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Strong Earthquake Ground Motion and Engineering Design
by William B. Joyner and David M. Boore

Introduction

Designing  structures  to  resist
earthquake ground motion is an impor-
tant engineering challenge. Essential to
meeting that challenge is the ability to
estimate the level of ground motion in
future earthquakes. The seismic zone
map in the 1988 edition of the Uniform
Building Code is based on ground-mo-
tion estimates. The design of important
structures structures such as nuclear-
power facilities, dams, and high-rise
buildings uses estimates of ground mo-
tion made for specific construction
sites. In what follows we will first tell
how ground motion is recorded and
what data is available and then discuss
how ground-motion estimates are
made.

Strong-Motion Data

Special instruments are required to
measure strong motion, that is, ground
motion at potentially damaging levels.
Figure I shows the most common of
such instruments. The motion of the
ground in two horizontal and one verti-

Fig. 1. Typical strong-motion recording
instrument, which records three com-
ponents of ground motion on
photographic film. (Photo from
Kinemetrics).

cal direction is recorded by light beams
acting on photographic film. Older in-
struments used photographic paper in-
stead of film. The newest instruments
make digital recordings on magnetic-
tape cassettes or in solid-state memory
units. Digital recording has important
advantages, but, because of cost, it will
probably be many years before the film-
recording instruments are replaced.
Strong-motion instruments are turned
on by the earthquake ground motion
itself. They are unattended and are
protected from weather and vandalism
by a shelter such as the one shown in
Figure 2. An example of the records
made by these instruments is given by
Figure 3, which shows the record made
at Pacoima Dam in the San Fernando
earthquake of 1971. This record was

obtained a few miles from the site of the
Olive View hospital, which was severe-
ly damaged in the earthquake, as shown
in Figure 4. The hospital was later torn
down and replaced.

The business of strong-motion
recording requires an extraordinary de-

Fig 2. Typical shelter for strong-motion
instrument.

gree of patience and diligence. Instru-
ments may be deployed for decades
before an earthquake occurs that is
strong enough and near enough to make
a record. Under such circumstances
special efforts are required to insure that
a high percentage of instruments is
operational when an earthquake does
occur, The U.S. national strong-motion
recording program was begun in the
1930’s and has produced the largest
share of the available data, at least until
recently. At present the national pro-
gram, which is operated by the U.S.
Geological Survey in cooperation with
other federal, state and local agencies,
has about 600 three-component instru-
ments deployed to measure ground mo-
tion. In addition, instrumentation has
been placed in structures for monitoring
their response to earthquake motion.
Figure 5 shows the location of instru-
ments belonging to the national pro-
gram. The State of California
established its own program in 1972,
funded by a small fee levied on building
permits. This funding mechanism is
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Fig. 3. Strong-motion record made at
Pacoima Dam in the 1971 San Fernando,
California, earthquake. The middle
trace shows the vertical component and
the top and bottom traces show the
horizontal components. The largest ex-
cursion represents an acceleration
slightly  greater than 1 g; the record
shows the motion for 22 sec after the
initial motion.
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especially advantageous because it
provides the continuity so important to
strong-motion recording. The Califor-
nia program now maintains about 350
three-component instruments to
measure ground motion, in addition to
instrumentation in structures. Other in-
strumentation is operated by univer-
sities and government and private
organizations throughout the world.

Different Measures of Ground
Motion

A number of different quantities, calcu-
lated from records such as the one
shown in Figure 3, may be used for
purposes of seismic design. Peak ac-
celeration is the most commonly used;
other quantities used are peak velocity
and response spectral values. The
response spectrum is defined as the
maximum responses, to a given motion,
of a set of single-degree-of-freedom os-
cillators (for example, mass-spring sys-
tems) having different natural periods
and damping. The response spectral
values are useful in structural design
because they take account of the fre-

quency of the structure. The response
spectrum can be thought of as the max-
imum responses, to a given motion, of a
set of simple mathematical models of
structures.

Peak horizontal acceleration may be
used in simplified procedures for
evaluating liquefaction potential and in
pseudostatic studies of slope stability.
Peak acceleration has also been com-
monly used in the past as a scaling
parameter to scale a normalized spectral
shape and obtain response spectra for
analysis of structural response. This is
an unsound procedure. It would be
valid in general only if the shape of
response spectra were independent of
earthquake magnitude, source distance,
and recording-site conditions. A num-
ber of studies (McGuire, 1974; Mohraz,
1976; Trifunac and Anderson, 1978;
Joynerand Boore, 1982), however, have
shown that the shape of response spectra
is strongly dependent on magnitude and
site conditions. At periods greater than
about 0.3 sec, large errors can result
from the practice of scaling fixed
spectral shape by peak acceleration.

These errors can be partially avoided
by Newmark and Hall’s (1982)
method, in which the short-period
part of the spectrum is proportional
to peak acceleration, the inter-
mediate portion (about 0.3 to 2.0
sec) to peak velocity, and the long-
period portion to peak displacement.
Our work (Joyner and Boore, 1982),
however, shows that the propor-
tionality factor between velocity and
intermediate period response varies
significantly with magnitude and
site conditions and that the shape of
the response spectrum varies sig-
nificantly with distance. We prefer
to estimate response spectra directly,
by regression of individual spectral
ordinates for a suite of periods. One
point deserves emphasis: the search
for a single parameter to charac-
terize ground motion is doomed to
failure. Because the shape of the
spectrum changes with magnitude
and site conditions, a single
parameter that represents ground
motion well at one period must
necessarily fail to do so at others.

P.I.T. by Pile Dynamics, Inc.

[ . ™ 0 Pile Top Jeo laon.
Pile Integrity Tester yANE
. k__._.——-—-—-—-“’ —t m
« Simple
. QUiCK Acceptable Pile
+ Inexpensive 7 . 2 o
Using a small hand held hammer, a stress wave is generated at
the top of a drilled shaft or concrete driven or cast-in-place pile. » N —~ P
P.LT. offers i of Nondestructive Testing \/ A
consisting of both time domain j ( ho and frequency
domain i hod of data interpretation. As
this is a surface technique needing only access to the top of the Damaged Pile

pile/shaft, advance planning or expensive access tubes are not
or more piles can be easily tested in one day.
Several models of P.LT. are available including self contained
battery powered equipment for one person operation.

required. Up to fi

Low strain traces from sound and broken piles indicate the
location and degree of damage.

Pile Dynamics also manufactures the Pile Driving Analyzer" and Saximeter™

Sales Representatives in: Sweden « Hong Kong ¢ Singapore - Taiwan

Pile Dynamics, Inc.

22  Geotechnical News, March 1991

4535 Emery Industrial Parkway « Cleveland, Ohio 44128 USA
Telephone: (216) 831-6131 » Fax: (216) 831-0916 - Telex: 985662






