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Chapter N: Relative Ground Response in Salt Lake City
and Areas of Springville-Spanish Fork, Utah, by
Kenneth W. King, Robert A. Williams, and David L.
Carver. To predict the ground-shaking intensity
potential for the Wasatch Front urban corridor, a
better understanding of how shallow underlying
geology affects ground shaking was developed.

Chapter O: In Situ Poisson’s Ratio Measurements Near
Provo, Utah, by Richard D. Miller, Don W. Steeples,
Kenneth W. King, and Ralph W. Knapp. Classification
of sites according to their response to earthquake
energy enables engineers to accurately determine
structural requirements for individual sites in high- to
moderate-risk earthquake zones.

Chapter P: Earthquake Losses in Central Utah, by S.T.
Algermissen, E.P. Arnold, K.V. Steinbrugge, Margaret
G. Hopper, and P.S. Powers. Estimates of losses in
central Utah have been made for a series of simulated
earthquakes. Expected maximum losses in the Salt
Lake City urban corridor in 50 years at a 10-percent
chance of exceedance were also found. The losses
range from $830 million for a M, 5.5 shock on the
Provo segment to $5.5 billion for a Mg 7.5 quake on
the Salt Lake segment.

Chapter Q: Isoseismals of Some Historical Earthquakes
Affecting the Wasatch Front Area, Utah, by Margaret
G. Hopper. Isoseismals were drawn for 13 historical
earthquakes that caused damage-level intensities
(MMI>VI)? in the four Wasatch Front counties of
Weber, Davis, Salt Lake, and Utah. The highest
historical intensity within any of the four counties
was MMI VIL

Chapter R: Seismic-Risk Methods and Estimates for
Utility Systems and State-Owned Buildings Along the
Wasatch Front, by Craig E. Taylor and Delbert B.
Ward. Results of seismic risk projects on Utah
facilities reaffirm the iterative nature of these projects.

%Intensity is “a subjective numerical index describing the severity of
an earthquake in terms of its effect on the Earth’s surface and on
humans and their structures” (Ziony, 1985, p. 18).

SUMMARY

Efforts to assess regional earthquake hazards and risk
along the Wasatch Front in Utah are dynamic and multi-
disciplinary. This report reflects the nature of that pro-
gram and the research conducted before 1988. Not only
are the topics varied—geology, seismology, engineering
geology, urban planning, law, economics, and so on—but
the level of complexity is also varied. Seismologists and
geologists can draw upon many years of research in their
disciplines in Utah, whereas researchers in engineering,
land use planning, and implementation have had to be
pioneers in their fields.

The timeliness and importance of the research con-
tained herein have made it desirable to publish this report
before the completion of all the research conducted dur-
ing the 5 years of the program. The results from ongoing
research in Utah are included in Professional Paper 1519
(Gori, 1993), published as a sequel to this one. Eventually,
the tectonic processes and their physical and social
effects in the Wasatch Front will be truly understood and
documented.
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ASSESSMENT OF REGIONAL EARTHQUAKE HAZARDS AND RISK
ALONG THE WASATCH FRONT, UTAH

SITE AMPLIFICATION IN THE SALT LAKE CITY-OGDEN-PROVO
URBAN CORRIDOR AND THE IMPLICATIONS FOR
EARTHQUAKE-RESISTANT DESIGN

By WALTER W. HAvs

ABSTRACT

Like many other urban areas in the United States, Utah's Salt Lake
City-Ogden-Provo urban corridor is underlain by soil deposits that will
amplify earthquake ground motions in narrow period bands under cer-
tain conditions. When soil amplification occurs, the demand on a struc-
ture can exceed its capacity to resist the enhanced ground shaking in the
narrow period band. In that case, the structure may experience severe
damage or collapse.

Estimating the level of surface ground shaking in the Salt Lake
City-Ogden-Provo urban corridor is complex because the cities are
founded on soils of differing thicknesses, softnesses, and spatial extents.
Also, no empirical data from past earthquakes in Utah have been
recorded on these soil deposits to demonstrate the effects that they have
on the amplitude and spectral composition of the surface ground
motion. This gap in knowledge makes it difficult to estimate the level
and variability of ground motion expected from future moderate- to
large-magnitude earthquakes occurring along the Wasatch Front.

In terms of bedrock motions, a 1982 analysis by S.T. Algermissen
and others indicates that earthquakes along the Wasatch Front could, in
a 50-year exposure time, generate bedrock ground motions having peak
amplitudes of horizontal acceleration and velocity that reach 0.28 g and
16 cm/s, respectively. Ordinates of spectral velocity for 5-percent damp-
ing are expected to reach 100 crv/s at sites underlain by bedrock and
even higher values at sites underlain by soil.

The amplitude and spectral characteristics of the surface ground
motions at sites in the urban corridor underlain by soil are difficult to
quantify precisely, because one must consider (1) the magnitude and
epicentral distance of the earthquake, (2) the propagation paths of the
body and surface seismic waves, and (3) variations in the thicknesses,
softnesses, and geometries of the near-surface soil deposits. To aid the
analysis, small-amplitude nuclear-explosion ground-motion data, repre-
sentative of the low-strain environment, were recorded at 71 sites in the
urban corridor underlain by soil and rock. These data have provided
new insight, especially in the period band 0.2 to 0.7 s, which corresponds
to the fundamental mode of response of two- to seven-story buildings, a
dominant category in the Salt Lake City-Ogden-Provo urban corridor.
These data, combined with observations of site amplification through-
out the world, indicate that the ground-shaking hazard in the Salt Lake
City-Ogden-Provo area is worst for sites in the centers of the valleys
underlain by thick, soft silts and clays deposited in connection with the
filling of the Great Salt Lake in the Pleistocene Epoch. These soft soil

deposits cause frequency-dependent amplification of ground motion rel-
ative to a bedrock site on the Wasatch Front, where soil-to-rock amplifi-
cation factors can reach 10 (1,000 percent) in the period band 0.2t0 0.7 s
under conditions of low (0.0001-0.1 percent) levels of shear strain. The
soil-to-rock amplification factors in this period band are about 2 (200
percent) when the soil deposits are thin gravels and sands near the
Wasatch Front. Because the thickness of silts and clays increases
toward the valley centers, the soil-to-rock amplification factors also
increase as distance from the Wasatch fault zone increases out to a dis-
tance of about 35 km, the valley centers.

Evaluation of site-amplification effects in Utah, in the context of
results obtained from worldwide postearthquake investigations and
other regional studies, indicates unequivocally that the soil deposits in
the Salt Lake City-Ogden-Provo urban corridor should be expected to
amplify earthquake ground motions, especially where the Ievel of shear
strain induced in the soil column is less than about 0.5 percent. This
level of strain would be expected to occur either in large-magnitude
earthquakes located tens of kilometers or more from the site or in small-
to moderate-magnitude earthquakes having epicenters located as close
as a few kilometers from the site. ALso, such an evaluation indicates
that a high potential exists for damaging resonance in some two- to
seven-story buildings at some locations in the Salt Lake City-Ogden-
Provo urban corridor during future earthquakes. Data from the Septem-
ber 19, 1985, Mexico earthquake are the best example of what might
happen in Utah; they showed that “surprising” damage can occur at
great epicentral distances (for example, 400 km) when the frequency
response of a soft soil column and the building are the same or almost
the same.

The technical concern along the Wasatch Front is how to account
for the nonlinear soil response in future moderate- to large-magnitude
earthquakes that might nucleate directly under a city. Accurate depic-
tion of the nonlinear response of soil to ground shaking in the near-
source area is still a controversial issue that will remain unresolved in
Utah until adequate nearsource ground-motion data can be acquired to
define the bounds on the effect.

The potential for site amplification of ground motion and the
matched responses of some soil columns and buildings (resonance) are
the most important future implications for earthquake-resistant design
of buildings along the Wasatch Front. The seismic design provisions of
the Uniform Building Code need to be evaluated to determine if the level
of ground motion (that is, peak ground acceleration, peak ground veloc-
ity, spectral velocity) expected in a given exposure time and the soil-to-

Kl
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rock amplification factors defined by the soil-structure interaction fac-
tor in the code are adequate for designing buildings and other facilities
in the Salt Lake City-Ogden-Provo urban corridor.

INTRODUCTION
BACKGROUND

This paper presents information on site amplification
in the Utah’s Salt Lake City-Ogden-Provo urban corridor
located adjacent to the Wasatch fault zone (fig. 1) and
suggests ways to incorporate this information in earth-
quake-resistant design and land use practices. The
Wasatch fault zone is 370-km-long zone of active, normal
faulting within the Intermountain Seismic Belt. The larg-
est population growth in Utah is occurring in this urban
corridor, where approximately 1,000,000 people (almost
80 percent of the State’s population) now live. The build-
ing stock in this urban corridor is quite varied and
includes low-, medium-, and high-rise buildings, schools,
hospitals, the capital, government command centers, and
lifeline systems (energy, water, communication, and
transportation systems). The Wasatch fault zone has the
potential for generating moderate- to large-magnitude
earthquakes (Schwartz and Coppersmith, 1984). Ground
shaking, surface fault rupture, and earthquake-induced
landslides and liquefaction generated in such earthquakes
could cause serious social and economic disruption
throughout the State unless realistic mitigation measures
are devised and implemented before these earthquakes
occur.

The Salt Lake City-Ogden-Provo urban corridor, like
many other urban areas in the United States (table 1), is
underlain by soil deposits that have the potential for
amplifying earthquake ground motions in narrow period
bands. Before elaborating further, this paper will review
some of the terminology used in ground motion literature.

Several terms (for example, site response, soil
response, ground response, ground-motion response) are
used interchangeably with site amplification in the litera-
ture. All of these terms generally carry the same meaning
as the term “site amplification,” which is used in this
report. Amplification is always defined relative to a rock
site (figs. 2, 3). Site amplification refers to the frequency-
and strain-dependent physical processes that occur when
an overlying soil deposit responds to bedrock ground
shaking. These physical processes can modify the peak
amplitudes of acceleration, velocity, and displacement
recorded at the ground surface, but these effects are
small and relatively insignificant in comparison with the
effects that occur in a discrete period band of the
response spectrum. The result is that the spectral compo-
sition of the ground motions recorded at the surface of a
soil deposit will differ from that of the subsurface bed-
rock ground motions or the ground motion recorded on
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Ficure 1.—The Wasatch fault zone, a major zone of active, normal
faulting. The largest urban centers of Utah are located along the fault
zone. Geologic and geomorphic evidence acquired primarily from
paleoseismicity studies show that earthquakes having magnitudes of
7 or greater have occurred on the fault in the past 8,000 years.

surface outcrops of bedrock. Whether the peak amplitude
of surface acceleration is increased or decreased by the
soil column and by how much are the most controversial
aspects of site amplification and the subject of continuing
debate.

The soil-to-rock amplification factor is a multiplica-
tive factor ranging from a fraction (deamplification) to
values of about 10 (1,000 percent). The multiplicative fac-
tor is related to a specific part (period band) of the spec-
trum. A typical description is that the amplification is a
factor of 5 (500 percent) for the period band 0.2 to 0.7 s.
Unless noted, the soil-to-rock amplification describes a
frequency-domain effect for the horizontal component of




SITE AMPLIFICATION AND EARTHQUAKE-RESISTANT DESIGN K3

TABLE 1.—Site-amplification effects in various urban areas

Period band of dominant response

Location References
Short  Intermediate  Long
(0.05-05s) (05-3.0s) (3.0-10s)
California
San Francisco region ......... X X X Wood (1908), Reid (1910), Steinbrugge (1968), Idriss and Seed (1968),
Borcherdt (1975), Borcherdt and others (1975, 1978); Joyner and
others (1981).
Los Angeles region ............. X X X Murphy and others (1971a), Boore (1973), Davis and West (1973), Hanks
(1976), Hays (1977), Hays and others (1979), Rogers and others (1979,
1985).
Nevada
Las Vegas region ................. X X X Murphy and others (1971b), Bennett (1974), Murphy and Hewlett (1975).
Tonopah region................... X Murphy and others (1971b), Murphy and Hewlett (1975).
Beatty region.......ccococuuueeee. X Murphy and others (1971b), Murphy and West (1974).
Washington State
Seattle region ........ccoeenene... Thmen and Hadley (1987).
Illinois
Chicago region ..........cueee.... X X Peak and Reed (1954).
Tennessee
Memphis region .................. X X Sharma and Kovacs (1980).
Massachusetts
Boston region........c.cceuveeneee X X Whitman (1983).
South Carolina
Charleston region ............... X X Elton and Martin (1986).
Puerto Rico
San Juan region................... X X Molinelli (1985).

ground motion rather than a time-domain effect. The fac-
tor describes empirically what happened at the site under-
lain by soil relative to the reference site underlain by rock
and is described in terms of a specific period, or period
band, or the period where the maximum or dominant
response occurred (fig. 4). A factor of 5 in the frequency
domain does not correspond to a factor of 5 in the time
domaim. The extent to which the peak amplitude of
ground acceleration is increased or decreased depends on

what happens physically at zero period (that is, the very
high frequencies).

The concept of a transfer function comes from the
theory of linear operators (that is, Fourier and Laplace
transforms). In this paper, the transfer function is used to
describe site amplification in the frequency domain, and,
unless noted, the soil-to-rock transfer function is always
derived. For a site underlain by a soil deposit, the proce-
dure for estimating the transfer function is to divide the
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FiGURE 2.—Example of site amplification in Salt Lake City. The velocity time histories depict low-amplitude ground
motions representing a low-strain environment, which causes essentially elastic response. The potential for site
amplification in the Salt Lake City-Ogden-Provo urban corridor was recognized in the 1960's when ground-motion
records at sites underlain by deep, soft soil exhibited higher levels of ground motion than records at nearby sites

underlain by rocks or thinner soil deposits.

response spectrum by the corresponding response spec-
trum for a nearby site that is underlain by rock. The dis-
tance between the two sites must be small in comparison
with the epicentral distance to each site. The soil-to-rock
amplification factor for a discrete period band is deter-

mined from the transfer function. In the Fourier analysis
of ground-motion data, the typical procedure until
recently was to use the amplitude spectrum (which is a
display of the amplitude of the sinusoids composing the
time history as a function of frequency) and to neglect the
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FIGURE 3.—(from left to right) The soilrock column, the
bedrock and surface acceleration time histories, the
corresponding response spectra derived from them, and
the transfer function. The peak amplitude of acceleration
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FIGURE 4.—Effect of different types of soil columns on the spectral
composition of ground motion. The general correlation with the
height of the building is also shown for comparison. The soil column
in the lakebed zone of Mexico City caused a dominant response
centered at 2 s. The period band 0.2 to 0.7 s is emphasized in this
paper because two- to seven-story buildings are a dominant category
in the Salt Lake City-Ogden-Provo urban corridor.

phase spectrum (which is a display of the phase lead or
lag of the sinusoids making up the time history as a func-
tion of frequency). One advantage of using the transfer
function is that the source terms (for example, the
nuclear-explosion forcing function) can be eliminated in
analyzing site-amplification effects. This process makes
the result essentially independent of the energy source
(Rogers and Hays, 1978). Thus, nuclear-explosion sources
can be used to add to the ground-motion data sample in
an urban area if proper judgment is used.

>
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is read from the acceleration time histories. The soil-to-
rock amplification factor for a discrete period band is read
from the transfer function. A is peak acceleration.

EVALUATION OF THE BEDROCK GROUND-SHAKING
HAZARD IN UTAH

The bedrock ground-shaking hazard for a community
is usually presented in map format, and the soil effects
are considered in separate analyses. Such a map displays
the spatial variation and relative severity of a physical
parameter (such as peak bedrock ground acceleration or
bedrock spectral velocity) and provides a basis for divid-
ing a region into geographic zones, each region having a
similar severity throughout its extent to earthquake-
generated ground acceleration (or some other ground-
motion parameters such as ground velocity or spectral
acceleration). Once the level and extent of ground shak-
ing have been defined for all zones in a region, public pol-
icy can be devised to mitigate the potential effects
through implementation of appropriate actions such as
avoidance, land use planning, engineering design, and dis-
tribution of losses through insurance (Hays, 1981). Each
mitigation strategy requires some sort of map to zone the
ground-shaking hazard. The most familiar zoning map is
contained in the Uniform Building Code (UBC). Soil
amplification is not a part of the UBC zone map but is
considered separately in the analysis.

Algermissen and Perkins (1976) and Algermissen and
others (1982) constructed the first probabilistic maps that
could be used to define the bedrock ground-shaking haz-
ard in Utah. Later, Youngs and others (this volume) con-
structed a probabilistic ground-shaking hazard map for
Utah that included consideration of the surface soil type
through the attenuation relation. These maps were based
on an integrated analysis of the following types of data:

1. Seismicity.
2. Earthquake source (seismogenic) zones.
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FIGURE 5.—Probabilistic bedrock peak horizontal ground acceleration
in Utah. The map is a portion of the national map (scale 1:7,500,000).
It represents a 90-percent probability of nonexceedance in a 50-year
exposure time (from Algermissen and others, 1982). The contours
are expressed in terms of a percentage of the force of gravity. The
effects of soil amplification are considered separately.

3. Attenuation of peak acceleration (or another ground-
motion parameter), holding bedrock or a soil type con-
stant and allowing magnitude to vary.

The maps prepared by Algermissen and others (1982)
were national maps; the portion for Utah is shown in fig-
ures 5 and 6. These maps represent a 90-percent probabil-
ity of nonexceedance in an exposure time of 50 years.
They display bedrock ground shaking at levels as high as
0.28 g (fig. 5) and 16 cm/s (fig. 6).
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FIGURE 6.—Probabilistic bedrock peak horizontal
ground velocity in Utah. The map is a portion of the
national map (scale 1:7,500,000). The map repre-
sents a 90-percent probability of nonexceedance in a
50-year exposure time (from Algermissen and oth-
ers, 1982). The contours are expressed in centime-
ters per second. The effects of soil amplification are
considered separately.

METHODOLOGY FOR EVALUATING SITE
AMPLIFICATION

Evaluation of the ground-shaking hazard, including
soil effects, in the Salt Lake City-Ogden-Provo urban cor-
ridor has proceeded slowly. Scientific and geotechnical
data must be acquired along the Wasatch fault zone, ana-
lyzed, and integrated with other relevant worldwide data,
and a number of technical problems must be resolved
(Hays and Gori, 1984).

Evidence from seismic reflection lines shows that
individual faults in the Wasatch fault zone dip at low
angles and that they probably become listric at a depth of
about 8 km, the depth above which earthquakes having
magnitudes less than about 5.5 occur. Moderate- to large-
magnitude (that is, magnitudes (Mg) of about 6.5-7.5)
earthquakes, although completely absent in the record of
historical seismicity dating from 1847, appear to nucleate
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at depths of 10 to 15 km in or near the zone of brittle-
ductile transition (Smith and others, 1985). When
frequency-magnitude plots of the recent instrumental
seismicity data in Utah are extrapolated linearly, the
frequency of small earthquakes is underestimated,
and the frequency of large earthquakes is overestimated
(Schwartz and Coppersmith, 1984). Geologic data from
trenching (that is, fault-offset distances) show that the
Wasatch fault is segmented and that repeated large-mag-
nitude earthquakes have occurred in the past 8,000 years
at average recurrence intervals of several hundred years
(Schwartz and Coppersmith, 1984). The geologic and seis-
mologic data also suggest that the Wasatch fault zone may
generate characteristic earthquakes of magnitudes (M g)
7.0 to 7.5 and that the standard log N=a~bM relation does
not apply in the strict sense (Schwartz and Coppersmith,
1984).

The estimated regional attenuation relation must be
based on and constrained by California strong-ground-
motion data, not Utah data. No acceleration-attenuation
relation exists for Utah earthquakes because strong-
ground-motion data have been recorded from only one
earthquake in Utah, the 1962 magnitude 5.7 Cache Valley
earthquake.

Empirical strong-motion data from past Utah earth-
quakes showing the frequency-dependent characteristics
of ground response under low- to high-strain ground shak-
ing are completely lacking along the Wasatch Front. Data
on building response in Utah earthquakes are also
lacking.

Special studies performed to overcome these limita-
tions and to evaluate the potential for site amplification
are described below.

SOILS DATA

A special effort was made in the 1970’s (Miller, 1980)
to quantify the physical properties of unconsolidated
materials along the Wasatch Front so that the response of
the various soil deposits to earthquake ground shaking
could be determined. Miller's work yielded the following
information. Salt Lake City, Ogden, and Provo are
founded on several different types of soil deposits. These
deposits are from several lakes that filled the Great Salt
Lake Basin during the Pleistocene Epoch and can be
grouped into three depositional types: onshore, near-
shore, and offshore. Onshore deposits are primarily flu-
vial gravels and coarse sands that form a parallel band
along the major mountain fronts. In contrast, nearshore
and offshore deposits are lacustrine. Nearshore sedi-
ments were deposited on beaches, long shore spits and
bars, deltas, and marshes. Offshore deposits consist of
very fine sands, silts, and clays that accumulated in quiet,
relatively deep water and probably represent the finer

RELATIVE SOFTNESS OF SOIL DEPOSITS

T T T T T T 1 YT 7

’ ¥ T
. Very soft to soft clay; silty clay

l Medium stiff clay; silty clay
. Loose to dense sand
- Very stiff to hard siity clay
. Sandy clay; silty loam
. Interbedded sandy gravels; silty clay

- Dense to very dense near-surface sand, 0~12 m thick

- Dense to very dense sand, 12-30 m thick

M Near-surface gravel
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Ficure 7.—Range of shear-wave velocities of surficial soils in the San
Francisco Bay region. The relative softness increases from right to
left. For comparison, the thick, soft clay and silt deposits in the Salt
Lake City-Ogden-Provo urban corridor have an average shear-wave
velocity of 200 m/s. (After Gibbs and others, 1976.)

portion of debris being carried into the lake from the
mountains.

The soil columns in the Salt Lake City area range in
thickness from about 100 m near the Wasatch Front to 900
m in the deepest part of the Jordan River valley, where
surficial materials have shear-wave velocities averaging
about 200 n/s and a natural moisture content by weight of
about 43 percent (Miller, 1980). The available information
on Ogden and Provo, although less than that on Salt Lake
City, suggests that the physical properties of the soil col-
umn underlying Ogden and Provo are similar to those
underlying the Salt Lake City area. A borehole in the
Provo area indicates a shear-wave velocity of about 155
m/s for the surficial materials (Miller, 1980). To provide a
comparison with another urban area having soils that
vary in thickness and softness, the range of values of
shear-wave velocities determined for soils in the San
Francisco Bay region are given below (Gibbs and others,
1976) and are shown graphically in figure 7:

55 to 116 m/s Very soft to soft clay and silty clay

160 to 190 m/s Medium stiff clay to silty clay

150 to 250 m/s Loose to dense sand

170 to 305 m/s Very stiff to hard clay and silty clay

210 to 310 m/s Sandy clay and silty loam

240 to 270 m/s Interbedded sandy gravels and silty clay

250 to 400 m/s Dense to very dense near-surface sand 0
to 12 m thick
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TABLE 2.—Locations of portable broadband seismograph stations in
Utah that recorded nuclear explosions

TaBLE 2.—Locations of portable broadband seismograph stations in
Utah that recorded nuclear explosions—Continued.

Station Location Lat,°N. Long, °W. Station Location Lat, °N. Long, °W.
Logan area Salt Lake City area—Continued
1...... Logan Airport 41.846 111.894 22.......Bateman Dairy Farm 40.612 111.927
3...... Young Ward 41.708 111.909 23....... 10875S 12 W 40.554 111.922
4......90 S. Main, Providence 41.707 111.816 24.......North Jordan Park 40.752 111918
B Utah State University 41.745 111.813 25....... Salt Lake City Fire Station #7 40.776  111.920
16...... Logan Canyon 41.741 111.786 26.......Capitol Building '40.777 111.887
_ 27 University of Utah 40.776 111.847
Ogden area 28.......Taylorsville 40.663 111.949
29.......4060 S 725 W 40.683 111.910
1o 2095 N 100 E 41288 111.983 30.......Sugar House Library 40.721 111.866
2 1049 Kiesel 41246 111.974 3l....... 3702S 645 E 40.691 111.872
3..... 4376 W 2350 N 41.303 112.086 32....... 2838 Imperial 40.709 111.843
4...... Rainbow Bowling Lanes 41236 111928 | 33.-..6100S700 W 40641 111917
5...... Rogers Poultry Farm 41953 111960 | 34...4130S1221E 40682 111.856
6...... Weber Main Library 41221 111.964 35.......2270 E. Evergreen Street 40.699 111.832
7......4463 Forrest Green Drive 41.180 111.942 36.......1560 Industrial Road 40.773 112.011
8...... Syracuse Fire Department 41.092 112.055 37.......4036 South Golden Circle 40.684 111.852
11..... 4725 S 300 W 41.180 111.970 38....... 3915 Brooklane Drive 40.687 111.848
12......2550 S 4476 W, Taylor 41164 112123 | 391759 Mt. View 40.691 111.841
13...... Hooper Post Office 41164 112.123 41.......1964 East Evergreen Street 40.697 111.832
16...... 6675 900 S, West Warren 41.266 112.152
20...... 100 N 844 W, Farmington 39.989 111.912 Provo area
Salt Lake City area 1. Olmstead Office Building 40315 111.655
12.......0lmstead 40.326 111.639
1...... West Bank of Jordan River 40.652 111.929 3.......Orem Fire Station 40314 111.695
D 1663 Mt. View 40.639 111.844 4.......0rem city offices 40.299 111.693
13, Rotary Park 40.826 111.801 5....... Cherry Hill Farm 40264 111.717
4......Liberty Park 40.749 111.870 6....... Provo Airport 40.221 111.718
15....... Georges Hollow, Fort Douglas 40.768 111.809 7......Boat house, Utah Lake 40236 111.736
6...... Utah Geological and Mineral Survey ~ 40.755 111.827 8.......Provo city offices 40238 111.671
7. 3100 Kennedy Drive 40.757 111.791 9....... K-96 Radio Station 40213 111.671
8...... Southern side of Parleys Creek 40708 111.809 | 10-......Youd Farm 40.133 111730
9. Mill Creek Canyon 40.692 111.770 11....... Sprmgvﬂle Fire Station 40.167 111.610
10...... 4500 South Street 40.679 111.801
11...... Castro Springs 40.673 111.809 Cedar City area
12.... North bank of Dry Creek 40.569 111.821
113 ...... Little Cottonwood Canyon 40573 111.763 1.......Three Peaks 37.717  113.225
14...... 1932 Parkridge 40.616 111.839 12.......Coal Canyon 37.679 113.050
15...... Sandy City Fire Station 40.580 111.872 3.......Rush Lake 37.864 113.064
16...... Murray City 40.639 111.892 4. Sevensville 37.786 113.092
17...... Salt Lake City International Airport ~ 40.785 111.955 5.......College of Southern Utah 37.675 113.067
18...... Saltair 40.769 112.101 6.......SUSC football field 37.676 113.077
19....... Salt Lake City International Airport ~ 40.783 111.979 7......Highway 14 trailer park 37.678 113.055
fire station 8....... Cemetery 37.689 113.063
20...... Hidden Valley G.C. 40.556 111.839 9.......Settling pond 37.656 113.068
21...... 12000 S 1700 E 40.536 111.830 10.......Imperial 400 Motel 37.673 113.061

ISites underlain by rock; all other sites underlain by unconsolidated sediments.
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Figure 8.—Correlation of the response spectrum derived from a strong-
motion accelerogram with a series of damped single-degree-of-
freedom harmonic oscillators. The peak amplitude of acceleration is
the zero-period asymptote of the spectrum. The amplitude of peak
displacement (D) is the infinite-period asymptote. The site and
building response are analyzed through the response spectrum. M is
mass, A is peak ground acceleration, and V is peak ground velocity.

250 to 570 m/s Dense to very dense sand 12 to 30 m
thick

400 to 55 m/s Nearsurface gravel

420 to 750 m/s Deep gravel

SITE-AMPLIFICATION DATA

Two strategies were used to offset the limitations
posed by the lack of ground-motion data from past Utah
earthquakes (Hays and others, 1978; Hays, 1980): (1)
nuclear-explosion ground-motion data recorded simulta-
neously at selected sites (table 2) underlain by soil and
rock in each city were used as a basis for deriving soil
transfer functions to give a bound on site amplification
under low-strain conditions and (2) soil transfer functions
were related to the depositional environment and physi-
cal properties (for example, shear-wave velocity, bulk

density, lithology, and water content) of the 71 recording
sites in the Salt Lake City-Ogden-Provo urban corridor.
Ground-motion measurements from a dozen nuclear
explosions at the Nevada Test Site were made simulta-
neously at sites underlain by soil and rock in each city as
well as sites in Logan and Cedar City to provide some
comparison of effects. Recording sites underlain by rock
on the Wasatch Front encompassed limestone, quartz
monozite, shale, and sandstone. Portable broadband
velocity seismographs were deployed at each location.
Acceleration and displacement time histories were
derived from the velocity records along with 5-percent
damped response spectra. These data provide complete
information on the amplitude and spectral response of the
ground motion recorded ar each site, but they are
representative only of the small-amplitude, low-strain
environment.

A brief discussion of the response spectrum is pro-
vided below to facilitate understanding. The response
spectrum is a common representation of the spectral
composition of earthquake and ground motion. The
response spectrum (fig. 8) depicts graphically the peak
amplitude of each time history, representing the individ-
ual response of each one of a series of damped, simple
harmonic oscillators to the acceleration time history
input at the base of the oscillator. The structural engineer
uses the response spectrum having 2 to 5 percent damp-
ing as a tool to correlate characteristics of ground motion
with the elastic response of buildings of various heights
and types. The concepts of the response spectrum are
also incorporated in the UBC and other building codes.

Soil transfer functions were derived in each city from
the response spectra (figs. 9-13). Many investigators (for
example, Borcherdt, 1975; Rogers and Hays, 1978; Hays
and others, 1978, 1979; Hays, 1980) have shown that the
transfer function, defined as the average ration of the 5-
percent damped, horizontal velocity response spectra for
4 pair of soil-rock sites, is a sensitive function of the prop-
erties of the soil columns underlying the sites. Rogers and
Hays (1978) showed that a transfer function can be deter-
mined reasonably well from either earthquake or nuclear-
explosion ground-motion data because the source effects
are essentially eliminated when taking the ratios,
although there may be a significant difference in the lev-
els of peak ground accelerations and dynamic shear strain
(defined approximately by the ratio of the peak particle
velocity to the shear-wave velocity of the soil). Hays and
others (1978) concluded from the lack of dependence of
site amplification on amplitude that the response of some
soil deposits in Nevada is probably linear up to about 0.5-
percent strain. However, this conclusion cannot be veri-
fied for the Salt Lake-City-Ogden-Provo urban corridor
until earthquake data have been recorded.
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FiGURE 9.—Range of transfer functions showing horizontal
ground response of sites underlain by thin (150 m or less)
deposits of sands and gravels (stations 6, 8, 10, 11, 12)
relative to a rock site (station 7) on the Wasatch Front in

5 MILES

0 5 KILOMETERS

Ficure 10.—Range of transfer functions showing horizontal
ground response of sites underlain by thick (450-750 m),
soft deposits of silts and clays (stations 17-19, 24, 25)
relative to a rock site (station 7) on the Wasatch Front in

MAPS OF THE SITE-AMPLIFICATION FACTORS
FOR SALT LAKE CITY, OGDEN, AND PROVO

Maps showing the spatial variation of the soil-to-rock
amplification factors were prepared for Salt Lake City,
Ogden, and Provo (fig. 14). These maps were based on the

mean value of the soil transfer function in a specific
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period band—0.2 to 0.7 s—derived from small-amplitude
nuclear-explosion data (Hays and King, 1982, 1984). This
period band was selected because the signal-to-noise
ratio is best for this band and also because it correlates
roughly with the fundamental response mode of two- to
seven-story buildings, a dominant group in this urban
corridor.
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SALT LAKE CITY REGION

Soil-to-rock or site-amplification factors in the Salt

Lake City region for the period band 0.2 to 0.7 s are shown
in figure 14A. Data for this period band indicate the fol-
lowing:

1L

RATIO OF VELOCITY SPECTRA

Site amplification factors vary from 1 to 8.5 within the
corporate limits of the city.

. Site amplification factors (relative to a site underlain

by rock on the Wasatch Front) increase to the west
with increasing distance from the Wasatch fault zone.
This effect, which correlates with the transition from
stiff soils near the Wasatch Front to thick, soft soils in
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FIGURE 11.—Range of transfer functions showing horizontal ground

response of sites underlain by rock (stations 5, 9, 13). The reference
bedrock station is station 7 on the Wasatch Front in the Salt Lake City
area.
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the valley center, offsets to some degree the normal
decay of the peak amplitudes and spectral ordinates of
ground motion with distance from the fault zone. The
effect would be most important when the hypocenters
are 20 to 50 km from Salt Lake City.

. Site-amplification factors are as much as 10 (1,000 per-

cent) at sites underlain by the thick (5600-900 m), soft
deposits of clays and silts in the center of the valley,
whereas they are about 2 (200 percent) at sites under-
lain by the relatively thinner (150 m) deposits of sand
and gravels near the Wasatch Front. These data suggest
a high damage potential for two- to seven story build-
ings in parts of Salt Lake City when the response of the
soil column and the response of the building are
closely matched.

OGDEN REGION

The site-amplification factors in the Ogden region for

the period band 0.2 to 0.7 s are shown in figure 14 B. Data
for this period band show the following:

1. The spatial variation of the site-amplification factors is

rapid but not as rapid as that in the Salt Lake City (and
Provo) area.

The site-amplification factors (relative to a rock site on
the Wasatch Front) are as great as 5 (500 percent) and
are greatest for the thick, soft deposits of clays and
silts located in the valley center some distance from
the Wasatch Front. Except in one zone, the factors also
increase with increasing distance from the surface
trace of the fault zone. The explanation for the zone of
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FIGURE 12.—Range of transfer functions showing horizontal ground response of sites underlain by thick, soft silts and clays
(stations 2, 6) relative to a rock site (station 4) on the Wasatch Front in the Ogden area. These data represent a low-
strain environment. The dashed line shows the Ogden city limits.
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Ficure 13.—Range of transfer functions showing horizontal ground response of sites underlain by thick, soft deposits of silts
and clays (stations 3, 4) relative to a rock site (station 2) on the Wasatch Front in the Provo area. Stations 3 and 4 are
located in the Orem area. These data represent a low-strain environment. The dashed lines show municipal boundaries.

low site amplification is unknown at present, but a
local soil deposit having a value of shear-wave velocity
higher than normal is suspected as the cause.

PROVO REGION

The site-amplification factors (relative to a rock site
on the Wasatch Front) in the Provo area are shown in fig-
ure 14C for the period band 0.2 to 0.7 s. These data lead to
the following conclusions:

1. The site-amplification factors vary from 1 to 7.5 over a
distance of only 10 km and increase with increasing
distance westward from the surface trace of the
Wasatch fault zone, as they do in Salt Lake City and
Ogden.

2. The greatest site-amplification factors (fig. 14) corre-
late with thick, soft deposits of clays and silts located
some distance from the surface trace of the fault zone,
and the smallest site-amplification factors correlate
with relatively thin deposits of gravel and sand near the
Wasatch Front.

POSSIBLE USES OF SITE-AMPLIFICATION DATA
AND MAPS

UNIFORM BUILDING CODE

In Utah, considerable new knowledge is becoming
available on the earthquake potential of specific faults,
the bedrock ground-shaking hazard, soil amplification,
earthquake-induced ground failure, and other earthquake-

related phenomena. Also, recent damaging earthquakes
(for example, the September 19, 1985, Mexico earth-
quake) have provided engineers with important informa-
tion on earthquake-resistant design. This new knowledge
has not yet been fully incorporated in the UBC or in the
design of structures in Utah.

The UBC (Uniform Building Code) (International
Conference of Building Officials, 1988), the most widely
used standard for earthquake-resistant design, contains
the following commentary about seismic design:

Basically, the problem is that the entire phenomenon, from the
earthquake ground motion to the realistic response of structures
to this ground motion, is very complex. Codes, of necessity, are
generalized simplifications. Complex mathematical analyses
have been made on simple and idealized structures subjected to
past earthquake ground motions. These have been helpful in
improving our understanding of the phenomenon. However, for
purposes of design of the vast majority of structures, it is neces-
sary to reduce this complex, dynamic problem to one of equiva-
lent static lateral forces. These can be related to the dynamic
characteristics of the structure. They provide the basic code cri-
teria, applied with stresses within the elastic limit. However, in
applying these simplified concepts, the structural engineer must
do this with sound judgment that can only be developed with
experience, observation, and study of the earthquake phenome-
non. He must be especially aware of the nature of the response
of the particular structure under design and he must evaluate the
capabilities of the structure to perform satisfactorily beyond the
elastic-code-stipulated stresses.

The UBC is a minimum standard to assure public
safety. Its requirements are intended to safeguard against
major failures and loss of life. The aim of the code is to
provide structures that will:



40°45'

112°00

A [
T\
Y
RN
\

Map is preliminary and should \
not be used for planning
decisions without considera-
tions of high-strain effects,
surface faulting, and the
seismic radiation pattern.

Ground response is
relative to station 7

® Seismograph station
—---- Salt Lake City limit

% Rock

0 5 MILES

0 5 KILOMETERS

|

\
5 MILES
|

0 5 KILOMETERS

Map is preliminary and should
not be used for planning
decisions without considera-
tions of high-strain effects,
surface faulting, and the
seismic radiation pattern.

Ground response is
relative to station 7

® Seismograph station
~~--- Ogden limit
V7
;////; Rock

SITE AMPLIFICATION AND EARTHQUAKE-RESISTANT DESIGN K13

5 MILES

5 KILOMETERS

Map I1s preliminary and shouid
not be used for planning
decisions without considera-
tions of high-strain effects,
surface faulting, and the
selsmic radiation pattern.

Ground response is
relative to station 7

® Seismograph station
----- Provo limit

7////// Rock

FIGURE 14.—Spatial variation of site-amplification factors for the period
band 0.2 to 0.7 s. Values on contours indicate the ratios of velocity
response spectra that would be expected at sites underlain by soil
relative to that same ratio experienced at sites underlain by rock on
the Wasatch Front. These values provide an estimate of the spatial
variation of ground motion in the period band for which two- to
seven-story buildings have their fundamental natural period of
vibration (from Hays and King, 1982). These data represent a low-
strain environment. Repeatability would be least certain when a
moderate- to large-magnitude earthquake nucleates underneath the
city. A, Salt Lake City area; B, Ogden area; C, Provo area.

1. Resist minor earthquakes without damage.
2. Resist moderate earthquakes without structural dam-
age but with some nonstructural damage.
3. Resist major earthquakes without collapse but with
some structural and nonstructural damage.
The basic formula used in the UBC is

V = ZIKCSW €y
where:
. Vis the base shear or total lateral force at the base of
the structure.

- Z is the zone factor, the numerical coefficient that
depends on the seismic risk zone. Califormia is in
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zones 3 and 4; the Salt Lake City-Ogden-Provo urban

corridor is in zone 2.

- I'is the occupancy importance factor for the building.

- K is an arbitrary horizontal force factor that, in
effect, is a safety factor adjustment. Based on an
arbitrary classification of the type of construction, it
recognizes that different degrees of risk for collapse
are inherent in different types of construction.

- C is a numerical coefficient based on the fundamen-
tal period of the building. A plot of C against period
represents a response spectrum and roughly paral-
lels the spectrum derived from the accelerogram of
the Imperial Valley, Calif., earthquake recorded ar El
Centro in 1940.

- S is the soil-structure interaction factor that incorpo-
rates the potential for site-structure resonance. The
values of S range from 1 to 1.5, the highest value
occurring when the fundamental periods of vibration
of the building and the soil column are equal.

- Wis the total dead load of the building.

A strategy for incorporating new information on
earthquake hazards along the Wasatch Front should
include the following activities:

1. Updating the seismic risk zone map that gives the Z
factor to reflect the latest information on the ground-
shaking hazard, as depicted probabilistically. For
example, the map of Utah can be used to give the peak
horizontal bedrock acceleration for a 50-year exposure
time (the useful life of ordinary buildings) and a 90-per-
cent probability of nonexceedance.

2. Reviewing the soil-structure interaction factor that is
prescribed in the building code to determine if Utah
soils are represented adequately, especially the thick,
soft clays and silts in the valley centers.

Since the UBC undergoes vigorous evaluation and
recommendations for change every 3 years, a mechanism
already exists to implement changes that are relevant for
Utah.

APPLICATIONS IN UTAH

Maps of the bedrock ground-shaking hazard (for
example, those produced by Algermissen and others,
1982) and soil-to-rock ~amplification factors can be
applied in building codes, land use guidelines, construc-
tion practices, and criteria for repairing, strengthening,
and retrofitting existing buildings. Implementation of
these kinds of loss-reduction applications in Utah would
involve the following technical tasks:

Evaluation of the Uniform Building Code.—The
need to modify the current edition of the UBC to provide
design criteria that are realistic in terms of the current
knowledge of both the earthquake potential and the
ground-shaking hazard in the Salt Lake City-Ogden-Provo
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urban corridor should be evaluated carefully. In addition,
the best available data on soil-structure interaction
should be incorporated into recommended code changes
to ensure that either poor site-structure combinations are
avoided or appropriate engineering is performed to
develop adequate structural capacity.

Evaluation of regional and wurban land-use
practices.—Alternatives to current practices should be
identified to reduce the probability of constructing at
sites having poor site-structure combinations (that is, sit-
ing of buildings on soil-rock columns where the natural
period of the soil column, Ty, is the same as the natural
period, T}, of the building). Where there is no viable alter-
native, appropriate engineering can reduce the chance of
severe damage.

Evaluation of construction practices for mnew
buildings.—Alternatives to current practices that will
ensure a higher level of quality of materials, workman-
ship, and inspection should be specified.

Evaluation of current practices to repair and
strengthen existing buildings.— Alternatives to current
practices should be identified to increase the seismic
resistance of buildings designed and built to an earlier
standard of earthquake resistance.

ARGUMENTS TO MINIMIZE OR ELIMINATE CONTROVERSY
IN THE APPLICATION OF THESE DATA

The most important requirement for maps of the
earthquake ground-shaking hazard (including site-
amplification effects) is that they be useful for guiding
engineering, social, and political decisions. From a scien-
tific viewpoint, such a map must encompass all possible
earthquake source-path-site combinations for a given
exposure time, or the scale must be such that variations
in source and path effects cause negligible changes in the
expected values. The repeatability of site amplification
must be reasonably consistent from earthquake to earth-
quake, especially for the larger magnitude earthquakes
used to set design and construction practices and to guide
response planning.

The results in the Salt Lake City-Ogden-Provo urban
corridor are unequivocal, except for considerations
involving near-source locations. At these locations, the
source effects dominate the site effects. The trends of site
amplification in the Salt Lake City, Ogden, and Provo
areas shown in figure 14 can be expected to recur in
small- to moderate-magnitude earthquakes occurring
along the Wasatch fault zone and producing small-
amplitude, low-strain ground motion causing essentially
elastic response. The most significant implication of these
results is that ground motion may be amplified by as
much as a factor of 10 (1,000 percent) at some sites in the
0.2- to 0.7-s period band corresponding with the natural
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FiGURE 15.—Estimated range of values of horizontal spectral velocity
that might be expected in Salt Lake City, Ogden, or Provo within
about 35 km of a large (Mg 7.5) earthquake on the Wasatch fault zone.
Such an earthquake is currently estimated to produce a peak bedrock
velocity of 16 cm/s (Algermissen and others, 1982). The greatest
controversy is over the question of strain dependency and whether
the peak bedrock acceleration (zero-period asymptote of the
response spectrum) would be increased or decreased at sites
underlain by soil. The period band 0.2 to 0.7 s emphasized in this
paper is shown on the graph.

periods of vibration of two- to seven-story buildings. This
type of elastic or essentially elastic response could also
be realized in a large, distant earthquake (occurring as far
away as 100 km), which could cause unusual damage to
some buildings (for example, in a manner similar to the
September 19, 1985, Mexico earthquake).

Significant differences in the trends of site amplifica-
tion shown by these data should be expected in a moder-
ate- to large-magnitude earthquake occurring at a depth of
10 to 15 km directly under one of the cities and causing a
peak bedrock acceleration of 0.2 g or greater. Such a sce-
nario would be the worst case of the near-source problem
for a listric fault. The variability of ground motion can be
expected to be greatest at sites closest to and aligned with
the fault rupture. In such a case, the effects of the source
and the path are both important; they are also difficult to
separate. The amplification of ground motion expected to
occur in the period band 0.2 to 0.7 s at sites underlain by
thick, soft clays and silts located at distances ranging
from the epicenter to 35 km from the zone of earthquake
nucleation would tend to offset the normal attenuation of
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ground motion with increasing distance from the hypo-
center. The most likely outcome in this case is that loca-
tions in a broad area in each city within about 35 km of
the hypocenter would experience about the same level of
ground shaking, as represented by peak ground accelera-
tion or peak ground velocity, but exhibit considerable
variability, as represented by the response spectruma. The
range, represented on the smooth response spectrum, is
shown in figure 15. The effect of strain dependence on
site amplification in the near-source area is the primary
unknown (fig. 16). This question will not be completely
resolved for Utah until ground motions near the fault are
recorded in large-magnitude earthquakes either in Utah or
in other parts of the world having a similar seismotec-
tonic setting.

TECHNICAL ASPECTS OF SITE AMPLIFICATION

Because site amplification of earthquake ground
motion is a controversial subject and the limited earth-
quake data in Utah require utilization of small-amplitude
nuclear-explosion data, a brief review of worldwide site-
amplification data will be given in the next section to pro-
vide a broader framework of understanding. Such under-
standing is needed for interpreting and using the site-
amplification data obtained in Utah until a more complete
data set is available.

Scientists and engineers throughout the world have
recognized and documented since the 1800's that site
amplification commonly occurs in earthquakes (Mac-
Murdo, 1824; Idriss and Seed, 1968; Seed and Idriss, 1969,
Seed and others, 1972; Tezcan and others, 1977, Joyner
and others, 1981; Rosenblueth, 1986; Savy and others,
1986; State of California, 1990). Many earthquakes have
shown scientists and engineers that two frequency-
dependent phenomena—site response and structural
response—must be considered explicitly in earthquake-
resistant design. A number of factual statements can now
be made about various aspects of these phenomena:

1. During an earthquake, the characteristics of the earth-
quake ground motion in any city will vary widely,
depending on the thickness, softness, and geometry of
the local soil-rock columns and on the source phenom-
ena causing the directivity and focusing of energy
(Earthquake Engineering Research Institute, 1986).
This observation means that there probably will be
some “surprises” in the Salt Lake City-Ogden-Provo
urban corridor in that some ground-motion phenom-
ena in future earthquakes will not be able to be
explained except in terms of site-amplification
phenomena.

2. Damage to a structure at a particular site in an earth-
quake is complexly related to the dynamic frequency-
dependent properties of the earthquake source, the
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FiGURE 16.—Estimate of the level of dynamic shear strain as a function

of epicentral distance and magnitude. A deep soil column having a
near-surface shear-wave velocity of about 200 mv/s is modeled.

low-pass filtering characteristics of the wave propaga-
tion path, and the band-pass filtering characteristics of
both the structure and the soil-rock column underlying
the structure. The physical parameters of the earth-
quake and the earth that cause the soil-rock column
and the structure to vibrate at the same period increase
the potential for damage (Yamahara, 1970). These
parameters are not completely known yet in the Salt
Lake City-Ogden-Provo urban corridor. Additional geo-
logic investigations needed to improve basic under-
standing are underway.

. The level of dynamic shear strain and its effects on soil

properties are the most controversial aspects of site
amplification. The level of shear strain induced in the
soil column by the input bedrock motion increases as
the magnitude of the earthquake increases and
decreases as the distance from the center of energy
release increases (see fig. 16).

. The response of the site to ground shaking depends

strongly on the strain-dependent properties of the soil-
rock column underlying the site. The level of dynamic
shear strain and the contrast in physical properties of
the soil and rock determine whether the soil acts to
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transmit the energy or to dissipate it. As an energy
transmitter, the soil column acts as a band-pass filter
by modifying the amplitude and phase spectra of the
incident body and surface seismic waves in selected
periods (Murphy and others, 1971b) and increasing the
duration of shaking (Hays, 1975). As an energy dissipa-
tor, the soil column can damp the earthquake ground
motion, thereby reducing the level of peak accelera-
tion. As a soil-structure system, part of the vibrational
energy of both the soil column and the structure can be
transmitted back into the Earth; this transmittal per-
mits vertical movement, rocking, and side-to-side
movement of the structure on its base (Wolf, 1985).

5. Site amplification (the frequency- and strain-dependent
response of the soil-rock column to body and surface
seismic waves) increases the amplitude of the surface
ground motion in a narrow period band that can be
related to the thickness, softness, shear-wave velocity,
bulk density, and geometry of the soil column (Seed
and others, 1976). The transfer function is one way to
categorize the dominant spectral response in terms of
the period band where it occurs. Although the
response can be related to many discrete period bands,
three are typically used to categorize the effect: short
period (0.05-0.5 s), intermediate period (0.5-3 s), and
long period (3-10 s). Each period band correlates
approximately with the fundamental mode of response
of buildings of increasing heights and decreasing
stiffness

6. The structure also acts as a band-pass filter as it
responds to the ground shaking as its base. The spec-
tral response of the structure can be increased or
decreased in selected period bands that depend on the
type of structure, the construction materials used in
the lateral-force-resisting system, the lateral and verti-
cal dimensions, the physical properties of the soil-rock
column, and the wavelengths and amplitudes of the
incident seismic waves. The demand on the structure is
greatest when the dominant period of the bedrock
motion, the fundamental natural period of vibration of
the structure, and the natural period of the soil column
are the same, a case that creates a condition for site-
structure resonance (figs. 3, 4).

SITE AND BUILDING PERIODS

Earthquake-resistant design must take into account
the conditions that cause site amplification of ground
motion and damaging soil-structure resonance. In an
urban area, careful evaluation is required to identify the
wide range of soil-rock columns and their physical prop-
erties, the various types of buildings, and the physical
conditions that cause the soil and building responses to
occur at or close to the same period. A soil column, like a
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building or structure (see fig. 13), has a natural period of
vibration, T, given by the relation
T, = 4H/RV, )
where H is the thickness of the soil column and Vj is the
shear-wave velocity measured at low levels (0.0001 per-
cent) of strain. Soils, depending on their physical proper-
ties, typically have shear-wave velocities ranging from 50
to 600 m/s, whereas rocklike material and rock have
shear-wave velocities greater than about 750 m/s.

One characteristic of site amplification in the Salt
Lake City-Ogden-Provo urban corridor is that the
response is not dominated by a specific period or period
band. The entire spectrum at sites underlain by soil
exceeds that at sites underlain by rock.

Soils clearly exhibit strain-dependent properties in
laboratory tests (Seed and Idriss, 1969). Tests on “undis-
turbed” samples have shown that, as the level of dynamic
shear strain increases, the material damping increases
and the shear modulus decreases. The result is that T
increases as the level of shear strain increases. The basic
empirical relation has been given by Seed (1975) as

T, = 4H/(RV,) 6))
where R is an empirical factor having the following val-
ues: (1) 0.9 for a magnitude 6 earthquake producing a
peak effective acceleration of 0.1 g, (2) 0.8 for a magni-
tude 6 earthquake producing a peak effective acceleration
0of 0.2 g, and (3) 0.67 for a magnitude 7 earthquake produc-
ing a peak effective acceleration of 0.3 to 0.4 g. The funda-
mental natural period of vibration T} of a building is given
approximately by the relation

T, = N/10 CY)
where N is the number of stories. However, the stiffness
and flexibility of a building (design parameters controlled
by the structural engineer and architect) can make its
actual fundamental natural period shorter or longer.
Observations from postearthquake investigations have
shown that T} lengthens as the thresholds of various
states of damage are reached. In an earthquake, the
“worst” case for damage is when the value of T coincides
with that of T}. This situation causes resonance of the
building and can result in severe damage or collapse
unless the building has been designed to withstand the
forces generated by this phenomenon.

The type of structure being sited controls the scope
of the evaluation. For example, amplification of surface
waves is not typically considered in siting a nuclear pow-
erplant, which is more sensitive to short-period vibrations
of body waves than to long-period vibrations of surface
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waves. On the other hand, potential site amplification of
long-period Rayleigh waves is an important consideration
when siting a high-rise building, especially if the building
is founded on a deep, soft soil deposit like those in the
Salt Lake City-Ogden-Provo urban corridor.

LEVEL OF DYNAMIC SHEAR STRAIN

Assessing the level of dynamic shear strain and its
effects on the physical properties of the soil column
requires laboratory tests and good technical judgment.
Laboratory measurements demonstrating that soils have
shear moduli and damping characteristics that depend on
the level of strain suggest that, under certain conditions,
nonlinearities and inelasticities in the soil will attenuate
rather than amplify the peak amplitudes of surface
ground motion at sites underlain by soil. Current under-
standing is limited because the high levels of strain pro-
duced in the laboratory have not been duplicated in the in
situ environment by actual strong-motion records of past
earthquakes. For example, the greatest value of peak
ground velocity ever recorded (in the 1971 San Francisco
and 1979 Imperial Valley, Calif., earthquakes) is 110 cm/s.
The empirical rule that

peak velocity recorded at the site
shear-wave velocity of the soil column at the site

strain= B)
leads to the conclusion that the greatest level of strain
induced in situ in soil columns in past earthquakes has
reached only about 0.5 percent, much less than the level
of strain developed in the laboratory environment.

Some researchers (for example, Hays, 1978; Hays
and others, 1979; Hays and King, 1982) have shown that
site response is essentially linear up to in situ strain levels
of about 0.5 percent for some soil-rock columns. The epi-
central distance to the strain level of 0.5 percent is only a
few kilometers for soil columns like those in Salt Lake
City having a shear-wave velocity of 200 m/s. The epicen-
tral distance to 0.5 percent decreases as the shear-wave
velocity of the soil approaches the shear-wave velocity of
the bedrock.

The complexity in the specification of the dynamic
properties of the soil is directly related to the differences
in the laboratory and in situ environments and the prob-

lem of obtaining an “undisturbed” sample. The complex-

ity increases below depths of 30 m because of the
difficulty and expense of sampling.

THICKNESS OF THE SOIL. COLUMN

Two different points of view have been used to define
the critical thickness- of the soil column, the physical
parameter that strongly affects the period of the dominant
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site amplification. One view (Seed, 1975) considers that
the soil column includes only near-surface material hav-
ing a shear-wave velocity less than 765 m/s. The other
view (Kobayashi and Nagahashi, 1982) considers that the
soil column extends to bedrock having a compressional-
wave velocity of at least 3,600 m/s. In the first case, sur-
face ground motions are assumed to be affected mainly
by a short soil column, typically about 30 m thick,
whereas, in the second case, surface ground motions are
assumed to be affected by a much thicker soil column.
The short soil column will mainly affect the short periods
and the peak amplitudes of acceleration, whereas the
thick soil column will affect mainly the intermediate- and
long-period bands and the peak amplitudes of velocity
and displacement. In the Salt Lake City-Ogden-Provo
urban corridor, the effects of both short and deep soil col-
umns are present because the thickness of the soil depos-
its adjacent to the Wasatch Front varies from about 150 to
900 m.

NEAR FIELD

The near field (or near source) of an earthquake is
the most complex area to evaluate for potential site
amplification. The site is defined as being in the far field
(or “far-source” region) of an earthquake when it is
located far enough from the physical extent of the
earthquake source that the solid angle subtended by the
source and the site is very small. Estimating the charac-
teristics of ground motion is much easier in the far fields
than it is in the near field, where seismic energy arrives
nearly simultaneously from many different directions.
The difference is essentially one of using a point-source
(the far field) or a line-source (the near field) approxima-
tion. The nearfield problem in Utah is complicated
because of the listric nature of the Wasatch fault zone,
which makes it plausible for earthquakes to nucleate
directly under any of the three cities. Analyses of strong-
ground-motion data close to the causative fault have been
made by a number of investigators (for example, Idriss,
1978; Hays, 1980; Singh, 985). For the near field, these
analyses indicate the following:

1. Analytical separation of the frequency-dependent
effects of the source from the effects of the soil-rock
column is very difficult. Near the fault, the source
tends to dominate the path and site effects. The direc-
tivity of the source can cause considerable variability
in the values of the peak amplitudes of ground acceler-
ation, velocity and displacement, and the ordinates of
spectral velocity (Singh, 1985).

2. A “killer pulse,” a pulse of approximately 1-s duration
that typically does not have the greatest peak ampli-
tude of acceleration but does have the greatest kinetic
energy, is generated in some cases in the near field (for
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example, in the 1971 San Fernando earthquake) as a
consequence of the “fling” of the fault (Bertero and
others, 1978). Breakout and stopping phases of the
fault rupture also can affect the near-field ground
motion and complicate the analysis.

BEDROCK MOTIONS

Estimating bedrock ground motions is also a
difficult task in evaluating site-amplification effects. The
frequency-dependent characteristics of the bedrock
motion that is put into the soil column depend on the
details of the geology of the propagation path. These
details are usually imprecise. Therefore, analytical calcu-
lations must be bounded; a suite of strong-motion accel-
erograms acquired in past earthquakes at sites underlain
by rock can be used to constrain the analyses. The ideal
data are from sites underlain by the same type of rock,
located at about the same distance from the zone of
energy release, and having the same geology underlying
the propagation path as the site being evaluated. An ade-
quate analog having the appropriate source-path-site
characteristics does not yet exist for the Salt Lake City-
Ogden-Provo urban corridor.

VARIABILITY IN SITE-AMPLIFICATION EFFECTS

Several investigators (for example, Murphy and oth-
ers, 1971b; Hays, 1980) have shown that site-amplification
effects for some soils are fairly repeatable if the soil is
soft relative to the bedrock, the level of strain is low (for
example, 0.0001 to 0.1 percent), and the site is not near
the fault zone. The degree of repeatability of the site
transfer function is currently unknown for sites near the
fault when the shear strain approaches and exceeds 0.5
percent.

WORLDWIDE DATA

Four examples of site amplification of ground
motions representing a low-strain environment are
described below because of their relevance to the Salt
Lake City-Ogden-Provo urban corridor.

1967 CARACAS, VENEZUELA, EARTHQUAKE

Soil-structure resonance occurred in Caracas, 56 km
from the epicenter of this moderate (Mg 6.4) earthquake.
Severe damage was restricted mainly to tall buildings
(higher than 12 stories) sited on thick, soft soil columns
that were at least 160 m thick. The dominant site response
occurred in the intermediate-period band, centered
around 1.4 s (Seed and others, 1972).
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Figure 17.—Comparison of strong-motion accelerograms in a low-strain
environment recorded on firm soil and in the soft soil (of the lakebed
zone) in the September 19, 1985, Mexico earthquake. The soft soil in
the lakebed zone of Mexico City located 400 km from the epicenter
amplified the ground motion in a period band centered around 2 s.
The records were provided by the Universidad Nacional Autonoma de
Mexico.

1970 GEDIZ, TURKEY, EARTHQUAKE

Soil-structure resonance under small-amplitude
ground motions caused the collapse of a one-story garage
and paint workshop (a part of the Tofias automobile fac-
tory) located 225 km from the epicenter of this large (M g
7.0) earthquake. The cause was the similarity of the pre-
dominant periods of the bedrock motions, the response of
the 120- to 135-m column of alluvium, and the response of
the building. The resonance occurred in the intermediate-
period band and was centered around 1.2 s (Tezcan and
others, 1977).

1976 FRIULL ITALY, EARTHQUAKE

Site amplification of a factor of 4 (400 percent)
occurred in the short- to intermediate-period band (0.2
0.7 s) for a site underlain by 15 m of alluviurm located 25
km from the epicenter. The peak amplitude of bedrock
accelerations ranged from 0.10 to 0.53 g (Savy and others,
1986). The magnitude (Mg) of the main shock was 6.9.

1985 MEXICO EARTHQUAKE

The great (Mg 8.1) earthquake produced two
surprises: the low value of the peak amplitude of
acceleration (0.17 g) in the epicentral region and the high
(3.5 g) value of the peak amplitude of acceleration in cer-
tain parts of Mexico City located 400 km from the epicen-
ter (fig. 17). Extensive damage occurred in 5- to 20-story
buildings sited in the lakebed zone of Mexico City under-
lain by soft lakebed deposits (Rosenblueth, 1986). These
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deposits had been recognized in the 1960's (Zeevaert,
1964) as a 2-s band-pass filter. The largest ground motions
in Mexico City occurred at sites underlain by 35 to 50 m of
soft lakebed deposits having a shear-wave velocity of
about 100 m/s. The dominant period of the accelerogram
recorded in the lakebed zone was 2 s. The response of the
lakebed deposits was essentially elastic. They amplified
the peak amplitude of acceleration (caused by Rayleigh
waves) by about a factor of 5 (500 percent) relative to the
level of peak acceleration observed at nearby sites under-
lain by stiffer, rocklike material (Rosenblueth, 1986). The
ordinate of 5-percent damped spectral acceleration at 2 s
reached 1 g. The similarity of the soil response and the
building response at many locations in the lakebed zone
caused resonance that was a major cause of the severe
damage to and collapse of about 400 engineered build-
ings. These buildings generally had fundamental natural
periods ranging from 0.5 to about 2 s. The number of
severely damaged and collapsed buildings represented
less than 1 percent of the total number of engineered
buildings in Mexico City, an indication that buildings con-
structed according to the Mexican building code per-
formed well everywhere but in the lakebed zone.

CONCLUSIONS, UNRESOLVED TECHNICAL
ISSUES, AND RECOMMENDATIONS

Research on the ground-shaking hazard in the Salt
Lake City-Ogden-Provo urban corridor has provided tech-
nical information that can be used to improve building
codes, land use regulations, and construction practices in
Utah. The soil columns underlying this urban corridor
cause distinctive characteristics of site amplification
depending on their softnesses, thicknesses, and locations
relative to the zone of energy release. Observations at 71
sites in Utah, augmented by observations in other parts of
the world, suggest that two- to seven-story buildings sited
on thick, soft deposits of clays and silts in the Salt Lake
City-Ogden-Provo urban corridor may face a demand that
exceeds their capacity in moderate- to large-magnitude
earthquakes. The hazard is far less for structures sited on
thin deposits of gravel and sand near the Wasatch Front.
In the case of a large earthquake (for example, the charac-
teristic earthquake of magnitude Mg 7.0 to 7.5) nucleating
at a depth of 10 to 15 km on the listric Wasatch fault zone
directly under one of the cities, a large portion on the city
within about 35 ki of the surface trace of the fault zone
could possibly experience severe ground shaking, and
buildings could suffer extensive damage or possible col-
lapse. In this case, the characteristics of the ground
motion will probably be controlled mainly by parameters
of the earthquake source, and directivity effects could be
large, causing considerable variability in the distribution
of ground motion and damage patterns. The trends indi-
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FiGure 18.—Shape of normalized response spectra for three different
soil columns proposed by the Seismology Committee of the Structural
Engineers Association of California (1985). These curves are based
mainly on ground-motion data recorded in California. A relevant
question is, “To what degree do they represent soil columns in the
Salt Lake City-Ogden-Provo urban corridor?” This paper asserts that
the amplifying effects for soft to medium clays may be
underestimated except for the near-source high-strain environment,
the rarest case, which cannot be quantified empirically at present.

cated by the maps in this report would not be expected to
be closely replicated because of lower soil-to-rock ampli-
fication factors and a shift to longer periods of dominant
response, the primary results of high-strain effects. The
trends shown by the maps would be replicated best when
the hypocenter of a magnitude 7.0 to 7.5 earthquake is 50
km or more from any one of the principal cities, the result
being a low-strain environment.

TECHNICAL ISSUES NEEDING RESOLUTION

Additional data and research on site amplification
will aid in understanding and quantifying the following
technical issues in Utah:

1. Do the characteristics of site amplification in the Salt
Lake City-Ogden-Provo urban corridor derived from

* distant nuclear-explosion ground-motion data ade-
quately represent what will happen on future earth-
quakes on the Wasatch Front?

2. How different will the characteristics of site amplifica-
tion be in earthquakes having magnitudes of 7.0 to 7.5
for a site close to the source? For the same site far
from the source?

3. What levels of dynamic shear strain will be generated
in the in situ environment at sites near the source in
moderate- to large-magnitude earthquakes? How will
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these levels of strain compare with strain produced in
the laboratory environment?

4. Are the soil-to-rock amplification factors in current
building codes and practices used in California ade-
quate for earthquake-resistant design in the Salt Lake
City-Ogden-Provo urban corridor (fig. 18)?

RECOMMENDATIONS

More detailed geologic investigations are needed to
determine the controlling factors at each site, especially
in the valley centers. Also, integration of the empirical
ground-motion data with the results of analytical models
is needed. Additional ground-motion data from earth-
quakes in the Intermountain Seismic Belt or in other parts
of the world having analogous seismotectonic settings
and soil-rock columns must be acquired and analyzed to
quantify the ground-shaking hazard for the near-source
and far-source environments of the Salt Lake City-Ogden-
Provo urban corridor.

Although current research on site amplification in
Utah is incomplete and gaps in our knowledge exist, the
results of this research can be implemented as prelimi-
nary design criteria that will probably have a useful life of
5 to 10 years because of the slowness of data acquisition
to address the issues described above. Appropriate uses
include:

1. Risk maps (zoning maps) for inclusion in the 1991 and
subsequent editions of the UBC and other model
codes.

2. Maps of site-amplification factors for discrete period
bands that correspond to the full range of new and
existing buildings in Utah.

3. Preliminary seismic microzonation studies and prod-
ucts that identify the areas of the Salt Lake City-Ogden-
Provo urban corridor that are best suited for certain
types of construction and land use.

4. Studies of the potential vulnerability of existing two- to
seven-story buildings as well as other categories of
existing buildings, lifelines, and other facilities.
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PREDICTING STRONG GROUND MOTION IN UTAH

By KENNETH W. CAMPBELL

ABSTRACT

Near-source attenuation relationships for predicting peak horizon-
tal acceleration and velocity in terms of earthquake magnitude, source-
to-site distance, and several source and site parameters are used to esti-
mate strong ground motion in north-central Utah. The range of estimates
provided reflects uncertainty in the state of knowledge regarding the
effects of stress regime, fault type, anelastic attenuation, and local site
conditions. Regional data were used to quantify these effects when pos-
sible. For a site located directly above the rupture zone of an hypothe-
sized Mg=7.5 earthquake on the Wasatch fault (a distance of
approximately 5 km), median estimates of peak horizontal acceleration
and velocity were found to range from 0.55 to 1.1 g and 45 to 120 cr/s,
respectively. These ground-motion estimates, when translated into
median estimates of 5-percent-damped response spectral values using
the Newmark-Hall procedure, result in estimates of pseudo-absolute
acceleration for the 0.1- to 0.5-s period band that range from 1.05 to 2.1 g
and estimates of pseudo-relative velocity for the 0.5- to 3.0-s period band
that range from 70 to 200 cr/s.

INTRODUCTION

Near-source attenuation relationships for predicting
peak horizontal acceleration and peak horizontal velocity
from earthquake magnitude, source-to-site distance, and
various source and site parameters are developed from
strong-motion recordings of worldwide earthquakes hav-
ing magnitudes ranging from 5.0 to 7.7. This report revises
several previous studies (Campbell, 1981a, b, 1982a, b,
1983, 1984a). Major revisions include changes in the defi-
nition of parameters representing source-to-site distance,
site geology, and building size and embedment

Two types of attenuation relationships are devel-
oped. The first, a near-source relationship, is empirically
derived from a set of near-source strong-motion record-
ings having no constraint on its far-field behavior. It is
similar to the unconstrained model of Campbell (1981a).
The second relationship includes an anelastic attenuation
term as a means of extrapolating the model beyond the
near-source region. This latter relationship, similar to the

constrained model of Campbell (1981a), provides a means
of incorporating regional differences in anelastic attenua-
tion when predicting strong ground motion.

GROUND-MOTION MODEL

The equation used to model the attenuation and mag-
nitude-scaling characteristics of peak horizontal accelera-
tion and velocity is given by the expression (Campbell,
1984a)

In Y=a+bM—d In[R+c;exp(coM)]—yR+Ze;K;+€ 6))

where Y is the ground-motion parameter being predicted,
M is earthquake magnitude, R is source-to-site distance,
K; are variables representing source and site effects, y is
the coefficient of anelastic attenuation, and € is a random
error term having zero mean and standard deviation equal
to the standard error of regression. The coefficients a
through e are parameters to be determined from the data.
All logarithms in equation 1 are given in terms of the natu-
ral logarithm. The nonlinear form of equation 1 was
selected to accommodate any saturation of peak horizon-
tal acceleration and velocity with magnitude and distance
if supported by the data. The far-field properties of the
model are characterized by the magnitude scaling coeffi-
cient b, the coefficient of geometrical attenuation d, and
the coefficient of anelastic attenuation y. The near-source
properties of the model are characterized by the coeffi-
cients c¢; and cy. The form of the term in brackets was first
proposed by Esteva (1970) and later used by Hadley and
others (1982) to model the near-source attenuation of sim-
ulated ground motions. For ¢;>0, the strong-motion
parameter saturates with decreasing distance, approach-
ing a finite value at R=0. For c9>0, the strong-motion
parameter saturates with increasing magnitude at short
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distances until co=—b/d, when it becomes totally indepen-
dent of magnitude at R=0.

The parameters ¥, M, R, and K; were defined accord-
ing to guidelines set forth by Campbell (1985a). Brief defi-
nitions of these parameters follow.

STRONG-MOTION PARAMETERS

Peak horjzontal acceleration and velocity were
defined as the arithmetic mean of the peak horizontal val-
ues of acceleration and velocity, respectively. This mean,
referred to as the mean peak horizontal component, was
chosen because (1) it tends to minimize the variability
associated with the near-random azimuthal orientation of
the two orthogonal horizontal components and, thus, is
statistically superior to the largest horizontal component
(Campbell, 1982a) and (2) it avoids the error associated
with using both peak horizontal components as indepen-
dent observations (Campbell, 1985a).

The latter observation is particularly important
because past investigators have commonly used both
peak horizontal components as independent observa-
tions. This practice artificially increases the number of
degrees of freedom and thereby invalidates the statistical
interpretation of the results. This flaw is also true of anal-
yses that use one of the horizontal components to predict
the other. The only correct use of both horizontal compo-
nents as individual variables is by means of multivariate
multiple regression (Johnson and Wichern, 1982)—a tech-
nique that properly accounts for statistical correlation
between dependent variables.

The mean peak horizontal component of acceleration
has been found to be approximately 12 percent less and
the mean peak horizontal component of velocity approxi-
mately 17 percent less than the largest peak horizontal
component (Campbell, 1981a; Joyner and Fumal, 1985).
On the other hand, median predictions of ground-motion
parameters based on the mean peak horizontal compo-
nent have been found to be virtually identical to those
based on the use of both peak horizontal components
(Campbell, 1982a). The above factors can be used to com-
pare median predictions of ground-motion parameters in
the current study with those in other studies available
from the literature.

Peak accelerations were scaled from either
uncorrected! time series or copies of the original accel-
erograms to avoid the reduction in amplitude caused by
decimation and low-pass filtering of the records during
routine processing. Peak velocities were scaled directly
from the processed velocity time series.

Lpirst stage of routine processing in which the accelerogram is dig-
itized and the baseline corrected. Unequal time intervals are used to pre-
serve the peak amplitudes of the original accelerogram.

MAGNITUDE

Magnitude was defined as surface-wave magnitude
(Mg) when both local magnitude (Mp) and Mg were
greater than or equal to 6.0 or as M, when both Mg and M,
were less than 6.0. Using the Mg scale for the larger earth-
quakes serves as a uniform basis for characterizing the
size of worldwide events and thus avoids saturation of the
my, and My, scales (Campbell, 19853, fig. 2).

Bakun (1984) and Hanks and Boore (1984) have
found My, and moment magnitude, the magnitude measure
recommended by Joyner and Boore (1981), to be roughly
equivalent for 5.0sMp<6.0, and Hanks and Kanamori
(1979) cited a similar equivalence between moment mag-
nitude and Mg for 5.0<Mg<7.5. Furthermore, Nuttli (1979)
has interpreted the commonly cited Richter magnitude
scale (Richter, 1958), used in many previous ground-
motion attenuation relationships, to represent Mj, for
earthquakes less than about magnitude 6.0 and Mg for
larger earthquakes. Thus, the magnitude scale used in the
current study is considered to be consistent with both the
moment magnitude and the Richter magnitude scales for
the range of magnitudes used in this study and thus does
not constitute a significant departure from the magnitude
scales used in previous ground-motion studies.

SOURCE-TO-SITE DISTANCE

Source-to-site distance was defined as the shortest
distance between the recording station and the zone of
seismogenic rupture, which was identified, when possi-
ble, from aftershocks of the earthquake. When the after-
shock distribution was too diffuse, too inaccurate, or too
limited to reliably define this zone, then modeling studies,
past seismicity, geodetic data, refraction experiments,
and geologic information—particularly the depth to base-
ment-rock contact on the fault zone—were used to infer
its spatial extent. Adopting this distance measure implic-
itly assumes that dynamic stresses within the upper sedi-
ments are too small to be seismogenic, even if significant
displacement occurs within these sediments.

The current definition of distance is a revision of that
used in the author’s previous studies. The former distance
measure—defined as the shortest distance between the
site and the rupture zone—was found to be difficult to
determine for many moderate-sized earthquakes. For
large earthquakes (M2>6.5), where surface rupture was
clearly identified, the former distance was measured from
the surface trace of the fault. For small to moderate earth-
quakes (M<5.5). where it could be reasonably assumed
that rupture was confined to basement rock beneath the
sediments, the former distance was measured from the
inferred fault rupture at depth. However, for moderate-
sized earthquakes (M=5.5-6 5), where the surface expres-
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sion of rupture was identified only by a zone of small, dis-
continuous ground cracks in the vicinity of the fault trace,
it was not clear whether rupture was confined to base-
ment rock, terminated somewhere within the sediments,
or propagated to the surface of the sediments. The
revised definition of distance avoids these ambiguities
and, in the opinion of this author, represents a more phys-
ically sound basis for modelling wave-propagation char-
acteristics of strong ground motion.

The strongest phase of shaking recorded at a site
may not always come from the closest part of the seis-
mogenic rupture zone. In fact, Shakal and Bernreuter
(1981, p. 19) suggested that ground-motion predictions
made by using attenuation relationships based on closest-
distance measures will “at best be accurate and at worst
may significantly underpredict ground-motion levels.”
This assertion would be true only if the relationships were
developed in terms of closest distance to seismogenic
rupture and then applied in terms of distance to the actual
source of the strongest phase of shaking—the distance
measure preferred by Shakal and Bernreuter. Because it
is not known in advance where the true source of the
strongest ground motion will be, it is not feasible in prac-
tice to make predictions in terms of the latter distance
measure. The distance measure used in the current study
can be reliably estimated for both actual and hypothe-
sized earthquakes and, if consistently applied, will appro-
priately account for uncertainty in the location of the
actual source of the strongest recorded ground motion by
including it as inherent variability.

DATA BASE

The data base consists of peak horizontal accelera-
tion and velocity parameters obtained from accelero-
grams recorded in the near-source regions of selected
worldwide earthquakes. The study was not restricted to
earthquakes occurring only in western North America, as
has been common practice in the past. Several factors
have minimized the potential bias of the foreign data used
in the analyses. The restriction to the near-source regime
has made any regional differences in anelastic attenuation
negligible in comparison with the inherent scatter from
other factors. In addition, the foreign data used in this
investigation come from events occurring within active
tectonic provinces generally similar to the seismotectonic
regime of western North America. Deep subduction
events were excluded from the analyses because of
potential significant differences in travel paths and tec-
tonic stress conditions of such earthquakes in compari-
son with those of the shallow events used in the current
study. To avoid a potential instrument bias, all the foreign
data were recorded on instruments having dynamic char-

acteristics similar to those commonly used in the United
States.

The data base was assembled by using criteria
designed to select only consistent and reliable data over a
range of magnitudes and distances of greatest interest to
engineers and engineering seismologists. Data were
selected if (1) the largest horizontal component of peak
acceleration was at least 0.02 g; (2) the accelerograph trig-
gered early enough to record the strong phase of shaking;
(3) the magnitude of the earthquake was 5.0 or larger; (4)
the closest distance to seismogenic rupture was less than
30 or 50 km, depending on whether the magnitude of the
earthquake was less than or greater than 6.25; (5) the shal-
lowest extent of seismogenic rupture was no deeper than
25 km; and (6) the recording site was located on uncon-
solidated deposits.

Rock sites—sites located on sedimentary or crystal-
line rock—were excluded from the analyses because of
their potentially significant and extremely variable site
effects (Campbell, 1983; Tucker and others, 1984; Cran-
swick and others, 1985). Such sites are typically located in
areas of significant topographic relief, such as near the
abutments of dams, or founded on rock having a large
degree of weathering. In addition, the limited number of
near-source recordings on rock makes it virtually impossi-
ble to empirically quantify any significant site effects for
such sites.

Ideally, it would be desirable to restrict the analyses
to strong-motion records obtained in the free field. How-
ever, as Campbell (1986) pointed out, there are very few
true free-field recordings. Therefore, it was necessary to
include records obtained at the foundation level of build-
ings in order to have a sufficient number of recordings for
analysis. In accordance with the recommendations of
Campbell (1984b, 1985a, 1986), the analyses were care-
fully evaluated for potential soil-structure interaction
effects, which were modeled when found to be signifi-
cant. Accelerograms recorded on instruments located on
the abutments and toes of dams were excluded because
of the potential effects of the dam

The earthquakes selected for analysis, together with
their magnitudes and types of faulting, are listed in
table 1; the peak accelerations, peak velocities, and
source-to-site distances for each recording site are given
in table 2; recording sites are described in table 3. Figure 1
shows the distribution of recordings with respect to mag-
nitude and distance. This figure indicates that there is lit-
tle correlation between magnitude and distance for either
peak horizontal acceleration or peak horizontal velocity, a
positive attribute in regression analyses that treat these
parameters as independent variables. The final data base
contains 134 acceleration values, 107 velocity values, 130
recording stations, and 21 earthquakes that meet the cri-
teria presented above.
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TABLE 1.—Earthquake data

[All earthquakes occurred in California, unless otherwise noted]

Date

No. of recordings

Earthquake Magnitude Fault type
(yearmonth-date) Acceleration Velocity
Long Beach 33-03-11 6.2 Strike slip 2 2
Imperial Valley 40-05-19 7.1 Strike slip 1 1
Kern County 52-07-21 7.7 Reverse 1 1
Daly City 57-03-22 5.3 Strike slip 4 4
Parkfield 66-06-28 6.0 Strike slip 5 4
Borrego Mountain 68-04-09 6.7 Strike slip 1 1
Lytle Creek 70-09-12 5.4 Reverse 5 4
San Fernando 71-02-09 6.6 Reverse 53 44
Managua, Nicaragua 72-12-23 6.2 Strike slip 1 1
Point Mugu 73-02-21 5.9 Reverse 1 0
Hollister 74-11-28 5.1 Strike slip 3 3
Oroville 75-08-01 5.7 Normal 1 0
Kalapana, Hawaii 75-11-21 7.1 Thrust 1 0
Gazli, US.S.R 76-05-17 7.0 Reverse 1 1
Santa Barbara 78-08-13 5.7 Reverse 5 3
Tabas, Iran 78-09-16 74 Reverse 1 1
Bishop 78-10-04 5.8 Strike slip 2 0
Malibu 79-01-01 5.0 Reverse 4 0
St. Elias, Alaska 79-02-28 72 Thrust 1 1
Coyote Lake 79-08-06 5.9 Strike slip 6 5
Imperial Valley 79-10-15 6.9 Strike slip 35 31
REGRESSION ANALYSIS where n is the total number of recordings used in the

The coefficients a through e in equation 1 were esti-
mated by using a nonlinear least-squares regression rou-
tine developed by More and others (1980). The method
was modified to incorporate weights used to control the
influence of those earthquakes having a large number of
recordings. The weighting scheme is identical to that
described by Campbell (1981a, 1982a). Because it is
désigned to give each earthquake an equal weight in the
analysis at each of nine distance intervals, it thereby bal-
ances the information on magnitude scaling contributed
by earthquakes whose recordings are poorly distributed
with respect to distance with the information on distance
scaling contributed by earthquakes whose recordings are
well distributed with respect to distance. The distance
intervals were selected to be roughly equal in logarithmic
increments between 0 and 56.6 km.

The weight of each recording was computed from the
expression

n

w; = (n/n)/ Y (1/n)) @

j=1

analysis and n; is the number of recordings associated
with the specific earthquake and distance interval con-
taining the ith recording. The quantity n; is not unique to
a single recording; rather, it is the same for all recordings
of the same earthquake whose distance falls within the
specified distance interval. The above expression assures
that the sum of the weights equals 7, thus preserving the
correct number of degrees of freedom. Table 4 gives the
distribution of recordings with respect to the nine dis-
tance intervals used in the analyses.

Other investigators have proposed alternate methods
of compensating for the bias associated with the erratic
distribution of distances and numbers of recordings
between earthquakes. The two most notable are the two-
step regression procedure suggested by Joyner and Boore
(1981) and the random-effects procedure suggested by
Brillinger and Preisler (1984). Although the later tech-
nique may be more mathematically rigorous, all three
techniques are fundamentally similar in their results.
Therefore, the weighted regression procedure has been
retained for the current study to be consistent with the
author’s previous analyses.
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TABLE 2.—Strong-motion data TABLE 2.—Strong-motion data—Continued
[—, not available]
Source- Peak Peak Source- Peak Peak
Station to-site  horizontal horizontal Station to-site  horizontal horizontal
Barthquake (year) no. distance acceleration velocity Earthquake (year) no. distance acceleration velocity
(km) @ (c/s) (km) ()] (cm/s)
Long Beach (1933) ............... 131 6.4 0.180 22.6 San Fernando (1971)—
288 22.0 140 229 Continued .........ccovevveeeveenenn 482 29.0 120 13.7
. 160  29.1 .220 18.6
Imperial Valley (1940) .......... 117 83 292 344 455 291 185 15.7
Kern County (1952).............. 1095 484 .186 16.7 163 29.3 .106 16.4
166 29.3 236 20.2
Daly City (1957) .oooveeceerrne 1080 129 083 46
1065 14.8 053 29 125 29.6 145 16.7
1078 148 047 38 416 299 140 179
1049 246 038 16 437 300 1056 191
469  30.0 .205 19.2
Parkfield (1966) .................... 1013 3.0 .400 61.2 428  30.1 .084 26.8
1014 63 435 24.0 43 301 130 22.1
1015 10.1 275 113
140 31.0 .095 8.4
1438 11.0 .350 —
1016 152 066 75 175 31.0 135 20.8
’ ’ 413 31.0 115 14.6
Borrego Mountain (1968) .... 117  45.0 102 20.3 425 31.1 .090 13.5
Lytle Creek (1970) ........ccoon.. 200 124 175 88 181 313 -140 16.9
116 179 15 — 184 313 .090 13.0
112 20.0 068 35 187 313 145 13.2
274 283 .090 43 121 321 160 —
113 288 043 2.9 206 33.1 .070 17.6
San Fernando (1971)........... 241 138 206 268 288 348 100 163
468 160 115 301 269 355 125 —
267 181 195 116 229 422 060 14.0
128 187 395 _ 244 422 .040 10.5
461 205 140 192 247 422 030 121
1052  48.2 .090 7.3
253 21.6 225 21.6
466 21.6 185 95.6 Managua (1972) ....ccococcnennee 3501 54 .365 32.7
127 226 155 — ;
Point M 1973 272 240 105 —
64 250 195 131 | ontMuga (1973
232 254 165 18.8 Hollister (1974) .c.cccconvevurvnnn. 1377 8.9 .085 5.0
235 254 115 174 12253 ig'g }‘gg g'g
238 255 105 13.0 ) : ’
46 255 145 121 | Oroville (1975) w.owveeermemmerseennes 1201 30.0 065  —
475 25.7 105 11.1
133 26.7 130 182 Kalapana (1975) .................... 2808 37.9 .165 -_—
135  26.7 205 188 Gazli (1976)....cccovvvrvceremircrcnnnes 9110 35 .666 74.5
262 276 120 118 | ganes Barbara (1978) ... 5003 127 353  —
145 283 A3 — 885 12.9 331 329
148 283 18— 283  14.6 154 109
142 286 0%0 174 5137  14.6 176 138
199 287 .180 —_— 9022 16.3 .267 —_
208 287 135 20.4
211 987 155 19.4 Tabas (1978) ...cvveverrreecrrennens 9124 5.4 .755 98.2
223  28.7 105 21.2 Bishop (1978) 1008  30.7 .045 —
431 28.7 105 — 1490 30.8 .060 —
452  28.7 .075 14.1 .
449 28.8 . 100 __ Ma.hbu (1979) ........................ 5081 18 1 .080 —

5079 202 .065 —
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TABLE 2.—Strong-motion data—Continued

Source-
Station to-site  horizontal horizontal

Peak

Peak

Earthquake (year) no. distance acceleration velocity
(km) )] (cm/s)
Malibu (1979)—
Continued.......ccooeevercrennnen. 657  20.7 .040 —
757 237 0.45 —
St. Elias (1979) 2734 364 136 273
Coyote Lake (1979) 1411 54 .243 28.7
1410 6.6 .256 23.2
1409 84 225 21.1
1377 144 .109 6.3
1492 162 .106 6.5
1422 280 0.45 —
Imperial Valley (1979) 6618 5.0 254 31.7
6616 52 278 -—
6617 52 310 34.6
5028 5.5 440 76.4
5155 55 307 81.3
942 5.6 .585 85.9
952 5.6 480 65.3
958 6.7 570 50.6
5054 6.8 735 439
955 6.9 495 574
6621 7.3 .265 274
5060 75 195 36.2
5165 75 .440 55.2
9034 7.5 .352 36.4
117 8.3 335 —
5055 9.3 .240 46.6
5154 94 .240 487
6619 9.8 .385 —
412 101 215 43.3
5057 109 .245 41.6
5053 11.9 .250 17.8
51156 123 .380 28.9
5058 13.8 380 37.1
6622 14.6 .169 124
5051 15.0 155 159
5056  16.0 .150 12.9
5169 16.0 .094 20.5
931 188 .130 185
6605 21.7 292 27.0
5059 22.7 135 144
5061  23.7 .110 13.7
5062  29.5 .060 —
6610 30.8 142 7.0
5052 325 .060 45
724 364 .087 10.1

For peak horizontal acceleration and velocity, the
weighted nonlinear regression analysis resulted in the fol-
lowing unconstrained relationships:

In PHA=-2.817+0.702M~1.20 In[R+0.0921 exp(0.584M)]
+fle;, Kj, R) 3

In PHV=-0.798+1.02M-1.26 In[R+0.0150 exp(0.812M)]
+f(e;, K;, D) @

where peak horizontal acceleration (PHA), peak horizon-
tal velocity (PHV), and distance (R) have units of g,
centimeters per second, and kilometers, respectively.
Magnitude and distance are as defined previously, and D
is the depth (in kilometers) of sediments beneath the
recording site. Parameters K;, functions f(e;, K;, K) and
fle;, K;, D) and coefficients e; are summarized in tables 5
and 6; the attenuation relationships are plotted in figures
2 through 5 for K;=0. The standard errors of regression
are 0.30 and 0.26 for equations 3 and 4, respectively.

The definitions and functional relationships for K;
were determined from an analysis of residuals described
later in the text. Because of the nonlinear form of equa-
tion 1, rigorous statistical tests to determine the signifi-
cance of coefficients a through e require Monte Carlo
simulation (Gallant, 1975), which is beyond the scope of
this study. Therefore, the statistical significance of these
coefficients is not precisely known. A visual inspection of
the residuals did indicate a very strong need for all coeffi-
cients, except possibly ¢y, an indication that these coeffi-
cients are statistically significant at least at the 90-percent
confidence level. Coefficient ¢y is controlled by too few
recordings to be judged solely on visual inspection. It
should be noted, however, that the regression analyses for
both strong-motion parameters resulted in a value for cy
at its practical upper limit, co=—b/d. This value represents
complete saturation of peak horizontal acceleration and
velocity at the source of an earthquake, in accordance
with some geophysicists’ interpretations of earthquake
rupture mechanics (Campbell, 1985a). Confirmation of
the statistical significance of ¢y will have to await the out-
come of Monte Carlo simulations.

The results presented in table 6 indicate that peak
horizontal acceleration is systematically high when
recorded on ground-level instruments located on shallow
soils and that it is systematically low when recorded in
basements of buildings more than three stories high. Shal-
low soils are defined as unconsolidated deposits less than
about 10 m deep that overlie sedimentary or crystalline
rock (Campbell, 1981a). The reduction in peak horizontal
acceleration due to embedment was found to be depen-
dent on building size and distance, buildings 10 stories
and higher having lower accelerations than 3- to 9-story
buildings and buildings further from the source having
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TABLE 3.—Station data
[All stations in California, unless otherwise noted. —, not available]

Station No. of Sediment

no. Description Housing stories Level depth (km) Geology
112 Cedar Springs, Pump House Building 1 Ground 0.09 A
113 Colton, SCE Substation do 1 do .18 A
116 Devil Canyon, Filter Plant do 1 do — E
117 El Centro Array Station 9 do 2 Basement 5.0 A
121 Fairmont Reservoir do 1 Ground E
125 Lake Hughes Array Station 1 do 1 do 3.0 A
127 Lake Hughes Array Station 9 do 1 do — E
128 Lake Hughes Array Station 12 do 1 do — E
131 Long Beach, Public Utilities Building do 4 Basement 2.6 B
133 Los Angeles, Hollywood Storage Building do 14 do 3.7 A
135 Los Angeles, Hollywood Storage PE Lot Shelter — Ground 3.7 A
140 Los Angeles, UCLA Math Science Building Building 7 Basement 91 B
142 Los Angeles, 120 N. Robertson do 9 do 34 A
145 Los Angeles, 222 Figueroa do 19 Ground — A
148 Los Angeles, 234 Figueroa do 19 do — A
160 Los Angeles, 533 S. Fremont do 10 Basement 3.0 B
163 Los Angeles, 611 W. Sixth Street do 42 do 3.0 A
166 Los Angeles, 646 S. Olive do 7 Ground 3.0 A
175 Los Angeles, 808 S. Olive do 8 do 2.9 A
181 Los Angeles, 1640 Marengo do 7 do 34 B
184 Los Angeles, 1900 Avenue of the Stars Building 27 Basement 3.7 B
187 Los Angeles, 1901 Avenue of the Stars do 20 do — B
199 Los Angeles, 3407 W. Sixth Street do 8 Ground — A
205 Los Angeles, USC Phillips Hall do 12 Basement 4.6 A
208 Los Angeles, 3470 Wilshire do 12 do 2.9 B
211 Los Angeles, 3550 Wilshire do 20 do 2.9 A
223 Los Angeles, 4680 Wilshire do 6 do 3.0 B
229 Los Angeles, 5250 Century do 7 Ground 2.4 B
232 Los Angeles, 6430 Sunset do 15 do 2.9 A
235 Los Angeles, 6464 Sunset do 11 Basement 2.9 A
238 Los Angeles, 7080 Hollywood do 11 do 2.9 A
241 Los Angeles, 8244 Orion do 7 Ground 4.2 A
244 Los Angeles, 8639 Lincoln do 12 Basement 24 B
247 Los Angeles, 9841 Airport do 14 do 24 B
253 Los Angeles, 14724 Ventura do 14 Ground 1.8 A
262 Palmdale, Fire Station do 1 do .20 A
264 Pasadena, CIT Millikan Library do 9 Basement .01 B
267 Pasadena, JPL Building 180 do 9 do .027 B
269 Pearblossom, Pumping Plant Shelter — Ground — E
272 Port Hueneme, Naval Lab Building 1 do — A
274 San Bernardino, Hall of Records do 6 Basement 1.1 A
283 Santa Barbara, Courthouse Building 2 Basement 85 B
288 Vernon, CMD Terminal Building do 6 do 6.7 A
290 Wrightwood, 6074 Park Drive do 2 Ground .068 B
412 El Centro Array Station 10 do 1 do 4.5 A
413 Los Angeles, 1177 S. Beverly Drive do 7 Basement 4.1 B
416 Beverly Hills, 9100 Wilshire do 10 do 3.7 A
425 Los Angeles, 1800 Century Park East do 15 do 3.7 B
428 Los Angeles, 5900 Wilshire do 31 do 3.5 B
A

431 Los Angeles, 616 S. Normandie do 16 do —

L7
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TABLE 3.—Station data—Continued

i':non Description Housing sbt]:));'i:i Level diiin(lliz:) Geologyl
437 Los Angeles, 1150 S. Hill do 10 do 2.6 A
443 Los Angeles, 6200 Wilshire do 17 Ground 3.5 A
446 Los Angeles, 1760 N. Orchid do 23 do 2.9 A
449 Los Angeles, 2500 Wilshire do 13 Basement — A
452 Beverly Hills, 435 N. Oakhurst do 10 do 3.8 A
455 Beverly Hills, 450 N. Roxbury do 10 Ground 3.7 A
458 Los Angeles, 15107 Van Owen do 7 Basement 29 A
461 Los Angeles, 15910 Ventura do 16 do 1.8 A
466 Los Angeles, 15250 Ventura do 12 do 1.8 A
469 Los Angeles, 1625 W. Olympic do 10 Ground 2.9 B
475 Pasadena, CIT Athenaeum do 2 Basement 91 B
482 Alhambra, 900 S. Fremont do 12 do 1.2 B
657 Santa Monica, 201 Ocean Building 18 Basement — B
724 Niland, 8071 Luxor do 1 Ground 4.1 A
757 Sepulveda Canyon Control Facility do 9 Basement — B
885 Santa Barbara, UCSB Physical Plant do 1 Ground 8.4 A
931 El Centro Array Station 12 Shelter — do 44 A
942 El Centro Array Station 6 do — do 5.3 A
952 El Centro Array Station 5 do —_ do 55 A
955 El Centro Array Station 4 do — do 5.7 A
958 El Centro Array Station 8 do — do 5.1 A
1008 Bishop, Los Angeles Water Department do — do — A
1013 Cholame-Shandon Array Station 2 do — do 1.7 A
1014 Cholame-Shandon Array Station 5 do — do 1.7 A
1015 Cholame-Shandon Array Station 8 Building 1 do 1.7 B
1016 Cholame-Shandon Array Station 12 Shelter — do 1.7 A
1028 Hollister, City Hall Building 1 Basement 14 A
1049 Oakland, City Hall do 15 do 3 B
1052 Oso Pumping Plant Shelter — Ground 3.0 A
1065 San Francisco, Alexander Building Building 15 Basement .043 A
1078 San Francisco, South Pacific Building do 12 do .087 F
1080 San Francisco, State Building Building 6 Basement .062 A
1095 Taft, Lincoln School do Tunnel 6.4 A
1250 Gilroy, Gavilan College do 1 Ground .020 B
1291 Marysville, CDOT Maintenance Building do 1 do — A
1377 San Juan Bautista, 24 Polk do 1 do 1.2 A
1409 Gilroy Array Station 2 Shelter — do 4.0 A
1410 Gilroy Array Station 3 do — do 4.0 A
1411 Gilroy Array Station 4 Building 1 do 4.0 A
1422 Halls Valley, Grant Ranch Shelter — do — A
1438 Cholame-Shandon Array, Temblor do — do — E
1490 Mammoth Lakes, High School Building 1 do — B
1492 San Juan Bautista, 101/156 Overpass Shelter — do .015 B
2734 Icy Bay, Gulf Timber Company Building 1 do 6.1 F
2808 Hilo, UH Cloud Physics Lab do 1 do — E
3501 Nicaragua, Managua ESSO Refinery do 1 do 2.0 A
5028 El Centro Array Station 7 do 1 do 5.2 A
5051 El Centro, Parachute Test Site do 1 do 34 A
5052 Plaster City do 1 do 2.0 A
5053 Calexico, Fire Station do 1 do 4.3 A
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TABLE 3.—Station data—Continued

Station

1. Description Housing :Sﬁti Level di;dtllln(lliﬁ) Geology1
5053 Bonds Corner do 1 do 5.7 A
5055 Holtville, Post Office Building 1 Ground 5.6 A
5056 El Centro Array Station 1 do 1 do 5.1 A
5057 El Centro Array Station 3 do 1 do 5.7 A
5058 El Centro Array Station 11 do 1 do 4.5 A
5059 El Centro Array Station 13 Shelter — do 3.8 A
5060 Brawlee, Airport Building do 1 52 A
5061 Calipatria, Fire Station do 2 do 5.0 A
5062 Salton Sea Wildlife Refuge do 1 do — A
5079 Malibu, Kilpatrick Boy’s School do 1 do — E
5081 Topanga, Fire Station do 1 do — E
5003 Santa Barbara, UCSB North Hall do 3 do — E
5115 El Centro Array Station 2 Shelter — do 5.5 A
5137 Santa Barbara, Freitas Building Building 4 Basement 8.5 B
5154 El Centro, Imperial County Center Shelter — Ground 48 A
5155 El Centro, Meloland Overpass Vault — do 5.1 A
5165 El Centro, Differential Array SMA-1 Shelter — do 5.0 A
5169 Westmorland, Fire Station Building 2 do 5.1 A
6605 Mexico, Delta Shelter — do 7.5 A
6610 Mexico, Victoria do —_ do 8.0 A
6616 Mexico, Aeropuerto do — do — A
6617 Mexico, Cucapah Shelter — Ground 7.0 A
6618 Mexico, Agrarias do — do 5.5 A
6619 Mexico, Mexicali, SAHOP Building do — — A
6621 Mexico, Chihuahua Shelter — do 7.0 A
6622 Mexico, Compuertas do — do 5.5 A
9022 Goleta, SCE Substation do — do — E
9034 El Centro, Differential Array Vault — do 5.0 A
9110 U.S.S.R., Karakyr Building 1 do 14 A
9124 Iran, Tabas do 1 do 2.0 A

1Geology code adopted from Campbell (1981a): A, Holocene deposits, rock 210 m deep; B, Pleistocene deposits, rock 210 m deep; E, Holocene or Pleistocene
deposits <10 m deep overlying rock; F, extremely soft or loose Holocene deposits such as beach sand or recent flood-plain, lake, swamp, estuarine, and delta

deposits.

smaller reductions than those closer in. This distance
dependence was adequately modeled by a hyperbolic tan-
gent function, where distance is expressed in kilometers.
This function is plotted in figure 6.

The results given in table 6 indicate that peak hori-
zontal velocity is dependent on sediment depth (that is,
depth to crystalline basement rock), increasing rapidly
with depth at relatively shallow depths and becoming vir-
tually independent of depth at depths of 5 to 6 km. This
dependence was found to be dependent on building size,
buildings five stories and higher having peak velocities
that increase faster with depth than those of smaller
buildings and instrument shelters. For depths greater
than about 5 km, at which point the effect of sediment
depth remains relatively constant, the effect of building
size is less than about 10 percent. The depth dependence
was adequately modeled by a hyperbolic tangent

function, where sediment depth is expressed in kilome-
ters. This function is plotted in figure 7. No amplification
due to shallow soils nor any reduction as a result of build-
ing embedment was observed for peak velocity.

Both peak horizontal acceleration and peak horizon-
tal velocity were found to be influenced by fault type,
being higher for reverse and thrust faults than for strike-
slip faults. The effect for velocity is somewhat larger than
that for acceleration, but the difference may not be statis-
tically significant.

During the analysis of residuals for both peak hori-
zontal acceleration and velocity, three recordings were
found to have such large positive residuals that they
appeared to be outliers. All three recordings had weighted
residuals exceeding four standard errors. Further investi-
gation revealed that all three recordings had three factors
in common: (1) they were associated with earthquakes
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FIGURE 1.—Distribution of strong-motion recordings with respect to magnitude and distance. A, Peak horizontal acceleration; B, peak
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TABLE 4.—Distribution of recordings by distance TABLE 5.—Definitions of K;, f(e;, K, R), and f(e;,K;, D)
] [le;, K, R)=e1K +eaKp+e3Kz+e4Ky+e5Ks+eg(Ky+Ks)tanh(erR) for peak
Distance No. of recordings horizontal acceleration; f(e;, K;, D)=e,K)+e3Ka+e3K3 tanh(eyD)+e5 [1-
range (km) Earthquake (year) Kg]tanh(egD) for peak horizontal velocity]
Acceleration Velocity
Definition
" _ ° ° Parameter Peak horizontal Peak horizontal
2549  Parkfield (1966) 1 1 ceak horizont el
Gazli (1976) 1 1
5.0-7.4 Long Beach (1933) 1 1 Fault type K1=0 Strike slip K;=0 Strike slip
Parkfield (1966) 1 1 1 Reverse and 1 Reverseand
Managua (1972) 1 1 thrust. thrust.
Tabas (1978) 1 1 Source directivity K>=0 All other K>=0 Allother
Coyote Lake (1979) 2 2 rupture rupture
Imperial Valley (1979) 11 10 geometries. geometries.
1 Rupt 1 Ruptur
75-09  Imperial Valley (1940) 1 1 uptate uptare
- toward toward
Hollister (1974) 1 1 site. site.
Santa Barbara (1978) 2 1 Shallow soil K3=0 Soils>10m —
Coyote Lake (1979) 1 1 deep.
Imperial Valley (1979) 7 5 1 Soil<10m
10.0-14.0 Daly City (1957) 1 1 deep. .
Parkfield (1966) 2 1 Building size — K3=0 Buildings5
Lytle Creek (1970) 1 1 stories.
San Fernando (1971) 1 1 1 Sheltersand
Hollister (1974) 2 2 buﬂdlngs
Imperial Valley (1979) 5 5 <5 stories.
. Embedment K4=0 All other - —
14.1-19.9 Daly Qlty (1957) 2 2 recordings.
Parkfield (1966) 1 1 1 Basements of _
Lytle Creek (1970) 1 0 3-to 9-story
San Fernando (1971) 3 2 buildings.
San!;a Barbara (1978) 3 2 Ks=0 All other
Malibu (1979) 1 0 recordings.
Coyote Lake (1979) 2 2 1 Basements of
Imperial Valley (1979) 5 5 >10-story
20.0-28.2 Long Beach (1933) 1 1 buildings.
Daly City (1957) 1 1
Lytle Creek (1957) 1 1 . . )
San Fernando (1971) 13 12 TABLE 6.—Summary of regression coefficients, ¢j
Point Mugu (1973) 1 0 [fe;, K;, R)=e1Ki+exKo+esKa+esKy+esKs+eq(Ky+Kpltanh(esR) for peak
Malibu (1979) 3 0 horizontal acceleration; fle;, K;, D)=e,K)+esKy+esKgtanh(esD)+e5 [1-
Coyote Lake (1979) 1 0 Ksltanh(egD) for peak horizontal velocity]
Imperial Valley (1979) 3 3
Peak horizontal Peak horizontal velocity
28.340.0 Lytle Creek (1970) 2 2 . acceleration
San Fernando (1971) 32 25 Coefficient
Oroville (1975) 1 0 Equation3 Equation4  Equation5 Equation 6
Kalapana (1975) 1 0
Bishop (1978) 2 0 e1 0.32 0.34 0.47 0.49
98.340.0 St Elias (1979) 1 1|2 if 'i? ‘22 '953
Imperial Valley (1979) 4 3 e _85 _86 39 41
40.1-56.6 Kern County (1952) 1 1 es -1.14 -1.12 .72 .60
Borrego Mountain (1968) 1 1 e 87 .89 .75 .88
San Fernando (1971) 4 4 er .068 .065 .0 .0
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FIGURE 2.—Attenuation relationships of peak horizontal acceleration for magnitudes of 5.0, 6.0, 7.0, and 8.0. Solid line indicates unconstrained model
(eq. 3); dashed line, constrained model, where y=0.0059 (eq. 5). Relationships are plotted for K;=0.

exhibiting unilateral rupture towards the site, (2) their
azimuths with respect to the source were within 5° to 10°
of the direction of rupture, and (3) they were sited on sed-
iments at least 5 kin deep. These results appeared to indi-
cate a directivity effect, possibly enhanced by the
thickness of the sediments. The effect was so strong,
especially for peak velocity, that it was decided to include
it as a parameter, even though it was represented by only
three recordings. Other recordings in the data base may
be affected to some degree by directivity, but only these
three seem to represent a combination of factors that lead
to a nearmaximum effect of this phenomenon. A more
thorough investigation of directivity effects is beyond the
scope of the current study:.

FARFIELD CONSTRAINTS

Because this study was not directly concerned
with predicting far-field ground motion, accelerograms
recorded farther than 30 to 50 kin from seismogenic rup-
ture were not included in the analyses. In order to
develop attenuation relationships that could be extrapo-
lated to larger distances, a second analysis was per-
formed where v, the coefficient of anelastic attenuation in
equation 1, was constrained to values appropriate for the
majority of data making up the data base.

Because of the similarity between the regional
makeup of the current data base and that of Joyner and
Boore (1981), we adopted their statistically determined
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FIGURE 3.—Predicted magnitude scaling of peak horizontal acceleration for distances (R) of 2, 5, 10, 20, 50, and 100 km. Solid line indicates unconstrained
model (eq. 3); dashed line, constrained model, where y=0.0059 (eq. 5). Relationships are plotted for K;=0.

values of y for our constrained analyses. Repeating the
weighted nonlinear regression analyses using y=0.0059
resulted in the following constrained relationships2;

In PHA=-3.303+0.850M -1.25 In[R+0.0872 exp(0.678M)}

—YR+ﬂe‘i9 K‘b R) (5)
In PHV=-1.584+1.18M-1.24 In[ R+0.00907exp(0.951M)}
~YR+f(e;, K;, D) ©

where all parameters are defined as in equations 3 and 4.
The coefficients e;, parameters Kj, and functions f(e;, K;,

2The analyses of Joyner and Boore (1981) resulted in the same
value of y for both peak acceleration and peak velocity, suggesting that
anelastic attenuation may be nearly independent of frequency in
California.

R) and f(e;, K;, D) are summarized in tables 5 and 6; the
relationships are plotted in figures 2 through 5. The stan-
dard errors of regression for equations 5 and 6 are 0.30
and 0.27, respectively.

Equations 5 and 6 were compared with the attenua-
tion relationships of Joyner and Boore (1981) to verify
that the attenuation characteristics were similar beyond
distances of 30 to 50 km as originally intended. The com-
parison was made for M=6.5 and R>30 km after modifica-
tion to account for differences between the definitions of
parameters in the two studies. The magnitude was chosen
to be near the median magnitude of both studies. Compar-
isons were restricted to R>30 km to minimize the impact
of differences in the near-source behavior of the two func-
tional forms. Close agreement in the attenuation rates of
both studies suggested that the extrapolation of equations



L14 REGIONAL EARTHQUAKE HAZARDS AND RISK ALONG THE WASATCH FRONT

100~ | ]
o |
Z a0 -
Q
w
2] L —
s
w
a
%2}
= 20} .
=
w
2
'—
4
!
[8)
Z 10— —
ek _
Q
(@] — —
)
w L —
>
- - —
g
o 41 —
N
[
S L -
I
P
w
e 2L —

1 ! Loy | [ N B A | !

1 2 4 10 20 40 100 200 400

DISTANCE TO SEISMOGENIC RUPTURE, IN KILOMETERS

FIGURE 4.—Attenuation relationships of peak horizontal velocity for magnitudes of 5.0, 6.0, 7.0, and 8.0. Solid line indicates unconstrained model
(eq. 4); dashed line, constrained model, where y=0.0059 (eq. 6). Relationships are plotted for K;=0.

5 and 6 beyond 30 to 50 km using y=0.0059 was valid to
distances of at least several hundred kilometers.

Coefficients derived for the constrained relationships
are generally consistent with those derived for the uncon-
strained relationships, an indication that only relatively
small adjustments were required to accommodate the
constraint on anelastic attenuation imposed during the
second analysis. It should be noted, however, that the
coefficients presented in table 6 are constrained only by
near-source recordings and may not be valid for distances
greater than 30 to 50 km. This fact is especially true for
the shallow-soil and building-embedment parameters,
which may become less important as distance (and,
hence, wave period) increases.

ANALYSIS OF RESIDUALS

An analysis of residuals was used to (1) select and
define the parameter used in the attenuation relationships
and (2) check the adequacy of the final relationships. For
convenience, the analysis used the normalized weighted
residual,

NWR,=[wi(y~ g >-MWR)/c M
where NWR; is the normalized weighted residual, 7 is the
index of the recording, w; is the weight assigned to the
recording, y; is the observed value of In ¥, #; is the pre-
dicted value of In Y, ¢ is the standard error of the regres-
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FIGURE 5.—Predicted magnitude scaling of peak horizontal velocity for distances (R) of 2, 5, 10, 20, 50, and 100 km. Solid line indicates
unconstrained model (eq. 4); dashed line, constrained model, where y=0.0059 (eq. 6). Relationships are plotted for K;=0.

sion, and MWR is the mean weighted residual, defined by
the expression

n

MWR =1/n Y wi(y; %) ®)

i=1

The definitions and functional forms of the parame-
ters listed in table 5 were developed by an iterative proce-
dure. First, a list of candidate parameters was selected
from theoretical considerations of source, site, and soil-
structure interaction effects available from the literature.
Second, regression analyses were used to establish atten-
uation relationships in terms of M and R by setting K;=0
in equation 1. In the case of continuous parameters such
as sediment depth, the normalized weighted residuals
were then plotted against the candidate parameters. In

the case of classification or so-called “dummy” parame-
ters such as fault type, the normalized weighted residuals
associated with each class were plotted against M and E.
When visually perceptible trends were identified from the
residual plots, those parameters were added to the model.
The process was repeated until all significant parameters
and their proper functional relationships were identified
and included in the model. From a purely scientific point
of view, the above procedure might be criticized for its
strong empirical basis, although, from a statistical stand-
point, such procedures are accepted as standard model-
building techniques (Draper and Smith, 1971; Tukey,
1977).

The adequacy of the final attenuation relationships
was assessed by plotting the normalized weighted residu-
als against each dependent and independent variable
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FIGURE 6.—Dependence of peak horizontal acceleration on building embedment. Solid line indicates unconstrained model (eq. 3); dashed line, constrained
model (eq. 5). The embedment factor is a multiplicative factor given by the expression exple4K4+ e5K5+ eg(K 4+ K5)tanh(e7R)], where e; and K; are defined

in tables S and 6.

included in the models. The residual plots against dis-
tance, magnitude, and predicted value are given in figures
8 through 10 for the unconstrained relationships (egs. 3,
4). A lack of any significant trend indicated that the mod-
els were statistically adequate. Similar results were found
for equations 5 and 6 as well as for other independent
variables included in the relationships.

GROUND-MOTION ESTIMATES
FOR NORTH-CENTRAL UTAH

The region of north-central Utah contains the major
population centers of Ogden, Provo, and Salt Lake City.
The dominant feature of this region is the Wasatch Front,
a massive 370-km-long scarp extending along the western
margin of the Wasatch Mountains from Gunnison, Utah,
to Malad City, Idaho. The scarp is a result of normal fault-

ing along the Wasatch fault, which marks the boundary
between the Basin and Range and Middle Rocky Moun-
tain physiographic provinces (Fenneman, 1946). This
boundary marks the transition from a northwest-south-
east extensional stress regime on the west to a northwest-
southeast compressional stress regime on the east
(Zoback and Zoback, 1981).

The Wasatch fault poses the greatest seismic threat
of major earthquakes in this region. Geologic evidence
indicates that surface faulting associated with earth-
quakes of magnitude 6.5 to 7.5 has occurred repeatedly
along several segments of this fault at an average rate of
one event every 444 years (Swan and others, 1980). In
contrast, the greatest seismic threat in the next 100 years,
assuming a Poisson model of earthquake occurrences,
comes from small to moderate earthquakes located in the
historically more active regions of the State (Youngs and
others, this volume).
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and 6.

There are several important issues that need to be
addressed before attempting to estimate strong-motion
parameters in north-central Utah. These issues are dis-
cussed below.

STRESS REGIME

McGarr (1984) presented theoretical and empirical
results indicating that peak acceleration and peak veloc-
ity are strongly dependent on stress state and focal depth.
He contended that, for a given seismic moment, both
parameters are smaller for earthquakes occurring in an
extensional stress regime than for earthquakes occurring
In a compressional stress regime and that both parame-
ters increase with focal depth. Differences due to stress
regime are quite large, being as great as a factor of 3 for
peak acceleration and a factor of 2 for peak velocity at a
given depth.

Taken at face value, McGarr's results would have a
considerable impact on the estimation of ground motion
in the region of Utah west of the Wasatch Front. This
region, including the Wasatch fault, is characterized by

Basin and Range extensional tectonics. In contrast, the
majority of the strong-motion data used to develop the
attenuation relationships in this study come from coastal
California, a region undergoing predominantly north-
south compression (Zoback and Zoback, 1981). Thus, if
McGarr were correct, one would expect substantially
smaller ground motion in western Utah than equations 3
through 6 would predict. However, McGarr’s results are
not consistent with other empirical observations.
McGarr's results appear to be contradicted by this
author’s study of peak acceleration data from near-source
recordings in California (Campbell, 1985b, 1989). In an
attempt to identify regional differences in peak accelera-
tion scaling relations, Campbell analyzed strong-motion
data recorded within 20 km of M =2.5 to 5.0 earthquakes
in Oroville, Calif., Imperial Valley, Calif., and coastal Cali-
fornia. The Oroville region falls along the western margin
or the Sierra Nevada physiographic province (Fenneman,
1946), a region characterized by east-to-northeast exten-
sion (Zoback and Zoback, 1981). Focal mechanisms in
this area are predominantly normal. The other two areas
are within the San Andreas physiographic province
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FIGURE 8 —Normalized weighted residuals plotted as a function of distance. A, Peak horizontal acceleration; B, peak horizontal velocity.
Plots are shown for the unconstrained models (egs. 3, 4). Similar distributions were found for the constrained models.



PREDICTING STRONG GROUND MOTION IN UTAH

4 A T T T T T T
3+ -
¢ .
L .
2~ b -
2 . .
‘% . .
.
g 1+~ hd H t * . -
[a) L ]
o 0 L] d : - : *
. >
g . : LI
. .
8 o o g :
N _qL . 0. -
# . H .
= . .
s . L ] [ ]
2 -2+ [ ) . 'Y ° ]
-3 .
.
-4 ] ] | | | |
4 I T T T T T
B
3+~ -
.
° [
g 2 . . 7]
2 .
‘Iﬂ ° . ‘
: 1+ ° o . g —
E ° d ] ’
2 9 hd . L ' ; * *
.
g . 3
[ )
[=] . e ® .
ﬁ 1= A ° . =
3 . . d
g o [ Y
: ' P
-2+ . —
.
-3 i
-4 1 I 1 | ! |
45 5.0 5.5 6.0 6.5 7.0 7.5 8.0

MAGNITUDE

FIGURE 9.—Normalized weighted residuals plotted as a function of magnitude. A, Peak horizontal acceleration; B, peak horizontal
velocity. Plots are shown for the unconstrained models (egs. 3; 4). Similar distributions were found for the unconstrained models.

L19




L20

REGIONAL EARTHQUAKE HAZARDS AND RISK ALONG THE WASATCH FRONT

4 i T I | T T T T
A
3~ n
° [ ]
e ©®
2+ * ~
[ ]
®
[ ] ®
. e © L 4
U o‘..o d e o0 7
. o®

NORMALIZED WEIGHTED RESIDUAL
o
L ]
[ ] L ]
L ]
o
L ]
L ]
®e0
L d
o9
[ 4
L ]
[ ]
L ]

L) Py Y ° ... ~. ) °
-1+ ® L4 [ ] o® o -
° 1 ] .
o %
o* d
-2+ .. s _
-3 _
.
-4 ) I | [ | I ! ! I B
0.01 0.02 0.04 0.1 0.2 04 1.0
PREDICTED VALUE, IN g
4 T T } T I 1T ] T T T T T T 1T 7T
B
3 _
.
L4 .
2 ?2r .o .
2 .
7] [}
. L] * .
E 1+ . . . . .. . .
E . o o L T : ] .
o 0 hd rY * L4 o PY %' hd [
g ¢ e ® o
[ ] Y [ ]
[=] ° o ® s
ﬁ -1+ o L] : -
[ L °
; . . . e o
-4 L] ° . . [ ]
g -2f —
.
.
-3+ ]
-4 1 { 1 1 1 1 | | | | ! 1 1 | 4 1
1 2 4 10 20 40 100

PREDICTED VALUE, IN CENTIMETERS PER SECOND

FIGURE 10.—Normalized weighted residuals plotted as a function of predicted value. A, Peak horizontal acceleration; B, peak horizontal
velocity. Plots are shown for unconstrained models (egs. 3, 4). Similar distributions were found for the constrained models.



PREDICTING STRONG GROUND MOTION IN UTAH

(Fenneman, 1946), a region characterized by north-south
compression (Zoback and Zoback, 1981). Focal mecha-
nisms in this region are predominantly strike slip on
northwest-trending faults and reverse or reverse oblique
on west-trending faults.

Campbell’'s regression analyses indicated only minor
regional differences in magnitude and distance scaling.
For magnitudes ranging from 3.5 to 4.5 and epicentral dis-
tances ranging from 5 to 10 km (about one to two focal
depths), the scaling relations predict peak accelerations
that vary by less than 10 to 15 percent between regions.
Furthermore, the study found no significant dependence
of peak acceleration on focal depth for depths in the
range 4- to 10-km range. These depths represent the major
seismogenic portion of the crust in California. Similar
results were found whether hypocentral distance or epi-
central distance was used in the analyses.

-The reasons for the discrepancy between the above
results and those of McGarr are largely speculative. One
major difference between the two studies that may help
to explain this discrepancy is a difference in magnitude
scaling. McGarr assumed that, at relatively short
distances, peak acceleration should be relatively inde-
pendent of seismic moment. On the other hand, the near-
source regression analyses of Campbell (1985b, 1989)
indicate a strong correlation between peak acceleration
and Mj, and, hence, seismic moment, In PHA being pro-
portional to 0.5 to 0.7 My. The latter dependence is gener-
ally consistent with magnitude scaling of peak accelera-
tion from My >5.0 earthquakes (Campbell, 1981a, 1984a;
Joyner and Boore, 1981). In fact, Campbell (1985b) found
that, when an estimate of closest distance to fault rupture
was used as the distance metric in his regression analy-
ses. the near-source magnitude and distance scaling prop-
erties of peak acceleration for M <5.0 earthquakes were
remarkably consistent with the extrapolation of the near-
source attenuation relationships for M >5.0 earthquakes
developed by Campbell (1984a). Thus, either McGarr’s
assumption of magnitude independence of peak horizon-
tal acceleration for hypocentral distances on the order of
10 km is wrong, or else My, scales with seismic moment,
state of stress, and focal depth in a manner similar to his
proposed scaling relationship for peak horizontal acceler-
ation.

The hypothesis that My, and peak horizontal accelera-
tion might have similar dependencies on stress state and
focal depth is important because, if correct, it would
imply that scaling relations between the two parameters
are relatively independent of stress state and, thus, of tec-
tonic regime. Some empirical evidence suggesting that
this hypothesis may be correct stems from an observation
by Boore (1980) that Western U.S. strong-motion records
show a direct relationship between peak horizontal veloc-
ity and Wood-Anderson amplitude and, hence, My, Com-
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bining Boore’s findings with McGarr's observation that
both peak horizontal acceleration and peak horizontal
velocity are dependent on stress state and focal depth
suggests that M|, is also dependent on stress state and
focal depth.

A further implication of the above hypothesis is that
the relationship between seismic moment and My, should
be dependent on stress state. Such a relationship has
been proposed by Thatcher and Hanks (1973) from
source-parameter relations developed for Southern Cali-
fornia. Their proposed relationship,

log M,=2.0My+14.2-1log Ac ©)]
suggests that the relationship between seismic moment
and My, is dependent on stress drop, Ac. The hypothesis is
then validated if Ac can be considered dependent on
stress state. McGarr used just such a proposed depen-
dence to give theoretical credibility to his observations by
inferring direct relationships between localized stress
drop and crustal strength and between crustal strength
and stress state. From considerations of tectonic stress,
he suggested that crustal strength (and, thus, stress drop)
is nearly a factor of 4 greater in compressional tectonic
regimes than it is in extensional tectonic regimes and that
stress drop is expected to increase linearly with depth. It
is interesting to note that regional variations in stress
drop and moment-magnitude relationships in Southern
California and northern Baja California have also been
attributed to regional differences in tectonic stresses by
Thatcher (1972) and Thatcher and Hanks (1973).

All things considered, it would seem that McGarr’s
results may be irrelevant with respect to the estimation of
strong-motion amplitudes, at least when magnitude is
used as the measure of source strength. If his hypothesis
is wrong, as suggested by the analyses of Campbell
(1985b, 1989), then there is no need to consider stress
regime as being important. If his hypothesis is correct,
then there is evidence to suggest that scaling relations
between ground-motion parameters and magnitude are
relatively independent of stress state.

FAULT TYPE

In this study, as well as in previous studies (Camp-
bell, 1983, 1984a), fault type has been found to be a signif-
icant factor in predicting strong ground motion. Its
importance has been confirmed theoretically by studies
done by Anderson and Luco (1983) and Boore and Boat-
wright (1984). Boore and Boatwright computed average
radiation coefficients for three types of faulting: a vertical
strike-slip fault, a 30°-dipping dip-slip fault, and a 45°-dip-
ping oblique-slip fault.. They found that the average radia-
tion coefficients for dipping faults were 14 to 28 percent
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higher than those for vertical strike-slip faults for dis-
tances within about a focal depth of the source. At
regional distances (tens to hundreds of kilometers), the
opposite was found, dipping faults having average radia-
tion coefficients 14 to 20 percent smaller than those of
vertical strike-slip faults. These results suggest that, on
average, near-source amplitudes of ground motion from
dipping faults will start off higher but attenuate more rap-
idly than thosé from near-vertical faults, the transition
occurring at a distance of approximately one focal depth.
Indeed, such a result was observed in the analyses of the
Oroville and Imperial Valley strong-motion recordings
described in the preceding section.

Boore and Boatwright's results would seem to indi-
cate that the effects of fault type should be negligible, on
average, over the range of distances used in this study if
differences in attenuation rate between different fault
types are neglected. Yet, the current study found signifi-
cantly higher ground motions from earthquakes on dip-
ping faults. The most plausible explanation for these
results is offered by the ground-motion simulation studies
of Anderson and Luco (1983), who found that sites
located directly above the rupture surface of dipping
faults had the highest amplitudes of any other rupture
configuration. Because the data in- the present study
include several such sites (for example, the 1976 Gazli
and 1978 Tabas recordings), it is possible that these sites
are largely responsible for the observed results. These
results can have serious implications for cities like
Ogden, Provo, and Salt Lake City that are located directly
above the Wasatch fault. For this reason, the author has
chosen to incorporate the uncertainty associated with the
potential effect of fault type by estimating ground
motions for a range of fault types (K»=0 and Ky=1 from
table 5).

ANELASTIC ATTENUATION

There have been a number of attenuation studies
conducted in the Basin and Range in the past with widely
varying results. The closest study geographically was that
conducted by King and Hays (1977). They measured
ground motions from four aftershocks of the March 27,
1975, Pocatello Valley, Idaho, earthquake (M g=6.0) along a
150-km linear array extending from southern Idaho to Salt
Lake City. They concluded that this region exhibits
higher attenuation of 1- to 10-Hz pseudo-relative velocity
response spectra than either California or Southern
Nevada. This conclusion, however, is in direct contradic-
tion to the results of Singh and Herrmann (1983).

Singh and Herrmann quantified the regional attenua-
tion of Lg coda waves throughout the United States
through the relationship
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Q=Q, (10
where @ is a measure of anelastic attenuation referred to
as the quality factor, @, is a measure of @ at 1 Hz, and f'is
frequency. Their maps indicate that attenuation in north-
central Utah is represented by Q,=400 and 7=0.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>