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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 + 1σ 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; Silva et al., 
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 
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is nonlinear material properties.  Although one may believe that stiffer materials are Amore linear@, 
than soft materials, the converse is actually true.  For a given level of cyclic shear-strain, generally 
exceeding about 10-2 % (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. 
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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 (Aa and Av) for rock (assumed Class B) as shown in Figure 6. The anchor spectrum for rock 
is modified by site coefficients Fa (applicable to short period motion in the range 0.1 B 0.5 seconds) 
and Fv (applicable to longer period motion in the range 0.4 B 2.0 seconds). The factors Fa and Fv are a 
function of Aa and Av, 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 Fa and Fv 
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 + 1σ 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 
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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 reflect a 1/T 
falloff (constant spectral velocity) rather than the previous 1/T b 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 (NA) and long-period factors (NV).  
The NA 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 NA and NB 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.  
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