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TECHNICAL ABSTRACT
This gudy utili zes the aurrent state of knowledge--and assciated uncertainties--on the rates and
charaderistics of eathquakes in the New Madrid and Wabash Valley seismic zones, ground
motions in the central and eastern United States, and the dynamic response of soil depositsin the
region, to construct probabili stic scenarios for Saint Louis and Memphis and seismic hazad maps
for the entire region.

The scenarios provide engineeas, disaster planners, and financial-lossanalysts with a detailed and
redistic representation of the dharaderistics (including time histories) of eathquakes that are
representative of the design conditions (e.g., 2% probability in 50 yeas).

The hazad maps include the dfed of soil-column thickness regional surficial geology, and
nonlinea soil response. These maps provide alevel of detall superior to that of national maps.

NON-TECHNICAL ABSTRACT
This gudy utilizesthe aurrent state of knowledge dharaderistics of eathquakesin the New
Madrid and Wabash Valley seismic zones, and the shaking that these eathquakes produce, to
construct probabili stic scenarios for Saint Louis and Memphis and seismic hazad maps for the
entire region.

The scenarios provide engineeas, disaster planners, and financial-lossanalysts with a detailed and
redistic representation of the dnaraderistics (including time histories) of eathquakes that are
representative of the design conditions typicdly used in building codes.

The hazad maps include the dfed of soil thicknessand surficial geology, aswell as differencesin
the behavior of soils under wea and strong motions. These maps provide more detail than
national hazad maps.
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This gudy utilizes the aurrent state of knowledge @out eathquakesin the New Madrid and
Wabash Valley seismic zones, and about ground motions and site response in the region, to
construct probabili stic scenarios for Saint Louis and Memphis and seismic hazad maps for the
entire region. The scenarios provide enginea's and dsaster planners with a detailed and redistic
representation of the dharaderistics (including time histories) of eathquakes that are
representative of the design conditions (e.g., 2% probability in 50 yeas). The maps include the
effed of depth and provide alevel of detail superior to that of national maps.
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Sedion 1
INTRODUCTION

This gudy utilizes models that represent the arrent state of knowledge--and associated
uncertainties--on the rates and severity of eathquakesin the New Madrid and Wabash Valley
seismic zones, and on ground motions and site response charaderisticsin the central and
eastern United States, to construct probabili stic scenarios for Saint Louis and Memphis and

seismic hazad maps for the entire region.

Sedions 2, 3, and 4 dbcument the inputs used for these cdculations, namely, the seismic-
source tharaderizaion, the atenuation equations for rock, and the anplification fadors.
Sedion 5 presents the development of scenario events and the assciated ground motions.

Sedion 6 presents the probabili stic seismic-hazad maps for both rock and soil conditions.
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Sedion 2
SEISMIC SOURCE CHARACTERIZATION

2.1 INTRODUCTION

This Sedion documents the seismic sources used in this gudy to charaderize seismicity in the
New Madrid and Wabash regions, as well as other potential seismic sourcesintheregion. The
New Madrid and Wabash regions have been the focus of many seismologica and geologicd
studies over the past eight yeas, resulting in a better understanding of earthquakes in these
regions. Still, many uncertainties remain and the eisting data ae open to aternative
interpretations. Asaresult, the dnaraderizaion of seismic sources for this udy has the dual
objedive of representing the arrent state of knowledge aout earthquakes in study region and
representing the limitationsin that state of knowledge. This objedive is accomplished by
spedafying alternative seismic-source geometries and seismicity parameters, and assgning

weights to them acwrding to their credibility.

The work of Van Arsdale and Johnston (1999 contains a detailed summary of geologicd and
seismologicd studies on the New Madrid and Wabash regions and develops interpretations
based on these studies. Thisinformation is used to define the most of the seismic sources
presented here, to quantify the rates of occurrencefor large eathquakes, to speafy maximum

magnitudes for these sources, and to develop weights for alternative sources and parameters.

Another important source of information on maximum megnitudes in the New Madrid region is
the work of Hough et a. (1999, who re-interpreted the New Madrid intensity data and
obtained magnitude estimatesin the range of 7.1 to 7.5 for the threemain 18111812New
Madrid events. The New Madrid maximum megnitudes used in this gudy are obtained by
giving roughly equal weight to the Van Arsdale and Johnston (1999 and Hough et al. (1999

interpretations.
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The rates of occurrencefor small and moderate eathquakes are cadculated using a statistica
analysis of the historicd eathquake cdalog. Appendix B of Risk Engineeing (1999

documents the seledion, modification, and analysis of the eathquake cdalog.

Traditionally, seismic-hazad studies for sitesin the central and eastern United States have used
Nuttli’s m_, magnitude to charaderize eathquake size becaise this is the magnitude used in all
regional catalogs and in most attenuation equations for the region. Most of the recent
information, coming from paleoliquefadion and other geologicd studies, is provided in the
form of moment magnitude M (Hanks and Kanamori, 1979, because this magnitude has a
physicd basis. Recent attenuation equations for the region are provided in terms of M (e.g.,
Atkinson and Boore, 1997) or in terms of both M and m, (Toro et al., 1997). Becaisethis
study makes extensive use of paleoliquefadion and geologicd datato charaderizethe New
Madrid and Wabash zones, it utilizes M to charaderize eathquake size

2.2 SEISMIC SOURCESIN THE NEW MADRID SEISMIC ZONE (NM S2)

Extensive geologica, geophysicd, and seismologicd work has been conducted within the
NMSZ. Asaresult of these dforts, spedfic seismogenic faults in the NMSZ have been
identified and studied in detail, particularly the Redfoot Fault nea the town of New Madrid.
Johnston and Schweig (1996 have sssociated ead of the three1811-1812eathquakes with a
spedfic fault by using historicd acounts and geologicd evidence (Figure 2-1; see &so Figures
A-18and A-21in Van Arsdale and Johnston, 1999. Their interpretation is consistent with the
spatial distribution and source daraderistics of contemporary NMSZ seismicity (Figure 2-2).
This gudy uses those faults, augmented to the north in order to represent more diffuse patterns

of seismicity, to charaderize the main pattern of seismicity in the NMSZ.

The Deceanber 11, 1811event is asociated with a strike-dlip rupture on the Blytheville ach -
Cottonwood Grove fault or with the Blytheville ach - Boothed lineanent. Both
interpretations yield identicd results, except for sites in the immediate vicinity of the northern
ends of these faults. This uses the former interpretation, with afault length of 125 km (Figure
2-1).
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The January 23, 1812event is asociated with a strike-dlip rupture on the East Prairie fault
(EPE) on the northern portion of the NMSZ. Thisinterpretation is supported by fault-
medanics arguments and by limited historica data and is more poorly constrained than those
for the other New Madrid events. The northern portion of the NMSZ is aso the one with the
most diffuse pattern of seismicity (seeFigure 2-2). This diffuse seismicity is represented by
the “East Prairie extension” (EPE) seismic source, which is siown in Figures 2-3 and 2-4. The
remote possbility that faultsin the East Prairie extension conned with the Fluorspar-district

faults is refleded by the long version of the East Prairie extension.

The February 7, 1812event is asociated with athrust rupture on the Redfoot fault. This
study uses alength of 72 km for the Redfoot fault.

Datable paleoliquefadion feaures and dsplaced geologic units provide a ¢ronology of large
pre-historic eathquakes, which complement the historicd seismicity catalog. One aucia
assumption in this gudy’s interpretation of the paleoeathquake dronology isthat alarge
seismic-moment release in the region involves events on all threeNMSZ  faults, which occur
within atime interval of the order of months or afew yeas (more predsely, within atime
interval shorter than the temporal resolution of the paleoeathquake dironology). This
assumption is supported by the 1811181 2events, by the observation that the history of
displacement on the Redfoot fault is consistent with the paleoliquefadion history (even though
the paleoliquefadion feaures at the northern and southern extremes of the NMSZ could not
have been caused by events on the Redfoot fault), and by the observation that the Redfoot and
Ridgely faults have similar displacament histories. Van Arsdale and Johnston (1999 contains a

detailed discusson of these issues.

As a mnsequence of this assumption, ead of the threemain NMSZ eventsis considered to
have occurred in ead one of the threeNM SZ faults. Another consequence of this assumption
isthat the occurrences of large eathquakes in the NMSZ are not independent in time. Asa
result, the standard PSHA assumption of temporal independence between events must be

modified (seeAppendix E).

G\ 9643 9744\ rept\sect2.wpd My 7, 2001 2-3



Based on the paleo-eathquake dronology discussed above, ead of the threefaultsis assgned
mean reaurrenceintervals of 500to 1,000yeas (seeTable A-1 of Van Arsdale and Johnston,
1999. Based on strain-rate considerations, the 1000yea reaurrenceinterval is given more
weight and the 500-yea interval is given alower maximum megnitudes. The resulting logic
trees for the rates of large eathquakes and maximum magnitudes on the threeNM SZ faults are
shown in Figures 2-5 through 2-8. The logic treefor East Prairie and East Prairie extension is

somewhat more complicaed, in order to avoid double-counting of seismicity.

The combined magnitude-reaurrence model of the threeNM SZ faults and the East Prairie
extension is charaderistic, with the exponential portion controlled by historicd seismicity and
the dharaderistic portion controlled by paleoseismic and geologicd information. For the
purposes of seismicity cdculations, the Redfoaot rift was sub-divided into areas associated with
ead of the NMSZ faults, as diown in figure 2-10. Ead event was assgned to the fault
corresponding to the aeawhereit falls. This approach is necesstated by the locaion errors of
ealier historicd eathquakes. Maximum-likelihood caculations were performed for ead fault
separately and for the rift asawhole. The b value obtained for the rift as a whole was assgned
to ead individual fault, rather than the b value obtained for that fault, because the former is
more stable. Half the historicd seismicity in the East-Prairie Extension areawas assgned to
the East Prairie fault; the other half was assgned to the East-Prairie extension. Table 2-1 lists

the rates and b values for the NMSZ faults and for all seismic sources considered in this gudy.

Eventsin the dharaderistic portion of the magnitude-reaurrence models for the threeNM SZ
segments are treded as occurring in temporal clusters, so that if one event occursin one of
these segments, events will occur in the other NMSZ segments, with a time delay much shorter
than the mean time between clusters (EPF and EPE are mnsidered as one segment for this
discusson). Eventsinthe exponential portion of the magnitude-reaurrence models are treaed
as independent (in the usual way). Appendix E presents the mathematicad formulation of the

clustering model.
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2.3 THE WABASH VALLEY SEISMIC ZONE
The treament of the Wabash Valley seismic zone in this gudy is based on Van Arsdale and
Johnston (1999 and is more detail ed than the treament in Risk Engineaing (1999 because of

the dominant contribution of Wabash seismicity to Seismic Hazad in Saint Louis.

We tred the Wabash seismicity as two separate seismic sources with overlapping geometries.
The first source, which we denote & the Wabash Proper seismic source, is asociated with the
two largest Wabash paleceathquakes (M ~7.2 and ~7.6 acording to Pond and Martin, 1997,
which occurred roughly within the mapped extent of the Wabash Valley Fault System. The
seoond source, which we denote a the Wabash Large seismic sourceis asociated with smaller
paleceathquakes and with instrumental seismicity, which occurred in awider areaof Southern

Il nois, Indiana, and Southeastern Misouri.

Thelogic treesin Figures2-11 and 2-12 describe our treament of the uncertainty in the
geometries, rates, and maximum megnitudes of the Wabash sources. The uncertainty in
geometry is charaderized by means of three dternative source geometries, which are shown in
Figure 2-13. The uncertainty in the adivity rate for the New Madrid Proper sourceis high
becaise only two events have been observed and is assumed to be negatively correlated with
maximum megnitude. The adivity rates in the Wabash Large seismic zone were cmputed

using the seismicity catalog.

24 0THER FAULTS

The SE Fank fault (seeVan Arsdale and Johnston, 199--also referred to as the Crittenden
County fault zone--and the Commerce/Benton Hill s fault, are locaed at or nea the SE and
NW margins of the Redfoat rift. These faults 10w no evidence of large eathquakes during
the Quaternary, but they show evidence of two events during the Holocene (one on ead fault;
Van Arsdale and Johnston, 1999. In spite of itslow adivity rate, the SE Flank fault may
contribute significantly to seismic hazad in Memphis because of its proximity. The
Commerce/Benton Hill s fault contributes little to seismic hazad at Memphis and Saint Louis,

but isincluded here mainly for the sake seismic-hazad mapsin Sedion 4.
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For SE Flank fault, we use arate of 4.7E-3 events for the exponential portion of the
magnitude-reaurrence model (based on 13 M>2.5 eventsin 20 yeas, as observed by Chiu et
al., 1997). Therate of charaderistic events and the asciated maximum megnitudes are based
on Van Arsdale and Johnston (1999 and are given in Figure 2-14. The same parameters are

arbitrarily assgned to the Commerce/Benton Hill s fault.

250THER SEISMIC SOURCES

Other important geophysicd feaures of the New Madrid region include the Redfoat rift and
the lessadive Rough Creek graben. The boundary between these two structures is not well
defined. This gudy considerstwo alternative locaions (Figure 2-15).

This gudy considers a source 2ne to represent eathquakes that occur in the Redfoat rift, but
are not associated with the NMSZ faults and the EPE. Because dl historicd seismicity on the
rift was assgned to the NM SZ faults and the EPE, one could assume z&o seismicity for the
Redfoot rift source 2ne and ill be cnsistent with historicd seismicity. Instead, this gudy
assgns to this sismic source arate equal to 10% of the total historicd seismicity observed on
therift. Asaresult, this gudy acounts for 110% of the historicd seismicity on the Redfoot
rift. Thisiswithin the eror bars of the historica data and allows us to acount for the

possbility of moderate eathquakes occurring off the main NMSZ faullts.

The magnitude-reaurrence model for the Rough Creek graben are determined from the
historicd seismicity on the graben. The maximum magnitudes for the Redfoat rift and Rough
Creek graben are spedfied on the basis of Table A-1 of Van Arsdale and Johnston (1999.

We dso define badkground zones covering portions of the study region not already covered by
the sources described above (seeFigure 2-16. The definition of these sourcesis taken from
Risk Engineeing (1994 and is modified slightly to match the geometries of the Wabash,
Redfoat rift, and Rough Creek graben sources. Two geometries are used for the Ozarks
source, which correspond to the Intermedia and Broad geometries of the Wabash source (see

Figure 2-12). The maximum megnitude for these source ae givenin Table 2-2. Therates of
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small and moderate eathquakes, and associated b values, were computed using the seismicity
caaog and are listed in Table 2-1.
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Table2-1
Seismicity Parameters (Exponential Portion)

Seismic Source (i) v, of In[v.]} b o(b) p
E. Prairie Extension |4.5E-03 | 0.30 0.86 | 0.05 0.83
E. Prairie fault 45E-03 | 0.30 0.86 | 0.05 0.83
Redfoot fault 9.3E-03 | 0.28 0.86 | 0.05 0.90
Blytheville ach-CGF | 7.9E-03 | 0.29 0.86 | 0.05 0.89
SE Flank fault 4.7E-3 - 0.86 - -
Commerce/Benton 4.7E-3 - 0.86 - -
Hill s fault

Wabash Large 19E-02( 0.16 0.92 | 0.05 0.61
(intermediate

geometry)

Wabash Large 2.7E-02| 0.21 0.92 | 0.05 0.48

(extended geometry)

Ozarks (goes with 10E-02| 042 0.88 | 0.08 0.97
Wabash intermediate)

Ozarks (goes with 5.6E-03| 0.57 0.89 | 011 0.97

Wabash extended)

Arkansas 4.1E-03| 0.87 0.65 | 0.17 0.95
Ouadhita 54E-04| 125 119 | 0.25 0.98
Midcontinent 29E-04| 176 116 | 0.35 0.98

Southeastern U.S. 19E-03| 0.93 092 | 0.18 0.97

Notes:
1. v, isthe aanual rate of eathquakes with M>5 in sourcei
2 pisthe oorrelation coefficient between In[v] and b.
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Table 2-2

Maximum M agnitudes for

Background Sources

Sourceg(s) M
Ozarks, Arkansast 6.2
7.2

Midcontinent,Quadita’ 5.5
58
6.8

Southeastern U.S.2 5.5
59
7.2

! Source Van Arsdale and Johnston (1999.

Weight

05
05

0.2
0.6
0.2

0.2
0.6
0.2

2 Source Risk Engineaing (1994 magnitudes

converted from m  to M)
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Figure 2-1. Map showing NMSZ and other seismic sources considered in this gudy.
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Figure 2-2. Map showing events in the New Madrid eathquake cdalog (19741997).
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Figure 2-3. Map showing the two alternative geometries of the East Prairie fault extension (EPE).
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Figure 2-4. Map showing the faults used to represent the East Prairie fault extension (EPE) in the
seismic hazad cdculations.
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Figure 2-5. Logic treefor the rate of large events and maximum magnitude
on the Blytheville Arch-CGF fault. Thelogic treefor the Redfoot fault is
identicd.
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Rate of Large Rate of Large
Earthquakes, Earthquakes,
EP + EPE Each Source

EPE: 1/1,000yr

0.171

1/1,000yr
0.7
EPE: 1/10,000yr
EP: 9E-4 (~ 1/1,000yr) @
0.829
EPE: 1/1,000yr
EP:  1/1,000yr @
0.6
1/500 yr
0.3

EPE: 1/10,000yr
EP: 1.9E-3 (~ 1/500 yr)

0.4 @

Figure 2-6. Logic treefor the rates of large events on the East Prairie fault and East
Prairie extension. Thetreesfor the mrresponding maximum megnitudes and source
geometries are shown in Figures 2-7 and 2-8.
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Maximum
Magnitude

8.0
0.25

7.5

@ @ @ 0.25

(Rate<
1 /2000yr)

7.2
0.25

6.9
0.25

8.0
0.2

7.5
0.2

@

(Rate=
1 /500yr)

7.2
0.3

6.9

0.3
Figure 2-7. Logic trees for the maximum megnitude of the
East Prairie fault.
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Maximum

Geometr .
y Magnitude
Short (100 km) same as
O 6 e o
1.0 branches below
(Rate=
1/1,000yr)
Short (100 km) ® same as
0.857 branches below

@@ >
0.25

(Rate=
1 /10,000 yr) 7.8

0.25

Long (160 km)

0.143

7.4

0.25

7.1

0.25
Figure 2-8. Logic treefor the maximum megnitude and geometry of the East Prairie
extension (EPE).
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Figure 2-9. Map showing eventsin the historicd eathquake caalog.

G\ 9643 9744\ rept\sect2.wpd My 7, 2001 2-19




+ +
+ +
+ +
+ +
+ +
+ +
+ + + + + + +
Legend
D Polygons used to Compute Seismjcity KM
[
= 0 50 100
8 Rift Boundary
le

Figure 2-10. Map showing the aeas used to assgn historicd seismicity to the NMSZ faults.
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G t Maximum
eometr . Rate
d Magnitude

1/10,000yr

0.75
8.0

0.1

1/5,000yr

0.25

1/10,000yr

0.75
Narrow 7.6

0.667 0.4 1/5,000yr

0.25

1/10,000yr

0.75

1/10,000yr

0.25

6.8 1/5,000yr

0.1 0.50

_ 0.25
Intermediate 7.3
0.333 0.4
1/5,000yr

12,500 yr

0.25
Figure 2-11. Logic treefor the geometry, maximum megnitude, and reaurrencerate of the
Wabash Proper seismic source
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Maximum

Geometr _ Rate
y Magnitude
1.2
0.1
Broad 6.8
0.5 0.3
see Table 2-1
Intermediate 6.4
0.5 0.4
6.0
0.2

Figure 2-12. Logic treefor the geometry, maximum magnitude, and reaurrence rate of the
Wabash Large seismic source
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Wabash Geometries
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Figure 2-13. Alternative geometries of the Wabash seismic sources (narrow, intermediate, and
broad geometries).
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Rate of Large Maximum

Earthquakes Magnitude
4.93E-5 /lyr
0.167 7.9
0.5
1.62E-4 Iyr
0.666
5.02E-4 /yr 7.1
0.167 0.5

Figure 2-14. Logic treefor the rate of large eathquakes and the maximum megnitude
in the SE Flank fault (also known as Crittenden County fault.
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Figure 2-15. Map showing the two alternative locations of the boundary between the Redfoaot rift
and the Rough Creek graben. Solid, boundary based on seismicity (60% weight); dashed, boundary
based on geology (40% weight).
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Figure 2-16. Badkground seismic sources.
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Sedion 3
DEVELOPMENT OF SINGLE AND DOUBLE CORNER SOURCE
MODEL CEUSATTENUATION RELATIONSFOR GENERIC HARD
ROCK SITE CONDITIONS

The processof developing site and region spedfic atenuation relations involves exercising the
stochastic point source model (Schneider et al., 1993 Toro et a., 1997 McGuire d al., 2000 for
a suite of magnitudes and distances and then regressng on the predicted ground motions.
Regional- and site-spedfic dements are introduced through the seledion of appropriate model
parameters and their uncertainties. Parametric uncertainty about the median ground motion
regresson (which includes regresson uncertainty) is estimated through multiple ground motion
estimates at ead magnitude and distance based on random model parameters. This process
resultsin aregresson equation for median ground motions (5% damped response spedra) as a
function of magnitude and distance & well as estimates of the uncertainty, both of which are
required for probabili stic seismic hazad analyses. This processhas been applied to a number of
Department of Energy sites as well as many other commercia projeds and forms the basis for a
number of current CEUS attenuation relations. Asaresult, the processis both mature and stable,

undergoing the scrutiny of widespread applications to engineered structures.

3.1 POINT SOURCE MODEL PARAMETERS

Dependent parameters for the point-source model include source depth (H), stressdrop (Ac), Q
(f) model (deep crustal damping), kappa (shallow crustal damping), a qustal model, and a shallow
profile dong with nonlinea dynamic material properties parameterized through G/Gmax and
hysteretic damping curves. Independent parameters are magnitude and dstance, which were
seleded to cover the gopropriate range in M and R in the hazad analyses. Threemagnitudes
wererun (M 5.5, 6.5, and 7.5) over the distancerange of 1 to 400 km (Table 3-1).

For the dependent parameters, base cae (mean or median) values and their uncertainties are listed
in Table 3-1. The sourcedepth distribution is based on CEUS seismicity (EPRI, 1993 while the
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Q(f) [Q(f) = Q, f"] model is based on inversions of the 1988M 5.8 Saguenay earthquake using
the point-source model (Silva & al., 1997). WUS stressdrops based on inversions of the
Abrahamson and Silva (1997 empirica attenuation relation show a magnitude dependency
(EPRI, 1993 Atkinson and Silva, 1997). CEUS stressdrops (Table 3-1) were assumed to follow
the same magnitude scding as WUS. The M 5.5 stressdrop was st to 160barsto correspond to
Atkinson’s (1993 value (adjusted to the midcontinent crustal model (Table 3-1), which is based
on high frequency spedral levels from CEUS eathquakes. In her database of CEUS eathquakes
the mean magnitude is about 5.5. Interestingly, these stressdrop values result in an average (over
magnitude) difference of about afador of two between CEUS (122 bars, Table 3-1) and WUS
(65 bars, Silva @ al., 1997), in agreamnent with Hanks and Johnston’s (1992 analysis of intensity
data.

The kappa value for the CEUS rock siteis 0.006 sec(Table 3-1), and is based on analyses of
recordings at hard rock CEUS sites (EPRI, 1993. The variability in kappa 6,, = 0.30, is assumed
to be the samein WUS and CEUS and is the observed variability in kappa values at rock sitesin
northern Californiathat recorded the M 6.9 1989L oma Prieta eathquake (EPRI, 1993. While
this uncertainty of 0.3 for kappa may seem low to charaderize both epistemic (uncertainty in the
median value) and aleaory (uncertainty about the median value) variability in a site spedfic kappa
value, the point-source modeling uncertainty (Silva & al., 1997 arealy acommodates the dfeds
of kappa variability. This arises becaise afixed kappa value of 0.03 secwas used to charaderize
the linea rock damping at al rock sitesin the validation exercises. Asaresult, site spedfic
departures of kappa from the assumed constant value of 0.03 secincreases model deviations from
recorded motions, and this resultsin larger estimates of model uncertainty. Whileiit is possble
that the total variability in the a@tenuation relations is overestimated due to this probable double
counting, validations are sparse for the CEUS (and are nonexistent for deep soil sites), and are
sparse for M larger than about 7.0 in the WUS. Asaresult, assessnent and partition of
appropriate variability is not an unambiguous issue, particularly in the CEUS, and the goproac

taken here wasto follow prudent design pradice ad not underestimate uncertainty.
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The qustal model used is appropriate for hard rock conditions in the central and eastern U.S.
(EPRI, 1993. Thismodel is sownin Figure 3-1, contrasted with a generic soft rock (WUYS)
profile (Silva & a., 1997). The CEUS profileis sgnificantly stiffer than the WUS profile for

depths lessthan about 4.5 km.

To include the dfeds of profile variability on the computed motions, the shallow portion of the
profile israndomized. To ill ustrate the profile variability, Figure 3-2 shows median and + 16
shea-wave velocity profiles based on 30 random profiles for the WUS and CEUS rock sites
(Figure 3-1). The profile randomization scheme was developed by Toro and is based on a
probabili stic model of velocity profiles, which was developed on the basis of more than 500
measured profiles (EPRI, 1993 Silva € a., 1997). Separate model parameters have been
obtained for WUS rock (both hard and soft) aswell as il conditions. For WUS rock the soft
rock model was used. For the CEUS profile, the WUS hard rock model was used, sincethere ae
few, if any, shallow CEUS rock geotechnicd profiles with which to develop statistics on
variability.

The profile variability models for rock are based on a probabili stic analysis of al rock profilesin
the database and therefore ae gpropriate for generic goplicaions. Site-spedfic goplicaions
would likely result in alower variability that refleds random (aledory) variations over the
dimensions of afoundation (or to afoundation dimension extending outside the footprint) as well
as uncertainty in the mean or base cae profile (epistemic). To develop these non-generic or small
areamodels, multiple dosely spaced holes are necessary. Such an analysis was undertaken at a
deep soil sitein the CEUS, and afootprint correlation model was developed (Silva € a., 1997).
However, smilar data ae not currently available for rock sites. The use of a generic statistica
model for both WUS and CEUS rock sites therefore may also contribute to an overestimate of the

variability in the rock outcrop attenuation relations.
3.2 ATTENUATION RELATIONS

The functional form used in the regresson analyses acoommodates both magnitude saturation,

due to both a magnitude-dependent stressdrop and potential nonlinea response, and a
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magnitude- dependent, far-field attenuation (Table 3-1):

Infy) =C, + C,M + (C, + C, M) - In(R+ e“) + C,;, (M - 6)° (3-1)

where R istaken asthe dosest distanceto the surfaceprojedion of the rupture (Boore d al.,
1997). Inarriving at this functional form, about 15 variations were used in regresson analyses.
This particular form resulted in an optimum combination of low sigma, accommodation of
significant trends with M and R, stability over oscill ator frequency (smoothnessin spedral shape),
and smplicity. The fictitious depth term, C, in Equation 3-1, appeasto be related to nonlinea
Site response, being nealy constant for CEUS rock (with avalue nea 3) and increasing strongly
with frequency for soft rock and for soil profiles (Silva & al., 1999. For the CEUS both single
and double @rner source models (Atkinson and Boore, 1995 were run to acommodate

epistemic uncertainties in CEUS source processes.

To illustrate the nature of the fits to the smulations as well as the distribution about the regresson
lines, Figures 3-3 shows pe&k accderations M 7.5 for the CEUS single @rner source model rock
conditions. In general, the model captures the trends in the smulations for the hard rock site
conditions. Theincreasein variability about the regresgon line & large distanceis aresult of the

variability in Q(f) while the large variahility at close distanceis due to the range in source depth.

3.2.1 Attenuation Relationsfor CEUS Sngle and Double Corner Source Rock Site
Conditions.

Attenuation curves of pe&k accéeration for M 5.5, 6.5, and 7.5 for CEUS Sngle and Double
Corner source models and rock site conditions predicted by the regresson equations are shown in
Figures 3-4a and 3-4b respedively. For the single crner source model, magnitude saturation at
close distances is apparent in the deaeasing jumps in peak acceeration as M increases (Figure 3-
44). Thisisdue principaly to the magnitude dependent stressdrops (Tables 3-1). For the double
corner CEUS relation, the implied stressdrop associated with high frequency (f > 1 Hz) ground
motion is independent of magnitude with a value of about 150 bars (for the CEUS crustal model;
Figure 3-1, Table 3-2). Thisresultsin significantly higher large magnitude high frequency
motions (Boore and Atkinson, 1992 McGuire @ a., 2000 as well as constant magnitude scding
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(Figure 3-4b). The CEUS single a@rner relation shows lower pedk accéerations, particularly at
large magnitude, than the Toro et al., 1997and EPRI, 1993relations. The differenceresults from
the asumption of deaeasing stressdrop with increasing magnitude (Table 3-1). Toro et al.
(1997 used a mnstant stressdrop of 120bars, perhaps resulting in motions that may be too high
at large magnitudes and somewhat low at small magnitudes. Tables 3-3 and 3-4 list the regresson
coefficients along with the uncertainty due to parametric variability and represson fit. For the
CEUS double corner source model, since variabili ties were not available for the low and high
frequency stressdrops (corner frequencies), the single crner parametric variabili ty was assumed

to be gpropriate.

To illustrate the resulting spedrafor typicd conditions, Figure3-5a shows gedral acceerations
(5% damping) at a distanceof 10 km for magnitudes 5.5, 6.5, and 7.5 for the CEUS single corner
source model and rock site conditions. Sincethe regresson coefficients were not smoothed

(Equetion 3-1), some of the qustal resonances are present in the spedra. For M 6.5, Figure 3-5b
shows median and + 1 ¢ estimates of the CEUS single corner rock site spedra. Interestingly, the

logarithmic standard deviation displayed in Figure 3-5b deaeases at low frequency, which is
opposite the trend in most empiricd WUS regressons (Abrahamson and Shedlock, 1997). Thisis
due to the variability in stressdrop being the major contributor to variability in the ground
motions (Silva, 1992. The modeling uncertainty, however, increases with deaeasing frequency
(Silva ¢ a., 1997 and, when combined with the parametric uncertainty, reverses the trend
exhibited in Figure 3-5b. Apparently neither the model nor regressons on recorded motions
capture deterministic dements in the WUS strong ground motions at low frequency. Interesting,
the empiricd relation of Campbell (1997), when including depth to basement material (V=3
km/seg resultsin alargely frequency-independent sigma. Sincethe sigmais computed over all
site conditions, the depth dependency suggests that the dfeds of degp sedimentary basins may not
be fully captured in the other empiricd relations, which negled such aterm.

For the CEUS double corner source model and rock site conditions, Figures 3-6a and 3-6b show

corresponding plots (Table 3-4). The differences in motions between the two source models

depends on magnitude e well asfrequency. The single @rner source model generally shows
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larger low frequency motions and smaller high frrequency motions than the double corner source
model (McGuire & al., 2000, with the difference being gredest at large magnitude (M > 6.5).
The large differencein ground motion variabili ties between the single and double wrner source
models (Figures 3-5b and 3-6b) refleds the large cntribution of stressdrop variability. This

variability is not included in the double @rner estimates of variability.

Logarithmic (natural log units) uncertainties for both WUS and CEUS rock site aonditions are
shown in Figure 3-7. The parametric sigma refleds variation about the median regresson over
the magnitude and dstances listed in Table 3-1. It includes only the variability in motions due to
parametric variability as well as goodnessof-fit using the functional form shown in Equation 3-1.
The total variahili ty includes the modeling uncertainty which was estimated by modeling (using
the single @rner frequency source model) recorded motions from 18 earthquakes (WUS and
CEUS) at about 500sitesin the rupture distance range of about 1 to 400 km (Silva € al., 1997).
The total uncertainty is used in the hazad cdculations and is assumed to be the same for the

single and double corner source models.

3.3USE OF ATTENUATION EQUATIONSIN HAZARD CALCULATIONS

The probabili stic hazad cdculations performed in Sedion 5 for the development of scenario
spedrafor Saint Louis and Memphis utili ze both the single-corner and double-corner models
documented here, with weights of 2/3 and 1/3, respedively. The difference between these two
models provides a representation of the gistemic uncertainty in ground-motion prediction at
rock-sites in the Central and Easter United States. The probabili stic hazad cadculations
performed in Sedion 6 for the development of regional seismic hazad maps utilize the single-

corner model alone.

The cdculationsin both Sedions 5 and 6 uilizethe total sgma (parametric+modeling) shown in
Figure 3-7, rather than the parametric sgmagiven in Tables 3-3 and 3-4. Asdiscussd ealier,
these sigma values may over-estimate the dedaory uncertainty. The net effed on the combined

(epistemic+deaory) uncertainty is not believed to be large.
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Table3-1
PARAMETERS FOR CEUS ROCK OUTCROP SMULATIONS

M 5.5,6.5,75

D(km) 1, 5, 10, 20, 50, 75, 100, 200, 400

30 simulations for each M, R pair = 810runs

Randamly vary source depth, Ac, kappa, Q,, 1, profile

Depth, 6,,,=0.6, H (M >5)=10km; Intraplate Seismicity (EPRI, 1993

M Lower Bound (km) H (km) Upper Bound (km)
55 3 8 30
6.5 4 10 30
7.5 5 12 30
Ao, G, =0.7 (EPRI, 1993
M Ao (bars) AVG. Ao (bars) = 122 Assumes M 5.5 = 160 tars
(Atkinson, 1993 with magnitude scaling taken from WUS
55 160 (Silvaet al., 1997)
6.5 120
7.5 95

Q(s), 60 = 351, Sagwenay earthquéke inversions; Ojng, = 04, (Silvaetal., 1997

n = 0.84, Sagwenay earthquée inversions, o, = 0, (Silvaetal., 1997

Varying Q, only is sufficient, since+ 1 ¢ coversrange of CEUS inversions from 1 to 20 Hz

Kappa, « = 0.006 sec o, = 0.3, (EPRI, 1993

Profile, Midcortinent Crust (EPRI, 1993, randamize to 300m

Geometrical attenuation R@*°M) a=1.0296 b =-0.0422
R@*6M2 R > 100km

Based oninversions of the Abrahamson and Silva (1997) relation
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Table 3-2

CEUS CRUSTAL MODEL (EPRI, 1993MIDCONTINENT)

Thickness(km) Vg (km/seg Density (cgs)
10 2.830 2.52
110 3.520 271
280 3.750 2.78
4.620 3.35
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Figure 3-1. Comparison of generic shear-wave velocity profiles for WUS (Los Angeles) and CEUS
crustal conditions.
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Figure 3-2. Variations in base case shallow crustal velocities. Solid lines are median estimates from a
suite of randomly generated profiles (30) using base-case profiles (Figure 3-1) as input. Ranges reflect=+
1 0 estimates.
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Figure 3-5a. Median response spectra (5% damping) at a distance of 10 km for magnitudes M 5.5, 6.5,

and 7.5: CEUS rock site (single corner source model).
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Sedion 4
AMPLIFICATION FACTORSBASED
ON SURFACE GEOLOGY

Observations of the dfeds of the ground on shaking duing eathquakes have along history. Del
Barrio, in the 1855Procealings of the University of Chile states™...a movement.... must be
modified while passng through media of different constitutions. Therefore, the eathquake dfeds
will arrive to the surfacewith higher or lesser violence acording to the state of aggregation of the
terrain which conducted the movement. This samsto be, in fad, what we have observed in the
Colchagua Province (of Chile) aswell asin many other cases’ (Del Barrio, 1855. 1n 1862

Mallet (1862 noted the dfed of geology upon eathquake damage. Milne (1908 observed that
in soft "damp" ground it was easy to produce vibrations of large anplitudes and long duration,

while in rock it was difficult to produce vibrations of sufficient amplitude to be recorded.

Wood (1908 and Reid (1910, using apparent intensity of shaking and dstribution of damage in
the San Francisco Bay areaduring the 1906eathquake, gave evidencethat the severity of
shaking can be substantialy affeded by the locd geology and soil conditions. Gutenberg (1927,
1957 developed amplification fadors representing dfferent site geology by examining recordings
of microseisms and eathquakes from instruments located on various types of ground. Figure 4-1
shows average spedral shapes (response spedral acceeration divided by peak acceeration)
computed from recordings made on rock and soil sites at close distancesto eathquakesin the
magnitude range of about M 6to 7. The differencesin spedral shapes are significant and depend
strongly upon the general site dassficaions. These variationsin spedral content represent
average site dependent ground motion charaderistics and result from verticd variations in soil
material properties (Mohraz, 1976 Seeal et a., 1976 Hayashi et a., 1971). Due primarily to the
limited number of records from eathquakes of different magnitudes, spedral content in terms of
response spedral shapes was for some time interpreted not to depend upon magnitude nor
distance, but primarily on the stiffnessand depth of the locd soil profile. However, with an
increase in the strong motion database, it has become gparent that spedral shapes depend
strongly upon magnitude & well as ste conditions (Silva and Green, 1989 Idriss 1985 Joyner

"Trandated from the old Spanish by Professor Ricardo Dobry.
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and Boore, 1982, and dstance (Silva and Green, 1989, and that site dfeds extend to rock sites
aswell (Silva and Darragh, 1995 Campbell , 1988 1985 1981 Cranswick et al., 1985
Boatwright and Astrue, 1983.

Examples of differencesin spedral content largely attributable to one-dimensional site dfeds at
rock sites can be seen in comparisons of response spedral shapes computed from nmotions
recorded in both adive and stable tedonic regions (Silva and Darragh, 1995. Figure 4-2 shows
average spedral shapes (Salamax) computed from recordings made on rock at close distances to
large and small eathquakes. For both magnitudes (moment magnitude M 6.4 and 4.0), the
motions recorded in Eastern North America(ENA), a stable tedonic region, show a dramatic
shift in the maximum spedral amplification toward higher frequencies compared to the Western
North American (WNA) motions. These differencesin spedral content are significant and are
interpreted as primarily resulting from differences in the shea-wave velocity and damping in the
rocks diredly beneah the site (Silva & al., 2000y, Silva and Darragh, 1995 Silva and Green,
1989 Boore and Atkinson, 1987 Toro and McGuire, 1987). Also evident in Figure 4-2 isthe
strong magnitude dependency of the response spedral shapes. The smaller eathquakes $ow a
much narrower bandwidth. Thisis a mnsequence of higher corner frequencies for smaller
magnitude eathquakes (Silva and Darragh, 1995 Silva and Green, 1989 Boore, 1983.

The differencein spedral content due to soil site dfeds, as $1own in Figure 4-1, and due to rock
Site dfeds, as $rown in Figure 4-2, are dramatic and ill ustrate the degreeto which one-
dimensional site conditions (verticd variations in dynamic material properties) control strong

ground motions.

In order to cepture these geologicaly controlled dfferencesin ground motions, site anplificaion
fadors are developed in a manner that is appropriate for the Misgssppi Embayment as well as
Glaaa Till covered regions north of the anbayment. The anplification fadors are developed for
5% damped response spedra (values at 100Hz gpply to peek acceeration) and are relative to a
hard rock site. The fadors acammodate nonlinea soil response and are produced as a function
of expeded hard rock peak accaeration values. Because of this, they may be gplied to any size
eathquake & any distance with knowledge only of the expeded rock pea accéeration. The
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fadors are mnsidered appropriate for rock outcrop peek acceerations over 1g and over the
frequency range of 0.1 to 100.0 Hz. At long periods, due to possble basin effeds, care should be
exercised in applying the fadorsto deep soil sites at frequencies lessthan about 0.5 Hz for distant
(> 50 km) eathquakes.

4.1 SURFACE GEOLOGY BASED PROFILES

The study areaincludes the Missssppi embayment, depicted in the central portion of Figure 4-3,
aswell asthe Ozaks of Misgssppi, Arkansas, and Misouri to the west and northwest of the
embayment. Also included in the study area ae the loesscovered udands northeast of the
embayment in Tennessee ad Kentucky as well asthe Gladal Till zone to the north of the

embayment, which includes the dty of Saint Louis and portions of Indiana.

The Missssppi embayment, the most significant site response unit in the study area isalarge
wedge-shaped syncline structure that dips and fans out southward from nea Cairo lllinois at the
junction of the Misgssgppi and Ohio riversto about the 32d paralel. The structure includes parts
of Alabama, Arkansas, Illinois, Kentucky, Louisiana, Missssppi, Misouri, Tennessee and Texas
(Cushing, 1964 Grohskopf, 1955. The embayment region was periodicdly occupied by an arm
of the seain which as much as sveral thousand fed of sediment were deposited in the study area
Sediment depths in the study arearange from zero to about 3,000ft (Figure 4-4).

Within the Misgssppi embayment, sediments ranging in age from Jurassc to Quaternary have
been deposited. The maximum thicknessof about 18,0001t lies well south of the study area In
Louisiana and Misgssppi Units ranging in age from Cretaceous to Quaternary crop out within the
study area(Figure 4-3). These units of sands, clays, gravels, silts, lignite, marl, chalk, and
limestone range in thicknessfrom zero at the outcrop of Paleozoic rocksto over two thousand
fed at the ais of the enbayment structural trough (Cushing et a., 1964).

At New Madrid, atest well penetrated the sediments (embayment lowlands) to the Paleozoic
basement rock (dolomite) at a depth of about 2,000ft (Crone and Russ 1979. The stratigraphic
column from the well is gown in Table 4-1 and indicaes the units and their approximate

thicknesses. To complement the verticd sedion, a generalized crosssedion of the enbayment at
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the latitude of Memphis (about 30° 15, Figure 4-3) is shown in Figure 4-5. The Figure showsthe
major structural units (layers) generally continuous aaossthe embayment and thinning to the west

and east with a maximum depth to paleozoic basement material of about 3,000ft.

4.1.1 Large Scale Site Response Units

Based on the regional surfacegeology, past zonation work (Toro et al., 1992, examination of
construction related borehole data for the dty of St. Louis, Mo. By Steven McL askie (Sverdrup
Civil, Inc.; personal communicaion, 1999, and suggestions of Professor Glenn Rix and Dr.
Salome Romero (personal communication 2000, the study areawas divided into four distinct site
response units (Figure 4-3). Finer scde variations are cetainty present, such asin the Lowlands
region (Figure 4-3) where there ae small scde differences in shallow soil types ranging from
meander belt deposits of the Misgsgppi River consisting of thick clean sands interbedded with
clays nea the surfaceto braided stream terraces of Gladal outwash. The stream terraces grade
from clay to silt nea the surfaceto clean sands and gravels at the base (30-50m) (Obermeier,
1988. Consderation of such small scde dangesin surficial materials, without loca measured
shea-wave velocities or correlations to blow count is not warranted in view of the uncertaintiesin
the computed response. Any differences in computed response due to small scde dfeds would
have alarge statistica uncertainty resulting from the uncertainty in inferred changes in material
properties. Providing uncertainties in dynamic material properties are acommodated
appropriately in estimating site dfeds (Roblee ¢ a., 1996, small scde fradures, ladking site
spedfic measurements, would refled alarge range in dynamic material properties, resulting in an
averaging or smeaing out of any distinct feaures in amplificalion. The four adapted large scde
Site response units are principally based on stasticdly distinct amplification (at least 20%
difference over an octave or so in frequency), considering uncertainties in dynamic material

properties.

4.1.1.1 Lowlandsand Uplands. Inthe Missssppi embayment and adjacent areas recet
refledion (shea-wave), downhole, crosdhole, and seismic cone data have become available
(Romero and Rix, 2000 Romero et al.,200Q Williams et al., 2000 Hwang et al., 1999
Schreider, 1999 Schneider and Main, 1998 Liu et al., 1997 Stred et al., 1995 Dorman and
Smalley, 1994 Harris et a., 1994 Dorman and Hwang, 1993 permitting, at least for the top 300
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ft, estimates of median shea-wave velocity profile for the Lowlands and Uplands ste response

units.

For the Lowlands, Figure 4-6 shows the median and £+ 1c profiles along with a smooth model
estimate (for extrapolation to greaer depths). The smooth profile is taken from a WUS generic
deep soil profile which is based on approximately 200 measured shea-wave velocity profiles, with
afew extending to a depth of about 2000ft. The empiricd WUS deep soil profile was dightly
stiffer and largely parallel to the median Lowlands profile. The smooth Lowlands profile is taken
as the WUS deep soil minus a constant shea-wave velocity of 150ft/sec It provides an
acceptably close fit to the median Lowlands profile and forms a reasonable basis to extend the
profile to a depth of about 600ft, where it merges with the Preliminary Memphis, Tennesee
Reference Profile (Romero et al., 200Q personal communication). Use of the measured
Lowlands profiles along with an adjusted empiricd dee soil profile was adopted in the shallow
portion to be more gpropriate for an average Lowlands profile. The deeper portion of the
Recommended Memphis Reference Profile has $iea-wave velocities very smilar to those inferred
from the sonic log of the New Madrid Test Well (Crone and Russ 1979 if one asumes a
Poison’ sratio from the Haynes No. 1 well. Dorman and Smalley (1996, using dspersed surface
waves fromthe M 4.6, 1991 Risco Missouri eathquake recorded at Memijphis and traveling in
the sedimentary column (3 to 5 secperiod waves), estimated shea-wave velocities to a depth of
about 1 km. By combining the surfacewave dispersion information with the densities and sonic
velocities of the Haynes No. 1 well, they were ale to estimate ageneral shea-wave velocity
profile. The Haynes No. 1 well li es along and midpoint in the path (about 150 km long) from the
source south to Memphis. The shea-wave velocities inferred from the 3 to 5 sec surfacewaves
are likely not reliable in the upper 100to 200m of the profile (due to the long wavelength, about 1
km) but the dispersion data do provide agood constraint on the overall deep shea-wave

velocities, which are in general agreement with the Memphis Recommended profile as well.

For the Uplands ste response unit, Figure 4-7 shows the median and = 1c shea-wave velocity
profiles based upon available measurements. The smooth model is merged into the Memphis
Recommended profile & adepth nea 250ft. Comparisons between the Lowlands and Uplands
base cae profiles are shown in Figure 4-8 to 500ft and in Figure 4-9to 1 km. In general the
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Lowlandsis sgnificantly softer than the Uplands for depths extending to about 300to 400ft. In
the shallower portion, top 100to 2001t, the Uplands consist of loess(fine gladally derived eolian
sity clay) bluffs east of the Missssppi river (Figure 4-3) overlying the Jackson formation (Table
4-1). The Misgssppi valey aluvium is largely absent in these aeas with the increased shea-

wave velocities over those of the Lowlands profile likely due to the presences of the stiffer loess

4.1.1.2. Glacial Till. For the Gladal Till site response unit (Figure 4-3), a generic stiff profile
based on measured shea-wave velocities at CEUS nuclea power plants was used (EPRI, 1993.
This profile was developed to be mnsistent with both till and cohesionless ®il sitesin the CEUS.
The gradient profile results in amplifications that are dightly larger than corresponding uniform
velocity profiles (till li ke) using constant velocities averaged over the crresponding depths. The
gradient shea-wave velocity profile is $rown in Figure 4-10 and extends to a depth of 1,000ft,
the greaest depth of interest.

4.1.1.3. Ozark Rock. For the Ozark Rock (Figure 4-3), the implied crustal model is a generic
CEUS hard rock crustal structure (Table 3-2) which forms the basis for the d@tenuation relations
developed in Sedion 3. Thismodel hasa 1 km thick surficial layer with a shea-wave velocity of
2.83 km/sec This attribute is typica of crustal models and results in a high frequency
amplification of about 1.3. Because of this, it is considered a more gpropriate surficial hard rock

outcrop than the second layer of the embayment crustal model (Table 4-4).

4.1.2. Small Scale Site Response Units

4.1.2.1 UplandsHigh Shallow Velocity. Glenn Rix and Salome Romero (personal
communication, 2000 have identified limited embayment Upland areas which have anomalous
shallow high velocity layers, possbly due to the presence of gravels. To accoommodate potential
differences in response due to these shallow high velocity zones, separate profiles were developed
by Dr. Romero which acaommodate redistic ranges in range in impedance @ntrasts; their depths,
sizes (amplitudes), and thicknesses. The threeprofiles diown in Figure 4-11 then refled the

epistemic uncertainty in the shallow high velocity Upland profiles.
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4.1.2.2 Crowley’sRidge. Crowley'sRidgeis distinguished stratigraphicaly from the Lowlands
by the Lafayette formation repladng the Missssppi Valley alluvium and lying unconformally on
the Jadkson (Randall et al., 1988. The Lafayette formation may be typified as a generaly very
dense dayey sandy gravel with a blow count of about 50 and an average thicknessof about 25 ft
(WCC, 199]). Ladking region spedfic datato charaderizeits $allow dynamic materia
properties, Crowley’s Ridge is assumed to be the same in response & the Uplands. The stiffer
loesscovering of the Uplands, compared to the Lowlands, (Figure 4-8), serving to emulate the

dense sandy gravels the L afayette formation.

4.1.3 NEHRP Categories

For comparison of the generic profiles with the NEHRP (UBC 1997) categories, Table 4-2 lists
the average shea-wave velocities (based on travel time) to 30m along with the NEHRP site
caegory (Table 4-3). Both the Lowlands and Uplands profiles classfy as NEHRP caegory D but
they do display significantly different response, particularly at high loading levels (Sedion 4.2.4).
Thisis not new as both analyticd and empiricd amplification fadors $ow resolvable and stable

differences based on surfacegeology and within a single NEHRP caegory (Silva € al., 1999.

The Glada Till profile awell astwo of the high shallow velocity Uplands profiles are sufficiently
stiff to be dassfied as NEHRP caegory C. With thisinterpretation, the majority of the study
areawould be dassfied as NEHRP D with the Gladal Till region as NEHRP C and the Ozark
Rock area & NEHRP A (hard rock).

4.2 GEOLOGY BASED AMPLIFICATION FACTORS

Certainly the most satisfying approad to acount for the dfeds of surficial materials on strong
ground motion is empiricd. Idedly, amplification fadors could be developed based entirely upon
observation of strong ground motion. Studies using data recorded on rock and on different
classes of soil profiles, such as giff soilsand deep cohesionless ®ils, have demonstrated large
differencesin spedra amplificaion (Sa/amax) and in spedral velocity due to the presence of the
soils (Abrahamson and Silva, 1997 Joyner and Fumal, 1984 Seed et al., 1976 Mohraz, 1976.
Empiricd studies of geologicdly based amplification fadors for the San Francisco Bay area
(Borcherdt and Glassmoyer, 1992 Borcherdt, 1970 and for the Los Angeles area(Silva  al.,
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1999 Borcherdt et al., 1997 Harmsen, 1997 Borcherdt, 1996 have shown large and stable
differences in amplification. While these studies are extremely useful in a general sense, the limited
number and size of eathquakes and dfferent types of profiles as well as poorly known recording
site conditions predude relying dredly upon empiricd results. In particular, few data ae
available for very high levels of shaking and for a variety of site conditions. Also, few ground
motion recording sites have detail ed soil/rock profiles for which reliable soil/rock properties are
available. For applicaionsto the CEUS, an added complication is the suitability of empirica
WUS site anplification to CEUS conditions (Silva € al., 1999. Because of these limitations,
some form of computational analysisis desirable and dired observations of soil response can then

be used as cdibrations and to provide abasis for assessng the reasonablenessof analyticd results.

4.2.1 Methodology

The conventional computational approacd in developing spedral amplification fadors appropriate
for spedfic profiles would involve seledion of suitable time histories to serve & control or rock
outcrop motions and a suitable nonlinea computational formulation to transmit the motion

through the profile.

4.2.1.1 Equivalent-Linear Computational Scheme. The computational scheme which hes
been most widely employed to evaluate one-dimensional site response assumes verticaly-
propagating plane shea waves. Departures of soil response from alinea constitutive relation are

treaed in an approximate manner through the use of the equivalent-linea approadh.

The equivalent-linea approad, inits present form, was introduced by Seed and Idriss(1970.
This sheme is a particular application of the general equivalent linea theory introduced by Iwan
(1967). Basicdly, the gpproachisto approximate asecond order nonlinea equation, over a
limited range of its variables, by alinea equetion. Formally thisis done in such away that an
average of the difference between the two systemsis minimized. Thiswas done in an ad-hoc
manner for ground response modeling by defining an effedive strain which is assumed to exist for
the duration of the excitation. This value is usually taken as 65% of the pe&k time-domain strain
cdculated at the midpoint of ead layer, using alinea analysis. Modulus and damping curves are

then used to define new parameters for ead layer based on the dfedive strain computations. The
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linea response cdculation is repedaed, new effedive strains evaluated, and iterations performed
until the cdhanges in parameters are below some tolerancelevel. Generally afew iterations are

sufficient to achieve astrain-compatible linea solution.

This gepwise analysis procedure was formalized into a one-dimensional, verticaly propagating
shea-wave mde cdled SHAKE (Schnabel et a., 1972. Subsequently, this code has easily

become the most widely used analysis padkage for one-dimensional site response cdculations.

The avantages of the equivalent-linea approach are that parameterization of complex nonlinea
soil modelsis avoided and the mathematicd simplicity of linea analysisis preserved. A truly
nonlinea approacd requires the spedfication of the shapes of hysteresis curves and their cyclic
dependencies. Inthe equivalent-linea methodology the soil data ae utili zed dredly and, because
at ead iteration the problem islinea and the material properties are frequency independent, the

damping is rate independent and hysteresis loops close.

While the assumptions of verticdly propagating shea waves and equivalent-linea soil response
certainly represent approximations to adual conditions, their combination hes achieved
demonstrated successin modeling observations of site dfeds (Schreider et al., 1993 EPRI,
1993 Silva ¢ al., 1988 Schnabel et ., 1972.

4.2.1.2 RVT Based Computational Scheme. The computational scheme employed to compute
the site response uses the stochastic model to generate the power spedral density and spedral
acceeration of the rock or control motion. This motion or power spedrum is then propagated
through the one-dimensional soil profile using the plane-wave propagators of Silva (1979. Inthis
formulation only SH waves are considered. Arbitrary angles of incidence may be spedfied but

normal incidenceis used throughout the present analyses.

In order to trea possble material nonlineaities, an RVT (Random Vibration Theory) based
equivalent-linea formulation is employed. Random processtheory is used to predict ped time
domain values of shea strain based upon the shea strain power spedrum. Inthis snsethe

procedure is analogous to the program SHAK E except that pe&k shea strainsin SHAKE are
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measured in the time domain. The purely frequency domain approach obviates a time domain
control motion and, perhaps just as sgnificant, eliminates the need for a suite of analyses based on
different input motions. This arises becaise eab time domain analysis may be viewed as one
redizaion of arandom process Inthiscase, severa redizations of the random processmust be
sampled to have agtatisticaly stable estimate of Site response. The redizations are usualy
performed by employing dfferent control motions with approximately the same level of pe&k

accéeration and response spedrum.

In the cae of the frequency domain approad the estimates of pedk shea strain aswell as

oscill ator response ae, as aresult of the random processtheory, fundamentally probabili stic in
nature. Stable estimates of site response can then be cmputed by forming the ratio of spedral
acceeration predicted at the surfaceof a soil profile to the spedral accéeration predicted for the
control motion.

The procedure of generating the point-source stochastic power spedrum computing the
equivalent-linea layered-soil response, and estimating peek time domain values has been
incorporated into asingle cde termed RASCALS (Schneider et al., 1993.

4.2.2 G/Gmax and Hysteretic Damping Curves

Two sets of generic G/Gmax and hysteretic damping curves are used for the largely cohesionless
(PI < 30%) soilsinthe study area(Figure 4-3). The recant EPRI (1993 curves were developed
for generic gpplicaionsto cohesionless ®ilsin the general range of gravelly sands to low
plasticity silts or sandy clays (Figure 4-12). The EPRI (1993 curves have recantly been validated
at 48 San Francisco Bay area ohesionless ®il sites through modeling strong ground motions
from the Coyote Lake, Morgan Hill, and Loma Prieta eathquakes (Silva € al., 1997). This st of
curves was also used to develop amplification fadors for CEUS nuclea power plants using the
Generic Till profile shown in Figure 4-10 (EPRI, 1993.

For the geologic units which are considered cohesionless ®ils in the Los angeles area(Qts, Qo,
Qy, Saugus), recent strong ground motion analyses for about 80 sites which recorded the 1994
Northridge eathquake found the EPRI G/Gmax and hysteretic damping curves siowed too much
nonlineaity (Silva & al., 1997). Asaresult, arevised set of G/Gmax and hysteretic damping
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curves were developed for Peninsular Range ahesionless ®ils and are shown in Figure 4-13.
Because there ae airrently insufficient laboratory dynamic test data for the soilsin the regions of
interest, it is difficult to predude, a priori, the possbhility of the study areasoils having nonlinea
properties smilar to those in the Los Angeles area  The two sets of curves, EPRI (Figure 4-12)
and Peninsular Range (Figure 4-13), are wnsidered to refled the range in base cae G/Gmax and
hysteretic damping curves throughout the study areaor the gistemic uncertainty in dynamic
material properties. Complete suites of amplification fadors are developed for ead set of curves
for the Uplands and Lowlands profiles. The envelopes are then used as the final amplification
fadors. For the Gladal Till profile (Figure 4-3) only the EPRI curves are used. Thisprofileis
stiff enough to show little differencein response between EPRI and Peninsular Range nonlinea

dynamic material properties, even at the highest loading level (0.759).

4.2.3 Spedfication of Control Motions

The oontrol or baserock outcrop motions are computed using the Catchings (1999 Missssppi
embayment crustal model with the top (Vs= 2.0 km/seq) layer stripped off (Table 4-4). The
shea-wave velocity of the basement outcropping layer is 3.5 km/sec (Table 4-4), consistent with
paleozoic basement shea-wave velocities of the study area(Bob Herrmann, personal
communication, 200Q Toro et al., 1992. The base cae soil profiles are placeal on top of the
paleozoic basement of the Catchings (1999 crustal model to compute consistent rock and soil

motions.

Sincetime histories are not required for the RVT based equivalent-linea site response analyses,
the stochastic point-source model is used to compute the motions at the surfaceof the baserock
or referencerock as well as the other profiles. Both quditative assessnents and quantative
validations of the stochastic point-source model (Silva @ al., 1997 Silva and Darragh, 1995
EPRI, 1993 Schreider et a., 1993 Silva & al., 1990 Boore and Atkinson, 1987 Silva and Leg
1987 Toro and McGuire, 1987 Boore, 1986 1983 McGuire € al., 1984 Hanks and McGuire,
1981 have demonstrated that it provides acairate ground motion estimates, making it an
appropriate doiceto produce ground motions representative of the geologic based profiles (Silva
et a., 2000).
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To generate the motions, aM 6.5 eathquake is used with the distance (epicentral) varied to
produce asuite of distinct peak accaeration values at the surfaceof the referencerock unit (Table
4-5). The same source and path parameters are then used for the soil unit profiles resulting in a
suite of amplification fadors (5% damped response spedra) as a function of reference rock
outcrop peek acceeration values (Silva € a., 2000, 1999 EPRI, 1993 Toro et al., 1992. For
the point-source, a stressdrop of 110bars (Sedion 3) isused for all the profiles. For the
paleozoic basement outcropping crustal model (Table 4-4) a kappa value of 0.006 secis used
(Sedion 3). The soil profiles have atotal kappa value of 0.058 sec d their maximum depths,
based on inversions of regional eathquakes located and recorded within the deeper portions of
the embayment study area(Figure 4-3) (Bob Herrmann, personal communicaion, 2000 The
total kappa value includes the small strain damping in the nonlinea zone. The soil Sitesare
treaed as potentially nonlinea to the top of the paleozoic basement (Table 4-4) provided this
depth is < 500ft. The depth to this assumed basement material varies from 10to 4,000ft,
depending upon caegory depth (Table 4-6). All soils are constrained to be linea in response
below 500ft (Silva ¢ al., 1999 1997).

The Q(f) model is 900%2° and is based on the same inversions of regional eathquakes used to
estimate the soil kappa value (0.058seq. The Q(f) and kappa values are then self consistent, an

important and often overlooked consideration in seleding model parameters.

To generate motions which cover the range from linea response to the potentially largest
horizontal motions to be expeded, seven distances are run with expeded reference rock outcrop
pe&k acceerations ranging from 0.05gto 0.75g(Table 4-5). The magnitude and stressdrop is
fixed at M 6.5 and 110bars respedively with the assumption that the anplification fadors (ratios)
are not highly sensitive to either magnitude or stressdrop (EPRI, 1993. Sincethe hard rock
profile is randomized in velocity and layer thickness the median pegk acceeration does not
exadly correspond to the target peek acceeration (Table 4-5). In general, the median values are
very close, within about 5% of the target which is considered acceptable since the amplificaions

vary little for a 5% to 10% change in input motions.
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The profile randomizaion scheme, which varies both layer velocity and thickness is based on a
correlation model developed from an analysis of variance on about 500 measured shea-wave
velocity profiles (EPRI, 1993 Silva & al., 1997). Figure 4-14 shows the paleozoic basement

outcrop 5% damped pseudo acceeration spedra (median and + 1 ¢) for the lowest level of

motion, 0.05g The profile is varied over the top 70m, the maximum depth constraining the hard
rock profile wrrelation model (Silva @ al., 1997). The parametric variability, refleded in the

sigma (o,, = 0.18 for PGA), includes profile velocity and layer thicknessvariation.

To acommodate variability in the modulus reduction and damping curves on a generic basis for

the soil profiles, the aurves were independently randomized about the base cae values. A log

normal distribution was assumed with a ¢,, of 0.1 for G/Gmax and 0.3 for hysteretic damping at a

cyclic shea strain of 3 x 10%% with upper and lower bounds of 26. The truncation was

necessary to prevent modulus reduction or damping models that are not physicdly possble. The
uncertainties are based on an analysis of variance of laboratory test data from meaterials of the
same type, cohesionlessor cohesive, and similar depths. The uncertainties then represent within
soil caegory (type and depth range) aledory uncertainty (randomness. The random curves are
generated by sampling the transformed normal distribution with an appropriate c,,, computing the
change in normali zed modulus reduction or percent damping at 3 x 10%% shea strain, and
applying thisfador at all strains. The random perturbation fador is reduced or tapered nea the

ends of the strain range to preserve the general shape of the median curves (Silva, 1992).

The remaining reference rock outcrop median spedra (5% damping) are shown in Figure 4-14.
These median spedrathen represent the denominator or reference geologic unit in the

amplification fagors.

4.2.4 Development of Site Amplification Factors

Site anplification fadors are mmputed as the ratio of 5% damping response spedral accderation
(Sa) computed at the surfaceof ead site for ead randomized profile to the median 5% damping
response spedral acceeration (Sa) computed for the reference rock outcrop motion (Figure 25).
In addition, pes accderation, pegk particle velocity, and pedk particle displacement were
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computed for the site and reference outcrop aswell. Levels of referencerock outcrop pesk
acceeration values of 0.05, 0.1, 0.2, 0.3, 0.4, and 0.75gwere used to acoommodate the dfeds of
material nonlineaity upon site response. For reference outcrop motions exceading 0.75g the
amplification fadors for 0.75gmay be used as well asinterpolation for intermediate values. Table
4-5 shows the magnitude (M), distance (R), pe& accéeration, pe particle velocity, peek

particle displacement as well as V/A and AD/V? ratios computed for the outcrop motions.

To acommodate likely profile depth ranges appropriate for the study areg categories based upon
depth to basement (taken here as top of the seaond layer of the Catchings, 1999 embayment
crustal model, Table 4-4) were developed. The cdegories refled a mean depth and a range over
which the anplification fadors are considered applicable. Table 4-6 liststhe cdegories, depth
ranges, and the @rresponding geologic units which are mnsidered to have underlying basement
material. The range in depth to basement material over which the anplificaion fadors for eat
depth caegory are considered applicable ae based on the randomized (uniform distribution)
depth range. While the depth randomization is intended to cgpture the profile depth range over
which the amplification fadors may be gplied, the fadors are strictly only applicable for a
reduced range &out the mean depth. That is, averaging amplifications computed for deegp
profiles with those computed for shallow profiles broadens the amplification but tendsto lower
the values at frequencies above and below the fundamental frequency of the mean profile depth.
This effed beaomes more pronounced as the depth range isincreased. An enveloping scheme
needs to be developed over amplification fadors developed using overlapping depth rangesto
produce fadors grictly appropriate for applications to wide depth ranges. Asaresult, the mean
caegory depths and ranges have been seleded to be aout £ 50% of the mean depth (mean times
1.5 and mean divided by 1.5).

4.2.5 Amplification Factors For The Study Area

Figure 4-15 shows an example of the median and + 1c amplification fadors (5% damped response
spedra) computed for the Uplands Category 7 (2,000to 4,000ft, Table 4-6) using the Peninsular
Range G/Gmax an hysteretic damping curves. The profile and depth range is appropriate for
Memphis. The variability refleds uncertainty in shea-wave velocity, layer thickness profile depth

(to paleozoic basement), and nonlinea properties on a generic basis. The fundamental resonance
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isnea 5 seg in general agreament with the eampiricd H/V resonance (about 0.22 Hz) observed by
Bodin and Horton (1999 for the same locaion. Also seenin Figure 4-15 are the dfeds of
nonlineaity with the high frequency (f > 1 to 2 Hz) amplitudes deaeasing as the expeded rock
outcrop peek acceeration increases. The mmplete suite of amplification fadorsis siown in the
Appendixes (A to D). The shifting of the resonances to lower frequencies as loading levels
increase is apparent for the shallow depth caegories (see Appendixes). Thisis another
consequence of nonlineaity and cautions against using empirica amplification fadors developed
from low levels of motions for applications to design cases, which generally refleda high loading

levels.

To compare results using the Peninsular Range and EPRI G/Gmax and hysteretic damping curves,
Figures 4-16a and 4-16b show amplification fadors (Category 7) for the Uplands and Lowlands
profiles respedively. For the Uplands profile, little differenceis sen in the fadors between the
EPRI and Peninsular Range aurves, even at the 0.75gloading levels. However for the softer
Lowlands profile, Figure 4-16b shows 20to 30% differences at high frequency (f > 5 Hz) and for
expeded rock pegk acceerations of 0.4g and above. The more linea Peninsular Range aurves
result in larger high frequency motions, as expeded. While these results s1ggest that the more
linea curves are anservative, thisis not the cae for the shallower depth categories (Silva € al.,
200(). In genera the more linea curves result in higher motions for frequencies above the low-
strain fundamental column resonance. However, motions computed using more nonlinea curves
are often higher below the low-strain fundamental resonance due to the greaer shift of the
resonances to lower frequencies. To accommodate epistemic uncertainty in nonlinea dynamic
material properties enveloping is the only safe course of adion. Thisisalso consistent with
applications to probabili sticdly derived control motions. In this case, soil motions at the same
hazad level asthe mntrol motions are desired (hazad consistent), as if the UHS had been
computed using category or Site spedfic soil attenuation relations. The goproadh which is more

hazad insistent is to envelop the anplificaion fadors (Silva € a., 200).

Comparison of the Uplands and Lowlands envelop (final) and the Glada Till amplification fadors
are shown in Figures 4-17ato 4-17gfor depth caegories 1 to 7 (Glada Till does not have
caegories 6 and 7, Table 4-6). For depth categories 1 and 2 (mean depths of 30 and 75ft) little
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differenceis e in the envelop fadors for Uplands and Lowlands, except at high frequency (f >
5 Hz) and around 0.4g and above. For the deeper categories the softer Lowlands is distinct from
the stiffer Uplands at low and high frequency with a aosover nea 1 Hz: Lowlands generally
controls low frequency while Uplands controls the high frequency. Interestingly, the Glagal Till
controls the high frequencies (f > 5 Hz) for the shallow depth categories (1, 2, and 3) but also
controls at some low frequencies for the degoer categories and some loading levels (e.g. depth
caegory 5, Figure 4-17e, nea 1 Hz). Feaures sich as these may serve & guidancein developing
site anplificaion fadors for wide gplicability, such as NEHRP. Base-case profiles that span
caegory stiffnessranges refleding epistemic uncertainty (uncertainty in mean or base cae profile)
should ead be randomized to acoommodate deaory uncertainty and then median (or more
conservative fradile levels) amplification fadors enveloped to form afador truly appropriate for
the cdegory: the wider the cdegory (average stiffness depth, etc) the broader (not necessarily
higher) the anplificaion fadors.

To illustrate depth category dependency, Figures 4-18ato 4-18c show Uplands and Lowlands
envelope (EPRI and Peninsular Range aurves) median as well asthe Gladal Till median
amplification fadors. The shifting of the fundamental resonances, with depth category is easly
seen. The randomization smooths the resonances and the fador of two in mean depth preserves a
distinct set of fadors without large gaps in amplification between them. Clealy profile depth is
important and depth independent fadors would again require enveloping the suites of fadors over

depth caegories.

Finaly Figure 4-19 compares the median fadors computed for the Uplands high shallow velocity
profiles (Figure 4-11) with the base-case Uplands fadors (envelop of Peninsular Range and EPRI
curves). Throughout most of the frequency ranges and control motion levels, the high velocity
profile number 3 with Peninsular Range aurves sows the largest amplification. This profile has
the shallowest and thickest high velocity layer (Figure 4-11). For the larger control motions
(0.20g and above) and for frequencies above aout 1 Hz, the base-case Uplands amplification is
about midway between the shallow high velocity suites computed using the Peninsular Range and
EPRI sets of nonlinea dynamic material properties. The difference between the base-case

envelop Uplands fadors and the high velocity Peninsular Range suite is small, lessthan about
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20%. For site spedfic goplications where footprint rather than generic profile randomization may
be used (smaller velocity COV with depth) larger more significant differences would likely occur
(Silva & al., 1997).

Aswith all studies of this type which are regional in neture, largely because of the unavail abili ty of
site spedfic measured values of dynamic material properties, departures in response from those
predicted in this gudy could be large. The results presented here then should be viewed in the
broad context of defining initial estimate of expeded levels of motion and how they may vary
within the embayment and surrounding areas. The amplification fadors developed in this projed
may be used to approximately acoommodate the dfeds of nea surfacegeology for seismic

hazad evauations.
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Table4-1

NEW MADRID-1-X TEST WELL
(FROM CRONE AND RUSS 1979
(Subjea to future revisions and reinterpretation)

PRELIMINARY STRATICGRAPHIC SECTION FOR

Age Tota Unit Thickness(ft) Unit or Formation General Lithologic
depth (ft) Description
%\ 0-135% 135+ Misssssppi Valley 20 ft of clay and silty clay
c alluvium overlying sand and gave.
% Gravel ocaurs in lower 15 ft
S (?).
o
135-270(?) 135(?) Jackson Formation Sand with interbedded gray silt
and clay.
() g | Cockfield (?) Gray to gray-green sty clay
g © | Formation and silty sandy clay; some
2 9 lignite.
270(?) - 1048 778(?) c - -
89 | Cock Mountain (?) | Gray to gray-green silty clay
‘® | Formation and silty sandy clay; some
@) lignite.
Memphis Sand Sand, lignite, minor interbeds
of clay.
Flour Island | Clay and silty clay with
g | Formation interbeds of sand and silt.
o
e 1048- 1377 329(?) O | Fort Pill ow Sand Sand, medium to coarse;
>8< glauconite.
E Old Breastworks Clay, sandy and silty;
Formation noncal careous.
g 1377?)-17037?) 326(?) S | PortersCreek Clay | Clay, generally calcareous;
o e silty and dlauconiti ¢ at base.
8 O
=
E g Clayton Formation | Limestone, glauconitic,
-g fossli ferous, some day.
@ 1703(?)-1706(?) 3?7 Owl Creek Formation | Clay.
:
jo] 1706(?)-2023 317(?) McNairy Sand | Sand, quartzose, fineto coarse
S grained; interbedded with clay,
dk. Gray to Hack.
g 20232316+ 293+ Paleozoic dolomite | Dolomite, dk. Gray to white,
S fine to coarse aystélline,
S contains pyrite.
g
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Table 4-2

SITE RESPONSE UNITS AND NEHRP CATEGORIES

Profile Vg (30m) NEHRP (UBC 97) Category
Lowlands 774ft/sec(236m/seQ D
Uplands 994 ft/sec(303M/seQ D
Upland (1) 1050ft/sec(320nVseQ D
Upland (2) 1266ft/sec(386m/seg C
Upland (3) 138ft/sec(422n/seQ C
Gladal Till 1522ft/sec (464m/sed) C
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Table 4-3
SITE CLASSFICATIONS

Average shea-wave velocity to a depth of 30m is:

USGS Ste Clasgficaion NEHRP 1994 UBC 1997

(Boore @ al., 1994

A = >750m/s A = >1500m/s > 5,000ft/sec

B = 360-750 B = 760-1,500 2,500- 5,000

C = 180-360 C = 360-760 1,200- 2,500

D = <180nvs D = 180-360 600- 1,200
E = <180 < 600ft/sec

GEOMATRIX Site Classficaion
Geotedhnicd subsurface daraderistics (Robert Y oungs, personal communications)
A = Rock. Instrument onrock (Vs> 600mps or < 5m of soil over rock.
B
C

Shallow (stiff) soil. Instrument on/in soil profile up to 20m thick overlying rock.

Deep narrow soil. Instrument on/in soil profile & least 20m thick overlying rock, in

anarrow canyon or valley no more than several km wide.

D = Deebroad soil. Instrument on/inasoil profile & least 20m thick overlying rock, in
abroad valley.

E = Soft deg soil. Instrument on/in deg soil profile with average V4 < 150 mps.

Relations To Building Code Classficaions

UBC USGS NEHRP GEOMATRIX
S1 A+B B+C A+B
S2 B+C C+D C+D
S3 D E E
A E

Scenario.rel\sect 4-26



Table 4-4

EMBAYMENT CRUSTAL MODEL (Catchings, 1999

Thickness(km) Vg (km/seg Density (cgs)
30 2.0 2.55
70 35 2.77
14.0 3.6 2.82
190 4.2 3.15
16.0 4.5 3.34
4.7 3.45
Table4-5
CEUS HARD ROCK REFERENCE SITE GROUND MOTION PARAMETERS
Target Median Median Median Median Median Dist. Depth M AG
QOutcrop | Outcrop | Outcrop Qutcrop Qutcrop Qutcrop (km) (km) (bars)
PGA(g) | PGA(g) PGV PGD VIA AD/V?
(cm/seg (cm) (cm/sedg) | (gem/cm/sed)
0.05 0.052 379 144 73.38 5.09 86.00 8.00 6.5 110
0.10 0.104 6.45 231 62.34 5.12 48.00 8.00 6.5 110
0.20 0.211 1192 417 57.58 6.06 26.00 8.00 6.5 110
0.030 0.305 16.65 5.77 54.52 6.23 18.00 8.00 6.5 110
0.040 0.405 21.64 747 5338 147 13.00 8.00 6.5 110
0.501 0.515 27.06 9.31 5258 6.42 9.30 8.00 6.5 110
0.75 0.758 39.08 1338 51.59 6.51 3.00 8.00 6.5 110
Q(F) = 900f%3°
kappa =0.006 sec
"Asaume hard rock outcrop layer
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Table 4-6

DEPTH CATEGORIES AND DEPTH RANGES

Category Mid-Depth (ft) Range (ft)
1 30 10-50
2 75 51-100
3 150 101- 200
4 350 201- 500
5 750 501- 1000
6 1500 1001- 2000
7 3000 2001- 4000

Geologic Units and Depth Categories

Geologic Unit Depth Categories
Lowlands 1,23 4,56,7
Uplands 1,2,3,4,56,7
Uplands (shallow high velocity 1) 7
Uplands (shallow high velocity 2) 7
Uplands (shallow high velocity 3) 7
Glagal Till 1,234,5

"Range of profile depth over which caegory applies as well as range of depth
randomization for eat category. Profile depth is defined as depth to basement material.
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Figure 4-1. Effects of near surface soil conditions on 5% damped response spectral shapes
(Source: Seed, Ugas, and Lysmer, 1976).
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Figure 4-3. Map of the study areashowing site response units.
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SOIL DEPTH ({+)

Figure 4-4. Paleozoic basement depth for the Mississippi embayment portion of
the study area.
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Figure 4-5. Cross section of the Mississippi Embayment at the latitude near Memphis Tennessee
(source Ng Et eal., 1989).
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Figure 4-9. Comparison of Lowlands and Uplands base-case shear-wave velocity models to a
depth of 1 km.
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Figure 4-10. Shear-wave velocity profile adopted for Glacial Till (EPRI, 1993).
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Uplands profile, depth category 7 (2,000 to 4,000 ft), and using Peninsular Range G/Gmax and
hysteretic damping curves.
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Figure 4-16a. Comparison of median amplification factors computed for depth category 7 (2,000
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profile.
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Figure 4-16b. Comparison of median amplification factors computed for depth category 7 (2,000
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profile.
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Figure 4-17a. Comparison of median amplification factors computed for the Lowlands, Uplands,
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nonlinear dynamic material properties. Depth category 1 (10 to 50 ft).
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Figure 4-17b. Comparison of median amplification factors computed for the Lowlands, Uplands,

and Glacial Till profiles. Lowlands and Uplands reflect envelopes using EPRI and Peninsular
Range nonlinear dynamic material properties. Depth category 2 (51 to 100 ft).
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Figure 4-17¢. Comparison of median amplification factors computed for the Lowlands, Uplands,
and Glacial Till profiles. Lowlands and Uplands reflect envelopes using EPRI and Peninsular
Range nonlinear dynamic material properties. Depth category 3 (101 to 200 ft).
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Figure 4-17d. Comparison of median amplification factors computed for the Lowlands, Uplands,

and Glacial Till profiles. Lowlands and Uplands reflect envelopes using EPRI and Peninsular
Range nonlinear dynamic material properties. Depth category 4 (201 to 500 ft).
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Figure 4-17e. Comparison of median amplification factors computed for the Lowlands, Uplands
and Glacial Till profiles. Lowlands and Uplands reflect envelopes using EPRI and Peninsular
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Figure 4-18a. Comparison of median envelope (EPRI and Peninsular Range nonlinear dynamic material
properties) amplification factors for all depth categories (Table 4-6): Uplands profile.
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Figure 4-18b. Comparison of median envelope (EPRI and Peninsular Range nonlinear dynamic
material properties) amplification factors for all depth categories (Table 4-6):Lowlands profile.

G \9643_9744\rept\sect4_a.wpd My 8, 2001 4-54



C-—i - T T TTTTTIT T T TTTTT7IT T T llllll_—‘—4 = T T T T TIr0T T T T T 1110171 T Illllli
o9 F Jot 3
% i . 1 T . ]
S /; WSS = /;/\* -
G o C == ]
o FRRes ] o poEERE 3
o F 7 r ]
= 1 ¢ ]
CE'_' B —'_‘ ~ _
! INPUT MOTION Q.056 1 INPUT MOTION O.10G 1
9 1. Lt i 1111y 1 1 Lt Eritt ] 11 LIl 9 I L {1 111tl ] N T 1 |
C.—l F T T TTTTTTIT T T T 11717 T T I TTTT —d F T T TTTTITIT T T T T TITIT T llllllt
cof 1of 3
- [ 1 I ]
o] -
(] N\ - B
o ’ E—
=T S \’// g s
T :
o ]
CE i —-—l
! INPUT MOTION 0.206 1 INPUT MOTION 0.406
9 L 1L Lirl] ] 1 L 1irtd 1 L1 11l 9 i L1l b1l 1 BN 1 1 1 1iitd
C-—l F T T T T 17717 T T T TTTTTT T T T TTTTH E T T T TTTTTIT T T T TTTTTT T T llllll_—
o SF J1oE 3
ST 100 .
© iy
Sy :
w e . o
TS E \\://? =
o v/ ]
CI:w—l i —‘—4
! INPUT MOTION 0.506 7' [ INPUT MOTION 0.756 7
9 1 i1 1L titl | L 1§ i1 1 bt [l 9 1 1oL Ll i 1ol 1l 1 N N
10 -1 o0 10 1 10 1071 100 10 1 10 2
FrequencH(Hz) FrequencH(Hz)

GLACIAL TILL, CATEGORIES 1,2,3,4,5
MEDIAN FACTORS

LEGEND
MEDIAN, GLACIAL TILL CATEGORY 1, EPRL CURVES
v MEDIAN, GLACIAL TILL CATEGORY Z, EPRI CURVES
----- MEDIAN, GLACIAL TILL CATEGORY 3, EPRL CURVES
gl
5

—— - MEDIAN, GLACIAL TILL CATEGORY 4, EPRL CURVES
- — MEDIAN, GLACIAL TILL CATEGORY S, EPRI CURVES

Figure 4-18c. Comparison of median amplification factors for all depth categories (Table 4-6):
Glacial Till profile.
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Figure 19. Comparison of median amplification factors for the shallow high velocity Uplands profiles (Figure
4-11). Rcsults using both Pcninsular Range and EPRI nonlincar dynamic matenial propertics arc shown. For
reference, the base-case Uplands envelope amplification factors are included.
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Sedion 5
SEISMIC HAZARD RESULT SAND
PROBABILITY-BASED SCENARIO GROUND MOTIONS
FOR MEMPHISAND SAINT LOUIS

5.1 INTRODUCTION

This dion presents the probabili stic seismic hazad results obtained for the metropolitan
areas of Saint Louis and Memphis and uses those results to develop probabili ty-based scenario
spedra and the asciated ground motions. The hazad cdculations and the development of
the scenarios events and their spedra ae done for rock site mnditions. Therock spedra ae
then converted to the soil site conditions typicd of Saint Louis and Memphis. Finally, artificia

ground motions are generated for eat spedrum.

Two values of exceadence probability will be considered, namely 10% and 2% in 50 yeas.
The value of 10% in 50 yeasis currently in use in building codes (e.g., BSSC, 1997). The
value of 2% in 50 yeasis often used for important bridges, landfills, and other spedal fadlities
(e.g., EPA, 1995.

5.2HAZARD AND DEAGGREGATION RESULT S

We performed probabilistic seismic hazard calculation&dot Louis and Memphis using

the source characterizations documented in Section 2 and the rock attenuation equations
documented in Section 3, for 5%-damped spectral accelerations of 0.2, 0.5, 1.0, 2.0, 5.0, 10.,
20., 50., and 100 Hz (the latter corresponding to peak ground acceleration or PGA). Figures

5-1 through 5-4 present the mean hazard curves.

The spread between the 0.15 and 0.85-fractile spectra indicate the uncertainty that results
from incomplete knowledge about earthquakes in the central United States, and their
associated ground motions. Analysis of variance on the hazard results indicates which

parameter uncertainties are the most important contributors to uncertainty in the hazard. For
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low-frequency motions in Saint Louis, the most important contributors are the ground-motion
models, the geographic extent and seismicity parameters of the Wabash Large source zone,
the rate of characteristic events in the NMSZ faults, the maximum magnitude on the Reelfoot
fault, and the maximum magnitude in Wabash Large. For high-frequency motions in Saint
Louis, the most important contributors are the ground-motion models, and the geographic
extent and seismicity parameters of the Wabash Large source zone. For Memphis, the most
important contributors are the maximum magnitude on the Blytheville Arch fault, the ground-
motion models, and the rate of characteristic events in the NMSZ. The relative importance of
these contributors varies as a function of frequency and of exceedence probability, with the

Blytheville ArchM ., becoming more important for low frequencies and low return periods.

Figures 5-5 through 5-8 show the mean hazad by sourcefor the most important sources, for
1-Hz and PGA, as well asthe ammbined hazad from all sources'. In Saint Louis, the largest
contributions to hazad come from the Wabash source (Large and Proper combined), followed
by the Ozarks badkground source and by the dharaderistic portion of the New Madrid sources
(Redfoot fault, East Prairie, and Eeast Prairie extension). The antribution from Wabash is
roughly 60% for low frequencies and 8% for high frequencies. In Memphis, the largest
contributions to hazad come from the SE Flank fault and the Blytheville ach?. At low
frequencies, the @ntribution from the SE Flank fault is smewhat larger; at high frequencies,
the antributions from the SE Flank fault and the Blytheville ach are roughly equal.

Figures 5-9 through 5-24 show the deaggregation results for Saint Louis and Memphis, for 1-
Hz spedral accéeration and PGA, and for excealence probabilities of 10% and 2% in 50
yeas. The 1-Hz resultsfor Saint Louis indicate an amost uniform distribution of contributing
magnitudes. The asciated distance distribution is multimodal, showing important

contributions from locd events (from the Wabash Large source), as well as from the northern

In Memphis, the cmmbined hazad is not the sum of the hazads by source becaise of the
clustering of eventsin the threeNew Madrid sources, as discussd in Sedion 2. The same
clustering assumption is used for Saint Louis, but its effed is negligible there.

“Both the exponential and the dharaderigtic portions of the Blytheville ach have
significant contributions to hazad in Memphis.
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portions of the NMSZ. The PGA results for Saint Louis indicate that moderate (5.0-6.5)
magnitudes in the Wabash Large source ae the most important contributors to hazad, but
there ae moderate contributions from large, distant eventsin the NMSZ. The results from
Memphis $ow lessof a difference between 1 Hz and PGA. For both frequencies, thereisa
broad dstribution of contributing magnitudes, which shifts to higher magnitudes for the lower
excealence probability. The distribution of distance shows gikes associated with the SE
Flank of the Redfoat rift (~ 20 km), with the Blythevill e Arch (~65 km), and with the Redfoot
fault (~100 km). The distributions of epsilon at both locaions indicate that the 10% in 50 yea
results are typicdly associated with median+1c motions, while the the 2% in 50 yea results
are typicdly asociated with roughly median+1.5¢ to mediant2c motions (where the higher

value gpliesto Saint Louis).

5.3SELECTION OF SCENARIO EVENTS

In amanner analogous to Appendix C of NRC 1.165(1997), we define separate scenarios for
low-frequency and high-frequency motion, using the 1-Hz and 10-Hz deaggregation results
(the latter are essentially identicd to the PGA results $rown here).

The deaggregation results presented above indicae that, with the possble exception of high-
frequency motionsin Saint Louis, the hazad at the locaions and exceelence probabili ties of
interest is due to eventsin kroad range of magnitudes and dstances. It is not appropriate,
therefore, to represent this hazad for a given frequency by means of a single scenario event.
After experimenting with approacdhes based on fradiles or moments of the magnitude and
distancedistributions (e.g., Lee ¢ a., 1997), we dedded to use asmpler and more intuitive
approach where brea up the sources into those nea the site and those more distant ones. In
essnce we bre& up the distribution of distancein Figures 5-9 through 5-24 and use the
asociated conditional magnitudes. For Saint Louis, the locd sources consist of the Wabash
large source plus all other regional areasources (only the former makes a significant
contribution), and the distant sources consist of al NMSZ sources plus the Rough Creek
graben. For Saint Louis, the locd sources consist of the SE-Flank fault plus relatively

unimportant loca areasources (Redfoat rift, SE U.S., and Arkansas), and the distant sources
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consist of all other sources. For eat site and group of sources, we then compute the modal
magnitude-distance-epsilon combination and we assgn it aweight roughly equal to the relative
contribution of that group of sourcesto the total hazad®. The resulting events are shown in
Table 5-1.

Results for Saint Louisin Table 5-1 indicate that the ground motions asociated with the
excealence probabili ties in common use may be caised by very different events, namely a
moderate eathquake with magnitude 5.1 to 5.6 at 10to 34 km distance occurring in the
Wabash Large seismic source, or alarge eathquake with magnitude 7.4 to 7.75 at 236 kn
distance occurring in the northern portions of the NMSZ. Results are smilar for Memphis,
with the small-distance events occurring on the SE Flank fault, except that the mntrast in
distancesis lesspronounced and that in one cae (the 1 Hz, 2% in 50 yeas case) the

magnitude of the locd event is 7.75.

5.4 SCENARIO SPECTRA FOR ROCK SITE CONDITIONS

We cdculate the spedra ssciated with ead scenario events using the following approadh:

1 Use the two attenuation equations (one- and two-corner models) to cdculate the
median ground motions associated with the magnitude-distance @mbination of the

scenario and average the two results’.

%|f the moda magnitude was greaer than 7.75, it was reduced to this value and the
asociated dstance and epsilon were set to their conditional modal values given a magnitude of
7.75. Thisisdone because, in spite of the thoughtful arguments by Johnston (1996, there were
concerns among members of the projed team about the plausibili ty of having magnitude 8 or
greder eathquakes on faults with lengths of 140 kmor less Thus, athough we assgn some
weight to these larger magnitudes in the hazad cdculations, and these magnitudes contribute
significantly to the mean uniform-hazad spedrum, we do not generate scenario events with the
durations associated with these larger magnitude. Questions remain about the magnitudes of the
18111812events, and about the maximum megnitudes that are possble on the NMSZ faullts.
Thiswill remain an issue of reseach and debate for many yea's to come.

“Use aithmetic averaging (on the amplitudes).
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2. Modify the anplitude cdculated for the dfed of epsilon. At the frequency assciated
with this enario (which iseither 1 or 10 Hz), thisimplies multiplication by afador of
exp(o €), where ¢ isthe ground-motion standard deviation given in Sedion 3.. At
other frequencies, multiply by a smaller fador of exp[c ¢ p(f, fo)] , where p(f, fo) isthe
correlation coefficient between epsilon values at the frequency f of interest and at the
frequency f,, where f, is defined as the frequency closest to f in the interval
[f,/3, 3f,], andf, is the frequency assciated with the scenario®. We use the
correlation model by Inoue (seeRisk Engineaing, 1997), which takes the form:

off, fo)zMax[l—%ln%LO] 5.1)

0

Figures 5-25 through 5-32 show the scenario spedrafor rock. Ead figure dso showsthe
asociated mean uniform hazad spedrum. The low-frequency scenarios are asciated with 1-
Hz spedral accéeration. The high frequency scenarios are asciated with 1-Hz spedral

accderation.

The result of the @ove exerciseisa set of four scenario events for ead combination of city
and exceealence probability. These scenario spedra, the scenario spedrato be derived in the

next two seaions, and the esciated time histories, should be used as follows:

a In design, the stresses or forces caculated under ead scenario should be lower than

the values allowed by code.

*We introducethe p term because the assumption that epsilon is consistently high for all
frequencies may be too conservative. On the other hand, we use f;, rather thanf to cdculate this
term becaise we want the scenario spedrum to be high over the frequency range for which the
scenario applies (i.e., either 0.33to 3 Hz for the low-frequency scenarios or 3.3 to 30 Hz for the
high-frequency scenarios), not just at the discrete frequencies of 1 or 10 Hz.
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b. In cdculating economic losses, the lossgiven the occurrence of an event with 2% or
10% probability in 50 yeas is the weighted sum of the losses cdculated with the four

corresponding scenarios (using the weights in Table 5-1).

5.5 SCENARIO SPECTRA FOR SAINT LOUIS STE CONDITIONS
In this Sedions 5.5 and 5.6, we seled severa typicd profiles for ead city of interest and use

the amplification fadors developed in Sedion 4 to generate the asciated scenario spedra.

For Saint Louis, we use the surfacegeology charaderizaion, bedrock topography, and typicd
profiles compiled by McCaskie (personal communication, 11/30/1999 to define the following

representative caegories.

Floodplains. The floodplains of the Missouri and Misgssppi Rivers are relatively flat
and made up of extensive deposits of alluvial materias filli ng a deep bedrock valley.
High groundwater levelsthat fluctuate with the river stage ae observed aaossthe
flood plains. The Florissant Basipa locdized areaof low relief in north St. Louis
County, isalso included in this category. These cdegories are represented by symbols
la and Ic by Lutzen and Rockaway (1971). Becausethere ae no velocity
measurements for profilesin this region, we represent this category by means of the

Lowlands profile from Sedion 4, using a depth of 100fed.

LoessSites. This category includes two types of loess sites. &e& the rolling
uplands, covers awidespread areathroughout the City of St. Louis and St. Louis
County and consists of windblown deposits (loesg covering a rugged bedrock
topography. The upland areas are dharaderized by arelatively stegp and rugged terrain
at the bluffs grading to undulating hill s behind the bluff lines. Another area located in
southwest St. Louis County, isfairly rugged with slopes greder than 5 percent and
topographic relief often more than 200fed. This areagenerally has a thin cover of
loessal and residual soils and bedrock outcrops are mmmon. These soils are
represented by symbols Xb and 11b by Lutzen and Rockaway (1977). For the purposes
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of site-response, we will represent this category by means of the Uplands profile. We
will consider two values of the depth to bedrock, namely 30 fed (which we denote &

L oessl) and 60fed (which we denote & L oes).

Figure 5-33 shows the @ntours of loessthicknessin Saint Louis. This map may also be used
to identify the boundaries of the flood plain area which extends beyond the bluffs. The
Florissant basin, which consists of a narrow (~ 2km wide) strip extending from the
International Airport to the NNE, is not resolved by this map.

For the caculation of the scenario spedrafor a soil type, we multiply ead ordinate of the rock
spedrum by the anplification fador (from Sedion 4) corresponding to that frequency and

rock amplitude®. The scenario spedra rresponding to the Saint Louis Floodplains, Loess,
and Loes2 site conditions are shown in Figures 5-34 through 5-37, 5-38 through 5-41, and 5
42 through 5-45, respedively. It isnoted that al threeSaint Louis Ste cdegories exhibit
significant amplification of high-frequency energy as aresult of their shallow soil columns. The

response Loessl and Loes? caegories differ only at frequencies nea 3 Hz.

5.6 SCENARIO SPECTRA FOR MEMPHIS STE CONDITIONS
For Memphis, we use the work of Romero and Rix (2000, as well as additional insights and
data provided by them. Based on this information, we use the following threerepresentative

cdegories.

Holocene Deposits. These mnsist of Holocene deposits along the major rivers and
meanders in the Memphis metropolitan area(seeFigure 5-46). Romero and Rix find
that their charaderistic profile for this caegory is consistent with Hwang's Soil Profile
1. For the purposes of site-response, we will represent this category by means of the
Lowlands profile (which is based, in part, on Romero and Rix’s data for these sites),
with a depth of 3,000fed.

® In cdculating the soil amplitudes by simply multiplying by the median amplification
fador, we negled the uncertainty in site response, as well as other effeds. A more refined,
recently developed procedure is provided in McGuire € a. (2000. This new procedure acounts
for the cmbined effeds of site-response uncertainty and increasing soil nonlineaity.
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Pleistocene Upland Deposits. Profilesin the aea ae generally composed of loess
deposits, underlain by some of the same formations e in the Lowlands profil es.
Romero and Rix (2000 separate the available profilesinto severa caegories based
primarily on geographicd locaion and elevation (seeFigure 5-46). These authors also
observe more variability among the Pleistocene profiles than among the Holocene
profiles. One significant feaure in some of the Pleistocene profilesis the presence of a
high-velocity layer at depths of 10to 25 m (with velocities sgnificantly higher than
those of the strataimmediately above and below this layer), which hes been identified
as a sandy gravel with varying degrees of cementation. The profiles with high-velocity
layers are identified by large drclesin Figure 5-46. We note that the profiles with a
high-velocity layer include dl profilesin Shelby Farms, a large number of the profilesin

“Memphis’, aswell asthreeprofiles in the vicinity of “Memphis.”

We mnsider two representative Pleistocene profiles for the development of scenario
spedra. Thefirst (which we denote & Pleistocenel) has no high-velocity layer and is
represented in the site-response caculations by the Uplands profile, with a depth of
3,000fed. The second (which we denote & Pleistocene?) has a high-velocity layer
and is represented in the Site-response caculations by the worst (at ead individual
frequency) of the Uplands profile and the threehigh-velocity profiles considered in
Sedion 4, with adepth of 3,000fed. Pleistocenel is applicable to the Shelby Forest
and “Memphis’ areas in Figure 5-46, aswell asto locaions nea the boundaries of the
latter.

The scenario spedra @rresponding to the Memphis Holocene, Pleistocenel, and Pleistocene2
site anditions are shown in Figures 5-47 through 5-50, 5-51 through 5-53, and 5-54 through
5-57, respedively. It isnoted that al threeMemphis ste cdegories exhibit significant
amplification of low-frequency energy as aresult of their very thick soil columns. Although
PGA values differ little from the rock values, al energy above 15 Hz isfiltered out by the
effed of anelastic atenuation through the thick soil column. The high-frequency portions of

some of these spedra show minor anomalies in shape, which will be removed prior to the
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generation of artificial time histories. Differencesin amplification between the three

representative Memphis profilesis small.

5.7 SCENARIO TIME HISTORIES

We have generated artificial time histories corresponding to the scenario spedra obtained in
Sedions 5.4 through 5.6 Downloadable files with these time histories, as well as a description
of the smulation approach used, are available & the web site http://www.riskeng.com.
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Table5-1. Probability-Based Scenario Events

. Freq . Target R .
Site P[exc., 50yr]|Weight| Ampl | M epsilort Source
(Hz) @ (km)
St. Louis| 1 10% 06 | 0.031| 5.2 | 26 0.90 |Wabash Large (area src.)
St. Louis| 1 10% 04 | 0.031| 7.4 | 236 0.95 |E. Prairie FIt. (NMSZ)
St. Louis| 1 2% 0.66 | 0.079 | 56 | 26 1.23 |Wabash Large (area src.)
St. Louis| 1 2% 0.33 | 0.079 | 7.75| 236 1.84 |E. Prairie Flt. (NMSZ)
St. Louis | 10 10% 0.8 0.13 | 5.1 | 34 0.48 |Wabash Large (area src.)
St. Louis | 10 10% 0.2 0.13 | 7.75| 236 1.43 |E. Prairie Flt. (NMSZ)
St. Louis | 10 2% 0.9 035 | 51| 11 0.34 |Wabash Large (area src.)
St. Louis | 10 2% 0.1 0.35 | 7.75| 236 2.66 |E. Prairie Flt. (NMSZ)
Memphis| 1 10% 0.25 | 0.038 | 5.4 | 26 0.74 |S.E. Flank
Memphis| 1 10% 0.75 | 0.038 | 7.4 | 101 -0.01 |Blytheville Arch (NMSZ)
Memphis| 1 2% 0.3 0.12 | 7.75| 19 -0.62 |S.E. Flank
Memphis| 1 2% 0.7 0.12 | 7.75| 64 0.60 |Blytheville Arch (NMSZ)
Memphis| 10 10% 0.4 0.14 | 51 | 26 0.17 |S.E. Flank
Memphis| 10 10% 0.6 014 | 74 | 101 0.38 |Blytheville Arch (NMSZ)
Memphis| 10 2% 0.4 037 | 5.2 | 26 1.28 |S.E. Flank
Memphis| 10 2% 0.6 0.37 | 7.75| 64 0.68 |Blytheville Arch (NMSZ)

T Themodal epsilon valueis modified (usually by a small amount) so that the ground-motion amplitude
at the frequency of interest matches the mean uniform-hazard spectrum.
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Saint Louis, 10% in 50 years, Uniform Hazard Spectrum

10 | T | T 1 | T ] T
[ 0.85-fractile --------
Median ===-=---
O_l5_fract||e ................
1 .
—~
=
[
S PP
§ Aol LT \“
2 Vi _—'—— ------ ‘s‘ ‘\‘
§ 0.1 - /’,;"—". ....................... "'.A\\ -
< [ ,»'i&'t‘,v" """ ‘\_
° Pt
6 o"¢"‘»"..
@ A
Q R
(9p)] ,"/'
RV A
A
R 4 ’
2
l’ '4
I" "'
,"/
0.01 ',"/ .
| Re 'I
"' "
. "
R
K.
0'001 ol 1 1 1 L1l L1
0.1 1 10 100

Frequency (Hz)

Figure 5-1. Uniform-hazad spedrum for Saint Louis (rock site anditions), for an excealence
probability of 10% in 50 yeas. The spread between the 0.15 and 0.85 fradiles indicae gistemic

uncertainty.
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Saint Louis, 2% in 50 years, Uniform Hazard Spectrum
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Figure 5-2. Uniform-hazad spedrum for Saint Louis (rock site anditions), for an excealence
probability of 2% in 50 yeas. The spread between the 0.15 and 0.85 fradiles indicae gpistemic

uncertainty.
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Memphis, 10% in 50 years, Uniform Hazard Spectrum
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Figure 5-3. Uniform-hazad spedrum for Memphis (rock site conditions), for an excealence
probability of 10% in 50 yeas. The spread between the 0.15 and 0.85 fradiles indicae gistemic

uncertainty.
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Memphis, 2% in 50 years, Uniform Hazard Spectrum
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Figure 5-4. Uniform-hazad spedrum for Memphis (rock site conditions), for an excealence
probability of 2% in 50 yeas. The spread between the 0.15 and 0.85 fradiles indicae gpistemic

uncertainty.
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Figure 5-5. Seismic hazad in Saint Louis. contributions by sourcefor 1-Hz spedral

accderation.
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St. Louis, Hazard by source PGA (Horizontal)
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Figure 5-6. Seismic hazad in Saint Louis; contributions by sourcefor PGA.
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Memphis, Hazard by source 1-Hz PSA (Horizontal)
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Figure 5-7. Seismic hazad in Memphis. contributions by sourcefor 1-Hz spedral accderation.
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Memphis, Hazard by source PGA (Horizontal)

1E-01 | |

1E-02 |

Annual PEExceedence]

1E-03| -

1E-04 ' L

COMBINED —
Blytheville Arch char ——-

SE Flank - - -
Reelfoot flt. char ------

0 0.1 0.2

0.3

0.4 0.5

Spectral Acceleration (g)

Figure 5-8. Seismic hazad in Memphis. contributions by source for PGA.
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Figure 5-9. Marginal magnitude-distance-epsilon deaggregation for 1-Hz
spedral accéeration in Saint Louis; 10% in 50 yeas exceadence probabili ty.
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St. Louis, 1 Hz, 10% in 50 yrs
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Figure 5-10. Joint magnitude-distance-epsilon deaggregation for 1-Hz spedral accderationin
Saint Louis; 10% in 50 yea's excealence probabili ty.
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Figure 5-11. Marginal magnitude-distance-epsilon deaggregation for PGA in
Saint Louis; 10% in 50 yea's excealence probabili ty.
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St. Louis, PGA, 10% in 50 yrs
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Figure 5-12. Joint magnitude-distance-epsilon deaggregation for PGA in Saint Louis; 10% in
50 yeas excealence probabili ty.
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Figure 5-13. Margina magnitude-distance-epsilon deaggregation for 1-Hz
spedral accéeration in Saint Louis; 2% in 50 yea's excealence probabili ty.
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St. Louis, 1 Hz, 2% in 50 yrs
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Figure 5-14. Joint magnitude-distance-epsilon deaggregation for 1-Hz spedral accéeration in
Saint Louis; 2% in 50 yeas exceelence probabili ty.
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Figure 5-15. Marginal magnitude-distance-epsilon deaggregation for PGA in
Saint Louis; 2% in 50 yeas exceelence probabili ty.
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St. Louis, PGA, 2% in 50 yrs
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Figure 5-16. Joint magnitude-distance-epsilon deaggregation for PGA in Saint Louis; 2% in 50
yeas excealence probabili ty.
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Figure 5-17. Margina magnitude-distance-epsilon deaggregation for 1-Hz
spedral accéeration in Memphis; 10% in 50 yea's excealence probabili ty.
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Memphis, 1 Hz, 10% in 50 yrs
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Figure 5-18. Joint magnitude-distance-epsilon deaggregation for 1-Hz spedral accderationin
Memphis; 10% in 50 yeas excealence probabili ty.
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E o HAZARD CONTRIBUTION BY MAGNITUDE
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Figure 5-19. Marginal magnitude-distance-epsilon deaggregation for PGA in
Memphis; 10% in 50 yeas excealence probabili ty.
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Memphis, pga, 10% in 50 yrs
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Figure 5-20. Joint magnitude-distance-epsilon deaggregation for PGA in Memphis; 10% in 50
yeas excealence probabili ty.
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Figure 5-21. Margina magnitude-distance-epsilon deaggregation for 1-Hz
spedral accéeration in Memphis; 2% in 50 yeas excealence probabili ty.
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Memphis, 1 Hz, 2% in 50 yrs
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Figure 5-22. Joint magnitude-distance-epsilon deaggregation for 1-Hz spedral accéeration in
Memphis; 2% in 50 yea's excealence probabili ty.
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Figure 5-23. Marginal magnitude-distance-epsilon deaggregation for PGA in
Memphis; 2% in 50 yea's exceadence probabili ty.
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Memphis, pga, 2% in 50 yrs
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Figure 5-24. Joint magnitude-distance-epsilon deaggregation for PGA in Memphis; 2% in 50
yeas excealence probabili ty.
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Saint Louis, 10% in 50 years, Low-Frequency Scenarios
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Figure 5-25. Spedra of low-frequency scenarios for Saint Louis, for an annual excealence

probability of 10% in 50 yeas.
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Saint Louis, 10% in 50 years, High-Frequency Scenarios
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Figure 5-26. Spedra of high-frequency scenarios for Saint Louis, for an annual excealence

probability of 10% in 50 yeas.
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Saint Louis, 2% in 50 years, Low-Frequency Scenarios
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Figure 5-27. Spedra of low-frequency scenarios for Saint Louis, for an annual exceedence
probability of 2% in 50 yeas.
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Saint Louis, 2% in 50 years, High-Frequency Scenarios
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Figure 5-28. Spedra of high-frequency scenarios for Saint Louis, for an annual excealence
probability of 2% in 50 yeas.
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Memphis, 10% in 50 years, Low-Frequency Scenarios
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Figure 5-29. Spedra of low-frequency scenarios for Memphis, for an annual excealence

probability of 10% in 50 yeas.
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Memphis, 10% in 50 years, High-Frequency Scenarios
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Figure 5-30. Spedra of high-frequency scenarios for Memphis, for an annual exceedence

probability of 10% in 50 yeas.
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Memphis, 2% in 50 years, Low-Frequency Scenarios
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Figure 5-31. Spedra of low-frequency scenarios for Memphis, for an annual exceedence

probability of 2% in 50 yeas.

G \9643_9744\rept\sect5_a.wpd My 8, 2001

Frequency (Hz)

5-42



Memphis, 2% in 50 years, High-Frequency Scenarios
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Figure 5-32. Spedra of high-frequency scenarios for Memphis, for an annual exceedence

probability of 2% in 50 yeas.
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Figure 5-33. Map showing loessthicknessin Saint Louis and vicinity. Source Goodfiled (1964).
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Saint Louis, 10% in 50 years, Low-Frequency Scenarios
Floodplain site conditions
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Figure 5-34. Spedra of low-frequency scenarios for Floodplain site conditionsin Saint Louis, for
an annual excealence probability of 10% in 50 yeas.
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Saint Louis, 10% in 50 years, High-Frequency Scenarios
Floodplain site conditions
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Figure 5-35. Spedra of high-frequency scenarios for Floodplain site cnditions in Saint Louis, for
an annual excealence probability of 10% in 50 yeas.
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Saint Louis, 2% in 50 years, Low-Frequency Scenarios
Floodplain site conditions

10 ———r -
[ M5.6 @ 26km (weight=0.66) -------
M7.75 @ 236km (weight=0.33) --------
1r |

@ ':" . \\\
c ,'l ........... \\~\
i) g T T
§ /'." h
Q /’i" .
8 01 B II ’.~.. -
Q /
< [ 4 ]
E ]
© Y
(D] K
Q U
n Y,

0.01 /! i

0.001 . L R 1 1 TR | ] ! L4 1

Frequency (Hz)

Figure 5-36. Spedra of low-frequency scenarios for Floodplain site conditionsin Saint Louis, for
an annual excealence probability of 2% in 50 yeas.
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Saint Louis, 2% in 50 years, High-Frequency Scenarios
Floodplain site conditions
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Figure 5-37. Spedra of high-frequency scenarios for Floodplain site anditions in Saint Louis, for
an annual excealence probability of 2% in 50 yeas.
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Saint Louis, 10% in 50 years, Low-Frequency Scenarios
Loess1 (30 feet) site conditions
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Figure 5-38. Spedra of low-frequency scenarios for Loessl (30 fed) site aonditionsin Saint
Louis, for an annual exceealence probability of 10% in 50 yeas.
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Saint Louis, 10% in 50 years, High-Frequency Scenarios
Loess1 (30 feet) site conditions
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Figure 5-39. Spedra of high-frequency scenarios for Loessl (30 fed) site conditions in Saint
Louis, for an annual exceealence probability of 10% in 50 yeas.
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Spectral Acceleration (g)

Saint Louis, 2% in 50 years, Low-Frequency Scenarios
Loess1 (30 feet) site conditions
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Figure 5-40. Spedra of low-frequency scenarios for Loessl (30 fed) site aonditionsin Saint
Louis, for an annual exceeadence probability of 2% in 50 yeas.
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Saint Louis, 2% in 50 years, High-Frequency Scenarios
Loess1 (30 feet) site conditions
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Figure 5-41. Spedra of high-frequency scenarios for Loessl (30 fed) site conditions in Saint
Louis, for an annual exceeadence probability of 2% in 50 yeas.

G\ 9643 9744\ rept\sect5 b.wpd My 8, 2001 5-52



Spectral Acceleration (g)

Saint Louis, 10% in 50 years, Low-Frequency Scenarios
Loess2 (60 feet) site conditions
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Figure 5-42. Spedra of low-frequency scenarios for Loes2 (60 fed) site conditionsin Saint
Louis, for an annual exceealence probability of 10% in 50 yeas.
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Spectral Acceleration (g)

Saint Louis, 10% in 50 years, High-Frequency Scenarios
Loess2 (60 feet) site conditions
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Figure 5-43. Spedra of high-frequency scenarios for Loes2 (60 fed) site conditions in Saint
Louis, for an annual exceealence probability of 10% in 50 yeas.

G \9643_9744\rept\sect5_b.wpd My 8, 2001

5-54



Saint Louis, 2% in 50 years, Low-Frequency Scenarios
Loess2 (60 feet) site conditions
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Figure 5-44. Spedra of low-frequency scenarios for Loes2 (60 fed) site conditionsin Saint
Louis, for an annual exceeadence probability of 2% in 50 yeas.
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Spectral Acceleration (g)
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Figure 5-45. Spedra of high-frequency scenarios for Loes2 (60 fed) site conditions in Saint
Louis, for an annual exceeadence probability of 2% in 50 yeas.
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Figure 5-46. Map showing the locations in the Memphis metropolitan are with Holocene and
Pleistocene deposits, as well as the locations of velocity profiles and the geographic locaions
considered by Romero and Rix. Thelarge drclesindicate profiles with high velocity layers.
Modified from Romero and Rix (2000 using information provided by S. Romero, personal
communicaion of 11/9/200Q
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Memphis, 10% in 50 years, Low-Frequency Scenarios
Holocene site conditions
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Figure 5-47. Spedra of low-frequency scenarios for Holocene site conditionsin Memphis, for an
annual excealence probability of 10% in 50 yeas.
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Memphis, 10% in 50 years, High-Frequency Scenarios
Holocene site conditions
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Figure 5-48. Spedra of high-frequency scenarios for Holocene site anditions in Memphis, for an
annual excealence probability of 10% in 50 yeas.
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Memphis, 2% in 50 years, Low-Frequency Scenarios
Holocene site conditions
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Figure 5-49. Spedra of low-frequency scenarios for Holocene site conditionsin Memphis, for an
annual excealence probability of 2% in 50 yeas.
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Memphis, 2% in 50 years, High-Frequency Scenarios
Holocene site conditions
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Figure 5-50. Spedra of high-frequency scenarios for Holocene site amnditions in Memphis, for an
annual excealence probability of 2% in 50 yeas.
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Memphis, 10% in 50 years, Low-Frequency Scenarios
Pleistocenel site conditions
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Figure 5-51. Spedra of low-frequency scenarios for Pleistocenel site conditionsin Memphis, for
an annual excealence probability of 10% in 50 yeas.
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Memphis, 10% in 50 years, High-Frequency Scenarios
Pleistocenel site conditions
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Figure 5-52. Spedra of high-frequency scenarios for Pleistocenel site conditionsin Memphis,
for an annual excealence probability of 10% in 50 yeas.
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Memphis, 2% in 50 years, Low-Frequency Scenarios
Pleistocenel site conditions
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Figure 5-53. Spedra of low-frequency scenarios for Pleistocenel site conditionsin Memphis, for
an annual excealence probability of 2% in 50 yeas.
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Memphis, 2% in 50 years, High-Frequency Scenarios
Pleistocenel site conditions
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Figure 5-54. Spedra of high-frequency scenarios for Pleistocenel site conditionsin Memphis,
for an annual excealence probability of 2% in 50 yeas.
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Memphis, 10% in 50 years, Low-Frequency Scenarios
Pleistocene?2 (high Vs layer) site conditions
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Figure 5-55. Spedra of low-frequency scenarios for Pleistocene2 (high Vs layer) site cmnditions
in Memphis, for an annual exceadence probability of 10% in 50 yeas.
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Memphis, 10% in 50 years, High-Frequency Scenarios
Pleistocene2 (high Vs layer) site conditions
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Figure 5-56. Spedra of high-frequency scenarios for Pleistocene2 (high Vs layer) site conditions
in Memphis, for an annual exceadence probability of 10% in 50 yeas.
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Memphis, 2% in 50 years, Low-Frequency Scenarios
Pleistocene?2 (high Vs layer) site conditions
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Figure 5-57. Spedra of low-frequency scenarios for Pleistocene2 (high Vs layer) site mnditions
in Memphis, for an annual excealence probability of 2% in 50 yeas.
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Figure 5-58. Spedra of high-frequency scenarios for Pleistocene2 (high Vs layer) site
conditions in Memphis, for an annual exceeadence probability of 2% in 50 yeas.
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Sedion 6
REGIONAL SEISMIC HAZARD MAPS
FOR THE CENTRAL UNITED STATES

6.1 INTRODUCTION

This dion presents the developments of regional hazad maps for the region between
latitudes 34 and 39 dbgrees North and longitudes 87 to 93 degrees West, using the source
charaderizations presented in Sedion 2, the dtenuation equations presented in Sedion 3, the
site-response models developed an Sedion 4, and information about the thicknessof the soil
column to be presented below. Hazad maps are presented for rock® and for the ac¢ual site

conditionsin the region.

6.2 DATA ON SOIL-COLUMN THICKNESS

Soil-column thicknessis an important parameter in the cdculation of site response, particularly
for the study region, where thicknessmay vary from 20 fed or lessin the Ozarks region to
more than 3,000fed in the Missssppi embayment. This gudy uses two sources of thickness
data. For the Missssppi embayment, we use the CERI model. Another model for the
embayment has been developed by Dart and Swolfs (1998 using the same data set of well logs
and refledion profiles. For the portion north of 37 degrees latitude, we use the depth contours
published by Soller and Packard (1998. The variation of thicknessin this northern portion of
the study region is much more subdued than in the Missssppi embayment. For locaions
where data was not available from either source (generaly upland locations), a depth of 30 fed

was asuumed. Figure 6-1 shows the resulting thicknessmodel.

6.3HAZARD MAPS FOR ROCK
Figures 6-2 through 6-9 show the hazad maps for rock, for four ground-motion measures

ranging from 0.2-Hz spedral accderation to PGA, and for excealence probabili ties of 10%

The hazad maps for rock are an intermediate result obtained in the processof cdculating
the hazad maps that include regional information on site response. They are dso useful for
comparison to other hazad maps which do not consider regional information on site response.
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and 2% in 50 yeas. These maps ow that the highest amplitudes are limited to a small region
centered on the Redfoot fault, particularly for the high-frequency motions. Although the 10%
in 50 yeas PGA for New Madrid, MO is 0.4 g, the corresponding value for Memphisis 0.1.
The contours for high-frequency motions are dongated to the Northeast, as aresult of the
Wabash sources, and to the Southwest, as aresult of the SE Flank fault.

6.4 HAZARD MAPS FOR SOIL

For the caculation of the hazad maps for soil, we multiply the spedral acceeration at eat
grid point by the anplification fador (from Sedion 4) corresponding to that frequency and
rock amplitude, soil type and soil-column depth?. Figures 6-10 through 6-17 show the hazad
maps for soil, for four ground-motion measures, and for exceedence probabili ties of 10% and
2% in 50 yeas. The antours for low-frequency motions are strongly affeded by the
amplification introduced by thick Misgssppi embayment soils (with thicknessthat increases to
the SW). High-frequency motions, particularly the 10-Hz spedral accéeration, are strongly
amplified by the shallow soils in southern lllinois and in the Ozarks. Thiseffed is grong

enough to shift the highest 10-Hz contours to southern Illi nois.

6.5 REFERENCES
Dart, R.L. and H.S. Swolfs, Contour mapping of relic structures in the Precambrian basement
of the Redfoat rift, North American Midcontinent, Tedonics, 17, 235249, 1998

McGuire, R.K., W. J. Silva, and C. Costantino (2000. “Tednicd Basisfor Revision of
Regulatory Guidance on Design Ground Motions.” Report to US Nuclea Regulatory

Commisgon, in press

Soller, D.R., and Padkard, P.H., 1998 Digital representation of a map showing the thickness
and charader of Quaternary sedimentsin the gladated United States east of the Rocky

2 In cdculating the soil amplitudes by simply multiplying by the median amplification
fador, we negled the uncertainty in site response, as well as other effeds. A more refined,
recently developed procedure is provided in McGuire € a. (2000. This new procedure acounts
for the cmbined effeds of site-response uncertainty and increasing soil nonlineaity.
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Mountains: U.S. Geologicd Survey Digital Data Series DDS #38 [Digital version of
USGS map I-1970A, B, C, D and OFR 93-543] . Available online &
http://pubs.usgs.gov/dds/dds38/ (accessed on 11/15/2000.
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Figure 6-1. Model of soil-column thicknessused for the seismic-hazad mapping cdculations.
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Figure 6-2. Seismic hazad map for 0.2-Hz spedral accéeration. Rock site cnditions, 10%

excealence probability in 50 yeas.
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Figure 6-3. Seismic hazad map for 1-Hz spedral accéeration. Rock site cnditions, 10%
excealence probability in 50 yeas.
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Figure 6-4. Seismic hazad map for 10-Hz spedral accderation. Rock site anditions, 10%
excealence probability in 50 yeas.
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Figure 6-5. Seismic hazad map for PGA. Rock site anditions, 10% excealence probability in
50yeas.
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Figure 6-6. Seismic hazad map for 0.2-Hz spedral accéeration. Rock site mnditions, 2%
excealence probability in 50 yeas.
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Figure 6-7. Seismic hazad map for 1-Hz spedral accéeration. Rock site cnditions, 2%

excealence probability in 50 yeas.
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Figure 6-8. Seismic hazad map for 10-Hz spedral accéeration. Rock site anditions, 2%
excealence probability in 50 yeas.
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Figure 6-9. Seismic hazad map for PGA. Rock site anditions, 2% exceelence probability in 50
yeds.
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Figure 6-10. Seismic hazad map for 0.2-Hz spedral accderation. Soil site cnditions, 10%

excealence probability in 50 yeas.
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Figure 6-11. Seismic hazad map for 1-Hz spedral accéderation. Soil site cnditions, 10%
excealence probability in 50 yeas.
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Figure 6-12. Seismic hazad map for 10-Hz spedral accéeration. Soil site conditions, 10%
excealence probability in 50 yeas.
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Figure 6-13. Seismic hazad map for PGA. Soil site conditions, 10% exceealence probability in
50yeas.
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Figure 6-14. Seismic hazad map for 0.2-Hz spedral accderation. Soil site anditions, 2%
excealence probability in 50 yeas.
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Figure 6-15. Seismic hazad map for 1-Hz spedral accéderation. Soil site anditions, 2%
excealence probability in 50 yeas.
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Figure 6-16. Seismic hazad map for 10-Hz spedral accderation. Soil site conditions, 2%

excealence probability in 50 yeas.
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Figure 6-17. Seismic hazad map for PGA. Soil site aonditions, 2% excealence probability in 50
yeds.
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Sedion 7
SUMM ARY AND CONCLUSIONS

This gudy has utilized models that represent the aurrent state of knowledge--and asociated
uncertainties--on the rates and severity of eathquakesin the New Madrid and Wabash Valley
seismic zones, and on ground motions and site response charaderisticsin the central and
eastern United States, to construct probabili stic scenarios for Saint Louis and Memphis and

seismic hazad maps for the entire region.

In Saint Louis, most of the seismic hazad is contributed by the Wabash and New Madrid
seismic zones. The dfed of the thin soil column underneah Saint Louis (lessthan100fed) on
the ground motions is to amplify high-frequency motions. In Memphis, most of the seismic
hazad is contributed by the New Madrid seismic zone and by the neaby Southeast Flank faut
(aso known as the Crittenden County fault). The dfed of the thick Misgssppi embayment
soils underneah Memphis (approximately 3,000fed) isto amplify low-frequency motions and
attenuate high-frequency motions. The net effed of different seismic environments and site
conditions between the two citiesis a very large difference in response-spedral shape, despite
similar values of peak ground accéeration. These differences are refleded in the probabili ty-

based scenarios and asciated time histories developed here.

Another useful by-product of the hazad cdculations for Saint Louis and Memphisis an
understanding of which parameter uncertainties are the most important contributors to
uncertainty in seismic hazad. For Saint Louis, the most important contributors are the
ground-motion models, the dharaderizaion of seismicity in the Wabash Valley and elsewhere
in Southern Illinois and neaby portions of Missouri, the rate and maximum megnitude of
charaderistic eventsin the NMSZ faults. For high-frequency motionsin Saint Louis, the most
important contributors are the ground-motion models, and the geographic extent and
seismicity parameters of the Wabash Large source Dne. For Memphis, the most important
contributors are the maximum megnitude on the NMSZ, the ground-motion and site-response

models, and the rate of charaderistic eventsin the NMSZ.
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The geographica variation of soil-column thicknessand medhanicd properties throughout the
study region aso have asubstantial effed on the seismic-hazad maps. Low-frequency
motions are anplified by the thick Misgssppi embayment soils and are virtualy unaffeded by
the thin soil s in the Ozarks and in the northern portion of the study region. High-frequency
motions, on the other hand, are dtenuated by the thick embayment soils and strongly amplified
by the thin soils.
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Appendix A

AMPLIFICATION FACTORSFOR LOWLANDS PROFILE

Amplification fadors, median and + 1c 5% damped response spedra, for the Lowlands generic
profile depth categories 1, 2, 3, 4, 5, 6, 7. Peninsular Range and EPRI nonlinea dynamic material

properties.
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Appendix B

AMPLIFICATION FACTORS FOR UPLANDS PROFILE

Amplification fadors, median and + 1¢ 5% damped response spedra, for the Uplands generic profile

depth caegories 1, 2, 3, 4, 5, 6, 7. Peninsular Range axd EPRI nonlinea dynamic meaterial

properties.
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Appendix C

AMPLIFICATION FACTORSFOR UPLANDS PROFILESWITH

HIGH-VELOCITY LAYER

Amplification fadors, median and £ 1c 5% damped response spedra, for the Uplands high shallow
velocity profiles (1, 2, 3) depth category 7. Peninsular Range and EPRI nonlinea dynamic material

properties.
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Appendix D

AMPLIFICATION FACTORSFOR GLACIAL TILL PROFILE

Amplification fadors, median and = 1c 5% damped response spedra, for the Gladal Till generic

profile depth categories 1, 2, 3, 4, 5. EPRI nonlinea dynamic material properties.
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Appendix E

SEISMIC-HAZARD CALCULATIONS FOR
TEMPORALLY CLUSTERED EVENTSIN THE NM SZ

In most seismic hazad cdculations, the annual excealence probability (considering all seismic
sources) is approximated by the annual exceadencerate, whichin turnis cdculated using the
equation:

V(A>ax)=) v, ff Gum(@%) fy (M) fo(rlm) dm dr (E-1)

in which the summetion is performed over all seismic sourcesi (seeRisk Engineeing, 1999for
the definition of other termsin the dove eguation).

Under the assumptions of independencetypicaly made in seismic hazad analysis', and for the
high (rare) ground motions, the aanual rate of eathquakeswith A > a* isavery good
approximation to the probabili ty of exceeling amplitude a* in one yea.

In the situation considered in this gudy, however, Equation E-1 is not a good approximation to
the excealence probability. Because this dudy assumes temporal clustering of large eathquakes
inthe NMSZ, the rate of eathquakes with A > a* isno longer agood approximation to the
probabili ty of excealing amplitude a*, aswill be shown below.

Consider the annual rate of eathquakes with A > a*, which can be expressd as
v(a®)=1xP[1] +2xP[2] +3xP[3] + ... (E-2)

where P[i] is the probability of having i exceadences of amplitude a* in one yea. Consider also
the annual excealence probability can be expressed as

P[A>a* in 1 yr.]=P[1]+P[2] +P[3] + ... (E-3)

Under the assumption of independence, P[2] and P[3] are much smaller than P[1] , so that the
quantities in equations E-2 and E-3 are nealy identicd. On the other hand, if large eathquakesin
the NMSZ occur in clusters with durations much shorter than the inter-arrival time of the dusters,
then P[2] and P[3] are cmmparableto P[1] for low and moderate values of a*, causing the
excealencerate in equation E-2 and the exceedence probabili ty in equation E-3 to be significantly
different.

Namely, that eathquakes (most particularly, successve eathquakes) are independent in
size location, and occurrencetime.
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This gudy incorporates the assumption made in Sedion 2 and Appendix A of Risk Engineaing
(1999 that large eathquakes on any NMSZ segment are followed by large eathquakesin the
other two segments (within a time interval much shorter than the time between these dustering
episodes), by treaing the threeNM SZ segments as one spedal source. These threeNMSZ
segments are the Blythevill e Arch (BA), the Redfoot fault (RF), and East Prairie? (EP).

For this gpeda source the probability of excealding amplitude a* in one yea due to eathquakes
in this gpeadal seismic sourceis computed using the rules for the cdculation of probabili ties of
unions of events, as follows:

P[A>a” in 1 yr]yy =Vnv PlAgs™a™ or Ag>a™ or A>a’™]
v {PlAs>a ] +PA>a ] +PA>a ]
~PlAg>a"[P[Ag>a’]
-P[A>a " |P[A>a ]
-P[A>a"|P[Ag>a "]
+PlAg>a TPIA>a TPlA>a )

(E-4)

wherev,,, isthe anual rate of clustering episodes and A;,>ax* representsthe event of an
excealence of amplitude a* given the occurrence of alarge eathquake on the Blytheville ach
(which is evaluated using the integral in Equation E-1). This formulation assumes that
occurrences of large eventsin the NMSZ are tightly clustered in time (relative to the mean time
between clusters). All other assumptions of independence ae maintained. In particular, smaller
events in the NMSZ segments (those asciated with the exponential portion of the magnitude-
reaurrence model; seeSedion 2) are treded as independent. This modification to the standard
formulation is appropriate (and necessary), given the assumption of clustering.
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’East Prairie itself will be divided into two seismic sources, namely East Prairie fault (EPF)
and East Prairie extension (EPE). Large eventsin these two faults are treaed as mutually
exclusive. Therefore, their probabilities are aditive.
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