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SUMMARY
Presented herein are site amplification factors obtained from recent studies of empirical (recorded) ground motion data by a number of investigators.  For comparison, the site amplifications obtained by Silva et al. (2000) from a comprehensive parametric set of site response simulations are shown.  Also shown for comparison are the amplification factors given in the 2000 and 2003 NEHRP Provisions (as well as the 2000 and 2003 International Building Code and the 1997 Uniform Building Code).  These latter site amplification factors (site coefficients) are based principally on analysis of the recorded data from the Loma Prieta earthquake at low levels of accelerations and site-response analyses for extrapolation to higher accelerations.

The plots of site amplification factors, presented in Figures 1 through 6, are in terms of the site ground motion spectral amplification for a certain NEHRP site class (C, D, or E) relative to a reference site condition, nominally taken as rock with a Vs30 of approximately 1000m/s, which is within the range of values of Vs30 (mean shear wave velocity in the upper 30m of the profile) for site class B.  Site amplifications are plotted versus peak rock acceleration for two periods of vibration, 0.3s and 1.0s, although some of the site amplifications, as noted below, are determined as averages over period ranges that include these discrete periods.  The site factors are denoted Fa(0.3s) and Fv(1.0s).  Plots of site factors for Fa(0.3s) are in Figures 1 through 3 for site classes C, D, and E, respectively; plots of site factors for Fv(1.0s) are in Figures 4 through 6 for site classes C, D, and E.  The site factors are tabulated in Tables 1 through 6.  The individual research studies are summarized in Appendix A and a list of references for the studies cited in Appendix A is given in Appendix B.
The empirical studies are broadly divided into two broad classes: (1) studies that both (a) include  Northridge earthquake data and, in some cases, more recent earthquake data, and (b) explicitly include a quantification of nonlinearity of site response, where nonlinearity refers to the reduction of site amplification factors with increasing amplitude of reference rock acceleration; and (2) other studies that do not include both elements (a) and (b).  In the plots, the Category 1 studies are shown with bold solid symbols and lines. They include Borcherdt (2002), Choi and Stewart (2005), Rodriguez-Marek et al. (1999), and Stewart et al. (2003). The  Category 2 studies are shown with light lines and open symbols or crosses and include Borcherdt (1994), Crouse and McGuire (1996), Dobry et al. (1999), Field (2000), Harmsen (1997), Joyner and Boore (2000), and Steidl (2000).  We consider the Category 1 studies to be more diagnostic of empirical trends for site amplification than the Category 2 studies, especially with regard to nonlinearity.  The comparison results from Silva et al. (2000) and NEHRP Provisions are also shown with light lines and open symbols.  
Of the four Category 1 studies, the Borcherdt work obtains amplification factors as average ratios of Fourier spectra over two period ranges, 0.1 to 0.5s and 0.4 to 2.0s.  The period ranges correspond to those used for obtaining average amplification factors for the NEHRP Provisions.  The other three studies obtain amplification factors as ratios of 5%-damped response spectra at discrete periods of 0.3 and 1.0s, as well as other periods.   For all studies, the amplification factors shown in Figures 1 through 6 and Tables 1 through 6 are for discrete periods where available, otherwise for averages over period ranges.  With the exception of Rodriguez-Marek et al. (1999), all Category 1 studies utilize the NEHRP classification system, in which the fundamental site parameter is Vs30.  Rodriguez-Marek et al. (1999) utilize a geotechnical classification system that incorporates depth to rock as well as soil and rock stiffness.  Rodriguez-Marek et al. (1999) indicate that their B, C, and D classifications are similar to NEHRP classifications because the great majority of recording stations used by the authors classify into the same letter categories using both classification systems.  The reference condition for all four studies vary, but for the preparation of the attached plots, reference conditions have been adjusted to nominal site class B, which has a Vs30 range of 760 to 1500 m/s.  The reference site conditions for the amplification factors as-published are approximately 850-1000 m/s for Borcherdt (2002) (no adjustments made for attached plots), unknown for Rodriguez-Marek et al. (1999) (but likely in the lower range of velocities for site class B if not lower), 760 m/s for Choi and Stewart (2005) (adjusted to 1000 m/s for attached plots), and 520-620 m/s for Stewart et al. (2003) (adjusted to 1000m/s using the Choi and Stewart relationships between amplification and Vs30).
For the empirical studies in the second category, Borcherdt (1994) and Harmsen (1997) use Fourier spectra and average amplifications over period ranges.  The other studies use 5%-damped response spectra and the amplifications summarized herein are: for discrete periods of 0.3 and 1.0s for Field (2000) and Steidl (2000); periods of 0.2s and 1.0s for Joyner and Boore (2000); a period of 0.3s for Fa and averaged for periods of 1.0, 2.0, and 3.0s for Fv for Crouse and McGuire (1996); and averaged over period ranges of 0.1 to 0.5s and 0.4 to 2.0s for Dobry et al. (1999).  All of these studies report results for the NEHRP classification categories.  
For studies by Borcherdt (1994, 2002), the mean Vs30 measured at the strong-motion recording sites used as reference stations by Borcherdt (1994) is approximately 800 m/s for the Loma Prieta sites. It is about 850 m/s for the Northridge sites (Borcherdt 2002). These values are about the same as the Vs30 values at which Borcherdt’s empirical amplification curves assume the value of unity, if the equations are written in terms of an impedance ratio (see discussion in Appendix A, Borcherdt, 1994). If Borcherdt’s empirical amplification curves are written in terms of a simple velocity ratio, then the Vs30 values that give rise to unity values of amplification and correspond to the 800 m/s and 850 m/s values are about 1000 and 1050 m/s.
Amplifications of  Field (2000), Harmsen (1997), and Steidl (2000) have been normalized to Vs30 of 1000 m/s using plots prepared by Choi and Stewart (2005).   Joyner and Boore (2000) utilize a reference Vs30 of 1068 m/s, corresponding to the geometric mean of the bounding values of Vs30 for site class B.  A specific reference Vs30 within site class B cannot be interpreted for Crouse and McGuire (1996) and Dobry et al. (1999).  With regard to the question of nonlinearity, Joyner and Boore (2000) used a functional form for their attenuation relationship that permitted quantification of nonlinearity.  Crouse and McGuire (1996) may not have completely captured nonlinearity with their method of analysis (see Appendix A).  Borcherdt (1994) trends for nonlinearity are guided by site-response simulations using SHAKE.  The amplification factors by Dobry et al. (1999), Field (2000), Harmsen (1997), and Steidl (2000) do not show effects of nonlinearity.

From the site response simulations, Silva et al. (2000) obtained amplification factors using 5%-damped response spectra and discrete period values, including 0.3s and 1.0s.  He also averaged amplifications over the period ranges of 0.1-0.5s and 0.4-2.0s for comparison with the NEHRP amplifications.  His amplifications for discrete periods are used for the plots herein.  The reference Vs30 used by Silva et al. (2000) is 1130 m/s, representing the arithmetic average of the bounding  Vs30 values for site class B.  For site classes C and D, Silva et al. (2000) obtained results for two soil models of shear modulus reduction and damping variations with shear strain.  Results are shown for both soil models: “EPRI”; and “Peninsular Range”.  Silva et al. (2000) consider the former model to be applicable to the San Francisco Bay Area and the latter model to be applicable to the region of Southern California surrounding the Northridge earthquake.  Silva et al. (2000) results for site class E are considered applicable to “Bay Mud” profiles of the type that are found adjacent to San Francisco Bay.  At short periods, the results for site class E are considered to give too much deamplification for some other site geologies having Vs30 values in the site class E range (e.g. Imperial Valley) (Silva, personal communication).

The NEHRP site factors utilized interpretations based on Fourier  Spectra and response spectra averaged over the period ranges stated above.  Based on the work of Borcherdt (1994 and 2002), alternative interpretations can be made for the reference velocity applicable to the NEHRP Provisions, (see earlier discussion and derivation in Appendix A, Borcherdt, 1994).  
The plots in Figures 1 through 6 define moderately wide ranges of amplification factors given by the empirical studies.  The figures indicate fairly consistent trends with respect to nonlinearity.  For Fa, nonlinearity is observed for site classes C, D, and E and increases as the site class becomes softer.  For Fv, for site classes C and D, nonlinearity is less than for Fa.  For site class E, nonlinearity appears comparable for Fa and Fv.  Little or no nonlinearity is observed for Fv for site class C.
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6

Table 1

	Site Class C

	 
	Fa (0.3 sec)

	Investigator
	0.1g
	0.2g
	0.3g
	0.4g
	0.5g

	Borcherdt (2002)
	1.62
	1.54
	1.46
	1.38
	1.29

	Stewart et al. (2003)
	1.31
	1.23
	1.19
	1.16
	1.14

	Choi & Stewart (2005)
	1.36
	1.29
	1.24
	1.22
	1.20

	Rodriguez - Marek et al. (1999)
	1.46
	1.31
	1.23
	1.17
	 

	Field (2000)
	1.25
	 
	 
	 
	 

	Steidl (2000)
	1.1
	 
	 
	 
	 

	Harmsen (1997)
	1.3
	 
	 
	 
	 

	Borcherdt (1994)
	1.26
	1.18
	1.07
	0.97
	 

	Crouse & McGuire (1996)
	1.3
	1.3
	1.3
	1.3
	 

	Joyner & Boore (2000)
	1.23
	1.16
	1.10
	1.04
	0.99

	Dobry et al. (1999)
	1.36
	 
	 
	 
	 

	Silva et al. (2000) soil model: EPRI
	1.8
	1.7
	1.6
	1.6
	1.4

	Silva et al. (2000) soil model: Peninsular Range
	1.8
	1.7
	1.7
	1.7
	1.6

	NEHRP (1997)
	1.20
	1.20
	1.10
	1.00
	1.00


Table 2
	Site Class D

	 
	Fa (0.3 sec)

	Investigator
	0.1g
	0.2g
	0.3g
	0.4g
	0.5g

	Borcherdt (2002)
	2.06
	1.88
	1.71
	1.54
	1.36

	Stewart et al. (2003)
	1.63
	1.58
	1.56
	1.54
	1.52

	Choi & Stewart (2005)
	1.81
	1.47
	1.27
	1.19
	1.13

	Rodriguez - Marek et al. (1999)
	1.81
	1.61
	1.50
	1.42
	 

	Field (2000)
	1.6
	 
	 
	 
	 

	Steidl (2000)
	1.2
	 
	 
	 
	 

	Harmsen (1997)
	1.8
	 
	 
	 
	 

	Borcherdt (1994)
	1.57
	1.38
	1.13
	0.94
	 

	Crouse & McGuire (1996)
	1.6
	1.5
	1.4
	1.3
	 

	Joyner & Boore (2000)
	1.51
	1.35
	1.20
	1.07
	0.98

	Dobry et al. (1999)
	1.46
	 
	 
	 
	 

	Silva et al. (2000) soil model: EPRI
	1.7
	1.3
	1.0
	0.9
	0.75

	Silva et al. (2000) soil model: Peninsular Range
	2.3
	2.0
	1.6
	1.5
	1.25

	NEHRP (1997)
	1.60
	1.40
	1.20
	1.10
	1.00


Table 3
	Site Class E

	 
	Fa (0.3 sec)

	Investigator
	0.1g
	0.2g
	0.3g
	0.4g
	0.5g

	Borcherdt (1994)
	1.98
	1.62
	1.21
	0.91
	 

	Stewart et al. (2003) 
	2.1
	1.64
	1.36
	1.21
	1.07

	Choi & Stewart (2005)
	2.24
	1.60
	1.28
	1.12
	1.02

	Silva et al. (2000)
	1.3
	0.80
	0.60
	0.50
	0.42

	NEHRP (1997)
	2.5
	1.7
	1.2
	0.9
	 

	Crouse & McGuire (1996)
	2.1
	1.9
	1.8
	1.7
	 


Table 4

	Site Class C

	 
	Fv (1.0 sec)

	Investigator
	0.1g
	0.2g
	0.3g
	0.4g
	0.5g

	Borcherdt (2002)
	1.96
	1.86
	1.76
	1.66
	1.56

	Stewart et al. (2003)
	1.80
	1.75
	1.74
	1.72
	1.70

	Choi & Stewart (2005)
	1.62
	1.56
	1.54
	1.52
	1.51

	Rodriguez - Marek et al. (1999)
	1.32
	1.28
	1.25
	1.24
	 

	Field (2000)
	1.5
	 
	 
	 
	 

	Steidl (2000)
	1.25
	 
	 
	 
	 

	Harmsen (1997)
	1.5
	 
	 
	 
	 

	Borcherdt (1994)
	1.54
	1.49
	1.43
	1.35
	 

	Crouse & McGuire (1996)
	1.7
	1.7
	1.7
	1.7
	 

	Joyner & Boore (2000)
	1.8
	1.8
	1.8
	1.8
	1.8

	Dobry et al. (1999)
	1.37
	 
	 
	 
	 

	Silva et al. (2000) soil model: EPRI
	1.8
	1.8
	1.8
	1.9
	1.9

	Silva et al. (2000) soil model: Peninsular Range
	1.8
	1.8
	1.8
	1.9
	1.9

	NEHRP (1997)
	1.70
	1.60
	1.50
	1.40
	1.30


Table 5

	Site Class D

	 
	Fv (1.0 sec)

	Investigator
	0.1g
	0.2g
	0.3g
	0.4g
	0.5g

	Borcherdt (2002)
	2.62
	2.43
	2.23
	2.04
	1.84

	Stewart et al. (2003)
	2.39
	2.35
	2.34
	2.33
	2.32

	Choi & Stewart (2005)
	2.60
	2.14
	1.92
	1.74
	1.66

	Rodriguez - Marek et al. (1999)
	2.04
	1.94
	1.89
	1.85
	 

	Field (2000)
	2.6
	 
	 
	 
	 

	Steidl (2000)
	1.7
	 
	 
	 
	 

	Harmsen (1997)
	2.3
	 
	 
	 
	 

	Borcherdt (1994)
	2.29
	2.16
	1.98
	1.79
	 

	Crouse & McGuire (1996)
	2.0
	2.0
	1.9
	1.9
	 

	Joyner & Boore (2000)
	3.2
	3.2
	3.2
	3.2
	3.2

	Dobry et al. (1999)
	1.61
	 
	 
	 
	 

	Silva et al. (2000) soil model: EPRI
	2.6
	2.4
	2.4
	2.1
	2.0

	Silva et al. (2000) soil model: Peninsular Range
	2.7
	2.5
	2.4
	2.3
	2.3

	NEHRP (1997)
	2.40
	2.00
	1.80
	1.60
	1.50


Table 6

	Site Class E

	 
	Fv (1.0 sec)

	Investigator
	0.1g
	0.2g
	0.3g
	0.4g
	0.5g

	Borcherdt (1994)
	3.51
	3.21
	2.81
	2.41
	 

	Stewart et al. (2003) 
	3.5
	2.6 
	2.2
	1.9
	1.7

	Choi & Stewart (2005)
	3.6
	2.63
	2.16
	1.9
	1.7

	Silva et al. (2000)
	3.3
	2.7
	2.1
	1.85
	1.5

	NEHRP (1997)
	3.5
	3.2
	2.8
	2.4
	 

	Crouse & McGuire (1996)
	2.9
	2.7
	2.6
	2.6
	 


Appendix A

Summary of Site-Coefficient Studies 

________________________________________________________________________

Borcherdt, R.D., 1994, Estimates of site-dependent response spectra for design (methodology and justification), Earthquake Spectra, 10, pp. 617-653.

Method

Site coefficient estimates reported by Borcherdt 1994 are derived from 35 strong-motion recordings of the Loma Prieta earthquake. These site coefficients are derived from Fourier amplitude spectra for the radial and transverse horizontal components of ground motion as recorded at a soil site and normalized by the corresponding amplitude spectra computed for a nearby rock site (Borcherdt, 1994).  The site coefficient estimates are arithmetic averages of the horizontal amplitude spectral ratios over a short-period band (0.1-0.5s) and a mid-period band (0.4-2.0s).  The final horizontal coefficient is the average of the corresponding coefficients derived for the radial and transverse components of motion. The ratios were computed with respect to nearby sites underlain by Rock with peak motions near 0.1g.  Each of the ratios has been normalized by hypocentral distance and adjusted to a reference ground condition Firm to Hard rock (SC-B) of the Franciscan formation (KJf). Hypocentral distances for the sites ranged from 44 km to 116 km with the majority of the distances being in the interval 85-100 km. 

Extrapolation - The amplification factors implied by the Loma Prieta strong-motion data were derived from input ground-motion levels on Firm to Hard rock near 0.1g.  For input ground-motion levels greater than this level, little or no empirical data existed on site response for soft soils.  Consequently, amplification estimates at these higher levels of motion were necessarily based on extrapolations based on laboratory and theoretical modeling considerations.  

The linear form of the regression curves relating the log of estimates of Fa and Fv to the log of Vs30 suggests a simple and well-defined procedure for extrapolation.  Specifically, it suggests that the strong-motion amplification factors derived from the Loma Prieta earthquake may be extrapolated based on the simple assumptions that

1) the functional relation between the logarithms of amplification and mean shear-


wave velocity remains a straight line at higher levels of motion, and 

2) the effect of nonlinearity on the response of the reference ground condition is 


negligible. 

Resulting equations derived by Borcherdt (1994) based on amplification values published by Seed, et al., (1994) are 
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and
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(4b)

where, ma and mv  for various input ground-motion levels, I, are specified in Table 2 (Borcherdt, 1994)  from the simple expressions
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where the factors for amplification of the Soft-soil site class E with respect to the Firm to Hard rock site class B are designated by
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Site Classification Method

Mean shear-wave velocity to a depth of 30 m (100 ft) as either measured or estimated for each site by Fumal (1992) is used to characterize the conditions at each recording site. The measured values have been compiled from extensive borehole logging efforts Gibbs et al. (1980), Fumal et al. (1978; 1981; 1982a; 1982b; 1984).

Reference Ground condition

The average Vs30 velocity for sites underlain by rocks of the Franciscan formation that recorded the strong-motion generated by the Loma Prieta earthquake is 795 m/s with a range of 745-910m/s. The average of the Vs30 values for these sites used as reference sites implies the reference ground condition for estimates of Fa and Fv is Vs30 ~ 795 m/s.

Additional evidence suggesting that the reference velocity is approximately 750 to 800 m/s is provided by the empirical regression curves derived from considerations of the dependency of Fa and Fv on Vs30.

Regression curves for average horizontal spectral amplification as a function of Vs30 for the short- (0.1-0.5s) and the mid- (0.4-2.0s) period bands provide empirical estimates of the short-period (Fa) and the mid- or long-period (Fv) site-specific amplification factors.  These amplification factors derived from the Loma Prieta strong-motion data are appropriate for input ground-motion levels less than or near 0.1g for sites on Firm to Hard rock (SC-Ib).  The corresponding regression curves are described by
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where v is the shear-wave velocity to 30 m (100 ft) measured in m/s. The reference velocities associated with the amplification factors in Eq. 1a and 1b (i.e., the velocities for which the amplification is unity) are 997 and 1067 m/s. 

To help understand the offset between the reference velocity in the amplification function and the measured velocities at the strong motion sites, it is useful to recall that the impedance at a boundary is given by 
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where the velocity and density of the reference or rock site are designated by 
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respectively.  Equations 1a and 1b are of the form  
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and 
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For soil sites with a density of 1.8 gm/cc and a rock site with a density of 2.4 g/cc the density ratio
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  Similarly, the regression curve 1b for 
[image: image22.wmf]v

F

 implies the corresponding reference velocity
[image: image23.wmf]1067/800/

ref

ref

vmsms

r

r

==

. 

Hence, regression equations 1a and 1b may be written as 
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and 
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Equations 4a and 4b show that the original regression equations 1a and 1b can be rewritten in terms of the impedance ratio at the boundary,  so that the velocities at which the 
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curves equal unity are 750 m/s and 800 m/s, respectively for a density ratio
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.   For densities ranging from 2.3 to 2.5 for the reference site and 1.8 to 1.9 for soils the implied reference velocities range between 718 to 881 m/s. The preceding results show that if the velocity ratios in equations 1a and 1b are rewritten as an impedance ratio using reasonable values of densities, then the velocity at which the equations assume the value of unity is near the mean measured Vs30 velocity of the reference sites.  

The preceding results offer some insight into why the mean Vs30 values measured at the strong-motion sites used as reference sites are less than the apparent reference velocities in equations 1a and 1b.  The mean value of about 800 m/s for the Loma Prieta earthquake reference sites is consistent with the 750 and 800 m/s values implied by the amplification curves 4a and 4b written in terms of an impedance ratio.  These values correspond to values near 1000 and 1050 m/s if the equations are written only in terms of a velocity ratio (equations 1a and 1b).  These results argue that the reference velocities for empirical amplification factors derived by Borcherdt (2004 and 2002) are the mean Vs30 values for the strong-motion recording sites used as reference stations.   

________________________________________________________________________

Borcherdt, R. D., 2002, Empirical evidence for site coefficients in building-code provisions, Earthquake Spectra, 18, 189-218.

Method
Site coefficient estimates reported by Borcherdt 2002 were derived from 127 strong-motion recordings of the Northridge earthquake. These site coefficients are derived from Fourier amplitude spectra for the radial and transverse horizontal components of ground motion as recorded at a soil site and normalized by the corresponding amplitude spectra computed for a nearby rock site (Borcherdt, 2002).  The site coefficient estimates are arithmetic averages of the horizontal amplitude spectral ratios over a short-period band (0.1-0.5s) and a mid-period band (0.4-2.0s).  The final horizontal coefficient is the average of the corresponding coefficients derived for the radial and transverse components of motion.

The average spectral ratios as summarized in Table 1 (Borcherdt, 2002) have been derived for soil-rock pairs grouped in predetermined azimuth-distance bins to reduce variations due to source radiation pattern and attenuation. These azimuth-distance bins, as shown in Figure 1 (Borcherdt, 2002), were specified by 22.5 degree azimuthal radii measured with respect to a polar coordinate system oriented parallel to the strike of the fault (122 degree) and segmented into 25 km epicentral distance intervals. Differences in closest distance to the rupture surface for sites within the same azimuth-distance bin were accounted for by normalizing the short-period and mid-period ratios by the spectral ratio predicted at 0.3 and 1.0s, respectively, using the empirical attenuation functions of Abrahamson and Silva (1997).  Ratios predicted by the corresponding Abrahamson and Silva (A&S) functions for peak ground acceleration (pga) were used to normalize the ratios of average-peak horizontal acceleration. 

The base acceleration or input acceleration at the base of the near-surface deposits was defined for each site as the average peak horizontal acceleration observed at the surface divided by the corresponding acceleration ratio referenced to the uniform site condition velocity of 850 m/s.  The base motion was referenced to the uniform site condition using the empirically based equations 
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where 
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are specified by the corresponding base acceleration (Borcherdt, 1993; 1994). Resulting short- and mid-period site coefficient estimates 
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, as inferred from the average of that derived for the radial and transverse components of motion are derived as empirical estimates of 
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 specified in present versions of U.S. building codes (e.g. 1994 and 1997 NEHRP Provisions, 2000 IBC).  

Site Classification Method

Mean shear-wave velocity to a depth of 30 m (100 ft) as either measured or estimated for each site by Borcherdt and Fumal (2002) is used to characterize the conditions at each recording site. The measured values have been compiled from extensive borehole logging efforts since the earthquake, as compiled in digital databases by Bardet et al. (1998), Nigbor  (1998), Gibbs et al. (1980; 1996), Fumal (1981; 1982a; 1982b; 1984), Boore, (pers. commun. 1996), Silva, (pers. commun, 1997), and Vucetic and Doroudian (1995). GIS adaptations of these databases with assistance from King (pers. commun. 1996) and digital geologic maps compiled from Tinsley and Fumal (1985), Yerkes (pers. commun, 1994), and Wills et al. (2001) provided the basis to develop estimates for sites with no borehole measurements (see Borcherdt and Fumal, 2002, for details). 

Reference Ground condition

The average Vs30 velocity for sites underlain by granite and metamorphic rock that recorded the strong-motion generated by the Northridge earthquake is 850m/s with a range of 828-980m/s. The average of the Vs30 values for these sites used as reference sites implies the reference ground condition for estimates of Fa and Fv is Vs30 ~  850m/s.

________________________________________________________________________

Choi, Y. and Stewart, J.P., 2005 Nonlinear site amplification as function of 30 m shear wave velocity, Earthquake Spectra, 21 (1), in press. 

Method
Amplification factors were evaluated by normalizing response spectral accelerations from recordings by reference spectral accelerations derived from the Abrahamson and Silva (1997), Sadigh et al. (1997) and Campbell and Bozorgnia (2003) attenuation relationships for active regions, with modification for rupture directivity effects and inter-event variability. A model is developed so that amplification factors can be predicted as function of Vs30 and PGA on rock (reference condition). For a given PGA on rock, log amplification is a linear function of log Vs30. The level of nonlinearity depends on Vs30, being large for NEHRP Category E, and decreasing as Vs30 increases. Nonlinearity is small for Vs30 > 300 m/s. Amplification functions are given at discrete periods. 

Site Classification Method

Sites are categorized according to Vs30, although sites are assigned an E classification if they have > 3 m of soft clay (per NEHRP recommendations). All Vs30 site classifications are based on boreholes near the strong motion recordings sites. 

Reference Ground condition

Reference site conditions are the rock site condition utilized in the respective attenuation models. The reference velocity is specifically estimated as a function of period as part of the regression. For most periods, the velocities are found to be approximately 530 m/s for Abrahamson and Silva (1997), 630 m/s for Sadigh et al. (1997), and 660 m/s for Campbell and Bozorgnia (2003). 
________________________________________________________________________

Crouse, C.B. and McGuire, J.W., 1996, Site response studies for purpose of revising NEHRP seismic provisions, Earthquake Spectra, 12, 407-439.
METHOD


The authors developed attenuation relationships separately for sites classifying as NEHRP B, C, D, and E (the authors designated these site classes as A, B, C and D, respectively, in accordance with Boore et al., (1993) using data from 15 California earthquakes and one Baja California earthquake occurring in the time period 1933 – 1992 (including the 1989 Loma Prieta and the 1992 Landers earthquakes).  Site coefficients (amplification factors relative to site class B) were developed for spectral acceleration at different periods for several levels of PGA by taking ratios of spectral values from the attenuation relationships for site classes C, D, and E to those for site class B.  Short-period amplification factors (Fa) were reported for a period of 0.3s.  Long period amplification factors (Fv) were reported for a period of 1.0s, but the final values for Fv recommended by the authors for long periods were taken as averages of amplification factors for 1.0, 2.0, and 3.0s.  Because of limited data for site classes B and E, the attenuation relationships for these site classes were related to those for site classes C and D, respectively by constant scaling factors.  Because B is the reference condition, the constant scaling precludes identification of amplitude-dependent amplifications (nonlinearity) for site class C.  Similarly, identification of differences in amplitude-dependent amplifications for site class E relative to site class D are precluded.

SITE CLASSIFICATION METHOD


The site classification method corresponded to the NEHRP method.  Classifications were estimated from existing data bases for the recording station sites including data on the local geology and soil types developed by Geomatrix Consultants, C. Thiel, and Shannon and Wilson.

REFERENCE GROUND CONDITION


The reference ground condition is NEHRP site class B.

____________________________________________________________________

Dobry, R.,  Ramos, R., and Power, M.S., 1999, Site Factors and Site Categories in Seismic Codes, Technical Report MCEER-99-0010 of the Multidisciplinary Center for Earthquake Engineering Research, 81 p.

METHOD










Estimates of site coefficients were obtained by Dobry et al. (1999) by analyzing ground motion recordings from the 1994 Northridge earthquake.  The data set used consisted of 94 horizontal components from 47 recording stations, including 8 rock stations classified as NEHRP site class B, 27 soil stations classified as NEHRP site class C, and 12 stations classified as NEHRP site class D.  For each soil station, site coefficients were obtained by taking ratios of response spectra of radial and transverse horizontal components to the response spectra of the corresponding components of a rock station at a similar azimuth from the earthquake source after adjusting the rock response spectra to the source-to-site distance of the soil spectra by the ratio of hypocentral distances of the soil and rock stations.  Short-period  (Fa) and long-period (Fv) site coefficients were taken as the average soil-to-rock response spectral ratios over the period ranges 0.1 – 0.5s and 0.4 – 2s, respectively.  A second set of response spectral ratios were obtained by the authors by estimating the response spectra at each rock station from a calculation of ground motions by Silva (1997, personal communication) using the Wald and Heaton (1994) source model for the Northridge earthquake.  However, the authors preferred estimates were those obtained using the recorded rock motions with distance adjustments.   Furthermore, the authors preferred estimates, as reported in the authors’ Table 6-8, were obtained using subsets of the soil-rock station pairs for which the soil and rock source-to-site distances were relatively close. 

SITE CLASSIFICATION METHOD


The sites were classified into the NEHRP categories based on classifications made by Borcherdt (1996) supplemented by information on the site conditions provided in Geomatrix Consultants’ data base, by Trifunac and Todorovska (1996), and by the ROSRINE project.

REFERENCE GROUND CONDITION


The reference ground condition for the rock stations was assessed by the authors to be NEHRP Site Class B based on the site classifications and information sources summarized above.

________________________________________________________________________

Field, E. H., 2000, A modified ground motion attenuation relationship for southern California that accounts for detailed site classification and a basin depth effect, Bull. Seism. Soc. Am. 90, S209-S221.

Method

A random effects regression procedure was used to customize the attenuation relationship of Boore et al (1997) based on the southern California database of Steidl and Lee (2000). The Field attenuation model includes a site term that is a linear function of Vs30. Amplification factors are expressed as linear relationships between log amplification and log Vs30 (no PGA dependence). Amplification factors are given for specific periods. 

Site Classification Method

Sites are categorized according to Vs30. 

Reference Ground condition

The site factors were developed so that the site amplification is unity at Vs30 = 760 m/s, hence the reference condition is 760 m/s.

________________________________________________________________________

Harmsen, S. C., 1997,  Determination of site amplification in the Los Angeles urban area from inversion of strong motion records, Bull. Seism. Soc. Am. 87, 866-887.

Method

Amplification factors were derived relative to a single reference rock site (Caltech Seismic Lab) using the inversion approach of Andrews (1986). Strong motion data was from main shock recordings in the San Fernando Valley and Los Angeles basin from the 1971 San Fernando, 1987 Whittier, 1991 Sierra Madre, and 1994 Northridge events. Amplification factors are expressed as linear relationships between log amplification and log Vs30 (no PGA dependence). Amplification factors are given for intermediate (0.5-1.5 Hz) and high (2.0-6.0 Hz) frequency bands. 

Site Classification Method

Sites are categorized according to Vs30. 

Reference Ground condition

Reference condition is established by the regression, and was found to be Vs30 = 1140 to 1370 m/s. This is compatible with the hard rock geology at the Caltech Seismic Lab site. 
________________________________________________________________________

Joyner, W. B. and Boore, D. M., 2000, Recent developments in earthquake ground-motion estimation, Proc. Sixth International Conference on Seismic Zonation, Palm Springs, Ca.
Method

Joyner and Boore (2000) derived estimates of 
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 by adding a new term to their regression relation of the form
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where V is the average Vs30 for the site class, Vref is the average Vs30 for the reference site condition, PSVref is the predicted pseudo spectral velocity for the reference site condition, a6 and a7 are coefficients determined by regression, and distance is measured as closest distance to projected rupture surface. Their estimates are based on a database compiled prior to the inclusion of the data sets from the Northridge earthquake.  Their estimates are not averaged over a period band, but correspond to spectral ratios at 0.2 and 1.0s.

Site Classification Method
Their site condition regression is based on Vs30 estimates compiled into a data base by Boore from estimates and measurements reviewed by Fumal.
Reference Ground condition

Their estimates of 
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 are derived with respect to a reference site velocity of 1068 m/s, which is the geometric mean of the bounding values of Vs30 for NEHRP site class B.

________________________________________________________________________

NEHRP Provisions
Method


The NEHRP Provisions site coefficients, Fa and Fv, corresponding to the short-period and mid- or long-period ranges, respectively, depend on both site class and intensity of rock motion.  The consensus values derived at a 1992 national workshop are based on results derived from both empirical studies of recorded motions from the Loma Prieta earthquake and numerical site response analyses. The coefficients specified at 0.1 g base rock motions are based on empirical results derived from recordings of the 1989 Loma Prieta earthquake (Borcherdt, 1994; Seed, et al., 1994), a general consistency with values reported by Dobry et al. (1994) and Seed et al. (1994) from 1D SHAKE estimates of response spectra for several hundred soil profiles, and input and review comments by an extended NEHRP working group which was convened near the end of the workshop. Values of the coefficients at higher levels of base acceleration are based on laboratory and numerical modeling studies of site response (Dobry et al., 1994; Seed et al., 1994). Consensus derived at the workshop resulted in the table of NEHRP values as presently adopted in U.S. code provisions. Consensus at the workshop also resulted in the definition of new site classes expressed in terms of Vs30 (Borcherdt, 1994) with subsequent committee deliberations modifying the D-E boundary from 200 to 180 m/s and the B-C boundary from 700 to 760 m/s. The coefficients represent spectral ratios of horizontal ground motion averaged over short- and mid-period bands (0.1 – 0.5s and 0.4 – 2.0s, respectively). A procedure based on the site coefficients for soft clays specified at various levels of input acceleration provides a simple technique for extrapolating values inferred at 0.1g levels to higher input motions up to 0.5g (see Borcherdt, 1994 herein for a brief description).  The development of the NEHRP site coefficients is summarized by Dobry et al. (2000).

Site Classification Method
NEHRP site classes are defined in terms of Vs30 with alternate definitions based on correlations with other geotechnical parameters. An exception to the Vs30 criteria is made for soft clays (defined as having undrained shear strength < 24 kPa, plasticity index > 20, and water content > 40%), for which category E is assigned if the thickness of soft clay exceeds 3 m regardless of Vs30.
Reference Ground condition

Site Class B with alternate interpretations suggesting that the reference velocity is near 760 m/s, 850 m/s or 1000 m/s. 

________________________________________________________________________

Rodriguez-Marek, A., Bray, J.D., and Abrahamson, N.A., 1999, Task 3: Characterization of Site Response, General Site Categories, PEER Report  1999/03, Pacific Earthquake Engineering Research Center.

METHOD


Rodriguez-Marek et al. (1999) developed earthquake-specific attenuation relationships for different periods of vibration for defined site categories for the 1989 Loma Prieta and 1994 Northridge earthquakes.  For each earthquake, site coefficients (amplification factors) were defined at each period by dividing the spectral accelerations for each of two defined soil categories, site classes C and D, by the spectral acceleration for a reference rock category, site class B, for different levels of peak rock acceleration.  The site coefficients for the two earthquakes were averaged together both  by (1) taking the geometric mean of the  site coefficients for each earthquake and (2) using a weighting scheme that gives each earthquake a weight inversely proportional to the variance of the sample mean.  Rodriguez-Marek et al. (2001) state that the method used in deriving recommended site coefficients was the second method.  The authors also developed site coefficients for comparison with NEHRP Provisions coefficients by averaged the coefficients over period ranges (site coefficient Fa [short-periods] averaged over 0.1 to 0.5s; and site coefficient Fv [long-periods] averaged over 0.4 to 2s).  The site coefficients plotted in this summary are for discrete periods of 0.3s and 1.0s, which are very close to the values averaged over the period ranges.

SITE CLASSIFICATION METHOD



Site conditions were defined according to a geotechnical classification system as: site class B, rock taken to be “California rock” with Vs ( 760 m/sec and < 6m of soil above rock; site class C, soft weathered rock/shallow stiff soil with < 60 m soil above rock; and site class D, deep stiff soil with > 60m soil above rock.  These classifications differ from the NEHRP site classification.  The authors indicate, however, that a substantial majority of their sites classified as B, C, and D also classify into NEHRP classes B, C, and D respectively.  Sites were classified based on information from a number of publications identified by the authors, supplemented by visits to 25 sites.

REFERENCE GROUND CONDITION


The reference ground condition was the authors’ site class B, which corresponds approximately to NEHRP class B on the basis of the authors assessment that all class B sites for the Northridge earthquake and about 70% of sites for the Loma Prieta earthquake are also NEHRP site class B.
________________________________________________________________________

Silva, W., Darragh, R., Gregor, N., Martin, G., Abrahamson, N., and Kircher, C., 2000, Reassessment of Site Coefficients and Near-Fault Factors for Building Code Provisions, report submitted to U.S. Geological Survey under award 98-HQ-GR-1010.

METHOD


Silva et al. (2000) developed site coefficients (amplification factors) from a parametric set of site response simulations.  Site coefficients from the simulations are presented herein for comparison with site coefficients from the empirical studies.  The RASCALS computer program (Silva and Lee, 1987) was utilized to carry out site response analyses for soil shear wave velocity profiles representative of NEHRP site classes C, D, and E.  Soil profile depths varied from 100 to 1000 ft for site classes C and D and to a maximum depth of 650 ft for site class E.  Analyses for classes C and D were made using two sets of soil models of shear modulus reduction and damping variations with shear strain.  These soil models are designated EPRI and Peninsular Range.  The EPRI curves are considered applicable to the San Francisco Bay Area and the Peninsular Range curves to the region surrounding the Northridge earthquake in southern California by Silva et al. (2000).  For site class E, analyses were made using one set of two soil models for different parts of the profile (Bay Mud; and fill and alluvium).  The site coefficients summarized and plotted herein are results averaged over the full ranges of profile depths. For site classes C and D, the results for both soil models are shown.    The site coefficients are for discrete periods of 0.3s (short-period site coefficient, Fa) and 1.0s (long-period site coefficient, Fv).  Silva also presents site coefficients averaged over a short-period range (0.1 – 0.5s) and a long-period range (0.4 – 2.0s) for direct comparison with site factors in the NEHRP Provisions.  The values for periods of 0.3s and 1.0s range from a factor of about 1 to 1.25 times larger than the values averaged over the short-period and long-period ranges for site classes C and D and the short-period range for site class E.  The values for a period of 1.0s for site class E were about 1.3 to 1.5 times larger than the values for the long-period range.

SITE CLASSIFICATION


Analytical shear wave velocity profiles were selected by Silva et al (2000) based on the variation of velocity with depth for velocities measured in California profiles.  The selected average profiles for analysis for NEHRP site classes C and D had Vs30 values corresponding to the mid-range values for the site classes (560 m/sec for site class C and 270 m/sec for site class D).  The selected average profile for site class E had a Vs30 of 150 m/sec.

REFERENCE GROUND CONDITION



Reference rock was taken to have the mid-range Vs30 for site class B (1130 m/s).

________________________________________________________________________

Steidl, J. H., 2000, Site response in southern California for probabilistic seismic hazard analysis, Bull. Seism. Soc. Am. 90, S149-S169.

Method

Amplification factors were evaluated by normalizing response spectral accelerations computed from recordings by reference spectral accelerations derived from the Sadigh et al. (1993) rock attenuation relationship.  The database used was the southern California database of Steidl and Lee (2000). Amplification functions are linear relationships between log amplification and log Vs30. Two such relationships are given, one for PGA on rock < 0.1 g, and the other for all PGA on rock values. Amplification factors are given for specific periods (PGA, 0.3s, 1.0s, 3.0s). 

Site Classification Method

Sites are categorized according to Vs30. 

Reference Ground condition

Reference condition is set by the regression. At some periods, the reference velocity is undefined (i.e., the site factors never become unity). At 1.0s period, the reference velocity is Vs30 = 1054 m/s. 

________________________________________________________________________

Stewart, J.P., Liu, A.H., and Choi, Y., 2003, Amplification factors for spectral acceleration in tectonically active regions,  Bull. Seism. Soc. Am., 93 (1), 332-352.
Method

Amplification factors were evaluated by normalizing response spectral accelerations computed from recordings by reference spectral accelerations derived from the Abrahamson and Silva (1997) attenuation relationship for active regions, with modification for rupture directivity effects and inter-event variability. Linear regression analyses were performed to relate the log of amplification to the log of PGA for the reference site condition. Amplification functions are given at discrete periods. 

Site Classification Method

Strong motion sites are categorized according to several schemes, which are based on surface geology (age-only, age + depositional environment, and age + material texture), NEHRP category (which, in turn, is based on Vs30), and geotechnical data. The accompanying plots are based on the NEHRP classifications. In the development of those classifications, sites are assigned to category E if they have > 3 m of soft clay (per NEHRP recommendations). Vs30 values used to develop NEHRP classifications are based on boreholes near strong motion recordings sites. 

Reference Ground condition

Reference site condition is the rock site condition utilized in the Abrahamson and Silva attenuation relationship, which is defined as rock and shallow soil (< 20 m thickness) over rock. The median Vs30 values for these rock sites has been assessed as 520 and 620 m/s from compilations of borehole geophysical data by Silva et al. (1997) and Boore et al. (1997), respectively.
APPENDIX B
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