EARTHQUAKE HAZARD IN THE MEMPHIS, TENNESSEE, AREA

ARCH C. JOHNSTON and SUSAN J. NAVA

There is a difference to be marked between hazard and risk. The two
are most easily distinguished by answering the question: Can the actions
of people have any effect on the situation? Hazard cannot be lessened
or increased but risk can. The earthquake hazard in Memphis, Tennessee,
is an inheritance of gecgraphic location and is due to the city’s proxi-
mity to the New Madrid seismic zone; it cannot be changed by man. Earth-
quake risk is the immediate danger posed to the population and it can
be substantially altered by a number of actions, most significantly,
improved construction and siting of buildings. The purpose of this paper
is to give a brief introduction to the seismic hazard in Memphis, Ten-
nessee,

THE HADRID SEISMIC

The New Madrid seismic zone is depicted in Figures 1 and 2. Figure 1
shows the instrumentally located epicenters for the past nine years; the
main branches of the seismic zone are delineated by the concentrated
pattern of epicenters within the small box of Figure 1. Figure 2 shows
the relationship of the zone to Memphis and Shelby County and to the
major critical facilities in the surrounding region. The generalized
modified Mercallil isoseismals of Algermissen et al. (1983) are superim—
posed; the contours are estimated as combined effects of maximum magni-
tude events in the northern and southern portions of the zone. A single
event would not produce these estimated intensities at all locations.

The New Madrid seismic zone is regarded by seismologists and disaster
response planners as the most hazardous zone east of the Rocky Mountains
{Johnston, 1982) There are three basic reasons for this estimation:

1. In the winter of 1811-1812, the zone produced three of the
largest earthquakes known to have cccurred in North America
(Mg 8.5, B.4, and 8.8) and hundreds of damaging aftershocks
(Nuttli, 1983).

2. A major geological structure--an ancient crustal rift-——has
been Jdentified through a decade of extensive research (Mc-
Keown and Pakiser, 1982). The rift underlies the shallow

The authors are members of the staff of the Tennessee Earthquake [nfor-
mation Center in Memphis. They developed this paper for presentation
at BSSC meeting in Memphis on January 22, [985.
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FIGURE t Map of the central United States with the 1974-1983 instru-~
mental sefsmicity data set {Stauder and others, 1974-1983). The bound-
aries of the two source zones used for frequency-magnitude determination
are: Large zones, 35.0 -37.0 N/89.0 -91.5 W,
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F IGURE 2. The‘relation of Memphis, Tennessee, and Shelby County to the
New Madrld seismic zone. Also shown are major critical facilities in
the region and Modgified Mercalli 1soseismals for a "composited" maximum
magnitude New Madrid earthguake.
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sediments of the Mississippf embayment and is of such charac-
ter and dimension that it could generate major earthquakes.

3. The zone is still quite seismically active (Figure 1). More

than 2,000 earthquakes (of which 97 percent have been too small
to be felt) have been detected in the zone since 1974,

These three observations--past great earthquakes, identified geological

structure, and continuing activity--constitute the reasons for the high
hazard potential with which the MNew Madrid zone is presently regarded.

EARTHQUAKE PROBABILITY

Without a doubt, the most frequently asked and least satisfactorily an-
swered question concerning the earthquakes of the New Madrid seismic
zZones is: When is the next major earthquake going to happen? Seismology
cannot now (nor in the near future} answer this question in a determin-
istic fashion {i.e., accurately predict earthquakes), but a probabilis-
tlc assessment is possible. In a recent study, Johnston and Nava (1985)
estimated the probability of occurrence of large New Madrid earthquakes
for two time periods--by the end of the century and within a represent-
ative 1ifetime (15 and 50 years, respectiveiy) The estimates are based
on magnitude: (!} a body-wave magnitude, m,, of 6.0 (or equivaiently a
surface-wave magnitude, Mg, of 6.3) which could be destructive over an
area of one or more counties and (2) a body-wave magnitude of 7.0 (sur-
face-wave magnitude of 8.3) which is considered equivalent to a repeat
of one of the great New Madrid events of 1811-1812. Using these magni-
tude categories, the determined probabilities are as follows:

Probability (%)

Body Wave Magnitude 1985 to 2000 1985 to 2035
My 6.0 (Mg 6.3) 40-€3 86-97
iy 7.0 (Mg 8.3) ¢.3-1.0 2.7-4

A number of assumptions about the seismic behavior of New Madrid were
necessary in order 0 generate the above probability ranges. The ap-
proach used and the assumptions that went into the final probabitity
estimates are described briefly below.

Probability estimates require that the seismic zone behaves in a roughly
predictable or periocd manner. This cannot be proven for large New Madrid
events because of an incompiete data set over many seismic cycles, but
smaller earthguakes exhibit a well behaved recurrence pattern. There-
fore, the authors took instrumentally recorded data from the past nine
years (see Figure 1) and a historical 1ist of earthguakes of the past 158
years, determined the recurrence relationships for this data set, and
then extrapolated to large magnitudes. This yielded an estimate of the
average recurrence or repeat time in years between New Madrid earthguakes
For a given magnitude range. For my g o, the average repeat time is 70
years. (The last such event occurred 90 years ago in 1895.) Ffor my 7.0

(Ms 8.3). the average repeat time is 550 years. (The last such event
was in 1812, 173 vyears ago.) These estimates apply to data from the
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entire region shown in Figure 1. If only the small region is considered
(within the rectangle of Figure 1), repeat times approximateily double.
There are sound geophysical reasons for choosing the larger source zone.

Once the average repeat time is established, both cumulative and condi-
tional probabilities can be determined. Cumuiative probability tells
us the likelihood that a quake of a certain magnitude would have occurred
by now (the present) given the date of the last occurrence and the aver-
age recurrence interval. Conditional probability estimates the likeli-
hood of occurrence during a future specified time period (i.e., 15 and
50 years-~this study). Obviously, conditional probabilities are of
greater interest than cumulative and are therefore emphasized in this
study.

In order to make the final probability computations it is necessary to
know the manner in which actual earthquake repeat times, for a given
magnitude range, are dispersed about the estimated mean repeat time.
This is described statistically in terms of a probability distribution
with a given standard deviation. Such information for large magnitude
New Madrid events is lacking: the authors’ approach, therefore, was to
take a number of different distributions and a range of standard devia-
tions from the literature of studies of other active earthquake zones and
apply these to New Madrid. This approach allowed for a iarge uncertainty
in the actual (but unknown) behavior of New Madrid. This results in a
range of probability values as quoted above rather than a singie number.

Figures 3-5 are graphs of Gaussian conditional probabilities from mg 6.0,
my 6.6, and my 7.0 earthquakes (Mg 6.3, Ms 7.6, and Mg 8.3, respective-
ly), graphs on which one can see the effect that the standard deviation
exerts on the probability values. The types of probability distribution
emploved also have an effect but to a lesser degree. The date of last
occurrence, the present (1985), and the mean recurrence time are indi-
cated on the horizontai time axis. Shading iliustrates the probability
range as standard deviation is varied from 33 percent to 50 percent of
the mean repeat time. Calculations were done for four different statis-
tical representations--Gaussian, log-normal, Weilbuil, and Poisson--but
only Gaussian is shown here, Poisson statistics, which yield a constant
conditional probability, are not appropriate for this analysis; there-
fore, only the Gaussian, log-normal, and Weibull distributions were
used to obtain the probability ranges guoted above.

In conclusion, the authors estimate that there is a medium probability
of a locally destructive New Madrid earthguake in the next 15 years (40
percent to 63 percent) and a high probability (86 percent to 97 percent)
in the next 50 years. The probability for a great New Madrid event is
iess than | percent by the turn of the century and less than 4.0 percent
during the next 50 years. These estimates are of necessity based on a
number of unproven assumptions about the New Madrid zone; however, every
effort was made to take an appropriate and comprehensive range of esti-
mates in order to bracket the actual probability for future destructive
earthquakes in the central United States.
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FIGURE 3(a) Gaussian conditional probability computed for magnitude my
7.0 (Mg 8.3) earthquake. The last such event occurred in 1812 and the

mean repeat time (TR) is 550 years. The shaded region represents the
range of conditional probability as the standard deviation is varied

from 33 percent to 50 percent of Tg, Future time intervals (At) of 15
and 50 years are depicted.
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FIGURE 3(b) An expanded view of the circled region near the origin of
fFigure 3(a). The probability ranges are those guoted in the text,
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FIGURE 4 Conditional probabil!ity representation of an my 6.6/Mg 7.6
earthquake. Graph description follows Figure 3(a).
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FIGURE 5 Conditional probability representation of my 6.0/Mg 6.3
earthquake. Graph description follows Figure 3(a).
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EVALUATION OF THE EARTHQUAKE GROUND-SHAKING HAZARD
FOR EARTHQUAKE-RESISTANT DESIGN

WALTER W. HAYS

This paper describes current research that can be applied to evaluate
the earthquake ground-shaking hazard in any geographic region. Because
most of the spectacular damage that takes place during an earthquake fis
caused by partial or total collapse of buildings as a result of ground
shaking or the triggering of geologic effects such as ground failures
and surface faulting, an accurate evaluation of the ground-shaking hazard
is an important element of: (1} vulnerability studies; (2) specification
of seismic design parameters for earthquake-resistant design of build-
ings, 1ifeline systems, and critical factiities; (3) assessment of risk
{chance of loss); and (4) the specifications of appropriate building
codes. Although the physics of ground-shaking, a term used to describe
the vibration of the ground during an earthquake, 1s complex, ground-
shaking can be explained in terms of body waves (compressional, or P,
and shear, or S) and surface waves (Rayleigh and Love) (see Figure l).
Body and surface waves cause the ground and, consequently, a building
and its contents and attachments to vibrate in a complex manner. Shear
waves, which cause a building to vibrate from side to side, are the
most damaging waves because buildings are more susceptible to horizontal
vibrations than to vertical vibrations.

The objective of earthquake-resistant design is to construct a building
so that it can withstand the vibrations caused by body and surface
waves. In earthquake-resistant design, knowledge of the amplitude, fre-
quency compositlon, and time duration of vibraticons is needed. The
quantities are determined empirically from strong motion accelerograms
recorded in the geographic area or in other areas having similar geolagic
characteristics.

In addition to ground-shaking, the occurrence of earthguake-induced
ground failures, surface faulting, and, for coastal locations, tsunamis
also must be considered, Although ground failures induced during earth-
quakes have caused many thousands of casualties and miilions of dollars
in property damage throughout the worid, the impact in the United States
has been limited primarily to economic Joss. During the 1969 Prince
William Sound, Alaska, earthquake, ground failures caused about &0 per-

cept of the estimated $500 million total loss; landslides, lateral spread
failures, and flow failures caused damage to highways, railway grades,

Dr. Hays is Deputy for Research Applications, Office of Etarthquakes,
Volcanoes, and Engineering, U.S. Geclogical Survey, Reston., Virginia.

He prepared this paper as background information for those making presen-
tations at the BSSC meetings in January and February 1985,
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bridges, docks, ports, warehouses, and single-~family dwellings, In
contrast to ground fallures, deaths and injuries from surface faulting
are unlikely; however, buildings and lifeline systems located in the
fault zone can be severely damaged. Tsunamis, long period water waves
caused by the sudden vertical movement of a large area of the sea floor
during an earthquake, have produced great destruction and loss of life
in Hawaii and along the West Coast of the United States. Tsunamis have
occurred in the past and are a definite threat in the Caribbean. Histor-
ically, tsunamis have not been a threat on the Last Coast.

FIGURE 1 Schematic illustration of the directions of vibration caused
by body and surface seismic waves generated during an earthquake. When
a fault ruptures, seismic waves are propagated in all directions, causing
the ground to vibrate as a consequence of the ground-shaking, and damage
takes place if the building is not designed to withstand these vibra-
tions. P and S waves mainly cause high~freguency {(greater than | Hertz)
vibrations that are more efficient in causing low buildings to vibrate.
Rayleigh and Love waves mainly cause low-frequency vibrations that are
more efficient than high-frequency waves in causing tall buildings to
vibrate,
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EVALUATION OF THE GROUND-SHAKING HAZARD

No standard methodology exists for evaluating the ground-shaking hazard
in a region. The methodology that is used (whether deterministic or
probabilistic) seeks answers to the following questions:

1. Where have past earthquakes occurred? where are they cccurring
nNow?

2. Why are they occurring?

3. How big are the earthquakes?

4. How often do they occur?

5. What are the physical characteristics (ampiitude,freguency com—
position, duration) of the ground shaking and the physical
effects on buildings and other facilities?

6. What are the options for achieving earthquake-resistant design?

The ground-shaking hazard for a community (Figure 2) may be presented
in a map format. Such a map displays the special variation and reiative
severity of a physical parameter such as peak ground acceleration. The
map provides a basis for dividing a region into gecgraphic regions or
zones, each having a similar retative severity or response throughout
its extent to earthquake ground-shaking. Once the potential effects of
ground-shaking have been defined for ail zones in a region, public policy
can be devised to mitigate its effects through appropriate actions such
as avoidance, land-use pilanning, engineering design, and distribution
of losses through Insurance (Hays, 1981). Each of these mitigation
strategies require some sort of zoning (Figure 2). The most familiar
earthquake zoning is contained in the Uniform Building Code (UBC) whose
aim is to provide a minimum earthquake-resistant design standard that
will enable the buiilding to:

1. Resistant minor earthquakes without damage,

2. Resist moderate earthquakes without structural damage but
with some nonstructural damage, and

3. Resist major earthquakes with structural and nonstructural
damage but without collapse.

HISTORY OF SEISMIC ZONING

Zoning of the earthquake ground-shaking hazard--the givision of a region
into geographic areas having a3 similar relative severity or response to
ground-shaking--has been a gocal in the contiguous United States for
about 50 years., QDuring this period, two types of ground-shaking hazard
maps have been constructed. The first type (Figure 3) summarizes the
empirical observations of past earthquake effects and makes the assump—
tion that, except for scaling differences, approximately the same physi-
cal effects will occur in future earthquakes. The second type (Figures
4-6) utilizes probabilistic concepts and extrapolates from regions having
past earthquakes as well as from regions having potential earthquake
sou:gzs. expressing the hazard in terms of either exposure time or return
per .
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FIGURE 2 Schematic iilustration of a typical community having physical

systems (public/community facilities, industriai. transportation, and
housing) exposed to earthguake hazards. Evaluation of the earthquake
hazards provides policymakers with a sound physical basis for choosing
mitigation strategies such as aveidance, land-use planning. engineering
design, and distribution of losses through imsurance. Earthguake zoning
maps are used 1n the implementation of each strategy. especially for
buitding codes.
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FIGURE 3 Sersmic nazard zones based on historical modified Mercaili
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FIGURE 4 Map showing preliminary design regionalization zones for the
contiguous United States proposed by the Applied Technoiogy Council
(ATC) in 1978. Contours connect areas underlain by rock having equal
values of effective peak acceleration. Mapped values have a3 90 perceant
Probability of not being exceeded in a 50-year period. Zone | represents
the lowest hazard (0.06 g). Sites l!ocated in Zone 4 require site-spe-
cific investigations. This map was based on research by Algermissen
and Perkins (1976).
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FIGURE S5 Graph showing levels of peak horizontal ground acceleration
expected at bedrock sites in the Memphis, Tennessee, and the 5St. Louis,
Missouri, areas 1n various exposure times. The values of peak accelera-
tion have a 90 percent probability of nonexceedance. An exposure time
of 50 years corresponds to the useful life of an ordirary building anc
is typically used in many building codes.
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FIGURE &6 Graph showing levels of peak horizontail ground acceleration
expected at bedrock sites In the Charleston, South Carcliina, and the
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of 50 years corresponds to the useful |ife of an ordinary buliding and
is typically used in many building codes.
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F ALUATING THE [

Construction of a ground-shaking hazard map requires data on:

l. Seismicity,

2. Earthquake source zones,

3. Attenuation of peak acceleration, and
4, Local ground response.

The procedure for constructing a ground-shaking hazard map is illustrated
schemgtically in Figure 7. Except for probabilistic considerations a
deterministic map would follow the same general procedure.

RESEARCH PROBLEMS

A number of complicated research problems are involved in the evaluation
of the ground-shaking hazard (Hays, 198¢). These problems must be ad-
dressed if more accurate specifications of the ground-shaking hazard
are desired. The problems can be categorized in four general areas--
selsmicity, nature of the earthquake source zone, seismic wave atten-
uation, and local ground response--with each area having a wide range
of technical fssues. Presented below are representative questions,
which generally .cannot be answered with a simpte "yes™ or "no," that
fllustrate the controversy associated with ground-shaking hazard maps.

Seismicity

¢ Can catalogs of instrumentally recorded and felt earthquakes {(usually
representing a regional scale and a short time interval) be used to
give a precise specification of the frequency of occurrence of major
earthquakes on a local scale?

o Can the seismic cycle of individual fault systems be determined accur-
ately and, if so, can the exact position In the cycie be identified?

o Can the location and magnitude of the largest earthquake that is
physically possible on an Individual fault system or in a sefsmo-
tectonic province be specified accurately? Can the recurrence of
this event be specified? Can the frequency of occurrence of small
earthquakes be specified?

o Can seismic gaps (i.e., locations having a noticeable lack of earth-
quake activity surrounded by locations having activity) be identified
and their earthquake potential evaluated accurateiy?

¢ Does the geologic evidence for the occurrence of major tectonic epi-
sodes in the geociogic past and the evidence provided by current and
historic patterns of seismicity in a geographic region agree? If
not, can these two sets of data be reconciled?
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The Nature of the Earthquake Source Zone

Can seismic source zones be defined accurately on the basis of his-
toric seismicity. on the basis of geclogy and tectonics, or on the
bas!s of historical seismicity generalized by geologic and tectonic
data? Which approach is most accurate for use in deterministic stu-
dies? Which approach is most accurate for use in probabilistic stu-~
dies?

Can the magnitude of the largest earthquake expected to occur in a
given period of time on a particular fault system or in a seismic
source zone be estimated correctly?

Has the region experienced fts maximum or upper-bound earthquake?
Should the physical effects of important earthquake source parameters
such as stress drop and seismic moment be quantified and incorporated

in earthquake-resistant design even though they are not traditionally
used?

Seismic Wave Atterwation

Can the complex details of the earthquake fault rupture (e.g., rupture
dimensions, fault type, fault offset, fault slip velocity) be modeled
to give precise estimates of the amplitude and frequency character-
istics of ground motion both close to the fault and far from the
fauit?

Do peak ground-motion parameters (e.g.., peak acceleration) saturate
at large magnitudes?

Are the data bases adequate for defining bedrock attenuation laws?
Are they adequate for defining soil attenuation laws?

Local Ground Response

For specific soil types is there a discrete range of peak ground-
motion values and levels of dynamic shear strain for which the ground
response is repeatable and essentially linear? Under what in-situ
conditions do non-linear effects dominate?

Can the two- and three-dimensional variations of selected physical
properties (e.g., thickness, l!ithology, geometry, water content,
shear-wave velocity, and density) be modelled accurately? Under
what physical conditions do one or more of these physical properties
control the spatial variations, the duration, and the amplitude and
frequency composition of ground response in a geographic region?

Does the uncertainty associated with the response of a soil and rock
column vary with magnitude?



CONCLUSIONS

Improved maps of the earthquake ground-shaking hazard will come as rele-
vant geologic and seismological data are collected and synthesized.
The key to progress will be the resolution of the research problems
igentifieg above.
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