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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.
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Empirical Estimates of Ground
Motion

Empirical estimates of ground motion
are based on analysis of strong-motion
recordings. It is not feasible to restrict
the analysis to records obtained in the
vicinity of the site of interest. There are
simply too few recordings available.
Because large earthquakes are relative-
ly rare events and the funding for
strong-motion  instrumentation s
limited, the number of available records
is small, particularly for large mag-
nitudes and small source distances, just
the conditions most critical for
earthquake-resistant design. The best
that can be done is to take data from a
large region (e.g. western North
America), see how ground motion is
influenced by factors such as mag-
nitude, distance, and site conditions and
somehow arrive at estimates ap-

propriate to the site of interest, in that
region, for the different earthquakes
that may affect it.

A number of different relationships

forestimating ground motion have been
developed by fitting mathematical
equations or graphical curves to the ex-
isting strong-motion data set. A com-
prehensive review of relationships
developed before the 1979 Imperial Val-
ley, California, earthquake was given by
Idriss (1979). The 1979 Imperial Valley
earthquake marked a major change in
the strong-motion data base by provid-
ing many more near source data points
than had been available previously.
More recent reviews have been written
by us (Boore and Joyner, 1982; Joyner
and Boore, 1988) and Campbell (1985).

In developing relationships for es-
timating ground motion three main fac-
tors are considered, earthquake
magnitude, source distance, and local
geologic site conditions. Some authors
also include type of faulting. There are
other factors that influence ground mo-
tion but it is not clear that incorporation
of additional factors would improve the
estimates. Because the relationships
are developed by fitting the recorded
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ground-motion data set, the ground-mo-
tion estimates and the estimates of
variability will implicitly reflect these
additional factors. Strong-motion in-
struments are deployed in a quasi-ran-
dom fashion in seismic regions in the
hope that the records will be repre-
sentative of the ground motion that
structures will experience.

We (Joyner and Boore, 1982, 1988)
have developed the following equations
for estimating horizontal ground motion
from shallow earthquakes in western
North America:
log v =a + b(M-6) + c(M-6) + dlogr+kr+s
50<M<77 (hH

=+ 15"

where y is the ground-motion quantity
to be estimated, M is the moment mag-
nitude of the earthquake, ro is the
shortest distance (km) from the site of
interest to the vertical projection of the
earthquake fault rupture on the surface
of the earthquake, and s is the site-effect
coefficient. Values of a,b,c.d.k.h, and s
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for soil sites (sites with 5 m or more of
soil), determined by fitting the strong-
motion data set, are given in Table 1 for

Period (sec) a b c h d k s Vso € Olog y

Pseudoacceleration response (g)

0.1 0.97 0.25 -0.06 11.3 -1.0 -0.0073 -0.02 0.28 . . .. X
_ estimating quantities corresponding to
0.15 1.03 .30 -.08 108 -1.0 -.0067 -.02 .28 the randomly oriented horizontal com-
0.2 097 .35 -.09 96 -1.0 -.0063 -.01 .28 ponent. For rock sites s = 0. For
0.3 080 .42 -.11 69 -1.0 -.0058 .04 590 -0.28 .28 response spectral values the coefficients
0.4 064 47 -.13 57 -10 -.0054 .10 830 -.33 31 given in Table | correspond to pseudo-
0.5 052 52 -.14 51 -10 -.0051 .14 1020 -.38 .33 acceleration  response at 5 percent
damping.  (Pseudoacceleration res-
= 2 = 2 4 s : .
0.75 0.27 .60 .16 4.8 1.0 .0045 23 1410 .46 .33 ponse is simply dlsglacement response
1.0 0.09 .67 -.17 47 -1.0 -.0039 .27 1580 - .51 .33 multiplied by (2rt/T~), where T is period
1.5 -0.18 .74 -.19 4.7 -1.0 -.0026 311620 - .59 .33 in sec.)
2.0 037 79 -.20 47 -1.0 -.0015 .32 1620 - .64 .33 The moment magnitude M is used in
_ . equation (1) because it corresponds to a
3.0 -0.65 .85 -.22 47 -098 .0 32 1530 -.72 .33 ; ;
well defined physical property of the
4.0 -0.84 0.88 -0.2¢4 47 -095 0.0 0.29 1450 -0.78 0.33 earthquake source. Itis defined in terms
Peak acceleration (¢) of the seismic moment M, which is the
0.43 0.23 0.0 8.0 -1.0 -0.0027 0.0 0.28

product of three factors, the area of the
rupture surface, the average slip, and the
modulus of rigidity in the source zone.
Table 1. Coefficients in the Equations of Joyner and Boore (1988) for the Randomly ~ Moment magnitude is thus a measure of
Oriented Horizontal Component of Ground Motion the size of an earthquake in a very
specific sense. The equation for com-
puting moment magnitude is
=§ log M¢ - 10.7

Peak velocity (cm/sec)
2.09 049 0.0 40 -1.0 -0.0026 0.17 1190 -0.45 0.33

where the units of M¢$ are dyne-cm
(Hanks and Kanamori, 1979). The
magnitudes most commonly cited in
earthquake engineering are the Richter
local magnitude My and the surface-
wave magnitude M. ML is determined
from the trace amplitude on a record
made by a particular kind of seis-
mograph, the Wood-Anderson seis-
mograph, located within a few hundred
km of the earthquake. Mjis determined
from the ground motion associated with
surface waves of 20 sec period recorded
anywhere in the world. For
earthquakes in California with ML less
than about 6.5 the commonly cited mag-
nitude is Mp.  For earthquakes
worldwide with My greater than about
6.5 the commonly cited magnitude is
M;. Generally speaking, below a mo-
ment magnitude of about 8.0, moment
magnitudes are approximately the same
as the commonly cited magnitudes.

If shear-wave velocity data are avail-
able for the site of interest, the following
expression (Joyner and Fumal, 1984)
should be used to determine the site
coefficient:

Fig.4. The Olive View Hospital, damaged in the San Fernando earthquake and later
demolished. The Hospital was located within a few miles of the site where the record
shown in Figure 3 was made. Note the shattered first-floor columns and the
displacement of the upper stories. (Photo by Robert E. Wallace, U.S. Geological

Survey).

- Vs

. . . Lo s=elog (-
Fig. 5. Map showing locations of strong-motion instruments operated by the U.S. T 2)
Geological Survey in cooperation with other agencies. where Vy is the site shear-wave velocity
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Fig. 6. The larger of two horizontal
components of peak acceleration
recorded in the 1989 Loma Prieta,
California, earthquake compared with
estimates from our equations (Joyner
and Boore, 1982, 1988). The median
estimate is shown by the solid line and
the estimates at plus and minus one
standard deviation are shown by the
dashed lines. Distance is the closest dis-
tance to the vertical projection of the
fault rupture on the surface of the earth.

averaged to a depth of one-quarter
wavelength at the period of interest and
e and V¢ are given in Table 1.

As previously stated, equation (1)
applies to shallow earthquakes, that is,
earthquakes for which the fault rupture
lies mainly above a depth of 20 km.
Most earthquakes in the “lower 48”
states of the U.S. are shallow by that
definition. Subduction earthquakes,
which are common in Alaska and which
have been postulated for the Pacific
Northwest of the U.S., may be deeper
and different relationships should be
used to estimate ground motion from
such earthquakes.

All ground-motion estimates are
subject to large errors. Table 1 gives
estimates of © log y, the standard error
of an individual prediction of log y using
equation (1). The values listed cor-
respond to errors of about a factor of 2
above and below the median estimate.

1
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Fig. 7. Estimated pseudoacceleration
spectra of shallow earthquakesfor 5 per-
cent damping at soil sites (heavy lines)
and rock sites (light lines) for 10 km
distance and moment magnitude 5.5 and
6.5. Spectra correspond to the randomly
oriented horizontal component and were
computed from equation (1) using the
coefficients in Table 1. Distance is as
defined in Figure 6.

Some other investigators give lower
values, but generally no less than factors
of about 1.5 above and below the
median estimate.

Figure 6 shows a comparison be-
tween curves of peak horizontal ac-
celeration from equation (1) for
moment magnitude 6.9 and data from
the 1989 Loma Prieta, California,
earthquake, which had a moment mag-
nitude of 6.9. No data more recent than
1981 were used in determining the cur-
ves, which show the median estimate
and the estimates at plus and minus one
standard deviation. What is plotted in
Figure 6 represents the larger of two
horizontal components, and the curves
are 15 percent higher than would be
obtained using the coefficients given in
Table 1. A table of coefficient values for
the larger of two horizontal components
is given elsewhere (Joyner and Boore,
1988).

The curves in Figure 6 apply to both
rock and soil sites. The recorded data
are plotted with different symbols for
the different site categories, rock, al-
luvium, and bay mud. The values for
the three categories are factors of 1.6,
1.8, and 4.5 higher than the curves,
which were derived from a data set that
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Fig.8. Spectrafrom Figure 7 at soil sites

normalized to the value at 0.1 sec to show

the difference in shape for different mag-

nitude.

included rock and alluvium sites but not
bay mud sites. The larger values for
rock and alluvium may represent ordi-
nary earthquake-to-earthquake
variability, but the values for bay mud
clearly represent an amplification due to
bay mud, which is characterized by soft
clays with shear-wave velocities less
than 100 m/sec. Similar amplification
accompanied by severe building
damage and collapse occurred on very
soft clay deposits in Mexico City in the
1985 Michoacan earthquake. Analysis
of the Loma Prieta data is still under-
way. Ultimately the analysis will lead
to a much better understanding of the
effect of local geology on earthquake
ground motion.

An example of the use of equation
(1) in estimating response spectra is
shown in Figure 7, which gives the
pseudoacceleration response spectra
at 5 percent damping for the randomly
oriented horizontal component at 10
km distance (+f) for moment mag-
nitude 5.5 and 6.5 at rock and soil
sites. Figure 7 illustrates the point
made earlier that the shape of response
spectra depends strongly on mag-
nitude and site conditions. To show
the dependence on magnitude more
clearly the soil spectra are replotted in
Figure 8, normalized to the value at
0.1 sec. The spread of the curves at
longer periods indicates the errors that
would result from scaling fixed
spectral shapes.
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Theoretical Estimates of Ground

Motion

In many regions, such as eastern North
America, too few strong-motion data are
available for making empirical estimates.
Why not estimate ground motion
theoretically? The theory of seismic
wave propagation is sufficiently well
developed so that ground motion could be
calculated if all the necessary information
were available. The catch is that the
needed information is not available, and,
in our view, probably will not be within
the foreseeable future. The fault rupture
that is the source of ground motion may
be 10 km or more beneath the surface of
the earth. It would be necessary to know
the properties of all the material along the
propagation path between the fault at
depth and the site on the surface where the
ground-motion estimate was wanted.
The amount of slip on the fault would
have to be known, and, more important,
how that slip varied from point to point on
the fault. A new approach has been
developed recently, however, that makes
theoretical ~estimates of earthquake
ground motion possible. It combines
simple approximations to wave-propaga-
tion effects with a statistical description of
the variability of slip on the fault. Es-
timates made with this approach agree
very well with the recorded ground-mo-
tion data that is available, and the ap-
proach makes possible what, in our view,
are the first realistic theoretical estimates
inregions for which there are few data. A
discussion of the approach and its ap-
plication to estimating ground motion at
rock sites in eastern North America is
given to Atkinson and Boore (1990).
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