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EXECUTIVE SUMMARY

Empirical relationships are developed to predict amplification factors for 5% damped spectral
acceleration (period range 7 = 0.01 — 5 s) as a function of site category. Amplification is
evaluated by normalizing ground motion intensity measures from recordings by reference
motions derived from modified attenuation relationships for active regions. The Abrahamson and
Silva attenuation relationship for rock sites was used for the derivation of reference motions,
with modifications to account for event terms and rupture directivity effects.

Strong motion sites are classified according to three geologic classification schemes: age-
only, age + depositional environment, and age + material texture. Sites are also classified using
the average shear wave velocity over the upper 30 m (V;.39) and a recently proposed geotechnical
classification scheme. Within each scheme, amplification of spectral acceleration is regressed
against reference motion amplitude, and the magnitude-dependence of the residuals is evaluated.

The results of the regression indicate distinct levels of high-frequency spectral acceleration
amplification across geologic age categories, but relatively modest variations between categories
at long periods (T = ~ 1 s). Within the Quaternary age group, statistically significant variations in
high-frequency amplification are observed between Holocene lacustrine/marine and Quaternary
alluvial sediments, and also between Holocene coarse- and fine/mixed-texture sediments.
Nonlinear ground response is evident in many categories from statistically significant decreases
in low-period spectral amplification with increasing reference motion amplitude. Amplification
of long-period ground motions is found to be less sensitive to the reference amplitude, but to
increase significantly with magnitude.

We find spectral acceleration amplification functions for geologic classification schemes
that incorporate information beyond age to have a smaller average residual dispersion than age-
only schemes. Classification schemes based on V.39, and geotechnical data produced consistently
higher dispersion than did detailed geologic classifications. However, the Vj 3p-based
classification scheme provides the clearest distinction between amplification factors in different
categories. These findings have implications for the type of mapping that is most useful for
regional ground motion characterizations.

Spectral acceleration amplification levels at all ground motion amplitudes and period ranges

are found to be smaller than those in modern design codes (e.g., 2000 NEHRP Provisions). This
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is attributed to differences in the characteristics of “rock” sites used to develop reference motions
for the studies underlying the code provisions and this study. The rock site condition associated
with this study is a composite average of rock sites in active regions — which most nearly
corresponds to “soft rock.” Since the same rock site condition is inherent to rock attenuation
relations, the amplification functions derived herein provide an appropriate means by which to
adjust the statistical moments (median and standard error) from rock attenuation relations
(applicable to active regions) for the effects of site conditions. Most previous studies, including
the work that provides the empirical basis for the current NEHRP provisions, employ reference
motions from relatively firm rock sites. The relatively large reference motion amplitudes from

soft rock sites lead to the smaller amplification levels.
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1 Introduction

Ground motion attenuation relationships are commonly used in seismic design practice to
estimate earthquake ground motion intensity measures (IMs) such as spectral acceleration and
duration. In particular, attenuation relationships provide statistical moments of a probabilistic
distribution of IM conditioned on parameters such as magnitude, site-source distance, site
condition, and style-of-faulting parameters. Ground motion data are often log-normally
distributed, in which case the distribution can be represented by a median and standard deviation,
o (in natural logarithmic units).

Site condition is often characterized in attenuation relations as either rock or soil. Actual
conditions at strong motion recording sites are variable with respect to local site conditions and
underlying basin structure, and hence estimates from attenuation relationships necessarily
represent averaged values across the range of possible site conditions within the “rock” or “soil”
categories. The intent of this study is to evaluate the degree to which more detailed information
on site conditions can be used to improve ground motion predictions relative to what is obtained
with attenuation relationships. This “improvement” in ground motion prediction generally
involves (1) removing potential bias in median ground motion estimates that might be present for
a particular site condition, and (2) reducing the uncertainty in ground motion estimates, as
measured by standard error term, o.

Ground motion variations between a reference site condition and the actual site condition are
described in terms of amplification factors that are a function of the amplitude of shaking on the
reference site condition. We estimate ground motion amplification factors using a so-called
“non-reference site” method in which amplification is defined as the ratio of I/Ms from recorded
motions to reference motion /Ms. The reference motion represents the ground motion that would
have been expected at the site for the reference site condition. The reference motion IMs are

defined using an attenuation relation for rock sites in active regions modified with an event term



and for rupture directivity effects. As such, this approach incorporates the observed, event-
specific characteristics of source and path into the reference motions so that the ratio of
recorded/reference IMs isolates (to the extent possible with a non-reference site approach) the
effects of local geologic conditions on the ground motion. Additional details on the calculation
of reference motion parameters are provided in Chapter 4.

A major thrust of the study was the classification of strong motion sites according to surface
geology, average shear wave velocity in the upper 30 m (V_3y, calculated as the ratio of 30 m to
travel time for shear waves to travel from 30 m to the ground surface), and a geotechnical
classification scheme. This work is discussed in Chapter 3, and resulted in surface geology
classifications for 460 sites, V.39 classifications (established from local in situ measurements) for
185 sites, and geotechnical classifications for 183 sites. Data from the 1999 Chi-Chi (Taiwan)
earthquake were not included in this compilation. However, using preliminary available site
classifications, the Taiwan data are compared to the results of the present study in Chapter 6.

The process by which amplification factors are derived for a given recording is described in
Chapter 4. Also described is the manner with which amplification factors within various site
categories are regressed against ground motion amplitude. Median levels of amplification and
the standard error of the residuals were compiled within site categories, the results of which are
discussed in Chapter 5. We interpret the results in Chapter 6 to identify the relative merits of the
variations classification schemes for estimating spectral acceleration. We also compare our

results to those of previous investigators and discuss the practical implications of our findings.



2 Previous Studies

Site response effects associated with local ground response and/or basin response can be
evaluated from ground motion recordings using amplification factors, which represent the ratio
of an observed ground motion intensity measure to a reference value of that intensity measure for
a particular site condition (e.g., intact rock or rock-average for active regions). Statistically
robust empirical evaluations of site amplification generally cannot be performed on a site-
specific basis due to lack of data. Accordingly, amplification factors for specific sites are
assumed to be similar to those derived from strong motion recordings at other sites with similar
geologic and/or geotechnical conditions. The following sections describe approaches used to
derive amplification functions from accelerograms and the factors that have been found to
control amplification in previous work. Classification schemes used to delineate ground

conditions are described in Chapter 3.

2.1  TYPES OF OBSERVATIONAL STUDIES

Earthquake ground motions are affected by source, path, and site effects. Quantification of site
effects from recorded motions requires the removal of source and path effects, which can be
accomplished with two general categories of methods. The first compares motions on soil with
those from a “reference” site, typically on rock. The second approach does not use a reference
site.

Three types of reference site approaches have been commonly used:

1. If the rock recording is close to the soil site, both motions presumably contain similar source
and path information, so a comparison of the two provides an estimate of site response effects.
Investigations of this type have compared the motions using either response spectral ordinates

(including peak horizontal acceleration) or Fourier amplitude spectra.



2. A variation on the first approach is to correct the reference and site recordings using a
geometric spreading factor of 1/r (e.g., Borcherdt and Glassmoyer, 1994; Borcherdt, 1996) or
frequency-dependant distance attenuation (e.g., Hartzell et al. 2000; Borcherdt 2001).

3. In a reference site approach developed by Andrews (1986), generalized inversions are
performed using the Fourier spectra of observed motions adjusted for geometric spreading to
evaluate source and site terms simultaneously. A weighted least-squares solution is developed in
which the source term is allowed to have an arbitrary frequency dependence and the site
response terms are taken as relative to the network average (Andrews, 1986) or relative to a
single pre-determined ‘“reference” site for which the site term is unity (e.g., Boatwright et al.,
1991, Hartzell et al. 2000). Results of these studies have been found to compare favorably with
more traditional reference site approaches (e.g., Field and Jacob, 1995). The principal advantage
of this generalized inversion approach is that relatively large data sets can be utilized. However,
results from most of the studies utilizing this approach are somewhat limited for engineering
application, in that weak motions dominate the data sets; thus nonlinearities in sediment response
are not represented in the identified amplification factors.

The second category of approaches for evaluating site amplification effects does not require
the presence of a reference site. Such approaches have the advantage of being able to incorporate
relatively large amounts of strong motion data. One such approach, termed horizontal-to-vertical
spectral ratio (HVSR), involves normalizing the horizontal component spectra for a given site by
the vertical component spectra for that same site, with the spectrum computed over the shear-
wave dominated portion of the record (Lermo and Chavez-Garcia, 1993). The HVSR method has
generally been found to extract the same spectral peaks as reference site methods, but different
amplification levels, thus limiting its practical application (Field and Jacob, 1995; Bonilla et al.,
1997). A second approach implements a generalized inversion scheme to identify source, path,
and site effects for a given earthquake (Boatwright et al., 1991). The approach is similar to that
of Andrews (1986) described above, but the source and path are now parameterized, and the site
factor averaged across all frequencies and sites is constrained based on a priori information
(Field and Jacob, 1995). While this approach, when properly implemented, can produce spectral
ratios comparable to those observed from adjacent rock/soil sites (e.g., Field and Jacob, 1995),

the aforementioned need for a priori information on ground response is a limitation.



A third non-reference site approach consists of evaluating amplification by normalizing the
spectra of recorded motions by a reference (typically rock) spectrum obtained from an
attenuation relationship. This approach has been applied to specific basins by Sokolov (1997)
and Sokolov et al. (2000) using locally derived attenuation functions for Fourier amplitude
spectra, and for the southern California region using attenuation relations for spectral
acceleration (Field, 2000; Lee and Anderson, 2000; Steidl, 2000). This approach offers several
advantages to others previously identified:

1. A much larger inventory of strong motion data can be utilized than for reference site
approaches. For example, the southern California database used by the above-referenced
researchers included 449 recordings from 281 stations and 28 earthquakes (Steidl and
Lee, 2000).

2. No a priori assumptions about site effects are required.

3. Amplification factors derived in this way can be readily incorporated into hazard analyses
as adjustments to predictions from rock attenuation relations.

The present study is based on this non-reference site approach, and like the cited studies for the
southern California region, uses attenuation relations for spectral acceleration to derive reference

motions.

2.2  OUTCOMES OF OBSERVATIONAL STUDIES

In this section, we review significant findings from observational studies of strong ground
motion amplification at soil sites. Classification schemes used to categorize sites in these studies
are presented in Chapter 3. Additional studies of weak-motion amplification are summarized by
Field et al. (2000) and are not discussed here. An inherent feature of studies performed to date is
that the influence of shallow, nearly one-dimensional ground response effects and the effects of
deeper basin structure cannot be readily distinguished in recordings from sedimentary basins.

Hence, empirical amplification factors necessarily incorporate both effects to varying degrees.



2.2.1 Studies Utilizing a Reference Site Approach

The 1989 Loma Prieta earthquake provided one of the first strong motion data sets with a
sufficient number of recordings to evaluate amplification factors across a diverse array of surface
geologic conditions. Borcherdt and Glassmoyer (1994) utilized 37 recordings from the San
Francisco Bay region to evaluate site amplification factors as a function of V.3, which was
generally evaluated from local downhole measurements. Amplification was evaluated relative to
recordings from nearby rock sites, which consist of either Franciscan complex bedrock or well-
consolidated sedimentary bedrock of Tertiary-Mesozoic age. Where the reference recording was
from a sedimentary bedrock site, the amplification factor was adjusted (increased) to a common
reference site condition of “firm to hard rock,” represented by the Franciscan complex. The
resulting amplification factors for the 37 sites are plotted in Figure 2.1 for the 7 = 0.1-0.5 and

0.4-2.0 s period range (amplification factors across these ranges are denoted F, and F,,

respectively).
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Fig. 2.1. Averaged spectral amplification vs. V;_3, for 37 sites in the San Francisco Bay
region that recorded the 1989 Loma Prieta earthquake (after Borcherdt and Glassmoyer,
1994)



Borcherdt (2001) performed a similar study using 125 recordings from the 1994 Northridge
earthquake (mostly stiff soil and soft rock sites). Reference motions for the Northridge
recordings were taken from local stations with metamorphic rock (e.g., weathered granite,
gneiss) or sedimentary rock. Values of Vi 3, were estimated for the recording sites using local
borehole measurements or correlations with surface geology. As shown in Figure 2.2, for
relatively small ground motion levels (PHA < 0.1g on rock), Northridge amplification factors for
deep soil sites at small periods (i.e., F,) are smaller than those obtained by Borcherdt and
Glassmoyer (1994) for the Loma Prieta earthquake, but the amplification factors are comparable
at longer periods (i.e., F,). The Northridge results demonstrate decreasing amplification with

increasing reference motion amplitude, which is evidence of nonlinearity in sediment response.
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Fig. 2.2. Averaged spectral amplification vs. reference motion amplitude for Northridge
earthquake stiff soil recordings (Borcherdt, 2001), as compared to low amplitude results of
Borcherdt and Glassmoyer (1994) for Loma Prieta earthquake (symbol indicates median +
one standard error). Reference motion amplitude is taken as a scaled motion from a nearby
rock site.



Harmsen (1997) evaluated mainshock recordings in the San Fernando Valley and Los

Angeles basin from the 1971 San Fernando, 1987 Whittier, 1991 Sierra Madre, and 1994

Northridge events. Amplification factors relative to a single reference rock site (Caltech Seismic

Lab) were derived using the inversion approach of Andrews (1986). The amplification factors

were derived across intermediate (0.5—1.5 Hz) and high (2.0-6.0 Hz) frequency bands, and were

correlated to site classes defined by V; ;9. As shown in Figure 2.3, the median fit through these

data indicate slightly higher amplification levels than those of Borcherdt and Glassmoyer (1994),

which is opposite to the finding of Borcherdt (2001). The results were found to be similar to

amplification levels derived from weak-motion studies (e.g., Hartzell et al., 1996; Rogers et al.,

1984). Based on this similarity, Harmsen suggested that amplification factors derived from

weak-motion data could be used for strong motion applications (i.e., hazard analyses).

Median
————— +-2 0
---------------- Confidence interval
10 g = T 10 3
T - 1 w - .
© r ] Y i ’
(a\| B N To) B 7]
Loy 1 o 1
: d
s 1F = - 1F ~o 3 S
T C 3 o C ¢ T~ O 3
O C ] = C >~
5 [ B&G (1994), F, 1 & I ]
g - T . 7;1 - B&G (1994), F, 7
01 1 1 1 I I I | | < 01 1 1 1 I I |
100 1000 100 1000
30-m V, (m/s) 30-m V, (m/s)
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2.2.2 Studies Utilizing a Non-Reference Site Approach

Three recent projects coordinated through the Southern California Earthquake Center (SCEC)
developed amplification factors by comparing recorded motions from the southern California
region to predictions from attenuation relations (Field, 2000; Lee and Anderson, 2000; Steidl,
2000). The present study is utilizing a similar approach but a larger data set covering shallow
crustal earthquakes in active regions. The following shows the attenuation relationships used to

develop reference motions and the site classification systems used in these studies:

Investigator Attenuation Relationship Site Classification
Steidl (2000) Sadigh (1993), rock geology, basin depth,
Vs-30
Lee and Anderson (2000) Abrahamson and Silva (1997), geology, basin depth,
soil or rock wk. motion amp., etc.
Field (2000) revised Boore et al. (1997), V30
Vs =760 m/s

In each study, amplification factors were inferred from residuals, i.e., differences between the
natural logarithm of the data and the reference motion. Field (2000) and Lee and Anderson
(2000) removed event terms before evaluating residuals, whereas Steidl (2000) used unadjusted
predictions that map inter-event data variations into amplification factors.

The correlation between surface geology and amplification has been investigated by Steidl
(2000) and Lee and Anderson (2000). Both classified strong motion stations using an age-based
Q-T-M classification scheme. Steidl also investigated the relative merits of a more detailed
classification scheme based on the mapping of Fumal and Tinsley (1985) and Tinsley and Fumal
(1985) in which younger Quaternary (Qy) is separated from older Quaternary (Qo), with Tertiary
added to the Qo class. Lee and Anderson utilized age and soil texture-based criteria (based on the
Fumal and Tinsley mapping) to derive more detailed geological classifications.

Steid] evaluated mean amplification factors (relative to soft rock) for spectral periods 7 = 0
(PHA), 0.3, 1.0, and 3.0 s using data with reference motion PHA values in the following ranges:
< 0.05g, 0.05-0.1g, 0.1-0.2g, >0.2g. The results at 7= 0.3 and 1.0 s are compared to the findings



of Borcherdt (2001) for deep sedimentary sites in Figure 2.4. Noteworthy trends from this figure
are (1) that Steidl, as Borcherdt, found significant nonlinear sediment response at low periods;
(2) that Steidl’s amplification factors are smaller than those of Borcherdt, particularly at long
periods; and (3) that there are only small differences in amplification factors for the Q, Qo, and

Qy site categories.
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Fig. 2.4. Comparison of spectral amplification from Northridge earthquake (by Borcherdt,
2001) with results of Steidl (2000) for Quaternary sediments. Symbol y denotes mean
estimate by Steidl, o,, denotes standard error of the mean.

Lee and Anderson (2000) derived amplification factors for the same spectral periods as
Steidl, but used reference motions calculated from soil attenuation functions for Quaternary sites
and rock attenuation functions for Tertiary and Mesozoic sites. Thus, amplification is not relative
to rock for sites on soil. Their results generally indicate mean residuals within the various
geologic categories that are not distinguishable from zero, with the notable exception of Tertiary
sediments, for which the rock attenuation function underpredicted the observed motions at low

periods.
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Field (2000) and Steidl (2000) evaluated amplification factors as a function of Vi_3y. The V.
30 site classifications used by Field (2000) are based on maps by Wills et al. (2000) that correlate
V.30 to surface geology obtained from 1:250,000 scale maps. The V; 3y site classifications used
by Steidl (2000) are based on in situ measurements from boreholes within 1.0 km of the strong
motion station. Field found relatively distinct weak-motion amplification levels in different
NEHREP site categories (e.g., Figure 2.5). Steidl found a good correlation between amplification
and V3 at long periods (7' = 1.0 and 3.0 s); these results are similar to those of Harmsen (1997)
previously reported (Figure 2.3). At smaller periods, the correlation between amplification and

V.30 was found to be relatively weak and dependent on shaking amplitude.
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Fig. 2.5. Average residuals between southern California strong motion data and
attenuation prediction for V; = 760 m/s site condition as function of V.3, (Field, 2000)
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The studies by Steidl, Lee and Anderson, and Field found amplification to increase
significantly with basin depth (defined as depth to V; = 2.5 km/s isosurface), with representative
results shown in Figure 2.6. The amplification factors in Figure 2.6 are defined relative to the
prediction appropriate to each site class (i.e., not relative to a particular geologic formation or V;
= 760 m/s). Lee and Anderson attempted to correlate other parameters to amplification factors,
the most promising and readily available of which is low-frequency amplification from basin
modeling (i.e., 3D/1D amplification). However, this factor was found to be highly correlated to
basin depth, and no trend could be identified in depth-adjusted data residuals. Hence, only basin

depth was recommended as a parameter to supplement surface geology.
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Fig. 2.6. Basin depth amplification factors implied by the attenuation relationships by Lee

and Anderson (2000) and Field (2000), for sites along cross section through Los Angeles
basin, after Field et al. (2000)
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2.2.3 Discussion

Many of the observational studies outlined above quantified ground motion variations relative to
a “hard rock” reference site condition. The attractiveness of this approach is obvious — ground
response at the reference site should be small. The drawback is that reference motions for such
site conditions cannot be readily evaluated because the data inventory is sparsely populated;
hence, empirical attenuation relationships are difficult to develop. The ability to develop
attenuation relations for the reference site condition is essential for practical application.
Accordingly, for California, the most logical choice of a reference site condition may be
weathered rock sites (primarily Tertiary in age), for which strong motion data are much more
abundant than “hard” rock sites. The evaluation of amplification factors for this representative

site condition is an important objective of this study.
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3 Database

3.1 STRONG MOTION DATA SET

The database used in this study consists of 1828 recordings from 154 earthquakes. These
recordings are from world-wide shallow crustal earthquakes near active plate margins.
Subduction and inter-plate events are excluded. Event dates range from the 1933 Long Beach,
California earthquake to the 1999 Duzce, Turkey, earthquake. Removed from the data set for
this study were recordings from events with poorly defined magnitude or focal mechanism,
recordings for which site-source distances are poorly constrained, and recordings for which
problems were detected with one or more components. These removals reduced the data set to
1032 recordings from 51 events. The distribution of magnitude (m) and closest distance (r)
parameters for the full data set are shown in Figure 3.1. The earthquakes contributing data to this
study are listed in Table 3.1. Although listed in Table 3.1, data from the 1999 Chi-Chi, Taiwan,
earthquake were not used in the main body of this study due to the preliminary nature of the site
classifications. However, data from this earthquake are compared to the results of this study in
Section 6.3.

The ground motion intensity measure for which amplification factors are derived in this
study is 5% damped spectral acceleration. The spectral periods considered range from 7 = 0.01
to 5 s. Spectral ordinates with periods greater than 7 = 1.25X I/fyp are not used, where fyp =
high-pass frequency used during data processing. We do not discard ordinates at frequencies
higher than the low-pass frequency (f.p) because of the saturation of S, at high frequency. The
distribution of spectral ordinates at 7= 0.01 (PHA), 0.3, 1.0, and 3.0 s is presented in Figure 3.2.
A significant amount of data has sufficiently large amplitude that sediment nonlinearity might be

expected.
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Table 3.1. Earthquakes used in this study

Event Year Mo-Day Time Magnitude

Imperial Valley 1940 519 437 7.0
Kern County 1952 721 1153 7.4
San Francisco 1957 322 1944 5.3

Parkfield 1966 628 426 6.1
Borrego Mtn 1968 409 230 6.8
Lytle Creek 1970 912 1430 5.4

Hollister 1974 1128 2301 5.2

Oroville 1975 801 2020 6.0

Oroville 1975 802 2022 5.0

Oroville 1975 802 2059 4.4

Oroville 1975 808 700 4.7

Santa Barbara 1978 813 6.0
Tabas, Iran 1978 916 7.4

Coyote Lake 1979 806 1705 5.7
Imperial Valley 1979 1015 2316 6.5
Imperial Valley 1979 1015 2319 5.2
Imperial Valley 1979 1016 658 5.5

Livermore 1980 124 1900 5.8
Livermore 1980 127 233 5.4
Mammoth Lakes 1980 527 1901 4.9
Mammoth Lakes 1980 531 1516 4.9

Mammoth Lakes 1980 611 441 5.0
Westmoreland 1981 426 1209 5.8
Coalinga 1983 502 2342 6.4
Coalinga 1983 509 249 5.0
Coalinga 1983 611 309 5.3
Coalinga 1983 709 740 5.2
Coalinga 1983 722 239 5.8
Morgan Hill 1984 424 2115 6.2
Bishop (Rnd Val) 1984 1123 1912 5.8
Hollister 1986 126 1920 5.4

N. Palm Springs 1986 708 920 6.0
Chalfant Valley 1986 720 1429 5.9
Chalfant Valley 1986 721 1442 6.2
Chalfant Valley 1986 721 1451 5.6
Chalfant Valley 1986 731 722 5.8
Whittier Narrows 1987 1001 1442 6.0
Whittier Narrows 1987 1004 1059 5.3
Superstition Hills (A) 1987 1124 514 6.3
Superstition Hills (B) 1987 1124 1316 6.7

Loma Prieta 1989 1018 5 6.9
Cape Mendocino 1992 425 1806 71
Landers 1992 628 1158 7.3

Big Bear 1992 628 1506 6.4
Northridge 1994 117 1231 6.7
Northridge Aftershock 1994 117 431 5.9

Northridge Aftershock 1994 320 1320 5.2
Kobe, Japan 1995 116 2046 6.9

Kocaeli, Turkey 1999 817 7.4
Hector Mine 1999 1016 946 71
Duzce, Turkey 1999 1112 7.2
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Fig. 3.2. Histograms of 5% damped spectral acceleration at various periods for strong
motion data set used in this study
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The western U.S. strong motion data were obtained from the California Strong Motion
Instrumentation Program (CSMIP), the U.S. Geological Survey (USGS), the University of
Southern California (USC), the California Division of Mines and Geology (CDMG), and the Los
Angeles Department of Water and Power (LADWP). Additional data have been obtained for the
1999 Chi-Chi, Taiwan, earthquake from the National Center for Research in Earthquake
Engineering (NCREE), and for the 1999 Kocaeli and Duzce, Turkey, earthquakes from the
Kandilli Observatory and Earthquake Engineering Research Institute of Bogagizi University
(Kandilli), the Earthquake Research Department of the General Directorate of Disaster Affairs
(ERD), and Istanbul Technical University (ITU). Most of the time histories used in this study can
be obtained at the web site of the Pacific Earthquake Engineering Research Center
(www.peer.berkeley.edu). All data were decimated to a common time step of 0.02 s by first
low-pass filtering the data with a corner frequency of 25 Hz (using an 8" order Chebyshev type-I
filter), and then re-sampling the resulting signal at the time step of 0.02 s. Otherwise, the time
signals were unaltered from their original processed form.

The distance measure used here is the closest distance to the rupture plane. Magnitude is
taken as moment magnitude where available, and is otherwise taken as surface wave magnitude

for m > 6 and local magnitude for m < 6.

3.2  SITE CLASSIFICATIONS
3.2.1 Surface Geology

A total of 394 California recording stations were classified based on mapped surface geology and
used in this study. Classifications for these stations are listed in Appendix A. A number of
additional sites were also classified, but were not used due to lack of suitable strong motion data
(often because the instruments were in structures). Classifications for these sites are listed in
Appendix B. Additional (non-California) sites listed in Appendix A include 21 stations near
Kobe, Japan (classified by Fukushima et al., 2000), 8 stations near Tabas, Iran (classified by
Shoja-Taheri and Anderson, 1978), 7 stations in northern Mexico (classified by Geomatrix,
1993), and 30 stations in Turkey (classified in the present study using data from Rathje, pers.

communication).
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The development of geologic classifications for California strong motion stations was a
major thrust of this study. The level of mapping detail for Quaternary deposits is variable across
the state. The geology of the entire state is documented on 27 maps at 1:250,000 scale by the
California Division of Mines and Geology (CDMG, 1959-1998). These maps distinguish
Quaternary deposits based on age (Holocene-Pleistocene) and generalized descriptions of
depositional environment. The Southern California Aerial Mapping Project (SCAMP) is
compiling more detailed geologic information for selected quadrangles in southern California.
For example, data for the Santa Ana 30’ x 60" quadrangle have been prepared at 1:100,000 scale
by Morton et al. (1999) and were used in this study. In addition, we used preliminary digital
geologic maps at 1:24,000 scale prepared through SCAMP of 7.5" quadrangles in Los Angeles
and Orange counties (CDMG staff, 2000, pers. communication). The SCAMP maps are the most
detailed of the available geologic maps, providing basic information on the texture of Quaternary
deposits (e.g., coarse/fine/mixed), and detailed information on depositional environment.

Despite the high quality of the geologic data sources used herein, classifications for some
sites may be in error, particularly for strong motion sites near boundaries of geologic units.
These errors occur because both the mapped boundaries, and the site locations, are subject to
small errors. This could cause the mapped location of some sites to fall within the wrong
geologic unit. Stations near dams are particularly subject to such errors, due to significant local
variability in surface geology around dams. We sought to limit these mapping errors by checking
our classifications against field geologic classifications made by Geomatrix (1993) and by the
authors. However, these field classifications are not available for all sites, and thus we cannot
guarantee the accuracy of all our geologic classifications.

Attempts were made to classify each California site according to schemes that make use of
different levels of detail on geologic conditions. Three different schemes were used so that the
sensitivity of ground motion amplification to various mapped geologic parameters could be
investigated. Criteria used for the geologic classifications are presented in Table 3.2. The three
classification schemes are as follows: age-only, age + depositional environment, age + material
texture. Appendices A and B list the results of these classifications. It should be noted that all of
these geologic classifications are based on surface conditions (hence the term “surface
geology”). While borehole data are available for many sites that could be used, for example, to

obtain additional information on material texture, we based our classifications for surface
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geology strictly on the information on geologic maps. This was done so that the results would

reflect the true data dispersion that could be expected when sites are classified using data from

geologic maps. The breakdown of sites within geologic categories is shown in Figures 3.3-3.5.

Table 3.2. Criteria for surface geology classifications

Age Depositional Environment Sediment Texture
Holocene Fan alluvium Coarse
Pleistocene Valley alluvium Fine
Lacustrine/marine Mixed
Aeolian
Artificial Fill
Tertiary

Mesozoic + Igneous
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Age-Only Classification
460 Sites (802 motions)
3 200
=
=
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Holocene Pleistocene Tertiary Mesozoic + Igneous

Fig. 3.3. Data breakdown for age-only geologic classification scheme
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3.2.2 Near-Surface Shear Wave Velocity

Wave propagation theory suggests that ground motion amplitude should depend on the density
and shear wave velocity of near-surface media (e.g., Bullen, 1965; Aki and Richards, 1980).
Density has relatively little variation with depth, and so shear wave velocity is the logical choice
for representing site conditions. Two methods have been proposed for reducing depth-dependent
velocity profiles to a single representative value. The first takes the velocity over the depth range
corresponding to one-quarter wavelength of the period of interest (Joyner et al., 1981), which
produces frequency-dependent depths. Fumal and Tinsley (1985) developed 1-Hz Vi maps for
the Los Angeles region by relating quarter-wavelength velocities inferred from 33 boreholes to
geologic units.

A practical problem with the quarter-wavelength V; parameter is that the associated depths
are often deeper than can economically be reached with boreholes. The V;y parameter was
proposed to overcome this difficulty, and has found widespread use in practice. Based on
empirical studies by Borcherdt and Glassmoyer (1994), Borcherdt (1994) recommended V.39 as
a means for classifying sites for building codes, and similar site categories were selected for the
NEHRP seismic design provisions for new buildings (Martin, 1994). The site classification
scheme in the NEHRP provisions is presented in Table 3.3.

Shear wave velocity has been found to be well correlated to detailed surface geology (age +
texture for soil, age + weathering/fracture spacing for rock) by Fumal (1978). The V.3
parameter has been correlated with surface geology by Wills and Silva (1998), and this

information has been used to generate state-wide maps of V.3 by Wills et al. (2000).

Table 3.3. Site categories in NEHRP Provisions (Martin, 1994)

NEHRP Mean Shear Wave
Category Description Velocity to 30 m

A Hard Rock > 1500 m/s

B Firm to hard rock 760-1500 m/s

C Dense soil, soft rock 360-760 m/s

D Stiff soil 180-360 m/s

E Soft clays < 180 m/s

F Special study soils, e.g., liquefiable

soils, sensitive clays, organic soils,
soft clays > 36 m thick
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An extensive effort was made in this study to classify strong motion sites according to the
Vi.30 parameter. A GIS database was developed having the locations of both strong motion
stations and boreholes in California. Each strong motion station location was checked with
instrument owners (USGS and CSMIP), or against published reports (USC — Anderson et al.,
1981), to optimize accuracy. Borehole locations were generally obtained from maps in reports.
The borehole database is similar to that of Wills and Silva (1998), but also contains additional
Caltrans boreholes, boreholes from selected consulting geotechnical engineers, and data recently
compiled in the ROSRINE program (http://geoinfo.usc.edu/rosrine/). These databases were
used to match boreholes with strong motion sites. The quality of the match was judged based on
distance between the borehole and strong motion site as follows: A = 0-150 m, B = 150-450 m,
C = 450-1600 m. Matches were only assigned if the borehole and strong motion site were on
similar mapped surface geology. Appendices A and B indicate the borehole references used for
classification, the borehole-station distance, the Vi3 value, and the NEHRP classification. The

number of sites within the NEHRP categories is shown in Figure 3.6.
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Fig. 3.6. Data breakdown for NEHRP classification scheme (all borehole-SMA distance
ranges)
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Classifications of V; 3y were obtained by these means for 185 sites. Of these sites, 149 have
separation distances < 160 m, 12 from 160—-300 m, and 24 from 300-1600 m. It should be noted

that shear wave velocities for USC strong motion stations obtained by Rodriguez-Ordonez
(1994) were not used due to apparent biases in such data as documented by Boore and Brown

(1998) and Wills and Silva (1998).

3.2.3 Geotechnical Data

Geotechnical engineers have developed site classification schemes that can be used to estimate
response spectra for soil sites. Early work on this topic is summarized in Seed and Idriss (1982),
who recommended the following site classification scheme:

1. Rock sites

2. Stiff soil sites (< 60 m deep)

3. Deep cohesionless soil sites (> 75 m deep)

4. Sites underlain by soft to medium stiff clays
Response spectrum estimation procedures linked to this classification system were developed in
which PHA on rock was first estimated, and then the ratio PHA(soil)/PHA(rock) and spectral
shape were taken as a unique function of site condition (based on the work of Seed et al., 1976).
Significant additional data gathered from the 1985 Mexico City, 1989 Loma Prieta, and 1994
Northridge earthquakes prompted revisions to the PHA rock-soil relations and spectral shapes,
and the derivation of new site categories (e.g., Dickenson, 1994; Chang, 1996), which included
information on sediment depth and near-surface shear wave velocity.

The most recent of the geotechnical classification schemes was proposed by Rodriguez-
Marek et al. (2001) based on event-specific regressions of Loma Prieta and Northridge
earthquake recordings. Data were grouped according to the categories in Table 3.4, and regressed
using an attenuation function similar to that of Abrahamson and Silva (1997). Consistent trends
were found for the Category D sites (deep stiff soil), as demonstrated by error terms smaller than
those for the overall data population. However, the opposite was found for Category C sites
(shallow stiff soil), prompting Rodriguez-Marek et al. to suggest that further subdivision of this
category may be appropriate. Rodriguez-Marek et al. recommend use of their classification
scheme over the V3 scheme as intra-category standard error terms were smaller for the

geotechnical scheme.
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Table 3.4. Geotechnical site categories proposed by Rodriguez-Marek et al. (2001)

Site Description Approx. Comments
Site
Period
(s)
A Hard Rock <0.1 Crystalline Bedrock; V> 1500 m/s
B Competent Bedrock <0.2 V> 600 n/s or < 6 mofsoil. Most “unweathered”
California Rock cases
Cl1  Weathered Rock <0.4 V=300 nvs increasing to > 600 m/s, weathering
zone > 6 mand < 30 m

C2  Shallow Stiff Soil <0.5 Soildepth>6 mand <30 m
C3  Intermediate Depth Stiff < 0.8 Soildepth > 30 mand < 60 m

Soil
D1  Deep Stiff Holocene Soil < 1.4 Depth > 60 mand < 200 m
D2 Deep Stiff Pleistocene <1.4 Depth> 60 mand <200 m

Soil
D3  Very Deep Stiff Soil <2.0 Depth>200m
E1 Medium Thickness Soft < 0.7 Thickness of soft clay layer 3-12 m

Clay
E2 Deep Soft Clay < 1.4 Thickness of soft clay layer > 12 m
F Potentially Liquefiable Holocene loose sand with high water table (z, < 6 m)

Sand

The effort to match boreholes and strong motion stations described in Section 3.2.2 was
leveraged to develop geotechnical site classifications according to the Rodriguez-Marek et al.
(2001) classification scheme. Geotechnical classifications were developed for all sites with a
matched borehole. Developing the classification was straightforward if the borehole reached
rock. If depth to rock is not known, but the site is located in an area with known deep sediments,
D or D3 classifications are given. If the depth to rock is not known, and the sediment thickness
could reasonably be expected to fall within several of the depth categories in Table 3.4, a range
of possible classifications was given (e.g., C2—-C3). The lower end of this depth range was
constrained by the minimum known depth of sediments from the borehole (e.g., a site with a 30-

m borehole that encounters only sediments must be C3 or D, and cannot be C2). Classifications
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were obtained in this way for 183 sites, with the breakdown across categories shown in Figure
3.7. It should be noted that geotechnical classifications were not made in the absence of borehole
data, with the exception of sites known from field mapping to be near outcropping rock, in which

case B-C1 classifications were generally assigned.
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Fig. 3.7. Data breakdown for classification scheme based on geotechnical data
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4 Analysis Procedures

41 AMPLIFICATION FACTORS FROM INDIVIDUAL RECORDINGS

Site-specific amplification factors, Fj;, are evaluated from the geometric mean of 5% damped
acceleration response spectra for the two horizontal components of shaking, S;;, and the reference

ground motion for the site, (S,);, as follows:
F,(D)=5,/(S,), (4.1)

where the indices refer to ground motion j within site category i, and T = spectral period. In Eq.
4.1, S;; and (S,);; are computed at the same spectral period, which is varied from 0.01 to 5.0 s.
Amplification factors are not evaluated for T > 1.25 x 1/f,, where f;, = high-pass corner
frequency. Parameter (S,); represents the reference spectral ordinate, and is an estimate of the
ordinate that would have been expected at the recording site had the geology matched the
reference condition.

A key step in evaluating Fj; is the analysis of the reference ground motion parameter, (S,);;.
Median spectral accelerations calculated using the Abrahamson and Silva (1997) attenuation
relationship for rock sites provide a first-order estimate of (S,); based on the following factors:

e Moment magnitude of causative earthquake, m.

e C(Closest distance from site to source, r.

e Rupture mechanism (reverse, oblique, strike-slip, or normal).

e Location of the site on or off the hanging wall of dip-slip faults.

This first-order estimate is then adjusted to correct for period-dependent average residuals
between motions from a given event and the general attenuation model. This is accomplished
with the use of period-dependent “event terms” computed during the regression of the
Abrahamson and Silva (1997) attenuation model. For well-recorded events that occurred since

the development of the Abrahamson and Silva attenuation relations (e.g., Hector Mine and
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Turkey earthquakes), event terms were approximated as the average residual between the
observed motions and predictions from the attenuation model. For sites that may have been
influenced by rupture directivity effects, a second correction is made using the model by
Somerville et al. (1997), later modified by Abrahamson (2000).

By evaluating reference motion parameters through the use of a rock attenuation
relationship, the site condition associated with this motion is vaguely defined. This is because
many site conditions are present at the recording sites represented within the “rock™ category.
Some sites have fresh, relatively hard rock, but most consist of deeply weathered, relatively soft
rock. Ambiguity in the reference site condition can be smaller when amplification factors are
derived using reference site approaches (described in Section 2.2.1). However, for practical
purposes, what is most important is that the reference site condition is one for which attenuation
relationships can be readily defined and one for which attenuation estimates of IMs are stable
over time (i.e., as more earthquakes are added to the regression data set). Both criteria are
satisfied through the approach taken here. First, use of the broad “rock” category provides ample
recordings from which attenuation relations have previously been developed. Second, the use of
event terms for well recorded events provide stability, because when coupled with the rock
attenuation estimate of IMs, event terms for a given event define the rock average for that event,
which should not change significantly in time. In other words, even if the attenuation estimate of
an IM were to change as a result of additional data from future events, the event terms for well-
recorded past events would similarly change so that the sum of the two would still provide a
stable rock average for well-recorded past events. This rock average for past events will not
change significantly provided that the relative numbers of recordings from hard rock and soft
rock sites in the data set does not change significantly. Accordingly, the manner in which we
define reference ground motions, while not unambiguously associated with any specific site
condition, nonetheless should provide amplification factors that can be readily applied in practice
and which should remain relatively stable over time.

The ground motion amplification estimate provided by (S,); is subject to error as a result of
the uncertainty associated with the modified attenuation model. Because S; is known, the

standard error of the ground motion amplification for a particular site, (o), is equivalent to the

standard error of the reference motion estimate, (6;);, i.e.,

(6,), =0,) 4.2)

30



Standard error terms from attenuation relationships are fairly large (=0.4-0.9), and hence the
uncertainty in individual estimates of amplification is also large. However, the central limit
theorem in statistical theory (e.g., Ang and Tang, 1975) suggests that statistical moments (i.e.,
mean, standard deviation) estimated from large data populations are relatively insensitive to the
probability density function associated with individual data points in the population.
Accordingly, we surmise that the errors in point estimates of amplification can be accepted
because relations for amplification factors are regressed upon using a large database.

Finally, it is acknowledged that the evaluation of amplification factors in terms of response
spectral ordinates is less physically based than Fourier amplitude ratios, which have been used in
many previous studies. The use of spectral ratios was prompted by two principal factors (1) state-
of-the-art procedures for evaluating reference motions in terms of response spectral ordinates are
more maturely developed than those for Fourier spectral ordinates, and (2) seismic hazard
analyses are typically performed in terms of response spectral ordinates, and hence amplification

factors expressed in term of spectral ordinates may have greater practical application.

4.2  REGRESSION PROCEDURE

Site-specific amplification factors defined in Eq. 4.1 were sorted into site categories defined by
the schemes in Tables 3.2-3.4. For a particular scheme, within a given category i, regression
analyses were performed to relate amplification factors, Fjj, to ground motion amplitude as
follows:

In(F;) =a; +b; In(G;) (4.3a)
where a; and b; are regression coefficients specific to category i, and G; is a parameter
representing the reference ground motion for site j. This same regression equation has been used
by Youngs (1993) and Bazzuro and Cornell (1999), with G; taken as PHA. Abrahamson and
Silva (1997) also took G;; as PHA, but added a constant term to G;; as shown below.

In(F;) =a; +b;In(G; +¢) (4.3b)
where ¢ = 0.03g independent of period. This form of the regression equation was also
investigated here, but was not found to decrease data dispersion, and so the ¢ term was dropped.

We investigated the use of several G;; parameters for evaluating amplification, including

PHA, spectral acceleration at the same period used in the evaluation of Fj;, and peak velocity
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(calculated using the attenuation relation by Campbell, 1997, 2000, 2001). As reported in
Stewart and Liu (2000), these other G;; parameters did not reduce data dispersion, and so in the
following we take G;; as PHA.

Due to the incorporation of event terms into the reference motions for spectral acceleration,
systematic variations of amplification factors across events are not expected. Accordingly, least-
square regression analyses are performed (which give equal weight to all points) in lieu of a
random effects model such as that of Abrahamson and Youngs (1992).

Residuals (R;;) between the amplification “prediction” of Eq. 4.3a and In(F;) values were

evaluated (R; =In(F}),,, —In(F};) ,,) for all data in category i to enable evaluation of the mean

pre

residual, R;, and the standard deviation of the residual, (og);.
1 &

R; = N Z R; (4.4a)

<
1l

(4.4b)

where N; = number of data points in category i and Ny,;; = number of degrees-of-freedom in
regression equation for Category i (two in this case). Well defined site categories would be
expected to have smaller values of (or); than relatively broad categories. It should be noted that

we also investigated the magnitude-dependence of amplification factors, as described in Section

5.1.5.
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5 Results

5.1 AGE-ONLY GEOLOGIC CLASSIFICATION SCHEME

Individual amplification factors for Holocene, Pleistocene, Tertiary, and Mesozoic + Igneous
geology are plotted at four spectral periods in Figure 5.1 [PHA, T=0.3 s, 1.0 s, and 3.0 s]. Also
plotted are results of regression analyses performed according to Eq. 4.3a (solid lines), = 95%
confidence intervals on the median amplification (dotted lines), and median regression =+
standard error, o (dashed lines). The regression coefficients and standard error terms are listed in
Table 5.1(a). Also provided in Table 5.1(a) are average amplification levels over the spectral
period range of 7 = 0.1-0.5 s (denoted F,) and T = 0.5-2.0 s (denoted F,), respectively. The

actual spectral ordinates used to evaluate F, are from periods 0.1, 0.12, 0.15, 0.17, 0.20, 0.24,
0.3, 0.36, 0.4, 0.46, and 0.5 s; periods 0.4, 0.46, 0.5, 0.6, 0.75, 0.85, 1.0, 1.5, and 2.0 s were used
to evaluate F,.

Reduction of amplification factors with increasing rock PHA are inferred as evidence of
sediment nonlinearity. This nonlinearity is quantified by the b; parameter for each category i. The
statistical significance of the PHA-dependence of amplification factors is assessed two ways.

The first significance test consists of comparing the absolute value of b; to the estimation error

for b; (both indicated in Table 5.1a). When |b,.| exceeds the estimation error, the nonlinearity is

considered significant. Secondly, sample ‘t’ statistics are compiled to test the null hypothesis that
bi=0 and a; = overall data median. This statistical testing provides a significance level = ¢ that
the null hypothesis cannot be rejected. For clarity of expression, we tabulate in Table 5.1(a)
values of 1-¢, which we refer to as a “rejection confidence for a 5=0 model.” Large rejection

confidence levels (i.e., > 95%) suggest significant PHA-dependence in amplification factors.

These results are also shown in Table 5.1(a).
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A key issue when interpreting regression results for different site categories is the degree to
which the data for different categories are distinct. Statistical F-tests (Cook and Weiberg, 1999)
are performed to compare submodels with a full model. For example, a pair of submodels could
be the regression results in Figure 5.1 and Table 5.1(a) for Holocene (H) and Pleistocene (P).
The full model in this example would consist of a regression through all data in the H and P
categories. The F-test is performed by calculating the residual sum of squares (based on misfit
from the median model prediction) for the submodels (RSS; and RSS>) and the full model (RSSy).
Since RSS measures lack of fit, the submodels and full model are compared by examining the
difference RSS~RSS;+RSS>). If this difference is small, then the submodels and full model fit
the data about equally well. For well-populated submodel data spaces, this would imply that the
submodels do not describe distinct data sets.

For normally distributed data sets, the F-statistic is calculated as

o (Rss, — (kS + Rsz22 ) (@ +dr,)-df, ) 5.1)

where df; refers to the degree of freedom of regression fit i (two in this case), and

52 = RSS, +RSS, (5.2)
N - (df, +df,)

where N = number of data points in the full model. This F statistic can be compared to the F

distribution to evaluate a significance level (p) for the test. Large values of p (e.g., p > 0.05) are
often taken to imply that the submodels are not distinct.

We compile the F statistic and significance level (p) for “adjacent” categories, i.e.,
Holocene-Pleistocene, Pleistocene-Tertiary, and Tertiary-Mesozoic. These statistics are compiled
in Table 5.1(b) for the geologic age-only classification scheme. In the following, we judge the
distinction between categories to be “significant” for p < 0.05, “moderate” for 0.05 < p < 0.15,

and “insignificant” for p > 0.15.
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Table 5.1(a). Regression coefficients for S, amplification factors,

age-only classification scheme

Rejection
confidence for

Geology Period a b o b=0 model (%)
Holocene (H) PHA -0.254+0.14 -0.174+0.05 0.54 100
0.3 -0.21 +0.13 -0.16 + 0.05 0.52 100
1 0.23+0.15 -0.04 + 0.06 0.59 90
3 0.32+0.21  -0.07 + 0.09 0.64 90
Fa -0.21 +0.12 -0.14 4+ 0.05 0.48 100
Fv 0.14+0.13 -0.09 + 0.05 0.50 100
Pleistocene (P) PHA 0.08+0.27 0.00 + 0.10 0.47 2
0.3 0.18+0.28  0.05+ 0.11 0.48 68
1 0.35+0.33 0.04+0.12 0.56 46
3 -0.06 + 0.43 -0.21+0.18 0.50 98
Fa 0.08+0.25 0.00 + 0.09 0.42 8
Fv 0.26 +0.29  0.00 + 0.11 0.50 6
Tertiary (T) PHA 0.234+0.36 -0.02 + 0.14 0.62 25
0.3 0.08+0.37 -0.05+0.14 0.64 55
1 0.08+0.35 -0.04 +0.14 0.61 48
3 0.27+0.37 -0.01+0.18 0.47 7
Fa 0.04+0.34 -0.06+0.13 0.59 62
Fv 0.07+0.34 -0.06+0.13 0.58 54
Mesozoic + Igneous PHA -0.184+0.35 -0.10+0.14 0.54 85
M+1) 0.3 -0.48+0.38 -0.15+0.15 0.59 95
1 -0.66 + 0.53 -0.17 +0.22 0.83 88
3 -0.46 4+ 0.61 -0.14 + 0.27 0.66 70
Fa -0.35+0.34 -0.13+0.14 0.54 92
Fv -0.56 + 0.46 -0.15+0.19 0.73 89

Table 5.1(b). F-statistics indicating distinction between site categories,

age-only classification scheme

PHA T=03s T=10s T=30s F, F,
Categories F p F p F p F P F P F P
H-P 5.8 0.003 10.5 0.000 2.2 0.116 1.0 0.366 4.9 0.007 4.2 0.015
P-T 5.0 0.007 3.8 0.025 0.8 0.456 1.5 0.225 2.1 0.119 0.3 0.712
T-M+l 3.6 0.028 7.2 0.001 9.4 0.000 6.7 0.002 4.0 0.019 10.1 0.000
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Fig. 5.1(a). Spectral acceleration amplification factors for Holocene geology plotted against
regression results. PHA refers to peak horizontal acceleration of reference motion.
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Significantly distinct values of low-period amplification factors (PHA and 0.3 s) are
observed between Holocene and Pleistocene sediments. Low-period amplification in Holocene
materials varies significantly with rock PHA, resulting in amplification at low levels of shaking
(rock PHA < 0.2g), and de-amplification for stronger shaking (rock PHA >~0.2g). In contrast,
low-period Pleistocene amplification is nearly unity and is essentially independent of rock PHA.
Low-period Pleistocene amplification is significantly distinct from Tertiary, which has larger
amplification factors. Long-period (7' = 1.0 and 3.0 s) amplification levels for Holocene-
Pleistocene and Pleistocene-Tertiary sediments are generally insignificantly distinct. The
Tertiary and Mesozoic + Igneous (M+]) categories (i.e., the categories encompassing the
materials that would generally be considered “rock™) have significantly distinct amplification
levels at all periods, with T amplification exceeding M+1.

The data in Table 5.1(a) indicate for Holocene sediments statistically significant PHA-
dependence of amplification functions at small to intermediate periods. For PHA, T = 0.3 s, F,,

and F,, the rejection confidence for the b=0 model is nearly 100%, and the estimated values of

|bi| exceed their prediction errors. Nonlinearity is generally not statistically significant for other

age categories.
The variation of standard error term (o) with magnitude and site category is shown in Figure

5.2, with the magnitude-dependent error terms from Abrahamson and Silva (1997) also shown

for comparison. We find no significant magnitude-dependence in the error terms, but do find an
increase in o with period. Values of o at long period (T = 3 s) rise as high as ¢ ~ 0.7-0.8. The
Abrahamson and Silva (1997) error terms decrease uniformly with magnitude for m = 5-7, and

also increase with period. Typically, error terms from this study are smaller than the Abrahamson
and Silva terms for m < 5.75 and larger for m > 5.75. No geologic category is found to have

consistently large or small error terms.
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5.2 EFFECT OF GEOLOGIC SUB-CATEGORIZATION OF QUATERNARY
SEDIMENTS

As indicated in Table 3.2, two additional geologic classification schemes were considered that

incorporate information beyond age — depositional environment and material texture. Geologic

data that enable classifications according to these criteria are most widely available for

Quaternary sediments. The site breakdowns associated with these schemes are presented in

Figures 3.4-3.5.

Figures 5.3 present results for Quaternary sediments segregated according to age and
depositional environment. Individual amplification factors are shown along with regression
results for Holocene sediments segregated into alluvial and lacustrine/marine depositional
environments, and Pleistocene alluvial sediments. Due to a paucity of data, no regression
analyses were performed for Pleistocene lacustrine/marine sediments, nor Aeolian and fill
categories. Regression coefficients and error terms from these analyses are presented in Table
5.2(a), while F statistics on the distinctions between categories are provided in Table 5.2(b). Also
shown in the figures for reference are regression results for the appropriate age-only category.

High levels of low- to moderate-period (T = 0.01-1.0 s, F,, F,) amplification and
nonlinearity occur in the Holocene lacustrine/marine (Hlm) category (Figure 5.3b), which
includes a significant number of sites from Imperial Valley and San Francisco bay-shore
locations. As shown in Table 5.2(b), these HIm amplification levels are significantly distinct
from Holocene alluvium (Ha) for PHA, but are insignificantly distinct at longer periods. As can
be seen from Figure 5.3(a), Ha deposits exhibit amplification levels consistent with those for the
Holocene age-only category. In both the HIm and Ha categories, amplification factors generally
become less dependent on rock PHA as period increases.

Pleistocene alluvial sediments (Pa) generally exhibit similar amplification levels to those for
the Pleistocene age-only category (Figure 5.3c). These amplification levels are generally
insignificantly distinct from Ha (Table 5.2b); thus a fourth category is formed consisting of
Quaternary alluvium (Qa). Regression results for Qa are provided in Figure 5.3(d) and Table
5.2(a). As shown in Table 5.2(b), Qa amplification factors are insignificantly distinct from Ha
and Pa, and hence Qa is used in lieu of Ha and Pa. As shown in Table 5.2(b), Qa is significantly

distinct from Hlm and T for PHA, but is generally insignificantly distinct at longer periods.
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Table 5.2(a). Regression coefficients for S, amplification factors,

age + depositional environment classification scheme

Rejection
confidence for

Geology Period a b o b=0 model (%)
Hol. - alluvium PHA -0.21 +0.18 -0.15+0.07 0.52 100
(Ha) 0.3 -0.15+0.18 -0.14 4+ 0.07 0.52 100
1 0.20+0.20 -0.06 + 0.08 0.59 85
3 0.07+0.32 -0.18+0.13 0.68 99
Fa -0.17+0.16  -0.13 4+ 0.06 0.48 100
Fv 0.11+0.17 -0.11 4+ 0.07 0.50 100
Hol. - Lac/marine PHA -0.564+0.31 -0.37+0.14 0.47 100
(HIm) 0.3 -0.36 + 0.29 -0.23+0.13 0.45 100
1 0.10+0.32 -0.154+0.14 0.49 97
3 0.39+0.38 -0.09+0.22 0.47 57
Fa -0.38+0.30 -0.24+0.13 0.46 100
Fv 0.01+0.28 -0.17+0.12 0.43 99
Pleist. - alluvium PHA 0.01+0.40 -0.06+0.15 0.48 53
(Pa) 0.3 0.04+0.39 -0.02+0.15 0.47 23
1 0.44+0.56 0.05+ 0.21 0.67 36
3 -0.27+0.76  -0.32 4+ 0.31 0.55 96
Fa -0.05+0.35 -0.07+0.13 0.42 70
Fv 0.294+0.50 0.00+0.19 0.60 4
Quat. -alluvium PHA -0.18+ 0.16  -0.14 4+ 0.06 0.52 100
(Qa) 0.3 -0.12+0.16  -0.12+ 0.06 0.51 100
1 0.234+0.19 -0.04 +0.07 0.61 72
3 0.04+0.28 -0.19 + 0.11 0.65 100
Fa -0.15+0.15 -0.12+ 0.06 0.47 100
Fv 0.13+0.16  -0.09 + 0.06 0.52 99

Table 5.2(b). F-statistics indicating distinction between site categories,
age + depositional environment classification scheme

PHA T=03s T=10s T=30s F, F,
Categories F p F p F p F F p F p
Him-Ha 5.0 0.007 0.7 0.517 1.1 0.338 0.9 0.393 1.1 0.344 0.5 0.608
Ha-Pa 0.6 0.532 2.8 0.065 0.7 0.516 0.3 0.767 0.6 0.551 1.3 0.261
Ha-Qa 0.1 0.940 0.3 0.706 0.1 0.927 0.0 0.987 0.1 0.922 0.2 0.833
Pa-Qa 0.5 0.636 1.8 0.171 0.4 0.649 0.2 0.793 0.4 0.679 0.8 0.447
HIm-Qa 5.8 0.003 1.0 0.355 1.3 0.275 1.2 0.300 1.4 0.248 0.8 0.466
Qa-T 3.9 0.022 0.7 0.479 24 0.093 1.6 0.203 0.8 0.458 2.1 0.123
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Figures 5.4 present amplification factors and regression results for Quaternary sediments
segregated into coarse-grained and fine-grained/mixed soil types. Regression coefficients and
error terms from these analyses are presented in Table 5.3(a), while F statistics on the distinction
between categories are presented in Table 5.3(b). Fine-grained and mixed texture sediments
exhibit similar amplification levels, which is why these categories were combined. As can be
seen in Figure 5.4(a), Holocene coarse-grained sediments (Hc) exhibit amplification levels
generally comparable to those for the Holocene age-only category. The same is true at short
periods for Pleistocene coarse-grained sediments (Pc) and the Pleistocene age-only category
(Figure 5.4c). The Holocene fine-grained/mixed category (Hm) has significantly distinct
variations from Hc at low period (PHA and F),), but the sub-categories are insignificantly distinct
at longer periods (7 = 1.0 s, F,). Pleistocene categories Pc and Pm are insignificantly distinct at
nearly all periods. Categories Hm and Pm (Figure 5.4b, d) exhibit higher levels of weak-motion
amplification and low-period nonlinearity than Hc and Pc, respectively (Figures 5.4a, c). This is
quantified by negative b-parameters that are generally larger and more statistically significant for
mixed/fine-grained than coarse-grained sediments, and for Holocene than Pleistocene ages.

Based on the above, subdivision of Holocene according to material texture categories Hm
and Hc is clearly justified both on the basis of F-statistics and on inter-category variations in
nonlinearity. Subdivision of Pleistocene is not justified on the basis of the F-statistic, although
variability in the nonlinearity of sediment response was observed between Pm and Pc. Based on
these findings, for subsequent applications we take the geologic age + material texture scheme to
consist of a single Pleistocene category and Holocene sub-categories Hc and Hm.

Figure 5.5 presents for the various Quaternary sub-categories the variation of standard error

term (o) with period. Values of o for the Hm and Hlm categories are lower than those for the
overall Holocene age group by about 0.05—-0.2 in natural log units (a significant reduction). Error

terms for Hc and Ha are comparable to those for the overall Holocene category. The results are
less consistent for Pleistocene sediments, with the smallest errors occurring for the fine/mixed
category at small periods and the coarse category at long periods. As noted previously, the Pc,

Pm, and Pa categories are not carried forward.
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Table 5.3(a). Regression coefficients for S, amplification factors,

age + material texture classification scheme

Rejection
confidence for

Geology Period a b o b=0 model (%)
Hol. - coarse (Hc) PHA -0.16 + 0.26 -0.12+4+0.10 0.51 99
0.3 -0.144+0.25 -0.114+0.09 0.50 98
1 0.15+0.29 -0.06 + 0.11 0.57 75
3 -0.08 4+ 0.46 -0.22 4+ 0.17 0.63 99
Fa -0.114+0.23 -0.09 4+ 0.09 0.46 95
Fv 0.05+0.24 -0.11+0.09 0.48 98
Hol. - mixed (Hm) PHA -0.504+0.26 -0.31 4+ 0.11 0.51 100
0.3 -0.34+0.23 -0.23+0.10 0.47 100
1 0.12+0.28 -0.11+0.12 0.56 93
3 0.33+0.32 -0.11+0.15 0.57 84
Fa -0.394+0.22 -0.24 +0.10 0.45 100
Fv 0.03+0.24 -0.16 +0.11 0.48 100
Pleist. - coarse (Pc) PHA -0.254+0.65 -0.114+0.24 0.46 54
0.3 0.07+0.60 -0.02+0.23 0.43 13
1 0.66 +0.73  0.11 4+ 0.27 0.51 57
3 049+1.12 -0.03+4 0.45 0.43 10
Fa -0.26 + 0.50 -0.13+0.19 0.35 85
Fv 0.20+0.58 -0.04 +0.22 0.41 32
Pleist. - mixed (Pm) PHA -0.53+0.54 -0.23+0.22 0.39 96
0.3 -0.31+0.55 -0.17+0.22 0.40 87
1 -0.544+0.68 -0.35+0.27 0.49 99
3 -0.344+0.81  -0.34+0.35 0.47 94
Fa -0.354+0.51 -0.194+0.21 0.37 93
Fv -0.314+0.58 -0.27 + 0.24 0.42 97

Table 5.3(b). F-statistics indicating distinction between site categories,
age + material texture classification scheme

PHA T=03s T=10s T=30s F, F,
Categories F p F p F p F o] F o] F o]
Hc-Hm 4.2 0.016 2.1 0.123 0.8 0.452 1.6 0.205 3.2 0.044 1.3 0.285
Hc-Pc 3.1 0.048 0.9 0429 1.6 0.210 1.4 0.249 0.4 0.682 0.6 0.533
Pc-Pm 0.3 0.758 0.5 0.622 3.1 0.054 0.8 0.440 0.2 0.802 1.2 0.313
Hm-Pm 0.8 0.450 0.3 0.742 0.8 0.441 0.4 0.686 0.1 0.888 0.2 0.860
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Fig. 5.4(a). Spectral acceleration amplification factors for Holocene coarse-grained
sediments
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5.3  AMPLIFICATION WITHIN SITE CATEGORIES DEFINED BY V3

As noted in Section 3.2.2, shear wave velocity profiles were matched to strong motion stations
for 185 sites with strong motion recordings. The site breakdowns associated with the V;_3p-based
NEHRP classification scheme (Table 3.3) are presented in Figure 3.6. Only Categories B-D
have a sufficient number of sites to enable a stable regression of amplification factors. Individual
amplification factors and the results of regression analyses performed according to Eq. 4.3(a) are
presented in Figures 5.6 and Tables 5.4 for NEHRP Categories B-D.

Amplification levels between NEHRP Categories C—D are moderately or significantly
distinct at all periods, with the amplification being larger for NEHRP D than for C.
Amplification levels for Categories B and C are not distinct for some individual periods, but are
distinct for parameters F, and F,, with C amplification exceeding B. The PHA-dependence of
amplification in NEHRP B is statistically insignificant. For C, the PHA-dependence is moderate
to strong at low periods (7' = 0.01 s and 0.3 s, F,), and insignificant at longer periods. The
NEHRP D category has weak-motion amplification levels that are comparable to C at low
periods (7 = 0.01 s and 0.3 s, F,;) and moderate nonlinearity. For relatively strong shaking, D
amplification clearly exceeds C. At longer periods, amplification of D is large but the PHA-

dependence of the amplification is negligible.
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Table 5.4(a). Regression coefficients for S, amplification factors,

NEHRP (V ;.39 ) classification scheme

Rejection

confidence for

Category Period a b o b=0 model (%)
NEHRP B PHA -0.16 +1.26  -0.04 + 0.51 0.51 13
0.3 -0.41 +1.15 -0.02 + 0.47 0.47 7
1 -1.084+1.84 -0.22+0.75 0.75 46
3 -1.77+1.79 -0.65+ 0.66 0.32 95
Fa -0.25+1.08  0.02 4+ 0.44 0.44 8
Fv -0.934+1.50 -0.21 + 0.61 0.61 51
NEHRP C PHA -0.11+0.26 -0.08 + 0.10 0.56 86
0.3 -0.29+0.30 -0.14+0.12 0.63 97
1 0.05+0.37 -0.05+0.15 0.77 48
3 0.09+0.57 0.00 + 0.27 0.76 2
Fa -0.27+0.27 -0.13+0.11 0.57 98
Fv 0.00+0.32 -0.07+0.13 0.68 71
NEHRP D PHA 0.07 +0.22 -0.07 + 0.08 0.57 88
0.3 0.07+0.21  -0.05+ 0.08 0.54 77
1 0.37+0.21  -0.01 + 0.08 0.54 15
3 0.47+0.26 0.00+0.12 0.56 4
Fa 0.02+0.19 -0.06 + 0.07 0.50 91
Fv 0.34+0.18 -0.02 + 0.07 0.46 50

Table 5.4(b). F-statistics indicating distinction between site categories,

NEHRP (V ;.39 ) classification scheme

Categories

PHA T=03s T=10s T=30s F, F,
F p F p F p F p F p F p

NEHRP B-C
NEHRP C-D

0.49 0.614 3.01 0.052 5.78 0.004 0.73 0.487 3.09 0.049 5.93 0.003
2.7 0.068 3.7 0.026 5.0 0.007 6.1 0.003 3.1 0.049 7.2 0.001
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The amplification factors for NEHRP categories do not exactly match those for surface
geology categories because there is not a one-to-one correspondence between V.3 and surface
geology. NEHRP B amplification factors are generally smaller than Mesozoic, which likely
occurs because many of the Mesozoic geology sites in our database have V3 smaller than the
lower-bound NEHRP B threshold of 760 m/s (e.g., among the 24 Mesozoic sites with NEHRP
classifications, 13 are C, 8 are B, and 3 are A). The results for NEHRP C sites are generally
intermediate between results for the geologic Pleistocene and Tertiary categories (except at long
period). Results for NEHRP D sites are generally intermediate between those for Holocene and
Pleistocene sediments. Data dispersion, as measured by intra-category standard deviations, is
generally larger than the values obtained for detailed surface geology schemes. This is a
significant outcome, as it suggest that the NEHRP scheme has less ability to distinguish site-to-
site variations in spectral acceleration than the geology scheme.

We investigated whether revising the velocities that define the NEHRP boundaries would
improve the intra-category data dispersion. To define new velocities for this exercise, we
attempted to align the revised NEHRP categories with typical V3, values for geologic units in

California (Wills and Silva, 1998). The following revised categories were investigated:

Category Current NEHRP  Possible Revision
E < 180 m/s <200 m/s

D 180 — 360 m/s 200 — 340 m/s

C 360 — 760 m/s 340 — 530 m/s

B 760 — 1500 m/s 530 - 1300 m/s

The revised boundaries correspond roughly to 84" and 16™ percentile Vi3 values for the
following geologic units, as determined by Wills and Silva (1998): NEHRP E-D boundary, Him
and Qa; D-C boundary, Qa and Tertiary; C-B boundary, Tertiary and Mesozoic (Franciscan
formation).

To investigate whether the revised NEHRP categories are worthwhile from the standpoint of
dispersion reduction, we categorized all sites according the revised boundaries shown above, and
performed regression of data within the categories. For soil categories (C + D), the outcome of
the analyses is that the new site categories do not produce significant changes in standard error
terms and the dispersion remains significantly higher than for detailed surface geology schemes.

For rock categories (B + C), the new B-C boundary provides a small improvement. A
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presentation of the numerical results that support these conclusions is deferred to Section 6.1,
where the results are presented as inter-category standard error terms (i.e., averaged error terms
across categories within a scheme).

A significant outcome of the work presented in this section is that the NEHRP classification
scheme appears to be less effective at predicting site-to-site variations in ground motion at soil
sites than detailed surface geology schemes. This is evidenced by the relative high intra-category
dispersion terms at small period for the NEHRP categories (in Table 5.4b) as compared to those
for the detailed surface geology schemes (Tables 5.2a and 5.3a). Further support for this
conclusion is provided by the inter-category error terms discussed in Section 6.1.

To further investigate the degree to which surface geology can provide an improved
representation of site effects relative to the NEHRP categories, we compiled sites classified into
the NEHRP C and D categories, and for sites within a given category, compute F statistics to test
the level of distinction between sites within Quaternary alluvium (Qa) and Tertiary (T) sub-
categories. These results are presented in the top two rows of Table 5.4(c), and show that Qa and
T sites have distinct amplification levels at low period within the NEHRP D category but not
within the NEHRP C category. The above analyses were performed in reverse as well, to
evaluate the degree to which amplification levels within the Qa and T categories can be
distinguished on the basis of NEHRP category C or D. These results are shown in the bottom two
rows of Table 5.4(c), and show that NEHRP C and D sites do not have distinct amplification
levels for multiple periods within either the Qa and T categories. To the extent that the low-
period distinction between Qa and T within NEHRP D is greater than that obtained from
subdivision of geology categories, the results of the sets of analyses in Table 5.4(c) weakly

support the use of surface geology-based categories over NEHRP categories.

Table 5.4(c). F-statistics indicating distinction between sub-categories
within NEHRP and surface geology categories

PHA T=03s T=10s T=30s F, F,
Categories F p F p F p F o] F o] F o]
NEHRP C: Qa-T 0.3 0.727 0.4 0.699 2.3 0.110 0.3 0.722 0.3 0.721 2.6 0.088
NEHRP D: Qa-T 2.4 0.100 3.5 0.034 0.1 0.883 0.5 0.600 1.9 0.156 0.9 0.395
Qa: NEHRP C-D 1.5 0.223 2.3 0.102 1.1 0.328 0.4 0.665 3.2 0.044 0.8 0.451
T-NEHRPC-D 1.5 0.241 2.1 0.136 1.2 0.326 0.6 0.542 1.3 0.275 2.5 0.100
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54  AMPLIFICATION WITHIN SITE CATEGORIES DEFINED BY
GEOTECHNICAL DATA
As noted in Section 3.2.3, geotechnical site classifications were developed for 183 strong motion
stations based on nearby boreholes, and 335 recordings have been made at these sites. The site
breakdown associated with the geotechnical classification scheme developed by Rodriguez-
Marek et al. (2001) (Table 3.4) is presented in Figure 3.7. Individual amplification factors and
the results of regression analyses performed according to Eq. 4.3(a) are presented in Figures 5.7
and Tables 5.5 for Categories B—E.

Category B (intact rock) has substantial de-amplification that is significantly distinct from
Category C at low- to moderate-periods (7' < 1.0 s, F,, F,). De-amplification factors for B do not
vary significantly with rock PHA, and are generally lower than those for the Mesozoic + Igneous
category in the age-only geology classification scheme. The general levels of C and D
amplification at small periods are comparable to those for Holocene alluvial sediments. As
demonstrated by the regression and hypothesis test results in Table 5.5(a), nonlinearity is
generally weak to modest in Categories C and D. Data for Category E indicate much larger
weak-motion amplification and nonlinearity than C or D for 7 < 1.0 s. However, this trend is
based on a small number of recordings (12) and is considered tentative.

Interestingly, for Categories C and D, low-period amplification levels (7' = 0.01 and 0.3 s)
are not distinct, while intermediate to long-period amplification factors are significantly distinct
with D exceeding C. This result is a reversal of trends discussed above in which inter-category
distinction was generally greater at smaller period, and may be associated with a sediment depth
effect on long-period spectral ordinates (the geotechnical scheme is the only one that
incorporates depth in the definition of the site categories).

Data dispersion for Categories B and C, as measured by intra-category standard error terms,
is comparable to that obtained for Tertiary and Mesozoic + Igneous geology or for NEHRP C.
Category D error terms are similar to those for Holocene alluvium and NEHRP D. Category E
error terms are relatively small. As with the other classification schemes, dispersion generally

tends to increase with period.
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Table 5.5(a). Regression coefficients for S, amplification factors,

geotechnical data classification scheme

confidence for

Rejection

Category Period a b o b=0 model (%)
Geotech. - B PHA -0.03+0.50 0.02+0.22 0.56 11
0.3 -0.174+0.59  0.06 + 0.26 0.67 70
1 -0.14+0.70  0.12 4+ 0.31 0.79 89
3 -0.244+0.77 -0.08 +0.35 0.63 36
Fa -0.15+0.53 0.04 + 0.24 0.60 27
Fv -0.15+0.62 0.10+0.28 0.70 52
Geotech. - C PHA 0.10+0.30 -0.04 + 0.11 0.61 56
0.3 -0.10+0.30 -0.12+ 0.11 0.63 97
1 0.20 + 0.35 -0.02 + 0.13 0.71 23
3 0.414+0.47 0.13+0.21 0.69 77
Fa -0.07+ 0.27 -0.11+0.10 0.56 96
Fv 0.24+0.30 -0.03 + 0.11 0.63 37
Geotech. - D PHA -0.04 +0.24  -0.09 + 0.09 0.57 94
0.3 0.04 + 0.21  -0.05+ 0.08 0.51 76
1 0.35+0.22 -0.03 +0.09 0.54 50
3 0.42+4+0.29 -0.04+0.13 0.58 45
Fa -0.01 £ 0.20 -0.06 + 0.08 0.49 87
Fv 0.284+0.20 -0.05+ 0.08 0.47 79
Geotech. - E PHA -0.88 +0.75 -0.62 +0.33 0.41 100
0.3 -1.00+ 0.68 -0.62 4+ 0.30 0.38 100
1 -0.28+0.80 -0.42+0.35 0.44 98
3 0.28 4+ 0.97 -0.23+0.48 0.46 70
Fa -0.93+0.63 -0.55+0.27 0.35 100
Fv -0.21+0.69 -0.36+ 0.30 0.38 97

Table 5.5(b). F-statistics indicating distinction between site categories,
geotechnical data classification scheme

PHA T=03s T=10s T=30s F, F,
Categories F p F p F p F P F P F P
Geot. B-C 3.1 0.048 10.0 0.000 12.8 0.000 1.4 0.258 8.7 0.000 16.6 0.000
Geot. C-D 0.3 0.729 0.8 0.468 2.9 0.056 6.9 0.001 0.6 0.532 1.3 0.276
Geot. D-E 5.0 0.007 5.7 0.004 2.9 0.055 1.0 0.380 4.5 0.013 2.4 0.095
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The distinction between C and D sites is made based on depth to rock. Information on
sediment stiffness is not directly incorporated into the geotechnical classification scheme, with
the exception of the special category for soft soil (E). Accordingly, for Categories C and D we
evaluate the dependence of amplification factors on stiffness using the V3 parameter, which is
available for many of the geotechnically classified sites. This evaluation is performed by
regressing residual R;; for motion j in scheme i against V.3 as follows:

In(R;) =c; +d,V,_3 (5.3)
where c¢; and d; represent regression coefficients for category i. These analyses are performed for
period-averaged spectral ordinates F, and F,. The results are presented in Figure 5.7(e)—f) and
Table 5.5(c). These results indicate moderate variability of the residuals with Vi3p in the C
category for F, and in the D category for F,. Dispersion is not significantly reduced from the
values given in Table 5.5(a).

Our judgment is that these results do not support modification of the geotechnical
categorization scheme to include information on V3. We base this opinion on the lack of
dispersion reduction associated with the introduction of this parameter, and the lack of a
significant effect of V.39 on F, values for Category C (where the greatest effect might have been
expected given the limited depth of Category C sites). For Category C, our lack of dispersion
reduction differs from the findings of Rodriguez-Marek et al. (2001), who found use of the V|3
parameter to reduce dispersion for Category C. Like the present study, Rodriguez-Marek et al.

found the use of V.39 to not reduce dispersion for Category D.

Table 5.5(c). Regression coefficients for variation of residual in
geotechnical categories C and D with30 m V

Category Period c d (s/m) G

Geotech C Fa 0.07 + 0.37 -0.0002 + 0.0009 0.56
Fv 0.45 4 0.40 -0.0010 + 0.0010 0.61

Geotech D Fa 0.28 + 0.29 -0.0009 + 0.0009 0.48
Fv 0.14 4+ 0.27 -0.0005 + 0.0009 0.47
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5.5 MAGNITUDE-DEPENDENCE OF AMPLIFICATION FACTORS
The regression equation used in the above analyses (Eq. 4.3a) is based on the assumption that
amplification for a given site category is a function of only reference motion amplitude. Due to
the finite time required for soil profiles to reach their steady-state resonant response, some
dependence of amplification on the magnitude/duration of strong shaking might be expected. In
Figure 5.8 we present residuals between individual amplification factors for Holocene sites and
amplification-adjusted reference motions (using the regression results in Figure 5.1a). The results
indicate no significant magnitude-dependence in the sediment response for spectral accelerations
at 7=0.01 and 0.3 s. However, magnitude-dependent residuals are observed at 7= 1.0 and 3.0 s.
The increase of residual with magnitude in Figure 5.8 indicates larger long-period sediment
response in large magnitude earthquakes as compared to small magnitude events. Similar results
are obtained for other site categories.

We perform linear regression analyses to relate residuals such as those shown in Figure 5.8
to magnitude for 7=3.0 s amplification factors and F,. The regression was performed according
to:

In(R;) =¢; + f;m (5.4)

where e; and f; are regression coefficients for category i and m = moment magnitude. Values of
the regression coefficients and standard error terms are shown in Table 5.6. Parameters e; and f;
can be taken as zero for 7= 0.01 and 0.3 s. The standard error terms at long periods are reduced

slightly from the values indicated in Table 5.1.
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Table 5.6. Regression coefficients for magnitude-dependence of
residual for amplification of T=3s S, and F,

Geology Period e f G
Holocene 3 -1.41 +1.19 0.21 +0.18 0.63
Fv -0.774+0.45  0.12+ 0.07 0.49
Pleistocene 3 -0.61 + 1.82 0.09 + 0.28 0.50
Fv -0.0240.80 0.00+0.13 0.50
Tertiary 3 -1.784+1.98  0.27 4+ 0.30 0.45
Fv -0.554+0.87 0.09+0.14 0.58
Mesozoic 3 -1.28 + 3.75 0.19 + 0.56 0.66
Fv -1.39 + 1.63 0.22 + 0.25 0.72
Hol. - alluvium 3 -1.37 + 1.51 0.21 +0.23 0.67
Fv -1.26 4+ 0.59  0.20 4+ 0.09 0.48
Hol. - Lac/marine 3 -6.00 + 4.96 0.91+0.75 0.43
Fv -1.284+1.10 0.21+0.18 0.41
Pleist. - alluvium 3 -0.79+2.47  0.12+40.37 0.55
Fv 0.70 +1.43  -0.11 4+ 0.22 0.59
Quat. - alluvium 3 -1.26+1.28 0.19+0.19 0.64
Fv -0.934+0.56  0.14 4+ 0.09 0.51
Hol. - coarse 3 -2.14 4+ 2.32 0.31 + 0.34 0.62
Fv -0.664+0.93 0.10+0.14 0.48
Hol. - mixed 3 -0.85 4+ 2.22 0.13+ 0.34 0.56
Fv -0.47 +1.01 0.08 +0.16 0.48
Pleist. - coarse 3 -2.88 + 5.67 0.44 + 0.87 0.42
Fv 0.62+232 -0.10+0.36 0.41
Pleist. - mixed 3 1.504+2.92 -0.234 0.46 0.46
Fv 1.67+1.76 -0.27 +0.28 0.40
NEHRP - C 3 -0.71 £3.19  0.11 £ 0.48 0.76
Fv 1.76 £ 1.33  -0.27 + 0.20 0.66
NEHRP - D 3 -1.46 + 1.67 0.22 + 0.25 0.56
Fv 0.01 +0.60  0.00 + 0.09 0.46
Geotech. - B 3 1.694+6.84 -0.2541.02 0.62
Fv 0.124+ 253 -0.02+0.38 0.70
Geotech. - C 3 -2.604+3.47 0.39+0.52 0.68
Fv 0.96 +1.18 -0.15+0.18 0.62
Geotech. - D 3 -1.01+1.65 0.154+0.25 0.58
Fv 0.06 +0.68 -0.01 +0.11 0.47
Geotech. - E 3 -4.25 + 6.38 0.64 + 0.96 0.41
Fv -2.624+2.70  0.40+ 0.41 0.31
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6 Discussion

6.1 COMPARISON OF CLASSIFICATION SCHEMES

One of the objectives of this research was to quantify the ability of different classification
schemes to capture site-to-site variations of spectral acceleration. Five classification schemes
were considered, three of which are based on surface geology, one on near-surface shear wave
velocity (V.39), and one on geotechnical data. One measure of the quality of a classification
scheme is inter-category, or scheme, median residuals (R) and standard errors (og), which are

calculated as follows:

1 M
R=— ) R, 6.1a
M; , (6.1a)
M N,
> SR -R
op= |75 (6.1b)
ZNij_Ndof
i=1

where M = the number of categories in scheme i and Ny, = total number of degrees-of-freedom
in regression equations for the scheme (2 X M) (other terms were defined in Section 4.2). All
median residuals (R) are zero. Inter-category standard error ok represents the average dispersion
of data within all categories belonging to a given scheme.

Inter-category standard error terms for the soil and rock categories are plotted as a function
of period in Figures 6.1a and 6.1b, respectively. The error terms for 7=3 s spectral acceleration
apply for non-magnitude corrected amplification factors. The error terms for the geotechnical
scheme are those without a V3 adjustment. Error terms based on V.3, classifications are shown
for the NEHRP categories, and newly-defined categories with velocity boundaries adjusted to be

more correlated with geologic age (as discussed in Section 5.3).
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For soil sites (Figure 6.1a), the largest error terms at all periods except 7' = 3.0 s are obtained
from the V39 -based and geotechnical classification schemes. The smallest error terms are from
detailed geology schemes such as age + depositional environment or age + material texture.
Maximum differences in the category dispersion values are as large as 0.1 in natural logarithmic
units, which is a significant variation. Also shown for reference are the error terms from the
Abrahamson and Silva (1997) attenuation relationship. Note that these error terms are strongly

magnitude dependent, an effect not observed in this study (see Figure 5.2).

<o Age only (H + P)

O Quaternary age + material texture

A Quaternary age + depositional environment

+ V, 5 (NEHRP C + D)

x revised V_,, (C + D)

@) Geotechnical data (C + D + E)
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Fig. 6.1(a). Inter-category standard error terms for spectral acceleration (this study) and
error terms derived by Abrahamson and Silva (1997). Results apply for categories within
the respective schemes associated with poorly consolidated sediments (soil).

For rock sites (Figure 6.1b), the error terms are generally minimized at intermediate to long
period for the geology scheme (which is age-only for rock) and at short period for the Vi3 -
based schemes. The rock error terms for all schemes are larger than those for soil. Detailed
information on the geology of rock sites (i.e., information beyond age such as fracture spacing or
degree of weathering) is not available on most geologic maps. Incorporation of such information

into site classification schemes might reduce intra-category dispersion for rock categories.
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As shown in Figures 6.1a-b, the inter-category error terms for the two V. 3y —based schemes
are not significantly different for soil sites. For rock sites, the revised B-C boundary produces

slightly smaller error terms. For this reason, adjustment of the NEHRP B-C boundary may be

advisable.
<o Age only (T and M+l)
+ V, 5 (NEHRP B + C)
x revised V_,, (B + C)
@) Geotechnical data (B +C)
6 09 LI T T T T LI | T T T T T T 1T | T T T T LI
w 08 = Aprahamson & Silva (1997), m = 5.5 ‘\; - 7]
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Fig. 6.1(b). Inter-category standard error terms for spectral acceleration (this study) and
error terms derived by Abrahamson and Silva (1997). Results apply for categories within
the respective schemes associated with rock conditions.

The data used to compile the inter-category error terms in Figures 6.1(a)—(b) include
motions from all classified sites. These data sets are inconsistent to the extent that the various
schemes have different numbers of classified sites. Accordingly, we compiled a list of 109 sites
(with 187 recordings) for which classifications are available by all five of the categorization
schemes considered herein. Using this data set, inter-category error terms for the soil and rock
categories are compared in Figures 6.1(c)—(d). The general trends in the error terms from this
reduced data set are similar to those for the full data set (Figures 6.1a—b). Detailed surface
geology schemes minimize inter-category error for soil. NEHRP minimizes inter-category error

for rock at small period (7 < 0.3 s) and age-only geology is more effective at longer periods.
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Fig. 6.1(c). Inter-category standard error terms derived using consistent data set,
categories associated with soil conditions
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6.2 COMPARISON TO PREVIOUS STUDIES

It is of interest to compare the results of this study to the findings of previous research. In the
following sections we compare our results for amplification of spectral acceleration to those

from previous empirical work (Section 6.2.1) and analytical work (6.2.2).

6.2.1 Empirical Studies

Several previous studies have developed amplification factors suitable for comparison to the
results of this study. In Figure 6.2(a) we compare our results for Quaternary alluvium to those of
Steidl (2000) for Quaternary sediments in the southern California region. In Figure 6.2(b), we
compare our results for NEHRP D sites to those of Borcherdt (2001), which were derived using
data from the 1994 Northridge earthquake for NEHRP D sites. We find our amplification factors
to be similar to those of Steidl for the Q (all Quaternary) and Qy (young Quaternary) categories,
but to show lower amplification levels and less variation with rock PHA than was found by

Borcherdt.

10 : T T T TTT || T T T TTT E 10 : T T T T TTTT | T T T T TTT I:
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= e S =
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Fig. 6.2(a). Comparison of results from this study and Steidl (2000) for Quaternary
alluvium. For Steidl results, symbol 1 denotes median, symbol o,, denotes standard error
of the median.
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Fig. 6.2(b). Comparison of results from this study and Borcherdt (2001) for NEHRP D sites

Figure 6.3(a) compares our results to those of Steidl (2000) for Tertiary sites. Figure 6.3(b)
compares our results to those of Borcherdt (2001) for NEHRP C sites. Our results indicate
similar levels of amplification, although a lower degrees of low-period nonlinearity, to those of
Steidl. As before, our results show lower amplification levels and less variation with rock PHA

than was found by Borcherdt.
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Fig. 6.3(a). Comparison of results from this study and Steidl (2000) for Tertiary sediments
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Fig. 6.3(b). Comparison of results from this study and Borcherdt (2001) for NEHRP C sites

We compare in Figure 6.3(c) our results for Mesozoic materials to those of Steidl, and find
comparable overall amplification levels and degrees of apparent nonlinearity. As noted
previously, nonlinearity in the response of Mesozoic materials is not statistically significant

because of the weak trend in the data relative to the large data scatter.
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Fig. 6.3(c). Comparison of results from this study and Steidl (2000) for Mesozoic and
Igneous geology

79



Another existing source of amplification factors is the site term in the Abrahamson and
Silva, 1997 (A&S) attenuation relationship. The form of this term was given in Eq. 4.3(b).
Regression coefficients for Eq. 4.3(b) were derived by A&S using all “soil” sites, which
generally include Holocene and Pleistocene sediments. In Figure 6.4 we compare this site term to
the data for Quaternary alluvial sediments (Qa) and Holocene lacustrine/marine sediments
(HIm). For Qa, low-period amplification levels are similar to the A&S site term. At longer
periods (e.g., T = 3.0 s), A&S predicts increases in amplification with PHA, an effect not
observed in the data trend. The A&S site term at long periods and high PHA therefore appears to
be biased high. For HIm, our results indicate for 7' = 0.01 s larger low-period amplification levels
and rock PHA-dependence than the A&S site term. Differences at longer periods are much

smaller.
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Fig. 6.4(a). Comparison of results for Quaternary alluvium (this study) with site term in
Abrahamson and Silva (1997) attenuation relationship
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6.2.2 Analytical Studies

Equivalent-linear ground response analyses have been extensively used to estimate amplification
factors F, and F), for use in seismic design codes. The F, and F) factors in the NEHRP provisions
for new buildings (BSSC, 2000) are empirically based up to PHA = 0.1g (from Borcherdt, 1994),
and are based on ground response analysis results at stronger levels of shaking (Dobry et al.,
2000). In Figure 6.5 we compare the results of this study for the V.3 classification scheme to the
NEHRP amplification factors. Our amplification levels are generally smaller than those given in
the code provisions. This can be attributed to the use of a rock-average reference site condition
(corresponding approximately to soft rock) in the derivation of reference ground motions for this
study, as compared to a relatively competent reference rock condition that applies for the code-
based amplification factors. Ground motion amplitude on soft rock is generally larger than on
firm rock, therefore producing smaller amplification factors. The PHA-dependence of our factors
and the NEHRP factors are comparable for the F, parameter in Class C. For both parameters in

Class D and the F, parameter in Class C, the NEHRP factors have larger nonlinearity than our

factors.
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Fig. 6.5(a). Comparison of results for NEHRP Class C soils (this study) with site factors in
NEHRP provisions (BSSC, 2000)
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Fig. 6.5(b). Comparison of results for NEHRP Class D soils (this study) with site factors in
NEHRP provisions (BSSC, 2000)

Silva et al. (1999) developed amplification factors for the San Francisco Bay (SFB) and Los
Angeles (LA) areas as a function of surface geology, depth to basement (defined as V; = 1 km/s),
and control motion amplitude. Amplification is defined relative to Franciscan rock in SFB and
granite in LA, both being Mesozoic in age. The amplification factors were developed using
randomized ground conditions (velocity profiles, modulus reduction, and damping curves, etc.)
and hence incorporate significant parametric uncertainty. Shown in Figure 6.6 are results by
Silva for the San Francisco Bay region vs. results of this study. Comparisons are made within
comparable geology categories [i.e., Silva Bay Mud is compared to Hlm; Silva Quaternary
materials (Qa/QT) are compared to Qa; direct Tertiary comparison]. The empirical amplification
factors from this study are smaller than the calculated factors by Silva et al., with the exception
of F, for the Hlm category. The deviation is likely a result of the different reference rock
conditions. The PHA-dependence of the amplification factors are similar, with the exception of
Silva’s F, factors for Bay Mud, which have much higher PHA-dependence than our results for
Hlm.

84



10 : T T T TTTTT | T T T TTTTT : 10 : T T T TTTTT T T T TTTTT :
- Silva et al. (1999) . - .
L = = == = Qa 4 L 4
F o | & | __ |
= o =
— R N
o 1 TR — © 1 —
nE N1 2 f ]
e Z i > - This stud i
L i This study (Qa) ] L i 's study (Qa) ]
0.1 1 1 ||||||| 1 1 ||||||| 0.1 1 1 ||||||| 1 1 |||||||
0.01 0.1 1 0.01 0.1 1

PHA on Rock (g)

PHA on Rock (g)

Fig. 6.6(a). Comparison of results for Quaternary alluvial sediments (this study) with

analytical results by Silva et al. (1999) for San Francisco Bay Area Quaternary sediments
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Fig. 6.6(b). Comparison of results for Holocene lacustrine/marine sediments (this study)
with analytical results by Silva et al. (1999) for San Francisco Bay Mud
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Fig 6.6(c). Comparison of results for Tertiary sediments (this study) with analytical results
by Silva et al. (1999) for Tertiary

Figure 6.7 compares recommended PHA amplification factors for soft soil sites by Idriss
(1990) to PHA amplification factors for the Hlm category. The amplification factors by Idriss
were derived from a combination of observation and equivalent-linear ground response analysis.
Median amplification factors from this study are near the lower bound of the “Loma Prieta” and
“Mexico City” bands given by Idriss, and are below Idriss’s recommended relation (labeled as
“Idriss, 1990” in Figure 6.7). There are two possible explanations for this. First, some sites in the
HIm category are not “soft soil,” and hence would be expected to produce smaller amplification
levels. Second, Idriss’s site factors are based on reference recordings from sites with more

competent bedrock than the rock-average condition used in this study.
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6.3 COMPARISON TO PRELIMINARY DATA FROM 1999 CHI-CHI (TAIWAN)
EARTHQUAKE
The 1999 Chi-Chi (Taiwan) earthquake provided a large number of strong motion recordings
that were not included in the regression analyses discussed previously. Preliminary geologic
classifications of these data have been compiled by Lee et al. (2001), and subdivide the sites
according to the following classification scheme:
B: Pliocene and older, igneous, and metamorphic, and limestone
C: Pliocene and Pleistocene, conglomerate, pyroclastic rocks, geomorphologic
lateritic terraces
D: Late Pleistocene and Holocene strata, geomorphologic fluvial terraces, stiff clays
and sandy soils with standard penetration test blow count, N > 17 in upper 30 m
E: Holocene and fills, N < 17 in upper 30 m
Amplification factors were computed for the stations in these categories, and the results are
compared in Figure 6.8 to median amplification factors derived in this study. The amplification
factors shown in Figure 6.8 were calculated using an event term that is the median residual of the
Abrahamson and Silva (1997) attenuation relation. Comparisons of the Taiwan data to the results

of this study are made as follows: B — Mesozoic, C — Tertiary, D — Quaternary alluvium, E
— Holocene lacustrine/marine.

The results indicate significant positive bias for large rock PHAs and long periods for each

site category. Results are generally more satisfactory at lower rock PHAs and periods.
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Fig. 6.8(a). Comparison of Chi-Chi, Taiwan, data for ‘E’ sites to regression results for
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7 Conclusions and Recommendations

7.1  SUMMARY OF FINDINGS

Many current strong motion attenuation relations (e.g., Abrahamson and Silva, 1997; Sadigh,
1997) sub-divide site conditions into two broad categories: rock and soil. This project has
developed amplification factors that can be used to modify predictions of rock attenuation
relations for spectral acceleration on the basis of mapped surface geology, V. 39, or a geotechnical
site classification.

Low-period spectral acceleration amplification in geologically defined categories is found to
be strongly a function of the age, material texture, and depositional environment of the surface
deposits. Materials of Holocene age are found to have the highest levels of weak shaking
amplification and soil nonlinearity, particularly when deposited in lacustrine or marine
environments. The nonlinearity in such materials is typically sufficiently pronounced that high-
frequency spectral ordinates are de-amplified at strong levels of shaking (PHA >~ 0.2g).
Quaternary alluvial sediments experience less weak shaking amplification, but less nonlinearity
as well. Amplification of Quaternary alluvial sediments is not significantly age-dependent. In all
Quaternary categories, ground motion amplification is found to be strongly period-dependant,
with less nonlinearity, and often more amplification, at longer spectral periods. ‘“Rock-like”
materials of pre-Pleistocene age (i.e., Tertiary or Mesozoic + Igneous categories) generally
experience less amplification than Quaternary sediments and statistically insignificant
nonlinearity. Amplification levels in the Tertiary and Mesozoic categories are significantly
distinct at all periods, with Tertiary amplification factors exceeding unity, and Mesozoic
generally being less than unity.

Available data from sites that can be classified on the basis of Vi3, indicate spectral

acceleration amplification levels for NEHRP B that are less than Mesozoic, NEHRP C
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amplification levels intermediate between those for Pleistocene and Tertiary sediments (except at
long period), and NEHRP D amplification levels that are intermediate between Holocene and
Pleistocene sediments. Amplification factors for sites classified on the basis of the geotechnical
classification scheme are distinctly lower for B than C, and are significantly differentiated
between C and D only at intermediate to long periods. Preliminary results for E sites show
significantly lower dispersion and higher PHA-dependence than for other categories.

One of the objectives of this study is to identify the “optimal” classification scheme among
the options of surface geology, NEHRP categories, and categories defined from geotechnical
data. We judge the relative effectiveness of these schemes based on the level of distinction
between categories within the scheme, and on the inter-category standard error term. The
NEHRP scheme is the most effective of those considered from the standpoint of inter-category
distinction across a broad period range (e.g., Figures 5.6, Table 5.4b). Detailed surface geology
provides the minimum values of inter-category error terms, although the distinction between
categories is insignificant at long periods.

Further advances in the characterization of site effects on intensity measures may require use
of parameters associated with features of the site other than near-surface sediments. We
speculate that such parameters may include basin depth and distance to basin edge. Some
promising preliminary results on basin depth have been obtained recently by Field et al. (2000)
and Steidl (2000) for sites in the Los Angeles basin. Further study of these effects is needed.

Insight was gained in this study into the critical influence of reference site condition on
amplification factors. In concept, any reference site condition could be used to define
amplification factors, provided that subsequent use of such factors is coupled with design
motions appropriate for the reference site condition. In California, the predominant condition of
consolidated (non-soil) geologic materials in urban areas is weathered “soft rock.” Accordingly,
attenuation models based on “rock” recordings in California are more nearly applicable to a soft
rock condition than to a hard rock condition. The reference site condition in this study was
selected to match the composite rock average for active regions, so that amplification factors
would be appropriate for use with standard rock attenuation models. The use of amplification
factors defined with respect to a relatively firm rock reference site condition coupled with these

same rock attenuation models may produce overly conservative design ground motions.
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7.2 RECOMMENDATIONS

Based on the analyses completed to date, classification schemes based on detailed surface
geology appear to provide an effective means by which to delineate site conditions for the
evaluation of site amplification factors. Recommended categories for materials of Quaternary

age are delineated on the basis of depositional environment or material texture as follows:

Depositional Environment Material Texture

Quaternary alluvium Holocene coarse-grained

Holocene lacustrine/marine Holocene fine/mixed texture
Pleistocene

Based on the data analyzed to date, we are unable to unambiguously identify one of the detailed
surface geology schemes as superior to the other. For pre-Quaternary materials (i.e., rock-like),
classifications are based only on age (T and M+I), and the dispersion of amplification factors is
relatively large. For each of the categories, the recommended regression equation is Eq. 4.3(a),
with the coefficients in Table 5.2(a) or 5.3(a) (Quaternary) or 5.1(a) (Tertiary and Mesozoic).

NEHRP site categories distinguished on the basis of Vi3 have distinct variations in
amplification levels between categories, but higher inter-category dispersion than detailed
surface geology schemes. It was possible to slightly reduce this dispersion for rock sites by
revising the V; boundary between the B-C categories to better reflect the velocity transition
between Tertiary and Mesozoic sediments, as discussed in Section 5.3. No such dispersion
reduction was observed for sites in soil categories. Regression coefficients and error terms for
the NEHRP categories are presented in Table 5.4(a).

A correction to the results of Eq. 4.3(a) is appropriate at long periods (i.e., T =3 s, F,). The
correction can be made using Eq. 5.4, with the coefficients in Table 5.6. Additional refinements
to these recommendations are likely as information on basin depth and other basin geometric

parameters is analyzed.

95



If the amplification factors derived herein are used to estimate probabilistic distributions of
ground motions within the context of a hazard analysis, the median of the distribution should be
taken as the product of the median of rock attenuation and the appropriate amplification factor.

The corresponding standard error term (0j,;) can be taken as

G = VO +0.237 (7.1)

where o is taken from the appropriate row of Table 5.1(a), 5.2(a), 5.3(a), or 5.4(a). The

additional error term of 0.23 accounts for inter-event variability, which was removed by use of
the event term during the derivation of reference motion in this study. The value of 0.23 was

obtained during the data regressions of Abrahamson and Silva (1997).
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APPENDIX C

Regression Coefficients for Recommended Site Categories



Age Only

Holocene
T (s) a +/- b +/- sigma
0.01 -0.25 0.14 -0.17 0.05 0.54
0.02 -0.25 0.14 -0.17 0.05 0.53
0.03 -0.30 0.14 -0.16 0.05 0.54
0.04 -0.47 0.14 -0.18 0.05 0.53
0.05 -0.50 0.14 -0.16 0.05 0.53
0.06 -0.50 0.13 -0.16 0.05 0.53
0.08 -0.48 0.14 -0.14 0.05 0.53
0.09 -0.43 0.14 -0.13 0.05 0.55
0.10 -0.42 0.14 -0.13 0.05 0.55
0.12 -0.37 0.14 -0.13 0.06 0.56
0.15 -0.37 0.14 -0.15 0.06 0.56
0.17 -0.38 0.14 -0.16 0.05 0.55
0.20 -0.39 0.14 -0.17 0.05 0.55
0.24 -0.30 0.14 -0.15 0.05 0.53
0.30 -0.21 0.13 -0.16 0.05 0.52
0.36 -0.11 0.13 -0.13 0.05 0.51
0.40 -0.09 0.13 -0.13 0.05 0.50
0.46 -0.08 0.13 -0.14 0.05 0.49
0.50 0.03 0.13 -0.11 0.05 0.50
0.60 0.07 0.14 -0.11 0.05 0.54
0.75 0.17 0.14 -0.08 0.06 0.56
0.85 0.19 0.15 -0.06 0.06 0.58
1.00 0.23 0.15 -0.04 0.06 0.59
1.50 0.20 0.18 -0.05 0.07 0.69
2.00 0.17 0.19 -0.04 0.07 0.75
3.00 0.32 0.21 -0.07 0.09 0.64
4.00 -0.04 0.22 -0.19 0.09 0.66
5.00 0.45 0.25 -0.09 0.11 0.62
Fa -0.21 0.12 -0.14 0.05 0.48
Fv 0.14 0.13 -0.09 0.05 0.50




Age Only

Pleistocene
T (s) a +/- b +/- sigma
0.01 0.08 0.27 0.00 0.10 0.47
0.02 0.02 0.27 -0.02 0.10 0.46
0.03 -0.03 0.28 -0.01 0.10 0.48
0.04 -0.29 0.28 -0.06 0.11 0.49
0.05 -0.18 0.27 -0.02 0.10 0.46
0.06 -0.22 0.27 -0.04 0.10 0.46
0.08 -0.23 0.26 -0.04 0.10 0.45
0.09 -0.11 0.26 0.00 0.10 0.45
0.10 -0.11 0.27 -0.01 0.10 0.46
0.12 -0.08 0.27 -0.01 0.10 0.47
0.15 -0.10 0.26 -0.02 0.10 0.44
0.17 -0.16 0.26 -0.06 0.10 0.44
0.20 -0.08 0.29 -0.03 0.11 0.49
0.24 0.07 0.28 0.01 0.11 0.48
0.30 0.18 0.28 0.05 0.11 0.48
0.36 0.20 0.28 0.05 0.11 0.49
0.40 0.24 0.29 0.05 0.11 0.50
0.46 0.17 0.31 0.01 0.12 0.53
0.50 0.22 0.31 0.02 0.12 0.53
0.60 0.27 0.32 0.03 0.12 0.54
0.75 0.43 0.33 0.07 0.12 0.57
0.85 0.37 0.34 0.05 0.13 0.58
1.00 0.35 0.33 0.04 0.12 0.56
1.50 0.07 0.35 -0.08 0.13 0.60
2.00 -0.03 0.37 -0.11 0.14 0.64
3.00 -0.06 0.43 -0.21 0.18 0.50
4.00 -0.81 0.49 -0.45 0.20 0.57
5.00 -0.17 0.61 -0.34 0.24 0.59
Fa 0.08 0.25 0.00 0.09 0.42
Fv 0.26 0.29 0.00 0.11 0.50




Age Only

Tertiary
T (s) a +/- b +/- sigma
0.01 0.23 0.36 -0.02 0.14 0.62
0.02 0.16 0.36 -0.06 0.15 0.61
0.03 0.14 0.37 -0.03 0.14 0.64
0.04 -0.08 0.38 -0.07 0.15 0.66
0.05 -0.03 0.37 -0.04 0.14 0.64
0.06 -0.05 0.37 -0.04 0.14 0.64
0.08 -0.08 0.36 -0.05 0.14 0.63
0.09 -0.02 0.35 -0.03 0.14 0.61
0.10 -0.05 0.35 -0.03 0.13 0.60
0.12 -0.06 0.35 -0.04 0.14 0.61
0.15 -0.04 0.35 -0.04 0.14 0.61
0.17 -0.03 0.36 -0.06 0.14 0.63
0.20 -0.02 0.36 -0.07 0.14 0.62
0.24 -0.01 0.37 -0.07 0.14 0.64
0.30 0.08 0.37 -0.05 0.14 0.64
0.36 0.02 0.40 -0.07 0.16 0.70
0.40 0.03 0.38 -0.07 0.15 0.66
0.46 0.07 0.37 -0.06 0.14 0.64
0.50 0.06 0.37 -0.08 0.14 0.64
0.60 0.08 0.36 -0.07 0.14 0.63
0.75 0.17 0.37 -0.02 0.14 0.64
0.85 0.17 0.39 -0.01 0.15 0.67
1.00 0.08 0.35 -0.04 0.14 0.61
1.50 -0.04 0.39 -0.05 0.15 0.68
2.00 -0.13 0.42 -0.06 0.16 0.73
3.00 0.27 0.37 -0.01 0.18 0.47
4.00 -0.01 0.36 -0.04 0.18 0.45
5.00 0.32 0.57 0.01 0.32 0.51
Fa 0.04 0.34 -0.06 0.13 0.59
Fv 0.07 0.34 -0.06 0.13 0.58




Age Only

Mesozoic
T (s) a +/- b +/- sigma
0.01 -0.18 0.35 -0.10 0.14 0.54
0.02 -0.22 0.35 -0.14 0.14 0.54
0.03 -0.13 0.36 -0.07 0.15 0.56
0.04 -0.20 0.37 -0.05 0.15 0.58
0.05 -0.19 0.36 -0.03 0.15 0.57
0.06 -0.16 0.36 -0.03 0.15 0.56
0.08 -0.16 0.35 -0.02 0.14 0.55
0.09 -0.12 0.35 -0.02 0.14 0.55
0.10 -0.16 0.33 -0.03 0.14 0.52
0.12 -0.20 0.34 -0.07 0.14 0.53
0.15 -0.29 0.36 -0.11 0.15 0.56
0.17 -0.35 0.36 -0.13 0.15 0.57
0.20 -0.39 0.37 -0.14 0.15 0.58
0.24 -0.47 0.37 -0.15 0.15 0.58
0.30 -0.48 0.38 -0.15 0.15 0.59
0.36 -0.40 0.43 -0.12 0.18 0.68
0.40 -0.43 0.45 -0.13 0.18 0.70
0.46 -0.57 0.46 -0.18 0.19 0.73
0.50 -0.55 0.46 -0.17 0.19 0.73
0.60 -0.64 0.47 -0.20 0.19 0.74
0.75 -0.65 0.50 -0.19 0.21 0.79
0.85 -0.63 0.52 -0.16 0.21 0.82
1.00 -0.66 0.53 -0.17 0.22 0.83
1.50 -0.70 0.56 -0.13 0.23 0.88
2.00 -0.69 0.56 -0.09 0.23 0.88
3.00 -0.46 0.61 -0.14 0.27 0.66
4.00 -1.05 0.57 -0.36 0.25 0.62
5.00 -0.13 0.83 0.00 0.40 0.70
Fa -0.35 0.34 -0.13 0.14 0.54
Fv -0.56 0.46 -0.15 0.19 0.73




Age + texture
Holo.+ Coarse

T (s) a +/- b +/- sigma
0.01 -0.16 0.26 -0.12 0.10 0.51
0.02 -0.14 0.26 -0.12 0.10 0.51
0.03 -0.21 0.26 -0.12 0.10 0.51
0.04 -0.42 0.27 -0.14 0.10 0.52
0.05 -0.35 0.27 -0.08 0.10 0.53
0.06 -0.38 0.27 -0.09 0.10 0.52
0.08 -0.30 0.28 -0.05 0.10 0.55
0.09 -0.20 0.28 -0.02 0.10 0.55
0.10 -0.19 0.28 -0.02 0.10 0.55
0.12 -0.19 0.28 -0.04 0.10 0.55
0.15 -0.14 0.27 -0.04 0.10 0.54
0.17 -0.16 0.27 -0.07 0.10 0.53
0.20 -0.27 0.27 -0.10 0.10 0.54
0.24 -0.16 0.26 -0.09 0.10 0.52
0.30 -0.14 0.25 -0.11 0.09 0.50
0.36 -0.06 0.24 -0.09 0.09 0.48
0.40 -0.08 0.24 -0.11 0.09 0.47
0.46 -0.12 0.24 -0.14 0.09 0.47
0.50 0.01 0.23 -0.11 0.09 0.46
0.60 0.00 0.26 -0.12 0.10 0.51
0.75 0.09 0.28 -0.09 0.10 0.56
0.85 0.12 0.28 -0.07 0.10 0.55
1.00 0.15 0.29 -0.06 0.11 0.57
1.50 -0.07 0.32 -0.15 0.12 0.63
2.00 -0.05 0.35 -0.13 0.13 0.70
3.00 -0.08 0.46 -0.22 0.17 0.63
4.00 -0.71 0.52 -0.43 0.20 0.67
5.00 0.22 0.68 -0.18 0.26 0.68
Fa -0.11 0.23 -0.09 0.09 0.46
Fv 0.05 0.24 -0.11 0.09 0.48




Age + Texture
Holo.+ Aggregate

T (s) a +/- b +/- sigma
0.01 -0.50 0.26 -0.31 0.11 0.51
0.02 -0.48 0.26 -0.31 0.11 0.51
0.03 -0.52 0.26 -0.29 0.11 0.52
0.04 -0.60 0.26 -0.26 0.11 0.51
0.05 -0.69 0.25 -0.27 0.11 0.51
0.06 -0.67 0.25 -0.27 0.11 0.50
0.08 -0.67 0.25 -0.25 0.11 0.49
0.09 -0.65 0.25 -0.25 0.11 0.50
0.10 -0.59 0.26 -0.22 0.11 0.53
0.12 -0.55 0.27 -0.22 0.12 0.54
0.15 -0.58 0.26 -0.25 0.12 0.53
0.17 -0.59 0.27 -0.27 0.12 0.53
0.20 -0.57 0.26 -0.27 0.11 0.51
0.24 -0.48 0.25 -0.25 0.11 0.49
0.30 -0.34 0.23 -0.23 0.10 0.47
0.36 -0.28 0.23 -0.22 0.10 0.46
0.40 -0.30 0.23 -0.24 0.10 0.46
0.46 -0.23 0.24 -0.23 0.10 0.48
0.50 -0.09 0.24 -0.19 0.11 0.48
0.60 0.00 0.26 -0.17 0.11 0.52
0.75 0.07 0.28 -0.16 0.12 0.56
0.85 0.09 0.28 -0.14 0.12 0.56
1.00 0.12 0.28 -0.11 0.12 0.56
1.50 0.14 0.31 -0.11 0.14 0.62
2.00 0.17 0.31 -0.06 0.14 0.63
3.00 0.33 0.32 -0.11 0.15 0.57
4.00 0.13 0.31 -0.16 0.15 0.55
5.00 0.19 0.42 -0.24 0.22 0.65
Fa -0.39 0.22 -0.24 0.10 0.45
Fv 0.03 0.24 -0.16 0.11 0.48




Age + Depositional Environment

Holo.+L/M
T (s) a +/- b +/- sigma
0.01 -0.56 0.31 -0.37 0.14 0.47
0.02 -0.53 0.31 -0.37 0.14 0.48
0.03 -0.57 0.32 -0.35 0.14 0.49
0.04 -0.61 0.33 -0.32 0.14 0.50
0.05 -0.73 0.30 -0.34 0.13 0.47
0.06 -0.68 0.29 -0.31 0.13 0.44
0.08 -0.71 0.32 -0.31 0.14 0.48
0.09 -0.66 0.35 -0.30 0.16 0.54
0.10 -0.64 0.34 -0.28 0.15 0.53
0.12 -0.62 0.36 -0.28 0.16 0.55
0.15 -0.64 0.36 -0.31 0.16 0.55
0.17 -0.60 0.35 -0.30 0.16 0.54
0.20 -0.62 0.33 -0.30 0.15 0.51
0.24 -0.46 0.34 -0.26 0.15 0.53
0.30 -0.36 0.29 -0.23 0.13 0.45
0.36 -0.21 0.31 -0.18 0.14 0.47
0.40 -0.22 0.31 -0.20 0.14 0.48
0.46 -0.18 0.28 -0.19 0.13 0.43
0.50 -0.12 0.28 -0.18 0.13 0.44
0.60 -0.09 0.31 -0.20 0.14 0.48
0.75 0.01 0.31 -0.19 0.14 0.47
0.85 0.08 0.32 -0.15 0.14 0.49
1.00 0.10 0.32 -0.15 0.14 0.49
1.50 0.20 0.34 -0.11 0.15 0.51
2.00 0.16 0.40 -0.11 0.18 0.62
3.00 0.39 0.38 -0.09 0.22 0.47
4.00 0.35 0.38 -0.04 0.22 0.47
5.00 0.14 0.34 -0.24 0.23 0.38
Fa -0.38 0.30 -0.24 0.13 0.46
Fv 0.01 0.28 -0.17 0.12 0.43




Age + Depositional Environment

Quat. + Alluv
T (s) a +/- b +/- sigma
0.01 -0.18 0.16 -0.14 0.06 0.52
0.02 -0.17 0.16 -0.13 0.06 0.52
0.03 -0.27 0.16 -0.14 0.06 0.52
0.04 -0.51 0.16 -0.18 0.06 0.51
0.05 -0.47 0.16 -0.13 0.06 0.51
0.06 -0.50 0.16 -0.15 0.06 0.51
0.08 -0.46 0.16 -0.13 0.06 0.51
0.09 -0.39 0.16 -0.11 0.06 0.52
0.10 -0.37 0.17 -0.11 0.06 0.53
0.12 -0.31 0.17 -0.11 0.06 0.53
0.15 -0.31 0.17 -0.12 0.06 0.53
0.17 -0.34 0.17 -0.15 0.06 0.53
0.20 -0.35 0.17 -0.15 0.06 0.53
0.24 -0.24 0.16 -0.13 0.06 0.51
0.30 -0.12 0.16 -0.12 0.06 0.51
0.36 -0.04 0.16 -0.10 0.06 0.50
0.40 -0.01 0.16 -0.10 0.06 0.51
0.46 -0.04 0.16 -0.13 0.06 0.52
0.50 0.07 0.17 -0.09 0.06 0.52
0.60 0.09 0.18 -0.09 0.07 0.57
0.75 0.16 0.18 -0.08 0.07 0.58
0.85 0.16 0.19 -0.07 0.07 0.60
1.00 0.23 0.19 -0.04 0.07 0.61
1.50 0.10 0.21 -0.09 0.08 0.67
2.00 0.00 0.23 -0.12 0.09 0.74
3.00 0.04 0.28 -0.19 0.11 0.65
4.00 -0.46 0.31 -0.36 0.12 0.67
5.00 0.32 0.37 -0.16 0.15 0.64
Fa -0.15 0.15 -0.12 0.06 0.47
Fv 0.13 0.16 -0.09 0.06 0.52




NEHRP

B

T (s) a +/- b +/- sigma
0.01 -0.16 1.26 -0.04 0.51 0.51
0.02 -0.33 1.34 -0.12 0.55 0.52
0.03 -0.19 1.24 -0.02 0.51 0.51
0.04 -0.24 1.19 -0.01 0.49 0.49
0.05 -0.17 1.11 0.05 0.45 0.45
0.06 -0.16 1.10 0.05 0.45 0.45
0.08 -0.17 1.03 0.03 0.42 0.42
0.09 -0.33 0.93 -0.05 0.38 0.38
0.10 -0.19 0.97 0.03 0.40 0.40
0.12 -0.15 0.98 0.03 0.40 0.40
0.15 0.18 1.04 0.18 0.42 0.42
0.17 0.11 1.21 0.12 0.49 0.49
0.20 0.12 1.22 0.15 0.50 0.50
0.24 -0.17 1.20 0.06 0.49 0.49
0.30 -0.41 1.15 -0.02 0.47 0.47
0.36 -0.42 1.49 0.02 0.61 0.61
0.40 -0.52 1.51 -0.02 0.62 0.62
0.46 -0.88 1.50 -0.15 0.61 0.61
0.50 -0.86 1.42 -0.15 0.58 0.58
0.60 -0.74 1.28 -0.12 0.52 0.52
0.75 -0.84 1.58 -0.17 0.64 0.64
0.85 -0.94 1.77 -0.20 0.72 0.72
1.00 -1.03 1.84 -0.22 0.75 0.75
1.50 -1.42 1.77 -0.41 0.72 0.72
2.00 -1.38 2.00 -0.39 0.82 0.82
3.00 -1.77 1.79 -0.65 0.66 0.32
4.00 -2.98 1.41 -1.07 0.52 0.25
5.00 - - - - -
Fa -0.25 1.08 0.02 0.44 0.44
Fv -0.93 1.50 -0.21 0.61 0.61




NEHRP

C
T (s) a +/- b +/- sigma
0.01 -0.11 0.26 -0.08 0.10 0.56
0.02 -0.12 0.26 -0.10 0.10 0.53
0.03 -0.16 0.27 -0.07 0.11 0.56
0.04 -0.33 0.26 -0.11 0.10 0.56
0.05 -0.42 0.26 -0.12 0.10 0.55
0.06 -0.41 0.26 -0.11 0.10 0.55
0.08 -0.43 0.26 -0.13 0.10 0.55
0.09 -0.36 0.27 -0.11 0.11 0.56
0.10 -0.40 0.26 -0.12 0.10 0.56
0.12 -0.37 0.26 -0.11 0.10 0.56
0.15 -0.39 0.28 -0.15 0.11 0.58
0.17 -0.36 0.28 -0.14 0.11 0.59
0.20 -0.40 0.28 -0.15 0.11 0.60
0.24 -0.35 0.29 -0.15 0.11 0.61
0.30 -0.29 0.30 -0.14 0.12 0.63
0.36 -0.25 0.34 -0.13 0.13 0.71
0.40 -0.22 0.33 -0.12 0.13 0.70
0.46 -0.21 0.33 -0.13 0.13 0.69
0.50 -0.15 0.31 -0.11 0.12 0.66
0.60 -0.15 0.34 -0.12 0.13 0.71
0.75 0.05 0.36 -0.05 0.14 0.76
0.85 0.04 0.37 -0.06 0.15 0.78
1.00 0.05 0.37 -0.05 0.15 0.77
1.50 0.06 0.38 -0.03 0.15 0.80
2.00 0.09 0.37 0.02 0.15 0.79
3.00 0.09 0.57 0.00 0.27 0.76
4.00 -0.33 0.57 -0.15 0.27 0.74
5.00 -0.17 0.84 -0.25 0.41 0.75
Fa -0.27 0.27 -0.13 0.11 0.57
Fv 0.00 0.32 -0.07 0.13 0.68




NEHRP

D
T (s) a +/- b +/- sigma
0.01 0.07 0.22 -0.07 0.08 0.57
0.02 0.04 0.22 -0.07 0.08 0.56
0.03 0.00 0.22 -0.06 0.09 0.57
0.04 -0.18 0.21 -0.09 0.08 0.56
0.05 -0.22 0.21 -0.08 0.08 0.56
0.06 -0.22 0.21 -0.08 0.08 0.56
0.08 -0.23 0.22 -0.08 0.08 0.57
0.09 -0.16 0.22 -0.06 0.09 0.57
0.10 -0.15 0.23 -0.06 0.09 0.59
0.12 -0.10 0.23 -0.05 0.09 0.60
0.15 -0.14 0.23 -0.08 0.09 0.59
0.17 -0.19 0.22 -0.11 0.08 0.56
0.20 -0.16 0.21 -0.10 0.08 0.55
0.24 -0.07 0.21 -0.09 0.08 0.54
0.30 0.07 0.21 -0.05 0.08 0.54
0.36 0.12 0.21 -0.04 0.08 0.53
0.40 0.12 0.20 -0.05 0.08 0.51
0.46 0.13 0.19 -0.06 0.07 0.49
0.50 0.25 0.19 -0.04 0.07 0.50
0.60 0.29 0.20 -0.03 0.08 0.52
0.75 0.41 0.20 0.00 0.08 0.52
0.85 0.41 0.20 0.01 0.08 0.53
1.00 0.37 0.21 -0.01 0.08 0.54
1.50 0.36 0.23 -0.02 0.09 0.59
2.00 0.29 0.25 -0.03 0.10 0.65
3.00 0.47 0.26 0.00 0.12 0.56
4.00 0.01 0.26 -0.16 0.12 0.56
5.00 0.52 0.35 -0.06 0.16 0.61

Fa 0.02 0.19 -0.06 0.07 0.50

Fv 0.34 0.18 -0.02 0.07 0.46




Geotechnical Data

B
T (s) a +/- b +/- sigma
0.01 -0.03 0.50 0.02 0.22 0.56
0.02 -0.02 0.51 0.00 0.23 0.56
0.03 -0.05 0.50 0.04 0.22 0.56
0.04 -0.12 0.51 0.04 0.23 0.57
0.05 -0.17 0.50 0.04 0.22 0.56
0.06 -0.15 0.50 0.04 0.22 0.56
0.08 -0.20 0.48 0.02 0.21 0.54
0.09 -0.25 0.47 -0.01 0.21 0.53
0.10 -0.27 0.47 -0.01 0.21 0.53
0.12 -0.29 0.49 -0.05 0.22 0.55
0.15 -0.21 0.55 -0.01 0.24 0.62
0.17 -0.18 0.56 -0.01 0.25 0.63
0.20 -0.27 0.54 -0.03 0.24 0.61
0.24 -0.23 0.60 0.00 0.27 0.67
0.30 -0.17 0.59 0.06 0.26 0.67
0.36 -0.16 0.68 0.11 0.30 0.77
0.40 -0.12 0.67 0.11 0.30 0.76
0.46 -0.20 0.66 0.09 0.29 0.74
0.50 -0.15 0.64 0.09 0.28 0.72
0.60 -0.26 0.63 0.05 0.28 0.71
0.75 -0.21 0.67 0.06 0.30 0.76
0.85 -0.19 0.72 0.09 0.32 0.81
1.00 -0.14 0.70 0.12 0.31 0.79
1.50 -0.22 0.73 0.11 0.32 0.82
2.00 -0.31 0.78 0.11 0.35 0.88
3.00 -0.24 0.77 -0.08 0.35 0.63
4.00 -0.81 0.86 -0.28 0.39 0.70
5.00 -0.10 1.06 0.01 0.52 0.63

Fa -0.15 0.53 0.04 0.24 0.60

Fv -0.15 0.62 0.10 0.28 0.70




Geotechnical Data

C

T (s) a +/- b +/- sigma
0.01 0.10 0.30 -0.04 0.11 0.61

0.02 0.09 0.29 -0.06 0.11 0.59
0.03 0.05 0.30 -0.04 0.11 0.62
0.04 -0.15 0.29 -0.08 0.11 0.60
0.05 -0.19 0.29 -0.08 0.11 0.61

0.06 -0.21 0.29 -0.09 0.11 0.61

0.08 -0.20 0.29 -0.08 0.11 0.59
0.09 -0.15 0.29 -0.06 0.11 0.60
0.10 -0.18 0.29 -0.07 0.11 0.61

0.12 -0.15 0.28 -0.07 0.11 0.59
0.15 -0.20 0.28 -0.12 0.11 0.59
0.17 -0.26 0.28 -0.15 0.10 0.58
0.20 -0.30 0.28 -0.16 0.10 0.57
0.24 -0.25 0.28 -0.16 0.11 0.59
0.30 -0.10 0.30 -0.12 0.11 0.63
0.36 -0.03 0.33 -0.11 0.12 0.69
0.40 0.01 0.32 -0.10 0.12 0.67
0.46 0.04 0.31 -0.09 0.12 0.65
0.50 0.12 0.30 -0.07 0.11 0.63
0.60 0.16 0.33 -0.05 0.12 0.68
0.75 0.35 0.34 0.01 0.13 0.70
0.85 0.29 0.34 0.00 0.13 0.71

1.00 0.20 0.35 -0.02 0.13 0.71

1.50 0.17 0.38 -0.02 0.14 0.79
2.00 0.24 0.38 0.04 0.14 0.78
3.00 0.41 0.47 0.13 0.21 0.69
4.00 -0.12 0.41 -0.04 0.18 0.60
5.00 0.68 0.75 0.18 0.34 0.75
Fa -0.07 0.27 -0.11 0.10 0.56
Fv 0.24 0.30 -0.03 0.11 0.63




Geotechnical Data

D
T (s) a +/- b +/- sigma
0.01 -0.04 0.24 -0.09 0.09 0.57
0.02 -0.06 0.23 -0.09 0.09 0.55
0.03 -0.09 0.24 -0.08 0.09 0.57
0.04 -0.25 0.22 -0.10 0.09 0.54
0.05 -0.31 0.22 -0.09 0.09 0.54
0.06 -0.28 0.22 -0.08 0.09 0.53
0.08 -0.32 0.23 -0.09 0.09 0.54
0.09 -0.24 0.23 -0.07 0.09 0.56
0.10 -0.24 0.24 -0.08 0.09 0.57
0.12 -0.17 0.24 -0.06 0.09 0.58
0.15 -0.17 0.24 -0.06 0.09 0.57
0.17 -0.15 0.23 -0.07 0.09 0.56
0.20 -0.13 0.23 -0.07 0.09 0.55
0.24 -0.06 0.22 -0.06 0.09 0.53
0.30 0.04 0.21 -0.05 0.08 0.51
0.36 0.09 0.21 -0.05 0.08 0.50
0.40 0.08 0.21 -0.06 0.08 0.50
0.46 0.09 0.20 -0.07 0.08 0.49
0.50 0.18 0.20 -0.06 0.08 0.49
0.60 0.20 0.21 -0.07 0.08 0.51
0.75 0.35 0.22 -0.03 0.09 0.52
0.85 0.35 0.22 -0.03 0.09 0.54
1.00 0.35 0.22 -0.03 0.09 0.54
1.50 0.37 0.24 -0.04 0.09 0.58
2.00 0.28 0.27 -0.06 0.11 0.64
3.00 0.42 0.29 -0.04 0.13 0.58
4.00 -0.02 0.31 -0.21 0.14 0.61
5.00 0.30 0.39 -0.20 0.18 0.63
Fa -0.01 0.20 -0.06 0.08 0.49
Fv 0.28 0.20 -0.05 0.08 0.47




Geotechnical Data

E
T (s) a +/- b +/- sigma
0.01 -0.88 0.75 -0.62 0.33 0.41
0.02 -0.87 0.75 -0.62 0.33 0.41
0.03 -0.94 0.76 -0.61 0.33 0.42
0.04 -1.03 0.75 -0.58 0.33 0.41
0.05 -1.27 0.66 -0.63 0.29 0.36
0.06 -1.29 0.64 -0.64 0.28 0.35
0.08 -1.30 0.66 -0.62 0.29 0.36
0.09 -1.35 0.73 -0.64 0.32 0.40
0.10 -1.25 0.77 -0.59 0.34 0.43
0.12 -1.23 0.68 -0.58 0.30 0.38
0.15 -1.09 0.74 -0.55 0.32 0.41
0.17 -1.07 0.72 -0.58 0.31 0.40
0.20 -1.09 0.62 -0.58 0.27 0.34
0.24 -0.91 0.59 -0.54 0.26 0.32
0.30 -1.00 0.68 -0.62 0.30 0.38
0.36 -0.91 0.66 -0.57 0.29 0.36
0.40 -0.86 0.71 -0.55 0.31 0.39
0.46 -0.73 0.80 -0.51 0.35 0.44
0.50 -0.55 0.85 -0.47 0.37 0.47
0.60 -0.24 0.91 -0.39 0.40 0.50
0.75 -0.12 0.79 -0.36 0.35 0.44
0.85 -0.22 0.70 -0.40 0.31 0.39
1.00 -0.28 0.80 -0.42 0.35 0.44
1.50 0.32 0.78 -0.10 0.34 0.43
2.00 0.47 0.69 0.00 0.30 0.38
3.00 0.28 0.97 -0.23 0.48 0.46
4.00 0.20 0.78 -0.21 0.38 0.36
5.00 -0.04 0.48 -0.22 0.25 0.19
Fa -0.93 0.63 -0.55 0.27 0.35
Fv -0.21 0.69 -0.36 0.30 0.38
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