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ABSTRACT

Site amplification factors are developed for the NEHRP site Categories considering ranges in profile
depth, uncertainties and variabilities in dynamic material properties, as well as both western and
eastern United States (WUS and CEUS) crustal conditions. Equivalent-linear analyses are used and
comparisons are made to results using a fully nonlinear analysis procedure. The results suggest that
sufficient conservatism exists in the NEHRP soft site Category E amplification factors and that the
hard rock factors, NEHRP Category A, reflect appropriate amplification. However, NEHRP
Category C amplification may be unconservative for most cases while NEHRP Category D
amplification may not have sufficient conservatism, being unconservative for some cases.

Evaluation of the 1997 UBC design spectra with spectra computed from recorded motions showed
design spectral levels conservatively above median estimates for Seismic Source Zone 4, Fault Types
A, B, and C, and all site conditions. For Seismic Source Zone 3, the 1997 UBC design spectra were
generally above the median + 1o estimates from the recorded motions for all site conditions.

For an evaluation of the 2,000 IBC design spectra, residuals between five frequently used empirical
attenuation relations for western United States crustal sources and available recorded motions were
computed. In general the relations predict the recorded motions acceptably well. The major
exceptions occurring at low-frequency (< 2 Hz) and for earthquakes with magnitude greater than 7
and most noticeably in the 10 km to 35 km distance range.
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1.0 INTRODUCTION

NEHRP (1994, 1997) site categories are based on the average shear-wave velocity over the top 30m,
an approach suggested by Roger Borcherdt (Martin, 1994). Since site amplification (change in
amplitude in passing from deeper and faster materials to shallower and slower materials) in general
depends on profile stiffness, site categories based on shear-wave velocity represents a physically
based binning scheme which should reflect statistically stable differences in expected levels of
ground motions, assuming the same level of input motions at some depth. The adopted depth of 30m
is not based on any assumption regarding frequency range (wavelength) of interest but is simply an
expedient dictated by average depths of boreholes at soil sites. An assumed limitation of the 30m
depth is the frequency range which the top 30m of a site is likely to influence through amplification,
effects of a velocity gradient or deamplification due to material damping as well as wave scattering.
If one simply uses a depth range of one quarter wavelength, a 30m depth is limited to high
frequencies, except for very soft profiles.

However, the issue is not at all this simple. Because these exists a strong vertical correlation in
velocity (EPRI, 1993; Silva et al., 1997), the average velocity over the top 30m is representative, on
average, of depths far exceeding 30m. In other words, profiles which start out stiff tend to remain
stiff and with a steeper gradient than soft profiles. The average velocity over the top 30m captures
enough of the profile velocity gradient to provide a binning criterion which results in stable
differences in amplification for wavelengths which far exceed 30m. As long as the categories are
separated enough such that within category profile variation is sufficiently smaller than mean or
average category properties, the categories should provide stable and meaningful differences in
expected ground motions.

However, because too few recording sites have been properly characterized to be assigned NEHRP
categories, a clear and stable distinction in ground motions between the NEHRP categories has not
been unambiguously demonstrated.

For a site categorization scheme based solely on profile stiffness, there are two other potentially
significant issues: effects of profile depth as well as material nonlinearities.

Profile depth, or depth to very stiff conditions, can have large effects on strong ground motions
(EPRI 1993; Marek et al., 1998; Kimball and Costantino, 1999). Profiles (except very soft soils)
with depths in the 100 to 200 ft range are not expected to have significant amplification (5% damped
response spectra) at low frequency (< 1 Hz) while very deep profiles (> 300 ft) may have large
amplification (> 2) at low frequency. Additionally, we may expect the degree of nonlinear effects to
impact very deep profiles to a larger degree than shallow (< 200 ft) profiles (EPRI, 1993; Silvaetal.,
1999b). To assess the impacts of profile depth on the NEHRP amplification factors, comparisons of
amplification factors will be made for NEHRP category profiles assuming average depths to very
stiff conditions from about 100 ft to 1,000 ft (section 4).

The other potentially important issue not directly addressed in a stiffness based site binning scheme



is nonlinear material properties. Although one may believe that stiffer materials are “more linear”,
than soft materials, the converse is actually true. For a given level of cyclic shear-strain, generally
exceeding about 102 % (Dobry et al., 1982), the reduction in shear modulus and increase in material
damping for rock exceeds that of some clays as well as peat soils. Profile stiffness may then not
capture trends in dynamic material nonlinear properties. Higher plasticity clays do not necessarily
have a higher initial stiffness and gravels, which tend to be stiffer than sands, are also generally more
nonlinear. A recent analysis of strong ground motions in northern and southern California found
quantifiable differences in nonlinear soil properties for the two regions. San Francisco Bay area soils
tended to be more nonlinear than Los Angeles area soils (Silva et al., 1999b) and the soil sites
studied in both regions would have the same NEHRP classification. Surficial geology in terms of
age (holocene verses pleistocene) as well as average stiffness may provide a more robust and easier
to implement site categorization scheme.



2.0 SUMMARY OF CODE PROVISIONS
2.1 Site Factors

Recent code provisions for the seismic design of buildings (1994 and 1997 NEHRP, 1997 UBC)
have adopted new site response coefficients based on acceleration response spectra amplification
factors (with respect to rock) for 0.3 and 1.0 second periods, and a new procedure for site
classification into six categories. The recommendations leading to these provisions, were developed
from a consensus proposal arising from a 1992 Site Response Workshop in Los Angeles, attended by
65 invited geoscientists, geotechnical engineers, and structural engineers. Papers presented at the
workshop which led to the consensus proposal are available in the Workshop Proceedings (Martin,
1994). Preliminary reports on the new site categories or related discussion are described by
Borcherdt (1994b), Crouse and McGuire (1996), Martin and Dobry (1994), Rinne (1994), Seed et al.
(1994a), and Silva and Toro (1998).

The new site classification is primarily based on the representative average shear wave velocity over
the top 30 m (100 ft) of soil as shown in Table 1. The methodology for constructing response spectra
is based on modified USGS mapped 5% damped acceleration spectral ordinates at 0.3 and 1.0
seconds (A, and A,) for rock (assumed Class B) as shown in Figure 6. The anchor spectrum for rock
is modified by site coefficients F, (applicable to short period motion in the range 0.1 - 0.5 seconds)
and F, (applicable to longer period motion in the range 0.4 — 2.0 seconds). The factors F, and F, are a
function of A, and A,, respectively, and of site classification, as shown in Table 3.

The site profile categories, the use of a 30 m characteristic depth and the values of F, and F,
recommended as a result at the 1992 Workshop, were based on results derived from both empirical
studies of recorded motions and numerical site response analyses. The empirical results included
studies at the 1989 Loma Prieta Earthquake data and other events as described by Borcherdt (1994a),
Borcherdt and Glassmoyer (1992), and Joyner et al. (1994). As these earthquakes were characterized
by low rock accelerations (about 0.1 g), values of site coefficients recommended for higher levels of
ground motion, were based on numerical one dimensional site response analytical analyses after
calibration with the empirical data (Seed et al. 1994b, Dobry et al. 1994). While fractile levels were
not quantified, the site factors were intended to reflect a degree of conservatism and are considered to
represent amplification more consistent with + 1o levels, rather than median estimates. We note that
the use of a 30 m characteristic depth was also motivated by the practical need to use depths where
geotechnical data could reasonably be expected from geotechnical site investigations.

2.2 Near Source Factors

The 1997 UBC (ICBO, 1997) reflects two significant changes to the design criteria that increase
earthquake forces for the design of structures. For sites located near active sources, a set of near-
source factors was developed to accommodate recent observations of large near-source motions
which exceed the 1994 UBC design spectra. Near-source motions have been a concern of the
SEAOC Seismology Committee for some time (Mathieson et al., 1984) and the strong motion data



from the 1994 M 6.7 Northridge and 1995 M 6.9 Kobe earthquakes provided the motivation for
incorporating the near-source factors. Additionally, the spectral shape was changed to reflecta 1/T
falloff (constant spectral velocity) rather than the previous 1/T ”* and the 1.2 factor was eliminated.

The near-source factors are intended to reflect ground shaking close to active faults and are based on
fault distance, defined capable magnitudes, and slip rate. These factors are defined for structures
located in Seismic Zone 4 (effective peak acceleration of 0.4g) and within 10 to 15 km of active
faults. The factors were developed as the approximate ratio of median empirical response spectra
(Boore et al., 1993 and Sadigh et al., 1997 as appears in Joyner and Boore, 1988) to the 1997 UBC
design spectra for Seismic Zone 4, for sites beyond 15 km from an active source. To develop the
ratios, magnitude 7.5 (fault type A) and 7.0 (fault type B) earthquakes were considered for both
strike-slip and reverse mechanisms. Deep soil was taken as the most appropriate site condition for
which to compute the ratios used to develop the near-source factors. As with NEHRP site
coefficients, the near-source factors are intended to reflect a degree of conservatism, based primarily
on considering magnitudes M 7.5 and M 7.0 as reflecting fault types A and B respectively.

The near-source adjustments include both short-period factors (N,) and long-period factors (Ny).
The N, factors are based on the ratio of 0.3 second empirical response spectral acceleration to 1.0g
while the long period factors are based on the ratio of 1.0 second empirical spectral acceleration to
0.6g. The long-period factors also include a 20% increase for the mean ratio of the larger component
to the average horizontal component. Table 1 shows the N, and Ny factors as well as the 1997 UBC
Seismic Source types. To evaluate the closest distance from the source to the site, the distance
measure is taken as the horizontal distance to the closest surface projection of the fault rupture. For
dipping faults with sites located over the expected rupture surface, this distance is zero. For this
distance evaluation, the fault depth (vertical extent) is restricted to 10 km.

The new 2,000 IBC (International Code Council, 1998) design spectra are based on a maximum
Considered Earthquake (MCE) which is designed to achieve uniforms risk across the United States,
even though the seismic hazard is highly nonuniform (Kircher, 1999). In this approach, the design
spectra are defined for rock site conditions (NEHRP B, BC in the central and eastern US, Table 1)
with 0.2 second and 1.0 second spectral levels set by attenuation relations either indirectly through
USGS hazard maps (Frankal et al., 1996) or directly through a deterministic evaluation using
maximum magnitudes, closest distances, and median attenuation relations (Kircher, 1999). As a
result, the new 2,000 IBC design spectra for the western United States are tied directly to short- and
long-period empirical response spectra. An assessment of how well they perform in predicting
recorded motions is presented in Section 6.



3.0 DEVELOPMENT OF SITE CATEGORY PROFILES

The development of appropriate NEHRP category profiles for use in this study makes use of the
work by Wills and Silva (1998), where generic shear-wave velocity profiles were developed for
surficial geologic units in California based on measured velocities. These geologic based categories
were then used to develop surficial geology based amplification factors for the San Francisco Bay
and Los Angeles areas (Silva et al., 1999b). Comparison of the analytical amplification factors with
available empirical factors showed good agreement in overall amplitude levels and frequency ranges
(Silvaetal., 1999b). These comparisons suggest that the combination of the generic profiles and the
methodology employed represent a viable approach to estimating stable effects of site conditions on
strong ground motions.

3.1 NEHRP Categories

The NEHRP site categories are based on the average shear-wave velocity over the top 30m (100 ft).
Table 1 shows the NEHRP 94/97 and UBC 97 site categories. For reference the more qualitative
Geomatrix categories are shown along with the approximate relations among the schemes. In
general NEHRP categories A and B are intended to reflect rock conditions with A considered to be
typical rock for the central and eastern United States (CEUS) but very hard rock for California or the
WUS in general. Category B was intended to reflect typical rock for WUS but is likely somewhat
stiffer than typical WUS rock site conditions. Categories C, D, and E generally reflect soil with
some soft rock falling within the Category C. To see this more clearly, Table 2 shows results from
a compilation of surface geology based measured shear-wave velocity profiles located in California
while Figures 1 and 2 show the corresponding median profiles (Silva et al., 1999b). The v_s (30m)
values listed were computed from the median profiles.

For both the San Francisco Bay and Los Angeles regions, the within region median profiles are
generally well separated, except for Q,,and Q,, in San Francisco, even though some reflect the same
NEHRP category. Between regions, the K;;and M, rock profiles are very similar as are the Tertiary
profiles which are show in Figure 3. For the alluvium between regions, Figure 4 shows the Los
Angeles Q, being significantly stiffer, particularly at depth, than the other profiles. Also the San
Francisco Bay muds are much softer as expected but are still classified as NEHRP D (Figure 4 and
Table 2) due to an average shear-wave velocity just above the D/E boundary of 180 m/sec (Table 1).

3.2  Surficial Geology Based Profiles

To develop NEHRP profiles, two choices presented themselves: average the surficial geology
profiles within each NEHRP category or select the surficial geology based profile closest to the
NEHRP category range center (Table 1). The selection of these alternatives is driven by whether
desired amplification factors should be appropriate for median velocities determined by sampled
profiles (a small sample of the population) or true category means or mid-range v_‘ (30m) values.
This is a serious considerations since the median v, (30m) listed in Table 2, in most cases, depart
significantly from the mid-range values, suggesting the consideration of some readjustments to the
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current boundaries (Wills and Silva, 1998). Not coincidentally these observed median NEHRP-
Category v_‘ (30m) values have implications for the empirical evaluation of NEHRP amplification
factors since the measured shear-wave velocity profiles are dominated by strong motion sites
(Borcherdt, 1994a and 1994b; 1996; 1997). For example, the mid-range category NEHRP B value
is 1,130m/sec (3,750 ft/sec, Table 1) while the median Franciscan and Granite profiles show values
741 and 843m/sec respectively (Table 2). Additionally, the Tertiary profiles (except the very stiff
Saugus) fall below the NEHRP C mid-range value of 560m/sec (1,850 f/sec) while the alluvium
profiles fall significantly below 560m/sec. The Bay muds show the converse, being slightly too stiff
(188my/sec, Table 2) to be classified as NEHRP category E. This is a perplexing problem and the
approach taken in this work is to assume the currently defined NEHRP categories reflect a viable
binning scheme and appropriate amplification factors should then represent mid-range properties
( v_, (30m) values). To accomplish this we selected the surficial geology based profiles closed to the
NEHRP mid-range values and uniformly adjusted the entire profiles (adding or subtracting a
constant value at all depths) to bring its ;’: (30m) to the corresponding NEHRP mid-range values.
Naturally, smooth models were drawn through the median profiles and extended to depth prior to
this adjustment process.

3.3  Mean Centered NEHRP Category Profiles

For NEHRP Category B, we used M,, and scaled it up from 844m/sec (Table 2) to 1,130m/sec
(Table 1) for ;;(30m). For Category C, QT was scaled up from a v—,(BOm) of 466m/sec to
560m/sec while Categories D and E (Q, and Q,,) required decreases in velocities. The Q,, (Bay
muds) profile was scaled to give a v, (30m) of 152m/sec (500 ft/sec). The adjusted profiles are
shown in Figure 5 to a depth of 500 ft. To consider greater depths, the profiles are extended by
maintaining the gradients near the 500 ft depths.

For NEHRP Category A, a mid-continent crustal model is used (EPRI, 1993). This model has a
surface shear-wave velocity of 2.8 km/sec and is considered appropriate for CEUS hard rock
conditions. NEHRP category A then is confined to CEUS crustal conditions but is considered
appropriate for very hard rock WUS sites such as exist at some of the Anza array stations in southern
California. Some of these site have recorded ground motions which are very similar in spectral
composition to CEUS hard rock recordings (Silva and Darragh, 1995). Differences in deep crustal
properties between WUS hard rock and CEUS crustal conditions are considered to have a minor
effect on expected amplification factors (being a ratio). Provided the overall smooth amplification
between source depths and the surface and kappa values are similar between very hard WUS rock
and CEUS crustal conditions (Silva and Darragh, 1995), NEHRP amplification factors are expected
to be similar as well.



Both WUS and CEUS crustal models are discussed in Section 4.3 (Specification of Control
Motions). The shallow profiles (NEHRP B, C, D, and E) are blended in to a generic WUS crustal
model (at depths corresponding to a shear-wave velocity of 1 km/sec or 2 km/sec for NEHRP
Category B) and are placed on top of the CEUS crustal model. This is done to consider the effects
on NEHRP amplification factors (Categories C, D, and E) for sites located in the CEUS over very
hard rock (Lin et al., 1996; Kimball and Costantino, 1999).



4.0 NEHRP AMPLIFICATION FACTORS

The current NEHRP site amplifciation factors are computed for 5% damped response spectra and
are relative to NEHRP site category B. The factors (Table 3) are separated into high- and low-
frequency sets, both dependent upon expected Category B peak acceleration values. The high-
frequency set (Fa) are taken to reflect average amplification (over category B outcropping)
throughout the frequency range where 5% damped response spectral acceleration is nearly
constant (Figure 6) (taken as 2 to 10 Hz). The low-frequency factors (Fv) are intended to reflect
the nearly constant spectral velocity regions (Figure 6) and are generally taken to be the average
over the frequency range of 0.5 to 2.5 Hz. While the nearly constant acceleration and velocity
portions of median spectra are strongly category dependent (e.g. Category A spectral acceleration
peaks above 20 Hz; Toro et al., 1997) as well as dependent on level of loading for the soft
categories, the frequency ranges reflect a reasonable compromise and covers the critical ranges
for code applications. The factors are however, dependent upon the frequency ranges used in
averaging (Lin et al., 1996; Kimball and Costantino, 1999) and their sensitivity to the frequency
ranges is investigated in Section 4. The current factors are shown in Table 3 and range from 0.8
Category A to 3.5 for Category E, all relative to Category B outcropping expected peak
acceleration values. Nonlinearity is reflected in the dependence on the reference Category (B)
expected outcrop peak acceleration values. The degree of nonlinearity is substantial, driven
largely by analyses (Martin and Dobry 1994; Dobry et al., 1999) and empirical analyses have
suggested that the current factors reflect both appropriate (Dobry et al., 1999) and inappropriate
degrees of nonlinearity (Crouse and McGuire, 1996; Silva and Toro, 1998). As a result, for the
cohesionless soils (NEHRP Categories C and D) two sets of nonlinear properties are used, both
validated using strong motion recordings. These models are discussed in Section 4.2.

4.1 Methodology

The conventional computational approach in developing spectral amplification factors
appropriate for specific profiles would involve selection of suitable time histories to serve as
control or rock outcrop motions and a suitable nonlinear computational formulation to transmit
the motion through the profile. Because of its ease in application and demonstrated success in
modeling nonlinear site effects on response spectra (e.g. EPRI, 1993), the equivalent-linear
approximation is used to generate the large numbers of amplification factors. To assess any
limitations in treating truly nonlinear soil response by equivalent-linear approximations, such as a
single level of shear-wave velocity and material damping for all frequencies (and time),
comparisons of amplification factors are made between the equivalent-linear analyses and fully
nonlinear analyses. Both approaches as implemented in the current analyses are presented in the
following sections.



4.1.1 Equivalent-Linear Computational Scheme

The computational scheme which has been most widely employed to evaluate one-dimensional
site response assumes vertically-propagating plane shear waves. Departures of soil response
from a linear constitutive relation are treated in an approximate manner through the use of the
equivalent-linear approach.

The equivalent-linear approach, in its present form, was introduced by Seed and Idriss (1970).
This scheme is a particular application of the general equivalent-linear theory introduced by
Iwan (1967). Basically, the approach is to approximate a second order nonlinear equation,
over a limited range of its variables, by a linear equation. Formally this is done in such a way
that an average of the difference between the two systems is minimized. This was done in an
ad-hoc manner for ground response modeling by defining an effective strain which is assumed
to exist for the duration of the excitation. This value is usually taken as 65% of the peak time-
domain strain calculated at the midpoint of each layer, using a linear analysis. Modulus and
damping curves are then used to define new parameters for each layer based on the effective
strain computations. The linear response calculation is repeated, new effective strains
evaluated, and iterations performed until the changes in parameters are below some tolerance
level. Generally a few iterations are sufficient to achieve a strain-compatible linear solution.

This stepwise analysis procedure was formalized into a one-dimensional, vertically
propagating shear-wave code called SHAKE (Schnabel et al., 1972). Subsequently, this code
has easily become the most widely used analysis package for one-dimensional site response
calculations.

The advantages of the equivalent-linear approach are that parameterization of complex
nonlinear soil models is avoided and the mathematical simplicity of linear analysis is
preserved. A truly nonlinear approach requires the specification of the shapes of hysteresis
curves and their cyclic dependencies. In the equivalent-linear methodology the soil data are
utilized directly and, because at each iteration the problem is linear and the material properties
are frequency independent, the damping is rate independent and hysteresis loops close.

While the assumptions of vertically propagating shear waves and equivalent-linear soil
response certainly represent approximations to actual conditions, their combination has
achieved demonstrated success in modeling observations of site effects (Schnabel et al., 1972;
Silva et al., 1988; Schneider et al., 1993; EPRI, 1993).



4.1.2 RVT Based Computational Scheme

The computational scheme employed to compute the site response uses the stochastic model to
generate the power spectral density and spectral acceleration of the rock or control motion.
This motion or power spectrum is then propagated through the one-dimensional soil profile
using the plane-wave propagators of Silva (1976). In this formulation only SH waves are
considered. Arbitrary angles of incidence may be specified but normal incidence is used
throughout the present analyses.

In order to treat possible material nonlinearities, an RVT (Random Vibration Theory) based
equivalent-linear formulation is employed. Random process theory is used to predict peak
time domain values of shear strain based upon the shear strain power spectrum. In this sense
the procedure is analogous to the program SHAKE except that peak shear strains in SHAKE
are measured in the time domain. The purely frequency domain approach obviates a time
domain control motion and, perhaps just as significant, eliminates the need for a suite of
analyses based on different input motions. This arises because each time domain analysis may
be viewed as one realization of a random process. In this case, several realizations of the
random process must be sampled to have a statistically stable estimate of site response. The
realizations are usually performed by employing different control motions with approximately
the same level of peak acceleration and response spectrum.

In the case of the frequency domain approach the estimates of peak shear strain as well as
oscillator response are, as a result of the random process theory, fundamentally probabilistic in
nature. Stable estimates of site response can then be computed by forming the ratio of spectral
acceleration predicted at the surface of a soil profile to the spectral acceleration predicted for
the control motion.

The procedure of generating the point-source stochastic power spectrum computing the
equivalent-linear layered-soil response, and estimating peak time domain values has been
incorporated into a single code termed RASCALS (Silva and Lee, 1987).

4.1.3 Nonlinear Computational Scheme

The computational scheme used to compute one-dimensional nonlinear site response assuming
vertically-propagating plane shear waves, utilized the computer program DESRA-MUSC (Qiu,
1997). This program is based on the program DESRA (Lee et al., 1978), with modifications
incorporated through research conducted at USC. The program was originally developed as a
means of performing Dynamic Effective Stress Response Analyses in the time domain, where
time histories of excess pore water pressures could be coupled to response analyses. However, in
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this application, pore pressure generation was suppressed, and a total stress mode used.

The nonlinear initial loading or backbone curve is modelled using the elasto-plastic Iwan model
(Iwan, 1967) which has the versatility of matching any given initial loading curve. The model
incorporates an array of elasto-plastic elements (typically 20 elements are used) which allows a
failure mode to be initiated. The model automatically provides for hysteretic behavior during
cyclic loading following the Masing rules. A similar approach for evaluating nonlinear site
response was adopted by Joyner and Chen (1975).

A sub-program was written to develop initial loading curve elements to match any given G/G,,,
versus shear strain amplitude curve. Equivalent viscous damping ratios corresponding to the
strain dependent hysteretic damping may also be computed. A small and constant hysteretic
damping element was added to simulate damping at very low strains, where the model would
predict linear elastic behavior.

- A transmitting boundary applied at the base of a soil column under consideration, allows
appropriate levels of energy to be radiated back to an underlying elastic half space. The approach
used is similar to that suggested by Joyner and Chen (1975) where the input motion at the base of
the soil column (the transmitting boundary) is defined by an outcrop motion.

4.2  Nonlinear Dynamic Material Properties
4.2.1 G/Gmax and Hysteretic Damping Curves

Four sets of G/Gmax and hysteretic damping curves are used: generic rock (NEHRP B),
cohesionless soils (NEHRP C and D), and cohesive soils (NEHRP E) (Table 2). The rock
curves (Figure 7) are based on point-source modeling of the rock site empirical attenuation
relation of Abrahamson and Silva (1997) for a range in magnitudes and distances using a
generic rock profile (Silva et al., 1997).

For the geologic units which are considered cohesionless soils in the San Francisco Bay area
(gravels, sands, and low PI clays) in terms of high-strain dynamic material properties (QTs,
Q,;; Table 2), the EPRI (1993) G/Gmax and hysteretic damping curves (Figure 8) have recently
been validated at 48 San Francisco Bay area cohesionless soil sites through modeling strong
ground motions from the Coyote Lake, Morgan Hill, and Loma Prieta earthquakes (Silva et al.,
1997). These curves were developed for generic applications to cohesionless soils in the
general range of gravelly sands to low plasticity silts or sandy clays. For application to
Quaternary/Tertiary rocks (QTs; NEHRP Category C, Table 2), the implied assumption is that
these sites behave more like a stiff soil (gravely sand) than rock. Not an unreasonable
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assumption considering a surface velocity of about 800 ft/sec (Figure 1).

For the Bay Mud (Q,,) categories, generic sections of Fill (15 ft), young Bay Mud (50 ft) and
old Bay Clay (30 ft) over Quaternary Alluvium (Q,)) are assumed. These generic zones are
based on an examination of several CALTRANS boreholes located near highway bridges (Cliff
Roblee, personal communication) and are used only to assign G/Gmax and hysteretic damping
curves. For the Fill material and the Alluvium, EPRI (1993) curves are used. For the young
Bay Muds and Old Bay Clay, the Vucetic and Dobry (1991) cohesive soil curves for a PI of
30%, an average value for these cohesive soils, are used (Figure 9).

For the geologic units which are considered cohesionless soils in the Los Angeles area (QTs,
Q,, Q,, Saugus), recent strong ground motion analyses for about 80 sites which recorded the
1994 Northridge earthquake found the EPRI G/Gmax and hysteretic damping curves showed
too much nonlinearity (Silva et al., 1997). As a result, a revised set of G/Gmax and hysteretic
damping curves were developed for Peninsular Range cohesionless soils and are shown in
Figure 10. Both sets of cohesionless soil curves are used for NEHRP Categories C and D.

4.2.2. Nonlinear Soil Models

As described in Section 4.1.3, the nonlinear soil model is established by first matching the
G/G,,,, versus shear strain curve to a nonlinear shear stress versus shear strain backbone or initial
loading curve. (Note for all analyses, the water table was assumed below the soil profile.)

The derived normalized backbone curves for the EPRI G/G,,, curves used for analyses are
shown on Figure 11 to 3% shear strain (the limit of the data). Almost all analyses led to cyclic
strains less than 3% for EPRI type materials (cohesionless soils) and hence a strength limit was
not defined. For the few cases where at shallow depths and for high accelerations, shear strains
exceeded 3%, the initial loading curve slope between 1% and 3% was extended linearly. The
back calculated match to the G/G,,, curves is shown on Figure 12. Agreement is generally very
good at shear strain levels greater than 0.05%.

The initial loading curves derived for nonlinear analyses for Peninsular Range cohesionless soils
are shown on Figure 13, and the match to the G/G,y,, curves shown on Figure 14.

For the soft cohesive soils incorporated in Category E profiles, the initial loading curve derived
from the Vucetic and Dobry (1991) PI of 30% G/G,,, curve is shown on Figure 15, and the
match to the G/G,,, curve shown on Figure 16. For these soils, large accelerations were
expected to generate failure. Based on rapid loading tests to large strains reported by Hsu and
Vucetic (1999) and Vucetic et al. (1998), the curve was extended beyond 3% shear strain by
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linearly extending the slope between 1% - 3% to 9%, where failure or a maximum shear stress
was assumed. Based on this assumption, ratios of undrained shear strength to vertical confining
stress were calculated to be about 0.75, corresponding to a slightly overconsolidated clay.

With the nonlinear initial loading or backbone curves defined, the equivalent viscous damping
ratios matching the areas of hysteresis loops generated by cyclic loading at various strain
amplitudes may by computed, assuming Masing load—unload behavior. Figure 17, 18, and 19
show computed damping ratios for the three sets of curves described above. In all cases, a one
percent low strain hysteretic element is utilized to match low strain damping.

In general, comparisons with the damping curves used for equivalent-linear analyses show that
the hysteretic damping becomes significantly greater when shear strains exceed 0.1%, which
would occur for soft soil profiles and high site accelerations. However, it needs to be recognized
that the G/G,,, and damping ratio curves represent averages of test data and hence are not
necessarily cross correlated. Individual test data reported by Hsu and Vucetic (1999) for example,
in many cases show much higher damping ratios at larger strains than the average curves.
Unfortunately, for nonlinear hysteretic modelling, an exact match for shear modulus and
equivalent viscous damping based on average curves is difficult to accomplish. Better matches
occur for test data for specific samples.

4.3 Point-Source Model Parameters

The stochastic point-source model is used to compute the motions at the surface of the
baserock or reference rock as well as the other profiles. Both qualitative assessments and
quantative validations of the stochastic point-source model (Hanks and McGuire, 1981; Boore,
1983, 1986; McGuire et al., 1984; Boore and Atkinson, 1987; Silva and Lee, 1987; Toro and
McGuire, 1987; Silva et al., 1990;, et al., 19 EPRI, 1993; Schneider et al., 1993; Silva and
Darragh, 1995; Silva et al,, 1997; Silva et al.,1999b) have demonstrated that it provides
" accurate ground motion estimates, making it an appropriate choice to produce ground motions
representative of the NEHRP category based profiles.

4.3.1 NEHRP Category A and B Kappa Values

For applications to the North American continent, notably the WUS and CEUS tectonic
regions, the definition of NEHRP category B is not unambiguous. Ideally, midrange NEHRP
category B should reflect the rock site conditions implicit in WUS empirical attenuation
relations, since it is considered as the reference site. However, available borehole shear-wave
velocity data suggest much softer conditions (Joyner, 1995; Wills and Silva, 1998), leading to
the adoption of the NEHRP B/C boundary (v_s(30m) = 760 m/sec) as the reference rock site
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condition for the 1996 National Seismic Hazard Maps (Frankel et al., 1996). Amplification
factors for NEHRP categories C, D, and E depend upon the overall stiffiness assumed for
category B. This dependence may not be strong however, as the amplification factors are
computed relative to category B for expected category B peak acceleration values. Changing
the stiffness of category B results in a different distance for the same expected peak
acceleration value. As long as the category C, D, and E profiles are computed at the revised
distances as well, differences in amplification due to relatively minor differences in the
reference site stiffness are driven solely by differences in the NEHRP B response spectral
shape, which is appropriate. Since differences in the magnitude of the earthquake used for
developing amplification factors (scaled to the same reference peak acceleration value) can
result in differences in computed amplification of 5% damped response spectra by about 20%,
as much as 30% at or near column resonance frequencies (even for smoothed amplifications),
differences in reference motion spectral shape due to relatively minor differences in stiffness is
not expected to be a controlling influence. Additionally, the process of averaging over
frequency to compute the F, and F, values (Table 3) will reduce the effects of reference
motion spectral shape on the factors.

4.3.1.1 WUS Kappa Values

While the issue of an appropriate shallow gradient is reasonably well defined by data (Figure
5), the selection of appropriate site kappa (K, values for WUS and CEUS category B (and BC
boundaries) sites is a perplexing issue. The shallow Category B profile is considered nonlinear
to a depth of about 60 ft corresponding to a shear-wave velocity of about 5,000 ft/sec (1.5 km/
sec). At that depth it is merged to the WUS crustal model shown in Figure 20. The kappa
contributed by the nonlinear zone of the shallow profile is only about 0.002 sec at low strains
(Figure7). Mean kappa values for typical WUS rock sites range from about 0.03 to 0.06 sec
(Silva and Darragh, 1995; Boore and Joyner, 1997; Table 4), likely reflecting frequency
independent energy loss over the top 1 to 2 km of the crust (Anderson and Hough, 1984). This
is the region over which steep velocity gradients exist due to crack closure for soft crustal
(active) regions. Kappa values depend upon rock quality, expressed qualitatively by the
surficial geologic descriptions shown in Table 4. For WUS, kappa values range from about
0.026 sec for hard rock to about 0.06 sec for sheared (poor) rock site conditions. Evidently
these trends in kappa values with rock quality are expressed in the average shear-wave velocity
over the top 30m as well, as Figure 21 illustrates. These results are based on kappa values
estimated at rock sites which recorded the 1989 M 6.9 Loma Prieta earthquake (also includes
the Lucerne site for the 1992 M 7.2 Landers earthquake). These sites have been drilled and
shear-wave velocities measured to depths of at least 30m (100 ft). Figure 21 shows a clear
trend of decreasing kappa with increasing ;;(30m). Based on the fitted equation (Figure 1),
site kappa values for midrange NEHRP categories A, B, and BC boundary are 0.008 sec, 0.02
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sec, and 0.03 sec respectively (Table 1), assuming Category A has a v_‘(30m) of 2.8 km/sec
(Figure 20). These trends are consistent with the qualitative trends shown in Table 4 as well as
with recent results of Boore and Joyner (1997) who found v_: (30m) of 620m/sec for WUS rock
(NEHRP C) and an associated site kappa of 0.035 sec. Inversions of the Abrahamson and
Silva (1997) and Sadigh et al. (1997) rock empirical attenuation relations gave a kappa value of
about 0.04 sec (EPRI, 1993; Silva et al., 1997), consistent with Boore and Joyner (1997) and
Silva and Darragh (1995) (Table 4). Since the rock site conditions implied by these empirical
relations is likely even softer than the v_: (30m) value of 620m/sec found by (Boore and Joyner,
1997; Silva et al., 1997), it is likely that the higher range of NEHRP category C is
representative of WUS rock strong motion data, provided the current borehole velocity and
strong motion data (i.e. recording sites) do not reflect a biased population sample.

Based on these results, a kappa value for the definition of midrange NEHRP B as a reference
profile would be about 0.02 sec. However, the value reflected in the WUS rock site strong
motion data is closer to 0.04 sec. This kappa value results in WUS rock response spectral
shapes which peak near 5 Hz for M 6.5 earthquake at source distances within about 50 km. To
demonstrate this feature, Figure 22 shows a statistical shape computed from WUS recordings
at rock sites for earthquakes in the M 6 to 7 magnitude range (Silva et al., 1999a). Also shown
on Figure 22 are comparisons to WUS spectral shapes computed using a suite of rock site
empirical attenuation relations for the bin mean magnitudes and distances. As the Figure
shows, the spectra peak near 5 Hz, consistent with the model spectra computed with a kappa
value of 0.04 sec. As Figure 23 demonstrates, the frequency of the peak or maximum in
response spectral shapes provides a reasonably good estimation of site kappa values (Silva and
Darragh, 1995). Very low kappa values, such as 0.005 sec result in a peak near 40 Hz while a
kappa near 0.02 sec shows a spectral peak near 10 Hz. Interestingly, a factor of two change in
kappa is reflected in about an octave (factor of two) change in the peak frequency (Silva,
1991). Figure 24 shows a corresponding plot of unnormalized (pseudo absolute spectra)
illustrating the dramatic decrease (increase) in high frequency spectral levels for factors of two
increase (decrease) in kappa.

For consistency with the rock site strong motion data, the WUS NEHRP B base-case kappa
value of 0.04 sec is adopted and comparisons of the amplification factors for a NEHRP B
kappa of 0.02 sec will be made.

4.3.1.2 CEUS Kappa Values

For the CEUS NEHRP B profile, the shallow profile (Figure 5) is placed on top of the CEUS
crustal model (Figure 20). This model has a surface shear-wave velocity of about 9,000 ft/sec
(2.830 km/sec) which the shallow category B profile reaches at a depth of about 300 ft.
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Extending the low-strain damping (Figure 7) to 300 ft in the shallow Category B profile results
in a kappa value of about 0.005 sec, near typical CEUS hard rock values (Table 4). With
nominal WUS rock kappa values in the range of 0.03 to 0.06 sec (Table 4) and those for CEUS
hard rock in the 0.006 to 0.008 sec range (Table 4), an issue also exists regarding an
appropriate kappa value for CEUS NEHRP B (and BC). Simply adding the contribution of the
shallow Category B contribution of about 0.005 sec to the nominal hard CEUS rock value of
0.006 sec results in a kappa of about 0.01 sec, the same value adopted (for other reasons) for
CEUS NEHRP BC boundary in the National Hazard Maps (Frankel et al., 1996). Based on the
previous discussion, the kappa value of 0.01 sec is probably too low to be associated with
nominal NEHRP Category B or BC gradients unless they overly very hard CEUS rock (7, >
2.5 km/sec) at very shallow depths (< 300 ft).

CEUS NEHRP Category B (and BC) is likely typified of by Gulf Coast sandstones as well as
CEUS mudstones, claystones, and silstones such as the Charelston area in South Carolina and
parts of the Denver basin in Calorodo. As a result, very hard rock (limestone, schists, etc) is
more likely to occur at much greater depths resulting in nominal kappa values larger than 0.01
sec. As a result, a nominal kappa value of 0.02 sec is adopted for CEUS NEHRP Category B
as well as BC (midrange gradients, Table 1), based principally on Table 4 (CEUS soft rock)
and the association of kappa values with v_s (30m) based on WUS data (Figure 21).

For NEHRP category A, a kappa value of 0.006 sec is adopted, based on Table 4 (CEUS hard
rock) and to be consistent with the conditions assumed in the Toro et al. (1997) CEUS hard
rock attenuation relation (EPRI, 1993). This value (0.006 sec) is also consistent with the
values found by Silva and Darragh (1995) from recordings at two very hard rock sites at the
Anza array in Southern California. NEHRP A amplification factors, although computed
assuming CEUS crustal conditions (computed relative to NEHRP category CEUS B), are
considered appropriate for WUS NEHRP A crustal conditions.

4.3.2 NEHRP Category C, D and E Kappa Values

For the soil profiles, NEHRP Category C, D, and E, the small strain damping (Figure 8, 9, and
10) contributes a kappa value of about 0.01 sec. For WUS applications, the profiles are placed
at a depth in the generic California crustal model (Figure 20) corresponding to a shear-wave
velocity of 1 km/sec. Inversions of the Abrahamson and Silva (1997) Sadigh et al., (1997) soil
empirical attenuation relations gave a low-strain kappa value of about 0.04 sec (about the same
as rock, Section 4.3.1.1). This implies a rock kappa for the materials beneath the soils of about
0.03 sec, in general agreement with Figure 21 assuming an average shear-wave velocity of
about 1 km/sec.
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For applications to CEUS NEHRP Categories C, D, and E, these results imply a lower total
kappa value for deep soil sites overlying hard rock. With the hard rock CEUS site kappa of
0.006 to 0.008 sec (Section 4.3.1.2), the addition of the deep soil low strain kappa of about
0.01 sec implies a total kappa of about 0.02 sec. This is about half the corresponding WUS
deep soil value of 0.04 sec. With these differences, deep soil sites are expected to have
different spectral shapes than corresponding deep WUS soil sites, at low loading levels (Silva
et al., 1999a).

4.3.3 Magnitude, Stress Drops, and Q(f) Models

To generate the motions, a M 6.5 earthquake is used with the distance (epicentral) varied to
produce a suite of distinct peak acceleration values at the surface of the reference rock unit
(Table 5). The same source and path parameters are then used for the other unit profiles
resulting in a suite of amplification factors as a function of reference rock outcrop peak
acceleration values (Toro et al., 1992; EPRI, 1993; Silva, 1999b). For the point-source, a
stress drop of 64 bars is used for all the WUS profiles. This value is based on inversions of the
Abrahamson and Silva, 1997 empirical attenuation relation (Silva et al., 1997) which showed a
magnitude dependency with stress drop decreasing for increasing M (EPRI, 1993; Atkinson and
Silva, 1997).

CEUS stress drops are assumed to follow the same magnitude scaling as WUS. The M 5.5 stress
drop was set to 160 bars to correspond to Atkinson’s (1993) value, which is based on high
frequency spectral levels from CEUS earthquakes. In her database of CEUS earthquakes the
mean magnitude is about 5.5. The stress drop scaling results in a M 6.5 CEUS stress drop of 110
bars. Interestingly, these stress drop values result in an average difference of about a factor of
two between CEUS (110 bars, Table 5) and WUS (64 bars, Table 5), in agreement with Hanks
and Johnston’s (1992) analyses of intensity data.

The Q(f) model is 275 ¢ for WUS crustal conditions. These values were determined from
inversions of Peninsular Range earthquakes Northridge, San Fernando, and Whittier Narrows
at 180 sites over the fault distance range of about 10 to 200 km (Silva et al., 1997). The Q(f)
model for CEUS is based on inversions of the M 5.8 Saguenay earthquake at sites over the
distance range of 40 to 500 km.

To generate motions which cover the range from linear response to very large expected
NEHRP Category B horizontal motions, seven distances are run with reference rock outcrop
peak accelerations ranging from 0.05g to 0.75g (Table 5). The magnitude and stress drop is
fixed at M 6.5 and 64 bars (110 bars for the CEUS) respectively with the assumption that the
amplification factors (ratios) are not highly sensitive to either magnitude or stress drop (EPRI,
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1993). Since the profiles are randomized in velocity and layer thickness, the median peak
acceleration does not exactly correspond to the target peak acceleration (Table 5). In general,
the median values are very close, within about 10% of the target, which is considered
acceptable since the amplification vary little for a 10% change in input motions.

4.3.4 Incorporation of Site Parameter Variability

The profile randomization scheme, which varies both layer velocity and thickness, is based on
a correlation model developed from an analysis of variance on about 500 measured shear-wave
velocity profiles (EPRI, 1993; Silva et al., 1997). Figure 25 shows the Franciscan outcrop 5%
damped pseudo acceleration spectra (median and + 1 O for the lowest level of motion, 0.05g.
The profile is varied to a depth corresponding to a shear-wave velocity of about 2 km/sec
(6,400 fusec, Figure 5), a depth of about 250 ft. The parametric variation, reflected in the
sigma (O,, = 0.15 for PGA), includes profile velocity and layer thickness variation in addition
to variability in the G/Gmax and hysteretic damping curves.

To accommodate variability in the modulus reduction and damping curves on a generic basis,
the curves are independently randomized about the base case values. A log normal distribution
is assumed with a O, of 0.35 at a cyclic shear strain of 3 x 10?% with upper and lower bounds
of 20. The distribution is based on an analysis of variance of measured G/G,,, and hysteretic
damping curves and is considered appropriate for applications to generic (material type
specific) nonlinear properties. The truncation is necessary to prevent modulus reduction or
damping models that are not physically possible. The random curves are generated by
sampling the transformed normal distribution with a Oy, of 0.35, computing the change in
normalized modulus reduction or percent damping at 3 x 102% shear strain, and applying this
factor at all strains. The random perturbation factor is reduced or tapered near the ends of the
strain range to preserve the general shape of the median curves (Silva, 1992). The same profile
and material randomization procedure is used at the soil sites as well, resulting in median and
+ 10 amplification corresponding to parametric variability in site properties.

The parametric variability shown in Figure 25 then represents the contribution to the
uncertainty in strong ground motions due to the top 200 to 300 ft at hard California rock
(NEHRP B) sites in WUS, a maximum 0, of about 0.2 to 0.3. Adding the parametric
variability of site kappa, assuming a G, = 0.3 (EPRI, 1993), would increase the ground
motion variability by an additional 0,, of about 0.2, to a total of about 0.3 to 0.4.

In addition, peak acceleration, peak particle velocity, and peak particle displacement were

computed for the reference site outcrop. Levels of reference rock outcrop peak acceleration
values of 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.75g, are used to accommodate the effects of
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material nonlinearity upon site response. Table 5 shows the magnitude (M), distance (D), peak
acceleration, peak particle velocity, and peak particle displacement computed for the NEHRP
B WUS and CEUS outcrop motions. Figure 26 shows NEHRP category median spectra for
both WUS and CEUS conditions at an expected peak acceleration value of 0.5g. For the
CEUS, results are shown using kappa values of 0.02 sec and 0.04 sec.

For the CEUS NEHRP B motions using a kappa value of 0.04 sec, Figure 26 shows motions
similar to WUS NEHRP (kappa = 0.04 sec) at high frequency (> 2 Hz). At low frequency (<
2 Hz) the CEUS motions are lower due to the absence of the shallow crustal amplification
(Figure 20). The CEUS NEHRP motions using a (preferred) kappa value of 0.02 sec exceed
the kappa = 0.04 sec motions at high frequency (> 10 Hz) and are much lower at low
frequency (< 2 Hz). As a result, NEHRP Category C, D, and E amplification factors may
differ from WUS counterparts due to these differences in reference rock spectral shape as well
as the CEUS soils overlying much stiffer rock conditions (Kimball and Costantino, 1999).

For all the profiles, since the randomization process is over the profile properties only, the
input motions (below some depth) remain unchanged. Including the variation of input motions
with randomized source and path parameters (Ag, source depth, and Q(f)) results in the same
median spectral estimates but with increased fractile levels (Silva et al., 1999b). This is an
important result, allowing a convenient decoupling in parametric variations between site and
source and path parameters.

4.3.5 Control Motion Time Histories

To generate control time histories for the nonlinear soil site response runs, base of soil outcrop
motions are generated which correspond to the prescribed distances for the suite of NEHRP
category B outcrop peak acceleration values. This provides time histories which are consistent
with the motions input to the equivalent-linear soil response analyses. Figure 27 compares
response spectra computed from the base of soil outcrop (RVT spectra and spectra computed
from the time history) and median NEHRP category B motions for 0.5g. The base of soil
outcrop motions are somewhat lower than the surficial rock (NEHRP B) outcrop motions due
to the absence of the shallow velocity gradient (Figure 1). These are expected trends as base-of
soil and rock outcrop motions reflect different rock velocity gradients than surficial rock
conditions (Silva et al., 1999a). The corresponding synthetic time histories were generated
using the method of Silva and Lee (1987) and are shown in Figure 28 for the same case. The
motions (acceleration, velocity, and displacement) appear realistic as the phase spectrum is
taken from a recorded motion (of similar magnitude and distance). The six remaining base-of-
soil outcrop time histories were generated using the same procedure.
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4.4 Development of NEHRP Site Amplification Factors

Site amplification factors are computed as the ratio of 5% damping response spectral
acceleration (Sa) computed at the surface of each site for each randomized profile to the
median 5% damping response spectral acceleration (Sa) computed for the reference rock
outcrop motion (e.g. Figure 25). In addition, peak acceleration, peak particle velocity, and
peak particle displacement were computed for the site and reference outcrop as well. Levels of
reference rock outcrop peak acceleration values of 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.75g were
used to accommodate the effects of material nonlinearity upon site response. Table 5 shows
the magnitude (M), distance (R), peak acceleration, peak particle velocity, and peak particle
displacement computed for the outcrop motions.

The amplification factors, 5% damped Sa/Sa (reference NEHRP Category B), are computed at
approximately 90 frequencies from approximately 0.10 Hz to 100 Hz.

4.4.1 NEHRP Profile Depths for Category C, D, and E

To accommodate the effects of variable soil depth on the amplification factors and their
parametric uncertainties, depth to 1 km/sec (3,280 ft/sec, Figure 5) material is varied between
100 ft and 1,000 ft assuming a uniform distribution. This variation results in a mean profile
depth’ of about 500 ft for NEHRP Categories C and D. For the very soft NEHRP Category E,
the depth is limited to 650 ft, based on Bay mud shear-wave velocity profiles in the San
Francisco Bay Area as well as profiles from Lotung Taiwan, the Imperial Valley in California,
and fill sites near Kobe Japan. Velocity data from these areas suggest that extrapolating the
gradient for NEHRP Category E to depths exceeding 600 to 700 ft is probably not realistic,
resulting in shear-wave velocities which are too low.

Due to the randomizing over depth, only a minor contribution of the fundamental resonance is
present. The variability reflects parametric uncertainty in the profile, and includes profile layer
thickness, shear-wave velocity, profile depth and G/G,,, and hysteretic damping curves. The
first layer of the crust (base of the profile) is also randomly varied assuming a lognormal
distribution with a g,, of 0.3 (EPRI, 1993).

The consideration of profile depth randomization points to the issue of appropriate profile
depths for the NEHRP Categories. This issue was discussed earlier and comparisons of
amplification factors computed for NEHRP Categories C and D considering mean soil depths
from 100 ft to 1,000 ft (Category E, 100 ft to 650 ft) are presented in Section 4.4.5. For
Categories which do not consider soil depth explicitly, amplification factors should be
developed as envelopes of the factors computed for a suite of profile mean depths (Silva et al.,
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1999a). The addition of depth bins to the NEHRP site categories could be used to reduce
conservation for cases where soil depth is known. Ignorance should be penalized and
knowledge rewarded.

4.4.2 NEHRP Categories A and BC

4.4.2.1 NEHRP Category A

Response spectral amplifications (median and = 10 values) computed for NEHRP Category A
using equivalent-linear analyses are shown in Figure 29. Due to the extreme stiffness of the
Category A shear-wave velocity profile (Figure 20), the response is linear and the
amplification factors are largely independent of control motion level. The only effects of
nonlinearity are in the change in response spectral shapes of the Category B motions as the
outcrop peak acceleration levels increase. As Figure 29 shows, the amplification of Category
A is very similar for median Category B outcrop peak acceleration values ranging from 0.05 to
0.75g. In the frequency range of about 0.5 Hz to about 10 Hz, the amplification is less than 1
and is properly reflected in the Fa and Fv values of 0.8 shown in Table 3. Median
amplifications for a suite of frequency ranges is also shown in Figure 29. For the NEHRP
ranges (2 to 10 Hz and 0.5 to 2.5 Hz), the amplification for Category A is less than 1.

4.4.2.2 NEHRP Category BC

This category (Figure 5) provides the reference or soft rock motions for the CEUS USGS
shaking hazard maps (Frankel et al., 1996). A low-strain site kappa value of 0.04 sec was
assumed to be appropriate for this category (Section 4.3.1) and the amplification relative to
CEUS Category B (kappa = 0.02 sec) is shown in Figure 30 using equivalent-linear analyses.
The maximum amplification is about 2.0 in the 1 to 2 Hz frequency range and is largely
independent of loading level due to the combination of a relatively high low-strain stiffness
(Figure 5) and relatively linear G/G,,, and hysteretic damping curves for depths exceeding 20
ft (Figure 7).

The frequency averaged amplifications shown in Figure 30 (bottom plot) indicate levels near
1.5, except for the 0.2 to 0.7 Hz range. These trends suggest that care should be exercised in
supplanting the Category B reference with a BC boundary reference since peak accelerations
are affected as well as NEHRP Fa and Fv amplification values.

To illustrate potential differences in the expected median amplification factors for different

nonlinear dynamic material properties, Figure 31 shows factors computed for the rock,
Peninsular Range, and EPRI G/G,,, and hysteretic damping curves. For frequencies up to
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about 10 Hz and CEUS NEHRP Category B median peak acceleration values up to 0.75g, little
difference is seen in the factors. NEHRP BC boundary (v_s(30m) = 750 m/sec, Table 1;
Figure 5) is sufficiently stiff in median properties such that little nonlinear effects are
anticipated at frequencies less than about 10 Hz, even at very high loading conditions.

4.4.3 NEHRP Category C
4.4.3.1 WUS Conditions

For WUS NEHRP Category C and Peninsular Range nonlinear properties, Figure 32 shows
expected median and + 10 amplification factors computed using equivalent-linear analyses for
WUS Category B median peak acceleration values ranging from 0.1g to 0.75g. The Category
C profile (Figure 5) is randomized in depth from 100 ft to 1,000 ft along with randomized
velocities, layer thicknesses, and nonlinear properties (Section 4.3.4). As a result, profile
resonances are smoothed over and the amplification factors for 5% damped response spectra
are smoothly varying functions of frequency. The mean profile depth is about 500 ft
(randomized between 100 ft and 1,000 ft assuming a uniform distribution), resulting in a
maximum amplification in the frequency range of about 1 to 2 Hz. Maximum values are near
2 and decrease with increasing frequency up to about 10 Hz. The increase in amplification for
frequencies exceeding about 10 Hz is due to the saturation of the soil acceleration response
spectra to peak acceleration. The amplification factors simply reflect the change in shape of
the rock spectra (Figure 25), shifting the peak in the rock spectra to lower frequencies and
increasing the rock peak accelerations by about 20 to 30%, depending on expected rock peak
acceleration values.

4.4.3.1.1 Effects of Nonlinear Dynamic Material Properties

To examine the effects of nonlinear dynamic material properties (between northern and
southern California, Section 4.2) on the Category C amplification factors, Figure 33 compares
results using the Peninsular Range and EPRI G/G,,, and hysteretic damping curves. For this
stiff profile, little difference is seen in the median amplification factors for Category B peak
accelerations up to 0.5g. At 0.75g, the Peninsular Range G/G,,, and hysteretic damping curves
show amplifications about 10% to 15% larger than those using the EPRI curves, for
frequencies exceeding about 5 Hz.

4.4.3.1.2 Effects of Profile Depth

The base-case depth randomization range is 100 to 1,000 ft giving a mean depth of about 500
ft. To assess the effects of both a narrower depth range as well as a suite of mean profile
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depths on the amplification factors, the depth categories listed in Table 6 were used to develop
amplification factors. The ranges were chosen to reflect about a factor of 2 in mean profile
depths between depth categories (bins), thereby separating the fundamental column resonances
by about an octave. This separation is intended to illustrate any significantly different levels of
median amplification which may exist between the suite of depth bins or categories (Table 6).

The resulting median amplification factors are shown in Figure 34 compared to the base-case
amplification factors (100 to 1,000 ft, Table 6) all using the Peninsular Range G/G,,, and
hysteretic damping curves. Interestingly, for this NEHRP category (C), which is a very stiff
soil (Figure 5), the base-case amplification factors accommodate mean profile depths from
about 100 ft to 1,000 ft. The base-case factors (mean profile depth of about 500 ft) are a little
low for both very deep profiles at very low frequencies (< 0.5 Hz) and very shallow profiles
for frequencies above about 1 Hz. Increasing the median base-case factors by 10 to 20%
would easily accommodate the range in mean profile depths.

4.4.3.1.3 Comparison to Nonlinear Analyses

Amplification factors computed using the fully nonlinear code DESRA-MUSC (Appendix A)
and nonlinear properties calibrated with the Peninsular Range G/G,,, and hysteretic damping
curves (Section 4.2.2) are shown in Figure 35. The nonlinear amplification factors are not as
smooth as those computed using the RVT based equivalent-linear scheme as only one control
motion time history (Figure 28) was used for each loading level. For a more rigorous
comparison, multiple time histories should be used, each matched to the control motion
response spectra, since we are holding the input motion fixed (no variability). In general, the
agreement with the equivalent-linear factors shown in Figure 32 appears good in median and
+ 10 values. Similar sigma values suggest the relative insensitivity to G/G,,, and hysteretic
damping values (within reasonable ranges) since they are not varied in the nonlinear analyses.

Comparisons between the Peninsular Range (Figure 10) and EPRI (Figure 8) G/G,,, and
hysteretic damping curves used in the nonlinear analyses are shown in Figure 36. As with the
equivalent-linear comparisons (Figure 33), little difference is seen in the amplification factors,
even for expected median input motions of 0.75g. The NEHRP C profile is too stiff to
generate high enough strains over a large enough depth range to show large differences in
expected motions due to the differences in nonlinear dynamic material properties. For a direct
comparison between amplification factors computed using nonlinear and equivalent-linear
approaches, Figure 37 shows expected median values for the range in rock motions using the
Peninsular Range nonlinear dynamic material properties. In the frequency range of 1 to 10 Hz,
the comparison is quite good. At the higher loading levels (> 0.4g), and for frequencies above
about 10 Hz, the nonlinear results exceed the equivalent-linear. At peak acceleration (100 Hz)
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however, the two approaches compare quite favorably. Interestingly at low frequency,
particularly around 0.3 Hz, the equivalent-linear factors exceed the nonlinear factors at all
loading levels. This artifact may be a consequence of using only one time history in the
nonlinear analyses as there is no compelling physical explanation for this low-frequency
discrepancy. A more appropriate nonlinear analyses may have been to use five-to-ten control
motion time histories which match a smooth target (RVT spectrum) either individually or on
average. For each random profile and time history, amplifications (surface spectrum divided
by corresponding Category B surface spectrum) would be computed and the average (log)
taken of the entire suite. '

For the EPRI curves, Figure 38 shows the corresponding comparison. The results are similar
to the comparisons using the Peninsular Range curves.

4.4.3.2 CEUS Conditions

For CEUS NEHRP Category C and Peninsular Range nonlinear properties, Figure 39 shows the
expected median and + 10 amplification factors for CEUS Category B median peak acceleration
values ranging from 0.1 to 0.75g. As with the WUS Category C, the profile is randomized in
depth between 100 ft and 1,000 ft, resulting in a mean depth of about 500 ft. The general shape
of the CEUS factors is quite similar to the WUS factors (Figure 32), showing a peak near 1 Hz at
a value near 2. The CEUS factors show more variability, probably due to the larger impedance
contrast at the soil-rock boundary, which results in stronger profile resonances.

4.4.3.2.1 Effects of Nonlinear Dynamic Material Properties

Comparisons of the CEUS NEHRP Category C median amplification factors computed using the
Peninsular Range (Figure 10) and EPRI (Figure 8) nonlinear dynamic material properties are
show in Figure 40. As with the Category C WUS comparisons, the difference is small for
frequencies below about 10 Hz, except at the highest loading level (median CEUS NEHRP B
expected value of 0.75g). At the highest loading level, the more nonlinear EPRI curves show
somewhat lower amplifications due to higher damping levels. The corresponding increase in low
frequency levels due to the corresponding larger frequency shift resulting from the EPRI curves
is apparent from 0.1 Hz to about 0.5 Hz, but is much less significant. As with the corresponding
WUS Category C comparison (Figure 33), the profile is too stiff (Figure 5) to show large
differences in response due to reasonable differences in nonlinear properties.
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4.4.3.2.2 Comparison of WUS and CEUS Category C Amplification Factors

A comparison of the WUS and CEUS median factors is shown in Figure 41 using both the
Peninsular Range and EPRI nonlinear dynamic material properties. Interestingly, for all loading
levels the WUS factors using the Peninsular Range G/G,,, and hysteretic damping curves
provide the largest factors over most of the frequency range. Also, the WUS factors tend to be
larger than the CEUS factors, especially for frequencies exceeding about 3 Hz. Nonlinear effects
appear to be stronger in the CEUS factors, probably due to the larger impedance contrast across
the soil-rock interface and the greater degree of high frequency energy present at the base of the
CEUS soil (Figure 26). These differences in amplification factors between WUS and CEUS
NEHRP Category C profiles suggest that differences in spectral shapes should also exist between
WUS and CEUS deep (< 1,000 ft) soil sites (Kimball and Costantino, 1999; Silva et al., 1999a).
For bottomless (very deep) profiles, the differences are probably insignificant as the total (soil
plus rock) kappa values and overall velocity gradients (over depths corresponding to frequencies
above 0.1 to 0.2 Hz) become very similar.

4.4.4 NEHRP Category D
4.4.4.1 WUS Conditions

Figure 42 shows the amplification factors computed for WUS Category D using the Peninsular
Range nonlinear dynamic material properties. As with the Category C factors (Section 4.4.3), the
profile (Figure 5) is randomized in depth between 100 ft and 1,000 ft (mean depth = 500 ft) and
layer thicknesses are varied along with shear-wave velocities as well as G/G,,,, and hysteretic
damping curves. Compared to Category C factors (Figure 32), the Category D factors show
similar shapes but are significantly larger (peak values 3 around 1 Hz) at all frequencies for low
loading levels. The effects of nonlinearity are greater for Category D compared to Category C
due to the softer profile (Figure 5), showing a decrease in amplification in peak acceleration from
a factor of 2 at 0.1g to about 1 at 0.75g (NEHRP B expected peak acceleration). Also, the shift
in increased amplification at low frequency (0.3 Hz) is apparent over the same range in loading
levels. Along with this change in high-and low-frequency amplification is an accompanying
increase in the variability. This is probably due to the higher strain levels, increasing the effects
of nonlinear properties and their associated variabilities. A feature not evident in the stiffer
Category C results (Figure 32).

4.4.4.1.1 Effects of Nonlinear Dynamic Material Properties

Comparisons of median amplification factors computed using Peninsular Range and EPRI
G/G,,, and hysteretic damping curves are shown in Figure 43. For this profile, which is much
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softer than Category C (Figure 5), the differences in amplification between the two sets of
nonlinear properties is large, even at the 0.1g loading level. Beginning at about 1 Hz, the
Peninsular Range curves show significantly larger amplification, about a 30% maximum, than
the EPRI curves. The amplification computed using the EPRI curves is slightly larger at low
frequency, due to the slightly shifted mean profile resonance, but the difference is less than about
5%.

4.4.4.1.2 Effects of Profile Depth

As with NEHRP Category C, the effects of a suite of mean category depths of 125 ft, 250 ft, 500
ft, and 1,000 ft (Table 6) are examined. Figure 44 shows the median amplification factors
compared to the base-case depth bin (100 to 1,000 ft, mean ~ 500 ft). At low-frequency (below
about 1 Hz), the factors show a regular trend, increasing as profile mean depth increases with the
base-case profile near the mid-range. At high-frequency, the trend generally reverses as expected
and the suite of factors form a tighter band. For frequencies above about 0.4 Hz and for profiles
in depth less than about 700 ft, the base-case amplifications are within about 10 to 15% of the
largest factors and reflect a reasonable compromise for code applications, except perhaps for
shallow profiles (< 200 ft). For low frequencies (< 0.4 Hz) and deep profiles (< 700 ft), the
base-case amplification factors are clearly unconservative. At high frequency (< 1to 2 Hz) the
base-case factors may be too low for shallow profiles (< 200 ft) being below the 125 ft depth
category (Table 6) by up to about 20%. :

4.4.4.1.3 Comparison to Nonlinear Analyses

Amplification factors computed using the nonlinear code DESRA-MUSC with Peninsular Range
nonlinear properties are shown in Figure 45. As with the Category C nonlinear analyses (Figure
35), the Category D nonlinear analyses result in amplification factors with similar overall shapes
and levels to those computed using equivalent-linear analyses.

Comparison between results using the Peninsular Range and EPRI calibrated nonlinear properties
(Section 4.2.2) are shown in Figure 46. As with the equivalent-linear comparison (Figure 43), a
significant difference exists between the two sets of nonlinear properties with the more linear
Peninsular Range curves showing the larger amplifications. For the EPRI G/G,,,, and hysteretic
damping curves and at high loading levels, the nonlinear analyses show very low high-frequency
(> 10 Hz) amplification (large deamplification). This may be partially attributed to the larger
high-strain damping shown by the nonlinear model (Figure 17) compared to the damping used
for the equivalent-linear analyses. This has traditionally been an important issue in comparing
equivalent-linear and nonlinear analyses. Using nonlinear backbone curve models, it is relatively
easy to match G/G,,, curves (e.g. Figure 16) but an eract match to a corresponding damping
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curve may not be prossible (Figure 17).

Another aspect of the fully nonlinear analyses contributing to the larger deamplification is the
ability of the model to accommodate yielding or soil failure at very high strain levels. Near
surface yield will attenuate high frequency surface motions, a condition which can not be
simulated by equivalent-linear analyses. This condition occurs for cases where randomized
velocities for a particular realization are very low and the loading levels are high. For example,
the shear wave velocity is only of the order of 92 m/s for the top two layers (EPRI G/G,,, and
hysteretic damping curves) for the randomized soil profile G005029. As a result, the soil yielded
at a depth of 10 ft and developed a large shear strain of 15% corresponding to ground lurch under
the shaking level of 0.75g, as shown on Figure 47. The permanent lurch deformation in terms of
shear strain is about 5% at the end of shaking. Note the continued low strain cyclic behavior at
the tail end of the earthquake. The peak ground acceleration was attenuated to 0.33g. The
acceleration response spectra at the ground surface for all shaking levels are shown on Figure 48.

For a direct comparison of amplification factors computed using nonlinear and equivalent-linear
analyses, Figure 49 shows median factors using Peninsular range properties. The comparison is
similar to Category C (Figure 37) and shows the equivalent-linear analyses with larger
amplifications at low frequency (< 1 Hz) than the nonlinear analyses and higher amplification at
high frequency (> S Hz). At peak acceleration (100 Hz) the equivalent-linear results exceed the
nonlinear results at all loading levels, reflecting the effects of higher damping and soil yield.

For the EPRI curves, Figure 50 shows the corresponding comparison. The results are similar but
show a larger difference between the equivalent-linear and nonlienar analyses at peak
acceleration.

4.4.4.2 CEUS Conditions

For CEUS conditions, Figure 51 shows median and + 10 amplification factors computed using
the Peninsular Range G/G,,,, and hysteretic damping curves. The overall shapes and trends are
similar to the WUS results (Figure 42) showing somewhat more variability with frequency,
similar to the Category C results (Figure 39).

4.4.4.2.1 Effects of Nonlinear Dynamic Material Properties

Figure 52 Compares median amplification factors computed for CEUS conditions using
Peninsular Range and EPRI nonlinear curves. As with the WUS Category D comparison (Figure
43), the difference is large for frequencies exceeding about 2 to 3 Hz with the Peninsular Range
(more linear) curves showing significantly larger amplifications.
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For a more complete comparison, Figure 53 shows NEHRP Category D amplifications computed
for both WUS and CEUS conditions using Peninsular Range and EPRI G/G,,, and hysteretic
damping curves. In general, as with the Category C comparison (Figure 41), the WUS
Peninsular Range show the highest amplification.

4.4.5 NEHRP Category E

This category corresponds to soft soils (Figure 5) and is based on a generic San Francisco Bay
mud profile scaled down to a v_s(30m) of 152m/sec (500 ft/sec) (Sections 3 and 4). For this
generic Bay mud profile, only the EPRI cohesionless soil and Vucetic and Dobry (1991) clay
G/G,,, and hysteretic damping curves are used (Section 4.2.1).

4.4.5.1 WUS Conditions

For WUS conditions Figure 54 shows the median and + 10 sigma WUS amplification factors for
NEHRP Category E. The factors are large at low frequency, ranging about 3 from about 0.4 Hz
to about 1 Hz at low loading levels. This is somewhat lower than the 3.5 factor in the current
NEHRP provision at 0.1g (Table 3) but the NEHRP factor reflects an average over the frequency
range of 0.5 Hz to 2.5 Hz. Additionally, the NEHRP F, and F, factors are intended to reflect
considerable conservatism and may be interpreted as being more consistent with + 10 levels than
median estimates. For low loading levels, NEHRP Category B peak accelerations of 0.2g and
below, the development of the NEHRP factors was guided primarily from recording of the 1989
M 6.9 Loma Prieta earthquake at sites along margins of the San Francisco Bay. These sites are
located at considerable distances from the source (= 50 to 100 km) and likely experienced less
high-frequency energy in input motions than sites located much closer to lower magnitude
earthquakes (to maintain similar Category B peak acceleration), as response spectral shapes
depend on distance (Silva and Green, 1989; Abrahamson and Shedlock 1997). Consequently
these large distance soft soil sites likely reflect smaller degrees of nonlinearity than may be
expected for closer sites subjected to input motions consistent with comparable Category B peak
accelerations.

Because the EPRI nonlinear curves are used for the cohesionless soils in the column and the PI of
Bay mud clays is comparatively low (PI = 30%), the effects of nonlinearity are large. At the
higher loading levels (2 0.3g), cyclic shear strains are large enough to induce failure in some of
the randomized columns (at depths corresponding to cohesionless soils) and will be discussed in
the comparison to nonlinear analyses. The deamplification of high frequency motions at high
loading levels is extreme and may not be realistic. Application of these nonlinear properties to
the soft soils of the Imperial Valley results in too much nonlinearity compared to observed
ground motions from the 1979 M 6.5 Imperial Valley earthquake and its M 5.2 aftershock (Silva
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et al., 1997). Conversely, these nonlinear properties appear to provide reasonable comparison to
recordings at the Port Island vertical array for the M 6.9 Kobe earthquake (Silva and Costantino,
1998). Clearly more data including recordings of strong motions, velocity profiles, and reliable
laboratory testing of dynamic material properties are needed for soft soil profile related studies.

4.4.5.1.1 Comparison to Nonlinear Analyses

Figure 55 shows the median and + 10 amplification factors computed with the DESRA-MUSC
program. Similar to the NEHRP Category D nonlinear analyses using the EPRI curves (Figure
46), the nonlinear analyses show strong high frequency deamplification, particularly for
frequencies above 10 Hz. The corresponding equivalent-linear factors increase with increasing
frequency above 10 Hz, reflecting a change in spectral shape with some reduction in peak
acceleration. The nonlinear factors however reflect an overall truncation in high frequency
energy or a flat spectrum. This again may be a consequence of the nonlinear damping exceeding
the equivalent-linear damping for both the EPRI and Vucetic and Dobry (1991) curves (Figures
17 and 19), and yielding or failure of the soft soils at high strain levels.

As with the nonlinear Category D analyses, yielding at high strains has occurred. In this case
yielding occurred for 7 soil profiles out of 30 under the highest shaking level 0.75g.

For the soil profile G005010, yielding started at the shaking level of 0.5g. The shear-wave
velocities are below 80 m/s for the top five layers, and as low as 57 m/s for layers 3 and 4. The
maximum shear-strain of 25% occurred in Layer 4, at the depth of 12 ft under the shaking level
of 0.75g (Figure 56). The permanent lurch deformation in terms of shear strain is about 15% at
the end of shaking. The shear strength is only about 150 psf. The peak ground acceleration has
been attenuated to 0.14g, as a result of yielding behavior. The acceleration response spectra at the
ground surface for all shaking levels are shown in Figure 57.

Soil profile G005021 represents the case with a shear-strain larger than 3% occurred at a depth of
103 ft, under 0.75g shaking. No yielding occurred during the shaking, because the shear-wave
velocity is about 130 m/s at shallow depth and 180 m/s for deep soil layers. However, the
maximum shear-strain at the depth of 12 ft is about 5%, and acceleration time history shows
attenuation of peak ground acceleration as shown on Figure 58. Figure 59 shows the acceleration
response spectra at the ground surface for all shaking levels.

Figure 60 compares the equivalent-linear and nonlinear factors and shows reasonable
agreement in the 1 Hz to 10 Hz range. At low frequency, as with Categories C and D, the
equivalent-linear factors are higher. Peak accelerations remain higher for equivalent-linear
analyses (as with Category D EPRI curves, Figure 50).
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4.4.5.2 CEUS Conditions

For CEUS conditions, Figure 61 shows the expected median and + 10 amplification factors
and Figure 62 compares the WUS and CEUS median factors. For CEUS conditions, the
effects of nonlinearity are significantly greater with the WUS factors generally larger than the
CEUS. These results reflect similar trends as seen for Category D results (Figure 53).
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5.0 SUMMARY AND CONCLUSIONS OF NEHRP AMPLIFICATION FACTORS

Median and + 10 site amplification factors for 5% damped response spectra have been
computed for mean centered NEHRP site Categories (BC), C, D, and E assuming both WUS
and CEUS crustal conditions. The variability in the expected amplification factors (0,, = 0.2 to
0.3) is due to randomization over depth to very stiff conditions as well as randomized shear-
wave velocities, layer thicknesses, and G/G,, and hysteretic damping curves. Material
property probability distributions, including layer thicknesses, were based on analyses of
variance of measured profile as well as G/G,,,, and hysteretic damping curves. Additionally,
comparisons were made for Categories C, D, and E between equivalent-linear and fully
nonlinear site response analyses using the computer code DESRA-MUSC. In general, there
was good agreement between the two approaches over much of the frequency ranges. Because
the nonlinear damping exceeded that of the equivalent-linear at high strains, nonlinear
amplification factors were below the equivalent-linear factors for the softer Category profiles at
high loading levels.

Results computed in this study for NEHRP Category A showed values less than 1, about 0.8 at
high frequency (> 1 Hz to 10 Hz) and close to 1 at low frequency (< 1 Hz). These results are
consistent with the current NEHRP factors of 0.8 for Category A F, and F, site factors.

To provide a convenient illustration to both summarize and compare results of this study with
existing NEHRP F, and F, factors as well as illustrate the effects of frequency range in
developing Category C, D, and E factors, Figure 63 shows median estimates averaged over the
frequency ranges of 2 Hz to 10 Hz (NEHRP Fa range), 0.7 to 2.0 Hz, 0.5 to 2.5 Hz (NEHRP
Fv range), and 0.2 to 0.7 Hz. In the figure, results for both EPRI (Figure 63b) and Peninsular
Range curves (Figure 63a) are shown for Categories BC, C, and D (Category E analyses used a
single suite of curves and is repeated for convenience). In addition, both WUS and CEUS
conditions are shown along with the current NEHRP F, (open circles) and F, (x’s) values. For
Category BC the factors are about 1.4 for frequencies of 0.5 Hz and above and near 1 at low
frequency for both WUS and CEUS conditions. Noninearity is apparent in the 2 Hz to 10 Hz
range using the EPRI G/G,,,, and hysteretic damping curves (Figure 63b).

For Category C, the factors for 0.7 Hz to 2 Hz and 0.5 Hz to 2.5 Hz (dotted lines in Figure 63)
are similar, larger for WUS than CEUS and show little effects of nonlinearity, having a
maximum value near 2 and generally remain above 1.5. This is very different than the current
NEHRP factors which range from 1.7 to 1.3 (open circles in Figure 63), depending on loading
level. Empirical analyses for NEHRP F, and F, factors by Crouse and McGuire (1998) and
Silva and Toro (1998) showed similar trends. Interestingly, analyses of recorded strong
ground motions from the 1994 M 6.7 Northridge earthquake showed general agreement with
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the NEHRP F, factors (Dobry et al., 1999). This more focused study sampled largely San
Fernando Valley and Los Angeles Basin sites over the expected Category B peak acceleration
ranges of 0.1 to 0.25g. At very low frequency shown in Figure 63a and 63b (0.2 Hz to 0.7 Hz)
the factors are largely linear, average around 1.5, and are larger for WUS conditions.

For the high frequency NEHRP range Figure 63 (2 Hz to 10 Hz, solid lines) shows little
nonlinearity for Peninsular Range, curves varying from about 1.5 to 1.2 for WUS conditions,
under the full range of loading conditions. For the EPRI curves the values decrease to about 1
at 0.75g. The values are generally larger for WUS conditions than CEUS conditions, both of
which exceed the current NEHRP factors (x’s in Figure 63). These results are also consistent
with the observations of Crouse and McGuire (1998), Silva and Toro (1998), and Dobry et al.
(1999).

For NEHRP Category D, the 0.7 Hz to 2.0 Hz and 0.5 Hz to 2.5 Hz factors are very similar but
now with larger differences between the other factors. The 2 Hz to 10 Hz factors have a
maximum near 2 (WUS, Peninsular Range curves) and decrease to less than 1 at 0.75g. There
is a large difference in the 2 Hz to 10 Hz factors between analyses using the Peninsular Range
and EPRI curves. The Peninsular Range factors are about 0.5 units above those computed
using the EPRI curves for loading levels exceeding about 0.2g for both WUS and CEUS
conditions. For the WUS and CEUS Peninsular Range amplification (Figure 63a), the
agreement is generally good with the current Fa factors while the EPRI amplifications fall
below those of the NEHRP, particularly for the CEUS (Figure 63b).

The 0.5 Hz to 2.5 Hz (F, range) factors are around 2.5 (WUS conditions) at 0.1g and decrease
to around 2.0 for Peninsular Range curves and about 1.5 for the EPRI curves. For this
frequency range, the Peninsular Range values exceed the current NEHRP F, factors at low
loading levels while the EPRI amplification factors agree very well with the current Fy, values.

Additionally, for Category D, analyses using a suite of mean depth bins showed depth to very
stiff conditions results in larger high-frequency factors for shallow profiles (< 200 ft) and
larger low-frequency factors for very deep (> 700 ft) profiles than the base-case depth range
(100 ft to 1,000 ft). These results suggested that either depth bins be developed or
amplification factors should be based on enveloping the results for a suite of mean depth
categories.

For NEHRP Category E, Figures 63a and 63b show continued similarity for the 0.7 Hz to 2.0

Hz and 0.5 Hz to 2.5 Hz ranges and an increased separation between the high (2 Hz to 10 Hz)
and very low (0.2 Hz to 0.7 Hz) ranges.
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For both WUS and CEUS conditions, the current F, and F, values exceed the expected median
factors by about 1 unit in amplification. These results suggest a substantial degree of
conservatism in the NEHRP Category E factors. A large degree of conservatism was intended,
considering the sparse data set of strong ground motions recorded at soft soil sites available at
the time the factors were developed.

Further studies are clearly needed regarding the response of soft soils to earthquake loading.
Recent data (recordings and site properties) from the Kobe, Chi Chi, and Turkey earthquakes
should provide additional observational trends in the response of soft soils. More careful
laboratory testing of nonlinear dynamic material properties is also needed to help resolve the
effects of confining pressure on medium-to-low plasticity clays (PI < 50% to 60%). This is
essential to understand over what depth ranges potential nonlinear effects may be significant
and included in analyses.

Results of this study also showed that profile category depth is an important issue in
developing amplification factors. Randomizing over a broad depth range is appropriate but
may result in unconservative factors for shallow (< 200 ft) and very deep (2 1,000 ft)
depending on frequency ranges of interest. Either establishing depth bins or using
amplification factor which are envelopes of factors computed for a suite of mean profile depths
are approaches to resolve the issue.

Median shear-wave velocity profiles, conditional on surficial geology, do not reflect NEHRP
mid-range Categories. If these samples reflect profile populations, mid-range amplification
factors will be biased for average site conditions. Either the NEHRP Category ranges in shear-
wave velocity should be shifted to better reflect measured profile statistics or the amplification
factors should be adjusted (increased) accordingly.

While there are a number of limitations in this study; assumptions in material dynamic
properties, kappa values, and ground motion model, the general results suggest that the
NEHRP amplification factor should be revisited (particularly Categories C and D) both
analytically and empirically. Additionally, the shear-wave velocity ranges defining the
Categories should be reevaluated. This is a natural consequence of increased strong motion
data, additional and more complete site characterizations, and an increase in our site response
knowledge base.
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6.0 ASSESSMENT OF NEAR-SOURCE EFFECTS ON BUILDING CODE DESIGN
SPECTRA

The near-fault factors in the 1997 UBC were developed prior to the 1994 M 6.7 Northridge,
California; 1995 M 6.9 Kobe, Japan; 1999 M 7.6 Chi-Chi, Taiwan; 1999 M 7.4 Kocaeli (Izmit),
and; M 7.1 Duzce, Turkey earthquakes. Also, several widely used current empirical attenuation
relationships (Abrahamson and Silva, 1997; Boore and others, 1997; Campbell, 1997; Idriss,
1991, 1994; Sadigh and others, 1997 ) were published before the 1999 Chi-Chi, Taiwan and 1999
Kocaeli and Duzce, Turkey earthquakes. These large magnitude earthquakes significantly
increase the strong-motion data set for moment magnitude greater than 7 and for closest rupture
distances less than about 20 km.

6.1 Approach

The 1997 UBC design spectra and empirical attenuation relationships are reevaluated with the
strong motion data in the Pacific Engineering and Analysis (PE&A) database including the data
collected from these five recent events. UBC (1997) design spectra for Seismic Zones 3 and 4 are
compared to statistical spectra (recorded motions averaged within M and D bins) computed from
appropriate recorded motions.

In addition, residuals (In observed motion minus In expected motions) from the five attenuation
relationships (listed above) are analyzed as a function of period, distance, and magnitude for an
assessment of how well they capture near-fault spectral levels at rock sites. Since the empirical
attenuation relationships are for very general rock and soil classification (with the exception of
Boore and others, 1997) the residuals are computed using data from Geomatrix site Category A
(rock with Vs > 600 m/s or < 5m of soil over rock) and B (shallow stiff soil, up to 20 m of soil
over rock) (Table 1).

6.2 1997 UBC

The near-fault terms in the 1997 UBC are fault distance dependent (closest distance (D) < 15
km) and vary in amplitude from 1.0 to 1.5 in the acceleration range (0.3 sec) and from 1.0 to
2.0 in the velocity range (1.0 sec) (Table 1). These factors were developed by the SEAOC
Ground Motion Subcommittee which was chaired by Dr. Charles Kircher (1993 to 1996). The
factors are based on the empirical attenuation relations of Boore and others (1993) and Sadigh
(1993) (see Commentary Section in the 1997 UBC and Kircher (1998)) and do not reflect the
near-fault data recorded during the Northridge, Kobe, Chi-Chi, and recent Turkey earthquakes.
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To assess the appropriateness of the code design spectra for near-fault ground motions, UBC
(1997) design spectra are compared to statistical spectra in the fault distance range of 0 to 50
km. Since the design spectrum varies as a function of distance, six distance groupings are used
in the reexamination. These distance groupings are: 0 to 2 km, 2 to 5 km, 5 to 10 km, 10 to 15
km, 15 to 30 km and 30 to 50 km. In the first 5 distance ranges ( < 30 km), comparisons are
made to UBC (1997) design spectra for Seismic Zone 4, calculated at the limiting distances for
each bin. In the largest fault distance range (30 to 50 km), the UBC (1997) design spectrum
for Seismic Zone 3 is compared to the statistical spectra.

Format of Figures

In each figure the design spectra are shown as solid lines for both the smallest and largest
distance range. The spectral data computed from the recorded motions are displayed in one of
two manners. First, if the number of components of 5% damped response spectrum in the
distance range is 10 or larger then three statistical spectra are shown. These spectra are the
median (dotted curve), + 10 (dashed curve), and -10 (dashed curve). Spectral statistics are
computed assuming a lognormal distribution. Second, if fewer than 10 components are
available in the distance range, then all of the 5% damped spectra are plotted without statistical
averaging as dashed curves. The six distance groupings are shown in separate frames on each
figure to examine trends with distance.

Two representations are shown of the same comparison. The first figure is a log-log plot of
spectral acceleration (Sa) versus period from 0.01 (100 Hz) to 10 seconds. The companion
figure is a linear-log plot of Sa versus period from 0.1 (10 Hz) to 10 seconds. The second
figure highlights the period range of engineering interest. For each distance range, comparisons
are made for three fault types and NEHRP site categories as defined in the 1997 UBC (Table
1). The Fault classes are A, B, and C and the NEHRP (1997) site Categories are B, C, and D
both of which are defined in Table 1. There are not enough available data for a comparison
with NEHRP site Categories A or E (Table 1).

Tables 7 through 15 list the response spectral data used as a function of closest distance for
NEHRP site Categories B, C, and D and for the three fault classes (A, B, and C). The tables
list earthquake name, moment magnitude, station identification information, closest distance,
Geomatrix and USGS site classifications, high-pass and low-pass filter corners, and peak
acceleration values. In these tables, USGS site classification A, B, and C correspond to
NEHRP Categories B, C and D, respectively. To supplement the data set, Geomatrix site
Categories were used when the site did not have an assigned USGS/NEHRP Categories. In
this case, Geomatrix site Categories A, B and C were placed in NEHRP Categories B, C, and
D, respectively. This association was based on a strong correlation between NEHRP and
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Geomatrix site categories, as can be seen in these Tables.
6.2.1 NEHRP Category B

Results of the code design spectra comparisons for NEHRP Category B are shown in Figures
64 to 69 for the UBC (1997) provisions. In several cases the UBC design spectra are above the
median or median + 10 (lognormal) statistical spectra implying some conservatism but the
margin is highly variable with period.

Fault class A (M > 7): statistical spectra are computed only for the distance bins of 0 to 2 km
(N=20 components) and 30 to 50 km (N=28) in Figures 64 and 65. In the distance range of 0
to 2 km the UBC design spectra are above the median spectrum for all periods and above the
median + 10 spectrum for periods greater than 0.3 seconds. The statistical spectra are
computed from 18 records recorded during the Chi-Chi, Taiwan earthquake and two records
from the Landers earthquake (Table 6). For the three distance ranges of 2 to 5 km (N = 2), 10
to 15 km (N = 4), and 30 to 50 km (N = 28) the UBC design spectra are generally greater than
the available data at all periods. Recall that for the distance range 30 to 50 km, the comparison
is made with the Seismic Zone 3 UBC spectra. In this case, with 28 components, the
comparison shows considerable conservatism in the UBC design spectrum.

In the distance range of 5 to 10 km (N=4) the recorded motions generally exceed the UBC
design spectra and the variability is large. For the distance range of 15 to 30 km, only two
recorded spectra (one site) are available. Table 7 lists the spectral data used in the analyses.

Fault class B (6.5 < M < 7): statistical spectra are computed only for the two distance bins
greater than 15 km. For these distances the UBC design spectra are above the median + 10
spectrum for all periods. Sufficient data are available for these distances to suggest that the
code spectra reflect considerable conservatism. For the distance ranges of 0 to 2 km (N=6), 2
to 5km (N =2),5to 10 km (N = 8), and 10 to 15 km (N = 4) some of the recorded spectral
data exceed the UBC design spectra, especially for periods less than about 1 second. At longer
periods the design spectra are generally greater than the spectra calculated from data. These
results are similar to those for Fault class A where too few records are available to estimate
fractiles, the variability in the components is large and conclusions regarding the adequacy of
the design spectra can not be made unambiguously. The data used are listed in Table 8.

Fault class C (5.75 <M < 6.5): no data are in the PE&A strong motion database for distances
between 10 to 15 km in Figures 68 and 69. Statistical spectra are computed for the two
distance bins greater than 15 km and the 5 to 10 km bin. For these distances the design spectra
are above the median + 10 spectra for all periods. For the two close-in distance ranges of 0 to
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2 km (N=2) and 2 to 5 km (N = 4) several of the recorded motions exceed the design spectra,
especially for periods less than about 1 second. At longer periods the design spectra are
generally greater than the recorded motions. Table 9 lists the data used.

6.2.2 NEHRP Category C

Results of the comparisons of design spectra and statistical spectra for NEHRP Category C are
shown in Figures 70 to 75. In several cases the UBC design spectra are above the median or
median + 10 (lognormal) statistical spectra implying some conservatism, but the margin is
highly variable with period.

Fault class A (M > 7): Unfortunately, no data are in the PE&A strong motion database (Table
9) for distances between 0 to 2 km in Figures 70 and 71. Statistical spectra are computed for
the three distance bins greater than 10 km. These data were recorded during the Landers, Cape
Mendocino, Tabas, Chi-Chi, and recent Turkey earthquakes. For these distances the UBC
design spectra are generally near or above the median + 10 spectra for all periods. Recall that
for the distance range 30 to 50 km, the comparison is made with the UBC Seismic Zone 3
design spectra. For the remaining distance ranges of 2 to 5 km (N = 3) and 5 to 10 km (N = 6)
nearly all of the recorded motions are near or below the UBC design spectra. The exceptions
are the data from station CHY028 from the Chi-Chi, Taiwan earthquake (Table 10). In general
the 1997 UBC spectra reflect conservative design values.

Fault class B (6.5 < M < 7): Statistical spectra are computed for the distance bins of 0 to 2 km
(N=14) and for all bins greater than 10 km in Figures 72 and 73. In these 4 distance ranges the
UBC design spectra are near or above the median + 10 spectra at all periods. For the
remaining two distance ranges of 2 to 5 km (N = 6) and 5 to 10 km (N = 6) most of the
observed motions are comparable to or below the UBC design spectra, however, some of the
spectra exceed the UBC design levels near 0.2 to 0.4 seconds. Table 11 lists the data used in
this comparison.

Fault class C (5.75 <M < 6.5): Statistical spectra are computed for all bins greater than 5 km
in Figures 74 and 75. In these 4 distance ranges the UBC design spectra are above the median
spectra for all periods. For the remaining two close-in distance ranges of 0 to 2 km (N = 4)
and 2 to 5 km (N = 2) most of the observed motions are comparable to or below the design
spectra, however, some of the spectra exceed the UBC design spectra near 0.2 to 0.4 seconds.
Table 12 lists the data used in this comparison.
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6.2.3 NEHRP Category D

Results of the code spectral level comparisons for NEHRP Category D are shown in Figures 76
to 81 for the UBC (1997) provisions.

Fault class A (M > 7): statistical spectra are computed for all distance bins except the 2 km to 5
km bin, which contains only 4 spectra (Table 13). In all distance ranges the design spectra are
above the median spectra for all periods and generally above the median + 10 level for most of
the period range (Figures 76 and 77). The only exception in the distance range from 0 to 2 km
where the median + 10 spectra exceeds the UBC spectra for periods less than about 1 second.
The data in this distance range were recorded during the Cape Mendocino (2 components),
Tabas (2 components), and Chi-Chi (4 components) earthquakes (Table 12). In general the
design spectra compare very favorably with the currently available strong motion data.

Fault class B (6.5 < M < 7):Statistical spectra are computed for the all distance bins (Table 14).
In all distance ranges the UBC spectra are generally above the median spectra for all periods
and near or slightly below the median + 10 spectra in Figures 78 and 79. The main exception
is in the distance range from 2 to 5 km where the median level exceeds the UBC design spectra
at 5 km for periods less than about 0.5 second.

Fault class C (5.75 <M < 6.5): Unfortunately, no data are in the PE&A strong motion database
for distances between 0 to 2 km (Figures 80 and 81 and Table 15). For distances greater than 2
km, the UBC design spectra are above the median spectra of the recorded motions for all
periods and generally above the median + 10 spectra as well. The only exception in this case is
the distance range from 5 to 10 km where the median + 10 spectrum exceeds the design
spectrum for a narrow range of periods near 0.4 second.

6.3 2000IBC

The 2000 IBC design spectra are to be based either on probabilistic shaking hazard maps or
deterministic evaluations at close distances to large active sources (Kircher, 1999). Both of
these approaches rely on rock site empirical attenuation relations for WUS crustal sources. To
assess the potential appropriateness of the 2,000 IBC design spectra, residuals between
recorded motions and a suite of empirical WUS crustal attenuation relations is examined. The
WUS crustal empirical WUS crustal relations include the following: Abrahamson and Silva
(1997) (AS), Boore and others (1997) (BAO); Campbell (1997) (CAMP), Idriss (1991, 1994)
(IMI) and Sadigh and others (1997) (SAO). To select rock site data, Geomatrix geotechnical
site Categories A and B (Table 1) are assumed and the strong motion recordings binned into
magnitude ranges (M >7, 6 <M <7, 5 <M < 6 and M > 6.75). These magnitude ranges were
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chosen to generally reflect: (1) large earthquakes (M > 7) as well as a significant amount of
data which were unavailable at the time the empirical relations were developed; (2) moderate
earthquakes (M 6 to 7) and a data set which was used in developing the empirical relations; (3)
small earthquakes (M 5 to 6); and (4) large earthquakes (M 6.75). For the Boore and others
(1997) relationship a v_s (30m) of 760 m/sec was used. The depth to basement was taken a 2
km (Campbell, personal communication, 1999).

In the analyses presented, the residuals are computed as observed average horizontal
component spectra minus the expected average horizontal component computed from each
empirical relation. The subtraction (rather than division) occurs because logarithms (natural
log) are used as strong motion data are generally assumed to be log normally distributed
random variables. For each earthquake and site, each empirical relation was used to provide an
estimate of the response spectrum. Source mechanisms, site locations for hanging-wall verses
foot-wall, as well as source-to-site distance definitions were all considered in computing the
expected motions. The residuals are smoothed (over distance) and are plotted versus closest
distance or Joyner-Boore distance (as appropriate for each attenuation relationship) from 0 to
50 km at nine frequencies and for peak horizontal ground acceleration. The nine frequencies
are 20, 10, 5, 2, 1, 0.5, 0.33, 0.25 and 0.20 Hz. (Note that not all of the attenuation
relationships include all of these frequencies. For these cases the residuals are not calculated.)
Residuals are also not calculated for frequencies outside of the usable data bandwidth of the
processed acceleration time histories (the low-frequency filter corners of the processed strong
motion data listed in Tables 7 to 15). Additionally, the residuals within each magnitude bin
have been weighted so that each earthquake has an equal contribution to the residual at each
oscillator frequency.

For the distance range of 0 to 50 km, the mean magnitudes and mean distances in the database
are listed in Table 16 along with the number of available components. For the largest
magnitude bin (M > 7), 79 components are available while the other bins range from about 100
to 200 components. With these numbers of data, the residuals do have statistical stability and
meaningful conclusions can be drawn from the analyses.

For the M > 6.75 bin, 70 components of the available 139 (Table 16) were recorded during the
Gazli, Tabas, Nahanni, Spitak, Loma Prieta, Cape Mendocino, Landers, and Kobe earthquakes,
which were included in the development of most of the considered empirical attenuation
relationships. For the 79 components in the M > 7 bin, only 10 components were previously
recorded during the Tabas, Cape Mendocino, and Landers earthquakes and available for
inclusion in the development of the empirical attenuation relationships. The recent data
contributed significantly to the larger magnitude comparisons.

39



Since the residuals clustered as a function of frequency, two plots are shown for each
magnitude bin. A plot of the smoothed (over distance) residuals at high frequency (PGA, 20,
10, and 5 Hz) are shown in Figures 82, 84, 86, and 88. The low frequency (2, 1, 0.5, 0.333,
0.25, and 0.20 Hz) plots are shown in Figures 83, 85, 87, and 89. It is important to emphasize
that in the residual plots, because natural logs are used, the misfit (departure from zero) must be
raised to an exponential. For example, a residual of 0.5 actually implies an average departure of
about 50% (e*°) from the data. A positive residual corresponds to an underprediction while a
negative residual corresponds to an overprediction. For the M 5 to 6 and M 6 to 7 comparisons it
is expected that the residuals be centered around zero as the empirical attenuation relations were
developed using a significant portion of these data. For the M > 6.76 and M > 7 bins, which
include a significant portion of new data (recorded after the attenuation relations were developed)
the residuals may be regarded more as an evaluation of predictions.

For M > 7 (Figure 82), nearly all of the smoothed residuals are less than 0. Hence most of the
attenuation relations are conservative and predict motions that exceed the recorded motions from
the recent Taiwan and Turkey earthquakes for PGA, 20, 10 and 5 Hz 5% damped response
spectral ordinates. At lower frequencies however (Figure 83) the residuals tend to be closer to 0
with all 5 relationships estimating larger motions than observed for distances greater than about
35 km. At closer distances, from about 10 km to 35 km, the empirical attenuation relations tend
to underestimate the data, particularly for the AS, BAO, SAO, and IMI relations. The relation of
CAMP shows some frequencies with motions that are a little low. At very close distances there
is a strong tendency for the AS, BAO, IMI, and SAO relations to predict motions that are below
the data for frequencies lower than about 2 Hz. Interestingly this tendency does not occur for
CAMP, which tends to produce motions that are larger than observed.

For M > 6.75 (Figures 84 and 85), the residuals tend to be closer to 0 than in the M > 7 case.
Also, the over-prediction for distances greater than about 35 km is smaller. This result is
consistent with the fact that a greater proportion of the data for this magnitude range was used in
developing the attenuation relations.

For 6 <M < 7.0 (Figures 86 and 87), the residuals generally oscillate about 0 as a function of
distance. This is expected since all of these data were available when the attenuation relations
were developed. However, residuals for the Boore and others (BAO) relation tend to be positive,
implying that the relation has a tendency to predict motions that are lower than observed for this
magnitude and distance range.

For 5 <M < 6.0 (Figures 88 and 89), the residuals again oscillate about 0 as a function of

distance. This is expected since all of these data were available when the attenuation relations
were developed. However, all 5 relationships predict lower motions than observed for distances
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greater than about 35 km particularly at high frequency (> 5 Hz). Interestingly, at low frequency,
the CAMP relation shows a distance trend in bias going from negative to positive as distance
increases.

Since the largest and most stable biases were encountered for the M > 7 bin which is dominated

by the recent Taiwan and Turkey earthquakes, these results suggest that the crustal empirical
relations should be updated.
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7.0 SUMMARY AND CONCLUSIONS ON NEAR-SOURCE MOTIONS

Existing recordings of strong ground motions that include the recent Taiwan and Turkey
earthquakes have been used to evaluate the 1997 UBC design spectra as well as five WUS crustal
empirical attenuation relations. Since the 2,000 IBC makes use of empirical rock attenuation
relations either implicitly in probabilistic ground shaking maps or directly in deterministic
shaking hazard evaluations at close distances to large active earthquake sources, evaluation of
frequently used empirical relations is intended to provide some insights into the 2,000 IBC code
design levels for the WUS. '

For the comparisons to the 1997 UBC, design spectra for Seismic Source Types A, B, and C as
well as Seismic Zones 4 and 3 and NEHRP site Categories B, C, D, and E were compared to
statistical spectra computed from recorded motions. In general, for cases where more than 10
components of data were available (most cases) permitting reliable estimates of fractiles, the
UBC 1997 design spectra exceeded the median statistical spectra, in many cases being near or
exceeding + 10 estimates. In general, for the currently available data, 1997 UBC code design
spectra reflect conservative design levels.

This is particularly true for Seismic Zone 3 where the UBC 1997 design spectra significantly
exceed median + 10 estimates. For Fault type A (M > 7) and the closest distance range (0 km to
2 km) the design spectra exceed median estimates and are close to + 10 values for most of the
period range. For NEHRP site Category D, the most populated site Category, Fault type A
design spectra exceed + 10 estimates suggesting conservative design values for the range in
earthquake magnitudes currently available. For cases where fewer than ten components were
available and the individual components displayed, the wide range typically encountered in
recordings of strong ground motion was observed.

In an analysis of residuals using five of the frequently employed WUS rock site empirical
attenuation relations several interesting features were observed. For large magnitude earthquakes
(M > 7), which is dominated by data not available when the relations considered were developed,
the relations tended to predict larger motions than observed at high (> 5 Hz) frequencies.
Conversely the relations tended to underpredict at low frequency (< 2 Hz). This was most
apparent in the 10 km to 35 km distance range with three relations (Abrahamson and Silva,
Idriss, and Sadigh and others) showing the trend within 10 km. Forthe M > 6.75and M 6 to 7
bins, the relations produced much smaller residuals in general with a tendency to be more
accurate at high frequency (> 5 Hz) than at low frequency (< 2 Hz) and biased a little high over
most of the oscillator frequency range. The exception was Boore and others which was biased a
little low from about 5 km to about 35 and at most frequencies.

42



Over the low magnitude range (M 5 to 6), four of the relations showed little bias overall within
about 35 km at high frequency (> 5 Hz) but all showed a large positive bias (under prediction)
beginning around 35 km. The Boore and others relation showed a positive bias over most of the
distance range. At low frequency, the relations generally showed little or no bias, except for
Campbell, which showed a large negative bias (over prediction) at the closed distance but with
the bias decreasing as distance increased.

These results suggest that the relations perform reasonably well except at low frequency (< 2 Hz)
for the recent large magnitude Taiwan and Turkey earthquakes. As is often the case when large
magnitude earthquakes occur and which produce significant amounts of strong motion data,
empirical attenuation relations require updating, along with other design tools. Clearly these
earthquakes have presented the case for doing so.
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Table 1

SITE CLASSIFICATIONS
Average shear-wave velocity to a depth of 30m (= 100 ft) is:

NEHRP 1994 UBC 1997

A = >1,500m/s 5,000 ft/sec

B = 760-1,500(1,130) 2,500 - 5,000 (3,750)°
C = 360-760(560) 1,200 - 2,500 (1,850)
D = 180-360(270) 600 - 1,200 (900)°
E = <180 600 ft/sec

Soil
Profile Type Description

A Hard rock with measured shear-wave velocity, v-s > 5,000 ft/sec (1,500 m/sec)

B Rock with 2,500 ft/sec < v, £5,000 ft/sec (760 m/sec < v, <1,500 m/sec)

C Very dense soil and soft rock with 1,200 ft/sec < v, <2,500 ft/sec (360 m/sec <
v, <760 m/sec) or with elther N> 50o0r S > 2,000 psf(lOO kPa)

D Stlff soil with 600 ft/sec < v < 1,200 ft/sec (180 m/sec < v, <360 m/sec) or with
either 15 < N < 50 or 1,000 psfs Su < 2,000 psf (50 kPa < Su < 100 kPa)

E A soil profile with v—s < 600 ft/sec (180 m/sec) or any profile with more than 10
ft (3m) of soft clay defined as soil with P> 20, w > 40%, and S, < 500 psf (25
kPa)

F Soil requiring site-specific evaluations:

i. Soil vulnerable to potential failure or collapse under seismic loading such
as liquefiable soils, quick and highly sensitive clayss, collapsible weakly
cemented soils.

2. Peats and/or highly organic clays {H > 10 ft (3m) of peat and/or highly
organic clay where H = thickness of soil)

3. Very high plasticity clays (4 > 25 ft (8m) with PI> 75)

4. Very thick soft/medium stiff clays (4> 120 ft (36m))

Exception:  When the soil properties are not shown in sufficient detail to

determine the Soil Profile Type, Type D shall be used. Soil
Profile Types E or F need not be assumed unless the regulatory
agency determines that Types E or F may be present at the site or
in the event that Types E or F are established by the geotechnical
data.

"Mid-range values adopted for amplification factors
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Table 1 (Cont.)
SITE CLASSIFICATIONS

GEOMATRIX Site Classification

Geotechnical subsurface characteristics (Robert Youngs, personal communications)

A=
B=

C =

Rock. Instrument on rock (Vs> 600 mps or < 5m of soil over rock.

Shallow (stiff) soil. Instrument on/in soil profile up to 20m thick overlying
rock. ‘
Deep narrow soil. Instrument on/in soil profile at least 20m thick overlying
rock, in a narrow canyon or valley no more than several km wide.

Deep broad soil. Instrument on/in a soil profile at least 20m thick overlying
rock, in a broad valley.

Soft deep soil. Instrument on/in deep soil profile with average Vs < 150 mps.

Relations To Building Code Classifications

UBC NEHRP GEOMATRIX
S1 B+C A+B

S2 C+D C+D

S3 E E

S4 - ----

1997 UBC NEAR-SOURCE FACTOR, N,

Seismic Source Closest Distance to Active Source
<2km 5 km 10 km
Type A 1.5 1.2 1.0
Type B 1.2 1.0 1.0
Type C 1.0 1.0 1.0
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Table 1 (Cont.)

1997 UBC NEAR-SOURCE FACTOR, Ny,

Seismic Source

Closest Distance to Active Source

<2km 5 km 10 km
Type A 2.0 1.6 1.2
Type B 1.6 1.2 1.0
Type C 1.0 1.0 1.0

1997 UBC Seismic Source Types

Seismic Source

Seismic Source
Description

Source Properties

Maximum Moment
Magnitude, M

Slip Rate, SR
(mm/year)

Type A

Capable of Producing
Large Magnitude
Events and High Rate
of Seismic Activity

M 27.0

SR 25

Type B

Not Type A or Type
C Seismic Source

Type C

Not Capable of
Producing Large
Magnitude Events
and Low Rate of
Seismic Activity

M<6.5

SR<2
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Table 2
SURFACE GEOLOGY BASED PROFILES, SITE CLASSES, AND DYNAMIC

MATERIAL PROPERTIES
SAN FRANCISCO BAY AREA
Geology Average Site Classes | Number of | G/Gmax and
Velocity over Profiles Hysteretic
30m USGS | NEHRP Damping
K(Franciscan) 771.44 m/s A 30 Generic rock
TM,(Tertiary Bedrock) 506.13 m/s B C 18 Generic rock
QT,(Quaternary/Tertiary) 466.12 m/s B C 9 EPRI
Q,.(older alluvium) 353.44 m/s C D 16 EPRI
Q,/(Quaternary alluvium) 296.49 m/s C D 37 EPRI
Q..+ Qu 312.15m/s C D 53 EPRI
Q,.(Bay mud) 187.87 m/s C D 60 Vucetic/Doby,
EPRI
170
LOS ANGELES AREA
Geology Average Site Classes | Number of | G/Gmax and
Velocity over Profiles Hysteretic
30m USGS | NEHRP Damping
M,, (Granite) 843.78 m/s A B 8 Generic rock
Ts (Saugus) 576.81 m/s B C 4 Peninsular
Range
T (Tertiary) 436.39 m/s C 43 Generic rock
Q. (Older alluvium) 391.24 m/s C 124 Peninsular
Range
QT (Q,+ Ty) 508.61 m/s B C 171 Peninsular
Range
Q,(Quaternary alluvium) 317.68 m/s C D 219 Peninsular
Range
398
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Table 3
F, and F, VALUES
Soil Profile F, For Shaking Intensity Levels
Type A, <0.1 A, =02 A=03 | A,=04 | A, 2050
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.2 12 1.1 1.0 1.0
D 1.6 1.4 12 1.1 1.0
E 2.5 1.7 1.2 0.9 b
F b b b b b
Soil Profile F, For Shaking Intensity Levels
Type A, 0.1 A, =02 A,=03 | A,=04 | A,>050°
A 0.8 08 . 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.7 1.6 1.5 1.4 13
D 2.4 2.0 1.8 1.6 1.5
E 3.5 3.2 2.8 2.4 b
F b b b b b

Fa:  Evaluated over the frequency range of 2 to 10 Hz.
Fv:  Evaluated over the frequency range of 0.5 to 2.5 Hz.

Note: Use straight line interpolation for intermediate values of A, and A

* Values for A,, Ay > 0.4 are applicable to the provisions for seismically isolated and certain
other structure

® Site specific geotechnical investigation and dynamic site response analyses shall be performed.
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Table 4
KAPPA VALUES FOR “AVERAGE” SITE CONDITIONS IN WUS AND CEUS'
Tectonic | “Average” Site N* Median Kappa | O, Range of Kappa for This
Condition (sec) Site Condition (sec)
WUS Hard rock 11 0.026 0.58 0.010 - 0.060
Weathered 9 0.035 0.52 - 0.015-0.100
hard rock
Soft rock 15 0.045 0.51 0.015-0.080
Sheared rock 4 0.062 0.41 0.040 - 0.120
Combined 39 0.037 0.59 0.010 - 0.120
CEUS | Hard rock 16 0.007 0.42 0.004 - 0.016
Soft rock 3 0.017 0.09 0.015-0.018
Sheared rock 1 0.025 0.025
Combined 20 0.008 0.55 0.004 - 0.025

"Based on template fits using spectral shapes (Silva and Darragh, 1995)
“Number of records

“Average” Site Condition is defined as:
Hard Rock: WNA as granite, schist, carbonate, slate
ENA as granitic pluton, carbonate, sites in Canadian Shield region (Saguenay,

New Hampshire).

Weathered
hard rock: WNA as weathered granitic rock and tonalite

Soft rock: WNA as sandstone and breccias
ENA as sandstone and claystone

Sheared rock: WNA as site near fault zone (Gilroy #6) or greenstone site in Franciscan
(Redwood City, Hayward).
ENA as site near fault zone (Nahanni River Site #1)
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Table 5
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NEHRP B WUS
K = 0.04 sec
Target | Median Median Median | Median Median Dist. | Depth | M | Ao
Outcrop | Outcrop Outcrop Outcrop Outcrop Outcrop (km) (km) (bars)
PGA(g) | PGA(g) | PGV(cm/sec) | PGD(cm) V/A AD/V?
(cm/sec/g) | (gem/cm/sec?)
0.05 0.05 5.72 2.58 113.06 3.91 40.00 | 8.00 | 6.5 64
0.10 0.10 10.72 4.74 106.96 4.06 2150 | 8.00 | 6.5 64
0.20 0.19 19.80 8.67 103.54 4.15 10.00 | 8.00 | 6.5 64
0.30 0.31 3191 13.89 101.94 4.19 1.00 | 8.00 | 6.5 64
0.40 0.39 39.98 17.80 103.71 4.21 300 | 6.00 | 6.5 64
0.50 0.51 52.88 23.49 103.09 4.23 1.00 | 5.00 | 6.5 64
0.75 0.74 76.98 34.78 104.38 4.25 1.00 | 3.50 | 6.5 64
QD 275 £°¢ (Los Angeles; based on regional inversions, Silva et al., 1997)
Kappa 0.04 sec
NEHRP B CEUS
K = 0.04 sec
Target Median Median Median Median Median Dist. | Depth | M Ao
Outcrop | Outcrop Outcrop Outcrop Outcrop Outcrop (km) (km) (bars)
PGA(g) | PGA(g) | PGV(cm/sec) | PGD(cm) V/A AD/V?
(cm/sec/g) | (gem/em/sec?)
0.05 0.05 3.99 1.50 81.40 4.53 70.00 | 8.00 | 6.5 110
0.10 0.10 8.17 2.99 78.90 4.56 3500 | 8.00 | 6.5 110
0.20 0.20 15.50 5.64 77.90 4.58 18.00 | 8.00 | 6.5 110
0.30 0.31 24.27 8.80 77.45 4.59 10.00 | 8.00 | 6.5 110
0.40 041 31.31 11.34 77.24 4.60 6.00 | 8.00 | 6.5 110
0.50 0.51 39.03 14.12 77.09 4.60 1.00 | 8.00 | 6.5 110
0.75 0.78 59.92 21.63 76.78 4.61 1.00 | 520 | 6.5 110
QhHh = 351 f** (based on Saguenay inversions, Silva et al., 1997)
Kappa = 0.040 sec




Table 5 (continue)
NEHRP B CEUS
x = 0.02 sec
Target | Median Median Median | Median Median Dist. | Depth | M | Ao
Outcrop | Outcrop Outcrop Outcrop Outcrop Outcrop (km) (km) (bars)
PGA(g) | PGA(g) | PGV(cm/sec) | PGD(cm) V/A AD/V?
(cm/sec/g) | (gem/cm/sec?)
0.05 0.05 3.03 1.09 58.14 6.07 105.00 | 8.00 | 6.5 110
0.10 0.10 5.68 1.91 54.67 6.04 55.00 | 8.00 | 65 | 110
0.20 0.20 10.83 3.60 53.49 6.10 3000 | 8.00 | 65| 110
0.30 0.30 16.00 5.30 53.10 6.12 20.00 | 8.00 | 6.5 110
0.40 0.41 21.68 7.16 52.90 6.12 1400 | 8.00 | 6.5 110
0.50 0.52 27.54 9.08 52.82 6.12 1000 | 8.00 | 65| 110
0.75 0.76 40.14 13.20 52.83 6.11 720 | 520 | 65| 110
Q) = 351 f°* (based on Saguenay inversions, Silva et al., 1997)
Kappa = 0.020 sec
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Table 6

PROFILE DEPTH CATEGORIES

Category (ft) Depth Range (ft)
125 80-180
250 180 - 400
500 400 - 750
1,000 750 - 1,500
Base Cases
Categories C and D 100 - 1,000
Category E 100 - 650
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Table 16

MEAN MAGNITUDES AND DISTANCES

M Range M D Number of Components
5-6 5-57 19.8 210
6-7 6-58 26.8 228
>6.75 7-23 23.7 139
>17.0 7-48 229 79
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