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ABSTRACT

Seismic shear-wave velocity as a function of
depth for generic rock sites has been estimated
from borehole data and studies of crustal
velocities, and this velocity has been used to
compute frequency-dependent amplifications
for zero attenuation for use in simulations of
strong ground motion. We define a generic
rock site as one whose velocity at shallow
depths equals the average of those from the
rock sites sampled by the borehole data. Most
of the boreholes are in populated areas and for
that reason the rock sites sampled are of
particular engineering significance. The
amplifications on rock sites sampled by the
boreholes can be in excess of 3.5 at high
frequencies, in contrast to the amplifications
of less than 1.2 expected on very hard rock
sites. The consideration of unattenuated
amplification alone 1is computationally
convenient, but what matiers for
ground-motion estimation is the combined
effect of amplification and attenuation. For
reasonable values of the attenuation parameter
Ko, the combined effect of attenuation and
amplification for rock sites peaks between
about 2 to 5 Hz with a maximum level of less
than 1.8. The combined effect is about a
factor of 1.5 at 1 Hz and is less than unity for
frequencies in the range of 10 to 20 Hz
(depending on K,).

The borehole data yield shear-wave velocities -

(V) of 618 and 306 m/s for "rock" and
"soil" sites, respectively, when averaged over

the upper 30 m. From this, we recommend
thatV;, equals 620 and 310 m/s for
applications requiring the average velocity for
"rock" and "soil" sites in western North
America.

By combining the amplifications for rock sites
and the site factors obtained from our analysis
of strong-motion data, we derive
amplifications for sites with V,, = 520 m/s
(NEHRP Class C, corresponding to a mix of
rock and soil sites) and V5, = 310 and 255
m/s (average soil and NEHRP Class D sites,
respectively). For the average soil site the
combined effect of amplification and
attenuation exceeds a factor of 2.0 for
frequencies between 0.4 and about 4 Hz, with
a peak site effect of 2.4; the peak of the
NEHRP Class D site effect is 2.7.

This paper is a shortened version of a recently
published paper (Boore and Joyner, 1997}

- KEYWORDS: Earthquakes; frequency;
seismic shear-wave  velocity; site
amplification.

1. INTRODUCTION

Simulations of ground motions are often
needed on rock sites, e.g., for use in seismic
analysis and design of structural systems and
in building codes. As is the case for soil sites,
not all rock sites are created equal (e.g., Steidl
et al., 1996), and for site-specific applications
the properties of the local site should be used
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in the simulations. In many cases, however, it
is sufficient to do the simulations for a
representative or generic rock site. The main
purpose of this paper is to present average
velocity vs. depth and amplification vs.
frequency for such sites. The amplifications
can be used directly in the stochastic model
for simulating earthquake ground motions
{e.g., Boore, 1996).

The amplifications are based on shear velocity
and density as functions of depth. The first
task in the paper is to obtain a profile of
shear-wave velocity vs. depth. To do this we
use an extensive set of shear-wave travel-time
measurements made in boreholes to constrain
the shallow velocities, and we use studies of
P-wave velocities in the crust as a guide for
choosing the deeper velocities. The next task
is to compute the amplifications; for this we
use the quarter-wavelength approximation
introduced by Joyner et al. (1981). The
approximation is checked wusing wave
propagation to calculate the exact response of
the wvelocity structure used in the
quarter-wavelength approximation.

2. VELOCITY AND DENSITY
STRUCTURE

The travel time of § waves (S,) from the
surface to any depth below a site is the
fundamental property needed for the
determination of the amplification (velocities,
of course, can also be determined from S,).
These travel times are available from
downhole surveys made in boreholes, and can
be used to estimate directly the amplification
at high frequencies. We have entered all the §,,
from over 210 boreholes logged over the past
20 years by J. Gibbs, T. Fumal, and colleagues
(Fumal et al, 1981, 1982a, 1982b, 1984;
Gibbs, 1989; Gibbs et al., 1975, 1976, 1977,
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1980, 1990, 1992, 1993, 19944, 1994b; Gibbs
and Fumal, 1994); in addition, we have added
data from a few other published studies
(Fletcher et al., 1990; Thiel and Schneider,
1993) and from several unpublished studies
(written commmunications from J. Gibbs, 1995
and T. Fumal, 1996). We then assigned a
"rock" or "soil" classification to each
borehole, based on surficial geology,
following Joyner and Boore's (1981) scheme
that "rock” sites are those described by terms
such as "granite", "diorite”, "gneiss", "chert",
"graywacke", "limestone", "sandstone", or
"siltstone", as long as the rock is overlain by
less than 4 to 5 meters of soils. The
distribution of shear velocity averaged over
the upper 30 m (most of the holes were 30 m
or shallower) is shown in Figure 1 for the two
subsets of the borehole database. In the
subsequent analysis we use only the data from
57 "rock" boreholes.

The borehole data are increasingly scarce at
depth greater than 30 m, and for this reason
our velocity function is constructed by using
the borehole results to determine the best
average shallow velocity, and then using
P-wave velocities in the crust based on
velocity surveys and earthquake location
studies to estimate deeper S-wave velocities
on the assumption that Poisson's ratio is close
to 0.25 at depths in excess of several
kilometers. 'We patch together the shaliow
and deeper velocity functions in order to
obtain a continuous velocity-depth function.

The shallow velocity is obtained by
interpolating the observed times in boreholes
at 2 m intervals from the surface to the
deepest recording in each hole, averaging S, at
each depth for which at least two interpolated
values are available, fitting a functional form
to the average S, as a function of depth, and



converting this average travel time into a
velocity-depth function. Figure 2 shows the
individual travel times, the geometrically
averaged travel times, a power-law fit to the
averages (determined using unweighted
least-squares) between 0 and 30 m, and the
number of data points for each depth.
Straightforward  differentiation of the
travel-time function (see Figure 2) yields the
following equation for the shear velocity:

B(z)=2206 2922 (1)

with the units of  and z being km/s and km,
respectively, The power-law functional form
was chosen after trials with several other
forms. It has the advantage of providing a
simple relation between travel time and
velocity and a good fit to the observations, but
it has the obvious disadvantage of predicting
zero velocity at the surface. The valueat I m
depth (337 m/s) is reasonable. We replace the
velocity between 0 and 1 m depth with a
constant-velocity layer such that the travel
time to 1 m equals that given by the
power-law fit. The influence of these shallow
depths on the amplification is only at very
high frequencies (in excess of 30 Hz),
however, and, as shown later, attenuation will
severely blunt the amplification at these
frequencies. We use equation (1) for the
shear-wave velocity between 0.001 and 0.03
km.

Because of a lack of data, it is difficult to
constrain the shear-wave velocity at greater
depths. At depths below 4 km we estimate
shear-wave velocity from compressional
velocities, assuming a constant Poisson's ratio
0f 0.25. We chose 4 km because the lithostatic
pressure at this depth is about 1 kbar, the
pressure at which most cracks should be
closed and below which Poisson's ratio should

be near 0.25 for the crustal rocks of concern to
us (e.g., Clark, 1966; Christensen and
Mooney, 1995; Christensen, 1996). There is
good evidence that Poisson's ratio is not
constant at shallower depths (e.g., Nicholson
and Simpson, 1985), and for this reason we
cannot directly use the numerous
measurements of crustal P-wave velocities
obtained from refraction experiments and
from earthquake location investigations to
obtain S-wave velocities for depths less than 4
km. Representative P-wave velocity profiles
are shown in Figure 3. We adjusted the
parameters of a power-law functional form to
roughly agree with the measured P-wave
results below 4 km and converted this to a
function giving S-wave velocity by dividing
the P-wave velocities by /3. Our function is
indicated by the heavy line in Figure 3.

‘We patch together the velocities at depths less
than 0.03 km (from boreholes) and greater
than 4 km (from P-waves) with two power
law functions. In doing this we were guided
by the P-wave velocities near 3.7 km/s at 0.2
km depth for Franciscan rocks on either side
of the southern San Francisco Bay
(Hazlewood and Joyner, 1973; Hazlewood,
1974). For Poisson's ratio of 0.25, this
P-wave velocity yields an S-wave velocity of
2.1 km/s; we consider this an upper bound and
therefore constrained the velocity function to
pass through a smaller value at a depth of 0.2
km. Our final velocity model is plotted in
Figure 4.

The density is given as a function of shear
velocity by the simple relation

(2.8-2.5)
(3.5-0.3)

with p in gm/cc and § in km/s. Equation (2)

o(z)=2.5+(B(z)-0.3)x
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is a simple interpolation of end point values
chosen by referring to various reference books
and from personal experience of one of the
authors (WBJ) in measuring densities; it is
only to be used for shear velocities between
0.3 and 3.5 km/s. A density of 2.5 gm/cc was
assigned to velocities less than 0.3 kmy/s.

3. 30 m TIME-AVERAGED VELOCITY
FOR "ROCK" AND "SOIL" SITES

A site measure of importance in predicting
ground shaking and in building codes (e.g.,
Boore et al., 1994; Borcherdt, 1994;
Midorikawa ef al., 1994) is the time-averaged
shear-wave velocity from the surface to 30 m
depth V5, = 30/5,(30 m), where the units of
V joare m/s). The travel time curve fit to the
data in Figure 2 yields an average velocity of
618 m/s; a similar analysis for the "soil"
subset of the borehole database yields 306
m/s. Based on these results, we suggest that
average "rock” and "soil" sites in western
North America correspond to average
velocities of 620 and 310 m/s, respectively.
These numbers can be used to compare
ground-motion attenuation equations base on
"rock" and "soil" site classifications with
those that use V,, to characterize the geology
at a site.

4. THE QUARTER-WAVELENGTH
APPROXIMATION

The quarter-wavelength approximation for
computing site amplification was introduced
by Joyner et al. (1981). For a particular
frequency the amplification is given by the
square root of the ratio between the seismic
impedance (velocity times density) averaged
over a depth corresponding to a quarter
wavelength and the seismic impedance at the
depth of the source (as used here, the averages
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of the seismic velocity and density are
determined separately instead of their product
being averaged; this should make little
difference in the results). The approximation
is relatively insensitive to discontinuities in
seismic velocity; the method does not produée
the peaks and valleys due to the interference
of multiply-reflected waves. We consider this
lack of resonant effects to be an advantage if,
as in this paper, an amplification function
insensitive to the details in the layering is
desired.

Comparisons of the approximate and exact
theoretical amplifications include those of
Boore and Joyner (1991), Boatwright
(personal commun., 1987), and Silva and
Darragh (1995); we include another
comparison in this paper. The available
comparisons suggest that the
quarter-wavelength approximation provides a
good estimate of the mean values of the
TESpONSE.

The algorithm is the following: the S travel
time (S, 2 )) from the surface to depth z is
either taken from downhole surveys or is
computed using shear velocity as a function of
depth; the average velocity to depth z,
B(z), is z/S(z) and the frequency
corresponding to the depth, f (z), is 1/(4
times S 2 )); a travel-time-weighted average
is taken of the density, p(z); and the
amplification (A( f)) is given by

Af)=Jp, B, / pBE, 3

where the subscript s represents values in the
vicinity of the source.

When we refer to amplification, we mean the
Fourier amplitude spectrum of the surface
motion produced for unattenuated incident



plane waves divided by the Fourier amplitude
spectrum that would have been recorded at the
surface of a uniform halfspace by the same
incident planewaves (the amplification
therefore approaches unity for very
long-period waves). Of course, the site
response of interest includes attenuation, but
we have considered the amplification and
attenuation separately because we prefer to
parameterize the attenuation by the operator
exp (-1 K, f ). By so doing, it is natural in
computer simulations to treat the
amplification

and attenuation as separate entities, though
this distinction may be somewhat artificial. A
careful study of the response of a particular
site to seismic waves should include
attenuation as a point property with depth.
Even then it is important to recognize that
using a parameter such as Q to represent the
attenuation is only a phenomenological
description of a complex process involving
intrinsic  and  scaftering  attenuation
mechanisms. '

5. AMPLIFICATION FROM VELOCITY
AND DENSITY PROFILES

We use the velocity and density functions to
compute  amplifications, using  the
quarter-wavelength  approximation, and
assuming that the velocity near the source is
close to the velocity in our model at 8 km
depth (the amplifications are only sensitive to
variations of several km in this source depth
for frequencies less than 0.1 Hz). The
computations were made by program
Site_Amp (Boore, 1996). The results are
shown in Figure 5. The amplification for rock
sites increases from near 1 at 0.1 Hz to over 3
for frequencies greater than about 12 Hz.

In order to check the quarter-wavelength

assumption, the velocity model was replaced
with one consisting of a stack of
constant-velocity layers (such that the travel
time to each interface in the stack was the
same as in the continuous velocity model),
and the amplification was computed using the
propagator-matrix method of Haskell (1960),
as implemented by C. Mueller's program
Rattlefor SH waves. (A Q of 10,000 in each
layer was used to simulate no attenuation.)
Because the base of the velocity model is at 8
km in high-velocity material, incidence angles
of 30 and 45 degrees were used to
approximate the range of angles that would
exist for events not directly under the site (the
incidence angles would be smaller for input at
shallower depths because of refraction). The
amplifications are shown in Figure 5. The
oscillations at high frequencies are due to the
finite thickness of the layering (1 m for the
first two layers and 2 m to depths of 0.2 km).
The quarter-wavelength approximation is a
good representation of the overall
amplification; it has the advantages of being
ingensitive to the layering in the system,
taking little computation time, and allowing
back-of-the-envelope estimates of the
amplification and the depths affecting various
frequencies of motion.

As discussed earlier, we choose to separate
amplification and near-site attenuation for
ease in incorporating the two effects in our
computer codes for calculating ground
motions; what counts for ground motions, of
course, is the combined effect of amplification
and attenuation.  Figure 6 shows this
combined effect for a range of values of the
attenuation parameter x, found by Silva and
Darragh (1995) for rock sites in western North
America (the amplification factors of Boore,
1986, were used to obtain these estimates).
For reasonable values of x; (i.e., in excess of
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0.01 for most rock sites in western North
America, although an average value of 0.005
was obtained by Hough e al, 1988, on
granitic rocks in the Anza region of southern
Califomnia), the large amplifications at high
frequencies are much reduced by the
attenuation. It is important to note, however,
that the overall effect of the amplification and
attenuation is still larger than unity over a
wide range of frequencies of engineering
interest.

The quarter-wavelength approximation makes
it easy to answer the question of what depth
influences what frequency. The relationship
between depth and frequency is shown in
Figure 7 for our rock model. This figure
shows that frequencies as low as 1 Hz are
influenced by velocities in the upper few
hundred meters of the Earth at rock sites. At
soil sites the primary influence on 1 Hz
amplification would be at even shallower
depths. The velocity models used in the
calculation of wave propagation in layered
media should have near-surface velocities that
are commensurate with the frequencies of the
calculated motions. We fear that a number of
seismologists use models with near-surface
shear-wave velocities that are foo high,
thinking that the near-surface layers can be
neglected without realizing that although the
thickness is small, the fravel time through the
layers is not small.

6. AMPLIFICATIONS FOGR OTHER
SITE CLASSES

It is useful to obtain amplification functions
for sites other than the very hard rock and rock
sites. Rather than repeat the analysis of this
paper for boreholes falling into other classes,
we use a combination of the rock
amplification shown in Figure 5 and the
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empirical results of Boore er al. (1994) in
which response spectra are given as a function
of V. Our scheme is simple: we use the
ratio of response spectra computed from
Boore et al. (1994) for sites with V5, = 620
m/s and V, equal to the desired velocity as a
correction factor applied to the rock
amplifications. We used subjective judgment
to extend the correction factors to frequencies
outside the range used by Boore ef al. (1994).
The procedure assumes that the ratio of
Fourier and response spectra are the same.
This is not strictly tfrue, particularly at
frequencies higher than about 8 Hz. We fine
tune the amplifications by generating
simulated response spectra for the desired V 4,

and comparing them with the empirical
response spectra of Boore et al. (1994).
Ratios of the spectra for various frequencies
are used in an iterative procedure to adjust the
amplifications. We chose three site classes:
the NEHRP building code classes C and D
(BSSC, 1994) and the average soil class. V
for the two NEHRP classes (520 and 255 n/s)
are given by the geometrical means of the
velocities defining the boundaries of each
class. The velocity for an average soil site
(310 m/s) was discussed in the previous
section.

We show the combined effect of amplification
and attenuation in Figure 8. The site effect for
the soil sites exceeds a factor of 2 over a wide
range of frequencies of importance in
engineering. The attenuation parameter ¥,
was held fixed at 0.035 s in the derivation of
the amplifications. Consistent results can also
be obtained for other values of x, as long as
the amplification is adjusted by the factor exp

('T‘:(KO - Knew)f )



7. CONCLUSIONS AND DISCUSSION

Using borehole data and studies of crustal
velocities, we have estimated seismic
shear-wave velocity and density as a function
of depth for rock sites such as are found in
many tectonically active regions, with an
average Vi of 620 mJs. From the
shear-wave velocity and density vs. depth
functions we produce amplifications as a
function of frequency for use in simulations of
strong ground motion. The amplifications are
in excess of 3.5 at high frequencies.
Attenuation, however, will reduce these
amplifications such that the combined effect
for the rock sites might have a maximum of
about a factor of 1.8 for k,=0.02 s and 1.5 for
Ky~ 0.04 s. The scatter in the amplifications
computed for individual boreholes 1is
considerable, suggesting that the mean
amplifications proposed in this paper should
be used with caution for site-specific studies.
The large variation in site response for rock
sites has also been emphasized by Schneider
and Silva (1994).

We also find from the analysis of borehole
data that average "rock” and "sotl" sites are
characterized by time-averaged shear-wave
velocities in the upper 30 m of 620 and 310
m/s, respectively.

Although we have treated them separately,
there may be a correlation between the
attenuation parameter x, and Vi,. This is

certainly the case in going from very hard

rock, for which x, is often less than 0.01 s
(e.g., Atkinson, 1996), to ordinary rock, for
which we and others find representative
values near 0.04 s for k,. There may also be
a tendency within the generic rock category
for «, to decrease with increasing Vi, (W.
Silva, written commun., 1995). Correlations

between K, and V ,,, however, might depend
on geographic region and class of geologic
materials beneath a site. «, is affected by
more of the travel path than the part
contributing to the amplification (Anderson et
al., 1996). For this reason two sites with the
same V;, could have different values of x, (as
has been found by Atkinson, 1996, for very
hard rtock sites in southeastern and
southwestern Canada, with x; being less than
0.004 for sites in the former region and 0.011
for sites in the latter region). In addition, the
correlation between x, and V;, is probably
different for rock and for soils. We expect
that near-surface velocity gradients in soils
would be less than in rocks and that scattering
would be less important in soils. For these
reasons, the amplification function and K,
might be different for two sites with the same
Va0

Although our primary reason for separating
the effects of amplification and attenuation is
for convenience in providing input parameters
for our computer codes for estimating ground
shaking, we note that measurements of ¥,
from data also use a similar separation. Any
measurement of x; is tied to the amplification.
In most cases of measurements of «x,
however, the amplification is implicitly

- assumed to be unity, or at least independent of

frequency over the range used in determining
Ko, a result that the borehole data suggests is
unlikely to be true. The high-frequency
dependence of the amplification is critically
dependent on the gradient of the velocity with
depth near the surface (e.g., less than 10 m for
£> 10 Hz, according to Figure 7). In order for
the rock amplifications to flatten for
frequencies greater than 10 Hz, however, the
gradient in the upper 10 m would have to be
replaced by a constant velocity layer. The
borehole data in Figure 2 argues against this,
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at least for rock sites. If x, is independent of
frequency, then in principle it should be
possible to distinguish between a site with
constant amplification at high frequency and
one with increasing amplification: a plot of
the log of the spectrum vs. linear frequency
will approach a straight line in the former
case, while an increasing amplification will
lead to curvature of the high-frequency part of
the spectrum. To study this, we replotted
Figure 6 using log, linear axes. The curvature
was very hard to see, and would be
compleiely obscured for real, noisy data. On
the other hand, determinations of k, by fitting
a straight line to log spectrum vs. frequency
(Anderson and Hough, 1984) yields estimates
near 0.034 for the case when x, is 0.040.
Therefore, as expected, measurements of «,
which do not account for increasing
amplification with frequency will be lower
than measurements that account for the
amplification. Caution must be used in
comparing values of x, from various studies;
it is necessary to consider what, if any,
account has been taken of amplification of the
spectrum.

As the example above illustrates, derived
parameters are dependent on the assumptions
embedded in the underlying model, a point
that-we fear is often-overlooked. Another
example is in the estimation of seismic
moments of small earthquakes at rock sites,
which are usually determined with no regard
for the amplifications that can occur due to the
decrease in seismic velocities near the Earth's
surface; Figure 6 suggests that such
determinations might be systematically high
by a factor of about 1.4 for many rock sites
(those with V ;, considerably less than several
km/s) if computed from waves with
frequencies of 1 Hz. The factor would be
more than 1.4 for soil sites.
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The rock amplifications have been modified to
obtain amplification factors that are
appropriate for sites classified by average
shear-wave velocities V5, equal to 520, 310,
and 255 m/s. These site classes correspond 1o
NEHRP class C, average soil, and NEHRP
class D, respectively. The combined effect of
the amplification and attenuation reaches a
factor of 2.7 for V;,= 255 my/s and exceeds a
factor of 2 for a wide range of frequencies of
engineering interest.

We stress the obvious point that rock sites on
which strong motions have been recorded are
not underlain by uniform half spaces; our
analysis of borehole data finds a strong
gradient with depth, presumably due to
weathering processes and open fractures. It
would be a mistake, however, to assume that
the same gradients apply to the rock beneath
soil sites. Ifrock recordings are to be used as
input to a soil column, then these rock
recordings should first be deconvolved to a
depth where the velocity profile is comparable
to the rock beneath the soil column (that depth
could be 1 km or more), before being
convolved with the response of the rock
between that depth and the base of the soil
column. This is a site-specific matter and
requires the determination of shear velocity to
sufficient depths, both beneath the rock
recording and beneath the soil column.
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Figure 1. Histograms of shear velocity averaged over the upper 30m, from downhole
surveys in boreholes. Many of the boreholes did not quite reach 30m, and for the sake of
estimating representative velocity distributions, small extrapolations of the travel time to
30m were used in computing the average velocities. The subsequent analysis of the shallow
velocities in this paper make no use of such extrapolations. Fitting travel-time curves to
the observed travel times gives average velocities of 618 m/s and 306 m/s for rock and soil
boreholes, respectively. |
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Figure 2. S-wave travel time vs. depth (left axis). The circles are the individual
observations, and the solid dots are the geometric means of the interpolated travel times,
with standard error of the mean indicated by the error bars. The least-squares fit of a
power law is given by the heavy line (Sy; = 0.6232%728), and the travel time corresponding
to the adopted velocity model is given by the light line. The number of interpolated values
at each depth is given by the filled triangles (right axis). '
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Figure 3. P-velocity vs. depth to 10 km. The heavy line is obtained by multiplying
the generic rock shear velocities used in this paper by v/3; this assumes a Poisson’s ratio
of 0.25, which we realize is much too small for shallow depths. The intent of this figure
is to compare the final velocity profile used in the amplification calculation (heavy line)
with various P-velocity profiles at depths greater than several kilometers, where we expect
Poisson’s ratio to be close to 0.25. The Magistrale et al., 1996, curve is for a point at
33.64° N and 117.93° W.
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Figure 4. S-velocity vs. depth adopted in this paper for generic rock sites.
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Figure 5. Amplification vs. frequency. The solid line is computed using the quarter-
wavelength approximation and the velocity profile shown in Figure 4. The results from
plane SH waves incident at the base of a 8-km thick stack of constant-velocity layers (with
€} = 10000} closely approximating the adopted continuous shear-wave velocity are shown
by the light lines for angles of incidence of 30 and 45 degrees; the results were computed
from the Haskell matrix method, as implemented by program Rattle by C. Mueller.
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Figure 6. The combined effect of the generic rock amplification given in Figure 5 and
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Figure 7. The depth corresponding to a quarter wavelength as a function of frequency
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depths influence what frequencies in the site response. '
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