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ABSTRACT 

Improvement of Seismic Site Response Analysis for 

Small- and Large-strain Motions 

 

Boqin Xu, Ph.D. 

The University of Texas at Austin, 2019 

 

Supervisor: Ellen M. Rathje 

Small-strain damping profiles developed from geotechnical laboratory testing have been 

observed to be smaller than the damping inferred from the observed site amplification from 

downhole array recordings. On the other hand, several studies have shown that current site 

response procedures underestimate site amplification at strains larger than about 0.1%.  

The high-frequency spectral decay parameter (𝜅0) of earthquake motions from soil sites is 

investigated and the use of 𝜅0 to constrain the small-strain damping profile for one-dimensional 

site response analysis is evaluated. A relationship was developed between 𝜅0 at the surface and 

both the 30-m time averaged shear wave velocity (𝑉𝑠30) and the depth to the 2.5 km/s shear wave 

velocity horizon (𝑍2.5) based on the analysis of motions from 51 sites in Kik-net array in Japan 

and six sites from California. This relationship demonstrates that 𝜅0 increases with decreasing 𝑉𝑠30 

and increasing 𝑍2.5. An approach is developed that uses this relationship to establish a target 𝜅0 

from which to constrain the small-strain damping profile used in one-dimensional site response 

analysis.   
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Following the study of small-strain 𝜅0 and its constraint on small-strain damping profile. 

The effects of soil nonlinearity on the high-frequency spectral decay parameter, 𝜅, is investigated 

using recorded ground motions at soil sites over a range of shaking intensities. Using more than 

2,500 motions from 32 sites, the ground motion data shows that 𝜅 does not vary systematically 

with the induced shear strain but rather remains at its small-strain value.  This observation indicates 

that the high-frequency components of motion are consistent with small-strain damping, rather 

than the strain-compatible damping used in site response analysis. An attempt of using 𝜅 or the 

frequency-dependent, equivalent-linear method (EQL-FD) is proposed to fix the issue of 

underprediction of site response for large-strain motions.  

The proposed large-strain site response correction procedures--- 𝜅  correction method, 

EQL-FD method, as well as the strength correction method are systematically evaluated by using 

six 1D borehole arrays from Japan. The recorded and predicted surface response spectra are 

compared, and the results show that the strength correction moderately improves the under-

prediction of site response from EQL analysis at frequencies greater than 3 Hz and strains larger 

than 0.2%.  The 𝜅  correction and EQL-FD methods both further improve the site response 

predictions, with the 𝜅 correction providing the most unbiased predictions of site response.  
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Chapter 1: Introduction 

1.1 RESEARCH SIGNIFICANCE 

The local soil and rock conditions influences the characteristics of earthquake shaking and 

resulting spatial distribution of damage during earthquakes, and thus it is very important to predict 

the local ground response properly. One-dimensional (1D) seismic site response analysis has been 

demonstrated by many studies to predict the ground response in reasonable agreement with 

recorded motions in many cases (e.g., Kwok and Stewart, 2006, Farrugia et al., 2018).  However, 

several issues remain regarding the proper characterization and accurate calculation of ground 

response for both the low-intensity motions that induce small strains, and the large-intensity, 

design level motions that induced large strains. 

For small strain motions, the important site characteristics that influence the ground 

response are the shear wave velocity (Vs) profile and the small-strain damping ratio.  The Vs profile 

can be measured in situ, while the damping cannot.  Thus, the damping profile is commonly 

assigned based on measurements from small-scale laboratory tests that measure the material 

damping but do not include other important mechanisms of energy dissipation, such as wave 

scattering (e.g., Campbell 2009, Zalachoris and Rathje 2015, Thompson et al. 2012).  The high 

frequency spectral decay parameter (𝜅 ), which controls the shape of the Fourier Amplitude 

Spectrum (FAS) of acceleration at high frequencies, provides an alternative manner in which to 

ensure site response analyses properly model the effects of all mechanisms of energy dissipation.  

The zero-distance 𝜅, corrected for the effects of regional attenuation and called 𝜅0, can be directly 

related to the Vs and damping profiles at a site and thus provide a constraint to the small-strain 

damping profile for 1D site response analysis.  The key issue is the target 𝜅0 to use for a site.  

Many researchers have investigated 𝜅0 of small-strain motions for rock or stiff soil sites (e.g., Silva 
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et al. 1998, Cabas et al. 2017), but there are limited data available for the softer soil sites for which 

site response analysis are commonly performed.  Additionally, these studies only relate 𝜅0 to the 

average shear wave velocity in the top 30 m and there is significant scatter in the 𝜅0 data.  Thus, 

there is a need for improved models that can predict an appropriate target 𝜅0 for soil sites. 

For large-strain motions, it is critical to appropriately model the effects of the nonlinear 

stress-strain response of the soil.  Equivalent linear analysis (EQL) is one of the most commonly 

used numerical methods to model the nonlinear soil behavior and evaluate the ground response. 

The EQL approach simulates the nonlinear soil response through the use of strain-compatible soil 

properties in a linear-elastic analysis, with the strain-dependence of the properties defined by a 

nonlinear shear modulus reduction curve and nonlinear damping curve. Studies have shown that 

EQL analysis can under-predict the high-frequency components of motions when the induced 

strains are larger than about 0.1% (e.g., Kaklamanos et al. 2015, Rathje and Zalachoris 2015, 

Griffiths et al. 2016). Thus, it is important to explore approaches that can improve site response 

analysis at large strains. 

One potential reason for the under-prediction of the ground response at large strains is that 

the shear strength implied by the shear modulus reduction curve may be unrealistically small, 

which leads to excessively large strains being induced in some layers (Hashash et al. 2010). 

Different researchers have proposed variants of a framework to modify modulus reduction curves 

at large strains to account for a target shear strength (e.g., Stewart and Kwok 2008, Hashash et al. 

2010, and Yee et al. 2013).   

Other researchers (e.g., Sugito 1995, Furumoto et al. 2000, Assimaki and Kausel 2002, 

Yoshida et al. 2002, Zalachoris and Rathje 2015) have proposed performing equivalent-linear 

analysis with frequency dependent soil properties (EQL-FD) to overcome the limitations of 
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traditional EQL site response analysis for large strain motions. In general, the Fourier Amplitude 

Spectrum of the shear strain-time history indicates significantly smaller induced strains at high 

frequencies because these high frequencies are associated with small-strain stress reversals 

superimposed on larger strain hysteresis loops. Thus, at higher frequencies the shear modulus 

should be larger and the damping ratio smaller than those at lower frequencies. The EQL-FD 

method uses the frequency-dependence of the shear strain along with the nonlinear modulus 

reduction and damping curves to define the frequency-dependence of the soil properties to used in 

EQL analysis.   

A third method that can be used to improve the ground response prediction at high 

frequencies for large-strain motions is to scale the FAS of the predicted surface motion to an 

appropriate value of 𝜅.  However, research regarding 𝜅, or 𝜅0, for large-intensity motions that 

induce large strains is very limited, likely due to the absence of a large number of large-strain 

ground motion recordings. Luckily, the availability of larger ground motion databases from around 

the globe that include more large strain motions allows for research on understanding the effect of 

soil nonlinearity on the high-frequency spectral decay parameter (𝜅), such that an appropriate level 

of target 𝜅 can be defined for large-strain site response analyses. 

The goal of the research is to improve the 1D seismic site response analysis for both small- 

and large-strain motions. The study consists of three parts: (1) investigating the high-frequency 

spectral decay parameter (𝜅0) of small-strain earthquake motions from soil sites and evaluating the 

use of 𝜅0 to constrain the small-strain damping profile for 1D site response analysis; (2) using 

recorded ground motions at soil sites over a range of shaking intensities to investigate the effects 

of soil nonlinearity on the high-frequency spectral decay parameter, 𝜅, in an effort to provide 
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constraints to large strain site response analyses; (3) evaluating three approaches to improve 1D 

EQL site response predictions for the large strains induced by large intensity motions. 

1.2 ORGANIZATION OF DISSERTATION 

Following this introduction in Chapter 1, this dissertation is organized into three main 

chapters (i.e., Chapter 2, 3 and 4) with each chapter a self-contained journal article including an 

introduction, literature review, research methodology, research findings, discussion and 

conclusions. Chapter 5 summarizes the dissertation and provides ideas and recommendations for 

future work.  

Chapter 2 investigates the high-frequency spectral decay parameter (𝜅0) of small-strain 

earthquake motions. To evaluate the 𝜅0 at borehole array sites, especially sites with 𝑉𝑠30 less than 

500 m/s, and to evaluate the site parameters that influence 𝜅0, 51 sites from the Kik-net array in 

Japan and six sites from California were analyzed. A relationship was developed between 𝜅0 at 

the surface and both the 30-m time averaged shear wave velocity (𝑉𝑠30) and the depth to the 2.5 

km/s shear wave velocity horizon (𝑍2.5).  An approach is developed that uses this relationship to 

establish a target 𝜅0 from which to constrain the small-strain damping profile used in 1D site 

response analysis. 

Chapter 3 investigates the effects of soil nonlinearity on 𝜅. More than 2,500 motions at 

both low and high intensity levels from 32 sites were used to evaluate the effect of soil nonlinearity 

on the high-frequency characteristics of ground shaking. It also explores the potential to use a 𝜅 

correction and the EQL-FD method to improve site response predictions for large-strain motions. 

Chapter 4 evaluates approaches to improve seismic site response analysis for large strain 

motions using a large ground motion dataset.  These approaches include: (1) a strength correction 

to the modulus reduction curve, (2) a 𝜅 correction to the surface FAS, and (3) the EQL-FD method. 
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The approaches are evaluated using six borehole array sites from Japan and comparing the 

recorded and predicted surface response spectra.   
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Chapter 2: 𝜿𝟎 for Soil Sites: Observations from Kik-net Sites and Their Use in 

Constraining Small-Strain Damping Profiles for Site Response Analysis 

Boqin Xu1, Ellen M. Rathje1*, M.EERI, Youssef Hashash2, M.EERI, Jonathan Stewart3, M.EERI, 

Kenneth Campbell4, M.EERI, and Walter J. Silva5, M.EERI 

ABSTRACT 

Small-strain damping profiles developed from geotechnical laboratory testing have been 

observed to be smaller than the damping inferred from the observed site amplification from 

downhole array recordings.  This study investigates the high-frequency spectral decay parameter 

(𝜅0) of earthquake motions from soil sites and evaluates the use of 𝜅0 to constrain the small-strain 

damping profile for one-dimensional site response analysis.  Using data from 51 sites from the 

Kik-net array in Japan and six sites from California, a relationship was developed between 𝜅0 at 

the surface and both the 30-m time averaged shear wave velocity (𝑉𝑠30) and the depth to the 2.5 

km/s shear wave velocity horizon (𝑍2.5).  This relationship demonstrates that 𝜅0 increases with 

decreasing 𝑉𝑠30  and increasing 𝑍2.5 .  An approach is developed that uses this relationship to 

establish a target 𝜅0  from which to constrain the small-strain damping profile used in one-

dimensional site response analysis.  This approach to develop 𝜅0-consistent damping profiles for 

site response analysis is demonstrated through a recent site amplification study for Central and 

Eastern North America for the NGA-East project.   

 
1 Dept. of Civil, Architectural, and Environmental Engineering, Univ. of Texas, Austin, TX 78712 
2 Dept. of Civil and Environmental Engineering, University of Illinois at Urbana-Champaign, Urbana, IL 61801 
3 Dept. of Civil and Environmental Engineering, University of California, Los Angeles, CA, 90095 
4 CoreLogic, Inc., 555 12th Street, Suite 1100, Oakland, California 94607 
5 Pacific Engineering and Analysis, Inc., El Cerrito, CA, 94530 
* Corresponding author. Phone: +1-512-232-3683. E-mail: e.rathje@mail.utexas.edu 

This chapter was accepted by Earthquake Spectra but have not published yet. The citation is as follows: Xu 

B., Rathje E. M., Hashash Y., Stewart J., Campbell K., and Silva W. J. (2019). 𝜅0 for Soil Sites: Observations from 

Kik-net Sites and Their Use in Constraining Small-Strain Damping Profiles for Site Response Analysis. Earthquake 

Spectra (Accepted). The analyses in this article were all performed by Xu under the supervision of Dr. Rathje. The 

others (3, 4, 5) provided feedback to the draft. 
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2.1 INTRODUCTION 

Downhole array studies have shown that damping profiles provided by geotechnical 

laboratory testing often lead to an over-prediction of site amplification from site response analysis, 

and thus larger values of damping are needed to capture the field measured site response.  Various 

researchers have noted that an important factor causing the inconsistency between laboratory-

measured damping and the damping inferred from downhole arrays is that wave scattering effects 

in the field cannot be captured by laboratory testing (e.g., Campbell 2009, Zalachoris and Rathje 

2015, Thompson et al. 2012).  Data from downhole arrays have been used to evaluate the 

appropriate in situ level of small strain damping (𝐷𝑚𝑖𝑛) consistent with the earthquake recordings.  

Elgamal at al. (2001) and Tsai and Hashash (2009) found that recordings at the Lotung and La 

Cienaga downhole arrays implied 𝐷𝑚𝑖𝑛  values between 3 and 5%, while Yee et al. (2013) 

concluded for a downhole array site in Japan that 2% to 5% should be added to the laboratory-

measured 𝐷𝑚𝑖𝑛 to match the recordings.  Zalachoris and Rathje (2015) found from an analysis of 

11 downhole array sites that the laboratory-based 𝐷𝑚𝑖𝑛 needed to be increased by a factor of 2 to 

5 to fit the observations of site amplification.  Based on a review of the literature, Stewart et al. 

(2014) recommended that values of 𝐷𝑚𝑖𝑛  greater than the laboratory-measured values be 

considered in site response analysis as part of the epistemic uncertainty, with the range of 

additional 𝐷𝑚𝑖𝑛 suggested to be between 0% and 5%.  

These previous studies have shown that the laboratory-measured 𝐷𝑚𝑖𝑛 should be increased 

for use in site response analysis.  However, the required amount of additional 𝐷𝑚𝑖𝑛  has been 

derived for only a small number of downhole array sites and it is not clear whether these observed 

increases in 𝐷𝑚𝑖𝑛 can be directly applied to other sites, most of which are not downhole arrays.  

An alternative approach to constrain the small-strain damping profile for a site response analysis 



8 

 

involves 𝜅0, the high-frequency spectral decay parameter.  Many studies have investigated 𝜅0 of 

earthquake motions at sites from various parts of the world (e.g., Silva et al. 1998, Chandler et al. 

2006, Drouet et al. 2010, Edwards et al. 2011, Van Houtte et al. 2011, Ktenidou et al. 2012, Cabas 

et al. 2017), but most of the sites analyzed in these previous studies represented rock or stiff soil 

sites with time averaged shear wave velocity of the top 30 m (𝑉𝑠30) greater than 500 m/s.  The goal 

of this study is to evaluate the 𝜅0 of surface and downhole earthquake recordings at downhole 

array sites with 𝑉𝑠30 less than 500 m/s, evaluate the site parameters that influence 𝜅0 at these sites, 

and investigate the use of 𝜅0 to constrain the damping profiles used in site response analyses.  

2.2 KAPPA (𝜿𝟎) BACKGROUND 

As described in Campbell (2009) and Campbell et al. (2014), starting in the 1960’s the 

attenuation of shear wave amplitudes with distance was approximated by (Futterman 1962, 

Knopoff 1964): 

 A(𝑅, 𝑓) = 𝐴0 ∗ exp (−
𝜋𝑓𝑅

𝑄 ∙  𝑉𝑠
) (2.1) 

where A  is the Fourier amplitude,  ca , 𝑓  is frequency, 𝑅  is distance, 𝑄  is the effective 

quality factor, and 𝑉𝑠 is the shear wave velocity.  The parameter 𝑄, in fact 1/𝑄, is a measure of 

seismic attenuation and includes both intrinsic attenuation and attenuation due to scattering.  The 

parameter 𝑄 can be related directly to the small-strain, equivalent viscous damping ratio (𝐷𝑚𝑖𝑛) 

commonly used in earthquake engineering using the relationship 𝑄 = 1/(2𝐷𝑚𝑖𝑛)  (Goodman 

1988). When testing small-scale soil samples in the laboratory to measure 𝐷𝑚𝑖𝑛, it is important to 

note that the scattering component of the attenuation is not captured.  
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In the early 1980’s, it was noticed that equation (2.1) could not fully capture the high 

frequency shape of the Fourier Amplitude Spectra (FAS) of earthquake recordings.  Anderson and 

Hough (1984) introduced 𝜅  as a spectral decay factor to model the exponential decay of the 

acceleration FAS at high frequencies:  

 A(𝑅, 𝑓) = 𝐴0 ∗ exp (−
𝜋𝑓𝑅

𝑄 ∙  𝑉𝑠
) (2.2) 

For this model, the decay of the FAS is about linear in logA vs. 𝑓 space with a slope of 

– 𝜋 ∙ 𝜅. Thus, 𝜅 can be calculated by measuring the slope of the log-linear FAS.   

Hough et al. (1988) and Hough and Anderson (1988) found that 𝜅 at a site increased with 

increasing distance between the site and the earthquake event.  They proposed a linear distance 

dependence for 𝜅:  

 𝜅(𝑟) = 𝜅0 + 𝜅1 ∙ 𝑅 (2.3) 

They interpreted the 𝜅  at zero distance (called 𝜅0 ) to represent the attenuation of the 

materials within the top few kilometers beneath a site, and the slope 𝜅1 to represent the regional 

attenuation characteristics related to 𝑄. Figure 2.1a and Figure 2.1b show hypothetical FAS for 

different values of 𝜅0  (𝜅0  = 0.001 s, 0.01 s, and 0.1 s).  The more significant decay of high 

frequencies for larger 𝜅0 is clear in these figures, and in Figure 2.1b the differences in slope are 

apparent.  Note that the difference in slope between 𝜅0 = 0.1 s and 𝜅0 = 0.01 s is more significant 

than the difference between 𝜅0 = 0.01 s and 𝜅0 = 0.001 s.  This makes resolving small values of 

𝜅0 difficult. 
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 (a) (b) 

 

 (c) (d) 

Figure 2.1: Theoretical FAS for different 𝜅0 in (a) log-log scale and (b) log-linear scale;  

(c) example 𝑉𝑠 profile, and (d) example 𝐷𝑚𝑖𝑛 profile. 

Hough et al. (1988) proposed relating 𝜅 to the 𝑄 and 𝑉𝑠 along the entire ray path, while 

Campbell (2009) focused on 𝜅0 of the site by integrating only over the depth of sediments (H).  As 

a result, 𝜅0 at the surface of a site can be computed as (Ktenidou et al. 2015): 

 𝜅0 = 𝜅0,𝑟𝑜𝑐𝑘 + ∆𝜅0  
 (2.4a) 
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 ∆𝜅0  
= ∫

1

𝑄(𝑧) ∙ 𝑉𝑠(𝑧)
∙ 𝑑𝑧 = 

𝐻

0

∫
2 ∙ 𝐷𝑚𝑖𝑛(𝑧)

𝑉𝑠(𝑧)
∙ 𝑑𝑧 

𝐻

0

 (2.4b) 

where 𝜅0,𝑟𝑜𝑐𝑘  represents 𝜅0 for the underlying rock half space, ∆𝜅0  
 is the change in 𝜅0 (or 

𝜅 ) due to the sediment column, and 𝑄(𝑧), 𝑉𝑠(𝑧), and 𝐷𝑚𝑖𝑛(𝑧) are the attenuation, shear wave 

velocity, and 𝐷𝑚𝑖𝑛  profiles, respectively, as a function of depth, 𝑧  (e.g., Figure 2.1c, d).  

Importantly, equation (2.4a) provides a connection between the high frequency shape of the FAS 

measured at the surface of a site and the 𝑉𝑠 and 𝐷𝑚𝑖𝑛 (or 𝑄) profiles at that site.  With 𝑉𝑠 profiles 

consistently measured for site response analysis, 𝜅0 can be used to constrain the 𝐷𝑚𝑖𝑛 profile used 

in a site response analysis.   

As noted earlier, many researchers have investigated 𝜅0 from earthquake recordings at sites 

around the world.  These studies have consistently found a relationship between 𝜅0  and 𝑉𝑠30, with 

𝜅0 decreasing with increasing 𝑉𝑠30  due to stiffer materials having less seismic attenuation and 

damping.  Some studies have proposed that 𝜅0  asymptotically approaches a minimum at larger 

𝑉𝑠30, rather than continuing to decrease (e.g., Ktenidou et al. 2015).  Figure 2.2 shows the global 

𝜅0 dataset as a function of 𝑉𝑠30, as compiled by Ktenidou et al. (2014, 2015), along with select 

𝜅0 − 𝑉𝑠30 relationships from the literature (Chandler et al. 2011, Van Houtte et al. 2011, Edwards 

et al. 2011).  There is obviously significant scatter in the data, but a 𝑉𝑠30 dependence is clearly 

observed, although the different 𝜅0 − 𝑉𝑠30 relationships deviate at 𝑉𝑠30 less than about 1000 m/s.  

While the full 𝑉𝑠 and 𝐷𝑚𝑖𝑛 profiles beneath a site should influence 𝜅0 , rather than just the top 30 

m, the relationship between 𝜅0 and 𝑉𝑠30 is present due to both the properties of shallow sediments 

and the correlation between 𝑉𝑠30and deeper structure (e.g., Boore et al. 2011).   
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Figure 2.2: Examples of previously published 𝜅0 - 𝑉𝑠 30 data and 𝜅0 - 𝑉𝑠 30 relationsh 

There are limited data available at 𝑉𝑠30 less than 400 to 500 m/s (Figure 2.2Figure 2.2), 

and these smaller 𝑉𝑠30 values represent sites for which site response are commonly performed.  

Given this data limitation and the deviations of the available models in this range of 𝑉𝑠30, it is 

important to investigate 𝜅0  for sites with smaller 𝑉𝑠30 to facilitate 𝜅0-based constraints on small-

strain damping in site response analyses. 

2.3 GROUND MOTION DATABASE 

For this study, we used predominantly earthquake recordings from the Kiban Kyoshin 

strong-motion network (Kik-net) in Japan (Aoi et al. 2004).  Kik-net consists of approximately 

700 sites and each includes a pair of instruments, one installed in a borehole and the other at the 

ground surface.  The large number of sites and the large number of earthquakes in Japan allows 

for an assessment of 𝜅0 for a range of site conditions, and the use of borehole arrays allows for a 
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direct assessment of ∆𝜅0  between the borehole and surface sensors. The Kik-net sites were 

supplemented by six sites from the NGA-West2 database, as described below. 

The initial selection of Kik-net sites and motions for analysis included various criteria, as 

discussed below.   

1. Sites with 𝑉s30 less than 600 m/s. This criteria allowed for the focus on softer sites. 

2. Sites without large resonances at frequencies greater than 10 Hz. Avoiding these sites 

minimized the potential for the high frequency site amplification to affect the 𝜅 calculation 

(Parolai and Bindi 2004). 

3. Motions with rupture distances less than 150 km. This criterion minimizes the distance 

effect on 𝜅 and avoids the effect of multiple ray paths. 

4. 𝑀𝑤 > 3.5.  This criterion maintains a source-spectral corner frequency small enough that it 

does not affect the 𝜅 calculation (Ktenidou et al. 2013)  

5. Motions with a computed strain index (𝛾𝐼𝑛𝑑 = PGV𝑠𝑢𝑟𝑓/𝑉𝑠30, where PGV𝑠𝑢𝑟𝑓 is the peak 

ground velocity at the ground surface, Idriss 2011) less than 0.01%.  This criterion ensures 

that the induced strains are small and the site response is close to linear-viscoelastic.  

6. Motions with surface peak ground acceleration (PGA) larger than 0.01 g.  This criterion 

reduces the contamination of noise, generally resulting in a Signal-to-Noise Ratio (SNR) 

larger than 4.  This criterion was reduced to 0.005 g for some sites if there were not enough 

recorded motions. 

7. Sites with more than 20 recorded motions.  A larger number of motions are needed to better 

estimate the average 𝜅0 given the scatter in individual estimates. 
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Table 2.1: Characteristics of Kik-net and NGA-West2 sites and 𝜅0 results 

Station Name Vs 30 (m/s) Z1
* (m) Z2.5

* (m) 
# Motions 
(ACR/SZ) 

Borehole 

0 (s) 
Surface  0 

(s) 
Borehole 

σk0 (s) 
Surface σk0 

(s) 

AKTH14 233 901 1802 6/22 0.042 0.069 0.007 0.008 
AOMH05 238 601 12202 1/17 0.023 0.054 0.009 0.006 
AOMH12 281 1743 22402 3/41 0.036 0.057 0.006 0.006 
AOMH13 154 3002 18002 2/37 0.042 0.060 0.007 0.007 
AOMH16 226 2493 14602 2/24 0.028 0.054 0.009 0.008 
AOMH17 378 741 6202 3/29 0.029 0.047 0.007 0.006 
CHBH10 252 15001 39402 12/22 0.039 0.061 0.009 0.011 
CHBH12 217 8501 39402 5/18 0.056 0.070 0.010 0.011 
EHMH08 364 381 1613 9/11 0.040 0.063 0.006 0.005 
FKSH11 240 341 4402 15/16 0.029 0.052 0.005 0.007 
FKSH12 449 221 1052 6/15 0.021 0.044 0.006 0.005 
FKSH14 237 521 12602 6/14 0.045 0.065 0.005 0.005 
FKSH18 307 301 521 6/18 0.015 0.044 0.007 0.005 
FKSH19 338 401 401 3/17 0.015 0.026 0.003 0.004 
FKSH20 350 2043 6202 2/21 0.042 0.056 0.008 0.010 

GNMH05 506 1751 36002 16/4 0.024 0.053 0.005 0.007 
HDKH06 412 1151 31002 3/36 0.063 0.095 0.008 0.006 
HRSH06 279 511 1793 16/1 0.035 0.050 0.007 0.009 
IBRH10 144 5181 7001 10/19 0.027 0.056 0.009 0.013 
IBRH11 242 301 1402 8/12 0.016 0.033 0.005 0.006 
IBRH12 486 581 3433 12/21 0.030 0.045 0.005 0.005 
IBRH13 335 341 441 18/34 0.018 0.039 0.009 0.008 
IBRH18 559 301 17802 8/14 0.019 0.055 0.006 0.008 
IBUH03 111 5202 40602 0/20 0.048 0.128 0.007 0.019 
IWTH20 289 2983 6002 8/18 0.031 0.072 0.005 0.011 
IWTH26 371 2623 11602 18/21 0.037 0.053 0.006 0.006 
KGWH02 185 1001 6294 7/5 0.026 0.052 0.007 0.007 
KKWH08 311 461 1714 1/20 0.022 0.053 0.009 0.007 
KSRH02 219 3403 11002 3/35 0.045 0.067 0.011 0.010 
KSRH03 250 4002 17002 1/33 0.044 0.062 0.010 0.009 
KSRH04 189 3583 5802 0/50 0.038 0.053 0.009 0.009 
KSRH06 326 4013 12802 0/33 0.039 0.054 0.009 0.009 
KSRH07 204 4133 9602 1/23 0.042 0.059 0.007 0.007 
KSRH09 230 2002 7602 3/28 0.055 0.083 0.011 0.013 
KSRH10 213 361 4373 0/33 0.040 0.064 0.010 0.010 
MYGH01 210 1101 7001 5/28 0.014 0.048 0.006 0.007 
MYGH05 305 2601 13002 11/39 0.031 0.037 0.005 0.005 
MYGH10 348 2663 6602 4/20 0.026 0.051 0.005 0.005 
NGNH29 465 901 25602 22/0 0.028 0.062 0.007 0.010 
NIGH13 461 1001 7002 15/0 0.071 0.081 0.010 0.010 
NIGH14 438 1681 4802 20/0 0.023 0.048 0.005 0.006 
NIGH18 311 2202 30002 32/0 0.064 0.103 0.012 0.012 

NMRH04 168 6723 21602 0/33 0.036 0.060 0.010 0.010 
SITH04 329 10021 25802 8/12 0.036 0.059 0.009 0.007 
SITH11 372 141 1613 25/25 0.039 0.067 0.008 0.008 
TCGH15 423 2351 9202 23/20 0.029 0.045 0.004 0.005 
TCGH16 213 6402 18602 33/0 0.032 0.063 0.006 0.007 
TKCH07 140 2463 9002 1/18 0.037 0.070 0.007 0.013 
TKCH11 459 641 781 0/26 0.019 0.034 0.007 0.009 
TTRH04 254 1621 4402 16/0 0.028 0.042 0.003 0.005 
YMTH06 261 1281 5402 16/9 0.026 0.045 0.005 0.005 

APEEL 2 - Redwood City 133 884 8424 1/0 -- 0.057 -- -- 
Foster City - APEEL 1 116 1684 8424 1/0 -- 0.063 -- -- 

El Centro Array #7 211 15304 44704 4/0 -- 0.049 -- -- 
El Centro Array #11 196 14404 32604 4/0 -- 0.061 -- -- 

El Centro Differential Array 202 14304 42404 1/0 -- 0.054 -- -- 
Parkfield - Fault Zone 1 178 804 26904 2/0 -- 0.060 -- -- 

*Note: 𝑍1 or 𝑍2.5 derived from 1 = V𝑠 profile, 2=NIED Basin Model, 3=Extrapolation of V𝑠 profile,  

4 = California Basin Model from NGA-West2 Flatfile. 
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Based on these criteria, 51 sites were selected and their characteristics are listed in Table 

2.1.  Across the sites, the depth of the downhole sensor varies from 100 m to 2,000 m.  Thirty-one 

sites have depths between approximately 100 m and 150 m, fourteen sites have depths between 

200 and 500 m, and six sites have depths between 900 m and 2,000 m.  The 𝑉s profiles for the sites 

were provided by the Kik-net database and were used to compute 𝑉s30 , 𝑉s at the base sensor 

(𝑉s base), and the average 𝑉s from the surface to base sensor (𝑉s mean).  The range of 𝑉s30 for these 

sites is 110 m/s to 560 m/s.  To further increase the number of sites with 𝑉s30 between 100 and 

200 m/s, six sites were added from the NGA-West2 database (Ancheta et al. 2014).  These sites 

only have surface values of 𝜅0 and are also listed in Table 2.1.  More sites were not added from 

NGA-West2 because they are not borehole array sites and could not contribute to the ∆𝜅0 

component of this study. 

The depth of the sediments also influences 𝜅0 and thus the depth to 𝑉s  = 1.0 km/s (𝑍1) and 

the depth to 𝑉s  = 2.5 km/s (𝑍2.5) were estimated for each site.  𝑍1 was directly measured from the 

reported 𝑉s  profiles for 34 sites and 𝑍2.5 was directly obtained for 6 sites.  For those sites where 

𝑍1  and 𝑍2.5  could not be obtained directly from the 𝑉s  profiles, the NIED basin model 

(http://www.j-shis.bosai.go.jp/map/?lang=en, last accessed January 6, 2017) was used to estimate 

these depths for the Kik-net sites.  For the NGA-West2 sites, the California basin model as 

described in the NGA-West2 site database was used (Seyhan et al. 2014).  For some Kik-net sites, 

the estimated 𝑍1  or 𝑍2.5  from the NIED basin model was not consistent with the reported 𝑉s  

profile (e.g., 𝑍1 or 𝑍2.5 was smaller than the depth of the downhole sensor but the reported 𝑉s  

profile did not exceed either 1.0 km/s or 2.5 km/s, respectively).  For these sites, the 𝑉s  profile was 

extrapolated using a power law relationship (Sykora and Stokoe 1983): 

http://www.j-shis.bosai.go.jp/map/?lang=en
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 𝑉s = 𝐶 ∙ 𝑧𝑛𝑣 (2.5) 

where C and 𝑛𝑣 are empirical coefficients.  Equation (2.5) was used to estimate 𝑍1 or 𝑍2.5 using 

the extrapolation process explained below. 

For sites where 𝑍1 from the NIED basin model was not consistent with the reported 𝑉s  

profile (i.e., 𝑍1 smaller than base sensor depth but 𝑉s < 1.0 km/s throughout the measured profile) 

but 𝑍2.5 from the NIED model was consistent with the 𝑉s  profile (i.e., 𝑍2.5 deeper than the base 

sensor depth and 𝑉s base < 2.5 km/s), the parameters C and 𝑛𝑣 were calculated such that the power 

law relationship fit the 𝑉s  and depth at the base of the measured 𝑉s  profile and 𝑉s  = 2.5 km/s at a 

depth of 𝑍2.5 .  This approach for computing C and 𝑛𝑣  focuses on fitting the deeper velocity 

structure, which is appropriate for estimating 𝑍1 and 𝑍2.5. The parameters C and 𝑛𝑣 were then used 

to compute the depth associated with 𝑉s  = 1.0 km/s and this value was assigned as 𝑍1 for the site.  

This approach was used to estimate 𝑍1 at 12 sites. 

For sites where 𝑍2.5 from the NIED basin model was not consistent with the reported 𝑉s  

profile (i.e., 𝑍2.5 smaller than base sensor depth but 𝑉s < 2.5 km/s throughout the measured profile), 

the 𝑉s  profile was extrapolated from the base of the profile using a power law relationship with an 

assumed 𝑛𝑣 = 0.72.  This 𝑛𝑣 value was selected as the average value computed for the 12 sites 

where extrapolation was used to estimate 𝑍1.  C was calculated to fit the 𝑉s  and depth at the base 

of the measured  𝑉s  profile.  The parameters C and 𝑛𝑣  were then used to compute the depth 

associated with 𝑉s  = 2.5 km/s and this value was assigned as 𝑍2.5 for the site.  This approach was 

used to estimate 𝑍2.5 at 7 sites.  

Figure 2.3 shows the distribution of 𝑍1 and 𝑍2.5 as a function of 𝑉𝑠30 for the sites analyzed.  

Across the sites, 𝑍1 varies from about 14 m to 1,500 m, while 𝑍2.5 varies from about 40 m to 4,500 
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m. Generally, both 𝑍1 and 𝑍2.5 decrease with increasing 𝑉𝑠30, but there is significant scatter in the 

data.  For the data shown in Figure 2.3, the 𝑍1 and 𝑍2.5 values from measured 𝑉s  profiles are the 

most accurate, while the other approaches have some level of uncertainty.   

 

 (a) (b) 

Figure 2.3: (a) 𝑍1 vs. 𝑉𝑠 30 and (b) 𝑍2.5 vs. 𝑉𝑠 30 for the Kik-net and NGA-West2 sites. 

2.4 DATA PROCESSING AND ANALYSIS 

The acceleration-time series for each site were processed using the following procedures, 

all implemented in MATLAB. The entire acceleration time series was used for analysis, rather 

than just the shear wave window, because manually picked S-wave arrivals can add uncertainty to 

the κ calculation (Douglas et al. 2010).  Each time series was instrument corrected, baseline 

corrected and the resulting FAS were smoothed using a triangular window. 

The Anderson and Hough (1984) approach of computing κ from the slope of the high 

frequency portion of the log-linear FAS is adopted here.  A semi-automated procedure based on 

the recommendations of Ktenidou et al. (2013) was used and illustrated in Figure 2.4.  The FAS 

for each horizontal component was plotted in log-log scale and used to manually select the 

frequency above which the amplitudes start to decay (Figure 2.4a).  Then, the FAS in log-linear 
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space was used to manually select 𝑓𝑒  and 𝑓𝑥 , the minimum and maximum frequencies used to 

compute the slope of the FAS (Figure 2.4b), with 𝑓𝑒 selected on the decaying part of the FAS.  The 

frequency range (𝑓𝑥 −  𝑓𝑒) is larger than 10 Hz to maintain the robustness of the calculation of the 

slope of the amplitude decay for κ (Ktenidou et al. 2013).  Also, 𝑓𝑥 was not allowed to exceed 30 

Hz to avoid the instrument response at higher frequencies (Fujiwara et al. 2004). We used a robust, 

weighted least squares regression technique to fit the slope between 𝑓𝑒 and 𝑓𝑥 and to compute κ 

(Figure 2.4b), which minimizes the influences of outliers on the regression (Ktenidou et al. 2013).   

For each event, separate κ  analyses were performed for the downhole and surface 

recordings and for the two horizontal components.  It has been recommended that the difference 

between the κ values for the two horizontal components should be less than 20% (Van Houtte et 

al. 2011), and thus recordings that did not meet this criterion were rejected for further analysis.  

For the remaining recordings, κ for each event was taken as the average of the two horizontal 

components (separately for the downhole and surface recordings).  Because of the rejection 

criterion, some sites were left with fewer than 20 motions for analysis; nonetheless, 45 of the 51 

Kik-net sites had more than 20 motions (Table 2.1).  The NGA-West2 sites had significantly fewer 

motions (less than 5) because of the smaller rates of seismicity in California relative to Japan.   

For each site, κ values were computed for recordings from different events located at a 

range of distances (Figure 2.4c).  To compute 𝜅0 the distance dependence was removed using a 

linear distance relationship (equation (2.3)) and regional values of the slope 𝜅1.  Regional estimates 

of 𝜅1 were used in lieu of site-specific values because the distance range of the data at many sites 

was not sufficient to derive site-specific 𝜅1. Van Houtte et al. (2011) reported different values of 

𝜅1 in Japan for shallow crustal seismic events in active crustal regions (ACR) and events in  
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 (a) (b) 

 

 (c) (d) 

Figure 2.4: Example of 𝜅0 analysis for Kik-net site FKSH11: (a) surface and borehole FAS in 

log-log scale, (b) 𝜅 slope calculation using FAS in log-linear scale, (c) compiled 

𝜅 for each motion versus corresponding 𝑅𝑟𝑢𝑝, (d) 𝜅0 versus 𝑅𝑟𝑢𝑝 after removal 

of distance effect. 

subduction zones (SZ).  Almost all the sites analyzed in this study include both shallow crustal 

events and subduction events, and thus different values of 𝜅1 were used for different recordings at 

a site depending on the source type.  The region-specific 𝜅1  values used in this study were 

computed from the Kik-net dataset of 𝜅 values.  These 𝜅1 values were 0.000086 s/km for ACR 

events and 0.000059 s/km for SZ events.  The characterization of the source type for each event 
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was obtained from Dawood et al. (2016).  For the NGA-West2 sites in California, the regional 

value of 0.00025 s/km derived by Van Houtte et al. (2011) was used. 

Each measured value of 𝜅 was corrected to 𝜅0 (Figure 2.4d) based on the distance, the 

appropriate 𝜅1, and equation (2.3).  Previous studies have used either epicentral or hypocentral 

distance to correct for distance effects (Ktenidou et al. 2013).  In this study the closest distance to 

the rupture (Rrup) was used, as provided in Dawood et al. (2016).  Rrup generally was similar to 

Rhyp, but Rrup was used to better represent the travel path associated with the recording.  After 

correcting all 𝜅 to 𝜅0, the average value of 𝜅0 across all events was computed and reported as 𝜅0. 

The standard deviation of the 𝜅0 values (𝜎𝜅0 ) at each site was also computed.  The 𝜅0 and 𝜎𝜅0  

computed for the surface and borehole depths for each site are listed in Table 2.1. 

2.5 SURFACE 𝜿𝟎 RESULTS 

The computed 𝜅0 for the different sites are plotted vs. 𝑉𝑠30 in Figure 2.5.  The surface and 

borehole 𝜅0 are plotted separately for the Kik-net sites, along with the surface 𝜅0 for the six NGA-

West2 sites.  For the borehole 𝜅0 values, the data are plotted against 𝑉𝑠 𝑏𝑎𝑠𝑒.  For comparison, the 

𝜅0 values compiled from various studies by Ktenidou et al. (2014, 2015) and previously shown in 

Figure 2.2 are also plotted.  In general, this study expands the 𝜅0 data available at 𝑉𝑆30 less than 

500 m/s.  Both datasets show a general decrease in 𝜅0 with increasing 𝑉𝑠30.  In the range of 𝑉𝑠30 

equal to 500 to 1000 m/s, the 𝜅0 values from this study are consistent with those from the previous 

studies shown, but at 𝑉𝑆30 larger than 1,000 m/s the 𝜅0 values from this study generally are larger 

than those compiled by Ktenidou et al. (2014, 2015).   
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Figure 2.5: 𝜅0 values computed in this study versus 𝑉𝑠 30 along with +/- 1 𝜎𝜅0
 values of 

individual 𝜅0 values computed at each site.  𝜎𝜅0
 values are compiled in Table 1.  

Also shown are 𝜅0 values from previous studies. 

Although this study is focused on 𝜅0 at softer sites, it is worth discussing the values at 

larger 𝑉𝑆30.  At 𝑉𝑆30 greater than 2,000 m/s the data from this study display an approximately 

constant value of about 0.019 s.  This asymptotic behavior of 𝜅0  at large 𝑉𝑆30  has also been 

observed by Ktenidou et al. (2015).  Some studies have observed significantly smaller 𝜅0 values 

at large 𝑉𝑆30 (e.g., Edwards et al. 2011, Cabas et al. 2017), and even the authors of this study have 

recommended 𝜅0  of 0.006 s for reference, hard rock conditions in Central and Eastern North 

America (Campbell et al. 2014, Hashash et al. 2014).  On the other hand, other studies have 

observed 𝜅0 values at large 𝑉𝑆30 that are similar to those from this study (e.g., Poggi et al. 2013, 

Van Houtte et al. 2014, Edwards et al. 2015, Cabas et al. 2017).  Regional differences in crustal 

structure, differences in the approach used to compute 𝜅0, and differences in the approach used to 

account for the distance dependence, will all affect broad 𝜅0 comparisons across different studies.  
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Thus, the 𝜅0 values at larger 𝑉𝑠30 from this study are not unreasonable, and they do not discredit 

the smaller 𝜅0 values found in the literature.   

One other consideration is that at larger 𝑉𝑆30 all the 𝜅0 data from this study are associated 

with borehole recordings, while the data from other studies are predominantly associated with 

surface recordings.  The downgoing wave that is present at a borehole instrument may affect the 

slope of the FAS at high frequencies, causing the observed differences.  However, numerical 

analyses using the 1D wave equation to convert an outcrop FAS to a within FAS indicated that the 

effect is very minor.  Alternatively, it simply may be difficult to distinguish 𝜅0 values between 

0.01 s and 0.001 s (see Figure 2.1b) when using the slope method to measure 𝜅.  It is interesting 

to note that in the range of 𝑉𝑆30 between to 400 and 600 m/s, where both borehole and surface data 

are available, the borehole and surface 𝜅0 are similar (Figure 2.5), which further suggests that the 

borehole effect is not significant.   

Using the 𝜅0  data developed in this study, a relationship between 𝜅0  and 𝑉𝑠30  was 

developed as:  

 𝑙𝑛(𝜅0) = {

−0.18 ∙ (𝑙𝑛155)2 + 1.816 ∙ 𝑙𝑛155 − 7.38,     for 100 𝑚/𝑠 < 𝑉𝑠30 < 155 𝑚/𝑠 

−0.18 ∙ (𝑙𝑛𝑉𝑠30)2 + 1.816 ∙ 𝑙𝑛𝑉𝑠30 − 7.38,     for 155 𝑚/𝑠 ≤ 𝑉𝑠30 ≤ 2000𝑚/𝑠

−0.18 ∙ (𝑙𝑛2000)2 + 1.816 ∙ 𝑙𝑛2000 − 7.38,    for 2000 𝑚/𝑠 <  𝑉𝑠30 < 3000𝑚/𝑠

 (2.6) 

In equation (2.6), 𝜅0 is in units of s and 𝑉𝑠30 is in units of m/s.  The relationship is a second 

order polynomial in terms of 𝑙𝑛(𝜅0) and 𝑙𝑛𝑉𝑠30, with the expression forced through the average 

value of 0.019 s at 𝑉𝑆30 ≥ 2,000 m/s and maintained constant at 𝑉𝑆30 ≤ 155 m/s.  The standard 

deviation of the relationship in natural log units (𝜎𝑙𝑛) is 0.30.  When only considering surface 

values at 𝑉𝑠30 < 600 m/s, the standard deviation is 0.26.  The resulting relationship is shown in 

Figure 2.5. 
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 (a) (b) 

Figure 2.6: (a) Standard deviation of computed 𝜅0 (𝜎𝜅0
) at each site as a function of 𝑉𝑠 30,  

(b) surface 𝜎𝜅0
 vs. borehole 𝜎𝜅0

. 

The variability in the 𝜅0 values at the surface and borehole for each site was quantified by 

computing the standard deviation of the individual 𝜅0 values (𝜎𝜅0
).  Figure 2.6a shows 𝜎𝜅0

 as a 

function of 𝑉𝑠30.  Almost all the sites show 𝜎𝜅0
 between 0.005 s and 0.01 s, with no real 𝑉𝑠 30 

dependence except perhaps slightly larger 𝜎𝜅0
 at 𝑉𝑠30 less than 200 m/s.  Figure 2.6b plots 𝜎𝜅0

 for 

the surface recordings vs. 𝜎𝜅0
 for the borehole recordings.  In most cases the borehole and surface 

𝜎𝜅0
 are similar, except for three sites where the surface 𝜎𝜅0

 is much larger.  These points are from 

the softest sites with the smallest 𝑉𝑠30.  The data in Figure 2.6 indicate that the scatter in 𝜅 across 

the sites is relatively similar, and that 𝜎𝜅0
 at the surface is correlated with 𝜎𝜅0

 at the borehole with 

a linear correlation coefficient of  = 0.59 for all data and  = 0.82 after removing three outliers 

with large surface 𝜎𝜅0
.   
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 (a) (b) 

Figure 2.7: 𝜅0 residuals relative to equation (2.6) as a function of (a) 𝑍1 and (b) 𝑍2.5 

Focusing on the surface 𝜅0  values with 𝑉s30  between about 110 m/s and 600 m/s, we 

investigate other parameters that may be influencing 𝜅0.  Theoretical considerations regarding 𝜅0 

(e.g., equation (2.4a)), as well as previous studies (e.g., Campbell 2009), indicate that there should 

be some dependence on the thickness of the sediments.  To study how thickness affects 𝜅0, Figure 

2.7 plots the residuals of the surface 𝜅0 relative to equation (2.6) (i.e., ln(𝜅0 𝐷𝑎𝑡𝑎) - ln(𝜅0 𝑀𝑜𝑑𝑒𝑙)) 

versus the depth parameters 𝑍1 and 𝑍2.5.  The 𝜅0 residuals do not vary systematically with 𝑍1 with 

an average residual close to zero, but the 𝜅0 residuals vary systematically with 𝑍2.5.  For 𝑍2.5 less 

than about 150 m, the residuals become more negative (i.e., smaller measured 𝜅0 ) as 𝑍2.5 

decreases.  The measured 𝜅0 are smaller than average for these sites because of the small thickness 

of material above the 𝑉s  = 2.5 km/s horizon.  The average residuals are close to zero for 𝑍2.5 

between 150 m and 1500 m, but the residuals increase for 𝑍2.5 greater than about 1500 m.  These 

positive residuals correspond to larger values of measured 𝜅0, which presumably is due to the large 

thickness of material above the 𝑉s  = 2.5 km/s horizon.  The fact that the relationship with 𝑍2.5 is 

stronger than for 𝑍1 indicates that materials with shear wave velocity between 1,000 and 2,500 m/s 
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contribute to 𝜅0.  This is consistent with the conclusions of Campbell (2009) and Campbell et al. 

(2014) that there are significant contributions to 𝜅0 down to depths of at least 5 km. 

As an example of the effect of sediment thickness on 𝜅0, consider the FAS for two Kik-net 

sites with similar 𝑉𝑠 30 but different 𝑍2.5: FKSH18 (𝑉𝑠 30 = 307 m/s, 𝑍2.5 = 52 m) and NIGH18 

(𝑉𝑠30 = 311 m/s, 𝑍2.5 = 3,000 m).  To minimize the effect of distance on the high-frequency slope 

of the spectra (i.e., 𝜅), motions at distances between 45 and 60 km are considered for both sites. 

The selected motions come from earthquake magnitudes between 4.5 and 5.7.  The average of the 

normalized FAS for the sites are shown in Figure 2.8 and they show a very different decay at high 

frequencies.  The 𝜅 of NIGH18 is 0.12 s, which is much larger than the  𝜅 of 0.049 s at FKSH18. 

 

Figure 2.8: Comparison of 𝜅 between two sites with similar 𝑉𝑠 30 but different 𝑍2.5.  The 

spectra shown are from earthquake magnitudes between 4.5 and 5.7 and 

distances between 45 and 60 km. 

The residuals in Figure 2.7b are fit with a trilinear relationship to model the 𝑍2.5 effect on 

𝜅0.  Incorporating the trilinear relationship with the 𝑉𝑠30 relationship in equation (2.6) results in 

the following: 



26 

 

 𝑙𝑛(𝜅0) =  𝑙𝑛(𝜅0)𝑒𝑞 6 + {

(0.3312 ∗ 𝑙𝑛(𝑍2.5) − 1.7177) ∙ 𝑅(𝑉𝑠30),        for 𝑍2.5 = 40 𝑡𝑜 179 𝑚

                             0,                                                 for 𝑍2.5 = 179 𝑡𝑜 1392 𝑚

        (0.1346 ∗ ln(𝑍2.5) − 0.9743) ∙ 𝑅(𝑉𝑠30),       for 𝑍2.5 = 1392 𝑡𝑜 4470 𝑚
 (2.7) 

where 𝑙𝑛(𝜅0)𝑒𝑞 6 is the value from equation (2.6), 𝑍2.5 is in units of meters, and 𝑅(𝑉𝑠30) is 

a ramp function that gradually removes the 𝑍2.5 effect for larger 𝑉𝑠30.  The ramp function is equal 

to: 

 𝑅(𝑉𝑠30) = {

1 for 100 𝑚/𝑠 < 𝑉𝑠30 < 600 𝑚/𝑠

1 −
𝑉𝑠30 − 600

2000 − 600
for 600 𝑚/𝑠 ≤ 𝑉𝑠30 ≤ 2000𝑚/𝑠

0 for 2000 𝑚/𝑠 <  𝑉𝑠30 < 3000𝑚/𝑠

 (2.8) 

The ramp function acts to fully incorporate the 𝑍2.5 effect for 𝑉𝑠30 < 600 m/s and to fully 

remove it for 𝑉𝑠30 > 2,000 m/s with a linear interpolation in between.  This ramp function is 

developed from judgment based on the assumption that the 𝑍2.5 effect will not be present for the 

stiffest sites due to the lack of softer materials at these sites. 

The 𝜅0 relationship in equation (2.7) is valid for 𝑉𝑠30 between 100 and 3,000 m/s, and 𝑍2.5 

between 40 and 4,470 m, which represents the limit of the data used to develop the relationship.  

The standard deviation of the relationship in natural log units (𝜎𝑙𝑛) is 0.22 for the data with 𝑉𝑠30 < 

600 m/s, which is 16% smaller than the standard deviation of 0.26 for the relationship using 𝑉𝑠30 

alone (equation (2.6)). 

2.6 BOREHOLE TO SURFACE 𝚫𝜿𝟎 RESULTS 

The difference between the 𝜅0  from the surface and borehole recordings (∆𝜅0 ) represents 

the effect of the attenuation of the materials between the base and surface sensors, and thus is the 

most direct approach to evaluate the appropriate level of damping to use in an analysis of site 

response between the two sensors.  For each site, ∆𝜅0  was computed and compared to the 
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theoretical ∆𝜅0  predicted from equation (2.4a) measured 𝑉𝑠 profile and an assumed 𝐷𝑚𝑖𝑛 (or 𝑄) 

profile.  A similar approach was used by Cabas et al. (2017) to evaluate appropriate damping for 

Kik-Net downhole array sites.   

Seismologists and engineers have performed a significant amount of research on the small-

strain attenuation/damping properties of soil.  In geotechnical engineering, one of the most 

commonly used empirical models to predict 𝐷𝑚𝑖𝑛  is that of Darendeli (2001).  This empirical 

model is based on a large database of laboratory resonant column tests on different soils, and it 

predicts 𝐷𝑚𝑖𝑛 as a function of mean effective stress, plasticity index (PI), and overconsolidation 

ratio (OCR).  However, because small-scale laboratory experiments only measure material 

damping and cannot capture the effects of wave scattering, 𝐷𝑚𝑖𝑛  from these techniques will 

underestimate the true energy dissipation in the field.  An alternative approach to estimate 𝐷𝑚𝑖𝑛 is 

to relate it to 𝑄 as inferred from calibrated seismological simulations.  Campbell (2009) compiled 

𝑄 data from a variety of sources and proposed four empirical models that relate 𝑄 and 𝑉𝑠.  The 

Darendeli (2001) approach allows for 𝐷𝑚𝑖𝑛 to be assigned based on site-specific soil properties 

(PI, OCR) and effective stress, while the Campbell (2009) approach relies on the field measured 

𝑉𝑠 and the 𝑄 - 𝑉𝑠 relationship to incorporate site specific properties.  Both approaches generally 

result in a 𝐷𝑚𝑖𝑛 profile that decreases with depth. 

Both the Darendeli (2001) and Campbell (2009) approaches were used to assign 𝐷𝑚𝑖𝑛 

profiles for the Kik-net sites, and these profiles were used along with the measured 𝑉𝑠 profiles to 

compute ∆𝜅0  from equation (2.4a).  Because limited information is available for the soil properties 

at the Kik-net sites, generic values of PI = 10 and OCR = 1 were used to estimate 𝐷𝑚𝑖𝑛 from 

Darendeli (2001).  To compute the mean effective stress at each depth for Darendeli (2001), unit 

weights between 19-21 kN/m3 were used along with the groundwater table depth assigned based 
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on the location of the measured P-wave velocity of about 1500 m/s.  The lateral earth pressure 

coefficient was taken as 0.5.  For the Campbell (2009) approach, his proposed Model 1 was used 

to generate a 𝑄 profile, which represents a linear relationship between 𝑄 and 𝑉𝑠.  Model 1 was 

selected because in our experience the other models proposed by Campbell (2009) predict 

excessively large 𝜅0  for soft and deep sites.  For the sites studied, Model 1 from Campbell (2009) 

produced larger values of 𝐷𝑚𝑖𝑛 than Darendeli (2001). 

The theoretical ∆𝜅0 from the Campbell (2009) and Darendeli (2001) models are plotted 

against the measured ∆𝜅0 data from the Kik-net sites in Figure 2.9.  Generally, the modeled values 

of ∆𝜅0 are smaller than the measured values, particularly for sites where the base sensor depth is 

smaller than about 156 m.  The difference is most significant for the Darendeli (2001) model, with 

the ∆𝜅0 values for shallower sites mostly around 0.005 s and the measured values ranging from 

0.01 to 0.04 s.  For sites deeper than about 500 m, the Darendeli (2001) model predicts ∆𝜅0 more 

similar to the data, yet the Campbell (2009) model predicts ∆𝜅0 significantly larger than the data.  

On average over all sites, the ∆𝜅0 data are 5.5 times larger than the ∆𝜅0 from Darendeli (2001) 

model and 1.8 times larger than from the Campbell (2009) model.  These observations suggest that 

𝐷𝑚𝑖𝑛  from the Campbell (2009) and Darendeli (2001) models are too small and should be 

increased to provide ∆𝜅0  values consistent with those measured from the downhole arrays in 

Japan.  Because ∆𝜅0  is directly proportional to 𝐷𝑚𝑖𝑛  (equation (2.4a)), the ∆𝜅0  ratio (i.e., 

∆𝜅0(𝐷𝑎𝑡𝑎)/∆𝜅0(𝑀𝑜𝑑𝑒𝑙)) represents the scale factor that needs to be applied to the 𝐷𝑚𝑖𝑛 model 

to predict ∆𝜅0 consistent with the data.  The larger scale factor required for the Darendeli (2001) 

is directly related to the fact that their 𝐷𝑚𝑖𝑛  model was based exclusively on laboratory 

measurements.  Because earthquake and seismic data were used to develop the Campbell (2009) 

model, and these data include wave scattering effects, a smaller scale factor is required.  The scale 
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factors indicated by the data in Figure 2.9 for the Darendeli (2001) model vary from about 1 to 13, 

a range that is consistent with the scale factors derived by Cabas et al. (2017) for the Darendeli 

(2001) 𝐷𝑚𝑖𝑛 model.  Cabas et al. (2017) also found that the Campbell (2009) model required less 

modification than the Darendeli (2001) model to match the measured ∆𝜅0 data; again, a result that 

is consistent with the observations from this study.   

 

 (a) (b) 

Figure 2.9: Comparison of ∆𝜅0 from the observed data and theoretical models using (a) 

Campbell (2009) 𝐷𝑚𝑖𝑛 model and (b) Darendeli (2001) 𝐷𝑚𝑖𝑛 model. 

To further investigate the differences between the ∆𝜅0 from the downhole arrays and from 

the theoretical models, Figure 2.10 plots the ∆𝜅0  ratio as a function of the mean shear wave 

velocity from the surface to the borehole sensor depth (𝑉𝑠 𝑚𝑒𝑎𝑛) for different ranges in borehole 

depth.  For both the Campbell (2009) and Darendeli (2001) models, the ratio increases with 

increasing 𝑉𝑠 𝑚𝑒𝑎𝑛 and with decreasing depth, and the ratio is larger for the Darendeli (2001) model 

than for the Campbell (2009) model.  The trends in Figure 2.10 are predominantly a result of the 

influence of 𝑉𝑠 𝑚𝑒𝑎𝑛 and depth on the theoretical ∆𝜅0 values.  From equation (2.4a), it is clear that 
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∆𝜅0 from the theoretical models decreases with increasing 𝑉𝑠 and increases with increasing depth.  

However, the ∆𝜅0 data from this study show no clear dependence on 𝑉𝑠 𝑚𝑒𝑎𝑛 or depth, and thus 

the ratio of ∆𝜅0(𝐷𝑎𝑡𝑎)/∆𝜅0(𝑀𝑜𝑑𝑒𝑙) varies with 𝑉𝑠 𝑚𝑒𝑎𝑛 and depth.   

 

 (a) (b) 

Figure 2.10: The ratio of ∆𝜅0 from the observed data and theoretical models as a function of 

𝑉𝑠 𝑚𝑒𝑎𝑛 for (a) Campbell (2009) 𝐷𝑚𝑖𝑛 model and (b) Darendeli (2001) 𝐷𝑚𝑖𝑛 

model. 

The data in Figure 2.10 could be used to identify appropriate 𝐷𝑚𝑖𝑛 scale factors for a given 

𝐷𝑚𝑖𝑛 model, 𝑉𝑠 𝑚𝑒𝑎𝑛, and depth of profile.  This scale factor would need to be applied across all 

depths in the profile.  Alternatively, the data in Figure 2.9 and Figure 2.10 may indicate that the 

𝐷𝑚𝑖𝑛 within the shallow layers require a larger scale factor than the 𝐷𝑚𝑖𝑛within the deeper layers, 

due to enhanced wave scattering effects in the near surface.  However, developing a depth-

dependent scale factor or modification to the 𝐷𝑚𝑖𝑛  profile would make the adjustment more 

complex and difficult to fully constrain.  Thus, rather than using the ∆𝜅0  observations to constrain 

the 𝐷𝑚𝑖𝑛 profile, it is proposed to use the 𝜅0 observations at the surface, which include 𝜅0 of the 
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rock half space and overlying sediment layers (equation (2.4a)).  This approach and an example 

application are described below.   

2.7 PROPOSED APPROACH TO SCALING 𝑫𝒎𝒊𝒏 USING 𝜿𝟎 

The proposed approach to scaling 𝐷𝑚𝑖𝑛 incorporates an estimate of 𝜅0,𝑟𝑜𝑐𝑘  and a target 𝜅0 

at the surface.  The first step is to estimate 𝜅0,𝑟𝑜𝑐𝑘 , which can be derived from 𝜅0 − 𝑉𝑠30 

relationships given the 𝑉𝑠30 of the half-space and/or regional studies regarding the 𝜅0,𝑟𝑜𝑐𝑘 for local 

rock conditions.  Examples of studies that have used regional ground motion data to estimate the 

local 𝜅0,𝑟𝑜𝑐𝑘 include Ktenidou et al. (2015), Edwards et al. (2015), Cabas et al. (2017).  There can 

be significant uncertainty in estimating 𝜅0,𝑟𝑜𝑐𝑘  given the variability in 𝜅0  for larger 𝑉𝑠30  (e.g., 

Figure 2.2, Figure 2.5), so it may be prudent to consider a range of 𝜅0,𝑟𝑜𝑐𝑘 values.   

The target 𝜅0 at the surface is derived from equation (2.7) using 𝑉𝑠 30 and 𝑍2.5.  Other 

approaches could be used to estimate the target 𝜅0 at the surface, such as the 𝜅0 – sediment depth 

relationship developed by Campbell (2009) or direct analysis of 𝜅0 from recordings at or close to 

the site of interest.  Using the 𝑉𝑠 profile and an initial 𝐷𝑚𝑖𝑛 profile of the site, the 𝐷𝑚𝑖𝑛 profile for 

the site is adjusted until the computed 𝜅0 at the surface, as predicted by equation (2.4a), agrees 

with the target 𝜅0.  An illustration of the procedure based on the recent simulation-based site 

amplification studies for Central and Eastern North America (CENA) by the NGA-East 

Geotechnical Working Group (Harmon et al. 2019a, b) is provided below.   

The NGA-East Geotechnical Working Group developed ten baseline shear wave velocity 

models (Figure 2.11a) and associated geotechnical parameters (unit weight, plasticity index) using 

a shear wave velocity/site database for CENA (Harmon et al. 2019a).  These shear wave velocity 

profiles represent different geologic units and the 𝑉𝑠30 values range from 148 to 616 m/s (Table 
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2.2).  Each of these baseline profiles is underlain with a hard-rock half space of 𝑉𝑠 = 3,000 m/s and 

the associated 𝜅0,𝑟𝑜𝑐𝑘  was taken as 0.006 s (Campbell et al. 2014, Hashash et al. 2014).  Analyses 

were performed with these profiles truncated at five different depths between 30 and 1,000 m.   

 

 (a) (b) 

Figure 2.11: (a) NGA-East baseline 𝑉𝑠 profiles, (b) 𝜅0 vs. sediment depth (𝑍2.5) for NGA-

East 𝑉𝑠 profiles using Darendeli (2001) 𝐷𝑚𝑖𝑛 model and Campbell (2009) 𝐷𝑚𝑖𝑛 

model. 

Table 2.2: General properties of the NGA-East site profiles and the derived Scale Factors for the 

Darendeli (2001) Dmin model 

Vs 30 
(m/s) 

PI 
Unit 

Weight  

(𝐤𝐍/𝐦𝟑) 
OCR 

Dmin  

Scale Factor 
(Z2.5 = 500-1000m) 

Dmin Scale Factor 
(Z2.5 = 30-100m) 

148 15 19.0 1.5 4.1 6.3 
240 15 19.0 1.5 5.0 9.0 
252 20 18.5 1.3 4.3 8.6 
333 15 18.9 1.3 5.0 11.8 
356 24 19.4 3 5.1 11.9 
383 15 19.0 1.5 5.4 12.8 
391 10 19.0 3 6.5 14.4 
411 15 19.0 1.5 6.3 13.9 
513 15 19.0 1.5 7.0 15.5 
616 15 19.0 1.5 7.4 16.8 

 

The NGA-East study initially considered 𝐷𝑚𝑖𝑛 profiles from the Darendeli (2001) model 

and Model 1 from the Campbell (2009) 𝑄  - 𝑉𝑠  relationships, and used the predicted 𝜅0  at the 
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surface to evaluate the two models.  The 𝜅0 – sediment depth relationship developed by Campbell 

(2009) was used as the target 𝜅0 to evaluate the two 𝐷𝑚𝑖𝑛 model.  This relationship was derived 

from empirical and theoretical values of 𝜅0 for CENA geologic conditions, and does not include a 

𝑉𝑠30 dependence.  The Campbell (2009) 𝜅0 – sediment depth relationship was used to determine 

the target 𝜅0 because when the site response models were being developed for NGA-East, limited 

𝜅0 data for small 𝑉𝑠30 were available to develop target 𝜅0 at the surface, few studies had evaluated 

a depth effect relative to the 𝑉𝑠30 effect, and the results from this study were not yet available.   

Figure 2.11b plots the computed 𝜅0 values for the five different profile depths and the ten 

different 𝑉𝑠 profiles using the two different 𝐷𝑚𝑖𝑛 models.  For depths less than 100 m, both 𝐷𝑚𝑖𝑛 

models perform adequately relative to the 𝜅0 – sediment depth relationship.  For depths of 500 m 

and 1,000 m, the Darendeli (2001) 𝐷𝑚𝑖𝑛  model predicts 𝜅0 values much smaller than the 𝜅0 – 

sediment depth relationship, while the Campbell (2009) 𝐷𝑚𝑖𝑛 model better captures the larger 𝜅0 

at larger depths.  It should be noted, however, that the Campbell (2009) 𝜅0 – sediment depth 

relationship was developed in part from theoretical 𝜅0 values computed from assumed 𝑄 and 𝑉𝑠 

profiles, and thus it is not surprising that the Campbell (2009) 𝐷𝑚𝑖𝑛 model provides a better fit to 

the 𝜅0 – sediment depth relationship.  Another observation from Figure 2.11b is that when using 

the Campbell (2009) 𝐷𝑚𝑖𝑛 model the 𝜅0 values vary considerably for the different 𝑉𝑠 profiles for 

a given depth, but the differences are not as significant for the Darendeli (2001) model.  This is 

because the Campbell (2009) model relates 𝐷𝑚𝑖𝑛  to 𝑉𝑠, and 𝑉𝑠 varies considerably between the 

profiles, whereas the Darendeli (2001) model relates 𝐷𝑚𝑖𝑛 to the geotechnical parameters (Table 

2.2) and depth dependent confining pressure, which do not vary significantly from site to site.   

Based on the data in Figure 2.11b, the NGA-East Geotechnical Working Group decided to 

use the Campbell (2009) 𝐷𝑚𝑖𝑛 model to assign small-strain damping to the site response models.  
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Here, we evaluate the use of the relationships developed in this study to select alternative 𝐷𝑚𝑖𝑛 

profiles for the profiles considered in the NGA-East site amplification study.  Although Japanese 

data was used in this study to investigate surface 𝜅0, the consistency in the 𝜅0 at 𝑉𝑠30 less than 

about 500-600 m/s with studies from other regions around the world provides some confidence in 

using the relationships for CENA.  However, additional research regarding 𝜅0  in CENA is 

recommended.   

Figure 2.12 plots the computed surface 𝜅0 for the NGA-East 𝑉𝑠 profiles as a function of 

𝑉𝑠30 for the Darendeli (2001) and Campbell (2009) 𝐷𝑚𝑖𝑛 models.  Also shown are the 𝜅0 - 𝑉𝑠30 

relationships from equation (2.7) for 𝑍2.5 = 750 m and 50 m, which represent the target surface 𝜅0 

for the deeper (500 and 1000 m) and shallower (30, 50, and 100 m) profiles.  The Darendeli (2001) 

𝐷𝑚𝑖𝑛 model predicts 𝜅0 significantly smaller than the target 𝜅0, however the variation of 𝜅0 with 

𝑉𝑠30 is similar to the predicted relationships.  The Campbell (2009) 𝐷𝑚𝑖𝑛 model predicts 𝜅0 more 

similar to the target 𝜅0, particularly at smaller 𝑉𝑠30 and at larger 𝑍2.5, but at larger 𝑉𝑠30 the 𝜅0 are 

smaller than predicted by the model.  Because the 𝜅0 derived from the Darendeli (2001) 𝐷𝑚𝑖𝑛 

model better captures the change in 𝜅0 with 𝑉𝑠30, it is selected as the baseline 𝐷𝑚𝑖𝑛 profile to be 

adjusted to match the target 𝜅0. 

The Darendeli (2001) 𝐷𝑚𝑖𝑛 profiles were scaled such that at each 𝑉𝑠30 the average 𝜅0 for 

the deeper profiles (500 and 1000 m) and shallower profiles (30, 50, and 100 m) matched the target 

𝜅0 in Figure 2.12.  Given ten 𝑉𝑠30 and two depths, twenty scale factors were developed and they 

are listed in Table 2.2.  The scale factors for the deeper profiles range from 4 to 7.5, while the scale 

factors for the shallower profiles range from 6 to 17, and the scale factors generally increase with 

increasing 𝑉𝑠30.  The scale factors are consistent with the scale factors shown in Figure 2.10 for 

the Kik-net sites and are consistent with recent downhole array studies investigating 𝜅0 (Cabas et 
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al. 2017), although they are larger than have been assessed in the previous studies reviewed earlier 

in this paper.  The resulting surface 𝜅0 values for the sites agree well with the target 𝜅0 (Figure 

2.12c).  It is important to note that the 𝐷𝑚𝑖𝑛 scale factors in Table 2.2 are only applicable to the 

shear wave velocity profiles analyzed in this study and should not be used broadly for other sites.   

 

 (a) (b) 

 

 (c) 

Figure 2.12: Comparison of theoretical 𝜅0 from NGA-East 𝑉𝑠 profiles and predicted 𝜅0 from 

model developed in this study.  Theoretical 𝜅0 computed using (a) Darendeli 

(2001) 𝐷𝑚𝑖𝑛 model, (b) Campbell (2009) 𝐷𝑚𝑖𝑛 model and (c) scaled Darendeli 

(2001) 𝐷𝑚𝑖𝑛 model (Table 2). 
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To evaluate appropriate 𝐷𝑚𝑖𝑛 scale factors for other sites, the approach outlined in this section 

should be used. 

2.8 DISCUSSION AND CONCLUSIONS 

Various researchers have recommended that the small-strain damping (𝐷𝑚𝑖𝑛) measured in 

the laboratory be increased in site response analysis to properly model the other mechanisms of 

energy dissipation present in the field (e.g., wave scattering).  The parameter 𝜅0 represents the 

high frequency shape of the FAS of an earthquake motion and can be used to constrain the 𝐷𝑚𝑖𝑛 

profiles used in site response analysis.  This study investigated 𝜅0 at softer sites (𝑉𝑠30 < 600 m/s) 

using predominantly surface and downhole earthquake recordings at downhole array sites in Japan 

to better understand the parameters that influence 𝜅0 and to develop an approach to use 𝜅0 to 

constrain the 𝐷𝑚𝑖𝑛 profiles used in site response analyses. 

Values of 𝜅0 were computed from motions at 51 sites from the Kik-net database in Japan, 

as well as six sites from the NGA-West2 database.  Sites were selected to represent smaller 𝑉𝑠30 

and a range of soil depths.  Similar to previous studies, a relationship between 𝜅0 and 𝑉𝑠30 was 

observed and this relationship generally falls within the range from other studies.  Importantly, 

this study found that 𝜅0 increases with increasing depth of sediments, as quantified by the depth 

to the 𝑉s  = 2.5 km/s horizon (𝑍2.5).  𝜅0 increases with 𝑍2.5 for 𝑍2.5 less than about 150 m and for 

𝑍2.5 greater than about 1400 m.  For moderate 𝑍2.5 between about 150 m and 1400 m, the data 

show no depth dependence for 𝜅0 .  This lack of dependence does not mean that depth is 

unimportant in this range, but rather that there is a depth effect implicit in the 𝑉𝑠30-𝑍2.5 correlation 

that captures the average depth effect for intermediate depths. 

The ∆𝜅0 between the borehole and surface sensors was also computed for each of the sites 

and used to evaluate the theoretical ∆𝜅0 computed from the 𝑉𝑆 profiles of the sites along with an 
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assumed 𝐷𝑚𝑖𝑛 profile.  Two different 𝐷𝑚𝑖𝑛 models were considered, the geotechnical model from 

Darendeli (2001) and a 𝑄 - 𝑉𝑠 relationship from Campbell (2009).  Both of the 𝐷𝑚𝑖𝑛 models tended 

to predict ∆𝜅0 smaller than observed from the downhole array sites, except for the deepest sites 

with the Campbell (2009) model, and the Darendeli (2001) model produced smaller ∆𝜅0 than the 

Campbell (2009) model.  Similar findings were reported by Cabas et al. 2017).  The results imply 

that the 𝐷𝑚𝑖𝑛 models should be increased to produce ∆𝜅0 consistent with the observations, at least 

for the selected sites in Japan.  Scale factors for 𝐷𝑚𝑖𝑛 required to fit ∆𝜅0 were investigated, but the 

required scale factors were not well-constrained and varied considerably from site to site.   

An approach was proposed that uses a target 𝜅0 at the surface to constrain the 𝐷𝑚𝑖𝑛 profile 

for a site.  The target surface 𝜅0  is derived based on the 𝑉𝑠30  and 𝑍2.5  of the site using the 

relationships developed in this study.  The theoretical surface 𝜅0 is derived from the sum of 𝜅0,𝑟𝑜𝑐𝑘  

and ∆𝜅0, with 𝜅0,𝑟𝑜𝑐𝑘  estimated from the 𝑉𝑠 of the rock half-space and/or regional data and ∆𝜅0 

computed from the 𝑉𝑠  profile and 𝐷𝑚𝑖𝑛  profile.  An initial 𝐷𝑚𝑖𝑛  profile is scaled such that the 

theoretical surface 𝜅0 is consistent with the target 𝜅0.  A constant scale factor or depth-dependent 

scale factor could be used, but a constant scale factor is more easily constrained and is used in the 

example application described in this paper.  The approach to develop 𝐷𝑚𝑖𝑛 scale factors to match 

a target 𝜅0 was demonstrated using 𝑉𝑠 profiles considered in the NGA-East Geotechnical Working 

Group site amplification study.  The 𝐷𝑚𝑖𝑛  scale factors derived for the NGA-East 𝑉𝑠  profiles 

ranged from about 4 to 17, with the scale factors increasing with increasing 𝑉𝑠30 and decreasing 

depth.  The range of these scale factors are consistent with the recent downhole array study of 

Cabas et al. (2017).  Nonetheless, because these scale factors are derived solely from studies of 𝜅0 

and not site amplification, we are not ready to propose their direct implementation. Rather, the 
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present work advances our understanding of how 𝜅0 might be used to scale 𝐷𝑚𝑖𝑛 and is considered 

a step in the direction of eventual models that could be employed in engineering practice. 

The 𝐷𝑚𝑖𝑛  scale factor derived to match a target surface 𝜅0  is only applicable to a site 

response analysis if the 𝜅0  of the input rock motions are consistent with 𝜅0,𝑟𝑜𝑐𝑘  used in the 

analysis.  Input motions for site response analysis are selected based on target response spectra 

derived from ground motion models, but most ground motion models do not explicitly incorporate 

𝜅0 (Bora et al. 2015, 2018, and Zandieh et al. 2016 are the notable exceptions) and many do not 

accurately model the acceleration response spectra in the frequency range associated with 𝜅0.  

Thus, input motions selected to match a target response spectrum may not represent the appropriate 

𝜅0,𝑟𝑜𝑐𝑘 .  Thus, it is important to compute the FAS of the input rock motions and evaluate their 𝜅0 

to ensure this consistency with the assumed 𝜅0,𝑟𝑜𝑐𝑘 .   
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Chapter 3: The Effect of Soil Nonlinearity on the High Frequency Spectral 

Decay Parameter 

Boqin Xu1, Ellen M. Rathje1 

ABSTRACT 

This study used recorded ground motions at soil sites over a range of shaking intensities to 

investigate the effects of soil nonlinearity on the high-frequency spectral decay parameter, 𝜅, in an 

effort to provide constraints to large strain site response analyses.  Equivalent-linear site response 

analyses indicate that 𝜅  should increase significantly with increasing shear strain and ground 

motion intensity due to the increase in soil damping.  However, using more than 2,500 motions 

from 32 sites, the ground motion data in this study showed that 𝜅 does not vary systematically with 

the induced shear strain but rather remains at its small-strain value.  This observation indicates that 

the high-frequency components of motion are consistent with small-strain damping, rather than 

the strain-compatible damping used in site response analysis.  Equivalent-linear site response 

analyses for large strains can be modified to generate surface motions with more realistic values 

of 𝜅 by using either (1) a 𝜅 correction applied to the predicted surface motion or (2) the frequency-

dependent, equivalent-linear method, which uses less damping at higher frequencies based on the 

frequency-dependence of the shear strain.     
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3.1 INTRODUCTION 

Large intensity shaking causes much of the damage during earthquakes, and thus 

understanding the characteristics of large intensity earthquake ground motions, and the influence 

of local soil conditions on these motions, is an important research task.  Unfortunately, the 

relatively small number of large intensity motions has limited our ability to investigate their 

characteristics with statistical certainty.  But the availability of larger ground motion databases 

from around the globe is allowing for more research in this area. 

An important issue to consider for large intensity motions is the representation of the 

effects of site response on the characteristics of shaking and our ability to numerically model these 

effects.  A fair number of studies have been published on this topic (e.g., Zalachoris and Rathje 

2015, Kaklamanos et al. 2015) and they have generally concluded that one-dimensional site 

response analysis overdamps high-frequencies when shaking levels are large enough to induce 

large strains in the soil.  The high frequency spectral decay parameter (𝜅, Anderson and Hough, 

1984) represents the exponential decay of the Fourier Amplitude Spectrum (FAS) of acceleration 

at high frequencies and provides a means to evaluate the surface motions predicted by site response 

analysis.  However, almost all the research investigating 𝜅 of recorded motions has focused on low 

intensity recordings that do not induce significant strains.  The goal of this paper is to investigate 

𝜅 at soil sites for both low intensity and large intensity ground motions in an effort to understand 

the effect of soil nonlinearity on the high-frequency characteristics of ground shaking and to 

provide a constraint for site response modeling for large intensity motions. 

3.2 PREVIOUS RESEARCH 

The high frequency spectral decay parameter 𝜅  was first introduced by Anderson and 

Hough (1984) to model the exponential decay of the acceleration FAS at high frequencies: 
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 𝐴(𝑓) = 𝐴0 ∗ 𝑒−𝜋𝜅𝑓 (3.1) 

where 𝐴 indicates the Fourier amplitude, 𝐴0 is a function of the source properties, distance, 

and other properties, and f  is frequency. For this model the decay of the FAS is linear in log 𝐴 

versus f space with a slope of – 𝜋𝜅, and can be calculated from the measured slope of the log-linear 

FAS. 

Due to regional attenuation modeled by the quality factor (𝑄), the high frequency decay 

increases with distance (𝑅), which can be modeled by a simple linear dependence using (Hough et 

al. 1988, Hough and Anderson 1988): 

 𝜅 = 𝜅0 + 𝜅1 ∙ 𝑅 (3.2) 

The 𝜅 at zero distance (called 𝜅0) represents the attenuation of the materials within the top 

few kilometers beneath a site, and the slope 𝜅1 represent the regional attenuation characteristics 

related to 𝑄.   

Many studies have investigated 𝜅0 of earthquake motions from various parts of the world 

(e.g., Silva et al. 1998, Chandler et al. 2006, Drouet et al. 2010, Edwards et al. 2011, Van Houtte 

et al. 2011, Ktenidou et al. 2012, Cabas et al. 2017).  Most of these studies have investigated 𝜅0 of 

earthquake motions at rock or stiff soil sites with the time averaged shear wave velocity of the top 

30 m (𝑉𝑠30) greater than 500 m/s.  Xu et al. (2019) evaluated the 𝜅0 of surface and downhole 

earthquake recordings at downhole array sites with 𝑉𝑠30 less than 500 m/s, as well as the site 

parameters that influence 𝜅0 at these sites.  These previous studies have been focused on small-

strain motions, and the resulting values of 𝜅0 have been used to constrain the small-strain damping 

used in site response models (e.g., Cabas et al. 2017, Xu et al. 2019).   
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Research regarding large-strain 𝜅 is very limited.  Durward et al. (1996) represents one of 

the few studies that has focused on the amplitude dependence of 𝜅  and relating it to soil 

nonlinearity.  Durward et al. (1996) investigated 𝜅 of 64 recorded motions from 23 recording 

stations across the Imperial Valley of California for 24 earthquake events, and related the resulting 

𝜅 values to the recorded peak velocity (PGV) at the ground surface.  PGV was used because it is 

more closely related to strain than peak ground acceleration (PGA).  After correcting for variables 

such as the distance to the fault, they showed that 𝜅 generally increases with PGV (Figure 3.1) and 

they concluded that this effect was due to the soil nonlinearity. The increase in 𝜅 was as large as 

50% at a PGV equal to 20 cm/s, but the data also showed a reduction in 𝜅 at larger PGV (Figure 

3.1) that cannot be related to soil nonlinearity.  The induced shear strain in the soil can be estimated 

as the ratio of the PGV to the shear wave velocity of the site.  Using Vs30 as the measure of shear 

wave velocity and the Vs30 of about 150 to 250 m/s for the sites in the Imperial Valley, the induced 

strain range of the motions used in the study were estimated to be between about 0.01% ~ 0.50%.   

Durward et al. (1996) also investigated the change in 𝜅 implied by equivalent-linear site 

response analysis and found that the site response analysis produced a similar increase in 𝜅 

between PGV = 1 and 10 cm/s, but that the site response analysis predicted a continuing increase 

in 𝜅  at larger PGV.  Durward et al. (1996) also considered the 𝜅  predicted by nonlinear site 

response analysis and, interestingly, found that 𝜅 did not increase with increasing PGV. 
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Figure 3.1: Observed and predicted 𝜅 for strong motions recorded in Imperial Valley, CA 

(Durward et al., 1996) 

3.3 THEORETICAL MODELS 

To better understand the effect of soil nonlinearity on 𝜅 implied by site response analyses, 

a suite of linear elastic (LE) and equivalent linear (EQL) site response analyses is performed using 

the computer program Strata (Kottke and Rathje 2008, Kottke 2018).  A hypothetical soil profile 

100 m deep with a constant shear wave velocity (𝑉𝑠) of 400 m/s is analyzed and subjected to a 

range of input motion intensities. The nonlinear properties are assigned based on the Darendeli 

(2001) model with the plasticity index of 15.  The Random Vibration Theory (RVT) approach to 

site response analysis is used and input motions are specified based on seismological source 

parameters. Using the default Western North America source parameters provided in Strata 

(Kottke 2018), including ∆𝜎 =  100 bars, 𝑄 = 180 ∙ 𝑓0.45, and 𝜅0 = 0.04 s, input motions for a 

magnitude 7.5 event at five different epicentral distances (𝑅𝑒𝑝𝑖 = 5, 10, 30, 50 and 100 km) were 

generated and propagated through the soil deposit.  These input motions have PGA that range from 
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0.04 to 0.81 g and PGV that vary from 10.4 to 104 cm/s.  The 𝜅 of the surface FAS were computed 

from the measured slope of the log-linear FAS. 

  

 (a)  (b) 

  

 (c) (d) 

Figure 3.2: Theoretical predictions of 𝜅 from site response analyses: (a) distance dependence 

from LE and EQL site response analyses, (b) normalized surface FAS from LE 

site response analysis, (c) normalized surface FAS from EQL site response 

analysis, and (d) predicted 𝜅0 as function of induced shear strain. 

The results of the site response analyses are shown in Figure 3.2.  As expected, the linear-

elastic analyses show a linear increase in 𝜅 as a function of 𝑅𝑒𝑝𝑖 (Figure 3.2a) due to the regional 
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attenuation.  The slope is 0.000208 s/km and the line projects to a value of 𝜅0 = 0.042 s at zero 

distance. The results from the EQL analyses are very different.  The EQL 𝜅 at 100 km, where the 

intensity of shaking is relatively small, is similar to the value from LE analysis, but at shorter 

distances the EQL 𝜅 is significantly larger due to the large strain levels being induced in the soil 

and the associated increase in damping.  At 5 km distance, the EQL 𝜅 is more than 3 times as large 

as the 𝜅 from LE analysis.   

The normalized FAS of the predicted surface motions from the LE and EQL analyses are 

plotted in Figures Figure 3.2b and c, respectively, as log FAS vs. f.  The FAS are normalized to 

the amplitude at 0.3 Hz so that the FAS at different distances can be plotted together and the 𝜅 

values more easily interpreted. In the LE analysis, the effect of the regional attenuation is clearly 

observed with the steepest FAS (i.e. largest 𝜅) observed at the largest distance.  On the other hand, 

the EQL analysis predicts the steepest FAS at the shortest distance, with generally flatter FAS at 

larger distances.  This behavior occurs because as distance increases the ground motions get less 

intense, which generate smaller shear strains and smaller damping ratios leading to less high 

frequency decay in the FAS (i.e., smaller 𝜅).  At distances between 30 and 100 km the slopes of 

the FAS are similar because the reduction in soil nonlinearity with distance, which decreases the 

slope, is similar to the distance effect of the regional attenuation, which increases the slope. 

The regional attenuation effect was removed from the LE and EQL 𝜅 values with the slope 

of 0.000208 s/km to compute 𝜅0 and these values are plotted against the induced shear strain, as 

computed by the site response analysis, in Figure 3.2d.  The 𝜅0 values predicted from LE analysis 

do not vary with the shear strains because the soil response is purely linear. The 𝜅0 derived from 

EQL analysis starts to deviate from the LE results at about 0.04 ~ 0.05% shear strain, and then 

increases by about a factor of three at the largest strain level of 0.7%.  
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The results shown in Figure 3.2 are from purely theoretical models, but provide an idea of 

how EQL analysis predicts 𝜅 will change with shaking intensity.  However, research has shown 

that the soil nonlinearity modeled in EQL analysis may be exaggerated at large levels of shear 

strain. As early as the 1970’s, Joyner and Chen (1975) pointed out that the EQL analysis may 

underestimate high-frequency surface motions for large intensity motions.  Other have made 

similar observations (e.g., Kaklamanos et al. 2013, 2015; Zalachoris and Rathje 2015).  As noted 

earlier, Durward et al. (1996) reached a similar conclusion in their study. The overdamping in EQL 

analysis at large strains occurs because the EQL approach simulates the nonlinear soil response by 

using strain-compatible soil properties in a linear elastic, frequency-domain solution of the wave 

equation. The strain-compatible soil properties in EQL analysis are selected based on the effective 

shear strain, which is typically taken as 65% of the maximum shear strain.  The maximum shear 

strain is related to the most intense shaking, which is commonly associated with low to moderate 

frequencies.  The higher frequency components of motion generally represent shear stress reversals 

which, based on the cyclic, hysteretic behavior of soils, will respond with a larger stiffness and 

less damping that the larger strain cycles.   

Consider the hypothetical soil response shown in Figure 3.3 from Assimaki and Kausel 

(2002).  The stress-strain response is shown for a strain-time history consisting of two 

superimposed frequencies.  The larger amplitude, lower frequency cycles of motion produce a 

response with a larger hysteresis loop and an average shear modulus equal to 0.07 of the small 

strain value.  The smaller amplitude, higher frequency cycles of motion produce stress reversals 

that have smaller hysteresis loops and a stiffer response.  There are two potential solutions to this 

problem in EQL analysis: (1) use frequency dependent soil properties that account for the 

frequency dependence of the induced shear strain (the EQL-FD method, Zalachoris and Rathje 
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2015) or (2) scale the high frequency FAS from an EQL site response analysis to be consistent 

with an appropriate level of 𝜅.  In either case, it is important to understand the effect of ground 

motion intensity and induced shear strain on 𝜅 as revealed in the earthquake recordings.  These 𝜅 

values can then provide constraints to modeling large strain behavior in EQL site response 

analysis. 

 

Figure 3.3:  Shear strain-time history and stress-strain response for a combination of two 

sinusoidal motions with different frequencies and amplitudes (Assimaki and 

Kausel 2002).  

3.4 GROUND MOTION DATABASE AND DATA PROCESSING 

3.4.1 Ground Motion Database 

Strong motion recordings from the Kiban Kyoshin (Kik-net) strong-motion network in 

Japan were used for this study (Aoi et al. 2004). The Kik-net network consists of around 700 sites 

and an enormous number of ground motion recordings across a wide range of ground motion 

intensities. The large number of sites and the large number of recordings in Japan allows for a 

robust assessment of 𝜅0 at both small and large strains. 

Multiple criteria were used to select the sites and motions for analysis in this study.  Most 

importantly, the goals of this study require large intensity motions and thus sites were selected 
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based on the existence of large intensity recordings.  Because a given ground motion intensity will 

induce a different level of strain depending on the stiffness of a site, the strain index (SI) was 

considered. SI is defined as the ratio between the recorded peak ground velocity at the ground 

surface and the minimum shear wave velocity measured at the site (SI = PGV𝑠𝑢𝑟𝑓/𝑉𝑠𝑚𝑖𝑛).  The 

strain index has also been computed using 𝑉𝑠30 instead of 𝑉𝑠𝑚𝑖𝑛 (e.g., Idriss 2011, Kim et al. 2016), 

but Zalachoris (2014) showed that 𝑉𝑠𝑚𝑖𝑛  better predicts the induced shear strains because the 

largest strain is most likely to occur in the softest layer.  

The other criteria used to select sites and motions were employed to improve the robustness 

of the 𝜅 calculation.  These criteria included rejecting sites that had large resonances at frequencies 

greater than 10 Hz, because the high frequency site amplification can affect the 𝜅 calculation, and 

selecting motions from 𝑀𝑤 > 3.5 events to ensure the corner frequency is small enough that it does 

not influence the 𝜅 calculation (Ktenidou et al. 2013).  Motions with PGA larger than 0.01 g were 

selected to minimize noise contamination, generally resulting in a Signal-to-Noise Ratio (SNR) 

larger than 4.   

Based on these criteria 2,638 motions recorded across 32 sites were selected, with the 𝑉𝑠 30 

of the selected sites ranging from 107 to 593 m/s.  Note that the two horizontal recordings at a site 

were treated independently.  Figure 3.4 summarizes the ground motion database in terms of the 

induced shear strains, 𝑉𝑠𝑚𝑖𝑛 , and magnitude/distance.  Despite attempts to select large strain 

motions, the database is dominated by motions with small to moderate strains, with about 50% of 

motions having SI less than 0.01% and only 123 motions having SI greater than 0.1%.  The 

distribution of the data with respect to SI and 𝑉𝑠𝑚𝑖𝑛 is shown in Figure 3.4b, along with contours 

of PGV that represent the different values of SI.  Most of the data are distributed between PGV of 

0.32 to 10 cm/s, but the large strain motions with SI greater than 0.1% generally represent PGV 
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greater than 20 cm/s.  The magnitude ranges from 3.4 to 8.7 and 𝑅𝑟𝑢𝑝 is between 2.2 to 150 km, 

with most of the events distributed between 50 and 150 km.  

    

(a) (b) 

 

(c) 

Figure 3.4:  Distribution of earthquake motions used in this study in terms of (a) strain index, 

(b) strain index and 𝑉𝑠 𝑚𝑖𝑛, and (c) magnitude and 𝑅𝑟𝑢𝑝 

3.4.2 Data Processing 

The parameter 𝜅 was calculated for each motion using the Anderson and Hough (1984) 

approach, which uses the slope of the high frequency portion of the log-linear FAS.  The 
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procedures described in Xu et al. (2019) were applied to process the acceleration-time series for 

use in this analysis. Specifically, we used the entire acceleration time series, instead of only the 

shear wave window, because manually picked S-wave arrivals can add uncertainty to the 𝜅 

calculation (Douglas et al. 2010). An instrument correction and baseline correction was applied to 

each time series, and the resulted FAS were smoothed by a triangular window.   

The minimum and maximum frequencies used to compute the slope of the FAS were 

selected manually. The difference between the maximum and minimum frequencies was selected 

larger than 10 Hz to maintain the robustness of the slope calculation (Ktenidou et al. 2013).  To 

avoid the instrument response at higher frequencies, the maximum frequency was not allowed to 

exceed 30 Hz (Fujiwara et al. 2004).  A robust, weighted least squares regression technique was 

used to fit the slope between the minimum and maximum frequencies, to minimize the influence 

of outliers on the regression (Ktenidou et al. 2013). 

Although borehole sensors are available, the 𝜅 analysis was performed only for the two 

horizontal surface recordings.  Some researchers have recommended that recordings be rejected if 

the difference between the 𝜅 values for the two horizontal components is larger than 20% (e.g., 

Van Houtte et al. 2011).  This criterion was not used in this study because the intensity of shaking 

may be different in the two directions and thus 𝜅 may be different.  Although the ground response 

is coupled in the two horizontal directions, it is common in site response assessments to treat the 

two horizontal components separately.  

To remove the effects of regional attenuation on the computed values of 𝜅, a linear distance 

relationship (equation (3.2)) was assumed.  The slope 𝜅1 was derived from plotting the small-strain 

𝜅 values vs closest distance to the rupture, 𝑅𝑟𝑢𝑝.  Note that a larger database of almost 9,000 

motions across 162 Kik-net sites was used to estimate 𝜅1 to better populate the distance range of 
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the data and obtain a more accurate slope.  Using regional estimates of 𝜅1 instead of site-specific 

values was preferred because at some sites the distance range of the data or the total number of 

available motions was not sufficient to derive site specific 𝜅1.  Similar to Van Houtte et al. (2011), 

different slopes were derived from active crustal region (ACR) events and subduction zone (SZ) 

events (Figure 3.5).  The characterization of the source type for each event was obtained from 

Dawood et al. (2016).  For each site, the recorded data was plotted vs. distance to investigate if the 

data were consistent with the regional estimates of 𝜅1.  In this study the only site that clearly needed 

a site specific slope was TKCH07, as discussed in the next section.  Finally, for each motion 

equation (3.2) was used to compute 𝜅0 from the measured 𝜅, the appropriate 𝜅1 slope, and the 

known value of 𝑅𝑟𝑢𝑝. 

   

(a) (b) 

Figure 3.5: Regional values of 𝜅 vs. distance to define 𝜅1 slopes for (a) shallow crustal events 

and (b) subduction events from Kik-net sites used in this study. 

3.5 𝜿𝟎 STRAIN DEPENDENCE  

To investigate the strain-dependence of 𝜅0, first consider the site-specific data from four 

sites for which there are some of the largest induced strains: TKCH07, KSRH06, KSRH07, and 
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IWTH26.   The 𝑉𝑠 profiles for these sites are shown in Figure 3.6, with the 𝑉𝑠30 for the sites ranging 

from 140 to 371 m/s and the 𝑉𝑠𝑚𝑖𝑛 varying from 80 m/s to 130 m/s.   

 

 

Figure 3.6: Shear wave velocity profiles of the Kik-net sites with a significant number of 

large strain motions.   

The 𝜅 values for the motions available for these four sites are plotted against 𝑅𝑟𝑢𝑝 in Figure 

3.7.  The small-strain motions with SI less than about 0.05% and the large-strain motions with SI 

greater than 0.1% are shown separately.  The expected linear relationship between 𝜅 and 𝑅𝑟𝑢𝑝 is 
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clearly observed, and the data are consistent with the regional 𝜅1 slopes shown in Figure 3.5.  The 

exception is site TKCH07, where the slope appears steeper and thus was modeled with site-specific 

𝜅1 slopes of 0.000488 and 0.000481 s/km for ACR and SZ events, respectively.  Nonetheless, the 

𝜅 for the small and large-strains generally follow the same trend with distance, and the dramatic 

increase in 𝜅 at short distances for large strain motions, as displayed in Figure 3.2a, is not observed 

here.   

The 𝜅 values in Figure 3.7 can be corrected to 𝜅0 using equation (3.2) and the appropriate 

𝜅1 slopes.  The resulting 𝜅0 are plotted versus SI in Figure 3.8.  For each site, the small-strain 𝜅0 

(𝜅0,𝑠𝑚𝑎𝑙𝑙) was calculated as the average of the 𝜅0 for all the small-strain motions and this value is 

represented by the straight line in Figure 3.8.  The standard deviation of the 𝜅0 values (𝜎𝜅0 ) was 

also computed and ±1 𝜎𝜅0
 is shown in Figure 3.8 by the shaded area.  The 𝜅0,𝑠𝑚𝑎𝑙𝑙 values for the 

four sites are listed in Table 3.1 and range from 0.047 to 0.057 s.  In general, the 𝜅0 values from 

the large strain motions fall within the same scatter as the small-strain 𝜅0 values.   

The 𝜅0 values across all of the sites were aggregated to evaluate the effect of SI and soil 

nonlinearity on 𝜅0 .  To make this assessment across different sites, each value of 𝜅0  was 

normalized by the small-strain 𝜅0 (𝜅0,𝑠𝑚𝑎𝑙𝑙) for that site.  The values of 𝜅0,𝑠𝑚𝑎𝑙𝑙 for each site are 

listed in Table 3.1.  The ratio 𝜅0/𝜅0,𝑠𝑚𝑎𝑙𝑙 is plotted versus SI in Figure 3.9, with the average value 

for different SI bins also shown.  Although there is significant scatter in the data, the average 

𝜅0 /𝜅0,𝑠𝑚𝑎𝑙𝑙  does not vary from 1.0 across a wide range of SI that spans multiple orders of 

magnitude and extends to SI as large as 1%.  
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Figure 3.7: 𝜅 versus 𝑅𝑟𝑢𝑝 for motions with different levels of induced strain index (SI) for 

the four sites shown in Figure 3.6. 
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Figure 3.8: 𝜅0 versus strain index (SI) for the four sites shown in Figure 3.6.

 

Figure 3.9: Normalized  𝜅0 versus strain index for all motions across all sites in this study 
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Table 3.1: Number of motions and 𝜅0𝑠𝑚𝑎𝑙𝑙  for each site  

Site 
No. of Small SI 

motions 
No. of Middle SI 

motions 
No. of Large SI 

motions 
𝜿𝟎𝒔𝒎𝒂𝒍𝒍 (s) 

FKSH14 26 49 9 0.064 
TKCH07 157 52 9 0.047 
KSRH06 67 3 8 0.052 
KSRH07 44 23 7 0.057 
KSRH02 78 11 7 0.066 

MYGH10 80 33 7 0.05 
KSRH03 69 13 6 0.06 
IWTH26 77 9 6 0.051 
SZOH42 57 13 6 0.067 
CHBH14 78 21 5 0.061 
KSRH04 99 26 5 0.052 

NMRH04 68 22 4 0.058 
IWTH20 52 8 4 0.07 
IBRH11 16 2 4 0.033 
KSRH10 67 22 3 0.063 

AOMH16 78 9 3 0.052 
TCGH16 66 11 3 0.059 
FKSH19 31 15 2 0.024 
IBRH13 84 2 2 0.044 

EHMH08 30 0 2 0.061 
FKSH11 55 17 2 0.05 
FKSH12 43 11 2 0.043 
FKSH20 45 7 2 0.054 
IBRH10 34 22 2 0.051 

KMMH04 21 9 2 0.059 
IWTH25 73 5 2 0.033 
IWTH04 65 1 2 0.036 
HDKH07 118 6 2 0.106 
MYGH06 126 6 2 0.035 
IBRH07 56 69 1 0.059 
HRSH06 28 7 1 0.048 
MIEH10 21 2 1 0.037 

The data in Figures Figure 3.7 to Figure 3.9 indicate that there is no evidence that the soil 

nonlinearity associated with larger strains increases 𝜅0 in recorded motions.  This observation has 

significant implications for site response analysis at large strains, as discussed in the next section. 

3.6 IMPLICATIONS FOR SITE RESPONSE ANALYSIS 

The agreement between the small-strain and large-strain 𝜅0  indicates that at high 

frequencies the damping should not vary with shear strain.  Yet, equivalent-linear site response 

analysis uses the same strain-compatible soil properties (i.e., shear modulus, damping ratio) at all 

frequencies, which is inconsistent with the measured 𝜅0.   
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To investigate using 𝜅  to constrain the resulting from EQL site response analysis, the 

surface FAS for one large strain motion from each of the four sites in Figure 3.6 are plotted in 

Figure 3.10, along with the computed 𝜅 for each motion.  The measured, empirical 𝜅 values (𝜅𝑒𝑚𝑝) 

from the slopes are indicated in the figure and listed in Table 3.2.  The distance-corrected 𝜅0 are 

also listed in Table 3.2, computed using the appropriate (regional vs. site-specific) 𝜅1  slopes.  

These 𝜅0 values are not exactly the same as the 𝜅0𝑠𝑚𝑎𝑙𝑙 for each site, but generally fall within the 

variability of the small-strain 𝜅0 values shown in Figure 3.8.  However, in this case it is important 

to note that the site TKCH07 displays more variability in the small-strain 𝜅0 values than the other 

sites, and the motion shown in Figure 3.10 for TKCH07 displays a 𝜅0 value at the upper end of 

the range in the small-strain 𝜅0 (Figure 3.8).   

For each of the motions in Figure 3.10, EQL site response analyses were performed using 

the recording from the downhole sensor as a ‘within’ input motion, the shear wave velocity profiles 

shown in Figure 3.6, and nonlinear property curves (i.e., modulus reduction and damping) from 

Darendeli (2001).  The nonlinear property curves were assigned separately to each velocity layer 

based on the effective confining pressure at the middle of the layer, assuming a plasticity index of 

0, and correcting the modulus reduction curves to be consistent with the shear strength (e.g., Rathje 

and Zalachoris 2015) derived from a friction angle of 35.  The computed FAS at the ground 

surface are plotted together with the surface recordings in Figure 3.10.  Also shown are the 

computed 𝜅 values from the FAS (𝜅𝐸𝑄𝐿 ) and the maximum shear strain (𝛾𝑚𝑎𝑥 ) from the site 

response analysis.  Note that the 𝛾𝑚𝑎𝑥 values are often larger than the SI values due to the fact that 

the SI is based on the small-strain 𝑉𝑠𝑚𝑖𝑛.  The 𝜅 values from the site response analyses are larger 

than the 𝜅 values from the recordings, in most cases by more than a factor of 2.  The larger 𝜅 
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values from the site response analyses are a direct result of the larger damping ratios modeled 

within the soil profiles (between 17 to 21% in the softer layers) due to the induced shear strains.    

 

 

 Figure 3.10: Comparison of FAS of recorded surface motion and FAS predicted by EQL 

analysis for example large strain motions at four sites 

Table 3.2: Empirical 𝜅 and target 𝜅 for site response analyses performed 

Site 
SI 

(%) 
Rrup 
(km) 

M 
𝜿𝒆𝒎𝒑  

(s) 
𝜿𝟎𝒆𝒎𝒑 (s) 

𝜿𝟎𝒔𝒎𝒂𝒍𝒍 
(s) 

𝜿𝒕𝒂𝒓𝒈𝒆𝒕 

(s) 

TKCH07 1.07 66 7.9 0.11 0.078 0.047 0.079 

KSRH06 0.22 90 6.7 0.061 0.055 0.052 0.058 

KSRH07 0.38 68 7.9 0.068 0.063 0.057 0.062 

IWTH26 0.41 6 6.9 0.044 0.044 0.051 0.052 
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As noted earlier, two approaches are available to improve the EQL site response 

predictions at high frequencies: the EQL-FD method that uses frequency-dependent soil properties 

that model the frequency dependence in the shear strain or 𝜅 scaling of the surface FAS to match 

a target 𝜅.  The EQL-FD analysis uses the approach outlined in Zalachoris (2014) and implemented 

in the computer program Strata (Kottke 2018).  The 𝜅 correction is based on equation (3.1) and 

defines a frequency-dependent scale factor (𝐹(𝑓)) based on the 𝜅 from the predicted EQL surface 

motion (𝜅𝐸𝑄𝐿) and the target 𝜅 (𝜅𝑡𝑎𝑟𝑔𝑒𝑡):  

 𝐹(𝑓) = exp (−𝜋 ∙ [𝜅𝑡𝑎𝑟𝑔𝑒𝑡 − 𝜅𝐸𝑄𝐿] ∙ 𝑓) (3.3) 

This frequency-dependent scale factor is applied to the surface FAS predicted by EQL 

analysis, and thus corrects the FAS to be consistent with 𝜅𝑡𝑎𝑟𝑔𝑒𝑡.  It is proposed to use as 𝜅𝑡𝑎𝑟𝑔𝑒𝑡 

a site-specific, small-strain 𝜅 modified to be representative of the distance of the ground motion 

recording.  For the sites and recordings shown in Figure 3.10, the site-specific 𝜅0𝑠𝑚𝑎𝑙𝑙 (Table 3.1) 

is used, along with the 𝑅𝑟𝑢𝑝 and appropriate 𝜅1 slopes to derive 𝜅𝑡𝑎𝑟𝑔𝑒𝑡 (Table 3.2).   

Figure 3.11 shows the surface FAS computed using the EQL-FD method and 𝜅 correction 

for the motions shown in Figure 3.10.  Both the EQL-FD method and 𝜅 correction generate surface 

FAS very similar to the surface recording for each site.  The predicted surface FAS for TKCH07 

are somewhat larger than the recording, due to the fact that the 𝜅𝑒𝑚𝑝 of 0.11 s for this recordings 

is on the upper end of the range of the small-strain 𝜅 (Figure 3.7).  Nonetheless, across all the sites 

the FAS from the EQL-FD method and the 𝜅 correction are significantly more similar to the 

surface recordings than the original FAS from EQL analysis in Figure 3.10.   
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Figure 3.11: Effect of 𝜅 correction and EQL-FD analysis on FAS predicted by EQL analysis 

for example large strain motions  

Figure 3.12 shows the predicted surface response spectra from the EQL-FD method and 𝜅 

correction, along with the recorded motion and the original EQL prediction.  In all cases, the EQL 

prediction severely under-predicts the response spectrum, generally at frequencies greater than 4 

Hz.  Both the EQL-FD and 𝜅 correction produce response spectra similar to the recordings over 

this frequency range with similar values of the maximum spectral acceleration and PGA.  The one 

notable exception is site TKCH07, where the EQL results are significantly below the recorded 

response spectrum over a broad range of frequencies (𝑓  > 0.8 Hz) while the EQL-FD and 𝜅 
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correction are significantly above the recorded response at higher frequencies (𝑓 > 4-5 Hz).  In 

this case, the over-prediction is caused by the fact that 𝜅𝑡𝑎𝑟𝑔𝑒𝑡  is smaller than 𝜅𝑒𝑚𝑝  of the 

recording, as shown in Figure 3.13.  Given the variability in the estimated 𝜅 for a site (Figure 3.7), 

it may be advisable to consider a range in 𝜅𝑡𝑎𝑟𝑔𝑒𝑡 to capture this variability.   

 

 

Figure 3.12: Effect of 𝜅 correction and EQL-FD analysis on surface response spectrum 

predicted by EQL analysis for example large strain motions  

3.7 CONCLUSIONS 

This study investigated the high frequency spectral decay parameter (𝜅 ) of both low 

intensity and large intensity ground motions recorded at soil sites to evaluate the effects of soil 
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nonlinearity on the high-frequency characteristics of ground shaking.  The parameter 𝜅 , and 

specifically the zero-distance value of 𝜅0, has been used to constrain the small-strain damping used 

in site response analysis for low intensity motions.  However, 𝜅 values for large intensity motions 

and their use to constrain site response for large intensity motions has received little attention.   

Equivalent-linear (EQL) site response analyses were performed for a hypothetical site to 

demonstrate the theoretical influence of soil nonlinearity on 𝜅 and 𝜅0.  Due to the increase in the 

soil damping as larger strains are induced by larger intensity shaking, the EQL site response 

analyses indicated that soil nonlinearity could increase 𝜅 by more than a factor of three for large 

strain motions.  However, research has shown that EQL site response analysis over-damps high 

frequencies for large strain motions, and thus the increase in 𝜅 may not be as large as indicated by 

the EQL analysis. 

Over 2,500 ground motion recordings from 32 sites in the Kik-net downhole array network 

in Japan were used to investigate the influence of ground motion intensity and soil nonlinearity on 

𝜅. For each motion, the 𝜅 was measured from the log-linear slope of the FAS and the induced shear 

strain was estimated from the strain index (SI), defined as the surface PGV divided by the 

minimum Vs in the soil profile.  Four individual sites with some of the largest values of SI were 

first considered.  These analyses showed that both 𝜅 and 𝜅0 for the large-strain motions fell within 

the same variability as for the small-strain motions.  Averaged across the entire dataset the ratio of 

𝜅0/𝜅0,𝑠𝑚𝑎𝑙𝑙, where 𝜅0,𝑠𝑚𝑎𝑙𝑙 is the small-strain 𝜅0, did not vary with SI.  These results indicate that 

the high frequency characteristics of ground motion, as measured by 𝜅, are not affected by soil 

nonlinearity and are consistent with the small-strain damping at a site.  These observations must 

influence how we model soil nonlinearity in EQL site response analysis.   
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To demonstrate how the 𝜅 observations can be used to constrain site response analyses, 

four large intensity motions from four different Kik-net sites were considered.  Using the downhole 

recording as input into site response analyses, the traditional EQL approach resulted in significant 

under-prediction of the surface motion at frequencies greater than about 4 Hz.  Correcting the 

predicted surface motion to a target 𝜅 based on the site-specific 𝜅0𝑠𝑚𝑎𝑙𝑙 resulted in surface motions 

much more similar to the surface recordings.  Alternatively, the EQL-FD approach, which uses 

smaller damping at higher frequencies based on the frequency-dependence of the shear strain, can 

generate surface motions with more realistic values of 𝜅 that also match the surface recordings 

well.  Although nonlinear site response analysis was not considered in this study, the 𝜅 of the 

predicted surface motions from nonlinear site response analysis should also be computed and 

compared to the small-strain values for a site. 

The results in this study demonstrate the potential to use the EQL-FD method or a 𝜅 

correction to improve site response predictions for motions that induce large strains.  However, a 

larger, more-detailed study is required to fully evaluate the approaches. 
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Chapter 4: Approaches to Improve Seismic Site Response Analysis for  

Large Strain Motions 

Boqin Xu1 and Ellen M. Rathje2, F.ASCE 

ABSTRACT 

Predicting site response can be a challenge for the large-intensity shaking often associated 

with design level ground motions, and several studies have shown that current site response 

procedures under-predict site amplification at strains larger than about 0.1%.  This paper evaluates 

three approaches to improve one-dimensional, equivalent-linear (EQL) site response predictions 

for the large strains induced by large intensity motions: (1) a strength correction that corrects the 

modulus reduction curve at large strains to be consistent with a specified shear strength, (2) a 𝜅 

correction that scales the high-frequency Fourier Amplitude Spectrum to a specified high-

frequency spectral decay parameter, 𝜅, and (3) the EQL-FD method that uses frequency-dependent 

properties to account for the frequency dependence of the induced shear strains.  The approaches 

are evaluated using six borehole arrays from Japan and comparing the recorded and predicted 

surface response spectra.  The results show that the strength correction moderately improves the 

under-prediction of site response from EQL analysis at frequencies greater than 3 Hz and strains 

larger than 0.2%.  The 𝜅 correction and EQL-FD methods both further improve the site response 

predictions, with the 𝜅 correction providing the most unbiased predictions of site response.   
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4.1 INTRODUCTION  

In geotechnical earthquake engineering, one-dimensional (1D) seismic site response 

analysis is commonly used to evaluate the influence of local soil conditions on earthquake ground 

shaking. This analysis assumes that all layers extend infinitely in the horizontal direction and only 

models vertically-propagating, horizontally polarized shear waves (Kramer 1996), yet many 

studies have shown that 1D ground response analysis can predict the ground response in reasonable 

agreement with recorded motions (e.g., Kwok and Stewart, 2006, Farrugia et al., 2018).  

To model the nonlinear response of the soil, 1D site response analysis can utilize the 

equivalent-linear (EQL) or fully nonlinear (NL) approach.  The EQL approach simulates the 

nonlinear soil response through the use of strain-compatible soil properties in a linear-elastic 

analysis, with the dynamic response most commonly computed using the frequency domain 

solution to the 1D wave equation.  The strain-compatible properties are derived iteratively, 

modifying the shear modulus and damping ratio in each layer to be consistent with the effective 

strain in each layer.  The NL approach models the fully nonlinear, hysteretic, stress-strain response 

of the soil, and solves the dynamic equations of motion in the time domain.  Although there is a 

widespread belief that NL analysis is more accurate than EQL analysis due to its more faithful 

representation of the nonlinear stress-strain response of the soil, recent research has shown that 

both EQL and NL analysis can under-predict the high-frequency components of motions when the 

induced strains are larger than about 0.1 to 0.5% (Rathje and Zalachoris 2015, Kaklamanos et al. 

2015, Griffiths et al. 2016).  Because most design level ground motions are large enough to induce 

strains greater than 0.1%, it is important to explore approaches that can improve site response 

analysis at large strains. 

This paper builds off of the work of Zalachoris and Rathje (2015) to evaluate different 

approaches to improve one-dimensional EQL site response predictions at large strains.  Only EQL 
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analysis is considered because NL analysis does not appear to provide a significant improvement 

over EQL analysis (Griffiths et al. 2016), and because EQL analysis is more easily modified.  We 

consider the influence of a strength correction that corrects the modulus reduction curve at large 

strains to be consistent with a specified shear strength, a 𝜅 correction that scales the high-frequency 

Fourier Amplitude Spectrum to be consistent with a specified high-frequency spectral decay 

parameter, 𝜅 (Xu and Rathje 2018), and the use of frequency-dependent properties to account for 

the frequency dependence of the induced shear strains (EQL-FD method).  Ground motion 

recordings from six downhole arrays sites from the Kiban Kyoshin strong-motion network (Kik-

net) in Japan (Aoi et al. 2004) are used to evaluate the different approaches.   

4.2 MODIFICATIONS TO EQUIVALENT LINEAR SITE RESPONSE ANALYSIS FOR LARGE STRAIN 

ANALYSIS 

When large strains are induced in a site response analysis, the shear modulus (𝐺 ) is 

significantly reduced (𝐺 𝐺𝑚𝑎𝑥⁄  < 0.05, where 𝐺𝑚𝑎𝑥  is the maximum shear modulus at small 

strains) and the damping ratio (D) becomes very large (D > 15%).  These properties can over-

damp the high-frequency components of motion.  An example of this over-damping is shown in 

Figure 4.1, which plots the recorded and predicted surface response spectra for a large intensity 

motion recorded at a downhole array site in Japan, as presented in Kaklamanos et al. (2015).  The 

EQL and NL predictions of spectral acceleration are similar to the recorded response spectrum at 

periods greater than 0.4 s, but at shorter periods the recording displays values as much as 2 to 3 

times larger than both the EQL and NL predictions, indicating severe under-prediction due to 

overdamping.  The options available to address this issue are a shear strength correction, a 𝜅 

correction, and the use of frequency dependent properties in equivalent-linear analysis, as 

discussed below.   
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Figure 4.1: Computed and observed surface response spectra for Kik-Net site FKSH11 

(Kaklamanos et al. 2015) 

4.2.1 Shear Strength Correction 

One potential reason for overdamping is that the shear strength implied by the modulus 

reduction curve may be unrealistically small, which leads to excessively large strains being 

induced in some layers. This problem is mainly caused by the fact that modulus reduction curves 

are commonly derived from laboratory tests with maximum shear strain levels of about 0.1-0.3%, 

and the extrapolation of these curves to larger strains using a hyperbolic model does not consider 

the implied shear strength (Hashash et al. 2010).   

Different researchers have proposed variants of a framework to modify modulus reduction 

curves at large strains to account for a target shear strength (e.g., Stewart and Kwok 2008, Hashash 

et al. 2010, and Yee et al. 2013).  This framework involves the assessment of the shear stress-shear 

strain relationship implied for a given soil layer based on its shear wave velocity (𝑉𝑠), modulus 

reduction curve, and mass density (ρ) using: 

 τ = ρ · 𝑉𝑠
2 · (𝐺 𝐺𝑚𝑎𝑥⁄  )𝛾 · γ (4.1) 
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where τ is the shear stress, ρ is the mass density, 𝑉𝑠 is the shear wave velocity, (𝐺 𝐺𝑚𝑎𝑥⁄  )𝛾 

is the 𝐺 𝐺𝑚𝑎𝑥⁄  value at shear strain level γ, and γ is the shear strain. 

Using the initial modulus reduction curve and shear wave velocity specified for a layer, 

equation (4.1) is used to develop an implied shear stress-shear strain curve for the soil. The 

maximum shear stress in the curve (i.e., strength) is compared with a target shear strength for the 

soil. For granular materials the target shear strength is defined through a friction angle and vertical 

effective stress, and for fine-grained materials the target shear strength is defined through an 

undrained shear strength. If the shear strength obtained from equation (4.1) is different than the 

target shear strength, the modulus reduction curve is adjusted at shear strains larger than about 

0.1% to match the target shear strength (Figure 4.2). The damping curve is not modified. 

 

Figure 4.2: Schematic of different approaches (strength correction, 𝜅 correction, frequency 

dependent equivalent linear, EQL-FD) available to modify equivalent-linear site 

response analysis at large strains. 

When the implied shear strength is too small, the modification to the modulus reduction 

curve to model a larger shear strength results in a stiffer response and smaller induced strains.  The 
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smaller strains lead to less damping, potentially solving the overdamping problem, but more recent 

studies (e.g., Zalachoris and Rathje 2015, Griffiths et al. 2016) have indicated that this 

modification may not fully solve the problem of overdamping at larger strains.  

4.2.2 Kappa (𝜿) Correction 

Another option to improve the high-frequency components of the surface motions 

predicted by site response analysis is to modify the spectral decay parameter, 𝜅, of the surface 

Fourier Amplitude Spectrum (FAS).   The parameter 𝜅 is a seismological parameter that is used to 

model the exponential decay of the FAS of acceleration at high frequencies, as first introduced by 

Anderson and Hough (1984).  This exponential decay can be expressed as: 

 𝐴(𝑓) = 𝐴0 ∗ 𝑒−𝜋𝜅𝑓 (4.2) 

where 𝐴 is the Fourier Amplitude, 𝐴0 is a function of the source properties, distance, and 

other properties, and 𝑓 is frequency. The form of equation (4.2) indicates that the decay of the FAS 

at high frequencies is linear in log A versus 𝑓 space with a slope of – 𝜋𝜅.  Regional attenuation in 

the crust causes 𝜅 to increase with distance (𝑅), and this effect is commonly modeled by a simple 

linear relationship (Hough et al. 1988, Hough and Anderson 1988): 

 𝜅 = 𝜅0 + 𝜅1 ∙ 𝑅 (4.3) 

The intercept in equation (4.3) at zero distance, called 𝜅0, represents the attenuation of the 

materials within the top few kilometers beneath a site, and the slope (𝜅1) represents the effect of 

the regional attenuation.  The 𝜅0 value can be related to the shear wave velocity and damping 

profile at that site (e.g., Campbell 2009, Cabas and Rodriguez-Marek 2017). 
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With a specified target 𝜅 at the surface (𝜅𝑡𝑎𝑟𝑔𝑒𝑡) and a predicted 𝜅 from EQL analysis 

(𝜅𝐸𝑄𝐿), a 𝜅 difference (Δ𝜅) can be defined: 

 Δ𝜅 = 𝜅𝑡𝑎𝑟𝑔𝑒𝑡 − 𝜅𝐸𝑄𝐿 (4.4) 

Given Δ𝜅, the surface FAS from EQL analysis is modified by a frequency-dependent scale 

factor that is defined based on (2) and equal to exp (−𝜋 ∙ Δ𝜅 ∙ 𝑓), as shown in Figure 4.2.  The 

modified FAS is then used to compute the surface ground motion. 

Almost all research related to 𝜅 and site response has been focused on using 𝜅0 from low 

intensity motions to constrain the small-strain damping profile used in site response analysis (e.g., 

Cabas et al. 2017, Xu et al. in press).  This approach defines a target 𝜅0 for a site based on site-

specific ground motion recordings or through empirical relationships between 𝜅0  and site 

parameters such as 𝑉𝑠 30, the time average shear wave velocity over the top 30 m (e.g., Edwards et 

al. 2011, Van Houtte et al. 2011, Chandler et al. 2006).  The small-strain damping profile is then 

modified until the small-strain site response analysis generates surface motions with 𝜅0  that 

generally match the target.  

Research regarding large-strain 𝜅 or 𝜅0 is very limited, likely due to the absence of a large 

number of large-strain ground motion recordings.  Durward et al. (1996) investigated 𝜅 of low and 

moderate intensity recorded motions at recording stations in the Imperial Valley of California.  

They considered the relationship between 𝜅 and peak ground velocity (𝑃𝐺𝑉), because 𝑃𝐺𝑉 is most 

closely related to the induced shear strain.  Their results showed an increase in 𝜅 from 0.03 s to 

0.045 s over the 𝑃𝐺𝑉 range of 1 to 25 cm/s, but then 𝜅 appeared to decrease to 0.03 s between 25 

and 100 cm/s.  From a theoretical perspective, 𝜅 should increase as a function of 𝑃𝐺𝑉 or shear 
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strain due to the increased damping associated with larger strains, but there is no technical reason 

for 𝜅 to decrease at larger 𝑃𝐺𝑉 or shear strain. 

Thus, an important issue that remains for the 𝜅 correction is the appropriate value of the 

target 𝜅 to use for large strain site response analysis.  Xu and Rathje (2019a) investigated 𝜅 over 

large range of strain levels using ground motion recordings from downhole array sites.  These data 

indicated that 𝜅 does not change with induced shear strain level, particularly in relation to the 

variability in 𝜅 at small strains.  Noting that 𝜅 is measured at higher frequencies (generally above 

5-15 Hz), the results from Xu and Rathje (2019a) indicate that at higher frequencies the damping 

ratio should not increase with shear strain.  

4.2.3 Frequency-Dependent, Equivalent-Linear Analysis 

Various researchers (e.g., Sugito 1995, Furumoto et al. 2000, Assimaki and Kausel 2002, 

Yoshida et al. 2002, Zalachoris and Rathje 2015) have proposed performing equivalent-linear 

analysis with frequency dependent soil properties (EQL-FD) to overcome the limitations of 

traditional EQL site response analysis for large strain motions.  These approaches define the 

frequency dependence of the shear modulus and damping ratio based on the frequency dependence 

of the shear strain, as indicated by the Fourier Amplitude Spectrum of the predicted shear strain-

time history (𝐹𝐴𝑆𝛾).  In general, shear strain FAS indicate significantly smaller induced strains at 

high frequencies because these high frequencies are associated with small-strain stress reversals 

superimposed on larger strain hysteresis loops.  Thus, at higher frequencies the shear modulus 

should be larger and the damping ratio smaller than those at lower frequencies. 

The frequency dependence of the shear strains from the 𝐹𝐴𝑆𝛾  can be derived using a 

function fit to the spectrum (e.g., Assimaki and Kausel 2002) or the full 𝐹𝐴𝑆𝛾.  Zalachoris (2014) 

demonstrated that using the full 𝐹𝐴𝑆𝛾 performed best over a broad range of frequencies.  In this 
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approach, the frequency-dependence of the strain is defined by normalizing the 𝐹𝐴𝑆𝛾  at each 

frequency by the maximum value in the 𝐹𝐴𝑆𝛾 and then multiplying by the maximum shear strain 

in the layer (𝛾𝑚𝑎𝑥) using: 

 𝛾(𝑓) = (
𝐹𝐴𝑆𝛾(𝑓)

max (𝐹𝐴𝑆𝛾)
) ∙ 𝛾𝑚𝑎𝑥 (4.5) 

Note that the maximum shear strain is used, not the effective shear strain, and thus only a 

single frequency has properties assigned based on 𝛾𝑚𝑎𝑥  (Figure 4.2).  Zalachoris (2014) also 

recommended that the EQL strain iterations first be performed using traditional, frequency-

independent EQL properties, followed by a second set of EQL strain iterations that incorporate the 

frequency-dependence in the properties.  The recommendations of Zalachoris (2014) have been 

implemented in the site response software Strata (Kottke 2018). 

4.3 SELECTION OF SITES FOR ANALYSIS 

The sites and earthquake recordings used in this study to evaluate the different site response 

approaches are from the Kiban Kyoshin (Kik-net) strong-motion network in Japan (Aoi et al. 2004).  

The Kik-net network consists of approximately 700 sites and each includes of pairs of instruments, 

one installed in a borehole and the other at the ground surface, making them well-suited for 

evaluating site response analysis.   

The sites used for analysis in this study were selected based on two main criteria: (1) the 

existence of motions that induce larger strains at the site, and (2) empirical site amplification that 

is captured well by one-dimensional analysis.  The first criterion was assessed based on the 

computed strain index, defined as the ratio between the recorded peak ground velocity at the 

ground surface and the minimum shear wave velocity measured at the site (SI = PGV𝑠𝑢𝑟𝑓/𝑉𝑠𝑚𝑖𝑛).  
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This parameter takes into account both the intensity of shaking and the stiffness of the site, so it is 

appropriate to assess the potential for nonlinearity across a range of sites.  Other researchers have 

used 𝑉𝑠30 to estimate the induced strain (e.g., Idriss 2011, Kim et al. 2016) but we use 𝑉𝑠𝑚𝑖𝑛 

because we are interested in the largest strains which are likely to be induced in the softest layer.  

Zalachoris (2014) showed that 𝑉𝑠𝑚𝑖𝑛 predicts 𝛾𝑚𝑎𝑥 well, although it may underestimate the largest 

strains due to the use of the small-strain 𝑉𝑠.  The initial sites considered for analysis had at least 1 

motion with SI greater than 0.1%. 

The second criterion was assessed by comparing the observed empirical transfer functions 

(𝑇𝐹) and response spectral amplifications (AF) with those predicted by 1D, linear-elastic site 

response analysis.  Many researchers have studied one-dimensional site response analysis using 

downhole arrays (e.g., Thompson et al., 2009, 2012; Kaklamanos et al., 2015; Zalachoris and 

Rathje, 2015; Tao and Rathje 2019a), and they have used quantitative and qualitative measures to 

assess the goodness-of-fit between the empirical and theoretical responses.  In this study a 

qualitative assessment is used based on the recommendations of Tao and Rathje (2019a), which 

includes the use of the both the within transfer function (𝑇𝐹𝑤𝑖𝑡ℎ𝑖𝑛), outcrop transfer function 

(𝑇𝐹𝑜𝑢𝑡𝑐𝑟𝑜𝑝), and the horizontal-to-vertical spectral ratio (HVSR).  The within boundary condition 

is used for all analyses, but 𝑇𝐹𝑤𝑖𝑡ℎ𝑖𝑛, 𝑇𝐹𝑜𝑢𝑡𝑐𝑟𝑜𝑝, and the HVSR are used together to distinguish 

pseudo-resonances from the true outcrop resonance, and then only true outcrop resonances are 

considered in the assessment of goodness-of-fit (Tao and Rathje 2019b).  

Based on these criteria, the six sites AOMH16, FKSH19, IBRH11, KSRH06, TKCH07, 

and IWTH26 were selected for analysis.  The 𝑉𝑠 profiles for these sites are shown in Figure 4.3.  

These sites all have shear wave velocities below about 200 m/s near the surface, and thus have the 



84 

 

potential to strain significantly.  The ability of the response of each site to be captured well by 1D 

analysis is discussed in the next section.   

 

 

 

Figure 4.3: Shear wave velocity and small-strain damping ratio (𝐷0) profiles of the borehole 

array sites used in this study 
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The analyses performed for each site include the following.  The recorded acceleration-

time series in both horizontal directions for the base sensor and surface sensor were instrument 

corrected, filtered, and baseline corrected.  The resulting time series were used to compute FAS 

and response spectra to evaluate the empirical 𝑇𝐹 and empirical AF.  Each component of motion 

was evaluated independently.  For the site response analyses, the base sensor was used as input 

into the site response analyses using the within boundary condition, and the surface motion 

computed. 

4.4 LINEAR ELASTIC SITE RESPONSE 

Because the most common goal of site response analysis is the calculation of surface 

response spectra, response spectral amplification factors (AF) and surface response spectra are 

used in this study to evaluate the accuracy of the site response analyses performed.  However, 

transfer functions are commonly used to evaluate whether a site is modeled well by 1D analysis 

(e.g., Thompson et al. 2012) and thus the empirical and theoretical transfer functions for each site 

are first presented, followed by the amplification factors. 

Site response simulations for downhole arrays assume the within boundary condition at the 

depth of the base sensor to account for the presence of both the up-going and down-going waves. 

𝑇𝐹𝑤𝑖𝑡ℎ𝑖𝑛 is compared with the observed empirical transfer function, 𝑇𝐹𝑒𝑚𝑝, as computed from the 

surface and base FAS, and if the frequencies of the peaks in 𝑇𝐹𝑤𝑖𝑡ℎ𝑖𝑛 align well with those in 

𝑇𝐹𝑒𝑚𝑝 , then the site is judged to be modeled well by 1D analysis.  For some sites, pseudo-

resonances caused by the destructive interference between the up-going and down-going waves 

may be present at frequencies that are not associated with the outcrop resonances for the outcrop 

boundary condition.  Recordings from some downhole array sites show only moderate amplitudes 

at pseudo-resonances, much smaller than predicted by the theoretical within boundary conditions 
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(Tao and Rathje 2019b).  Because we are most interested in the true outcrop resonances of a site 

when performing site response analysis and we do not want the results of this study to be unduly 

influenced by pseudo-resonances, we distinguish pseudo-resonances from outcrop resonances 

when assessing whether a site is judged to be modeled well by 1D analysis.  These pseudo- and 

outcrop-resonances are distinguished by comparing 𝑇𝐹𝑤𝑖𝑡ℎ𝑖𝑛  and 𝑇𝐹𝑜𝑢𝑡𝑐𝑟𝑜𝑝 , because 𝑇𝐹𝑜𝑢𝑡𝑐𝑟𝑜𝑝 

does not include the pseudo-resonances, and the outcrop resonances can be confirmed through 

peaks in the HVSR (Tao and Rathje, 2019a). 

The Vs profile for each site was defined based on the measurements reported on the Kik-

Net website and the small-strain damping ratio ( 𝐷0 ) profile was assigned based on two 

considerations.  For materials with Vs less than 400 m/s, 𝐷0 was assigned based on the Darendeli 

(2001) model, which is based on laboratory tests of sand and clay specimens with Vs less than 

about 400 m/s.  Materials with Vs greater than 400 m/s are likely to be more cemented or rock-

like, with their damping controlled by the quality of the rock and the presence of fractures or joints 

that cause wave scattering.  For these materials, 𝐷0 was assigned based on the Poisson’s ratio (𝜐) 

estimated from the measured shear and compression wave velocities, with larger 𝜐 indicating 

lower quality/more fractured materials and larger damping.  Based on judgment informed by 

laboratory testing of rock-like materials (K.H. Stokoe, personal communication), the following 

relationship was used to define 𝐷0 from 𝜐: 

 𝐷0 = {

0.3%                             0.18 ≤ 𝜐 < 0.23
0.75%                            0.23 ≤ 𝜐 < 0.33 
1.5%                               0.33 ≤ 𝜐 < 0.43 
2%                                               𝜐 ≥ 0.43

 (4.6) 

The small-strain damping profiles for each site are plotted in Figure 4.3. 
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For each site, small strain motions were selected to develop the observed, linear-elastic 

𝑇𝐹𝑒𝑚𝑝 to be compared with both the theoretical within (𝑇𝐹𝑤𝑖𝑡ℎ𝑖𝑛) and outcrop (𝑇𝐹𝑜𝑢𝑡𝑐𝑟𝑜𝑝) transfer 

functions computed from the Vs and 𝐷0 profiles in Figure 4.3. The various transfer functions are 

compared in Figure 4.4.  In general, the peak frequencies of 𝑇𝐹𝑤𝑖𝑡ℎ𝑖𝑛 align well with that of 𝑇𝐹𝑒𝑚𝑝 

for each site, although in many cases the theoretical amplitudes for 𝑇𝐹𝑤𝑖𝑡ℎ𝑖𝑛, particularly at lower 

frequencies, are much larger than observed in 𝑇𝐹𝑒𝑚𝑝 .  In many of these cases the peaks are 

associated with pseudo-resonances that are of less interest for traditional site response analysis for 

outcrop conditions.  Each of the sites is discussed below. 

For AOMH16, the peaks in 𝑇𝐹𝑤𝑖𝑡ℎ𝑖𝑛  align well with 𝑇𝐹𝑒𝑚𝑝  across a broad range of 

frequencies.  However, 𝑇𝐹𝑜𝑢𝑡𝑐𝑟𝑜𝑝  shows fewer peaks and the dominant peak is between 

frequencies of 4-5 Hz.  This outcrop resonance was confirmed by the HVSR, and indicates that 

𝑇𝐹𝑒𝑚𝑝 is dominated by pseudo-resonances (Tao and Rathje 2019a, b), which is due to the absence 

of an impedance contrast within the profile (Figure 4.3).  Nonetheless, there is a good match 

between 𝑇𝐹𝑤𝑖𝑡ℎ𝑖𝑛 and 𝑇𝐹𝑒𝑚𝑝, and thus this site is modeled well by 1D analysis.  FKSH19 and 

IBRH11 both show agreement between 𝑇𝐹𝑤𝑖𝑡ℎ𝑖𝑛  and 𝑇𝐹𝑒𝑚𝑝 , and in this case the within and 

outcrop 𝑇𝐹 show peaks at very similar frequencies indicating that 𝑇𝐹𝑒𝑚𝑝 is dominated by true 

outcrop resonances.  The absence of pseudo-resonances for these sites is due to presence of an 

impedance contrast within the top 50 m of each profile (Figure 4.3). The remaining sites (IWTH26, 

KSRH06, and TKCH07) are dominated by pseudo-resonances, as demonstrated by the significant 

differences in the locations of the peaks in 𝑇𝐹𝑤𝑖𝑡ℎ𝑖𝑛  and 𝑇𝐹𝑜𝑢𝑡𝑐𝑟𝑜𝑝 , due to the absence of an 

impedance contrast in the profiles.  Yet 𝑇𝐹𝑤𝑖𝑡ℎ𝑖𝑛 generally aligns well with 𝑇𝐹𝑒𝑚𝑝, except at the 

lower frequencies for IWTH26 and KSRH06.  In these cases, the amplitude of the first peak in 

𝑇𝐹𝑒𝑚𝑝 is somewhat depressed (i.e., amplitude less than 10) relative to the other sites.   
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Figure 4.4: Comparison of observed empirical transfer functions for low-intensity motions 

and theoretical transfer functions for linear elastic analysis 
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Figure 4.5: Comparison of empirical response spectral amplification factors for low-intensity 

motions and theoretical amplification factors for linear elastic analysis using 

different levels of damping (𝐷0), as defined in Figure 4.3. 
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The empirical and theoretical AF for linear elastic conditions are plotted for each site in 

Figure 4.5. Using the original 𝐷0 profiles (Figure 4.3), the empirical and theoretical AF agree well 

over a broad frequency range for sites AOMH16 and FKSH19. For the other sites, there are more 

discrepancies between the amplification factors and the damping profiles were adjusted to better 

match the empirical AF.  These damping profiles were adjusted with a damping scale factor (Table 

4.1), all less than 1.0, applied to the original 𝐷0 profiles. These scale factors were selected to 

provide an adequate fit of the empirical AF over the broadest frequency range possible, including 

the first mode frequency of each site as identified in the outcrop 𝑇𝐹 (i.e., f ~ 2 Hz for IBRH11, f ~ 

10 Hz for IWTH26 and KSRH06, and f ~ 2 to 3 Hz for TKCH07).  For IWTH26 and KSRH06, 

the frequency associated with the strong pseudo-resonance at the lowest frequency peak was not 

considered because the amplitude of the empirical AF at this frequency was small and 1D analysis 

over-predicted the response at this frequency.  Because the outcropping response, rather than the 

responses associated with pseudo-resonances, is of interest for the forward site response analyses 

performed in engineering practice, it was deemed acceptable to ignore these frequencies associated 

with pseudo-resonances.  The frequencies neglected for sites IWTH26 and KSRH06 in subsequent 

analyses are shown by the gray shading in Figure 4.5.  For TKCH07, the peak at 1 Hz also was 

over-predicted by the theoretical response.  However, in this case, the outcrop 𝑇𝐹 (Figure 4.4) 

indicated that the outcrop response included a peak at 1 Hz and thus these frequencies were 

included in subsequent analyses.   

Table 4.1: Damping scale factor and target 𝜅 for each site 

Site Name Damping Scale Factor 𝜿𝟎 𝒔𝒎𝒂𝒍𝒍 (s) 𝜿𝟏 ACR (s/km) 𝜿𝟏 SZ (s/km) 

AOMH16 1 0.052 0.000142 0.000071 

FKSH19 1 0.024 0.000142 0.000071 

IBRH11 0.23 0.033 0.000142 0.000071 

IWTH26 0.13 0.051 0.000142 0.000071 

KSRH06 0.83 0.052 0.000142 0.000071 

TKCH07 0.48 0.047 0.000488 0.000481 
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It is noteworthy that all of the damping scale factors are less than or equal to 1.0 in this 

study, while other studies have shown the need to increase assumed damping values using scale 

factors greater than 1.0 (e.g., Thompson et al. 2012, Zalachoris and Rathje 2015, Cabas and 

Rodriguez-Marek 2017, Tao and Rathje 2019).  However, in this study we attempted to better 

model the effect of wave scattering in the initial damping values by assigning larger 𝐷0 values to 

stiffer materials with larger Poisson’s ratio (equation (4.6)).  As a result, the initial 𝐷0 profiles 

were much larger in this study than in other studies and thus they required scale factors less than 

1.0 to match the empirical data.  The resulting best-fit 𝐷0 profiles are shown in Figure 4.3, with 

most values between 0.5 and 1.5%. 

4.5 APPLICATION OF PROPOSED APPROACHES TO IMPROVE LARGE STRAIN SITE RESPONSE  

To demonstrate the effect of the shear strength correction, 𝜅  correction, and EQL-FD 

method on site response predictions for large-strain motions, consider the site KSRH06 subjected 

to a large intensity motion from an Mw= 7 event at a distance 𝑅 = 78.4 km with PGAbase ~ 0.21g 

and PGAsurface ~ 0.77 g (Figure 4.6).  The modulus reduction and damping curves were specified 

as depth-dependent based on the depth-dependent confining pressure and an assumed plasticity 

index of 0 using the model of Darendeli (2001).  For the damping curve, the best-fit 𝐷0 (Figure 

4.3) was generally larger than the small-strain damping ratio specified by Darendeli (2001).  The 

best-fit 𝐷0 and Darendeli (2001) curve were combined to create a composite damping curve based 

on the larger of the two at each strain level. 
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 (a) (b) (c) 

Figure 4.6: The effect of strength correction on the large strain site response for site 

KSRH06. (a) acceleration response spectra; (b) maximum shear strain profile; (c) 

shear modulus reduction curve. 

Figure 4.6a shows the response spectra of the input motion, the recorded surface motion, 

and the predicted surface motion for the EQL analysis.  Using the Darendeli (2001) modulus 

reduction curve, the predicted surface response spectrum from the EQL analysis is significantly 

smaller than the recorded response at frequencies greater than 2 Hz.  This smaller response is due 

to the large strains of about 0.8% induced in the low-velocity surface layer (Figure 4.6b).  The 

shear strength implied by the Darendeli (2001) modulus reduction curve and equation (4.1) for the 

first layer (0-2 m) with a Vs of 72 m/s is 3.8 kPa.  For a vertical stress of 19 kPa (computed at a 

depth of 1 m assuming a unit weight of 19 kN/m3 and a water table at 16 m), this strength implies 

a friction angle of 7.5.  Although soil-specific strength data are not available, this friction angle 

is certainly too small.  Thus, the Darendeli (2001) modulus reduction curve was corrected at large 

strains to produce a target shear strength of 13.3 kPa for an assumed friction angle of 35 (Figure 

4.6c).  The strength corrected modulus reduction curve slightly reduces the induced strains (i.e., 

0.6% vs 0.8%), which coupled with the larger G/Gmax in that strain range (Figure 4.6c), generates 
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a larger predicted surface response spectrum that is closer to the recorded response. However, 

despite the improvement, the predicted response is still much smaller at frequencies greater than 

about 4 Hz (Figure 4.6a).    

To further investigate the under-prediction at high frequencies, the FAS of the predicted 

surface motion using the strength corrected modulus reduction curve is shown in Figure 4.7a.  The 

FAS is plotted as log A versus 𝑓 to clearly observe the slope at high frequencies, which represents 

𝜅.  The slope of the predicted FAS represents 𝜅 = 0.098 s, which is a large value relative to values 

reported in the literature for softer soil sites (Xu et al. 2019).  As noted earlier, Xu and Rathje 

(2019a) found no statistical difference between 𝜅 for small and large strain motions.  Thus, in this 

case we choose to correct the surface FAS to a target 𝜅 that represents the distance-modified, 

small-strain 𝜅.  This target 𝜅 for the motion in Figure 4.7 is computed from the small-strain 𝜅0 for 

the site (𝜅0𝑠𝑚𝑎𝑙𝑙=  0.052 s, Xu and Rathje 2019a), the slope 𝜅1  = 0.000071 s/km for this subduction 

event, and the closest distance of 78.4 km using equation (4.3).  The resulting 𝜅𝑡𝑎𝑟𝑔𝑒𝑡 is 0.058 s 

for this motion at the KSRH06 site.   

The strength corrected 𝜅𝐸𝑄𝐿 = 0.098 s and the 𝜅𝑡𝑎𝑟𝑔𝑒𝑡 = 0.0580 s results in a Δ𝜅 of -0.04 s 

(equation (4.4)), which defines the frequency-dependent scale factor of exp (−𝜋 ∙ Δ𝜅 ∙ 𝑓).  The 

resulting surface FAS and response spectra after the 𝜅 correction are shown in Figure 4.7.  The 

predicted response spectrum is very similar to the recorded response spectrum across a broad range 

of frequencies, except for narrow peaks around 4 Hz and 6 Hz, where the response is over-

predicted.   
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 (a) (b) 

 

 (c) (d) (e) 

Figure 4.7: The effect of 𝜅 correction and EQL-FD approach on the large strain site response 

for site KSRH06 (a) Strength corrected and target FAS; (b) acceleration response 

spectra of 𝜅 correction and EQL-FD methods; (c) shear strain spectrum used in 

EQL-FD analysis; (d) frequency dependent modulus reduction; (e) frequency 

dependent damping. 

The EQL-FD approach represents an alternative method to improve the site response 

predictions at high frequencies.  As noted earlier, this approach defines frequency-dependent soil 

properties (i.e., shear modulus and damping ratio) based on the frequency-dependent induced 

shears strains as characterized by the shear strain FAS in each layer.  The EQL-FD approach was 

applied to the analysis of KSRH06 using the strength corrected modulus reduction curve.  The 
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resulting shear strain FAS in the 2 m surface layer defined from equation (4.5) is shown in Figure 

4.7c, and the resulting frequency-dependent G/Gmax and D are shown in Figure 4.7d and e, 

respectively.  The largest strains, and associated smallest G/Gmax and largest D, occur around 

frequencies of 0.6, 1.5 Hz, and 4 Hz, but there are broad ranges of frequencies that experience 

smaller strains, larger G/Gmax, and smaller D.  And at frequencies greater than about 20 Hz, G/Gmax 

is equal to 1.0 and D is equal to the small-strain value due to the small strains induced.  This linear-

elastic response at high frequencies is consistent with the use of the small-strain 𝜅 as the target 𝜅 

in the 𝜅 correction.  The resulting surface response spectrum from the EQL-FD analysis is shown 

in Figure 4.7b.  Similar to the results shown for the 𝜅 correction, the EQL-FD analysis provides a 

good fit to the recorded response although the response is slightly over-predicted at frequencies 

greater than about 6 Hz.   

To better quantify the difference between the recorded and predicted surface response 

spectra, the framework developed by Abrahamson et al. (1990) is adopted, in which the misfit is 

defined as the residual between the observed and predicted Sa in natural log units at each 

frequency. A positive residual represents under-prediction by the site response analysis and a 

negative residual represents over-prediction.  Figure 4.8 presents the residuals for the different 

EQL analyses shown in Figures Figure 4.6 and Figure 4.7: original EQL analysis, EQL analysis 

with strength-corrected modulus reduction curve, EQL analysis with 𝜅 correction, and EQL-FD 

analysis.  Recall that both the 𝜅 correction and EQL-FD analysis also use the strength corrected 

modulus reduction curve.  The gray shading in Figure 4.8 shows the frequency range not 

considered for this site because it represents a strong pseudo-resonance (Figures Figure 4.4 and 

Figure 4.5).  The results show significant under-prediction by EQL analysis at frequencies greater 

than about 3 Hz (average residual ~ 1.25).  This under-prediction is somewhat improved by the 
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use of a strength-corrected modulus reduction curve but the average residual of about 0.6 indicates 

about a 50% under-prediction.  The response over this frequency range is significantly improved 

by the 𝜅 correction and the EQL-FD analysis.  The results from the 𝜅 correction have an average 

residual close to 0.0 at frequencies greater than 1 Hz, while the EQL-FD analysis shows some 

over-prediction at frequencies greater than 6 Hz. 

 

 (a) (b) 

Figure 4.8:  Residual in log units between the observed and predicted surface response 

spectra for (a) EQL analysis and strength corrected EQL analysis; and (b) EQL 

analysis with 𝜅 correction and EQL-FD analysis 

4.6 AGGREGATED ASSESSMENT OF APPROACHES TO IMPROVE LARGE STRAIN SITE RESPONSE 

Across the six sites, 413 motions were analyzed and used to investigate the residuals of the 

surface response spectra as a function of frequency and induced strain.  Analyses were performed 

using traditional EQL analysis, EQL analysis with strength-corrected modulus reduction curves, 

EQL with strength and 𝜅  corrections, and EQL-FD analysis with strength-corrected modulus 

reduction curves.  For the six sites, a strength correction was applied to the modulus reduction 

curve in the layers in which the shear strength was underestimated, layers that generally are located 

at depths less than 50 m. The implied friction angles for most of the shallower layers are less than 
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15, and the modulus reductions curves were modified to achieve a friction angle of 35.  For the 

𝜅 correction, the 𝜅𝑡𝑎𝑟𝑔𝑒𝑡 for each motion was taken as the small-strain 𝜅0 (Table 4.1) derived from 

low intensity motions at the site modified to account for the distance at which the recording was 

made using an appropriate 𝜅1 slope for the site and event type (active crustal region, ACR, or 

subduction zone, SZ, Table 4.1) and equation (4.3).  Details regarding the 𝜅1 derivation for these 

sites can be found in Xu and Rathje (2019a).   

The computed residuals (in ln units) of the predicted spectral acceleration across the six 

sites for the different site response methods are plotted in Figure 4.9 as a function of the maximum 

shear strain (𝛾𝑚𝑎𝑥) computed by the site response analysis.  Four different spectral frequencies are 

shown that range from 0.5 Hz to 16 Hz.  For the EQL analysis, the residuals start to become 

positive (indicating under-prediction) at 𝛾𝑚𝑎𝑥 larger than 0.1% for the spectral frequencies of 6.8 

Hz and 16 Hz.  The residuals remain close to zero across all strain levels for the lower frequencies 

of 0.5 and 2 Hz.  The under-prediction at higher frequencies occurs due to the overdamping 

induced by the larger strains.  When the strength correction is applied, the induced shear strains 

are reduced for the largest ground motions, as indicated by the presence of fewer points at large 

strains in Figure 4.9, but the average residuals remain similar to those for EQL analysis for strains 

greater than 0.1%.   

The results from the 𝜅 correction and from EQL-FD analysis (Figure 4.9) provide a more 

substantial improvement to the residuals at higher frequencies, while maintaining residuals close 

to zero for lower frequencies.  The 𝜅 correction is applied to the surface FAS computed from the 

strength-corrected EQL analysis.  Thus, the data points for the 𝜅 correction in Figure 4.9 are 

located at the same 𝛾𝑚𝑎𝑥 values as for the strength-corrected results, yet the average residuals stay 

close to zero across all strain ranges.  A similar result is observed for the EQL-FD analysis, 
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although the induced strains are somewhat different and the residuals start to become negative 

(indicating over-prediction) for the higher frequencies at larger strains.  

 

 

Figure 4.9:  Residuals for surface response spectra for the different site response methods as 

a function of 
𝑚𝑎𝑥

 for different frequency ranges.  The gray symbols ‘o’ and ‘x’ 

in the top figure represent residuals from ‘EQL’ and ‘Strength Corrected’ 

analyses, respectively; and in the bottom figure, ‘x’ and ‘’ represent residuals 

from ‘𝜅 Corrected’ and ‘EQL-FD’ analyses. 
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Table 4.2: 𝛾𝑚𝑎𝑥 bins and associated number of motions 

𝜸𝒎𝒂𝒙 (%) 
Bins 

Number of Motions 

EQL 
Strength Corrected and 

𝜅 corrected 
EQL-FD 

< 0.0037 71 71 73 

0.0037 ~ 0.0072 116 113 118 

0.0072 ~ 0.014 87 88 104 

0.014 ~ 0.027 76 80 66 

0.027 ~ 0.0525 16 17 17 

0.0525 ~ 0.1 15 13 17 

0.1 ~ 0.197 4 8 8 

0.197 ~ 0.381 12 13 11 

0.381 ~ 0.737 6 4 4 

0.737 ~ 1.426 4 6 1 

> 1.426 6 0 0 

 

To aggregate the computed residuals across all frequencies and all strain levels, the data 

for the six sites are grouped into 11 shear strain bins that are equally spaced in log-space.  For each 

frequency-strain combination, the average residual is calculated as the mean value of all motions 

that fall within that bin.  The strain bins, along with the corresponding number of motions within 

each strain bin for each type of analysis, are listed in Table 4.2.  Each of the modifications to the 

EQL approach result in fewer motions with very large strains (i.e., greater than 1.4%) as compared 

to the EQL analysis, due predominantly to the modifications in the modulus reduction curves to 

represent realistic shear strengths.  The EQL-FD analysis generally results in smaller strains than 

the strength corrected and 𝜅 corrected analyses due to the use of larger values of shear modulus, 

on average, across a range of frequencies.  It is also important to note that within each strain bin, 

the number of motions will be smaller than listed in Table 4.2 for frequencies less than 2 Hz due 

to the removal of motions from site IWTH26 at f < 2 Hz and from site KSRH06 at f < 0.8 Hz 

because of the low frequency pseudo-resonances at these sites. 
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Contour plots showing the combined effects of 
𝑚𝑎𝑥

 and frequency on the computed mean 

residuals are shown in Figure 4.10 for the four different site response methods.  Results are shown 

for frequencies between 0.4 and 30 Hz and strains between 0.001% and 2%.  The color bar in 

Figure 4.10 represents the average residual, with white/gray indicating values close to zero (± 0.2), 

red representing positive residuals (i.e., under-prediction), and blue representing negative residuals 

(i.e., over-prediction).  Zones in Figure 4.10 at lower frequency and larger strain that show no data 

represent areas where only motions from sites IWTH26 and/or KSRH06 were available, and these 

data were discarded due to the dominance of pseudo-resonances. 

For the EQL analysis (Figure 4.10a), the residuals are mostly close to zero except for the 

large zone of positive residuals at frequencies greater than about 3 Hz and strains greater than 

0.2%.  The residuals in this region indicate significant under-prediction, with the predicted surface 

response spectrum only about one-third of the recorded response (average residuals ~ 1.0).  The 

strength correction (Figure 4.10b) significantly reduces the level of under-prediction.  Much of 

this improvement is caused by the reduction in the induced shear strains, but some is also due to 

the stiffer response at a given strain level.  Nonetheless, the residuals at frequencies greater than 3 

Hz and strains greater than 0.2% show consistent under-prediction of about 35% (average residuals 

~ 0.45).  The 𝜅 correction applied to the strength corrected analysis further improves the residuals 

(Figure 4.10c) such that most of the residuals are between ± 0.2.  The EQL-FD results (Figure 

4.10d) also show improvement relative to the strength corrected results, but in this case there is a 

consistent zone of over-prediction at frequencies greater than 5 Hz and strains greater than 0.2%.  

Here the residuals average -0.3, indicating over-prediction of about 35%.   
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Figure 4.10: Computed mean prediction residuals (in ln units) as a function of frequency and 


𝑚𝑎𝑥

 for: (a) EQL analysis (b) EQL analysis with strength corrected modulus 

reduction curves, (c) 𝜅 corrected EQL analysis, and (d) EQL-FD analysis.  Note 

that 𝜅 corrected and EQL-FD analysis both use strength corrected modulus 

reduction curves. 

4.7 DISCUSSION AND CONCLUSIONS 

Predicting site response is a challenge for the large-intensity motions often associated with 

design level ground motions (e.g., Griffiths et al. 2016).  This paper evaluates three different 

approaches to improve one-dimensional, equivalent-linear site response predictions for the large 

strains induced by large intensity motions: (1) a strength correction that corrects the modulus 

reduction curve at large strains to be consistent with a specified shear strength, (2) a 𝜅 correction 
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that scales the high-frequency Fourier Amplitude Spectrum to be consistent with a target 𝜅, and 

(3) the EQL-FD method that uses frequency-dependent properties to account for the frequency 

dependence of the induced shear strains.   

Recorded motions from six Kik-Net downhole arrays in Japan were used to evaluate the 

approaches over a broad range of frequencies and ground motion intensities.  The sites were 

selected such that 1D analysis adequately captures the locations of the outcrop resonances in the 

empirical transfer function, and the small-strain damping profile for each site was assigned to 

provide the best estimate of the surface response spectral amplification factors across a broad range 

of frequencies.   

The aggregated results across the six sites demonstrated that significant under-prediction 

of the surface ground motions occurs when using traditional EQL analysis.  This under-prediction 

is focused at frequencies greater than about 3 Hz for maximum shear strains greater than about 

0.2%, and is a result of over damping of these high frequencies.  These results are similar to those 

presented by others.  Using modulus reduction curves that are modified to be consistent with an 

appropriate shear strength improves EQL predictions, but higher frequencies are still under-

predicted at larger strains.   

The under-prediction at higher frequencies coupled with accurate predictions at lower 

frequencies indicates that the site response at higher frequencies is influenced by different 

properties than the response at lower frequencies.  Within an earthquake motion, higher frequency 

components of motion are superimposed on lower frequency components of motion with the 

higher frequencies commonly associated with smaller amplitudes.  As a result, the high frequency 

components of motion represent small-amplitude shear stress reversals, which will have a stiffer 

response under nonlinear, hysteretic behavior than the larger amplitude, low frequency 
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components of motion.  Thus, it is justified to utilize a stiffer shear modulus and smaller damping 

ratio at high frequencies in an EQL site response analysis.  Both the EQL-FD method and 𝜅 

correction attempt to address this issue, although in slightly different ways.   

The EQL-FD method considers the frequency dependence of the induced shear strains in 

each layer, and uses that frequency dependence along with the modulus reduction and damping 

curves to specify different values of G and D at each frequency.  These frequency-dependent 

properties are used in the EQL transfer functions to predict the site response.  Because the FAS for 

the induced strain shows smaller amplitudes at higher frequencies, the EQL-FD method directly 

assigns a stiffer shear modulus and smaller damping ratio at high frequencies.  The EQL-FD 

method developed by Zalachoris (2014) and implemented in Strata (Kottke 2018REF), which 

utilizes the full strain FAS and performs an initial set of EQL iterations with frequency-

independent properties before a second set of iterations with frequency-dependent properties, was 

utilized in this study.  The results show that the EQL-FD method, using strength corrected modulus 

reduction curves, provides improved predictions of site response at higher frequencies and at larger 

strains as compared to strength corrected EQL analyses.  However, rather than an under-prediction, 

a slight over-prediction in amplification is predicted by the EQL-FD method. 

The 𝜅  correction modifies the surface FAS to match a target 𝜅  that controls the high-

frequency shape of the FAS.  The use of 𝜅, and specifically 𝜅0, in site response analysis has solely 

been to constrain the small-strain damping ratio profile (e.g., Cabas and Rodriguez-Marek 2017), 

and has yet to be considered for large-strain analysis.  The scaling of the surface FAS predicted by 

large- strain EQL site response analysis to match the small-strain 𝜅0 modified for the distance 

effect in effect utilizes the small-strain damping at higher frequencies, while maintaining the larger 

damping at lower frequencies.  The results from this study show that the 𝜅 correction, as proposed 
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in this paper, provides the most unbiased predictions of site response at large strains across a broad 

range of frequencies.  Importantly, the 𝜅 correction is applied to the surface motion predicted by 

EQL analysis using strength corrected modulus reduction curves and thus accurately models soil 

nonlinearity at lower frequencies.  Also, the 𝜅 correction calculation is significantly faster than 

EQL-FD analysis, because the EQL-FD is slowed down by the specification of different soil 

properties at each frequency and the use of two sets of iterations. 

The biggest challenge in applying the 𝜅 correction broadly to site response analyses is the 

identification of the appropriate small-strain 𝜅0 and distance modification.  The target 𝜅0 can be 

defined based on small-strain recordings at a site or from published relationships that predict 𝜅0 

as a function of Vs30 and other parameters (e.g., Xu et al. 2019), although these relationships often 

have large variability.  The distance effect, as characterized by the slope 𝜅1, can be derived from 

𝜅 measurements from a regional network of recordings or from a number of recordings at a specific 

site for different site-to-source distances.  Despite the issues related to the variability in 𝜅 

estimates, site response analyses that induce large strains often generate FAS with unreasonably 

large 𝜅 (i.e., well above 0.1 s and approaching 1.0 s) such that scaling the FAS to a range of more 

reasonable 𝜅 values, even with large uncertainty, will certainly provide more realistic estimates of 

site response.   
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Chapter 5: Conclusions and Recommendations for Future Work 

5.1 CONCLUSIONS 

The study focused on improving 1D seismic site response analysis for both small-strain and 

large-strain motions. For small-strain motions, the damping profiles obtained from laboratory 

measurements are too small to capture the effects of other energy dissipation effects such as 

scattering, and thus the damping assigned to soil profiles is too small.  For large-strain motions, 

EQL site responses analysis tends to underpredict the site response due to the overdamping 

associated with large strains.  

Three main research efforts were undertaken to solve these issues: (1) an investigation of the 

high-frequency spectral decay parameter (𝜅0) of small-strain earthquake motions from soil sites 

and the evaluation of using 𝜅0 to constrain the small-strain damping profile for 1D site response 

analysis (Chapter 2); (2) an investigation of the effects of soil nonlinearity on 𝜅 using recorded 

ground motions at soil sites over a broad range of shaking intensities (Chapter 3); and (3) the 

evaluation of the three approaches (i.e., strength correction method, 𝜅 correction method, and 

EQL-FD method) to improve EQL site response predictions for the large strain motions (Chapter 

4). The conclusions from each chapter are given below.  

Chapter 2. Values of 𝜅0 were computed from motions at 51 sites from the Kik-net database 

in Japan, as well as six sites from the NGA-West2 database.  Sites were selected to represent 

smaller 𝑉𝑠30 and a range of soil depths.  Similar to previous studies, a relationship between 𝜅0 and 

𝑉𝑠30  was observed and this relationship generally falls within the range from other studies.  

Importantly, this study found that 𝜅0 increases with increasing depth of sediments, as quantified 

by the depth to the 𝑉s  = 2.5 km/s horizon (𝑍2.5).  𝜅0 increases with 𝑍2.5 for 𝑍2.5 less than about 

150 m and for 𝑍2.5 greater than about 1400 m.  For moderate 𝑍2.5 between about 150 m and 1400 
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m, the data show no depth dependence for 𝜅0.  This lack of dependence does not mean that depth 

is unimportant in this range, but rather that there is a depth effect implicit in the 𝜅0 − 𝑉𝑠30 

correlation that captures the average depth effect for intermediate depths. 

The ∆𝜅0 between the borehole and surface sensors was also computed for each of the sites 

and used to evaluate the theoretical ∆𝜅0 computed from the 𝑉𝑆 profiles of the sites along with an 

assumed 𝐷𝑚𝑖𝑛 profile.  Two different 𝐷𝑚𝑖𝑛 models were considered, the geotechnical model from 

Darendeli (2001) and a 𝑄 - 𝑉𝑠 relationship from Campbell (2009).  Both of the 𝐷𝑚𝑖𝑛 models tended 

to predict ∆𝜅0 smaller than observed from the downhole array sites, with the Darendeli (2001) 

model producing smaller ∆𝜅0 than the Campbell (2009) model.  Similar findings were reported by 

Cabas et al. (2017).  These results imply that the 𝐷𝑚𝑖𝑛 models should be increased to produce ∆𝜅0 

consistent with the observations, at least for the selected sites in Japan.  Scale factors for 𝐷𝑚𝑖𝑛 

required to fit ∆𝜅0 were investigated, but the required scale factors were not well-constrained and 

varied considerably from site to site.   

An alternative approach was proposed that uses a target 𝜅0 at the surface to constrain the 

𝐷𝑚𝑖𝑛 profile for a site.  The target surface 𝜅0 is derived based on the 𝑉𝑠30 and 𝑍2.5 of the site using 

the relationships developed in this study.  The theoretical surface 𝜅0 is derived from the sum of 

𝜅0,𝑟𝑜𝑐𝑘  and ∆𝜅0, with 𝜅0,𝑟𝑜𝑐𝑘  estimated from the 𝑉𝑠 of the rock half-space and/or regional data and 

∆𝜅0 computed from the 𝑉𝑠 profile and 𝐷𝑚𝑖𝑛 profile.  An initial 𝐷𝑚𝑖𝑛 profile is scaled such that the 

theoretical surface 𝜅0 is consistent with the target 𝜅0.  A constant scale factor or depth-dependent 

scale factor could be used, but a constant scale factor is more easily constrained and is used in the 

example application described in this dissertation.  The approach to develop 𝐷𝑚𝑖𝑛 scale factors to 

match a target 𝜅0 was demonstrated using 𝑉𝑠 profiles considered in the NGA-East Geotechnical 

Working Group site amplification study.  The 𝐷𝑚𝑖𝑛  scale factors derived for the NGA-East 𝑉𝑠 
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profiles ranged from about 4 to 17, with the scale factors increasing with increasing 𝑉𝑠30 and 

decreasing depth.  The range of these scale factors are consistent with the recent downhole array 

study of Cabas et al. (2017).  Nonetheless, because these scale factors are derived solely from 

studies of 𝜅0 and not site amplification, we are not ready to propose their direct implementation. 

Rather, the present work advances our understanding of how 𝜅0 might be used to scale 𝐷𝑚𝑖𝑛 and 

is considered a step in the direction of eventual models that could be employed in engineering 

practice. 

Chapter 3. The high frequency spectral decay parameter (𝜅) of both low intensity and large 

intensity ground motions recorded at soil sites were investigated to evaluate the effects of soil 

nonlinearity on the high-frequency characteristics of ground shaking, and used to constrain site 

response analyses at large strains.  

Equivalent-linear (EQL) site response analyses indicate that soil nonlinearity can increase 𝜅 

by more than a factor of three for large strain motions.  However, research has shown that EQL 

site response analysis over-damps high frequencies for large strain motions, and thus the increase 

in 𝜅 may not be as large as indicated by the EQL analysis. 

Over 2,500 ground motion recordings from 32 sites in the Kik-net downhole array network in 

Japan were used to investigate the influence of ground motion intensity and soil nonlinearity on 𝜅. 

For each motion, the 𝜅 was measured from the log-linear slope of the FAS and the induced shear 

strain was estimated from the strain index (SI). Four individual sites with some of the largest values 

of SI were first considered.  These analyses showed that both 𝜅 and 𝜅0 for the large-strain motions 

fell within the same variability as for the small-strain motions.  Averaged across the entire dataset 

the ratio of 𝜅0/𝜅0,𝑠𝑚𝑎𝑙𝑙, where 𝜅0,𝑠𝑚𝑎𝑙𝑙 is the small-strain 𝜅0, did not vary with SI.  These results 
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indicate that the high frequency characteristics of ground motion, as measured by 𝜅 , are not 

affected by soil nonlinearity and are consistent with the small-strain damping at a site.   

These observations influence how we model soil nonlinearity in EQL site response analysis.  

Specifically, a small-strain value of 𝜅, corrected to an appropriate distance of the large-strain 

motion under consideration, can be used as the target 𝜅 for large-strain ground response analysis 

of a site.  The surface FAS from EQL analysis can be scaled to the target 𝜅 to potentially provide 

a more accurate estimate of site amplification at large strains. 

Chapter 4. Three different approaches to improve EQL site response predictions were 

evaluated for the large strains induced by large intensity motions: (1) a strength correction that 

corrects the modulus reduction curve at large strains to be consistent with a specified shear 

strength, (2) a 𝜅  correction that scales the high-frequency Fourier Amplitude Spectrum to be 

consistent with a target 𝜅, and (3) the EQL-FD method that uses frequency-dependent properties 

to account for the frequency dependence of the induced shear strains.   

Recorded motions from six Kik-Net downhole arrays in Japan were used to evaluate the 

approaches over a broad range of frequencies and ground motion intensities.  The sites were 

selected such that 1D analysis adequately captures the locations of the outcrop resonances in the 

empirical transfer function, and the small-strain damping profile for each site was assigned to 

provide the best estimate of the surface response spectral amplification factors across a broad range 

of frequencies.   

The aggregated results across the six sites demonstrated that EQL analysis provides accurate 

predictions of the surface ground motions at small strains but significant under-prediction occurs 

at larger strains.  This under-prediction is focused at frequencies greater than about 3 Hz for 

maximum shear strains greater than about 0.2%, and is a result of over damping of these high 
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frequencies.  Using modulus reduction curves that are modified to be consistent with an 

appropriate shear strength improves EQL predictions, but higher frequencies are still under-

predicted at larger strains.   

The under-prediction at higher frequencies coupled with accurate predictions at lower 

frequencies indicates that the site response at higher frequencies is influenced by different 

properties than the response at lower frequencies.  Both the EQL-FD method and 𝜅 correction 

attempt to address this issue, although in slightly different ways.   

The EQL-FD method considers the frequency dependence of the induced shear strains in each 

layer, and uses that frequency dependence along with the modulus reduction and damping curves 

to specify different soil properties at each frequency.  The EQL-FD method developed by 

Zalachoris (2014) and implemented in Strata (Kottke 2018REF), which utilizes the full strain FAS 

and performs an initial set of EQL iterations with frequency-independent properties before a 

second set of iterations with frequency-dependent properties, was utilized in this study.  The results 

show that that the EQL-FD method, using strength corrected modulus reduction curves, provides 

improved predictions of site response at higher frequencies and at larger strains as compared to 

strength corrected EQL analyses.  However, rather than an under-prediction, a slight over-

prediction in amplification is predicted by the EQL-FD method. 

The 𝜅 correction modifies the surface FAS to match a target 𝜅 that controls the high-frequency 

shape of the FAS.  The scaling of the surface FAS predicted by large-strain EQL site response 

analysis to match the small-strain 𝜅0 modified for the distance effect in effect utilizes the small-

strain damping at higher frequencies, while maintaining the larger damping at lower frequencies.  

The results from this study show that the large-strain 𝜅 correction provides the most unbiased 

predictions of site response at large strains across a broad range of frequencies.  Importantly, the 
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𝜅 correction is applied to the surface motion predicted by EQL analysis using strength corrected 

modulus reduction curves and thus accurately models soil nonlinearity at lower frequencies.  Also, 

the 𝜅 correction calculation is significantly faster than EQL-FD analysis, because the EQL-FD is 

slowed down by the specification of different soil properties at each frequency and the use of two 

sets of iterations. 

5.2 RECOMMENDATIONS FOR FUTURE WORK 

The research presented in this dissertation represents a step forward in improving site 

response analysis for both small-strain and large-strain motions.  However, several research issues 

remain to be investigated, as discussed below. 

For small-strain motions, the use of 𝜅0  to constrain the damping profile for 1D site 

response analysis was evaluated only using the shape of the FAS at high frequencies.  Further 

analysis is needed to evaluate whether the site response results from the 𝜅0  scaled damping 

generates site amplification at lower frequencies consistent with the empirical site response. In 

addition, the small-strain damping was assigned using the Darendeli (2002) model, which may not 

be appropriate for stiffer soils and soft rock at larger depth, and thus more appropriate small-strain 

damping models should be explored for use in the analysis.  For example, in Chapter 3 we used 

the Poisson’s ratio to assign the small-strain damping to materials with a shear wave velocity larger 

than 400 m/s, but further research is needed to explore this relationship and the potential use of 

other parameters such a material type.  Finally, another issue that is worth investigating is the use 

of depth-dependent scale factors applied to the damping profile to fit the target 𝜅0. 

For large intensity motions, the 𝜅  correction did the best job in addressing the 

underprediction issue in site response analysis.  But questions still remain how best to define the 

target 𝜅 for use in the analysis when small-strain recordings do not exist at a site.  The target 𝜅 
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could be derived from published relationships that predict 𝜅0  as a function of 𝑉𝑠30  and other 

parameters (e.g., Xu et al. 2019), but these relationships often have large variability. An alternative 

way of minimizing the large variability and obtaining a more accurate target 𝜅 is to apply machine 

learning techniques to predict an event-based target 𝜅.  
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