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ABSTRACT

The average velocity of shear waves in the top 30 m of soil, v;, has become the parameter used by many
engineering design codes and most recently by published empirical-scaling equations to estimate
the amplitudes of strong ground motion. Yet there are few studies to determine whether this is a
meaningful parameter to use—and whether estimates that do use it are reliable. In 1995, the authors
studied this problem and concluded that v; should not be used. We reported then that an older site
characterization in terms of the soil site parameter proposed by Seed et al. [1], s;, worked better because
it included a measure of the thickness of the soil layers to considerably greater depths. Our report,
however, made no difference; numerous papers continued to be published based only on scaling in
terms of v, and worse, they also ignored the geological site conditions. The purpose of this paper is to
emphasize that the average shear-wave velocity in the top 30 m of soil should not be the only site
parameter used to scale strong-motion amplitudes. While the search continues for the more meaningful
site parameters to use in empirical scaling of strong earthquake ground motion, it is better to use s; to

describe the amplification of seismic waves by soil deposits near the surface.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Examples of the early investigations of the effects of site
conditions on the amplitudes of strong earthquake ground motion
can be found in the papers of Reid [2] and Sezawa et al. [3]. These
studies emerged from the attempts to explain observations of
damage caused by earthquakes. Theoretical studies of linear-wave
propagation, showing amplification as seismic waves propagating
from “hard” into “soft” deposits, contributed to a view that the
strong-motion shaking should be amplified in the soft surface
soils. This view prevailed for many years and is evident in
the formulation of early design codes [4], and in the guidelines for
the design of important structures [5]. Kanai’s descriptions of the
patterns of damage to Japanese wooden houses, for example,
reveal his appreciation for many conflicting observations [6], but
in the end the simplifications needed for the development of
design codes prevailed. The absence of recorded strong-motion
accelerograms by dense arrays prior to the 1970s [7,8], and the
lack of three-dimensional soil and geological characterizations of
sites, eventually led to simplified site descriptions, many of which
continue to be used today.

Looking back at the studies of site effects, certain trends
emerge. First, many studies were carried out by prominent
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seismologists (e.g., [9]), who at first could work only with linear
waves, with long-period motions (say, longer than ~1 s), small
wave amplitudes, and large epicentral distances (e.g., more than
~100 km). Second, engineering contributions to the studies of
site effects, in the beginning, used only the amplitudes of peak
acceleration (i.e., they did not consider the frequency content of
ground motion) and tended to use only the site characterization
in terms of the surface soil conditions (with dimensions rarely
exceeding ~200 m (e.g., [1,10,11])). Third, with few exceptions,
most studies employed forward modelling and regression
analyses and rarely tested the significance of the computed
regression coefficients or the significance of the cross-correlations
among the parameters of the model. For example, the soil site-
condition variables (which are expected to be more important for
short-period motions) and the geologic site-condition variables
(expected to be important for intermediate and long-period
motion) are correlated by the nature of their formation, but are
usually not considered simultaneously in most regression models.
The result is that most scaling methods, which are based on
the site conditions and consider only soil-site classification,
average out the effects of the geological site conditions and are
characterized by large uncertainty in the prediction of spectral
amplitudes. Fourth, because most strong-motion data are avail-
able for fault-to-station distances in the range from 25 to 100 km,
all published regression models essentially reflect the trends in
the data for this distance range. Since the significant damage to
structures occurs mainly within several tens of kilometres from
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the fault (in the near field), the nature of the site effects and the
extent to which they influence the ground motion will be
different from what is determined from the regression analyses
of the distant recordings, which describe essentially linear and
almost-linear site response. Fifth, it is assumed that the site
effects are repeatable from one earthquake to the next and do not
depend significantly upon the azimuth, angle of incidence, and
amplitudes of seismic waves. However, studies of multiple
earthquake recordings at the same strong-motion stations show
that this assumption holds at best only about 50% of the time,
only at some recording stations [12-14], and depends on the peak
strains accompanying the strong motion [15]. Sixth, it is rarely
asked whether the parameterisation of the site conditions should
have been done differently, on the basis of some rational physical
considerations, so that it correlates with and is significant in
terms of the end result like distribution of damage, for example.
Clearly, the damage of structures also depends on other
characteristics of strong motion, like duration [16], Q factor in
the layers near ground surface [17], and the rate of energy input
into the structure [18], but the data on damage includes
consequences of all relevant physical factors, which lead to the
observed state, and is therefore most relevant for engineering
process parameterisation [19-24]. Seventh, site effects (amplifi-
cation) are not only related to free field site conditions, but can be
caused by two- and three-dimensional wave propagation phe-
nomena like scattering, interference, and diffraction [25-31], and
in urban areas by scattering from large foundations and under-
ground structures [32-34]. The motions recorded at “free field
sites”, in the vicinity of large building foundations can be affected
by the nonlinear soil structure interaction and by the relative
rigidity of the foundations [35-38]. Eighth, the seismic energy is
not radiated only from the fault, but also from the volume
surrounding the fault, and therefore the peak amplitudes of strong
motion occur at some distance from the fault [39]. This makes the
regression studies of the site effects in terms of simple attenua-
tion models complicated, because the nature of the attenuation is
different in the near and in the far field. At short distances form
the fault, peak acceleration practically does not depend on
distance or on magnitude [40-43], and the effects of site
conditions, which can be seen at distances greater than the
source dimension, are not present because of the large strains in
the near field [44] and nonlinear site response [45-50].

Licensing pressures ensuing from the need for consensus
building among ground-motion experts—first in the design of
nuclear power plants and then in the revision of the design
codes—have resulted in the emergence of group efforts for the
development of scaling equations of strong ground motion. On the
positive side, this has culminated in an increased exchange of
ideas and more discussions among researchers who work on the
effects of local site conditions. However, this has also reduced the
role of individual approaches and has led to the adoption of
scaling models that favour the “average” view rather than the
search for the “best” physical models. This consensus building
may help to speed up the licensing process, but nature will follow
its course: what individual researchers may not be able to change
in the consensus, future earthquakes certainly will. In the
following, we will not be guided by any “consensus” views but
rather will try to examine what can be learned from the data, and
how local site effects should be described to improve their
significance in the empirical scaling equations.

Physically realistic descriptions of the local site conditions are
directly or indirectly essential for meaningful formulation of
models and modelling parameters in many engineering analyses
of ground and structural response. Through the Fourier spectrum
amplitudes (e.g., [51]), site conditions play a decisive role in
influencing the outcome in the synthesis of artificial strong-

motion accelerograms (e.g., [52,53]), in the nature of structural
response [54-56] and in determining the threshold for the
occurrence of liquefaction [57], for example. By influencing
the wavelengths of excitation, the site conditions determine
the relative significance of differential ground motions on the
response of extended structures [58-61]. For large strong-motion
amplitudes, the nature of nonlinear response—near ground
surface, in shallow sediments and in soils—can play a decisive
role in governing the extent and the geographical distribution of
earthquake damage [62-64].

2. The linear approach

Transfer-function representation of strong motion can be
viewed in the frequency domain as

O(f) = ECHP)S(F) M

where f is the frequency, O(f) and E(f) are the Fourier spectra of
the motion at a site and at the earthquake source, and P(f) and S(f)
are the transfer functions of the propagation path and of the local
site effects. This representation is meaningful for epicentral
distances that are large relative to the source dimensions, when
the earthquake source can be approximated by a point source. In
the near field, the small distance results in geometrical nonlinea-
rities caused by the spatial distribution of wave arrivals from
different segments of the fault surface. In the near field, Eq. (1)
ceases to be valid because E(f), P(f), and S(f) become complex,
geometrically nonlinear functions of the space coordinates. While
O(f) could be represented by an equation related to Eq. (1), it
would have to be in the form of an integral over the fault surface,
with P(f) and S(f) being functions that depend upon the geologic
environment and upon the site location. Further, E(f) would have
to include contributions from near-field terms in the source
radiation (1/r?and 1/r* terms, where r is the distance between the
site and a point on the fault surface; [65,66]). With R/a— oo,
where R is the epicentral distance and a is some representative
size of asperities on the fault surface, Eq. (1) asymptotically
becomes linear (geometrically, because there is no need to
integrate over the fault surface) and can represent the site and
the propagation effects well.

For two sites having different site conditions and a separation
distance that is small relative to a large epicentral distance, it is
reasonable to assume that their motions will differ mainly due to
the differences in S(f), while their P(f) can be assumed to be nearly
the same. This reasoning has evolved into a framework for most
theoretical and empirical studies of the effects of site conditions
on the amplitudes of strong ground motion [6,67].

In Eq. (1), S(f) models the site effects in general and can
represent the geological site effects, the soil site effects, both of
those together, the surface topography, and it may even include
other site characteristics that may be relevant. In this paper, we
discuss the role of S(f) only when it represents the geological site
effects, soil site effects, or both of these together, and we do not
consider examples of any other site dependence.

2.1. Geological site conditions

Considering the size of geological inhomogeneities, the
distances traveled by strong-motion waves, and the wavelengths
associated with the frequencies of interest in earthquake
engineering (0.05-50Hz), it is clear that the local geologic
conditions play a prominent role in determining the local site
amplifications [68-73].

In this paper, we use “geological site conditions” to represent
the binary view of the site conditions, determined from geological
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maps (s=0 for sites on sediments, and s=2 for sites on the
basement rock). Trifunac and Brady [74] show examples of how
the geological site descriptions can be converted to s=0 or 2, and
to s=1 for “in-between” sites, which are near the contact of
sediments with basement rock, or which are in a complex setting
that does not allow unequivocal and simple site description. Sites
on sediments (s=0) can further be described by their thickness (h)
above the basement rock [75,76]. The nature of the geological site
conditions, as described by s and/or h, involves a scale that is
measured in kilometres [67].

Before the advent of digital computers, analyses of the
amplification of ground motion were performed by manually
measuring the recorded peaks of instrument response. For
example, Reid [2] found amplification of 1-2 for sandstone,
2—4 for sand, and 4—12 for man-made fill and marsh. For
seismometer response to local earthquakes, with periods of the
peaks in the range from 0.5 to 1s, Gutenberg [9] analyzed
recordings from 25 temporary stations on sediments and one
reference station on basement rock. He found amplification of
about 2 —3 on deep sediments. Similar trends were later observed
by Borcherdt [77], Borcherdt and Gibbs [78], and Campbell and
Duke [79]. After digital data processing became possible, Trifunac
and Brady [80] and Trifunac [68,81] extended this work to all
peaks of strong ground motion and found excellent agreement
with the results of Gutenberg [9] for periods longer than about
0.5 s and for peak velocities and peak displacements. However,
they found a reversal of this trend for peak accelerations (i.e., for
strong-motion amplitudes at high frequencies) and showed that
the peak accelerations recorded on basement rock are comparable
to or larger than the peaks recorded on sediments and on
alluvium. The work of Trifunac and Brady [80] brought out the
significance of the frequency-dependent nature in the amplifica-
tion by local site effects.

2.2. Soil site conditions

Characterization of the soil site conditions involves a depth
scale that originally extended to about 200 m (deep, cohesionless
soils, as in [1]), but which in more recent studies has been reduced
to only 30 m below the surface [82]. Because of the small
thickness, soils can be expected to contribute mainly to the high-
frequency, linear changes in the incident seismic waves, but
because of their low stiffness and nonlinear behavior they can
play a significant role in all frequencies of the observed motions.
The soil site conditions introduced by Seed et al. [1] involve four
groups: “rock” (s;=0, for sites with a shear-wave velocity of less
than 800 m/s and a thickness of less than 10 m), stiff soil sites
(sy=1, with a shear-wave velocity of less than 800 m/s and soil
thickness of less than 75—100 m), deep soil sites (s;=2, with a
shear-wave velocity of less than 800 m/s and thickness of
between 100 and 200 m), and soft-to-medium clay and sand
(s;=3) (where the notation s;=—1, 0, 1, 2, 3 is as introduced and
used by Trifunac [83] and Lee [84], and s;=—1 is used in their
regression analyses for sites with unknown soil-site conditions).

Categorical variables, which describe the shallow soil site
conditions in terms of the average shear-wave velocity v; in the
top 30 m of soil, were first defined as: A for v; > 750 m/s, B for
360 < v; <750 m/s, C for 180 < v; <360 m/s, and D for v; <180
m/s. With minor variations, these categorical variables continue
to be refined as more data become available [82].

Trifunac [83] showed that the local soil and geologic site
conditions must be considered simultaneously in the empirical
scaling of strong-motion Fourier spectral amplitudes, and he
presented a family of such scaling equations. Lee [84] extended
this work to the scaling of pseudo relative velocity spectra. In

searching for the most stable equations, and in order to find the
type of regression analysis that is most suitable for such scaling,
they consider eight different models, two pairs for direct scaling
in terms of the local geologic conditions modelled by the depth of
sediments, and two pairs for scaling in terms of the simple
geologic site conditions (s=0, 1, and 2). Each pair consisted of one
set of equations for scaling in terms of earthquake magnitude and
one set for scaling in terms of the site intensity. Corresponding to
these four models, in which the simultaneous effects of both local
soil and local geologic conditions were considered, a set of four
other models with two-stage regression was also analyzed, in the
first stage with respect to all scaling parameters, including the
local geologic conditions, and then in the second stage with
respect to the residuals in terms of the local soil conditions only.
Some results of these regression analyses will be discussed later.

It should be noted here that both the derived scaling functions
for site amplification in terms of the geological site parameters
(s and h) and the soil site parameters (s;), as well as the
corresponding parameters in the site database, are correlated.
This is to be expected because of the nature of the creation,
transport, and deposition of soil materials. For the data set used
by Trifunac [83], there were many (33%) deep-soil sites (s;=2)
over sediments (s=0 or h>0) and 10% “rock”-soil sites (s;=0)
over basement rock (s=2, or h=0). There were, however, also
many (27%) stiff-soil sites (s;=1) over sediments (s=0 or h > 0)
and 8% “rock”-soil sites (s;=0) over intermediate geologic sites
(s=1) [67]. Consequently, the use of regression models, which
describe the site conditions in terms of only soil or geological site
parameters, averages out the dependence upon the site parameter
that is not used in the analysis. This leads to erroneous prediction
of the amplification by local site conditions, and, using the
distribution of the site conditions in the study by Trifunac [83] as
an illustration, these erroneous predictions occur about 40% of the
time. Yet, it is remarkable how many studies still continue to
develop scaling equations using only the soil site classification
variables (e.g., [85-88]), as if all strong-motion data have been
recorded under identical geologic site conditions.

In the following, we discuss only the dependence of the
empirical scaling equations on the s, h, s;, and v (or A, B, C, and D)
site parameters. A discussion of other site-specific parameters
that have been considered in the analysis of the local site effects
on the amplitudes of strong motion can be found in [30], and on
the duration of strong ground motion in [89-93].

3. The regression of peak acceleration
3.1. Previous analyses

Comprehensive regression analyses of earthquake strong-
motion parameters started to appear in the early 1970s. It was
then suggested that the peaks of strong earthquake ground
motion could be scaled as follows [68,74]:

Amax ao(M,...)
logq Vmax p = M+log;oAo(R)—logq Vo(M,...) )
dmax do(M,. )

where amax, Vmax and dmax, respectively, are instrument- and
baseline-corrected peak acceleration, velocity, and displacement
amplitudes [33,94]; M is the earthquake magnitude; log;yAo(R) is
Richter’s amplitude attenuation function [95] versus epicentral
distance R, and ag(M,...), vo(M,...),and do(M,...) are the magni-
tude site-dependent empirical (“correction”) scaling functions for
acceleration, velocity, and displacement.
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Trifunac [81] and Trifunac and Anderson [72,73] generalized
Eq. (2) to apply for Fourier (FS) and pseudo relative velocity
response (PSV) amplitude spectra at a set of discrete periods, T, as
follows:

S B f FSM) ;
089 psvr) [ = M+108ARITI8) poy . ) ©)

where FS(T) and PSV (T) are the Fourier and response spectral
amplitudes. The site dependence used in both Egs. (2) and (3) was
the geological site condition parameter, s.

In the late 1970s, Trifunac and Lee [75,76], introduced a more
“refined” parameter to describe the local geology, namely the
depth of sedimentary deposits, h. The new scaling equations
became

log{FS(T) or PSV}
=M +108Ag(R)—b(T)M—c(T)—d(T)h—c(T)Wv—f(T)M?—g(T)R(T)
“

where v designates the horizontal (v=0) or vertical (v=1)
components; R is the epicentral distance, and all other parameters
are as defined above. The scaling functions b(T) through g(T) were
determined by regression at 91 periods, T, between 0.04 and 15 s.

The term logAo(R) was empirically determined for Southern
California [95] and represents an average combination of
geometric spreading, scattering, and inelastic attenuation at a
frequency band around 1 Hz. The advantage in using the term
logAo(R) has been that it contains information on the average
properties of wave propagation through the crust in Southern
California, where most strong-motion data were recorded up to
the early 1970s.

By the mid-1980s, the list of contributing earthquakes grew to
104 and included regions outside Southern California. Further, it
was noted that the term logAg(R) did not depend upon the
magnitude or the earthquake source dimensions, or on the
frequencies of the recorded waves. It was expected that the slope
of the attenuation equations should be steeper for small-
magnitude earthquakes and that for larger ones it would tend
to flatten out with a smaller slope at small distances from the
fault. To be able to explicitly consider such trends, Trifunac and
Lee [96] developed the first generation of frequency-dependent
attenuation functions of Fourier spectrum amplitudes. These were
developed to model the trends of the available data and to have
sufficient flexibility to include the dependence on magnitudes,
source dimensions, focal depth, and frequencies of the wave
motion. The Richter’s attenuation function logAg(R) was then
replaced by

Att(A,M,T) = Ag(T)logo 4 (5)

where Ao(T) is an empirically determined function of period T, and
A=A(M, D, T) is the representative source-to-station distance for
wave motions at period T from an earthquake with magnitude M
at a site with hypocentral distance D=(R?+H?)"/2. R is epicentral
distance, H is hypocentral depth (both in kilometres), and

1/2
R?+H? +52
A=S|In5—5—

s<nR2+H2+Sg ®

So in Eq. (6) is the correlation radius of the source function and
can be approximated by So~ f$iT/2, where f is the shear wave
velocity in the source region [96,97]. H is the hypocentral depth of
the source, and S, the “source dimension,” was approximated by a

M+b010g(A/L)+b1M+b25+b3V+b4+b5M2

logamax = {M+b0 log(Amax/L)+b1M+b2$+b3V+b4+b5M2_(R_RmaX)/200 if R > Rmax (4 > Amax)

straight line versus magnitude

s —-2534+851M for 3<M<7.25 -
~ 102 for M<3 @
For the analysis in this paper, the attenuation “coefficient”
Ao(T) in Eq. (5) will be determined for peak accelerations at one
chosen period T, when the attenuation of strong-motion peak
acceleration is determined for distances within about 100 km
from the source. At distances exceeding this range [96,98,99], the
strong-motion data are expected to consist primarily of surface
waves. At these and larger distances, the recorded strong-motion
amplitudes become small and consist of longer periods. This
means that the strong-motion accelerographs will also cease to be
triggered, especially for smaller-magnitude earthquakes. Conse-
quently, at these and larger distances, the lack of recorded strong-
motion data will not allow any reliable estimates of the
attenuation functions. To describe approximately the attenuation
at these large distances, Eq. (5) for peak acceleration will be
modified. We will require that it should have slope of —1/200.
The new attenuation function, with by = Ao(T) at T =0.1 s for peak
acceleration, will take the form

bolog 4 for R < Rmax (4 < Amax)
ACAMDr o1 = { 0108 Armax—(R—Rmax) /200 for R> Ronax(4 > Amax)

®

with Anax being the representative source-to-station distance
evaluated at R=R.x. Eq. (8) shows that at distances R > R, the
attenuation is a linear function with slope —1/200. The slope of
the attenuation for R < Ry.x depends upon the epicentral distance,
R, the focal depth, H and the source dimension, S.

To determine the transition distance Ryna.x (much further out
than the fault size S, i.e., R=Rnax > S) the following asymptotic
approximation is used. For the case R>+H? > S?, the representative
distance A has the following asymptotic approximation:

A~ (R +H?)/(1-83/57)] ©

The slope of this attenuation function is
d bo(1-S2/S*)R
ﬁ(bOIOglOA) (R2+H2)1n 10 (10)
which, when equated to a slope of —1/200, gives
R?+yR+H?*=0 (1)
a quadratic equation in R, with the coefficient y given by

@2/

., _ 200bo(1-S3/5) 12

In10
The solution, R=R,.x, is then given by

Rmax = 0.5(=y+4/72—4H?) (13)

3.2. The regression equations: step 1

The regression of peak accelerations can be performed via a
multi-step residue model, where in the first step the logarithm of
peak acceleration, log;oamax, is scaled in terms of earthquake
magnitude, M; local site geology, characterized in terms of the
local geological site parameter, s, or depth of sediments, h; and
component direction, v. Two models were considered in the first
step: the magnitude-site model and the magnitude-depth model.

(i) Mag-site model: the scaling equation takes the form

if R<Rmax (4 < Amax) (14)
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In this model, 4=A(D, M, T) is the representative “source-to-
station” distance, and L=L(M) is the rupture length of the
earthquake fault. It is approximately described by L=0.01 x
10%°M km [100,101]. 4/L is thus a dimensionless representative
distance. Rnax and Amax are the epicentral and representative
cutoff distances beyond which the attenuation of log;yamax will
have a slope of —1/200, identical to Richter’s empirical attenua-
tion law at large distances, and S(M) is the size of the earthquake
fault of magnitude M. S(M) is a linear function of magnitude, such
that [96]

5(3.0)=0.20km and S(6.5)=30.0km (15)
(see Eq. (7)) and, for M > 7.25, S(M)=5(7.25).
(ii) Mag-depth model: the scaling equation is

M+bglog(4/L)+biM+byh+b3v+by+bsM?

l0gamax = { M+bo10g(Amax/L)+b1M-+byh+b3v-+bs+bsM? —(R—Rmgx)/200 if R> Rmax (4 > Amax)

This model is identical to model (i) except that the local
geology is now characterized by the depth of sediments, h, instead
of by the site condition parameter s. In both models, Ay.x is 4
evaluated at R=Rp,,x. For both models (i) and (ii), in definition of
A4, the correlation radius Sy of the source functions will be taken
equal to 0.1 km (for an example, see Appendix F in [102]).

4. Dependence of peak acceleration on local soil conditions

Step 1 of the regression analysis involves the local geology at
the recording site characterized either by the local geological site-
condition parameter, s (s=0, 1, or 2), or by the depth of sediments,
h (in km). The second step of the regression will deal with the
dependence of recorded peak acceleration on the local soil at the
site. The local soil at the recording site (down to 100-200 m
depth, [1]) has been characterized by local soil-site classification
consisting of four groups: s; =0 (“rock” soil), s; =1 (stiff soil), s; =2
(deep soil) and s;=3 (deep cohesionless soil). In California,
instrumented sites with s; =3 are rare, so an insignificant number
of records have been available to consider this type of site in any
past or current regression analyses [67]. We mention this site
classification here for completeness of this presentation, and we
proceed with analysis for s;=0, 1, and 2 only. In the regression
analysis, the sites for which there is no information to assign the
soil-site parameter s;, are identified by s;= —1. In addition, the
average soil velocity, v; (in km/s) in a surface “layer” 30 m deep, if
measured, will also be used.

4.1. The regression equations: step 2a

The residues from the first step of regression are first
calculated:

&= lOg amax—IOg &max (1 7)

corresponding, at each site, to the difference between the actual
logamax and the estimated value of logamax using the regression
Eq. (14) or Eq. (16) in step 1. These residues will then be fitted
with models involving the soil parameters s; or v; separately.
First, we consider the soil parameter, s;, using categorical
variables, representing the residual ¢ as

£ b5 SV L BOSO | pDSD 4 DS | pOIS (18)

where Si™V, s, s 25 are categorical variables for the
soil type s;.

Each of these categorical variables, S for i=—1 to 3 is
defined by

, 1 if sp=i
s = if s =i 19)

" 0 otherwise

The category s;=3 was considered for one specific site with
about 10 recorded peak values. Until there is enough data in this
category, the results for this soil category should be viewed only
as an illustration of possible trends.

Analysis shows that the mean residues for categories 0 (“rock’”)
and 1 (stiff soil) are almost identical. In the following, these two
categories will be assumed to have the same mean levels pio= ;.

The residuals for case s;=3 (deep, cohesionless sites) have a
mean equal to~ —0.66, significantly different from the mean

if R<Rmax (4 < Amax) (16)

amplitudes of the residuals in other categories. Since the number
of data points in this group is very small, it is not possible to make
any definite conclusions about the dependence of peak accelera-
tion on soil type in this category. However, the result is consistent
with the expected trend of peak acceleration on soft soils, namely
that the peak acceleration will be lower in very soft soil. This
trend is in qualitative agreement with our previous work dealing
with regression analyses of pseudo relative velocity spectra (PSV)
amplitudes [84]. It was observed then that the spectral ampli-
tudes for short periods (T < 0.1 s) are higher on “rock” and “stiff”
soil than on “deep” soil sites.

The dependence of peak acceleration on average soil velocity
v; was studied next. Recall that the soil-type parameter, s,
describes the soil stiffness in the top 100-200 m below the
ground surface at the site. The average soil velocity, v;, on the
other hand, represents the average velocity of shear waves only in
the top 30 m below surface.

4.2. The regression equations: step 2b

We start with the residues (after fitting the dependence on
magnitude, distance, geologic site conditions, and soil type in step
2a), and consider the following regression:

&=bY + b v +bPv? (20

Here the residue represents the difference between ¢ of Eq. (18)
and the corresponding means y; for the data in the soil type
categories for i=—1 to 3. It is fitted by a parabola versus v;. The
residues are in the range from —1 to +1 on the log scale, or in a
range [0.1, 10.] on a linear scale [102]. The polynomial fitted versus
v; shows little to no difference from zero. This demonstrates that
the dependence of peak acceleration on average soil velocity, vy, is
insignificant (the 95% confidence interval, mean+1.96 x standard
deviation, would all include 0). The result is not in contradiction
with the dependence of peak accelerations on soil type s;, as
described above. It simply means that the average soil velocity—
only in the top 30 m below the surface—is not an important
parameter, which influences the amplitudes of the recorded peak
accelerations. If the average soil-velocity parameter, v;, were to
show some significance in determining the amplitudes of peak
acceleration, perhaps we would need to measure its average value
at each site to some greater depth, or, for example, to the depths
associated with the definition of the values of the s; parameter.

The residues from the mag-depth model in step 1 can also be
used to study the dependence of peak acceleration on soil type s;
and average soil velocity v;. Again, analysis shows that the
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dependence of peak acceleration amplitudes on average soil
velocity v, is not significant.

In conclusion, both the residues from the mag-site and mag-
depth models show a dependence of peak acceleration on soil
type s; but no dependence on average soil velocity v;.

4.3. Soil type s; versus soil velocity v

Steps 2a and 2b of the regression of peak accelerations with
local soil type parameter s; and average soil velocity v; at the site,
as performed above, show that the soil-type parameter s; is stable
and consistent with many previously analyzed trends, while the
soil-velocity parameter v; is not significant. As already noted, this
could be due to the fact that s; represents the soil profile up to
about 200 m below the surface, whereas the average soil-velocity
parameter v; represents only the average soil velocity in the top
30 m below the surface.

It could be that the significance of average soil velocity v; is
overshadowed by that of soil type s; because the soil type s; was
fitted in the first step of regression (step 2a), while the soil velocity
v; was fitted in the second step. To investigate this possibility,
these two steps of regression were repeated, but this time in a
reverse order. Starting with the same residues as in Eq. (17), we
first fitted those by a parabola using the soil velocity v; in the first
step, as in Eq. (20), and then the resulting residues from this first
step were fitted with the local soil type s; in the second step using
the same categorical variables as in Eq. (18).

We found again that the fitted parabola is not much different
from zero, confirming the previous inference that the average
soil-velocity parameter, as used here, is not significant. The trend
observed in the second step is similar to what was previously seen
when the local soil type was fitted before the average soil velocity.
This is not surprising because the amplitude of the parabolic fit of
v, is not very different from zero.

When we examine the residues versus the average soil velocity
vy versus the local soil type s;, respectively, in the first and second
steps of regression for the mag-depth model, the same conclusion
can be drawn again: the average soil-velocity parameter is
insignificant, and the local soil-type parameter has similar
behavior as before, irrespective of the order in which these two
are fitted to the residuals.

4.4. Soil type parameter, s;, versus soil-velocity-type parameter St

The analyses in the previous section suggest that the
characterization of the local soil in terms of the soil-type
parameter s; is more significant than the characterization by
average soil velocity v; measured for the top 30 m below the
surface at the site. This section presents a different statistical
evaluation of the significance of the soil type s; versus the average
soil velocity v;. Because the s; parameter used here is a discrete
variable (s;=-1, 0, 1, 2, and 3) and the v, parameter is a
continuous variable (0 < v; < 1.5; v in km/s), a convenient way to
measure and compare their significance is to discretize the
velocity v; parameter. Another good reason for discretizing the
v, parameter is to reduce the error resulting from the uncertain-
ties involved in measuring the soil velocity v,. In discretizing, the
data have been divided into the following five groups:

Group Velocity (km/s)
? Unknown

A 0.75 <v;

B 0.36 <v; <0.75
C 0.18 <v; <0.36
D v <0.18

Thus, every site in the database is classified into one of these
velocity groups, just as each site is classified into one of the five
soil-type groups (s;=—1 to 3). The regression analyses of the
previous section can now be repeated, in terms of

e=Y biS} 21
and
e=» bV} (22)

with Si < and V] representing the categorical variables for the
soil type s; and velocity type v; parameters. The regressions are
performed for both the mag-site model (i) and the mag-depth
model (ii), and in 2 steps, with s; in the first step and v; in the
second step or vice versa. y

The fitted coefficients y; =b resulting from regression with
either Eq. (21) or (22) represent the mean values of the residues in
that particular class. The corresponding standard deviation ¢; can
also be calculated. To examine the relative significance of the soil-
type versus velocity-type classifications, the following hypothesis
can then be tested:

HO. p;=p—i.e., there is essentially no difference between the
data in categories i and j.

H1. p; # p—i.e., there is significant difference between the data
in categories i and j.

To test the hypothesis, the student t-statistic is used, for data in
categories i and j. We define

foo MK
' 6y /T/Ni+1/N;

and

o NN o0
v N; +Nj—2

With p;, u; representing the means of the residues in categories
i and j, o;, o representing the standard deviations of the residues
in categories i and j, and N;, N; being the number of samples in
categories i and j.

On the basis of a two-tailed test at a 0.01 level of significance
or with a 99% level of confidence, hypothesis Hy would be rejected
and H; accepted if

|tii| > to.995 (25)

23

for (N;+N;—2) degrees of freedom. Similarly, Hy would be
rejected at the 0.05 level of significance or with a 95% level of
confidence if

|ti| > to.975 (26)

for (N;+N;—2) degrees of freedom. Similarly, Ho would be rejected

at the 99% and at 95% levels of confidence for large data sets with

(Nj+N;—2) > 120, when |t;| is larger than

to.995 = 2.58 and tog75 = 1.96 (27)
To test the significance of the soil-type and velocity-type

classifications, the hypothesis Hy versus H; is tested using the

student t-statistic of Egs. (23)-(28) is the matrix of the t; statistics
for the soil-type classification s;:

1%'step s;=—1 O 1 2 3
- 294 -1.09 7.91 sp=-—1
-2.59 — -0.15 -2.89 6.68 0
t)=|-294 015 — —330 7.34 1 28)
1.09 2.89 3.30 — 6.71 2
-791 -6.68 -734 -6.71 — 3
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Eqgs. (28)-(31) did for the mag-site model:

1256
2ndStep Sr=? A B C D
- 133 —-162 -1.68 0.60 Sr="2
-1.33 - =256 -252 -1.04 A
(tj=|-162 256 — —004 —0.11 B (29)
1.68 2.52 0.04 - -0.10 C
-060 104 011 -0.10 — D

The t; matrices in both Egs. (28) and (29) are anti-symmetric,
and only the off-diagonal elements are defined. Recall
from Eq. (27) that hypothesis Hy can be rejected at the 95%
level of confidence if |t;| > 1.96. Inspection of the t; matrix in
Eq. (28) for soil type shows that except for soil types 0 and 1
(“rock” soil and “stiff” soil), with |to1|=|t10| =0.15 (and types—1
and 2), the pairs of all other categories have t;'s > 2, or there
is a 95% or higher level of confidence that different soil
types indeed have different means. Thus, the soil type classifica-
tion, s;, divides the data into categories with significantly
different means. The fact that s;= 0 and 1 show little difference
is consistent with the physical properties that sites with
“rock” and “stiff” soil have insignificant differences in peak
amplitudes.

Inspection of the (t;) matrix in Eq. (29) for average soil
velocity, on the other hand, shows that except for the row
and the column corresponding to velocity type A (v, > 0.75 km/s),
all the t; statistics are significantly less than 1, meaning
that all categories except type A have insignificantly different
means.

The residues are next fitted with soil type and velocity
type in reverse order. The residues from Eq. (22) will be
considered in the first step, followed by those for soil type
(Eq. (21)) in the second step. Eqgs. (30) and (31) give the
corresponding (t;) matrices:

1%'step sy =2 A B C D
— 246 027 -034 -0.75 sT=?
-246 - -219 -255 -160 A
(tp=|-027 219 -  -063 079 B (30)
034 255 0.63 - —-0.57 C
075 160 079 -0.57 - D
2ndstep s;=-1 0 1 2 3
- 187 356 -036 8.12 sp=—1
—1.87 — 1.03 -1.73 6.95 0
(tj=]-356 -1.03 - =3.07 740 1 31)
0.36 1.73  3.07 —  6.68 2
-812 -695 -740 -6.68 — 3

Inspection of the (t;) matrix for velocity type (Vr) in the
first step (Eq. (30)) shows that 14 of the 20 off-diagonal
elements are less than 2, implying that the peak accelerations
for sites with different velocity-type categories do not show
significant differences. The (t;) matrix for soil type (s;) in the
second step (Eq. (31)), on the other hand, shows that 12 of the 20
off-diagonal elements are above 2 (or 8 of the 20 are below 2),
showing that the data in different soil categories, s;, do display
more significant differences in the amplitudes of recorded peak
accelerations.

Egs. (32)-(35) give the corresponding (t;) matrices of soil-type
and velocity-type categories, for the mag-depth model, as

Iststep s;=-1 0 1 2 3
r - 148 219 -086 7.70 sp=-1
-1.48 — 039 -2.00 6.81 0
(tj)=|—-2.19 -039 - =273 725 1 32)
086 200 273 - 6.59 2
|—7.70 —-681 -7.25 -6.59 - 3
2ndstep sy=? A B C D
- 165 -119 -094 -036 st=2?
-165 - -266 -240 -094 A
(tj=|-1.19 2.66 - =030 0.02 B 33)
094 240 030 - -0.06 C
| 036 094 -0.02 -0.06 — D
Iststep sr=? A B C D
- 248 014 -0.02 -048 sr="?
-248 - =235 -241 -135 A
(tj)=| —-0.14 235 - =017 050 B 34
0.02 241 0.17 - =041 C
048 135 050 -041 — D
2ndstep s;=-1 0 1 2 3
- 082 270 -036 7.88 si=-1
—-0.82 — 150 -1.00 7.07 0
(ty)=|-2.70 —1.50 - =265 727 1 35)
036 1.00 265 — 6.56 2
-788 -7.07 -727 -656 — 3

Inspection of the matrices (Egs. (32)-(35)) for the mag-depth
model shows that the results are consistent with those of the mag-
site model.

In summary, the (t;) student t-statistics suggests that the soil
type classification is more significant than the velocity type
classification in influencing the amplitudes of recorded peak
ground acceleration.

5. Discussion and conclusions

We examined the relative significance of two different soil-site
variables that are used in empirical equations aiming to predict
amplification of strong earthquake motion: (1) of soil site
classification s; and (2) of the average soil velocity, vy, in the top
30 m of soil. The regressions of peak accelerations with local soil
type parameter s; and average soil velocity v; at the site show that
the soil type parameter s; is stable and consistent with many
previously analyzed trends, while the soil velocity parameter v; is
not significant. We pointed out that the local soil type parameter
(e.g., s;=2) represents the average soil profile up to 200 m below
the surface, whereas the average soil velocity parameter v,
represents only the average soil velocity in the top 30 m below
the surface. If the average soil velocity parameter, v;, were to
show some significance in determining the amplitudes of peak
acceleration, perhaps we would need to measure its average value
at each site to greater depths, or, for example, to the depths
associated with the definition of the values of the s; parameter.

In the second part of the analysis, we discretized the data on v
into four groups (A, B, C, and D) and studied the significance of the
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differences of the means in those groups. We performed the same
analysis for the four groups of s; parameters. The results of this
analysis conformed that s; is a significant site parameter, while v;
is not.

In a recent paper, Castellaro et al. [103], not aware of our work
in the mid-1990s [102], found that “in spite of its almost universal
adoption as a key parameter in seismic site classification, v;
appears a weak proxy to seismic amplification”. Their analysis,
based on a different data set and using a different method of
analysis, arrived at essentially the same conclusion as we did in
1995, and as described again in this paper.
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