P

TID-r22 Y

REACTOR TECHNOLOGY
(TID-4500, 22nd Ed.)

yad 03 s.

NUCLEAR

REACTORS
and

EARTHQUAKES

Issuance Date: August 1963

Prepared by Lockheed Aircraft Corporation
and Holmes & Narver, Inc., for the Division
of Reactor Development

UNITED STATES ATOMIC ENERGY COMMISSION
Division of Reactor Development

Washington, D. C.
This documest is

% LY RELEASABLE

Auth Oﬂy
Duzor?./l‘g/ 05"

4




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



Pl

Py

INTRODUCTION

This report has been prepared for the U. S. Atomic Energy Commission by personnel of
Lockheed Aircraft Corporation and Holmes & Narver. Inc. It is intended to supply perti-
nent seismological information to engineers in the nuclear reactor field. Included are
hwm@ﬁtensity. and wavé shapes. In¢I0déd also are some_tech-
niques for evaluating the response of structures to such events. A brief discussion of
certain reactor types and modes of operation 1s included to provide architectural. struc-
tural, and mechanical engineers with an insight into the design requirements of the in-
dustry.

Although infrequent, earthquake effects on reactors should not be separated from
the general problem of reactor safety. Seismology and geology should enter the earliest
site-selection considerations. A criterion of possible earthquake damage should be de-
termined prior to final design. and the effects of earth motion should be evaluated for all
components of the plant. This would involve consideration of such items as: an in-
creased possibility of structural failure in the reactor and a possible need for an added
degree of containment; control and safety circuitry under vibratory stresses; need for
seismoscopes to initiate protective action automatically; regular inspections to assure
that plant modifications have not increased seismic vulnerability and special inspections
after earthquakes to assess damage; increased susceptibility to failure of components
during seismic motion due to aging, fatigue, or irradiation damage. The cost of decreas-
ing the earthquake sensitivity of the plant would have to be balanced against the conse-
quences of its failure. In a properly designed plant, however, it is to be expected that an
earthquake will not be a unique and overriding hazard in itself, but it will add to the pos-
sibility of mechanical or structural failure. which could lead to more severe conse-
quences.

The authors of this report are T. H. Thomas. G. Yasui, and R. H. Graham of Lock-
heed Aircraft Corporation and R. A. Williamson, R. E. Lowe, and Warren Hoak of
Holmes & Narver. Inc. B. J. Garrick of Holmes & Narver. Inc., reviewed the material
on reactor safety. The approach to earthquake-resistant structural engineering was
guided by G. W. Housner of the California Institute of Technology. C. F. Richter of the
California Institute of Technology furnished the domestic and world-wide maps of earth-
quake incidence. R. B. McCalley, U. S. Atomic Energy Commission, Washington, D. C..
contributed the analytical approach outlined in Appendix E.

The authors would like also to express their appreciation to J. Schlocker of the
U. 8. Geological Survey at Menlo Park, Calif., for his critical review and many sug-
gestions regarding Chapter 1. Contributions have been made in the areas of seismos-
copy by Dean S. Carder and William K. Cloud of the U. S. Coast and Geodetic Survey.

In the area of industrial earthquake damage, contributions have been made by Xarl
Steinbrugge of the Earthquake Engineering Research Institute. George Coltrin of the
Pacific Gas and Electric Company. and H. C. Vander Heyden of the Southern California
Gas Company.
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Many other individuals and organizations, governmental and industrial, in the fields
of seismology, structural engineering. and reactor development have generously as-
sisted whenever contacted.
The accumulation of drafts, assembly of peripheral information, and much of the
rewriting of the final manuscript have been by T. H. Thomas, Technical monitors and
reviewers for the Division of Reactor Development, U. S. Atomic Energy Commission, (
have been S. A. Szawlewicz, R. B. McCalley, and R. R. Newton.
Final editing for publication has been performed at the AEC’s Division of Technical
Information Extension, Qak Ridge, by Mrs. Anne M. Goulden and Miss Ruth N. Bean. 4y

RICHARD H. GRAHAM
Lockheed Aivcraft Covporation

~
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GENERAL EARTHQUAKE CONSIDERATIONS
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1.1 CHARACTERISTICS OF STRONG-MOTION EARTHQUAKES

In the past half century, which represents the era of modern seismology, it has been
observed that most earthquakes occurring in this period originated in either the crust or

the mantle of the earth at depths varying from a few to several hundred miles.

1.1,1.2

These are so-called tectonic earthquakes because their origin can be correlated with de-
formation such as ruptures or faults. Other types of earthquakes, such as those associ-
ated with volcanic activity, landslides, and collapse of caverns, are not as well under-
stood as the tectonic type but are of less practical interest since their occurrence is
relatively infrequent, representing a minor fraction of the observed seismic activity of

the earth.

Geophysical observations, particularly records of earthquakes, suggest this picture
of the interior of the earth. The crust is a relatively thin, brittle outer shell, varying
from a thickness of a few miles (7 to 11 miles average) under oceans to an average of
21 miles under continental masses. Under some mountain ranges the depth may be nearly
40 miles. The crust lies on the mantle, which extends to a depth of 1800 miles and con-



1.1

CHARACTERISTICS OF STRONG-MOTION EARTHQUAKES

stitutes more than 80% of the earth’s volume. The mantle, in turn, surrounds the core.
The average density of each layer, according to the American Geological Data Sheet Com-
mittee (1958 A6-19), is as follows: crust, 2.84 g/cm®; mantle, 4.93 g/cm®; and core,

10.93 g/cm®.

There is disagreement concerning the physical state (solid vs. liquid) of the two inner
regions, but the present trend of opinion is certainly toward a solid mantle and a liquid
core.!® The doubt comes from the present lack of knowledge concerning properties of
solids and liquids at the high pressures and temperatures that exist in the interior of the
earth. Nevertheless, isostatic balance of high mountains and low valleys, disclosed by
gravity measurements, indicates that the mantle is more or less plastic beyond a depth of
about 60 miles below sea level. Rigid properties of the mantle, however, are indicated by
deep-focus earthquakes arising from ruptures at depths as great as 435 miles below sea
level. Further evidence is provided by the ability of the mantle to transmit, throughout
its thickness, transverse seismic waves, which appear as shear displacements at right
angles to the direction of propagation. Experimental evidence exists for the belief that
material with little or no strength, but with high viscosity, can be ruptured and sheared. !
In contrast, the core does not transmit transverse seismic waves and is therefore con-
sidered to be fluid.

The crust and the rigid upper part of the mantle are in a continual state of deforma-
tion owing possibly to contraction from cooling, fluid drag from convection currents in
the plastic part of the mantle and in the core, or from other unidentified forces of a ther-
mal nature such as radioactive decay. As a result of these forces, strains that slowly
accumulate in the crust and mantle are suddenly relieved by rupturing (faulting) at spe-
cific points, mostly in the heterogeneous outer regions of the crust and mantle. From
this rupturing large amounts of stored energy are released. The portion of this energy
transmitted as vibrations, particularly in the crust, gives rise to the commotion known as
an earthquake.

The tectonic viewpoint is strongly supported by specific examples such as the 1906
San Francisco earthquake. Records for 50 years prior to the event reveal that triangula-
tion monuments in the area changed position measurably, suggesting slow movement of
adjacent crustal blocks along the San Andreas fault. After the earthquake, which resulted
in horizontal displacements along the fault as great as 21 ft, H. F. Reid!"® proposed in his
elastic rebound theory that strains in the tightly locked fault, as the result of the observed
relative motion of the adjacent crustal blocks, gradually accumulated until the strength of
the rock was exceeded, as shown schematically in Fig. 1.1. This resulted in a sudden
slip, or elastic rebound, along a plane of weakness.

Fig. 1.1—Schematic illustration of elastic re-
bound theory. A, unstrained blocks. B, strain
condition preceding earthquake. C, configu-
ration just after earthquake. (Data from Ref.
1.2.)

(A) (8) (C)

The numerous aftershocks usually accompanying earthquakes may be accounted for
by this theory since it is plausible that the rebound motion either stops short of equilib-
rium displacement or continues beyond, leaving residual strain energy sufficient to cause
later shocks of lesser magnitude along the weakened fault. Similarly, foreshocks, which
often precede large earthquakes, are assumed to increase the accumulated stress at the
focus, setting the stage for the main shock.
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Faults

The rough plane of weakness between adjacent crustal blocks is commonly referred
to as a fault. A fault trace is the line of intersection of this plane with the earth’s sur-
face. The strike of a fault is the orientation with respect to longitude (angle from north)
of the line of intersection of the fault plane and a horizontal plane. The dip of a fault is
the acute angle between the fault plane and a horizontal plane. It is measured in the plane
perpendicular to the strike. The focus or hypocenter of an earthquake is the point at
which fracture first occurs on the fault. The epicenter is a point on the earth’s surface
directly above the focus, so that if the fault plane is inclined the epicenter will not be on
the fault trace. For purposes of this document the term center is defined as the location
of the center of the slipped area of the fault.

Sudden slippage on faults is the origin of the large majority of earthquakes. Volcan-
ism accounts for most of the rest. According to C. F. Richter, conclusive surface evi-
dence of faulting has been associated with earthquakes in only about 20 instances through-
out the world.}? Despite the lack of surface evidence, the relative directions of slip on
the two faces of a subsurface fault can be deduced from seismographs, and these obser-
vations indicate that destructive earthquakes in the western United States are caused by
fault slipping.

Most earthquakes, including those most destructive, are shallow shocks originating
in the upper 20 miles of the earth’s crust. This is attributed to the brittle and heterogene-
ous nature of the material in this zone, which does not permit large deformations without
rupture. The initial fracture usually starts at a depth of about 10 miles, and the slip zone
rarely reaches the surface. In small earthquakes the slippage is confined to a local zone,
which may be regarded as a point source, and the resulting ground motion is limited to a
relatively small theoretically circular area. In large earthquakes the initial slippage,
originating at a point source, is propagated along the fault plane, resulting in a larger and
generally elongated area of strong ground motion.

Earthquakes may occur at depths greater than 20 miles. Gutenperg and Richter!-!
classify shallow and intermediate shocks as those originating at depths less than 40 miles
and 200 miles, respectively, and deep shocks as those originating below 200 miles. Fre-
quency of occurrence decreases with depth; intermediate and deep shocks are rarely
destructive.

Surface rupturing along a fault trace may extend as much as several hundred miles
as observed in the San Francisco shock!? of 1906. Generally the amount and extent of
surface rupture is directly proportional to the intensity of the earthquake, inasmuch as
both are related to the slippage that takes place along faults at depths of several miles or
more. At these depths the crustal rocks are more consolidated, less fractured, and less
altered compared to rocks at or near the surface. In a region where a thick surface
blanket of poorly to moderately consolidated sediments exist, such as in a wide, deeply
alluviated valley, the slippage of deeply buried crustal blocks may be accommodated in
the surficial blanket by widespread but minor rupturing, by folding or wrinkling, or by
readjustment in the packing of grains. Thus no well-defined surface rupture may be found
for destructive shocks in such areas. Examples are the earthquakes at Santa Barbara,
Calif. (1925) and at Long Beach, Calif. (1933).

Destructive earthquakes in the western United States have originated from faults
showing surface rupture that varies from predominately horizontal to predominately
vertical. Both horizontal and vertical components are seen along some faults.

The observed amount and persistence of surface rupture associated with several
strong earthquakes!'® are shown in Table 1.1.

Surface rupturing associated with strong earthquakes may be very complex. It may
take the form of wide zones of small fissures in which individual offsets vary from an
inch to a few feet. The zones may follow known faults or may have a straight or arcuate
alignment unrelated to known faults. Fissures within the zones may have an echelon
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arrangement or have different trends, and the displacements on them may be in diverse
directions. Examples of this type are described in considerable detail for the Fukui,
Japan, earthquake'® of 1948 and the Kern County, Calif., earthquakes!:? of 1952.

Precise resurveying of bench marks and triangulation points is exceedingly useful
in revealing earth movements in connection with faulting and earthquakes. They gener-
ally show a more consistent and simpler pattern of movement than that shcwn by complex
surface ruptures.!-8:!7

Table 1.1-—OBSERVED AMOUNT AND PERSISTENCE OF SURFACE RUPTURE

Maximum observed offset
along fault trace, ft

Length of

Earthquake Date Horizontal  Vertical rupture, miles
Nagano, Japan 1847 9 5
Owens Valley,

Calif, 1872 20 23 40
Japan 1891 13 19 60
Assam 35 12
Yakutat Bay,

Alaska 1899 47
Formosa 1906 8 6 30
San Francisco,

Calif. 1906 21 3 270
Pleasant Valley,

Nev. 1915 15 22
Hawke's Bay,

New Zealand 1931 6 9
E1 Centro, Calif. 1940 15 Small 45

Tsunami

Tsunami, often miscalled tidal waves, are large sea waves associated with earth-
quakes. They are assumed to be produced by shallow-focus earthquakes under the ocean
bottom although some have been associated with seisms of inland origin. Waves can be
very massive and appear suddenly with no associated meteorological activity.

These waves, when traversing the open sea, measure several miles from crest to
crest and move at velocities of 400 to 500 miles/hr. They create no hazard for ships in
their path but can cause severe damage as they pile up in shallow water and enter bays,
fjords, and narrow estuaries. A tsunami with a wave height of 210 ft reached Cape
Lopatka on the Kamchatka Peninsula in 1737.

Tsunami are potential sources of damage to tidewater nuclear power plants, as well
as other coastal installations. A tsunami warning net, including Hawaii and the western
coast of the United States, is in operation. Although intense weather systems create
microseismic activity, tsunami appear out of the sea usually unannounced by local phe-
nomena, other than seismographic evidence of a distant earthquake. Sometimes the sea
withdraws from the coast prior to arrival of the wave; although this 1s not a reliable pre-
cursor. The seismograph stations in the warning net announce detection of severe local
earthquakes. Tide gauge stations watch for abnormal fluctuations. If such occur, a tsu-
nami warning is broadcast to coastal regions that are potentially afflicted. This techmque
allows sufficient warning time to prevent loss of life in distant areas; although property
damage may be severe since tsunami travel for thousands of miles without appreciable
attenuation.
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PROPAGATION OF SEISMIC WAVES 1.1C

The Pacific Ocean is estimated!-? to have one or two tsunami per year, but usually
these are quite small.

Propagation of Seismic Waves

Seismic waves travel at varying speeds. These speeds depend on the properties of
the transmitting medium. In soft alluvium the velocity of seismic waves may be as low as
0.3 mile/sec, and in very firm alluvium the velocity may reach values of 0.9 to 1.2
miles/sec. Where velocities are stated in miles per second, statute miles are implied
rather than nautical miles.

The seismic disturbance is propagated from the fault in two principal wave types:
longitudinal, or P waves (dilatational), and transverse, or S waves (shear). The velocity
of S waves is less than that of the P waves. Longitudinal waves have the compression-
rarefaction vibration characteristics of sound waves, with frequencies that are sometimes
audible.!-®

Transverse waves have shear strain characteristics, vibrating the soil particles in a
plane normal to the direction of propagation. The theoretical velocities of these two types
of waves, based on the idealized assumption of an infinite, homogeneous elastic medium,

are given by the following expressions:"10
- (1-0)E
e VT +0) (- 200 (1.1)

- E
Vs = 4 /—-——2(1 o (1.2)

In Egs. 1.1 and 1.2, v, and v, are the velocities of the P and S waves, respec-
tively. For the particular medium, E is the modulus of elasticity, ¢ is Poisson’s ratio,
and p is the mass density.

The velocity of these two types of waves in rock varies with depth below the earth’s
surface as shown in Fig. 1.2. The core, with the possible exception of the inner portion,
does not transmit S waves. For this reason the plot of the S waves is shown as termi-
nating at the interface between mantle and core. The velocities of P waves through vari-
ous materials are shown in Table 1.2,

Those P and S waves reaching the surface near the epicenter generate two other wave
types, called Rayleigh waves (R) and Love waves (L), which travel along the surface. The
R wave produces an elliptical surface motion in a vertical plane containing the source and
the point of observation; whereas the L wave is a shear type (transverse) wave vibrating
in a horizontal plane. Surface reflection of P and S waves can also occur. P and S waves
after one reflection are called PP and SS; and after two reflections they are called PPP
and SSS. Reflection of P waves in the form of S waves is also possible. The resulting
wave is designated PS, and, if it has a reverse history, it is designated SP. Differences
in arrival times of the various wave types form the basis for locating epicenters.

The amplitudes of S waves are usually much greater than those of the P waves. The
amplitudes of seismic waves in general decrease rapidly with the distance traveled while
the periods increase. In the epicentral regions the shorter period wave components decay
with distance much more rapidly than the longer period components. Thus, 50 miles from
the fault, the 0.2- to 0.3-sec period components will have decayed two to three times as
much as the 1-sec or longer period components. Because of this the seismic waves ar-
riving at distant points have predominately longer periods than those occurring near the
epicenter.

The interest of the structural designer is in the strong motion occurring near the
epicenter, say within 100 miles. Typical records of strong-motion accelerations are
shown in Figs. 1.3 to 1.6. These accelerograms, recorded by the U. S. Coast and Geo-
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Fig. 1.2—Wave velocity as a function of depth in the earth.
(Data from Ref. 1.2.)

detic Survey, are typical of records taken in the epicentral region by special strong-
motion seismometers with characteristics suitable for recording the short-period high-
acceleration ground motion in this region. These instruments do not operate continuously
but are started on the receipt of a threshold 1mpulse. In a typical earthquake the strong-
est motions are recorded within a few seconds after the receipt of this impulse, which
serves to illustrate the extremely short period available for emergency action following
the onset of an earthquake. In this epicentral region the amplitudes of the S waves are
much larger than those of the forerunning P waves, and the distances involved are too
small for large separation of P and S waves to occur.

6 CHAPTER 1




&2

EARTHQUAKE INTENSITY 1.1D

These facts may be important in the consideration of a reactor protection device to
be activated by the earthquake motion. Such a device, if designed to operate on the fore-
running P waves of a major earthquake, would also be operated by the S waves of the

Table 1.2 —VELOCITIES OF LONGITUDINAL (P) WAVES
AT SHALLOW DEPTHS

Velocity, Velocity,
Material miles/sec Material miles/sec
Sand 0.1-1.2 Salt 2.8
Loess and Sandstone 0.9-2.7
artificial fill 0.2-0.4 Limestone 1.1-4.0
Alluvium 0.3-1.2 Granite 2.5-3.5
Clay 0.6~1.7 Quartzite 3.8

numerous small earthquakes which occur frequently. To avoid this difficulty, the device
would need to be triggered by the S waves of large earthquakes. This would require that
a system of such devices be used, surrounding the installation to be protected, at a dis-
tance sufficient to provide the necessary warning time. A detailed discussion of protec-
tive systems is presented in Chap. 8.

The El Centro 1940 record (Fig. 1.3) is representative of the record obtained near
the epicenters of large magnitude earthquakes. Accelerations in past U. S. earthquakes
may have exceeded the maximum value (0.33 g) of this shock; however, this is the largest
acceleration recorded in the United States to date.

Figures 1.4 and 1.5 (Arvin—Tehachapi, 1952) are shown for comparison of a close-in
record of a large earthquake with a more distant record. The record of Fig. 1.4 was ob-
tained at Taft, Calif., about 30 miles from the center of the slipped area of the fault.
Figure 1.5 represents a record of the same earthquake obtained at Hollywood, Calif.,
about 70 miles from the center.

Figure 1.6 (San Francisco, 1957) is representative of a close-in record of a small
earthquake.

Earthquake Intensity

Earthquake intensity is a measure of the violence of the ground motion at a given
point on the surface of the ground. A number of empirical scales have been developed for
describing the violence of ground motion in a particular locality. These assess the inten-
sity of the shock at a given point in only a qualitative way since they are not based on re-
corded ground motions but only on the observed effects of the ground motion.

In spite of this limitation, two such scales have proved fairly useful. The older of
these, the Rossi—Forel scale, expresses intensity in general terms which are not well
suited to take advantage of the voluminous and more detailed reporting of the present day.
For these conditions the more recently developed Mercalli scale has distinct advantages.
A modification of the Mercalli scale was developed in 1931 by H. O. Wood of the Seismo-
logical Laboratory of the California Institute of Technology and Frank Neumann of the
U. S. Coast and Geodetic Survey. This scale is in current use by the U. S. Coast and Geo-
detic Survey in evaluating U. S. earthquakes. Both the Rossi— Forel scale and an abridged
form of the Modified-Mercalli scale are shown!'!! in Fig. 1.7, columns 1 and 2. Inten-
sities established by these scales can be only approximately correlated with seismo-
graphic data.
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Release and Magnitude

The energy release of the greatest shocks has been estimated as being roughly
equivalent to the total energy of 10,000 twenty-kiloton atomic bombs; whereas the small-
est shocks release only about 10~** times as much energy as the largest earthquakes.!-?
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At the present time accurate calculation of energy release 1s not possible. However,
as early as 1935 Richter devised an arbitrary magnitude scale based on the maximum
amplitude of the record of a standard seismometer at a distance of 100 km from the
epicenter.

In 1956 a rough approximation relating earthquake magnitude, M, to the energy, E,
released as seismic waves was given by Gutenberg and Richter!:!? in the form

log E = 9.4 + 2.14M — 0.054M? (1.3)
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Fig. 1.7— Approximate relation connecting earthquake in-
tensity with acceleration. (Data from Refs, 1,11 to 1.13.)
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where E is the energy in ergs. This relation 18 shown i1n Fig. 1.7A, columns 1 and 2. The
relative energy release of shocks having magntudes 5, 6, and 7 would be 1, 35, and 980,
respectively.
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RELATIONS INVOLVING INTENSITY, ACCELERATION, MAGNITUDE, AND DISTANCE 1.1F

Relations Involving Intensity, Acceleration, Magnitude, and Distance

The relation between intensity and maximum ground acceleration and that between
magnitude and acceleration at the epicenter are too complicated to be stated in exact
terms. However, it is possible to express these relations in a very rough way, as shown
by Gutenberg and Richter.!!® Estimates of the acceleration, a, may be computed for the
location where the Modified-Mercalli intensity, I, is known by the equation

I=3loga+1l.5 (1.4)

where a is the acceleration in centimeters per second per second. Hershberger, in a re-
cent analysis of 108 strong-motion records obtained from 60 earthquakes,!'!* suggests an
equation of the same form as Eq. 1.4 but with different coefficients, as shown below:

1=7/3loga+2.1 (1.4a)

Acceleration, a,, at the epicenter, may be roughly estimated from the magnitude, M, of
the earthquake by the equation

M=2.2+1.8 log a, (1.5)

This equation assumes a point source of energy release. The relations given by Egs. 1.4
and 1.5 are shown graphically in Figs. 1.7 and 1.7A.

It is also possible to show approximately the variation in Mercalli intensity with dis-
tance from the epicenter. Isoseismal lines of constant Modified-Mercalli intensity for
shocks of magnitudes 5, 6, 7, and 8 for average southern California conditions!-? are
shown in Fig. 1.8.

Propagation from a point source is assumed, which gives circular isoseismals and
overestimates the acceleration and intensity in the epicentral regions of large-magnitude
shocks. In reality the isoseismals are very irregular in shape. The pattern shown would
be elongated in the case of a shallow shock involving a long fault break. The shape is also
affected by ground conditions and underlying geology, as well as by the strike, dip, and
depth of faulting. For these reasons large variations from the circular pattern shown
must be expected. There is some evidence that the radii of the isoseismals may, for
some earthquakes, be as much as 40% larger than indicated in Fig. 1.8.

The variation of maximum ground acceleration with hypocentral distance can be ap-
proximated, with large scatter, by applying the inverse-square law of radiation. This re-
lation was stated by Gutenberg and Richter!'!3 essentially as follows:

The maximum ground acceleration, a, varies inversely as R? and directly as the
product hvE, where R is the distance from the station to the center of the slipped area of
the fault, h is the depth to the center, and E is the energy release. This relation assumes
that the hypocenter coincides with the center of the slipped area of the fault.

Effect of Local Geology

Local geological conditions are important when considering the locations of buildings
and structures. There is a general rule that firm ground is preferable to soft ground.
However, the present state of knowledge does not permit an accurate assessment of the
relative ground-motion intensities to be expected at different sites. Measurements of
very small ground motions which have been made both in the United States and in Japan
indicate that intensity is strongly correlated with the depth and softness of the alluvium
on which the measurements are made. Measurements of strong ground motions which
have been made in the United States indicate that greater depth and softness of alluvium
can also decrease the intensity. Perhaps the only definite statement that can be made
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EFFECT OF LOCAL GEOLOGY
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Fig. 1.8 — Average southern California earthquakes. Idealized i1soseismal lines

for shocks of various magnitudes. (Data from Ref. 1.2.)

about the influence of local geology on strong ground motions is that seismic waves are
affected by the elastic and inelastic properties of the materials through which they pass
and by the size, shape, and orientation of the various strata and lenses of these materi-
als. The influence of the material properties may be such as to increase or decrease the
amplitudes of various frequency components in the ground motion.
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SEISMICITY OF NORTH AMERICA 1.2

Observation would indicate that for strong ground motion the softness of ground may
decrease the amplitudes of seismic waves whose frequencies lie above 3 to 4 cycles/sec
and may under certain circumstances increase the amplitudes of waves that are in the
range of 1 cycle/sec or greater. The possibility of selective frequency effects requires
that the dynamic properties of the structures be considered when assessing the effect of
local geology.

In view of the complexity of the problem of wave propagation in heterogeneous media,
it is advisable to rely on local observations and measurements when selecting a site. In
this connection it should be noted that observations of damage incurred during past earth-
quakes may give valuable information and that differential soil consolidation under the
foundations of a building may be a problem in soft soils.

SEISMICITY OF NORTH AMERICA

The seismicity of North America discussed in the following paragraphs is limited to
the area of the United States and adjacent areas that may be associated by faults with the
United States (Fig. 1.9).

Seismic Zones

The worldwide distribution of earthquakes was thoroughly investigated in the early
part of the twentieth century by the Compte de Monessus de Ballore of France. He noted
that earthquake activity is associated with the gradient of the earth’s crust, tending to a
maximum where extremes of height and depth occur adjacent to one another. On this
basis he established two great-circle zones of seismic activity. One, called the
Mediterranean— Transasiatic circle, included about 54% of the world’s known earth-
quakes, and the other, called the Circum-Pacific zone,!*!® inclyded about 40%.

The existence of these two rings of earthquake activity has since been substantiated
by instrumental data, but there has been a reversal of emphasis. As a resuvlt of instru-
mental tabulation in accord with the Gutenberg—Richter magnitude scale of energy re-
lease and depth, the Circum-Pacific zone now seems to be the more active of the two.
The evidence is shown in Table 1.3 for the Circum-Pacific zone.!"!::13

Appraisal of the seismicity of many regions is difficult because the lapse of time be-
tween great earthquakes may be greater than the existing periods of records. The seis-
mic history and records of parts of China extend back as far as 3000 years; those of much
of Europe, about 2000 years; those of the Americas, about 400 years. Those areas of the
world known through reasonably complete instrumental records. however, have histories
of about 45 years or less. Therefore present-day estimates regarding the relative seis-
micity of these two zones must be considered as tentative. In North America the Circum-
Pacific zone includes the western United States, where numerous shallow shocks occur.
Paradoxically 1600 miles east of the Circum-Pacific zone, in the Mississippi Valley, with
no great gradient of the earth’s crust, there occurred three earthquakes near New Ma-
drid, Mo., in 1811 to 1812, which shook down chimneys 325 miles away. It should be noted
that 325 miles away from the 1906 San Francisco earthquake no tremor was felt.!*!S Each
of the three New Madrid earthquakes and the 1866 Charleston, S. C., earthquake were felt
over an area of 2,000,000 sq miles. No other shock in the United States is known to have
affected more than one-fourth this area.!*!%:1-!7 These experiences emphasize that his-
torically stable areas do not always remain so. The characteristic general mobility of
the earth’s crust supports the view that an earthquake may occur in any location. How-
ever, it is unlikely that future earthquakes will exceed in magnitude those which have
occurred in the past.

This viewpoint is based on the theory that the maximum strain that can accumulate in
the rock structure without rupture places an upper limit on the energy which can be re-
leased by an earthquake. Numerous earthquakes have occurred with energy releases ap-
proaching this limit.

GENERAL EARTHQUAKE CONSIDERATIONS 17
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Fig. 1.9— Magnitude rating of earthquakes for the United States.
UNAUTHENTICATED MAGNITUDES: Unauthenticated magnitude based on Modified-Mercall1 intensity of I = X+, from Earthquake History

of U. S. A., Serial No. 609, U, S. Coast and Geodetic Survey, Washington, D. C.

@, Magnitude A and B: M = 7 through M = 8.3.

=, magnitude D: M =5.3 through M =5.8.

INSTRUMENTALLY AUTHENTICATED MAGNITUDES: 1925-1952 authenticated shocks, from 1900—1952 data based on Seismicity of the

Larth, by Gutenberg and Richter, pp. 223 and 343.
o+, magnitude A and B: M =7 through M = 8.3,

«y, magnitude C: M = 5.9 through M = 6.9.



IMPORTANT EARTHQUAKES 1.2B

As shown in Fig. 1.9, a large number of earthquakes have occurred off the coast of
northern California and Oregon. South of this area major seismic activity occurs along
the full length of California; one such zone following the coast ranges, with a second zone
located along the eastern flanks of the southern Sierra Nevada range. Central California
and Oregon are almost free of epicenters. However, there are no parts of California
where earthquakes have not been felt. In fact, by comparison, all other western states
are only moderately seismic.

Table 1.3— PERCENTAGE OF WORLD’S EARTHQUAKES OCCURRING
IN THE CIRCUM-PACIFIC ZONE

Percentage of world’s earthquakes

Depth of shock occurring in Circum-Pacific zone
Shallow, up to 37 miles deep 80
Intermediate, 38 to 190 miles deep 90
Deep, deeper than 190 miles 99

In accord with the intensity scale and based on earthquakes that have occurred within
state borders, the seismicity of the western United States may be evaluated by comparing
these states with California, which is assigned a rating®-!® of 10:

California 10.00 Oregon 0.27
Nevada 1.17 Idaho 0.25
Utah 1.14 Arizona 0.20
Washington 1.08 Wyoming 0.13
Montana 0.57 Colorado 0.06
New Mexico 0.33

In this tabulation small shocks of intensity of 4 or less were given a weighted value of 1,
intensities 5 and 6 were given a weighted value of 5, and larger shocks above intensity of
6 were given a weighted value of 25. The sum of these weighted values for each state was
divided by the area of the state. California was then arbitrarily assigned a seismicity of
10, and the other states were assigned values proportional to the above quotients.

The middle and eastern United States rarely experience destructive earthquakes.
However, there are four isolated areas where shocks of magnitude 7 or more occur.
These areas are in the vicinities of New Madrid, Mo.; the St. Lawrence River; Charles-
ton, S. C.; and western Ohio. In historical times the north-central United States and the
area of the United States bordering the Gulf of Mexico have never experienced a destruc-
tive earthquake.

Important Earthquakes

The more important earthquakes in and around the United States are tabulated in
Table 1.4. All magnitudes listed are greater than 6.3. Recent quakes are also listed
according to the Modified-Mercalli intensity; and earlier quakes, by Rossi— Forel inten-
sity. In the case of the very earliest quakes, where the Rossi— Forel intensity 1s the only
available rating, no attempt is made to assign a magnitude rating. However, those early
quakes which were reported as having a Rossi— Forel intensity greater than IX are
arbitrarily included as important earthquakes.

The approximate relation between the Modified-Mercalli and the Rossi—Forel inten-
sity scales is shown in Fig. 1.7. Figure 1.7A also indicates the relation between magni-
tude by classification and magnitude by numerical limits, which is repeated in Table 1.5
in more convenitent form,

GENERAL EARTHQUAKE CONSIDERATIONS 19
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IMPORTANT EARTHQUAKES

Table 1.4— MAGNITUDES AND LOCATIONS OF PAST STRONG
EARTHQUAKES IN AND AROUND THE UNITED STATES

Extent of
North West tremor,

Date District latitude longitude sq miles Intensity* Magnitude Refs.
2/5/1663 St. Lawrence Valley 46.5 72.5 750,000 X 1.16
1800

12/16/11 New Madrid, Mo. 36.6 89.6 2,000,000 X 8.0+ 1.1, 1.16
1/23/12 New Madrid, Mo. 36.6 89.6 2,000,000 X 8.0+ 1.1, 1.16
2/7/12 New Madrid, Mo. 36.6 89.6 2,000,000 X 8.0+ 1.1, 1.16
12/21/12 Santa Barbara, Calif. 34.2 119.1 X 1.17
6/28/38  San Francisco, Calif. 38.0 123.0 X 1.17
1/9/57 Fort Tejon, Calif. 34.9 118.9 X 1.17
3/26/72  Lone Pine, Calif. 37.0 119.0 125,000 X 1.17
8/31/86  Charleston, S. C. 32.9 80.0 2,000,000 X 1.16
5/3/87 Sonora, Mexico 31.0 108.0 X 1,16
1900
4/18/06  San Francisco, Calif. 38.0 123.0 375,000 X 8.3 1.1, 1.17
10/16/07 Lower Calif., Mexico 28.0 112.5 7.5 1.1
10/2/15  Pleasant Valley, Nev. 40.5 117.5 500,000 X 7.8 1.1, 1.17
11/21/15 Lower Calif., Mexico 32.0 115.0 7.1 1.1
1/31/22  Pacific Ocean off 41.0 125.5 7.3 1.1
Calif.
1/22/23  Pacific Ocean off 40.5 124.5 7.2 1.1
Calif.
3/1/25 St. Lawrence Valley 48.3 70.8 7.0 1.1
6/27/25 Helena, Mont, 46.0 111.2 310,000 X 1.16
11/4/27  Pacific Ocean off 34.5 121.5 7.3 1.1
Calif.
11/8/29  Atlantic Ocean off 44,5 55.0 X 1.186
Newfoundland
12/20/32 Icne, Nev. 38.8 118.0 500,000 X 7.2 1.1, 1.17
12/31/34 Gulf of Calif., Mexico  32.0 114.8 7.2 1.1
1/27/45  Gulf of Calif., Mexico  27.0 111.0 7.0 1.1
4/13/49  Seattle, Wash. 47.3 122.0 150,000 (VIID) 7.1 1.1, 1.18,
1.19
7/21/52 Tehachapi, Calif. 35.0 119.0 160,000 (X1) 7.7 1.1, 1.20
12/16/54 Dixie Valley, Nev. 38.0 118.0 200,000 (X) 7.1 1.15, 1.21

20

* The values in parentheses a “e based on the Modified-Mercalli scale. All other values are based
on the Rossi— Forel scale.

Table 1.5-—DESIGNATION OF EARTHQUAKES BY MAGNITUDES

Classification rating

Class A

Class B

Class C

Class D

Class E

Numerical rating

8.8—-7.8

7.7-7.0

6.9-6.0

5.9-5.3

Below 5.3
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LOCATION OF PAST STRONG EARTHQUAKES 1.2C

Location of Past Strong Earthquakes

The more important earthquakes in and around the United States are shown in
Fig. 1.9. Magnitudes shown are greater than 5.2. Locations are also shown for those
historic quakes of undisputed violence but unauthenticated magnitude because such quakes
must be included to present a reasonably accurate picture. Quakes having a rating of X
or more on either the Rossi—Forel or the Modified-Mercalli scale are included and are
arbitrarily assumed to have a magnitude greater than 6.9, which classifies them as class
A or B earthquakes.

Zones of Assessed Seismicity

Discrepancies between apparent epicenters located instrumentally and those found
from macroseismic data have hindered the mapping of seismic zones in the United States.
Grossly inaccurate estimates of the distribution of seismic intensity have resulted from
concentration of population or construction in a small part of the shaken area. People are
influenced by the behavior of buildings they are in or near during a quake; for example, it
is plausible that a man standing on a featureless plain might give a better account of an
earthquake than one in a city.!-?? Furthermore, the effect of local geology is not always
sufficiently considered; for this reason, higher intensity in an alluviated valley may lead
to a false epicenter. Finally, in the most destructive earthquake zone (of intensity seven
or greater), no distinction has been made between areas which suffer frequent earthquakes
of qualifying intensity and those areas which have experienced only two in modern times;
e.g., New Madrid or Charleston.

In the United States, mapping ot seismic zones is strongly influenced by population
centers since the bulk of data comes from local reports. In scme areas data are com-
piled from postcard questionnaires distributed by postmen along their mail routes follow-
ing an earthquake. These reflect the errors common to all eyewitness testimony. espe-
cially when observations have been made under conditions of mental stress.

A large percentage of the mass of seisimic data 1s obtained irom newspapers. Such
reports are often affected by exaggeration in an attempt to creaie sensational news or by
suppression in an attempt to mimmize the situation.!-!®

The seismic probability map of Fig. 1.10 is widely known. It was originally proposed
in 1947 by the U. S. Coast and Geodetic Survey and was later adopted by the International
Conference of Building Officials as a part of the Uniform Building Code.! ® The zones
shown are roughly related to the Modified-Mercalli intensity as follows:!-*

Zone 0 includes areas having extremely small probability of earthquake darmage and

where the intensity of recorded earthquakes has generally not been greater than IV.

Zone 1 designates areas where earthquake damage has been minor, with intensities
limited to V or VI, and normally below the threshold of structural damage.

Zone 2 includes areas of intensities VII to VIII, frequently subject to moderate struc-
tural damage. However, in this zone greater damage corresponding to intensity IX
or higher might be expected at infrequent intervals.

Zone 3 delineates areas where major destructive earthquakes have occurred in the
past and might reasonably be expected at any future time.

Other proposed seismic-probability maps show varying characteristics, such as
more detailed zoning, use of Mercalli numbers, and discrimination between zones of equal
seismicity based on trequency of occurrence.

Because of the imperfect statistics that comprise the data, seismic-probability maps
must always have definite limitations. The boundary between any two zones, indicated as
a well-defined line, actually is casually related to geological provinces and is largely
arbitrary.

The relative seismicity of a site, even when evaluated from a seismic-probability
map for a local area, may vary with orientation of the area with respect to the epicenter
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PROBABILITY OF OCCURRENCE OF EARTHQUAKES 1.2E

i

due to the unpredictable irregularity of the isoseismals. More knowledge is required be-
fore it will be possible to predict with confidence the effect of local geology on the ground
motion without strong reliance on local observations of behavior in past earthquakes.

Probability of Occurrence of Earthquakes

For the United States as a whole, earthquakes occur so infrequently and in such
widely separated zones that any estimate of probability and frequency, based on umiform
distribution with respect to time or location, lacks real meaning. However, in the western
United States and particularly in California, the frequency and regularity of shecks have
resulted in data from which statistical predictions can be made.

Housner!‘!® has made a quantitative probability study of the occurrence of California
earthquakes based on 43 years of records during which 80 earthquakes of magnitude 5.2
or greater are considered. He gives an expression for the expected number, EN, of Cali-
fornia earthquakes during a period of Y years, having a magnitude greater than M. With
x = 8.7T—M, this expression is as follows:

=L

EN 370

(8x? — 4.69x + 7.52x") (1.6)

It is worthwhile noting that this equation establishes M = 8.7 as the probable upper
limit of magnitude for earthquakes. If the number of years, Y, is held at 200, and the
magnitude, M, is allowed to vary, then the following tabulation results:

7.8 1 4.1 | 2.2 | 1.0 0.34
M |60 6262564 66|68 70[]72[74]7617.8]80]8.2]8.4

The probability of occurrence of a strong earthquake for an average California city
was estimated by using the preceding data with the following approximations and assump-
tions:

(1) Only those earthquakes of magnitude 6 or greater are considered.

(2) The average area subjected to ground motion, equaling or exceeding that corre-
sponding to a 0.2 damped spectrum intensity of 3.0 or greater, is 2000 sq miles. (See
Sec. 1.3D.)

(3) The probability of occurrence of earthquakes 1s constant throughout the state.

(4) The area of the state is 150,000 sq miles.

The probability that the 2000-sq mile area will cover a given point, obtained by divid-
ing this area by the total area of the state, was 0.0133. In the 200-year period, the num-
ber of earthquakes exceeding magnitude 6, from the preceding tabulation, 1s 198.

Accordingly the expected number of times the 2000-sq mile area will cover a speci-
fied location in 200 years is obtained by multiplying the value from the tabulation (198) by
0.0133, which gives 2.8. This means that a California city may expect a ground motion
with intensity equal to that experienced in the Long Beach 1933 quake with a frequency
that would average about once every 77 years.

RESPONSE OF STRUCTURES TO EARTHQUAKE GROUND MOTION

During an earthquake the base of a structure 1s moved by the ground both horizontally
and vertically. and accelerograms recorded 1n the basements of buildings show that the
two horizontal components are approximately of equal intensity in both directions. The
vertical component 1s usually less intense than the horizontal and is characterized by an
accentuation of higher frequency components as compared to the horizontal motion. The
vertical component has been observed to excite vertical oscillations in tall buildings, but
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1.3A SINGLE-DEGREE-OF-FREEDOM STRUCTURE

these produce stresses that are only a fraction of the gravity load stresses, and hence
only in very special circumstances is an analysis of vertical oscillations pertinent.

A building of moderate plan dimensions founded on reasonably firm soil will have its
base moved with the ground; i.e., there will be negligible interplay between the ground
and the building, and the basement of the building will move with essentially the same
motion as a point on the ground adjacent to the building.!-?5+*+3® Thus the horizontal com-
ponents of acceleration recorded in the basement of a building or on the surtace of the
ground may be considered an accurate representation of the motion of the bases of struc-
tures located in that vicinity, unless the structure has unusual proportions, has unusual
foundations, or is founded on particularly soft ground.

During an earthquake a structure is excited into oscillations whose magnitudes de-
termine the maximum stresses and strains.!*?’ Thus the behavior of structures during
earthquakes is essentially a problem in vibrations.!-%~1-31

A. Single-degree-of-freedom Structure

The simplest vibrating structure is one having a single degree of freedom, and this
structure also elucidates the vibratory behavior of more complex multidegree-of-freedom
systems. Consider a one-degree-of-freedom structure, as shown in Fig. 1.11, having a
mass, m; a spring constant, k, for lateral deflection; damping, c¢; base motion, z; and
displacement, y, relative to the base. As shown in Sec. G.1, the equation of motion is

i - dy
m[dtz (Y+Z)]——1<Y—Cat-

or
my + cy + ky = —mZ 1.7

The relative motion, y, is thus the same as for a structure resting on an immovable base
and subjected to a horizontal force (—mZ).
The solution of Eq. 1.7, if the mass starts from rest, is

= —n(t-7)

sin 2 (t-7) dr (1.8)

" i(r)e L

-5 A
where y = displacement relative to the base
T = damped period of vibration = 27/w
T, = undamped period of vibration = 2r/w,
t = time at which y is evaluated
T = time at which increment of force is acting (see Sec. G.1, Fig. G.2)
Z = base acceleration
1 = ¢/2m = damping factor
w = damped circular frequency of vibration

It should also be noted that the undamped period, T, = 2r/w,, where w, is the un-
damped circular frequency of vibration.

Equartion 1.8 gives the displacement of the mass, m, when subjected to arbitrary horizon-
tal base acceleration.
The behavior of the system is made clear by introducing the following notation:

jﬁ‘ Ze™=" cos wr dr = A(t) (1.9)

fo‘ Zet-7) gin wr dT = B(t) (1.10)
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SINGLE-DECREE-OF-FREEDOM STRUCTURE 1.3A

2
%(A2 + BY (1 +%,) = €(t) (1.11)

In what follows A(t), B{(t), and €(t) will be written A, B, and ¢, and it must be remembered
that these are functions of time, t. For damping sufficiently small so that v1 + (nf/w;,) =1,
the damped period, T, is essentially equal to the undamped period, T,, and the motion of
the system is described by the following equations:

y=-%ﬂ?sm (wt - a) (1.12)
¥ =~ v2€ cos (wt —8) (1.13)
w w27 .

jri=— v2¢ sin (wt — 9) (1.14)

where T is the period of vibration and «, 8, and y are phase factors involving A and B.
The potential energy of the system is '

V = me sin® (wt — @) (1.15)
y
c 1 m
k
Fig. 1.11— One-degree-of-freedom
system.
—2z

g )
s

The relative kinetic energy is defined as 0.5 my?, and it is given by
KE = me cos’ (wt - 8) (1.16)
V + KE = me [1 + sin (8 — a) sin 2wt — a - 3)] (1.17)
The ground motion recorded during strong earthquakes exhibits the characteristics of
random functions®-*? for which €, a, 3, and y are slowly varying functions of time, and the
excursions of y, y, and § closely approximate sinusoidal half-waves. For moderate
amounts of damping, the factor (8 — @) may be set equal to zero, and the maximum total

energy attained by the system during the earthquake may be written

m€ = Y,m(A’ + BY).,. (1.18)
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1.38 MULTIDEGREE-OF-FREEDOM STRUCTURE

where € is the maximum energy per unit mass attained by the structure. The maximum
relative displacement, relative velocity, and absolute acceleration attained by the mass,
m, during the earthquake may be written as

T T .
Ymax. = a7 V€ = ﬁ Y max.
Vmax, = V2€ (1.19)
o L a 2n 2n
(Y + Z)max. :? V2 = F Ymax.

The maximum shear force developed in the structure is

T . /m . .
Foax. = K¥max. = K ZT. Ymax. = K T{- ¥ max. = VK ¥max. (1.20)

The maximum inertia force acting on the mass, m, is

I 27 k . .
m(y + z)max. =m —T- Ymax. = I \/g}’max. = VmK Ymax. (1.21)

which, of course, agrees with Eq. 1.20. The maximum response of the structure is thus
characterized by the value ¥ max., which, for moderate damping, may be written

Fmax, = [ [ Ee==" sin w(t-7) dr]mx_ (1.22)

Analyses of earthquake records show that the response of an undamped structure
builds up roughly proportional to the square root of the duration of the earthquake ground
motion, whereas the response of a damped structure builds up until the energy loss bal-
ances the energy input. Thus the response of a structure with zero or small damping may
reach relatively high values, but the response is markedly reduced by the introduction of
small amounts of damping.

A one-mass system, with two degrees of freedom, which can vibrate in both horizon-
tal directions will respond to both horizontal components of ground motion, and the re-
sultant motion is given by the superposition of the two component responses. In this case
it should be noted, however, that the maximum responses in the two perpendicular direc-
tions do not necessarily occur at the same instant.

B. Multidegree-of-freedom Structure

For actual structures it is not always possible to determine the physical properties
precisely. In particular, the precise nature of damping is not readily established. Experi-
ments show, however, that, where moderate amounts of damping are involved, good re-
sults are obtained by considering the damping to be viscous in nature and the motion to be
described by normal modes of vibration. The following discussion is limited to struc-
tures whose free vibrations can be resolved into normal modes of vibration that are or-
thogonal. Consider a general elastic structure undergoing small vibrations in the x-z
plane (Fig. 1.12). The undamped free vibrations of such a structure can be written

Y = 23:Catbn(X) SIN wyt (1.23)

where y = displacement at point x
¢n(x) = shape of n¢h mode of vibration (dimensionless)
wyn = circular frequency of nik mode
Cn = amplitude coeificient of n/~2 mode

i
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MULTIDEGREE -OF-FREEDOM STRUC TURE 1.3B

Fig. 1.12— Multidegree-of-freedom
system.

| o Y ——

TSI

As was shown in Eq. 1.7 for the simple oscillator, the response, y, to base accelera-
tion, Z, is the same as the response to a lateral force, —m#, acting on each element of
mass, m. The effect of Z acting for a time dt is to produce an increment of velocity at
each point of the structure:

Vo =—Z dt (1.24)
Since ¥ = 25 C w,$,(X) cos w,t (1.25)
there is required

ZinCawnpa(x) = —Z dt (1.26)

and, from the orthogonality of the ¢n(x) values,

Cn= ——z—-f $ dm (%) dt =E(-2) dt (1.27)
" w, [ ¢5dm w, ’
] ¢.dm
where K, = m

and where the integrals are to be evaluated over the mass of the structure. The conse-
quent free vibrations are thus

y= Z K, 22 gin wit (=5) at (1.28)

Wn

As in the case of the simple oscillator, the response to a continuous Z is

y= —zn K, %—:-(ni) jo‘t Z(r) sin wa(t-1) dr (1.29)

If there is damping in the structure, the response is

y= —‘z Kntna(x) [é’ ‘lo‘t E(T)e—n(t‘f) sin wy(t-7) dT]

= ‘-2 Ka¢alx) [\/2_6: sin (wut — an)]

Wn

(1.30)

Comparing the upper of the two Egs. 1.30 with Eq. 1.8, it is seen that the factor in the
brackets is the same as the equation for the response of the single-degree-of-freedom
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structure. It thus follows that the response of a multidegree-of-freedom structure can
be determined if the mode shapes are known and if the response of single oscillators of
appropriate periods and damping can be computed.

The computation of the complete response of a multidegree-of-freedom structure is
extremely laborious and is best done by means of computing machines.!-33-1-3

By analogy with Egs. 1.19, the maximum response may be written

Vmax. = Z [Kapn(x) | g—;\/ 2en (1.31)

where the absolute value of each mode is added.

The analysis of structures more complicated than those covered by the preceding
equations can be carried out in a similar fashion, and results similar to Eqs. 1.30 and
1.31 will be obtained. In such analyses particular attention should be paid to the possi-
bility of torsional oscillations.

Equations similar to Eq. 1.31 can be derived for the maximum shears and bending
moments in a structure. From Egs. 1.30 it is seen that the true response will, in general,
be less than that given by Eq. 1.31 since each term of Eq. 1.30 contains a trigonometric
expression which varies between positive and negative values and in addition the ampli-
tude functions €, vary with time. Thus there 1s only a small probability that all the terms
will reach their peak values and be additive at the same time. Studies have shown that for
earthquake ground motions, if only two modes of vibration are involved, Eq. 1.31 over-
estimates the true maximum by approximately 10%; and similar results are obtained if
three modes are involved and one of them predominates. However, if three or four modes
are involved and they are all approximately the same peak value, Eq. 1.31 may apprecia-
bly overestimate the true maximum value. For such cases it has been proposed!-*® to use
the following expression as an estimate of the true maximum:

Ymax. = {En [Kn(pn(X)—";};‘V §€n ]2}% (1.32)

Equation 1.31 and corresponding equations for quantities such as shear force or
bending moment give the envelopes of maximum response. At each point the equation
gives the maximum possible value.

Earthquake Spectra

In most cases it will not be feasible to make computations of the complete response
of a structure. To be meaningful for design purposes, such computations would have to
be made for several different recorded earthquake accelerations and for several different
values of important structural parameters. To achieve a workable method of analysis, it
is customary to utilize the so-called response spectra.l“” The response spectrum for a
given earthquake is a plot showing the variation in the maximum response of a single-
degree-of-freedom oscillator vs. the natural true period of vibration when subjected to
the base acceleration represented by the accelerogram of a given earthquake. The term
maximum response as used here refers to the peak values of acceleration, velocity, and
displacement of the oscillator.

The spectrum concept can be explained by outlining the steps involved in developing
a spectrum curve. To establish a single point on the curve requires considering the effect
of the earthquake acceleration on a hypothetical oscillator with a given fraction of critical
damping and period of vibration. The variation in response vs. time is established, and
the maximum value is plotted as an ordinate. The process is repeated for other assumed
values of period 1n sufficient detail to establish the complete curve. Other curves corre-
sponding to different fractions of critical damping are obtained in similar fashion. Thus
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each point establishing the curve requires a complete dynamic-response analysis, and the
determination of a complete spectrum may involve hundreds of such analyses.

The velocity-response spectrum, S, is a plot of y ... of Eq. 1.19. The value of ¥,
is a function of the natural period T and of the fraction of critical damping, {. Figures
1.13 to 1.18 show computed velocity spectra for various percentages of critical damping
plotted against the period of vibration. The fraction of critical damping is ¢ =nvm/k, and
the percentage of critical damping is 100 {. These spectra are obtained by means of a
special electric-analog computer.'®® Spectra for a large number of earthquakes have
been computed by Housner and his co-workers.!-%

The velocity spectra for earthquake ground motions have certain well-defined char-
acteristics. These may be summarized as follows:

(1) The zero-damping curve is marked by abrupt oscillations which indicate that the
response is very sensitive to small diiferences in periods of vibration. The introduction
of a moderate amount of damping makes the response much less sensitive to small period
changes.

{2) The introduction of small amounts of damping produces a large reduction in the
maximum response, particularly for short periods of vibration.

(3) For ground motion recorded relatively close to the epicenter, the spectra show
differences between earthquakes of large magnitude and those of relatively small magni-
tude. As compared to large-magnitude spectra, the small-magnitude spectra are peaked
more in the short-period region, and the effect of damping is not so pronounced.

(4) The higher frequency seismic waves damp out more quickly with distance from
the epicenter than do the longer period waves. It has been observed that the spectrum
values for periods below 0.5 sec decrease with distance at a stronger rate than the values
for periods above 1 sec.

(5) Spectrum curves for large-magnitude earthquakes at moderate distances from
the epicenters have similar shapes.

The accelerograms for moderate distances from the epicenters of large-magnitude
earthquakes may be considered to be samples of a random process.!-32:1-3%,1:3% 1 fact as
regards response of damped structures, it appears that they may be reasonably treated as
a stationary random process and even the mathematics of stationary Gaussian processes
apply reasonably well,!+39-1-4

If the normalized velocity spectra of both components of the four strong-motion
ground accelerations: El Centro, Calif., Dec. 30, 1934; El Centro, Calif., May 18, 1940;
Olympia, Wash., Apr. 13, 1949; and Taft, Calif., July 21, 1952, are averaged, there is ob-
tained a set of relatively smooth curves shown in Fig. 1.19. These are the so-called
average-velocity-spectrum curves for large-magnitude earthquakes at moderate distances
from the epicenter. The scale of this average velocity spectrum is such that the damped
curves agree with the average of the two components of the E1 Centro 1940 record, which
is the most intense ground motion recorded to date.

It should be noted that the average spectrum curves are smooth; whereas an actual
curve for low damping exhibits strong, random fluctuations. Figure 1.20 shows detail of
average-velocity-spectrum curves.

Each ground shock may be viewed as a sample from a population of random functions.
There is thus a finite probability that the period of a structure with zero damping may
coincide with a peak or a valley of the spectrum curve. If the structure were subjected to
a number of shocks of a given intensity. the average maximum velocities attained during
each shock, when averaged, would correspond to the average-velocity-spectrum curve.
From Figs. 1.13 to 1.18, it can be seen that the fluctuations about the average spectrum
curves may be comparatively large for zero damping and comparatively small for moder-
ate damping. It should be noted that in practice a structure with zero damping is never
encountered.
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Fig. 1.13—Velocity spectrum for El Centro, Calif., earthquake, Dec. 30, 1934. Component E-W,
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Fig. 1.14— Velocity spectrum for El Centro, Calif., earthquake, Dec. 30, 1934. Component N-S,
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Fig. 1.19— Average-velocity-spectrum curves. Intensity of ground motion recorded at El Centro,
Calif., 1940.

The average acceleration and displacement spectra as computed from Eq. 1.19 are
shown in Figs. 1.21 to 1.24. It should be noted that at zero period the acceleration spectra
approach the maximum ground acceleration recorded during the earthquake. In the case
of the average acceleration spectrum, the zero-period value shown is that of the maxi-
mum acceleration recorded for the El Centro 1940 earthquake and is not the average
maximum value. The quantities S,, S, and Sq, designate, respectively, the accelerations,
velocity, and displacement spectra.

From the spectrum curves it is possible to read off the maximum response of a
single-degree-of-freedom system, and the maximum response of a mode of vibration of
a more complex system can also be determined. The average spectrum curves give the
average maximum response to be expected if the system is subjected to ground motions
of the stated intensity.

The shape of the spectrum curves is affected by the distance from the epicenter. The
foregoing spectira were all for points moderately close to the epicenter of a strong earth-
quake, that is, within approximately 45 miles. At greater distances from such earth-
quakes, the short-period end of the spectrum is relatively depressed showing that the
higher frequency waves are more attenuated with distance than are the lower frequency
waves. On the other hand, at points relatively close to the epicenter of a small earth-
quake, within approximately 20 miles, the short-period end of the spectrum is relatively
accentuated. This is illustrated in Fig. 1.25 where smoothed zero-damped curves for
three cases are shown. Curves A and B are spectra of the Tehachapi earthquake of
July 21, 1952, Curve A is obtained from the record at Taft, Calif.. about 25 miles from
the epicenter, and is typical for locations moderately close to the epicenter of a strong
earthquake. Curve B is based on a record of the same earthquake obtained at the Holly-
wood Storage Company Building, about 70 miles from the epicenter, and is representative
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El Centro, Calif., 1940.
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Fig. 1.20 — Detail of average-velocity-spectrum curves, Intensity of ground motion recorded at
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Fig. 1.21— Average-acceleration-spectrum curves. Intensity of ground motion recorded at El
Centro, Calif., 1940. {The zero-period value shown is that of the maximum acceleration re-

corded for the El Centro 1940 earthquake and is not the average maximum value.)

of a spectrum for points more remote from the epicenter of a strong earthquake. Curve C
is the spectrum of the relatively small San Francisco earthquake of Mar. 22, 1957, based
on records at a location about 10 miles from the epicenter. This curve is typical of a
spectrum for locations relatively close to the epicenter of a small earthquake. The
Tehachapi and San Francisco earthquakes had magnitudes of 7.7 and 5.3, respectively.

Spectrum Intensities
The maximum response of a structure to earthquake ground motion is indicated by

the velocity-spectrum curves, and therefore the area under one of the curves is a meas-
ure of intensity of the ground motion.!-18.1-42,1.43 The gpectrum intensity (SI) is defined as

the area under the velocity-spectrum curve of the appropriate damping ratio ¢.
~2.5
SIc= J,, S(T,0 dT (1.33)
It is a measure of the effect of the ground motion on structures having periods of vibra-
tion lying between 0.1 and 2.5 sec. This range essentially covers the periods of struc-
35
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Fig. 1.22 — Detail of average-acceleration-spectrum curves, Intensity of ground motion recorded
at El Centro, Calif., 1940. (The zero-period value shown is that of the maximum acceleration
recorded for the E1 Centro 1940 earthquake and is not the average maximum value.)

CHAPTER 1

36



«”

SPECTRUM INTENSITIES 1.30

Maximum /
disptacemaent

12— }
P
5 Mass b g 'i}/Sprinq
’
Base /
o o
10 e

Earthquake morio>
OSCILLATOR

Sq, ft

ol 4 4 & 2 Y
0 0.2 0.4 0.6 c.8 1.0 F] 1.4 1.6 1.8 2.0 2.2 2.4 i€ 8 30
Period of Vioration, T, sec —®=

Fig. 1.23-— Average~-displacement-spectrum curves. Intensity of ground motion recorded at El
Centro, Calit., 1940.

tures located in the earthquake regions of the United States. It should be noted that the
spectrum intensity is an objective measure of the maximum stresses that wouid be in-
duced in elastic structures if they were supjected to the recorded ground motion. On the
other hand, the Modified-Mercalli intensity is a subjective measure of the degree of
damage actually produced by the ground motion.

Table 1.6 presents the zero-damped spectrum intensities for both components of a
number of recorded strong ground motions. The average of the two components is listed,
and, for comparisen, the average for the two componencs of the 20% critically damped
spectrum intensity is also given. Table 1.6 also lists magnitudes and maximum accelera-
tions. The quantity r is the estimated horizontal distance to the center of the fauit in
miles, and a; is the maximum ground acceleration expressed as a fraction of gravity.
Magnitudes are those repcrted by the Seismological Laboratory of the California Institute
of Technology.

It should be noted that earthquake No. 4 (July 21, 1952) was produced by more or less
vertical slipping on the fault rather than the more usual horizontal slipping and the rmotion
was not as intense at Tait as might have been expected from a magnitude 7.7 shock. Rec-
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Fig. 1.24— Detail of average-displacement-spectrum curves. Intensity of ground motion recorded
at El Centro, Calif., 1940.
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Fig. 1.25 — Undamped velocity-spectrum curves A, approximately 25 miles from
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earthquake. C, approximately 10 miles from center of small earthquake.
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ords No. 9 (Seattle)!*3* and No. 19 (San Francisco, Southern Pacific Building)!**® were ob-
tained on unusual foundation conditions and therefore are not directly comparabie to the
other records.

It will be noted in Table 1.6 that the ratios between the zero-damped spectrum inten-
sities are not the same as the ratios between the 20% critically damped intensities. The
explanation for this is that the damped intensities are measures of only that portion of the
record having the greatest accelerations, and the duration of the ground motion does not
influence this intensity. On the other hand, the zero-damped intensity is in a sense a
measure of both the magnitude of the accelerations and the duration of the ground motion.
The average spectrum curves presented were scaled so that the damped intensities
agreed with the average of the El1 Centro 1940 earthquakes, and in scaling to other shocks
the 20% damped spectrum intensities should be used unless it is desired to investigate the
behavior of an undamped structure.

It is found that the 0.2 damped intensities are approximately related to the undamped
intensities by the following empirical equation:!-?

SI,.; = 0.444(SI;) — 0.0124(SI,)> (1.34)

It is found that the maximum accelerations of various earthquakes (see Table 1.6)
are approximately related (with considerable scatter) to the damped intensities by the

following empirical equation:!+%?
SI
ag= '10T'2 (1.35)

ag = maximum recorded acceleration as a fraction of gravity

The energy release, E, of an earthquake (in ergs) is approximately stated in terms
of earthquake magnitude by Eq. 1.3. The undamped spectrum intensity is also a measure
of the energy released, and reasonably good agreement is obtained by taking!‘*3

2

E = 1.9 x 10! (SI,)? (#) (1.35a)
h,

h = depth to center of slipped area of fault (miles)

h,= 15 miles

r = horizontal distance to center of slipped area (miles)

SI;, = undamped spectrum intensity measured at distance r

So M may be calculated from the equation

2 2
0.054M? — 2.14M + 8.88 + 2 log (sx0 b l;r ) =0 (1.36)

o

obtained by substituting Eq. 1.35a in Eq. 1.3. This empirical equation gives good agree-
ment with the magnitudes calculated by the seismologists.!**

It should be noted that the foregoing expressions do not take into account the details
of local geology or the size of the slipped fault area, and hence considerable scatter can
be expected if the expressions are checked against observations. The effect of local
geology is discussed in Secs. 1.1G and 1.3I, and reference may be made to publications
describing efforts to take into account the size of the slipped area.!*

Vibrational Energy of Structures

An undamped multidegree-of-freedom structure will have forced vibrations as given
by Eq. 1.29. The relative kinetic energy and the potential energy at time t are

GENERAL EARTHQUAKE CONSIDERATIONS 39



1.3E VIBRATIONAL ENERGY OF STRUCTURES
KE = [ %y*dm (1.37)
V=—["%y§ +%) dm (1.38)
The total energy, U, in the structure is

U=KE+V=Y%2K [ ¢ldm [(_[ot % sin wt d‘r)2 + (fot % cos wr dr)z] (1.39)

' Table 1.6 —SPECTRUM INTENSITIES OF RECORDED GROUND MOTION

r, h, SIO SIO.Z ag,
No. Date and location miles miles Magnitude Component 8l (av.) (av.) % g
1 May 18, 1940 30 15 6.7 N-8 8.94 8.35 2.71 33
El Centro, Calif. E-W 7.77 23
2 Dec. 30, 1934 35 15 6.5 N-8 5.93 5.88 2.09 26
El Centro, Calif. E-wW 5.83 20
3 Apr. 13, 1949 45 45 7.1 S80°W 6.05 5.82 2.21 31
Olympia, Wash. S10°E 5.59 18
4 July 21, 1952* 40 15 7.7 S69°E 4.84 4.69 1.91 18
Taft, Calif. N21°E 4.53 17
5 Mar. 10, 1933 28 15 6.3 S82°E 4.9 4.62 1.70 19
Vernon, Calif, NO8°E 4.35 13
6 June 30, 1941 15 19 5.9 S45°E 3.43 3.29 1.80 24
Santa Barbara, Calif. N45°E 3.15 23
7  October 3, 1941 50 15 6.4 N45°E 3.2 299 1.41 13
Ferndale, Calif. S45°E 2.78 12
8 May 10, 1933 33 15 6.25 N51°W 3.21 2,94 0.82 6.5
Los Angeles Subway Terminal N39°E 2.67 4
9 Apr. 13, 1949t 55 45 7.1 N8g*'w 2.81 2.63 1.10 7.5
Seattle, Wash. S02°W 2.46 5.8
10 Mar. 9, 1549 10 15 5.3 S01°W 2.44 2.36 1.27 23
Hollister, Calif. N89°wW 2.29 11
11  Oect, 31, 1935 15 25 6.0 E-W 2.49 1.82 1.02 16
Helena, Mont. N-S 1.16 14
12  Sept. 11, 1938 35 10 5.0 N45°E 1.64 1.45 0.64 8.2
Ferndale, Calif. S45°E 1.27 16
13 Oct. 2, 1933 17 15 5.3 S82°E 1.65 1.32 0.69 12
Vernon, Calif. NO8°E 0.99 8.5
14 Feb. 9, 1941 75 15 6.6 N45°E 1.31 1.10 0.40 7.5
Ferndale, Calif. S45°E 0.88 4
15 Oct. 2, 1933 22 15 5.3 N39°E 1.14 0.96 0.45 6.5
Los Angeles Survey Terminal N31°W 0.78 6
| 16 Mar. 22, 1957 7.8 7 5.3 S80°E 1.04 0.84 0.49 13
San Francisco, Golden Gate N10°E 0.64 9.5
Park
17 Mar, 22, 1957 9.8 7 5.3 S09°E 1.29 1.12 0.58 10
San Francisco, State Building S81°W 0.95 6
18 Mar. 22, 1957 10.8 7 5.3 N81°E 0.50 0.48 0.28 3
San Francisco, Alexander N09° W 0.45 5
Building
19 Mar. 22, 1957t 11.4 7 5.3 N45°E 1.32 1.22 0.48 5
San Francisco, Southern N45°W 1.12 46
Pacific Building
20  Mar. 22, 1957 17.2 7 5.3 N26°E 0.46 0.38 0.20 5
Qakland, Calif. S64°E 0.29 4

*Slipping of fault mainiy vertical.
tRecords obtained under unusual foundation conditions.
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The maximum value cf the expression within the brackets is S, the square of the velocity
spectrum value for zero damping. The upper bound for the total energy is thus

U= Y%22uKE8E [ o2 dm) (1.40)
The average value over a number of earthquakes of the same intensity 1s
U...= hZKLSY),, [ ¢%dm (L.41)

If the velocity spectrum is a horizontal line, (Sﬁ)a,,_ is independent of the period of vibra-
tion,'-3" and the equation may be written

U, = (8%, 2K [ ¢hdm (1.42)
From the orthogonality of the modes

2K, 0, =1 (1.43)
Squaring and integrating over the mass of the structure gives

2K: [ ¢ldm= [dm=m (1.44)
Thus Eq. 1.41 may be written

T... = Yom(sh (1.45)

where m = total mass of structure,

In general, U,,. can be computed from Eq. 1.41, but, if the pertinent modes have
periods above approximately 0.3 sec, Eq. 1.45 will also give a reasonable esumate. If
the modes have approximately 0.5% critical damping, the spectrum curve is very nearly
horizontal in the range .3 < T < 3.

If Eq. 1.45 is applicable, it is seen that U,, depends only on the mass, m, and the
spectrum value (Sz)a,,, and is independent of mass distribution, stiffness of the structure,
or framing configuration. This is an important consideration in the determination of
structural behavior.

Effect of Damping

It is seen from the spectrum curves that structures with low damping will be sub-
jected to relatively high stresses in the event of strong ground motion. Bare steel struc-
tures, particularly such as are welded rather than riveted, have very low damping,
ranging from perhaps i/2 to 3% of critical damping. Monolithic concrete structures also
have relatively low damping of the order of 7% critical. It will, in general, be found that
design of such structures, with the requirement that the stresses remain within the elas-
tic limit, results in relatively large members. As seen from the spectrum curves, damp-
ing is very effective in reducing the maximum stresses experienced by a structure.

Limit-stress Design

The spectrum curves show that lightly damped and even moderately damped struc-
tures will be subjected to relatively large forces in the event of strong ground motion. In
fact, these are larger than the design forces specitied by building codes in seismic re-
gions. However, building codes do not aim at preventing overstress in structures but
rather are intended to prevent serious damage. Evidences of overstressing have been
observed!* in structures designed according to the building codes, and lateral forces
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equal to those specified by building codes have been measured even during moderate
ground motion, 23,143

Most structures have considerable capacity for energy dissipation when they are
overstressed. In buildings the walls and partitions dissipate energy through cracking and
rubbing, and steel frames can absorb energy by plastic defcrmation, etc.

An exact analysis of the vibrations of overstressed (nonlinear) structures 1s very
difficult, and the results of such analyses are not yet in a form to be used for de-
sign.'*6:147 An approximate method has been proposed!*® which is based on Eq. 1.45
or 1.41, and can be expressed as follows:

U=D+V (1.46)

U represents the total energy input into the structure up to the time that the last nonlinear
overstress occurs; D is the energy dissipated by the structure; and V is the elastic strain
energy in the structure at the time that the last overstress occurred. If it is taken that

U = Y,ms? (1.47)

as in Eq. 1.45 (that is, if it is assumed that the maximum input energy into the over-
stressed structure is the same as the maximum input for an equivalent elastic undamped
structure), then

D=Yms* -V (1.48)

and this equation specifies the amount of energy that must be absorbed if the structure is
to remain standing. For ground motion of approximately the intensity of the El Centro
1940 records (Fig. 1.19), the equation becomes

D=cW-V (1.49)

where W is the weight of the structure and ¢ = ¥, ft-1b/pound of weight for a structure
with approximately 2% damping.

. Equation 1.48 is valid when T is about 0.3 sec or greater and gives reasonably good
agreement with field observations of plastically deformed structures.!-4® If the equation
is used for design, an appropriate factor of safety must be incorporated. Although the
equation can be applied easily to simple structures, its usefulness when applied to com-
plex structures is limited because of the difficulty of determining the specific points
where plastic deformation will occur.

The importance of plastic energy absorption is illustrated by considering a steel bar
of 1-sq in. cross-sectional area and 1 in. length. If the elastic limit of the steel is 33,000
psi, the strain energy absorbed at this stress is ’

33,000 33,000
30 x 10° 12

" =% = 1.5 ft-1b/cu in.

If the bar is stretched plastically to a strain of 0.02 in./in., the energy absorbed plasti-
cally (assuming perfect plasticity) is

D = 33,000(0.02 — 0.0011) ¥, = 50 ft-1b/cu in.
Thus it 18 seen that with suitable design it 1s possible for a structure to absorb a large

amount of energy plastically while retaining an adequate factor of safety against collapse.
For example, an elevated water tank!‘*® with rod bracing, which would require design for
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a 40% g lateral acceleration to remain elastic during ground motion of the El Centro 1940
intensity, could be designed for 12% g with allowance for plastic deformation and still
have a factor of safety of approximately two. A plastic design must, of course, be done
very carefully to ensure that rupture or brittle fracture does not occur. The total energy
absorbed in failing members by oscillatory plastic strains is not well established at the
present time so that such designs should be made on a conservative basis.

Building Vibration Records

As yet, structural response has not been measured during strong earthquake ground
motion, but measurements have been recorded for moderately strong ground motion.
Three examples of such records are given in the next three paragraphs.

A quarry blast!*? involving 370,000 1b of buried explosives at a distance of 370 yd
from a building produced the horizontal acceleration shown in Fig. 1.26 in the basement
of the building. The concrete second floor of the building, supported on braced steel
columns, experienced the horizontal accelerations shown in Fig. 1.27. The first two
modes of vibration of the building had periods of 0.35 and 0.28 sec, respectively; the first
of which was strongly excited. The maximum ground acceleration was 0.075 g, and the
maximum recorded building acceleration was 0.105 g. From the spectrum of the ground
motion, the maximum computed building acceleration was 0.10 g.
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Fig. 1.27— Acceleration-time record of
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grade.

As another example, the Hollywood Storage Company Building was approximately 70

miles south of the center of the Arvin—Tehachapi earthquake of July 21, 1952, and the
ground motion recorded in the basement of the building is shown in Fig. 1.5. The building
is a monolithic reinforced-concrete structure 141 ft high, with a basement. It is rectan-
gular in plan, measuring 217 ft in the east-west direction and 51 ft in the north-south
direction. Prior to the earthquake the measured periods of wind-induced vibration were
0.49 sec in the east—west direction and 1.2 sec in the north—south direction. The periods
in these two directions were 0.54 and 0.87 sec, respectively, as deduced from the meas-
ured building vibrations during the earthquake. The acceleration measured on the roof of
the building is also shown in Fig. 1.5. The maximum roof acceleration in the north— south
direction was 13% g, which was composed of approximately 12% g from the first mode and
1% g from the second mode. In the east—west direction, the maximum roof acceleration
was 14% g of which approximately 11% g came from the first mode and 3% g from the
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second mode. Because of the long distance from the epicenter, the spectra of this ground
motion were relatively low in the short-period end. The undamped spectrum intensity for
this ground motion was 1.4. The motions shown in Fig. 1.5 were recorded by the U. S.
Coast and Geodetic Survey.

The Alexander Building was approximately 11 miles from the epicenter of the San
Francisco earthquake of Mar. 22, 1957, and the ground motion recorded in the basement
and on the roof of the building was as shown in Fig. 1.28. The building is a relatively
slender 15-story steel-frame structure!-® with masonry walls. The periods in both di-
rections were approximately 1.3, 0.4, and 0.25 sec for the first three modes. Because the
building was close to the epicenter of a small earthquake, the short-period end of the
spectrum was relatively high, and the second and third modes of the building were
strongly excited. The maximum ground acceleration was 5% g and the maximum roof
acceleration was 12% g. The building was excited into short-period vertical oscillations,
as shown in Fig. 1.28. The motions shown in Fig. 1.28 were recorded by the U. S. Coast
and Geodetic Survey. Analysis by Hudson shows good agreement between computed and
measured response of this structure,!-4?

Influence of Foundation Conditions

The precise influence of foundation conditions is not yet well understood. Two differ-
ent factors are involved: the influence of local geology on the intensity of the ground
motion, and the influence of the ground conditions on the behavior of the structure. The
first of these is a matter of geology, and the second is a matter of engineering.

With respect to the influence of local geology on ground motion intensity, it is known
that, if a plane stress wave travels through a medium of high modulus of elasticity into a
medium of low modulus of elasticity, the displacements and accelerations are essentially
doubled. Therefore it may be expected that, if seismic waves travel up through base rock
and pass into surface alluvium, there would result at least a doubling of the intensity if
the alluvium behaves eiastically. On the other hand, if the alluvium is overstressed by
the seismic waves, there will be energy absorption with a corresponding diminution of
intensity. If the seismic waves travel from rock into an alluvium formed of layers and
lenses with different properties, it appears at present to be impossible to predict the ef-
fect on the intensity of ground motion.

Observations made after earthquakes often report heavier damage 1n alluvial valleys
than on rocky hills. Similar reports are also sometimes made in comparing damage on
firm vs. soft alluvium. Measurements of very weak ground motions!**! have shown negli-
gible influence for periods around 0.1 and 10 sec. However, for some locations, meas-
urements have shown marked amplifications for periods between 0.1 and 10 sec. For the
weak ground motions measured, it was found that some geological conditions amplified
the ground motion as much as 5 to 1 compared with measurements on rock.

On the other hand, there have also been reports of more damage on rock than on
alluvium. Strong-motion measurements at Olympia and Seattle during the earthquake of
Apr. 13, 1949, showed the following influence of ground.“34 The two instruments were
approximately the same distance from the epicenter, with the Olympia instrument on firm
alluvium and the Seattle instrument on water-logged fill. The Seattle record indicated
less intense ground motion than the Olympia record, the undamped spectrum intensities
being in the ratio of 2.6 to 5.8.

During the San Francisco earthquake of Mar. 22, 1957, the data given in Table 1.7
were obtained.!"*

When correction**® is made for the different distances from the epicenter, the ratios
of acceleration and intensity obtained are as given i1n Table 1.8. From this it appears that
the local ground condition at the Alexander Building had small influence; whereas at the
State Building it had appreciable influence. These data indicate that the effect of ground
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is not simply a matter of depth and softness of alluvium. At present there are not suffi-
cient instrumental data from strong earthquakes to establish the precise influence of local
geology on strong earthquake ground motions.

Table 1.7—DATA FROM SAN FRANCISCO EARTHQUAKE, MAR. 22, 1957

Epicentral
distance, Maximum Spectrum N
Station miles Type of ground acceleration, g intensity
Golden Gate Park 7.8 Rock 0.13 0.84
State Building 9.8 ~100 ft of alluvium 0.105 1.12
Alexander Building 10.8 ~120 ft of alluvium 0.05 0.48

The influence of local geology on the behavior of structures is somewhat better
understood. A soft alluvium that may consolidate unevenly during an earthquake and thus
permit differential settlement of the foundation of the structure is a serious hazard. A
differential settlement of a fraction of an inch may produce very large stresses and lead
to failure during the earthquake. Such failures have been observed, but usually it is diffi-
cult to establish whether or not foundation settlement has occurred; thus very little data
on this subject have been gathered. A soft alluvium may also promote rocking of the
structure during an earthquake and cause overstressing of the soil with consequent del-
eterious effect on the structure.

A well-designed building of typical proportions founded on moderately firm soil can
be treated as if supported on a firm base. However, if the soil is sufficiently soft, the
base of the building may move laterally relative to the soil. This was demonstrated in the
record obtained in the Southern Pacific Building in San Francisco during the earthquake
of Mar. 22, 1957. This structure is founded on piles in very soft alluvium, and the accel-
eration recorded in the basement showed that the base of the building had oscillated

Table 1.8— RATIOS OF ACCELERATION AND INTENSITY

46

Station Maximum acceleration Spectrum intensity
Golden Gate Park 1.0 1.0
State Building 1.3 2.0
Alexander Buiiding 0.75 1.1

laterally. The spectrum curves showed pronounced peaks that coincided with the meas-
ured periods of vibration of the building.'*** Thus in this case the softness of the ground )
introduced another degree of freedom in the structure. There is nothing inherently bad in
this extra degree of freedom. It may, in fact, be advantageous for a heavy stiff structure,
but the soil must then be treated as part of the structure, and the design should be such
as to avoid undesirable permanent displacements.
Numerous studies of the influence of ground have been made by Japanese investi-
gators and are reported in the bulletin of the Earthquake Research Institute of Tokyo Uni-
versity. These are of particular interest when considering the influence of very soft
soils.
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Chapter 2

EARTHQUAKE GEOGRAPHY
AND REGIONALIZATION

2.1

2.2

World Map of Shallow Earthquakes: Class A . 1904 to 19582; Class B.
1918 to 1952,

World Map of Deep-focus Earthquakes; All Known Shocks of
Magnitude 7 and Over, 1905 to 1852,

FIGURES 2.8 Microregionalization Map, Los Angeles Basin and Vicinity, Southern
California.

2.7 Regionalization Map for California.

2.8 Tentative Regionalization Map for the United States and Adjacent Areas
Outaide California.

2.3 Pacific Stable Mass; Azimuthal Equal~ares Projection. TABLES
2.4 Continental Stahie Masses; Azimuthal Equal-area Projections.
2.5 Regionalization Map for the USSR, Redrafted from Savarensiy and 2.1 Circum-Pacific Belt: Reiative Frequency and Energy of Earthquakes,
Kirnos (1955) with Some Omisaion of Small Details. 2.2 Equivalence for the Los Angeles Area.
2.1 ACKNOWLEDGMENT
Proper and full acknowledgment must be given the distinguished work of B. Gutenberg
and C. F. Richter of the Seismological Laboratory, California Institute of Technology.
Their extensive studies of seismicity during the past 20 years have found comprehensive
and definitive expression in the references comprising the foundation for this introduction
to earthquake geography and regionalization.
The contribution of C. F. Richter in reviewing the material in this chapter is grate-
fully acknowledged.
2.2 EARTHQUAKE GEOGRAPHY: GENERAL DESCRIPTION
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Inherent in the prediction of probable seismic intensity as related to engineering
construction are the factors of (1) initial seismic energy release, (2) subsequent wave
propagation or energy transport, and (3) the nature and violence of motion imparted to
the foundation supporting the responding structure. The rigorous postulation of seismic
damage to a given structure would be dependent upon comprehensive statistical and geo-
physical knowledge of these factors; however, such a state of technology is not likely of
general attainment. Fortunately a rigorous approach is not a prerequisite to acceptable
engineering studies, as previously indicated by the text of this report and as further
supported by the material of this chapter.

The problems of energy release are those related to the statistical study of location,
frequency, and magnitude of seismic disturbances, including the nature of the focal struc-
ture, or simply the problems of earthquake geography.

Prediction of probable seismic intensity as a function of both earthquake geography
and local geology is the purpose of seismic zoning or seismic regionalization and is a
field of study that is of interest to both the seismologist and the engineer.



SCOPE 2.2A

Scope

The worldwide distribution of earthquakes has been briefly mentioned in Sec. 1.2B.
The greater majority of epicenters occur in a few narrow belts or zones, whereas cer-
tain wider areas show fairly general moderate activity. Those features of the earth’s
surface most pertinent to seismological study include

(1) The principal great-circle seismic belts
a. The Circum-Pacific belt
b. The Alpide {(Ballores’ Transasiatic) belt
(2) The non-Alpide areas of eastern Asia
a. The Pamir—-Baikal active zone of central Asia
b. The Chinese triangular active area
(3) The oceanic seismic belts
a. The Arctic beit
b. The Atlantic ridge
¢. The Indian Ocean belt and branches
(4) Rift zones, including
a. The East African active rift
b. The Pacific stable area rifts
(5) The stable masses
a. Active continental margins and troughs adjacent to the stable masses, includ-
ing the St. Lawrence rift zone
b. Stable-mass shatter zones
(6) Minor seismic areas, generally in regions of older mountain building

Tectonics

In the principal seismic zones, shallow earthquakes are associated with the condi-
tions of two distinct environments: arc as opposed to block tectonics. The earthquakes
of arcuate strucrures, dominant in most of the Circum-Pacific and Alpide belts, are
thought to be related to the thrust surfaces of the great mountain-building epochs,

Where most clearly defined in the Circum-Pacific belt, these arcs are still active with
earthquakes at all depths, and folding is thought to be still in progress. The similar arcs
of the Alpide group are less active and show fewer of the characteristic features.

A group of typical phenomena and features normally identify the active Pacific arcu-
ate structures. Most pronounced are the severe gradients; the topography of a typical
transverse section ascends from a deep oceanic trench or foredeep along the outside
margins to the heights of a principal mountain arc, complicated by an intervening series
of anticlines that often appear as submarine ridges. The dynamic potential of the system
finds evidence in pronounced isostatic anomalies, which, for certain conditions of struc-
tural environment, may find expression in active thrusting. Active or recently extinct
volcanoes are characteristic of the principal mountain arc; farther inward in the system,
another arc is marked by older volcanism, generally in a late stage or extinct. Shallow
seismicity is most frequent between the foredeep and the principal mountain arc, whereas
activity of intermediate depth extends from the mountain arcs to the interior. Well within
the interior of the system are found the deep-focus disturbances.

Conversely the behavior in a block structure does not appear to be a direct expres-
sion of folding, but rather an indication of large-scale shearing adjustments subsequent to
such activity. Characteristic of these adjustments are the development of long fault zones
that often appear to be mechanically inconsistent with the apparent tectonic regime. Such
faulting is geologically shallow, as evidenced by occasional surface rupture and the insig-
nificant amount or absence of intermediate or deep seismicity.

The geographical location of faults associated with block tectonics can be determined
in areas where the geology is well understood. Consequently the correlations of origin,
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EARTHQUAKE GEOGRAPHY: DETAILS

path, and local geology for regionalization of such areas are susceptible to definitive
treatment. In arcuate regions, however, the active surfaces are not simple sharp breaks
but may, in the zone of shallow seismicity, extend horizontally over a wide belt. Probable
epicentral location cannot then be precisely determined, and fine regionalization for arcu-
ate areas may be more difficult than that for block structures.

Block faulting does not necessarily occur as a distinct alternate to the arcuate proc-
esses. In Japan particularly, the arc and block tectonics are enmeshed in a condition of
unusuval complexity. As examples, the strike-slip fault associated with the Mino -Owari
earthquake of 1891 cleaves across Honshu transverse to the active arcuate structures;
similarly the great transverse structural break known as the Fossa Magna partitions this
principal island into a southwest and a northeast tectonic division. In Argentina shallow
earthquakes of block tectonics, in the provinces of Mendoza and San Juan, lie directly
above the hypocenters of deep shocks associated with Andean arcuate activity, where the
surface expression of Andean arc tectonics is far to the west.

EARTHQUAKE GEOGRAPHY: DETAILS

A Dbrief description of earthquake geography, such as the following, is of necessity
overgeneralized, and many of the significant geological features pertinent to smaller
areas are unfortunately rendered obscure. Reference should be made to the more ex-
haustive compilations available for detailed study of a particular locale.?-!+%-

Figures 2.1 to 2.4 illustrate the discussion. The small scale of these figures again
leads to overgeneralization. Obviously it is not possible to include finer geophysical de-
tail in maps extending over such broad areas. They do, however, correctly indicate the
general features of world seismicity and appear appropriate to the introductory treat-
ment afforded by this chapter.

Explanatory statements should be made in regard to Figs. 2.1 and 2.2. From the en-
gineering viewpoint light or moderate seismicity is not necessarily statistically signifi-
cant with respect to large, damaging shocks. These figures were accordingly prepared to
illustrate only major activity and should not be taken as necessarily representative of
lighter seismicity. Further, only well-documented shocks over a relatively short period
of time have been plotted; therefore these figures may not exactly represent the relative
activity of some areas.

Circum-Pacific Belt

The geography of the Circum-Pacific belt is indicated by Figs. 2.1 to 2.3. The pre-
dominant position of this belt in any accounting of world seismicity was mentio