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ABSTRACT

The Paducah Diffusion Facility is within 80 idlometers of the location of the
very large New Madrid earthquakes which occurred during the winter of
1811-1812. Because of their size, seismic moment of 2.0 x 1027 dyne-cm or
moment magnitude Mw = 7.5, the possible recurrence of these earthquakes is
a major element in the assessment of seismic hazard at the facility. Probabilis-
tic hazard analysis can provide uniform hazard response spectra estimates for
structure evaluation, but a deterministic modeling of a such a large earth-
quake can provide strong constraints on the expected duration of motion.

The large earthquake is modeled by specifying the earthquake fault and its
orientation with respect to the site, and by specifying the rupture process.
Synthetic time histories, based on forward modeling of the wavefleld, from
each subelement are combined to yield a three component time history at the
site. Various simulations are performed to sufficiently exercise possible spatial
and temporal distributions of energy release on the fault. Preliminary results
demonstrate the sensitivity of the method to various assumptions, and also
indicate strongly that the total duration of ground motion at the site is con-
trolled primarily by the length of the rupture process on the fault.

I N T R O D U C T I O N

This study is an extension of the numerical
modeling of a large New Madrid earthquake
(Herrmann and Jost, [1]; Jost and Herrmann, [2]).
Following [1], we study the effects of one specific
earthquake fault, EQ1 in [1], shown in Figure 1,
with six epicenter locations on this fault within
the New Madrid seismic zone, on peak ground
motions and response spectra. Only one large
earthquake with size appropriate for a large New
Madrid earthquake is considered. In the follow-
ing, we address a site in western Kentucky,
namely the Paducah Gaseous Diffusion Plant. Our
study includes the low frequency ground motion
(surface waves) that dominates at distances of a
few hundred kilometers. At these distances, the
frequency of the ground motion is in the range of
the natural frequencies of large man-made struc-

tures, indicating a possible earthquake threat, even
with low level morions, if the duration of strong
ground motion is significant.
MODELING NEW MADRID EARTH-
QUAKES

We consider one of three different epicenter
locations in the New Madrid seismic zone used by
Herrmann and Jost [1], Figure 2. These epicenters
are chosen to be comparable to the epicenter esti-
mations of the New Madrid events of 1811-1812 by
Hopper etal [3]. The specific fault considered,
EQ1, is the one closest to the site, and which
should provide larger ground motion values at the
site than the other two sites, EQ2 and EQ3.

In the absence of data that would allow a
reconstruction of the focal mechanisms of the
earthquake sequence in 1811-1812, the focal
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Figure 1. Location of earthquakes in the Central
Mississippi Valley Earthquake Bulletin for the
period July 1, 1974 through March 31, 1991. The
Paducah site is at the upper right comer of the
figure.

mechanisms of our model earthquake are based
upon the present day seismirity of the New
Madrid seismic zone. The focal mechanisms along
the northeast-southwest trending branch, in
northeastern Arkansas and in the Bootheel of Mis-
souri, EQ2 and EQ3, suggest right lateral strike
slip, whereas on the northwest-southeast trending
branch between Missouri and Tennessee, EQ1,
reverse faulting is observed (Herrmann and Canas,
[4]; Herrmann, [5]). To model EQ1, the results of
Herrmann and Canas [4] for the events on Febru-
ary 2, 1962 and June 13, 1975 are combined for
EQ1. Table 1 gives the locations and focal
mechanisms parameter of the three events used by
[1]. Table 2 gives the reference coordinate of the
selected site. From these coordinates, an epicen-
tral distance and azimuth were determined (Table
2) to the southwest comer of fault plane model of
EQ1, the closest large historical earthquake loca-
tion and thus the largest generator of ground
morion at the site of the three.

Table 1
Epicenters and Focal Mechanisms

No. Lat Lon Strike Dip Slip

CN) CW) C) C) C)

1

2

3

36.32

36.11

35.75

89.50

89.80

90.24

350

220

220

80

70

70

145

150

150

Table 2
Site Coordinates and Epicentral Distances to EQ1

Site Lat Lon Distance Azimuth

(*N) CW) (km) H

Paducah Ky 37.0 88.2 140 55

Seismic scaling relations are central to the
approach in estimating source parameters for the
New Madrid earthquake models since observa-
tional data do not exist for large central and
eastern U. S. earthquakes. Use is made of the
recently proposed scaling relation of Nuttli etal [6].
For modeling a large event in the New Madrid
Seismic Zone, the source parameters from
Herrmann and Jost [1] are adopted and shown in
Table 3.

Table 3
Source Parameters

Body-wave Magnitude mb

Surface-wave Magnitude Afs

Seismic Moment Mo

(dyne-cm)

Stress Drop Ao-

Mean Displacement d

Duration T

Fault Length L

Fault Width W

Hypocentral Depth h

7.1

8.4

2.0 x 1027

250 bar

8.3 m

12.6 sec

52 km

14 km

13 km
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Figure 2. Epicenters, fault lengths and focal
mechanisms for three large New Madrid
earthquakes modeled in [1].

The technique used to numerically model
ground motions requires elementary Green's func-
tions as the most important input parameter. In
this study, we used synthetic Green's functions
calculated by the normal-mode theory (Herrmann,
[7]), using the central U. S. crustal model of
Herrmann ([8]; Table 4). The model consists of
five crustal layers overlying a half-space, with rela-
tively low Q-values for the upper 20 km. The Q-
values given in the table are assumed to be
independent of wave frequency. Green's functions
are calculated for 7 different source depths, rang-
ing from 2 to 14 km.

Table 4
Earth Model for Synthetic Seismograms

d a p P QP Qs

(km) (km/s) (km/s) (gm/cm3)

0.5

0.5

9.0

10.0

20.0

5.00

5.00

6.10

6.40

6.70

2.89

2.89

3.52

3.70

3.87

2.5

2.5

2.7

2.9

3.0

200

600

1200

1200

8000

100

300

600

600

4000

The numerical modeling technique is
described in Herrmann and Jost [1] and is applied
here in the same way resulting in synthetic time
histories that are equivalent to ground velocity.
Synthetic short-period, World-Wide Standard
Seismograph Network (WWSSN) type seismo-
grams can be obtained by filtering the broad-band
ground-velocity seismograms. Integration and dif-
ferentiation of the broad-band ground-velocity time
histories gives the displacement and acceleration
synthetic seismograms, respectively (Herrmann,
[7]). Finally, response spectra with 5% damping
are calculated from the synthetic ground velocity
time histories, by assuming a linear variation in
the velocity time history between time samples.

This set of computations differs from the
technique used by Herrmann and Jost [1] because
of the need to model ground motions at a site very
near the fault plane. To do this, the fault plane of
52 km length and 14 km width was divided into
0.5 km by 0.5 km segments. The orientation of
each segment was defined by the three dimen-
sional spatial coordinate of its center, the fault
strike and fault dip. The distance and azimuth of
each fault segment to the site is computed.

A specific point on the fault is designated as
the rupture initiation point, and a distribution of
seismic moment release on the fault is specified so
that the total model release on the fault is equal to
the specified total moment of the event. Each fault
segment is turned on as the seismic rupture front
passes through the segment. This is controlled by
the value of an average rupture velocity from the
rupture initiation point to the specific segment.
The contribution of each of the 2912 fault segments
is then summed to form the total time history at
the site.

RESULTS OF THE NUMERICAL
MODELING

SIMULATIONS

Six models of the rupture process were con-
sidered. They differ in the location of the initial
rupture, with the pairs (1A1, 1A4), (1A2, 1A5) and
(1A3, 1A6) having the same initiation point. Cases
1A1, 1A2 and 1A3 differ from those of 1A4, 1A5
and 1A6 by having a much more localized distribu-
tion of seismic moment release, and by having dif-
ferent rupture initiation times, with those of 1A1,
1A2 and 1A3 being about 10% later than those of
cases 1A4,1A5 and 1A6.
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These simulations provide a suite of time his-
tories that consider variations in possible future
large New Madrid earthquakes on this fault plane,
e.g., rupture initiation point, distribution of
moment release, and rupture initiation time.

SYNTHETIC SEISMOGRAMS
Figure 3 gives the acceleration time history at

the site for earthquake 1A1, The peak acceleration
is on the east-west component and is 0.29g. The
low frequencies at toward the end are due to shal-
lowly propagating surface waves. The total dura-
tion of the signal is approximately 15 seconds,
representing the amount of time for the rupture to
propagate the length of the fault. Previous simula-
tions indicated that the mLs magnitude of this fault
model was 7.5, which is similar to Nuttli's esti-
mates of the size of each of the three large 1811-
1812 earthquakes.

!.S22E*02

N

1.134E+02

2.902E*02

1A1A-PDF

Figure 3. Acceleration time history for simulation
source 1A1.

The peak accelerations on the vertical com-
ponents range from 0.16g to 0.32g, and from O.llg
to 0.29g on the horizontal components. The ratio
of vertical to horizontal motion depends signifi-
cantly upon the shallow velocity structure in the
earth model used.

As a check, we can compare our estimates of
horizontal peak ground acceleration with the

Table 5
Magnitudes and Peak Motions at Paducah for a

New Madrid Earthquake
with Different Rupture Initiation

Case Comp Ace Vel Dis
(cm/s2) {cads) (cm)

1A1

1A2

1A3

1A4

1A5

1A6

Z
N
E

Z
N
E

Z
N
E
Z
N
E
Z
N
E
Z
N
E

7.5

7.5

7.5

7.5

7.5

7.5

282
113
290

162
114
224

202
133
225

315
115
284

220
141
189

240
131
189

48.3
34.0
33.6

42.5
23.2
24.1

23.2
13.8
13.0

53.6
28.4
37.2

55.6
24.9
31.3

17.5
11.1
8.8

80.2
39.3
31.0

57.0
33.7
25.0

42.1
22.5
20.4

76.2
39.9
33.7

64.6
35.0
29.8

40.2
16.8
18.5

peak horizontal acceleration values of 161 cm/see1

for a large New Madrid, M = 7.5, event at 95 km.
Values at the shortest distance of rupture initiation
to tire site would be slightly larger. These values
essentially lie within the results of the numerical
simulation technique (Table 5) .

RESPONSE SPECTRA CALCULATION

5% damped response spectra (in cm/sec),
obtained from the synthetic seismograms (broad-
band velocity), were calculated for EQ1 at the
Paducah site for each of the six rupture process
simulations. The response spectra corresponding
to the time history of Figure 3 is shown in Figure
4. In this figure, the unconnected octagon symbols
on these plots are the random process theory esti-
mates at a distance of 100 km. To make these esti-
mates Herrmann [8] and Boore and Joyner [10]
were used with the following source parameters:
seismic moment, Mo= 2.01027 dyne-cm, comer
frequency, fc = 0.0797 Hz.

One result of the simulations is that the com- ,
puted response spectra are similar in level to theresults of Boore and Atkinson [9] who predict
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Figure 4. Response spectra for three components of
ground motion corresponding to the time history
of Figure 3.

random process theory estimates in the range of
0.3 • 2.0 seconds. Differences are expected, even in
this period range, since random process theory
estimates represent an average over all focal
mechanisms, depths and local sources of variation.
At longer periods, the effect of the fundamental
mode surface waves predominates at very long
periods. At periods shorter than 0.3 seconds, the
limitations of the 0.025 second sampling interval
and finite fault grid discretization cause the model-
ing of the earthquake time history to be come
coherent, rather than incoherent as required, and
thus the increase in response spectra values at
these periods. This points out some problems in
the use of the time series at higher frequencies.
However, the time series are good at periods
greater than 0.3 seconds.

DISCUSSION OF RESULTS
Several features relevant to dynamical

analysis of structures are apparent from the time
histories. Without using a precise definition of
strong motion duration, a quick examination of the
displacement time histories indicates that most of
the large ground motion arrives within a 10 second
window. The ground motion duration is controlled
by two factors, the duration of the source rupture
process as seen by the site and a distance depen-
dent term due to wave propagation (Herrmann,
[8p. Because of the relatively short distance to the

site from EQ1 and also the large size of the earth-
quake modeled, the hard rock signal duration at
the site is controlled by the rupture process itself,
in direct relation to the fault length.

The time histories also show that the specific
nature of the signal buildup is related to the n i p
ture process, i.e., whether the rupture propagates
toward the site, giving a shorter duration, larger
level ground motion, or whether it propagates
away from the site.

Another aspect of the analysis is not directly
seen in the synthetics concerns the loading of long
structures. The Green's functions are generated by
adding together surface-wave modes to represent
the complete shear wave wavefield. The wave
group propagating from the source to the site with
an average speed of 3.5 km/sec have a phase velo-
city between 3 .5-4 .5 km/sec. This means that the
components of the earthquake signal propagate
horizontally across the Paducah site within this
velocity range. For simpler computation consider a
phase velocity range of 3 -4 km/sec. This means
that it will take less than 0.1 sec for a wavefront to
cover 300 meters in the direction of propagation.
Since 300 meters is the order of the size of the long
dimension of the structures at the Paducah facility,
the delay in loading the structure from one end to
the other will be less than 0.1 sec. For frequencies
of 1 Hz, using the relation that X • vT, where v is
the phase velocity, T is the period, and X is the
wavelength, this also means that the structural
dimension is 0.1 wavelength. Thus, it may be
appropriate to consider the structure as being
loaded instantaneously with no differential move-
ment between the end members. Note that at
higher frequencies, this is no longer true and that
the coherence of the wavefield over the base of the
structure must also be considered.
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