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ABSTRACT

A site-specific earthquake si te response (soil
amplification) study is being conducted for the
Department of Energy (DOE), Paducah Gaseous Dif-
fusion Plant (PGDP). This study is pursuant to
an upgraded Final Safety Analysis Report in
accordance with requirements specified by DOE.

The seismic hazard at PGDP is dominated by the
New Madrid Seismic Zone. Site-specific synthetic
earthquake records developed by others were ap-
plied independently to four soil columns with
heights above baseroc)c of about 325 ft. The
results for the 1000-year earthquake event indi-
cate that the site period is between 1.0 and 1.5
sec. Incident shear waves are amplified at peri-
ods of motion greater than 0.15 sec. The peak
free-field horizontal acceleration, occurring at
very low periods, is 0.28 g.

INTRODUCTION of Energy (DOE) gaseous d i f f u s i o n
plants. Considered a non-reactor

The Paducah Gaseous Diffu- nuclear facility, uranium hexa-
sion Plant (PGDP), located near flouride is enriched in the U-235
Paducah, Kentucky, (Fig. 1) is isotope as an integral part of
one of two operating Department the nuclear fuel cycle.

* This manuscript has been authored by a contractor of the U.S. Government
under Contract No. DE-AC05-8&OR21400. Accordingly, the U.S. Government
retains non-exclusive royalty-free license to publish or reproduce the
published form of th is contribution or allow others to do so for U.S. Govern-
ment purposes. Research was sponsored by the Office of the Assistant Secre-
tary for Nuclear Energy, U.S. Department of Energy, under Contract with Martin
Marietta Energy Systems, Inc. , and under Inter-Agencv Agreement No. DE-AI05-
91OR21971 with the U.S. Army Waterways Experiment Station.
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Fig. l: General location of
PGDP showing seismic activity in
a 189-month period between 1974
and 1990 (courtesy of St. Louis
University)

Engineering analyses and
other scientific studies required
to upgrade the existing PGDP
Final Safety Analysis Report
(FSAR) are presently on-going in
accordance with current DOE
guidelines and requirements.
These efforts include the evalua-
tion of the effects of natural
phenomena hazards, i.e., seismic
events, extreme winds, and
floods. Situated on a deep soil
profile within close proximity
(60-100 km) to a strong earth-
quake source, the New Madrid
Seismic Zone (NMSZ), PGDP has
been categorized as a moderate
hazard facility with respect to
natural phenomena hazard classi-
fications [1]. Consistent with
this classification, the 1000-

year event was of particular
interest in vnis study.

Synthetic earthquake records
corresponding to rock outcrop
motions were developed from pro-
babilistic assessments using an
extended-source seismic hazard
analysis and were represented by
uniform risk response spectra for
the 500, 1000, and 5000-year
recurrence intervals. Accelera-
tion records which enveloped the
uniform risk response spectra
were generated for each of three
mutually-orthogonal directions
for each earthquake record. Two
horizontal components were used
for the site response analysis
reported in this paper.

A combination of geophysical
and geotechnical data obtained at
four sites located around the
periphery of PGDP were used to
derive four soil columns. These
soil columns are about 325 ft
thick and represent alluvium
(Pleistocene-age Continental
Deposits) and Tertiary-age inter-
bedded sands, silts, and clays.
The bedrock is limestone of Mis-
sissippian Age. Seismic wave
velocities were measured at each
location using crosshole and
downhole geophysical techniques.
Other downhole geophysical tech-
niques were used to infer the
variation of density with depth.

This paper summarizes site-
specific earthquake response
analyses conducted by the U.S.
Army Engineer Waterways Exper-
iment Station (WES) for the 1000-
year design earthquakes and rep-
resent a key element of the seis-
mic studies for PGDP. Analyses
for 500- and 5000-year events are
in progress. Site-specific spec-
tra were developed for free-field
(soil) response.

The results presented in
this paper correspond to the an
initial set of assumed conditions
where the potential effects of
high confining pressures on shear
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modulus and damping ratio
relationships are not yet ad-
dressed. The analyses that in-
clude the effects of confining
pressure and parametric varia-
tions are mentioned briefly.

The results of analyses
presented in this paper are ex-
pected to be of interest to the
technical community because the
analysis of strong motion in deep
soil deposits in the central
United States has not been widely
reported. The most difficult
aspect appears to be a lack of
resources to obtain material
properties for the full height of
the soil profile.

EARTHQUAKE HAZARDS AND
DESIGN MOTIONS

The earthquake hazards and
design motions used in the site
response analysis for PGDP are
summarized in a recent report [2]
and also a paper to this confer-
ence. A brief description is
also presented in this section.

Three separate hazard anal-
yses were considered for the
overall earthquake hazard study:
the Electric Power Research
Institute/Seismicity Owners Group
(EPRI/SOG) analysis, the Lawrence
Livermore National Laboratory
(LLNL) analysis, and the extend-
ed-source analysis. The EPRI/SOG
analysis used the input data and
methodology developed by EPRI,
under the sponsorship of SOG, for
the evaluation of seismic hazard
in the central and eastern United
States. The LLNL analysis used
the input data and methodology
developed by LLNL for the Nuclear
Regulatory Commission (NRC).

Both the EPRI/SOG and LLNL
methodologies treat earthquakes
as point sources. This assump-
tion is not directly applicable
to PGDP because of the possibili-
ty of large earthquakes occurring
in the NMSZ. As a result, an ex-

tended-source seismic hazard ana-
lysis was performed that modeled
the NMSZ as a system of parallel
faults running in a north-north-
easterly direction. The results
from the EPRI/SOG and LLNL analy-
ses were only used to develop
baseline results and to under-
stand the dominant seismic sour-
ces and the uncertainties in
their parameters.

The seismic hazard results
from the extended-source analysis
are shown in Figures 2 and 3.
Figure 2 shows the mean, 15th,
50th, and the 85th percentile
peak horizontal rock accelera-
tions versus the annual probabi-
lity of exceedance. Figure 3
shows the median (50th percen-
tile) uniform hazard response
spectra for rock at 5 percent
damping, for annual probabilities
of exceedance of 0.002, 0.001,
and 0.0002.

0.00 0.25 0.50 0.75 1.00
Peak Acceleration (g)

Fig. 2: Peak ground acceleration
hazard curves [2]

Earthquake magnitude, dis-
tance, duration, and synthetic
acceleration records were cal-
culated which represent the uni-
form hazard response spectra.
Figure 4 shows the two components
of horizontal motion correspond-
ing to rock outcrop for the 1000-
year median uniform hazard re-
sponse spectra.
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Fig. 3: Equal hazard spectra for
extended source model [2]
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Fig. 4; Synthetic acceleration
records for 1000-year event [2]

SOIL COLUMNS

Four individual soil columns
were provided to WES as basic
input to the free-field seismic
response analysis at P6DP. [3] A
soil column is a one-dimensional
idealization of a layered soil
deposit. The information con-

tained in these soil columns was
the product of an extensive bore-
hole drilling and geotechnical
and geophysical data acquisition
program conducted during FY90.
[3,4,5]

The approach of analyzing
the columns independently and
then combining results differs
from another method that involves
deriving an "average" stratigra-
phy and then averaging ih-situ
densities and seismic velocity
measurements and assigning an
appropriate shear modulus and
damping ratio curve for each
layer. The authors believe that
separate evaluation will provide
a more effective and realistic
bracket of the potential range of
site conditions that could be
produced. The procedure of aver-
aging is subjective and will de-
emphasize, and may overlook,
strong response produced by iso-
lated stiff layers.

The locations of the four
sites are shown in Figure 5. At
Sites 1 and 2, three shallow
boreholes were drilled to depths
ranging from 70 to 125 ft. Four
boreholes were drilled at each of
the other two sites (3 and 4).
Three of which were extended to
depths of approximately 125 ft.
The final borehole at each of
these two sites terminated in
bedrock encountered at depths of
364 and 322 ft, respectively.

The four sites are separated
by great distances and arc not
particularly close to critical
structures. Noted variations in
the evaluation of stratigraphic
sections provides evidence that
the extent of possible conditions
in terms of height of column and
individual material types may be
adequately addressed with exist-
ing columns, however, and should
adequately bracket the range of
expected site response. Poten-
tial variations were addressed by
parametric analyses.
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Paducah Gaseous
Diffusion Plant

Paducah, Kentucky

— SITE 1

Fig. 5: Oblique plan view of PGDP and locations of sites
used to derive soil columns

During the drilling activi-
ty, typical Standard Penetrometer
Tests (SPT) were performed at
frequent intervals in one of the
shallow boreholes at each site
and in the deeper borehole, where
present, from a depth of around
125 ft to bedrock. The soil
classification as a function of
depth was generally determined
from observations and drill cut-
ting evaluations. In addit? jn, a
small number of split spoor and
"undisturbed" samples were also
obtained.[3]

The subsurface materials
consist of a thin loess veneer
overlying Continental Deposits of
Pleistocene age then Tertiary-Age
deposits of the Clayton-McNairy
Formations. The area is under-
lain by hard limestone of Missis-
sippian Age. At Site 1, 35 ft of
loess and Continental Deposits
overly 84 ft of the Porter"s

Creek Formation and the remaining
203 ft of soil are from the Clay-
ton-McNairy Formation. At Sites
2, 3, and 4, the Continental De-
posits have a thickness of about
112 ft and the Clayton-McNairy is
about 210 thick. At Site 3,
thera is an additional layer of
"rubble" above bedrock.

After completion of the
drilling activity at a site, a
suite of geophysical surveys were
performed. Crosshole and down-
hole seismic methods were used to
measure shear wave and compres-
sion wave velocities as a func-
tion of depth at each of the four
sites. [4]

The soil column developed
for Site 2 is shown in Figure 6
and generally reflects the stra-
tigraphy and material properties
for the other three columns.
Solid lines represent demarca-
tions between soil types whereas
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dashed lines represent depths at
which material properties changed
within a particular soil stratum.
The depth of the phreatic surface
at all sites, including Site 2,
was determined from measurements
in nearby monitoring wells. At
Site 2, the depth of the phreatic
surface is about 58 ft.
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unavailable and are shown in
Figures 7 and 8.

Fig. 7: Variations of shear
moduli used for soil layers

»>-SC)

iijilj'i /iliij,:"

Fig. 8: Variations of damping
ratios used for soil layers

Fig. 6: Soil column for Site 2
(modified from [3])

The variations of shear mod-
uli and damping ratios correspon-
ding to materials encountered at
PGDP were estimated using soil
classifications based on several
published results of laboratory
studies.[6,7,8,9,10] These rela-
tionships are widely used by the
geotechnical engineering profes-
sion when site-specific results
of cyclic laboratory testing are

METHOD OF CALCULATION

The computer program SHAKE
[11] was used to calculate site-
specific free-field response
produced by the synthetic hori-
zontal records assumed to repre-
sent horizontally-polarized shear
waves propagating vertically.
Calculations were made using the
U.S. Army CRAY Y-MP supercomputer
operated at WES. The methodology
and algorithms incorporated in
this program are fairly simple
and straight-forward and quite
adequate for the purpose intend-
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ed. The wide acceptance of SHAKE
and standardized modulus and
damping curves is based primarily
on the success in matching mea-
sured and calculated responses
during moderate and strong ground
motions.[e.g.,12,13]

The basic assumptions for
this method are:

1. Layers are horizontal;
2. Layers extend to infinity;
3. Layers are defined by shear

modulus and damping as a
function of shear strain,
thickness, and unit weight;

4. Cyclic behavior cf each soil
is adequately represented by
equivalent-linear constitu-
tive model;

5. Incident earthquake motions
travel vertically and con-
tain shear waves only.

In general, these assumptions are
consistent with site conditions
at PGDP and are wndely accepted
by the geotechnical earthquake
engineering profession as being
suitable for most applications.

RESULTS FOR 1000-YEAR EVENT

The results of site response
analysis for the 1000-year event
are presented below. The shear
modulus and damping ratio rela-
tionships used for this initial
set of calculations correspond to
best estimates based on soil
classification. Results are
presented in the form of pseudo-
velocity response spectra in
tripartite format (5 % damping),
the ratio of absolute accelera-
tion spectra for free field to
outcrop, and a profile of accel-
eration records. The response of
Site 2 to the Horizontal 2 compo-
nent is used as an example of
individual column response and
then the results for all four
sites and both horizontal com-
ponents are combined.

, The calculated pseudo-
velocity spectra for five damping
levels (2,5,7,10,and 12%) at Site
2 for the Horizontal 2 component
are shown in Figure 9. The spec-
tra are independent of damping
ratio and smooth at periods below
0.06 sec. Significant variations
with damping ratio occur at peri-
ods greater than 0.15 sec. The
natural period at Site 2 is about
1.1 sec.
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Fig. 9: Response spectra calcu-
lated for Site 2

The ratios of response
acceleration spectra for free
field to rock outcrop for Site 2
and the Horizontal 2 component
are shown in Figure 10. Motions
are only amplified for periods
greater than 0.3 sec. The great-
est amplification occurs between
periods of 1.0 and 1.3 sec.

The general effect of the
attenuation of motion from the
soil profile on the propagation
of shear wave energy can be seen
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in Figure 11 where the calculated
acceleration records at the top
of various layers are shown. In
general, amplitudes decrease and
periods decrease as the waves
propagate vertically.
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Fig. 10: Ratio of acceleration
spectra for free field to rock
outcrop motions at Site 2
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Fig. 11: Profile of calculated
acceleration records at Site 2

, The set of results for all
four sites and both horizontal
components at five percent damp-
ing are shown in Figures 12 and
13. The data indicate that
strong free-field motions should
be expected. The range of re-
sults is narrow except for two
spectra that fall considerably
below the pack at periods greater
than 0.5 sec. These two respons-
es were calculated for Site 3 and
are attributed to the "rubble
zone" noted earlier. This zone
attenuated a significant portion
of the energy for this initial
analysis.

The calculated responses at
5 percent damping for Sites l, 2
and 4 are very similar. The
natural period is between 1.0 and
1.5 sec with a (peak) spectral
velocity of about 0.6 in/sec. A
secondary resonance peak exists
at a period of about 0.5 sec.
The maximum horizontal accelera-
tion is 0.28 g.

Earthquake motions may be
amplified at periods greater than
0.15 sec although large amplifi-
cation occurs at periods greater
than 0.3 sec. The ratios of
free-field to rock outcrop re-
sponse are between 3.5 and 4.0.

FURTHER ANALYSES &
PARAMETRIC STUDIES

Following the initial set of
calculations conducted by asign-
ing shear modulus and damping
ratio curves on the basis of soil
classification alone, the effects
of confining stress will be ap-
plied to the set of analyses.
High confining stresses, experi-
enced at great depths, tend to
reduce the amount of modulus
reduction and amount of damping
ratio for a given shear strain.
[9,10] The effect of this con-
sideration on the response spec-
tra is likely to increase the
free-field motions (acceleration
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and displacement) and decrease
natural period moderately.
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Fig. 12: Combined response spe-
ctra for four sites and two hori-
zontal components
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Fig. 13: Combined acceleration
ratios of acceleration spectra
for four sites and two horizontal
components

Parametric studies are also
in progress for the 1000-year
design event to evaluate the

sensitivity of various input
parameters to the response calcu-
lations. The basis for upper and
lower bounds of variation are
based on potential measurement
inaccuracies and natural vari-
ations. Parameters fteing consid-
ered are maximum shear modulus
(shear wave velocity and densi-
ty) , depth to bedrock, and the
modulus and damping ratio curves
assigned to individual layers.

The results of parametric
analyses completed for the 1000-
year event show that the calcu-
lations tend to be insensitive to
the depth of bedrock and the
exact soil classification (used
to assign shear modulus and damp-
ing ratio relationships). The
calculations are moderately sen-
sitive to the magnitude of shear
modulus (shear wave velocity).

SUMMARY AND CONCLUSIONS

The results of site-specific
earthquake response analyses at
the Paducah Gaseous Diffusion
Plant, near Paducah, Kentucky,
for a 1000-year design event have
been presented. Four soil columns
with heights of 322 and 364 ft
derived for this study using the
results of in-situ measurements
were evaluated for site response
separately. Two horizontal com-
ponents of motion were propagated
through each column.

The compilation of results
indicates that strong free-field
motions should be expected. Peak
horizontal free-field accelera-
tions were calculated to be about
0.28 g. The natural period is
expected to be between 1.0 and
1.5 sec and large amplification
is expected for periods of motion
greater than 0.3 sec.l A second-
ary resonance peak exists at a
period of about 0.5 sec.

The results using SHAKE are
considered to be reasonable and
realistic based on previous vali-
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datian studies published in engi-
neering literature. Evaluations
using more conservative assump-
tions about inputs affecting ma-
terial properties and parametric
analyses are underway.
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