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Site Amplifications for Generic Rock Sites

by David M. Boore and William B. Joyner

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 these
velocities have 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;
for that reason, the rock sites sampled are of particular engineering significance. We
consider two generic rock sites: rock, corresponding to the bulk of the borehole data,
and very hard rock, such as is found in glaciated regions in large areas of eastern
North America or in portions of western North America. The amplifications on rock
sites can be in excess of 3.5 at high frequencies, in contrast to the amplifications of
less than 1.2 on very hard rock sites. The consideration of unattenuated amplification
alone is computationally convenient, but what matters for ground-motion estimation
is the combined effect of amplification and attenuation. For reasonable values of the
attenuation parameter k;, the combined effect of attenuation and amplification for
rock sites peaks between about 2 and 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 x).

Using these amplifications, we find provisional values of about Ac = 70 bars and
Ko = 0.035 sec for rock sites in western North America by fitting our empirically
determined response spectra for an M 6.5 event to simulated values.

The borehole data yield shear velocities (Vi) of 618 and 306 m/sec for ‘‘rock’
and ‘“‘soil’’ sites, respectively, when averaged over the upper 30 m. From this, we
recommend that V5, equals 620 and 310 m/sec 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 V3, =
520 m/sec (NEHRP class C, corresponding to a mix of rock and soil sites) and Vs,
= 310 and 255 m/sec (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.

Introduction

Simulations of ground motions are often needed on rock
sites, e.g., for use in seismic design and building codes. As
is the case for soil sites, not all rock sites are created equal,
and for site-specific applications, the properties of the local
site should be used in the simulations. In many cases, how-
ever, it is sufficient to do the simulations for a representative
or generic rock site. The main purpose of this article is to
present average velocity versus depth and amplification ver-
sus frequency for such sites. The amplifications can be used
directly in the stochastic model for simulating earthquake
ground motions (e.g., Boore, 1996). This article is an exten-
sion and improvement of the rock amplifications in Boore
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(1986). Silva and Darragh (1995) and Steidl er al. (1996)
have also considered site amplifications for rock sites.

The amplifications are based on shear velocity and den-
sity as functions of depth. We use an extensive set of shear-
wave travel-time measurements made in boreholes to con-
strain the shallow velocities, and we use studies of P-wave
velocities in the crust as a guide for choosing the deeper
velocities. The amplifications are computed using the quar-
ter-wavelength approximation introduced by Joyner et al.
(1981). The approximation is checked using wave propa-
gation to calculate the exact response of the velocity struc-
ture used in the quarter-wavelength approximation.
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The structure of the article is as follows: We first discuss
the quarter-wavelength approximation, and then we use this
approximation to obtain the amplification function for each
borehole, as well as the average over all the boreholes. In
order to obtain amplifications over a wider range of fre-
quencies, velocity and density at greater depths than those
for most of the boreholes are needed, and we next discuss
our model for the deeper velocities and densities. The com-
puted amplifications are then presented, followed by checks
of these amplifications using wave propagation. We use the
amplifications in a determination of the parameters x, and
Ag required to fit our empirically determined response spec-
tra for earthquakes in western North America at a particular
magnitude and distance. (Along with seismic moment, Ag
controls the high-frequency spectral amplitude; x; is the
zero-distance intercept of the high-frequency decay param-
eter x introduced by Anderson and Hough, 1984). We then
present a discussion of the average shear-wave velocities,
V30, for “‘rock’ and ¢‘soil’” sites, found from an analysis of
the borehole database. We conclude by deriving amplifica-
tion factors for sites with V3, = 520, 310, and 255 m/sec.
These values were chosen as characteristic of National
Earthquake Hazard Reduction Program (NEHRP) class C,
soil, and NEHRP class D sites, respectively [see BSSC (1994)
for a description of the NEHRP site categories].

Most of the article is devoted to the estimation of am-
plification at sites on rock, such as commonly found in west-
ern North America (most of the data used in this article have
been obtained from sites in coastal California). We also give
results for a very hard rock site. Sites underlain by very hard
rock are common in glaciated parts of eastern North Amer-
ica, but they also exist in portions of western North America;
for this reason, we have decided not to apply regional labels
to our amplification functions, even though more engineered
structures are founded on very hard rock sites in eastern
North America than in western North America. Even though
the data we use come from restricted geographic regions, we
hope that the results have more general applicability.

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 (ve-
locity 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 of the seismic
velocity and density are determined separately instead of
their product being averaged; this should make little differ-
ence in the results). Day (1996) has provided some theo-
retical justification for the method. The approximation is
relatively insensitive to discontinuities in seismic velocity;
the method does not produce the peaks and valleys that are
due to the interference of multiply reflected waves. We con-
sider this lack of resonant effects to be an advantage if a
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smoothed amplification function is desired, as it is in this
article.

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

The algorithm is the following: the S travel time S,(z)
from the surface to depth z either is taken from downhole
surveys or is computed using shear velocity as a function of
depth; the average velocity to depth z, ,5’(1), is z/5,(2), and
the frequency corresponding to the depth, f(z), is 1/[4 X
S(2)]; a travel-time-weighted average is taken of the den-
sity, p(z); and the amplification A(f) is given by

AlFD1 = p.B,p(DB), (1)

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 un-
attenuated incident plane waves divided by the Fourier am-
plitude spectrum that would have been recorded at the sur-
face of a uniform half-space by the same incident plane
waves (the amplification therefore approaches unity for very
long-period waves). Of course, the site response of interest
includes attenuation, but we have considered the amplifica-
tion and attenuation separately because we prefer to para-
meterize the attenuation by the operator exp( — nxyf). By so
doing, it is natural in computer simulations to treat the am-
plification 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
0 to represent the attenuation is only a phenomenological
description of a complex process involving intrinsic and
scattering attenuation mechanisms.

Amplification from Borehole Data

The travel time of S waves from the surface to any depth
below a site is the fundamental property needed for the de-
termination of the amplification (velocities, of course, can
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 S,, from over 210 boreholes logged over
the past 20 years by J. Gibbs, T. Fumal, and colleagues (Fu-
mal ez al., 1981, 1982a, 1982b, 1984; Gibbs, 1989; Gibbs
et al., 1975, 1976, 1977, 1980, 1990, 1992, 1993, 199%4a,
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 unpub-
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lished studies (written communications from J. Gibbs, 1995
and T. Fumal, 1996). We then assigned a rock or soil clas-
sification to each borehole, based on surficial geology, fol-
lowing Joyner and Boore’s (1981) scheme that rock sites are
those described by terms such as ‘‘granite,”” ‘‘diorite,”
“‘oneiss,”” ‘‘chert,”” ‘‘graywacke,”” ‘‘limestone,”’ ‘‘sand-
stone,”’ or ‘‘siltstone,”’ as long as the rock is overlain by
less than 4 to 5 m 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 tabulated travel times for each hole were converted
into f{z) and A[f(z)]. The results are plotted in Figure 2. The
apparent trends with slope dlog A/dlog f = — 0.5 correspond
to measurements at the same depths. Also shown in the fig-
ure is the amplification obtained by averaging the amplifi-
cations and frequencies at each depth. The apparent multi-
ple-valued amplification at low frequencies is an artifact of
the fact that the averages are along lines of constant depth.
Furthermore, the errors in amplification and frequency are
correlated, and the error bars should be oriented along the
constant-depth trends; for simplicity, they have been deter-
mined independently-—the errors as shown, however, are an
adequate indicator of the errors in the determinations. As
expected, the amplification increases with frequency, reach-
ing values larger than a factor of 3.5 for average rock sites.
The scatter in amplification at any frequency is large, not
surprisingly being on the order of the scatter about regres-
sion fits to strong-motion data (presumably much of that
scatter is due to variations in site response for a given class
of sites).

Velocity and Density Structure

Rock Site

Although Figure 2 gives an initial idea of the amplifi-
cations and a sense for the scatter in the amplifications from
individual rock sites, it does not provide good estimates for
frequencies less than about 3 Hz, for which we are running
out of borehole data at the necessary depths. For this reason,
we need to estimate S, at greater depths. Direct measure-
ments are rare, so we have resorted to estimating the velocity
as a function of depth and then computing S, from this
velocity. Our velocity function is constructed by using the
borehole results to determine the best average shallow ve-
locity, and then using P-wave velocities in the crust based
on velocity surveys and earthquake location studies to esti-
mate deeper S-wave velocities on the assumption that Pois-
son’s ratio is close to 0.25 at depths in excess of several
kilometers. We patch together the shallow and deeper ve-
locity functions in order to obtain a continuocus velocity—
depth function.

The shallow velocity is obtained by interpolating the
observed times at 2-m intervals from the surface to the deep-
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Figure 1. Histograms of shear velocity averaged
over the upper 30 m, from downhole surveys in bore-
holes. Many of the boreholes did not quite reach 30
m, and for the sake of estimating representative ve-
locity distributions, small extrapolations of the travel
time to 30 m were used in computing the average
velocities. The subsequent analysis of the shallow ve-
locities in this article make no use of such extrapo-
lations. Fitting travel-time curves to the observed
travel times gives average velocities of 618 and 306
m/sec for rock and soil boreholes, respectively.

est 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 3 shows the individual travel times, the ge-
ometrically averaged travel times, a power law fit to the
averages (determined using unweighted least-squares) be-
tween 0 and 30 m, and the number of data points for each
depth. Straightforward differentiation of the travel-time
function yields the following equation for the shear velocity:

Bz) = 2.2067°272, 2)
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Figure 2. Amplifications based on § travel times and the quarter-wavelength ap-
proximation from individual rock boreholes (circles) and geometric averages over all
boreholes (filled squares). The source velocity and density assumed in the amplification
calculation was 3.5 km/sec and 2.8 gm/cc, and the density at the surface was 2.5 gm/
cc. The trends with negative slope are values from various boreholes at the same depth.
The error bars are plus and minus one standard error of the mean values (standard
deviation divided by the square root of the number of observations). To improve clarity,
many of the averaged points have been removed from the plot at low frequencies; the
trends shown are the same as would be seen using the complete set of averages.

with the units of £ and z being km/sec and km, respectively.
The power-law functional form was chosen after trials with
several other forms. It has the advantage of providing a sim-
ple 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 value at 1-m
depth (337 m/sec) 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 ampli-
fication 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 (2)
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 veloc-
ities, assuming a constant Poisson’s ratio of 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 evi-
dence 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 ve-
locities for depths less than 4 km. Representative P-wave
velocity profiles are shown in Figure 4. We adjusted the
parameters of a power-law functional form to agree roughly
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 4. .

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/sec at 0.2-km depth
for Franciscan rocks on either side of the southern San Fran-
cisco Bay (Hazlewood and Joyner, 1973; Hazlewood, 1974).
For Poisson’s ratio of 0.25, this P-wave velocity yields an



Site Amplifications for Generic Rock Sites

60
AA
0.1 - AAAAAAA o o
] A, ° o 50 Z
Ao o c
o A °6 3
0-08 T o ° D"
° ) o @
] ) oogo o ° 40 o
o@ o° o o -
~ 0.06 0 8% Ao To I =
o Y 7 o o % 08 o e 2
= o @ggo‘goo llIo 30g
w ] ] 98 8 g:’o .J.I o ©O o
° 88 2 ol 1o 0 ° o &
0.04 - ° o @880 o8° o  o°8 3
° o op o 8 20
e o)
o 2 o Ogo ja]
4 o 8 o] ogo@ Oq o E—
o 98t o %" g © o
002 4 o o ggo({;o@QQQ AAA 10
08¢ o00° AAAAAA
i ok s}
a%8
o &£H—————r7r——r-———+—+—++ 0
0 0.01 0.02 0.03 0.04 0.05
Depth (km)

Figure 3.  S-wave travel time versus 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 (S, = 0.623z°7%%), and the travel time corre-
sponding to the adopted velocity model is given by the light line (the travel time
corresponding to the velocities in Table 1). The number of interpolated values at each
depth is given by the filled triangles (right axis).
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S-wave velocity of 2.1 km/sec; 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 ve-
locity model is tabulated in Table 1 and plotted in Figure 5.

Data are available from a few deep boreholes. The travel
times from these boreholes were sampled too sparsely at
shallow depths to allow them to be combined with the bore-
hole data previously discussed, and so they did not enter into
the average travel times shown in Figure 3. In Figure 6, we
compare the travel times from these holes with those from
our adopted model. The adopted model yields travel times
lower than those in the Varian hole. This is what we desire,
for the Varian hole is in Tertiary sedimentary rocks, and the
rock site class we have in mind would also contain older
rocks, with presumably faster velocities, and the mean ve-
locity would exceed that for the Tertiary rocks. On the other
hand, the model travel times are also lower than the Cajon
Pass hole, which is in Mesozoic granitic rocks. Note, how-
ever, that the interval velocity from the Cajon Pass hole at
depths between 1.5 and 3 km is higher than the velocity from
the adopted model; the apparent slow times for the Cajon
Pass hole are entirely due to the unusually slow travel time
in the upper few hundred meters of the hole.

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

28 —-25

p@) = 2.5 + [flx) — 03] X 35 =03’

3)

with p in gm/cc and f in km/sec. Equation (3) is a simple
interpolation of end point values chosen by referring to var-
ious 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/sec. A den-
sity of 2.5 gm/cc was assigned to velocities less than 0.3 km/
sec. We note that the density near the surface is higher than
often given in seismological models [e.g., Wald et al. (1991),
assign a density of 1.5 gm/cc to the 0.1-km-thick surface
layer, with a shear velocity of 1.0 km/sec]. Holocene sand
deposits with shear-wave velocities as low as 0.3 km/sec
have densities of 2.0 gm/cc or greater (e.g., Fumal, 1978,
Fig. 16); we assume that rocks of comparable velocities
would have densities at least this high.

Very Hard Rock Site

For eastern North America, a number of structures are
founded on very hard rock sites, such as those that have been
stripped of the overlying weathered layer by glacial erosion
(similar sites of engineering interest might be found in north-
western Washington and southwestern British Columbia).



332

0 2

D. M. Boore and W. B. Joyner

4 6 8

sl sty

z(km)

—-—-— Hauksson, 1987

81 —  Wadet al., 1991
—————— Steid! et al., 1996

Magistrale et al., 1996: Costa Mesa
e e Hauksson and Jones, 1988 L&

--------------------- Hadley and Kanamori, 1977

o — = (\ 3) f, § = 2.927 2°%

T R S SN —

0 2

4 6 8

(km/s)

Figure 4. P velocity versus depth to 10 km. The heavy line is obtained by multi-
plying the generic rock shear velocities used in this article by \/§; 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.

Table 1
Velocity for Generic Rock Site

Depth (km) Shear Velocity (km/sec)*

z = 0.001 0.245
0.001 < z = 0.03 2206727
0.03 <z=019 3.542°407
0.19 <z=4.00 2.5057%1%°
400 <z=8.00 2.92770086

#Vy = 0.618 km/sec.

Silva and Darragh (1995) used a hole at Moodus, Connecti-
cut, as the basis for the velocity in the upper 2.2 km, and we
use their velocities in our model for very hard rock sites. We
estimate that the shear velocity at source depths is 3.6 km/
sec, somewhat higher than that in western North America.
[The velocity of 3.6 km/sec is consistent with the summary
of P-wave velocities for ENA shown in Fig. 5-15 of EPRI
(1993) assuming that Poisson’s ratio equals 0.25]. Fitting a
power law to the velocities at 2.2 and 8.0 km produced

a large kink in the velocity—depth function at 2.2 km, so we
have inserted an additional power-law fit between 0.75 and
2.2 km. The velocity functions are given in Table 2 and are
plotted in Figure 5. We obtain the densities from equation

3).

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 kilometers in this
source depth for frequencies less than 0.1 Hz). The com-
putations were made by program Site_Amp (Boore, 1996).
The results are shown in Figure 7. The amplification for rock
sites increases from near 1 at 0.1 Hz to over 3 for frequencies
greater than about 12 Hz. In contrast, the very hard rock
amplification has a maximum of only 1.15 [it was for this
reason that Boore and Atkinson (1987) and Atkinson and
Boore (1995) ignored amplification in their simulations of
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Figure 5. S velocity versus depth adopted
in this article for generic rock sites (heavy solid
line) and generic very hard rock sites (heavy
broken line). For comparison, the light line is
the velocity model used to obiain the amplifi-
cations published in Boore (1986).

Figure 6. S travel times from boreholes
(references are given in the figure) and from
the adopted model. The data from the Cajon
Pass, Joaguin North, Oroville, and Varian holes
were too sparsely sampled, especially at shal-
low depths, to be included in the travel-time
averages shown in Figure 3. The data from the
deeper boreholes provide guidance for the sub-
jective estimation of the travel-time function at
depths below about 30 m. The Joaquin North
and Varian holes are in Tertiary sediments,
while the Cajon Pass and Oroville holes are
largely in older crystalline rocks. Note that the
Cajon Pass travel times are high because of the
very slow travel time in the upper 300 m; the
velocities at depths of 1 to 3 km are higher than
those in our adopted model, as we would ex-
pect.
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Table 2
Velocity for Generic Very Hard Rock Site
Depth (km) Shear Velocity (km/sec)*
0.00 2.768
0.05 2.808
0.10 2.847
0.15 2.885
0.20 2922
0.25 2.958
0.30 2.993
0.35 3.026
0.40 3.059
0.45 3.091
0.50 3.122
0.55 3.151
0.60 3.180
0.65 3.208
0.70 3.234
0.75 3.260
0.75 < 7 = 2.20 3.3240067
220 <z=8.00 3.44770:0200

*Vyo = 2.88 km/sec.

strong ground motion in eastern North Americal. Also
shown in Figure 7 is the amplification function used previ-
ously (Boore, 1986). In general, the new amplifications are
greater than those used earlier.

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 imple-
mented by C. Mueller’s program Rattle for 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° 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 refrac-
tion). The amplifications are shown in Figure 7. The oscil-
lations 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 advan-
tages of being insensitive to the layering in the system, tak-
ing little computation time, and allowing back-of-the-enve-
lope estimates of the amplification and the depths affecting
various frequencies of motion.

For use in numerical simulations, it is convenient to
approximate the amplification by a series of straight lines in
log-amplification, log-frequency space (see Boore, 1996).
This is conveniently done by specifying pairs of amplifica-
tion, frequency points at the end points of the straight lines.
Tables 3 and 4 contain a set of such pairs of points that give
a good approximation to the quarter-wavelength amplifica-
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tions given in Figure 7 (as shown by the plus symbols in
Fig. 7).

As discussed earlier, we choose to separate amplifica-
tion 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 8
shows this combined effect for a range of values of the at-
tenuation 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 0.01 for most
rock sites in western North America, although an average
value of 0.005 was obtained by Hough et al. (1988) on gra-
nitic rocks in the Anza region of southern California], the
large amplifications at high frequencies are greatly damped
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 engi-
neering interest.

The quarter-wavelength approximation makes it easy to
answer the question of what depth influences what fre-
quency. The relationship between depth and frequency is
shown in Figure 9 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 too high, thinking that the
near-surface layers can be neglected without realizing that
although the thickness is small, the travel time through the
layers is not small.

An Application: Preliminary Determination
of Ac and x,

Boore er al. (1992) used the amplification of Boore
(1986) to determine the parameters Ag and x by fitting ob-
served response spectra with simulations based on the sto-
chastic model. The observed response spectra were obtained
from the regression results of Joyner and Boore (1982).
These regressions have been replaced with the interim re-
sults of Boore er al. (1993, 1994, 1997), while the current
article replaces the Boore (1986) amplifications. It is thus
timely to re-examine the conclusions reached by Boore et
al. (1992). We show in Figure 10 the interim response spec-
tra, computed for an unspecified mechanism, a horizontal
distance of 20.0 km (the simulations used a slant distance of
20.7 km to account for the parameter ‘‘h’’ in the empirical
regression equations), magnitude of 6.5, average velocity to
30 m of 618 m/sec, and an averaged radiation pattern of 0.55,
overlain with simulated spectra using the amplification in
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Table 3

Node Points of Amplification for Generic Rock Site
(V3o = 620 m/sec)

and 45°; the results were computed from the
Haskell matrix method, as implemented by
program Rattle by C. Mueller. The quarter-
wavelength amplification for generic very hard
rock is given by the heavy short-dashed line.

Table 4

Node Points of Amplification for Generic Very Hard Rock Site
(V30 = 2900 m/sec)

Frequency (Hz) Amplification* Frequency (Hz) Amplification*®
0.01 1.00 0.01 1.00
0.09 1.10 0.10 1.02
0.16 1.18 0.20 1.03
0.51 1.42 0.30 1.05
0.84 1.58 0.50 1.07
1.25 1.74 0.90 1.09
2.26 2.06 1.25 1.11
3.17 2.25 1.80 1.12
6.05 2.58 3.00 1.13

16.6 3.13 5.30 1.14
612 4.00 8.00 1.15
14.00 1.15

*Amplifications at other frequencies are obtained by interpolation, as-
suming a linear dependence between log frequency and log amplification
(e.g., function site_amp_ factor in rvtdsubs.for of Boore, 1996).

Table 3 and a suite of the parameters Ao and x;. Although
the fit of the observed to the simulated spectra leaves much
to be desired, we suggest that the best parameters to fit our
spectra are Ac = 70 bars and x, = 0.035 sec. These values
are close to those found by Youngs and Silva (1992). We
also show a comparison with recent empirical results of 1d-
riss (1993), Abrahamson and Silva (1995), and Sadigh ef al.
(1997) for rock sites and oblique faulting (estimated for the
Sadigh et al. results by the geometric average of their strike-
slip and reverse-slip motions). The best overall fit to these
results is with Ao and x; close to 100 bars and 0.040 sec,

*Amplifications at other frequencies are obtained by interpolation, as-
suming a linear dependence between log frequency and log amplification
(e.g., function site_amp_ factor in rvtdsubs. for of Boore, 1996).

respectively. For the moment magnitude of 6.5 for which the
comparison is made in Figure 10, these values are similar to
those found by Silva and Darragh (1995) in fitting earlier
results of Sadigh ef al. and by Atkinson and Silva (1997) in
fitting empirical Fourier amplitude spectra for earthquakes
in California. These two references, moreover, find that Ac
is a decreasing function of moment magnitude. The x, value
is close to the rock value of 0.04 found by Anderson and
Hough (1984) for recordings of the 1971 San Fernando
earthquake.
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Figure 9. The depth corresponding to a quarter
wavelength as a function of frequency for the adopted
rock shear-wave velocity model. This figure provides
a rough idea of what depths influence what frequen-
cies in the site response.

The studies of Youngs and Silva (1992), Silva and Dar-
ragh (1995), and Atkinson and Silva (1997) used the ampli-
fications of Boore (1986), which are essentially flat at high
frequency, unlike the increasing amplification for the am-
plifications in this article. Anderson and Hough (1984) made

10°
Figure 8. The combined effect of the ge-
peric rock amplification given in Table 3 and
the attenuation given by exp( — micgf).

no mention of amplification, but their measurement of x is
independent of amplification as long as the amplification is
constant over the frequency range used in measuring x. As
discussed later, the x, measured with our amplification is
about 0.006 sec higher than it would be if we had assumed
a constant amplification.

30-m Time-Averaged Velocity for Rock
and Soil Sites

A site measure of importance in predicting ground shak-
ing and in building codes (e.g., Boore et al., 1994; Borch-
erdt, 1994, Midorikawa et al., 1994) is the time-averaged
shear-wave velocity from the surface to 30-m depth [V =
30/S,, (30 m), where the units of V5, are m/sec]. The travel-
time curve fit to the data in Figure 3 yields an average ve-
locity of 618 m/sec; a similar analysis for the soil subset of
the borehole database yields 306 m/sec. Based on these re-
sults, we suggest that average rock and soil sites in western
North America correspond to average velocities of 620 and
310 m/sec, respectively. These numbers can be used to com-
pare ground-motion attenuation equations base on rock and
soil site classifications with those that use V5, to characterize
the geology at a site.

Amplifications for Other Site Classes

It is useful to obtain amplification functions for sites
other than the very hard rock and rock sites. Rather than
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Figure 10. Response spectra at a horizontal distance of 20 km and a magnitude of
6.5 from empirical regression equations of Boore er al. (1993, 1994, 1997), Idriss
(1993), Abrahamson and Silva (1995), and Sadigh et al. (1997) and stochastic-model
simulations (light lines) that use the amplifications in Table 3 (the simulations were for
a slant distance of 20.7 km to account for the parameter “h” in the empirical equations
of Boore et al.). The parameters used in the simulations, other than Ao and x,, can be

found in Appendix G of Boore (1996).

repeat the analysis of this article for boreholes falling into
other classes, we use a combination of the rock amplification
in Table 3 and the empirical results of Boore er al. (1994)
in which response spectra are given as a function of V3. Our
scheme is simple: We use the ratio of response spectra com-
puted from Boore et al. (1994) for sites with V5, = 620 m/
sec and V3, equal to the desired velocity as a correction
factor applied to the Table 3 amplifications. We used sub-
jective judgment to extend the correction factors to frequen-
cies outside the range used by Boore et al. (1994). The pro-
cedure assumes that the ratio of Fourier and response spectra
are the same. This is not strictly true, particularly at fre-
quencies higher than about 8 Hz. We fine tune the amplifi-
cations by generating simulated response spectra for the de-
sired V3, and comparing them with the empirical response

spectra of Boore ef al. (1994). Ratios of the spectra for var-
ious frequencies are used in an iterative procedure to adjust
the amplifications. The final results are given in Table 5. We
chose three site classes: the NEHRP building code classes C
and D (BSSC, 1994) and the average soil class. V5 for the
two NEHRP classes (520 and 255 m/sec) are given by the
geometrical means of the velocities defining the boundaries
of each class. The velocity for an average soil site (310
m/sec) was discussed in the previous section.

We show the combined effect of amplification and at-
tenuation in Figure 11. 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 sec in the derivation of the amplifications, and there-
fore, any use of the amplifications in Table 5 should also use
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Table 5

Node Points of Amplification for Various Sites Characterized by
the Average Shear-Wave Velocity over the Upper 30 m

Amplification*

Vag = 310 m/sec

Vao = 520 m/sec Vio = 255 m/sec

Freq. (Hz) (NEHRP class C) (generic soil) (NEHRP class D)
0.01 1.00 1.00 1.00
0.09 1.21 1.34 1.43
0.16 1.32 1.57 1.71
0.51 1.59 2.24 2.51
0.84 1.77 2.57 2.92
1.25 1.96 2.76 3.10
2.26 225 2.98 3.23
3.17 242 2.95 3.18
6.05 2.70 3.05 3.18

16.60 3.25 3.18 3.18
61.20 4.15 3.21 3.18

*Values assume x, = 0.035 sec and are based on the generic rock am-
plifications (Table 3), modified by the Boore et al. (1994) site factors for
frequencies between 0.5 and 10 Hz. The modifications for frequencies out-
side this range are based on subjective judgment and are not constrained
by data. Amplifications at frequencies other than those tabulated are ob-
tained by interpolation, assuming a linear dependence between log fre-
quency and log amplification (e.g., function site_amp_factor in
rvtdsubs. for of Boore, 1996).

Ko = 0.035 sec if the results are to be consistent with our
study. Consistent results can also be obtained for other values
of x, as long as the amplification is adjusted by the factor
expl — (g — Knew)f]- The new amplification factor will not
necessarily be adequately described by a straight line relating
log amplification to log frequency using the frequency node
points in the tables, and therefore, the amplifications in the
tables should be evaluated at more closely spaced frequencies
before being corrected for differences in .

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 two classes of rock sites: rock sites
such as are found in many tectonically active regions and
very hard rock sites that are present in areas where glaciers
have scoured the weathered and cracked near-surface ma-
terials. The very hard rock sites have average near-surface
shear-wave velocities (V) in excess of 2 km/sec, while the
rock sites have an average Vo of 620 m/sec. Very hard rock
sites are of engineering importance in many parts of eastern
North America, while rock occurs in much of western North
America. A strictly geographic separation is tempting but
not appropriate, however: In any region, rock sites might fall
into either class or might fall between the two classes. From
the shear-wave velocity and density versus depth functions,
we produce amplifications as a function of frequency for
use in simulations of strong ground motion. The amplifica-
tions on very hard rock sites are small (less than 1.2), but
those on the rock sites can be in excess of 3.5 at high
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frequencies. Attenuation, however, will reduce these ampli-
fications such that the combined effect for the rock sites
might have a maximum of about a factor of 1.8 for x, =
0.02 sec and 1.5 for k, = 0.04 sec. The scatter in the am-
plifications computed for individual boreholes (Fig. 2) is
considerable, suggesting that the mean amplifications pro-
posed in this article 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).

In principle, rock sites can be found with a continuum
of V,,. We have separated rock sites into two generic
classes—rock and very hard rock—on several bases: the
geographic regions of particular importance in predictions
of strong motion at rock sites and the availability of borehole
data at rock sites. The very hard rock sites are characteristic
of several highly urbanized areas in eastern North America,
and the generic rock sites are commonly found in the ur-
banized tectonically active portions of western North Amer-
ica. Of course, the latter region includes coastal California,
and this is the region that provides the bulk of the borehole
shear-wave velocity measurements. We speculate that the
distribution of V3, might in fact be bimodal, with the low-
velocity part of the distribution being given by Figure 1 and
the presumed very high near-surface velocities in the Ca-
nadian Shield and other glaciated regions of North America
forming another peak in the distribution at high velocities.
We have almost no data, however, to support this specula-
tion. If the speculation is true, it supports our choice of two
rock classes; if not, we think the choice is justified by the
agreement of our classes with the rocks most commonly en-
countered in practical applications. No matter how one
chooses classes of rock sites, it is important to keep in mind
that there is no single amplification function and attenuation
parameter that can characterize all rock sites.

Although we have treated them separately, there may
be a correlation between the attenuation parameter #, and
V0. This is certainly the case in going from very hard rock,
for which x, is often less than 0.01 sec (e.g., Atkinson,
1996), to ordinary rock, for which we and others find rep-
resentative values near 0.04 sec for x,. There may also be a
tendency within the generic rock category for «, to decrease
with increasing Vi, (W. Silva, written comm., 1995). Cor-
relations between x, and Vs, 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 Vs, could have different
values of #;, [as has been found by Atkinson (1996) for very
hard-rock 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 cor-
relation between #, and Vy, 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 amplifica-
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tion function and x, might be different for two sites with the
same V.

Although our primary reason for separating the effects
of amplification and attenuation is for convenience in pro-
viding input parameters for our computer codes for estimat-
ing 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 xy, however, the amplification is implicitly assumed to be
unity, or at least independent of frequency over the range
used in determining x,, a result that the borehole data sug-
gests is unlikely to be true. The high-frequency dependence
of the amplification, however, is critically dependent on the
gradient of the velocity with depth near the surface (e.g., less
than 10 m for f > 10 Hz, according to Fig. 9). In order for
the rock amplifications to flatten for frequencies greater than
10 Hz, the gradient in the upper 10 m would have to be
replaced by a constant velocity layer. The borehole data in
Figure 3 argues against this, at least for rock sites. If i is
independent of frequency, then in principle it should be pos-
sible to distinguish between a site with constant amplifica-
tion at high frequency and one with increasing amplification:
A plot of the log of the spectrum versus 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 8 using log, linear axes. The curvature was very hard
to see and would be completely obscured for real, noisy data.

tained using the tabulated values in Tables 3,
4, and 5; x = 0.035 sec for all but the very
hard-rock site, for which k = 0.003 sec.

On the other hand, determinations of x, by fitting a straight
line to log spectrum versus frequency (Anderson and Hough,
1984) yields estimates near 0.034 for the case when x; is
0.040. Therefore, as expected, measurements of x, that do
not account for increasing amplification with frequency will
be lower than measurements that account for the amplifica-
tion. Caution must be used in comparing values of x; from
various studies; it is necessary to consider what, if any, ac-
count 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; Fig-
ure 8 suggests that such determinations might be systemat-
ically high by a factor of about 1.4 for many rock sites (those
with Vs, considerably less than several km/sec) if computed
from waves with frequencies of 1 Hz. The factor would be
more than 1.4 for soil sites.

We made a preliminary application of the new ampli-
fications to estimate values of Ag = 70 bars and x, = 0.035
sec for rock sites in western North America by attempting
to match our empirically determined response spectra at a
distance of 20 km for an M 6.5 earthquake.

We also find from the analysis of borehole data that
average rock and soil sites are characterized by time-aver-
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aged shear-wave velocities in the upper 30 m of 620 and
310 m/sec, respectively.

The rock amplifications have been modified to obtain
amplification factors that are appropriate for sites classified
by average shear-wave velocities V3 equal to 520, 310, and
255 m/sec. These site classes correspond to NEHRP class C,
average soil, and NEHRP class D, respectively. The com-
bined effect of the amplification and attenuation reaches a
factor of 2.7 for V5, = 255 m/sec 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 uni-
form 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 as-
sume that the same gradients apply to the rock beneath soil
sites. If rock recordings are to be used as input to a soil
column, then these rock recordings should first be decon-
volved 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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