uicil .JDq; CG

w 0

Noc V N-4N

N co

co 44

0

$4

QuCld goJ~JD
6 6

UCT



Il

4.'

Ii -TT I I 0-vf

00 -

w cc

(os-u)' AX;;XoG/ asuodsaj ;z opnas,ý
-.4 4-4

cd 0

04.0

f-4 C

p4j4

0ec

ac) W b ý4 4
0 ~~4).

00 0= 0

UU8



17 E E utl

4-4

0)
e1

C L 4 L

L4(1

w >J

_( 0

4-4

r -4

Cd0

ew 004 
-

U 04)

Q)0

00 4

(Zas/'ut) 'S 'X;!VOIA aSuodsac @All[oI~d O)Dfasd

UJ9



'44

D 00
,~- 0) 44

00

I-h.. IV
od

(OGSI/'u) ;'XI'301p, @suodsa~ 9Al4DI~d OP-19Sd. 4

-. 0

'44

t2.40

J 4-4

0210

I- V

SN .41 0.

0))

0.: o

00-

4)

0M

00 0 '

(DaS/'U) S 'kXoIDIA GSUOdSa6 @AflDad opflesd

Ulo



Z_ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ --

Q.

twangy 5A
~ Ži~ LT-

4.4

-~ IA4)r

/4

'--I

o0 
0

cc0

14.

00

"4J

ED

(t)) 'uiojj::) soda lnoi

Ul4)



c I 
-:0

fn 
A

0 4

00

0

co

014

-
0

U1.2



CL.

go o

-4

os 34

0 1J

0V
101

10

* -' -4

- '-7 -'U13



IIIII-i iii

FREE IELD tOUR0
PGDP Avg. Column
1000-yr HORIZ-1

-7 W -l Ul i

Wk. -6.

. V

"777".-.-

- ,r.------------ ------------ -

ýýerlod,ci (sec)

FREE FIELD to OUTCROP
o PGDP Avg. Column

S1000-yr HORIZ-2

<) 4. 0

4.0 -' - •

0: 3.

0.

a

S2.0 *1'

I - : i-' :00•

Figure U13. Ratio of absolute acceleration response spectra
at free field to rock using best estimate

of modulus for average column

U14



6.0 .

FREFIELD O0U7TCR70P]
0 5.PGDP LB Avg Col
.4 01000-vr HORIZ-1

< 7

<

10 -

-, 20

Period, 7 (SeC.)

6.0 ... . ,, .

S5.0 PGDP LB Avg Col
1000-yr HORIZ-2]

Q)

m 3.0 '

Q2.A

2.0
<

-------------------------- -----------------------------------------
0

0.01, ......

0 erlod, T (sec'

Figure U14. Ratio of absolute acceleration response spectra
at free field to rock using lower bound

of modulus for average column

U15



6.0 . ... i

FREE FIELD to OUTCROP]

5 PGDP UB Avg Col.Z 5.0
c1000-yr HORIZ-1

<.) 4, 0"-'•-, .-•.g

U -. . . . . • ' . . . . . . . . . . . . . . . . . . .. 0..~
Q)

10- 0'10 10

Period, T (sec)

6.0 . . .

SI ~FREE FIELD to OUTCROP

G PGDP UB Avg Col
-• 5.01000-yr HORIZ-2

U)o

C.)

C• .

0 2.0'0.0

10-• 0- 00 10

Period, T (sec)

Figure U15. Ratio of absolute acceleration response spectra
at free field to rock using upper bound

of modulus for average column

U66



>0

0) bl go

E) 0
IN 0

0 6N 3

Il w

to,

a)a
u W

C-) 0

ci 0

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _a

U~~i~O~I~4V 44lO~ ~

uoaoji~oi.-jv asuodsad Gjn1 osoQý

041

/ ~0 b

E-oo

0 L

C) 0.W

"14.

0 0

C) '.0

C.C

C~ ~~ ~~~ C 0 0 0 0 0

uoCjojajao. pufloig )aDJ

uoi~jC~Ija):V suodSad Ginjosqv

U17



00

ou

0

/ 00

C-C

-4

uoý;0jaIoDV punojc: )joad
UOllojGia:Z:)V asuodsad ainjosqV

ý4J

00

44

ob

0 r

oo

W) 4

2w
Q *Q

r-4)
4)0

00

00

4110



>0
w cli

-co :4 IM

'mo

00

to.

0

-~ 0
0! 0ý 0ý 0

UOO10~fOJ> 0  00

Luoqoj~j:Dv psunods ýnosqd

00

41 0

0-

01

C)) 04

U191



APPENDIX V: SENSITIVITY OF RESULTS TO MAXIMUM SHEAR

MODULUS FOR 5000-YEAR EVENT
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