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A statistical analysis of nationwide seismic activities is made to determine
the level and characteristics of earthquake motions to be expected in different
geographical locations. Such information is needed to identify the severity
of the earthquake threat to telephone facilities and to specify adequate
design requirements. This paper describes the essential seismic environment
including the expected earthquake-magnitude levels and the corresponding
frequency of occurrence for different seismic-risk zones, and the free-field
and in-building motions that might be induced by earthguakes. Stochastic
models are used to analyze the earthquake-occurrence statistics, and to
describe the induced random ground motions. Historical earthquake data
are used to verify the theory and to generate information useful for setsmic
destgn.

I. INTRODUCTION

Telephone communications are so vitally important to public health
and safety that special efforts must be made to prevent disruption of
these services by a destructive earthquake.' For this reason, and in
order to protect extremely expensive telephone plant investments, it
is important to incorporate earthquake-resistant design into telephone
facilities. The urgency of safeguarding communications systems against
earthquake hazdards has become even more evident as a result of experi-
ence gained from the recent San Fernando earthquake.” At present,
earthquake design loads for telephone plants are estimated through use
of structural design procedures such as those outlined in the Uniform
Building Code (UBC).? These procedures may be generally satisfactory
for building design, but are not appropriate for determining seismic
loads for equipment housed in central office buildings.* Consequently,
earthquake-resistant guidelines should be established for the physical
design of communications facilities, and these guidelines should be
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based on realistic estimates of the seismic environments to which
telephone plants may be exposed. These environments and the necessary
theoretical background for defining them are presented in this paper.
The dynamic behavior of telephone structures in these environments
and design criteria are not considered.

A statistieal study approach is adopted here and historical earthquake
data’® are used both to verify the theoretical analysis and to identify
the earthquake environments of engineering significance. The objective
in Section II is to derive two types of statistics: macrophenomena, which
deal with the single highest value of random parameters that charac-
terize the earthquake occurrence; and microphenomena, which describe
the local earthquake motion. In other words, it is a study of the statis-
tical distribution of the magnitude (or intensity) of the largest earth-
quake in a given area, as well as the distribution of the largest amplitude
of the nonstationary, earthquake-induced ground motion. In Section III,
the theory is then applied to analyze available earthquake data and
to generate information that is important from the viewpoint of seismic
design. Geographic regions in this country that have had moderate-
to-high levels of seismicity are selected (Fig. 1),° and the distribution
of the intensity of the maximum annual earthquake for each region is
then computed. Earthquake accelerograms along with the expected
response spectra for given magnitude levels are presented which can
be used for dynamic response analyses of structures.

II. STATISTICAL ANALYSIS OF EARTHQUAKES

Statistical techniques have been applied to many aspects of seismology
and earthquake engineering; for example, in the data processing that
involves estimating the travel time of seismic waves and locating their
origin (epicenter), or in the analysis of seismic actions from a given area.
In this section, emphasis is on this latter aspect, i.e., the statistical
analysis of seismic action in a certain area from both the global and
local standpoints. These two are distinguished by comparing the time
scales they involve. The global (or macro-) analysis deals with the earth-
quake occurrence over a long period of time measured in a multiple of
years. In this case, the earthquake-occurrence times and magnitudes
(energies) are treated as random sequences. The local (or ‘micro-)
analysis deals with the free-field seismic wave motion itself, which
generally lasts less than a minute. For each particular event, the local
ground motion varies randomly with respect to time and constitutes
a stochastic process. The objective of this section is to develop stochastic
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ZONEO—[__ ] NODAMAGE

ZONE 1 =277 MINOR DAMAGE; DISTANT EARTHQUAKES MAY CAUSE DAMAGE TO STRUC—
TURES WITH FUNDAMENTAL PERIODS GREATER THAN 1.0 SECOND;
CORRESPONDS TO INTENSITES ¥ AND ¥I OF THE M. M. SCALE

MODERATE DAMAGE; CORRESPONDS TO INTENSITY ¥ILOF THE M. M. SCALE.

ZONE 3 — _ MAJOR DAMAGE; CORRESPONDS TO INTENSITY ¥IIL AND HIGHER OF THE
M. M. SCALE,

THE PROBABLE FREQUENCY OF OCURRENCE OF DAMAGING EARTHQUAKES IN EACH ZONE WAS
NOT CONSIDERED IN ASSIGNING RATINGS TO THE VARIOUS ZONES.

Fig. IﬁEarthc(]Juake risk map by the National Oceanic and Atmospheric Adminis-
tration® and UBC.?

models that are suitable for seismic-risk study, use them to interpret
existing earthquake data, and extract information that can be used to
establish loading environments for telephone structures located any-
where in the United States.

2.1 Stochastic Model for Earthquake Occurrence

Earthquakes can be considered to be a series of events randomly
distributed on a real line (representing time), and the sequence of
original times {{,} forms a point process.” It is further assumed that
the joint statistics of the respective number of shocks in any set of
intervals are invariant under a translation of these intervals; this
implies that {f,} is a stationary point process. The stationary point
process generalizes certain aspects of renewal processes; in particular,
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the interval lengths r. = . — t._, between successive events need not
be independently or identically distributed.

The simplest stationary point process is the Poisson process. Intui-
tively, the process {i,} can be approximated as a Poisson process if it
represents rare events.* More rigorously it requires that r, be inde-
pendently and identically distributed and follow a negative exponential
function. Because of the simplicity and fairly general assumptions of
the Poisson process, many studies have been made to test its fitness to
the earthquake sequences.””* Unfortunately, results of these tests in
most cases indicate that the Poisson process is inadequate to explain
the time distribution of low-magnitude shocks. The main deficiency of
the simple Poisson model is its inability to describe the aftershocks
which are often triggered by a large main shock. To account for the
oceurrence of aftershocks, the simple Poisson model for the main events
is generalized to allow for the occurrence of more than one shock in a
time unit, and a rate function g(t) defined for ¢ = 0 and normalized
to unit area is introduced into the generalized model to describe the
distribution of the total number of aftershocks.” The function g(t) can
be either a decaying exponential or an inverse-power relation depending
on the magnitude, depth, and location of the main event.®'* This model
is known as the trigger or cluster model for earthquake processes.

However, for most practical engineering purposes, the simple Poisson
model for earthquakes appears to be adequate. In practice, an engineer
is concerned with the earthquake risk of structures located in some
specific geographic areas. The risk depends heavily on the statistics of
large earthquakes of these areas, and the omission of small earthquakes
or aftershock processes is relatively unimportant in terms of earthquake
risk. For this reason, the simple Poisson process” combined with the
extreme-value theory™ is used in this study to derive the distribution
function of the magnitude (or intensity, peak ground accleration, ete.)
of the largest shock in a time interval.

Let N(m), the expected number of earthquakes in an area per unit
time whose magnitude M exceeds m, be given by Gutenberg and Richter’s
familiar equation®®

log,, N(m) = a — bm, m >0 (1)
or, equivalently,

N(m) = ae™™ 2)

* Rare events may be justifiable if we consider only deep earthquakes or very
large earthquakes.®
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where &« = exp (a In 10), 8 = b In 10, and a and b are constants. Then

N (m) e im

P'(m) = prob (M > m) = NO) ~ 3)

and
Pim) =prob(M =m) =1—¢"", m>0. (4)
Therefore, the probability density function of the earthquake magnitude
is given by
p(m) = dP(m)/dm = Be™™, m >0 (5)
which indicates that the magnitudes of earthquakes are independently
and negative-exponentially distributed with a parameter 3. From
eq. (5), the mean magnitude of all earthquakes of magnitude m > 0
and its variance are, respectively, 1/8 and 1/8°. The mean return

period, i.e., the mean interval in years between earthquakes having
magnitude M > m, is

From eq. (4) and under the assumption that the number of earth-
earthquakes in an interval ¢ follows a Poisson distribution

pln, t) = (M)" exp (—\)/n!

with an average rate A > 0 (note that &« = Af), it can be shown that
the magnitude of the largest shock, denoted by y, in the interval has
the distribution

F(y, §) = prob (max m S ) = 3 p(n, DY

exp {—M[1 — (1 —e™)]} =exp(—Ate™), y>0 (7)

which is called the distribution of largest values of the first kind. From
eq. (7), the probability density function of y in ¢ years becomes:

fy, ) = dF(y, t)/dy = MBexp (—By — NMe™™), y>0. (8)

A concise yet detailed analysis of the above extreme value model and
its application in earthquake statistics has been given by Epstein and
Lomnitz."” It is noted that the most significant parameters in the
postulated earthquake occurrence model are A and 8. Based on historical
earthquake magnitude data, the values of A and 8 can be estimated by



1962 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1972

a least-squares regression procedure or by using Gumbel’s extreme-value
plot, on which F(y, t) should asymptotically fit a straight line. This
latter approach is used in Section III to analyze data from various
active seismie regions in the country.

2.2 Stochastic Model for Earthquake Ground M otion

Attention is now directed to the microanalysis of earthquake statistics;
a description of a stochastic model which can be used for this analysis
follows. The objective is to derive the probability distribution function
of the single highest amplitude of the earthquake ground motion having
a given magnitude, as well as statistics of its induced structural response.

2.2.1 Multiplicative Process Model

Various stationary and nonstationary models have been proposed to
describe the earthquake ground motion.”” The approach is to adopt
here the multiplicative process representative for the ground accelera-
tion z(t) given by

z(t) = ¢()n(t), 9)

where ¢(t) is a deterministic envelope function and n(f) is a Gaussian
stationary process with power spectral density S.(w) and autocorrelation
function R,(r). The following expression taken from Jennings, et al.”
represents the envelope function (see Fig. 2):

J(t/tl)’ 0St=st,,
o) = {1 L=<t=1,, (10)
L“‘““" h St t,

where u > 0is a constant and ¢, is the total duration of the accelerogram.
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Fig. 2—Envelope function for earthquake accelerogram.
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Under the assumption that the process n(t) is the response of a linear
ground filter with characteristic constants w, (representing natural
frequency) and £, (representing damping) to a Gaussian white noise
with uniform power spectral density S, it can be shown® that the
expected number of overshoots of z(f) per unit time over the double
barrier x = +ais

B 1 a2 \ ( a2 d,z )
mia(f) = o’ P (——205 ¢2)[aﬁ¢ exp \ =525

+ Eagﬁ erfe (‘/;id) ):l (11)

where ¢, and o, are standard deviations of n(t) and #() = dn/dt,
respectively.

It is also possible to derive the distribution F(z, t) of 2, the largest
value of z(¢) in a duration {, by again assuming that the probability
distribution for n crossings in ¢ is Poisson with a nonhomogeneous rate
Ni.@ = [; ma,(r) dr. By this assumption, which is good for high
crossing levels, it can be easily found that F(z, ) = exp [—N,., ()] and
the density function is f(z, ) = dF/di. It should be noted that the
analytical solution to the probability density function f(z, ) is extremely
complex even when ¢(t) has a very simple expression. However, the
mean and mean-square values of z in an interval ¢ and its variance can
be evaluated numerically without much difficulty. Note that these
quantities are time-dependent and are functions of S, the spectral
density of the white noise that produces n(t). Some useful approximate
solutions of the above statistical quantities are given in Appendix A.

2.3 Distribution of the Maximum Structural Response

The effect of the above earthquake process on structures can be
represented by its response spectra, the maximum responses of single-
degree-of-freedom systems with natural frequency w, and damping &, .
The primary interest is to find the expected response spectra and the
associated variances. Since the input process z(f) is nonstationary, the
response process %(t) is also nonstationary. The exact statistical behavior
of u(t) is, therefore, very difficult to obtain. However, results of practical
value can reasonably be obtained by considering either a stationary
approximation or a Monte Carlo approach. The latter is more accurate,
of course, and is used in this study; however, the stationary approxima-
tion method is sometimes preferred because it can provide quicker and
less-expensive numerical results.
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2.3.1 Stationary A pproximation

This method provides the approximation of the expected response
spectrum to an input earthquake process and follows directly from the
same approximate treatment as that used in arriving at egs. (13) to (17)
of Appendix A. Here it is assumed that the initial build-up and final
decaying portions of z(f) do not significantly affect the structural
response u(t), and therefore, u(f) can also be treated as stationary.
On this basis, egs. (13) to (17) will also be valid to approximate the
corresponding quantities for the response process after replacing z by
max ||, o, by o, which is the standard deviation of u(f), and », by
v, = o4/(x0,) = the zero crossing rate of w(t) from both above and
below. The values of ¢, and o, (the standard deviation of u(t) = du/dt)
can be easily determined by integrating the power spectral density func-
tions S.(w) and S:(w) = w’S.(w) respectively. The function S,(w) is
given by S,(w) | H,(w) |*, where H,(w) = (v} — o® + 2if,w,0)"" is the
transfer function of the structure and based on the ground motion model,
S.(w) = 8/[(w’ — w2)® + 4£,0°w]]. The results for the statistics of u(t)
in terms of given input and system parameters are given in Appendix B.

2.3.2 Monte Carlo Computation

The second approach to establish the distribution of the maximum
structure response is Monte Carlo computation; the procedure is
demonstrated below. For each magnitude level M, the expected spectral
intensity SI,, = J2% S,(T,, 0.2) dT, , representing the damage (re-
sponse) potential of an earthquake,” is obtained from Fig. 3, in which
0.2 is the associated damping ratio, T, = 2r/w, = the natural period

5 50

DURATION OF STRONG SHAKING
IN SECONDS

RICHTER MAGNITUDE OF EARTHQUAKE

Fig. 3—S8I,.; Intensity and duration of strong shaking versus Richter magnitude.
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of the structure, and the duration of the strong shocking ¢, is also given
in this figure. The desired earthquake process z(f) is obtained by first
generating the stationary process n(t) on a computer by the standard
method,* then shaping n(t) by ¢(t), and then normalizing it to match
the expected spectral intensity SI, .. The response spectra S,(w, , £,)
of each of the sample functions of x() are then computed and averaged
to obtain E[S,], where E denotes the ensemble average, and o,, , the
corresponding standard deviation. By this procedure the numerical
solutions converge to the true ones rapidly as the sample size increases.
With efficient algorithms and computer facilities available, this method
should prove satisfactory for practical purposes. This method is used in
the next section to generate the desirable ensemble of earthquake
accelerograms and the associated response spectra.

III. APPLICATIONS

The statistics of earthquakes that ecan occur within various specified
geographic regions in the United States are next estimated using
historical data and the theories given in the previous section.

3.1 Return Periods of Earthquakes

The distribution of the magnitude of the largest annual earthquakes
that occur within a particular region is given by eq. (7) with { = 1 year,
Gumbel’s probability paper' for extreme-value distributions of the first
kind is used to plot this data. If the variate m does indeed follow a
Poisson distribution, the distribution F(y, t) in eq. (7) will plot in
Gumbel’s paper as a straight line. Earthquake return periods are equal
to (1 — F(y, t))""; therefore, the required information is automatically
generated when the Gumbel probability paper is used.

The procedure for constructing an extreme-value plot for a specified
region is as follows. The highest annual modified Mercalli Intensity (I)
[y in eq. (7)] for n years, as given in the U. 8. earthquake catalogue,” are
tabulated in order of increasing size: y(1) < y(2) £ --- = y(n). For
each y(7), the associated value of F(y(3), 1) = 7/(n 4+ 1). The computed
F(y(z), 1)’s are plotted on an extreme-value graph versus Richter
Magnitude (M) by using the relationship M = 1 + 2I/3 as proposed
by Gutenberg and Richter."

The geographic regions that have been referred to are selected after
first dividing a map of the United States into 1-degree-longitude by
1-degree-latitude rectangular areas (each segment is approximately 50
by 70 miles) in Fig. 4. Each rectangle contains two numbers that are
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Fig. 4——Earthquake intensity data map of the United States.
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obtained from historical data’ if an earthquake of Modified Mercalli
Intensity (I) greater than V had ever occurred within its boundaries.
The arabic number represents the number of years when earthquakes
have occurred, and the Roman numeral represents the largest intensity
associated with any of those events. This information ecomplements the
seismic risk map in Tig. 1, and the two are considered together for
defining boundaries around areas that appear to have comparable
seismic history. These areas and boundaries are shown in Fig. 5a, and
graphs showing Richter magnitude versus estimated return periods for
earthquakes that may occur within these boundaries are shown in
Fig. 5b. The largest magnitude distributions are plotted in Gumbel’s
paper as straight lines in Fig. 5b with its slope being proportional to the
standard deviation of the maximum magnitude levels. Note that these
distributions are based on all earthquakes that occurred in the identified
areas with the exception of the 1811-1812 New Madrid, Mo. and the
1886 Charleston, South Carolina earthquakes. The return periods for
these two violent events are estimated to be thousands of years; conse-
quently, these are not regarded as meaningful data. Notice also that
areas A, E, and H (see Fig. 5a), although geographically discontinuous,
have very similar and comparable seismicity (Fig. 4) and the calculated
distribution data for these areas are represented by a common straight
line in the Gumbel’s probability paper (Fig. 5b). Although various
methods ean be used to estimate the parameters of extreme distributions
with different degrees of significance, such efforts are not warranted
because a slight variation in the estimation is not an overriding concern
in engineering risk analysis. Based on the same reason, distributions
for areas B, F, G, I, J are also approximated by a common straight line.

Based on the results of I'ig. 5b, maps such as that in Fig. 6 showing
the Richter magnitude levels associated with different return periods
can be constructed. Such maps are of value because they not only show
the different degree of severity of earthquake threat in various regions,
but also give the information as to how frequently the damaging
earthquakes would be expected to occur in these regions. It may be noted
that similarities exist between Figs. 1 and 6 because the seismic-risk
map was referenced in selecting the boundaries in the return-period
study. Some of the dissimilarities are noteworthy, however:

(?) The boundaries of the zone-3 area in parts of California and
Nevada are not the same as those around the high-Richter-
magnitude area in these states. The Great Central Valley below
the 40th parallel has had greater seismic activity than most



1968

RICHTER MAGNITUDE

THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1972

A
B
J
D
c G
}F
H 1
E
(a) -
PROBABILITY F {y,1)
g.so 0.70 0.80 0.90 0.95 097 098 0.99
T T T
i HEGIONIC
I /
/
8~ i -
: ]
| / / D
|
7+ I / P
I /./ // / A E H
,/I/ B, F,G,1J
6 i / /_/‘/
| / L~
| / L1
51— ///
|
=g ®)
—
4 /I/ /
2 | 3 4 5 10 20 30 40 50 100
MEAN ESTIMATED RETURN PERIOD IN YEARS

Fig. 5a—Seismic regions and boundaries for magnitude distribution analysis.
Fig. 5b—Earthquake Richter magnitude versus estimated return period.

200



EARTHQUAKE ENVIRONMENT 1969

7,

ng

P A' Z
7 / /A :'

Fig. 6—FEstimated maximum earthquake magnitudes for 40-year return period.

other western states, zone-2 areas; therefore, its data is con-
sidered with that of the neighboring zone-3 area.

(%) California and Nevada have earthquake histories that indicate
that larger earthquakes will occur in this area than in other
zone-3 areas for the same return periods. The estimated maxi-
mum Richter magnitude is 8, whereas it is 6 for the Seattle area,
6.7 for the Montana-Iowa-Utah zone-3 area, 6 for the St. Louis
area, and 5.7 for the Boston and Charleston, 8. C. areas. Boston
and Charleston do not appear to be more earthquake-prone
than their respective surroundings which is in constrast to the
information in Fig. 1.

(7i7) Western New Mexico appears to have more earthquake potential
than the rest of the Western United States, zone-2 region.

(i) A small area within the western part of Texas is designated as
zone 2 solely because of the M = 6.4, 8/13/31 earthquake at
Mt. Livermore. Insufficient data prevents an extreme value
distribution to be established; therefore, the region is not
designated to be different in Fig. 6 from its surroundings.

Ground shaking that may occur in territories that are designated by
an M = 5 design level in Fig. 6 (zone-1 in Fig. 1) are generally expected
to be too small to be of engineering-design interest. Ground motion in
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these areas could result from small-magnitude, local tremors or large-
magnitude distant earthquakes; however, it does not appear to be a
significant threat. The M = 5 design level shown for these areas in
Fig. 6 should be regarded as an upper bound that is not necessarily
applicable, particularly in geographic areas that have never experienced
earthquakes (see Fig. 4).

3.2 Free-Field Ground M otions

It has not been feasible for building engineers or seismologists to
consider geological conditions and then make precise, a priori predictions
of ground motions that will occur at any particular point on the earth’s
surface during an earthquake. This is so because most dependent
parameters such as earthquake magnitude, focal depth, epicentral
distance, slipped fault length, propagation path, and soil-media prop-
erties, are usually not adequately known.

A more direct and realistic approach to defining ground motions is to
artificially synthesize them using characteristic parameters from past
earthquake accelerogram measurements, such as dominant frequency,
amplitude (Fig. 7), spectrum intensity, and duration of ground motion
(Fig. 3), etc. Dominant frequencies of an earthquake are defined here
as those corresponding to the dominant peak in the Fourier spectrum
of the accelerogram. These are known to range between 6 and 60
radians/s with a mean value of approximately 15 radians/s (Fig. 8).
Peak acceleration amplitudes can be generally related to magnitude by
the curve in Fig. 7. These are upper-bound values for compact alluvium.
Accelerations on sites of different geology would fluctuate about the
values shown in Fig. 7.

The procedure and references for synthesizing an artificial earthquake
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Fig. 7—Expected peak amplitudes of earthquake accelerograms.
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frequencies of strong-motion earthquakes.

using the above parameters and a digital computer are given in Refs. 20
and 23. A sample accelerogram for an earthquake of Richter magnitude
6.3 is shown in Fig. 9a. The assumed values of the dependent parameters
used to create this waveform are a dominant frequency of 15 radians/s,
an SI, . of 2.3, and an envelope function which is comprised of a 3-
second buildup, 9 seconds of strong stationary shaking, and an exponen-
tial decay that lasts for 18 seconds. The waveform in Fig. 9a is one of
an ensemble of 25 synthetic earthquakes generated according to the
Monte Carlo method described earlier, and it corresponds to the average
of the peak accelerations from the ensemble. This is 0.28 g's which
coincides with the acceleration value given by both Housner® and
Gutenberg-Richter'® for an earthquake of this magnitude. The velocity
and displacement functions corresponding to this particular accelero-
gram, obtained by integrations after performing baseline corrections,
are shown in I'igs. 9b and 9c. The peak amplitudes are 1.5 ft/s and
1.3 ft respectively.

Artificial earthquakes corresponding to different Richter magnitudes
and dominant frequencies can be synthesized in the same manner. If the
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dominant frequency is close to the average (15 radians/s), it is simpler
to approximate other horizontal ground motions by scaling the pre-
viously mentioned waveforms with the factors shown in Table I which
are the SI, , values normalized to 1.0 for a magnitude 6.3 earthquake.
This procedure will yield peak accelerations for different magnitudes of
earthquakes that are approximately in agreement with Housner’s
data®™ (Fig. 7).

Figures 10a, 10b, and 10c are acceleration, velocity, and displacement
response spectra of the accelerogram shown in Fig. 9a for damping
ratios of 2 percent, 5 percent, and 10 percent. It is apparent that the
acceleration, velocity, and displacement time functions of Figs. 9a,
b and ¢ together with these response spectra, are quantities associated
with a particular sample member of the entire ensemble of earthquake
ground motions. If a nondeterministic approach to structural analysis
or design is used, the mean values and information about the variability
of the ensemble response spectra are needed. The average response
spectra and the corresponding standard deviations of the 25 synthesized
earthquake samples are obtained by the Monte Carlo computation as
described earlier and shown in Fig. 11. Note that these spectra represent
only the elastic structural responses. For response analysis or design
when inelastic behavior of structures is expected, the additional energy
dissipation in the structural-foundation system should be taken into
consideration.

It is understood that the vertical motion of an earthquake is generally
less severe than, and is not of as much concern to structural designers
as the horizontal motion. The accelerograms and response spectra of
vertical motions may be taken as one-half to two-thirds the horizontal
accelerograms and spectra shown in Figs. 9 and 10, respectively. This

TaBLE [—SPECTRUM INTENSITY SCALING FACTORS

The following scaling factors are Spectrum Intensity Factors® (S, ;) normalized
to 1 for an earthquake of Richter magnitude 6.3. Free-field horizontal ground motions
and response spectra may be estimated for design purposes by multiplying the ampli-
tude coordinates on Figs. 9, 10, and 11 by these scaling factors.

Richter Magnitude Scaling Factor
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Fig. 10—Response spectra of earthquake accelerogram shown in Fig. 9.
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Fig. 11—Expected velocity spectra and standard deviation of an earthquake
process with M = 6.3.

recommendation is made without the support of extensive theoretical
analysis or data reduction as is done for the horizontal motion. However,
it agrees with the limited data presently available, and it is consistent
with the design practices adopted for other structures such as dams
and nuclear power plants.*

3.3 In-Building M otion Environments

Telephone equipment installed within multistory buildings can
generally be expected to encounter motion environments of greater
intensity than equipment in single-story structures. Environments for
the latter will be essentially free-field accelerograms, but multistory
buildings amplify ground motions. It is not a trivial matter to specify



1976 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1972

exactly how much amplification will take place, however, because the
structural response of a building depends strongly on the properties
of the structure and its founding soil. Soil properties affect not only the
characteristics of the ground motions but also the fundamental frequency
of the building. This in turn can drastically affect the way a building
will vibrate and is generally referred to as soil-structure interaction.*®'*

Typical fundamental frequencies for telephone buildings up to
20 stories tall and founded on various soils are also given in Fig. 8. If
one examines building-frequency formulas found in the UBC, it will
be noted that some nontelephone buildings have lower frequencies
than those shown in Fig. 8. Telephone buildings are usually extremely
well designed and constructed, and in spite of the massive equipment
contained within them, their natural frequencies are generally higher
than those of conventional office buildings.

It is important to understand that tall buildings, even the rigid ones
constructed for telephone service, usually have fundamental frequencies
that are below the dominant frequency contained in most earthquakes.
This is fortunate because when the dominant frequency of an earthquake
matches the fundamental frequency of a building, the acceleration
responses of the structure can be much greater than in situations when
these two frequencies do not match. This fact is illustrated in Fig. 12,
which resulted from a study of the potential responses of a twenty-story
building when subjected to earthquakes with various dominant fre-
quencies.” It should be noted that the amplification of horizontal ground
accelerations would clearly be highest when the earthquake’s dominant
frequency happens to match the structure’s fundamental frequency and
the building is founded on a stiff soil (V, = 4000 ft/s). This hypothetical
situation is unlikely to occur however; in fact, historical data that are
shown on the frequency coordinate of Fig. 8 suggest that a frequency
match should not be expected for telephone buildings that are over
eight stories. A frequency match for buildings under eight stories will
not result in amplifications that are as large as those given in Fig. 12.
The estimated maximum ratios of in-building acceleration to horizontal
ground motion that can be used for design purposes is shown in Fig. 13,
which is a composite plot applicable to all telephone buildings up to
20 stories tall. These analytically-derived amplification factors may be
regarded as upper-bound values that take into account the effects of
the natural frequencies of the buildings, expected dominant frequencies
of potential earthquakes, and all possible soil conditions on which
buildings would conceivably be erected. Approximate in-building
horizontal accelerograms can be artificially synthesized in a manner
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Fig. 13—Estimated practical upper bound for in-building horizontal accelerations
during an earthquake.

similar to the generation of free-field motions, except that the value
of SI,., must be first multiplied by an amplification factor taken from
Fig. 13. As an alternative to that procedure, the waveform shown in
Fig. 9 and the corresponding response spectra in Figs. 10 and 11 may
be multiplied by the appropriate scaling factor from Table I and also
by the amplification factors given in Fig. 13. Note that these approxi-
mations are valid assuming there is no resonance between the building
and the floor-mounted equipment.

IV. CONCLUDING REMARK

An extensive statistical analysis of seismicity data and earthquake
motions has been made. Simple yet realistic stochastic models are used
to describe the earthquake occurrence process and the random local
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ground motion. Information useful for seismic design of the telephone
system is generated according to the theory presented and through
the use of an available strong earthquake catalog.

1t should be pointed out that the main concern of this study is to
provide information to assist in the physical design of earthquake-
resistant structures by describing a realistic nationwide earthquake
environment in meaningful engineering terms. The next step will be
to establish appropriate structural design criteria. A simple approach
for this would be to base such criteria on the most severe earthquake
environment corresponding to the structure’s expected service life
(say 40 to 50 years) and knowledge of its stress, strain and deformation
tolerance limits under dynamic loads. For important structures such
as telephone central offices which house various sensitive and expensive
electronic communications equipment, a more rigorous approach based
on both the seismic risk and cost analyses is desirable. An optimal
design strategy in terms of earthquake and structure parameters can
be reached by achieving a balance in the total construction cost and
the expected loss due to earthquake damage. The mathematical formula-
tion and detailed analysis of such an optimum seismic design procedure
are reported in a forthcoming paper in the B.S.T.J.*

Finally, it should be emphasized that the earthquake environments
that are described are not intended, nor should they be construed, to
be prophetic descriptions of future earthquakes. However, structures
that are designed to adequately withstand these environments should
consequently be expected to have a high probability of survival against
earthquakes during their service life.

APPENDIX A

Approximate Solutions for the Peak Value Statistics of z(t)

Some approximate solutions can be obtained for the statistics of the
peak amplitude of z(t) in the following manner. Assume that for ¢(f)
in Fig. 2, the lengths of {, — 0 and ¢ — ¢, of the initial build-up and
final decay are relatively short compared with the length ¢, — ¢, of the
strong-motion phase of the accelerogram, and that the occurrence time
' of the extreme peak z*’ of a sample function '’ (t) will always oceur
in the range [t;, f.]. These assumptions are justified from analyses of
the behavior of structures under earthquake motion. Under these
conditions and setting ¢ = 1, eq. (11) becomes

M (f) = v, exp (_;_:i) ) (12)
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where v, = o;/(w0,) = w,/m is the expected number of zero crossings
of the process n(f) per unit time from both above and below. The
problem is then reduced to a stationary one. Letting {, = ¢, — {, and
using the logic that follows eq. (11) readily lead to the following approx-
imate solutions:

F(z) = exp (—walee™™ /") (13)
2
1) = " exp (~ 25 — ), 19
= (A + %)a',, , (15)
2 = (A + 2v0), (16)
and

where A = (2 In »,4,)"* and v is the Euler constant. If the ground
acceleration is represented by a filtered white noise of constant power
spectral density S, it can be shown that o, = (Sw/2,0)"* and that
oy = w,0,, where w, and £, are the natural frequency and damping
constant of the simple ground filter. From eqgs. (15) and (17) and the
expression for ¢, , Z and ¢, can be expressed in terms of ¢, and S.

APPENDIX B

Stationary Approximation for the Statistics of Response Process u(t)

The results for statistics of the response process «(f) using the station-
ary approximation method are:

2 TS MB

%= A(AB - A4’ (18)
2 S A3
v e wil 19)
and
_1 AuAs)’
Pe = T ( B (20)

where 4, = o}, A, = 2w,0,(¢0, + £w,), 4; = o} + 0} + 4Etww,,
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Ay = 2(Ew, + £w,), B = 4,4, = A, , and

g _ 25.7‘-"2.}23!112 i
S)f - 'H'(Az + 7)2 (21)

The quantity S, in eq. (21) is the expected uniform power spectral
density of the white noise which will produce an earthquake process
z(t) of magnitude M with an expected peak ground acceleration z,,
[see eq. (15)].

Now the response spectrum can be expressed in terms of Z, . The
relationship between Z,, and M is shown in Fig. 3 based on the data
from Housner.”® The expected (pseudo-) velocity spectrum, defined
as S,(w, ,£) = w, sup | u |, is then given by

i

ES,(CIJ,, H Eu) = CI.),,KO',, b (22)

where K = (2 In ».t,)"* 4+ v(2 In ».t,)”""*. The standard deviation of
the pseudovelocity spectrum, in analogy to eq. (17), is given by

o,, = w,osup |u| = 1.28w,0,/K. (23)
¢
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