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ABSTRACT 

 

The understanding of the impact of site effects on ground motions is crucial for improving 

the assessment of seismic hazards. Site response analyses (SRA) can numerically 

accommodate the mechanics behind the wave propagation phenomena near the surface as 

well as the variability associated with the input motion and soil properties. As a result, SRA 

constitute a key component of the assessment of site-specific seismic hazards within the 

probabilistic seismic hazard analysis framework. This work focuses on limitations in SRA, 

namely, the definition of the elastic half-space (EHS) boundary condition, the selection of 

input ground motions so that they are compatible with the assumed EHS properties, and 

the proper consideration of near-surface attenuation effects. Input motions are commonly 

selected based on similarities between the shear wave velocity (Vs) at the recording station 

and the materials below the reference depth at the study site (among other aspects such as 

the intensity of the expected ground motion, distance to rupture, type of source, etc.). This 

traditional approach disregards the influence of the attenuation in the shallow crust and the 

degree to which it can alter the estimates of site response. A Vs-κ correction framework for 

input motions is proposed to render them compatible with the properties of the assumed 

EHS at the site. An ideal EHS must satisfy the conditions of linearity and homogeneity. It 

is usually defined at a horizon where no strong impedance contrast will be found below 

that depth (typically the top of bedrock). However, engineers face challenges when dealing 

with sites where this strong impedance contrast takes place far beyond the depth of typical 

Vs measurements. Case studies are presented to illustrate potential issues associated with 
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the selection of the EHS boundary in SRA. Additionally, the relationship between damping 

values as considered in geotechnical laboratory-based models, and as implied by 

seismological attenuation parameters measured using ground motions recorded in the field 

is investigated to propose alternative damping models that can match more closely the 

attenuation of seismic waves in the field. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 Problem Description  

Quantifying the influence of local soil conditions on the nature of earthquake damage has 

proven challenging. The early work of Seed and Idriss (1970), as well as observations from 

past earthquakes (e.g., Seed et al., 1972; Seed et al., 1987; Seed et al., 1991; Rathje et al., 

2000) have led to an improved understanding of the role that site effects play on the 

intensity of ground shaking. Local site conditions are capable of amplifying or 

deamplifying ground motions in addition to changing their frequency content and duration. 

Advancing the understanding of these effects and the implementation of suitable modeling 

techniques constitute key steps towards mitigating seismic risk and creating more resilient 

communities.  

Seismic site response analyses (SRA) can numerically accommodate the mechanics behind 

the seismic wave propagation phenomena near the surface, and provide a means of 

estimating surface motions that may directly affect the stability of structures. Typical 

engineering 1D SRA are conducted under the following assumptions: (a) the Earth can be 

modeled as a 1D structure, comprised of horizontal layers of lateral infinite extent 

overlying a half-space, (b) the seismic wavefield is composed of vertically propagated 

incident plane shear waves; under this simplifying assumption, no shear wave to 

compressional wave scattering can occur and general S-wave scattering is greatly 

simplified, (c) each layer in the model is defined by the material properties (e.g., shear 
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modulus, density and damping. Nonlinear stress-strain response of the materials are used 

to define shear modulus and damping as a function of shear strain), and (d) the seismic 

wavefield is assumed to be known at some point in the Earth model, which is hereafter 

referred to as the SRA input motion. In geotechnical engineering projects, the subsurface 

characterization of a site is limited and judgment is necessary to fully describe the site’s 

profile and quantify its corresponding properties. Uncertain assumptions are commonly 

used in association with the attenuation characteristics in situ (i.e., damping) and the 

location of the elastic half space (EHS). Typical geotechnical damping models are developed 

empirically by testing different small-scale soil samples in the laboratory under dynamic 

loading. Hence, these procedures can only characterize intrinsic material damping and fail to 

capture other sources of seismic attenuation as they occur in the field (e.g., scattering effects). 

The EHS is a boundary condition set at the base of the profile to be modeled, and typically 

also the location where input ground motions are applied to. Given that geotechnical 

subsurface exploration techniques often stop shortly below the soil/bedrock boundary, the 

latter is generally used as the EHS boundary condition. However, when the EHS is placed 

at a depth that does not comply with the EHS assumptions (i.e., linearity and homogeneity), 

some site effects can end up being overlooked or simply not captured (e.g., amplification 

from a strong impedance contrast located deeper in the site profile) if the selected input 

motions do not properly reflect the bedrock conditions below the site. This is an issue for 

sites in Central and Eastern US (CEUS), where ground motions with the signature from 

characteristic deeper geologic structures are scarce.  

Despite the proliferation of strong ground motion recordings worldwide, it can be hard to 

find recording stations with similar site properties to the assumed EHS at the study site. 
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Moreover, when the EHS boundary is placed at great depths in layers with high Vs (e.g., 

3000 m/s for hard rocks in CEUS), the number of stations with similar characteristics is 

significantly reduced. Deconvolution techniques have traditionally provided a solution to 

the problem of predicting bedrock motions from surface recordings. However, the 

uncertainties in site properties as well as potential numerical issues (Kramer, 1996) impose 

a relevant constraint to the application of deconvolution techniques in practice. 

1.2 Significance 

Site-specific evaluations of site response are useful not only to define ground motions to 

be used in dynamic analyses of structures, but also to translate the estimated seismic hazard 

at the reference site (typically at rock conditions) to the surface while accounting for the 

response of shallow materials. The contribution of the site response also constitutes a key 

component of the stochastic method for simulating ground motions (Boore, 2003), along 

with the consideration of source and path effects. Ground motion prediction equations 

(GMPEs) that account for site effects parameterized by the average shear wave velocity in 

the top 30 m of the site (Vs30), can only provide average levels of site response; but their 

ergodic predictions could represent the actual response at a given site, if the site term was 

known or estimated (Stewart et al., 2014, Rodriguez-Marek et al., 2014). The predictions 

of the site term generally involve SRA. 

The importance of properly characterizing site response is unequivocally large, but only a 

few studies have investigated the components of seismic attenuation that are not captured 

by typical geotechnical damping models used for SRA. Likewise, the degree to which the 

placement of the EHS boundary condition at a geologic unit that does not comply with the 
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EHS hypotheses introduces errors in the estimation of the site response has received rather 

limited attention to date. Finally, in spite of previous efforts to address the variability 

resulting from traditional input motion selection protocols, simple procedures that expand 

the catalog of earthquakes that can be used in SRA (such that compatibility with the EHS 

properties is ensured) are currently not available. 

1.3 Research Objectives 

The overarching goal of this research is to improve the assessment of site-specific seismic 

hazards by accounting for fundamental limitations in 1D SRA; particularly regarding 

alternative damping models that match the observed attenuation in the field more closely, 

and the definition of an appropriate EHS boundary condition and compatible input motions 

with its Vs profile and attenuation characteristics. In summary, the specific research 

objectives of this dissertation include: 

1. Propose alternative damping models that combine typical geotechnical models with 

seismological attenuation descriptors. 

2. Provide guidelines on the selection of appropriate EHS boundary conditions when 

conducting SRA at sites without a clear, shallow impedance contrast. 

3. Develop simple but robust correction factors to render input ground motions 

compatible with the characteristics of the assumed EHS. 

1.4 Organization of Dissertation 

This dissertation consists of six chapters. The first chapter defines the need for 

improvements in the characterization of site response and describes the broader impacts of 

addressing the identified limitations in 1D SRA. The review of pertinent literature on the 
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topics of site response (specifically, on the EHS assumption and modeling techniques) and 

the attenuation of seismic waves (particularly, a concise background on seismological 

attenuation descriptors) is provided in Chapter Two.  

 

Chapters Three, Four and Five are self-contained chapters that have been or will be 

submitted for publication in scholarly journals. Chapter Three will be submitted to the 

Bulletin of the Seismological Society of America, Chapter Four will be submitted to the 

Journal of Geotechnical and Geoenvironmental Engineering while Chapter Five is under 

review in Earthquake Spectra. Collectively, these chapters will serve as improvements 

towards a more rigorous and consistent assessment of site-specific seismic hazards: 

 

Chapter Three – Cabas, A., Rodriguez-Marek, A., and Bonilla, L. F., (to be submitted), 

Estimation of Kappa (κ)-consistent Damping Values at KiK-net sites to Assess the 

Discrepancy between Laboratory-based Damping Models and Observed Attenuation (of 

seismic waves) in the Field, Bulletin of the Seismological Society of America. 

 

Chapter Four – Cabas, A., Rodriguez-Marek, A. and Green, R. (to be submitted), The 

Importance of the Selection of the Elastic Half-Space in Site Response Analysis, Journal 

of Geotechnical and Geoenvironmental Engineering. 

 

Chapter Five – Cabas, A. and Rodriguez-Marek, A. (under review), VS-κ Correction 

Factors for Input Ground Motions used in Seismic Site Response Analysis, Earthquake 

Spectra. 
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Chapter Six presents a summary of the findings and a discussion of insights derived from 

this work. Recommendations for future research are also provided. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

 

2.1 Introduction  

The subject of study of this research intersects with the geosciences, geotechnical 

engineering and the field of engineering seismology. All these disciplines are important for 

the assessment of seismic hazards. Certain limitations identified in 1D SRA methods are 

addressed in Chapters 3, 4 and 5. Hence, a review of the main modeling assumptions 

implemented by two of the most commonly used approaches for modeling the propagation 

of shear waves from the bedrock level through shallower deposits to the ground surface is 

provided in this chapter. A comparison of these approaches is not only relevant to the 

specific research objectives of this study, but also timely, given that recent seismic hazard 

studies have explored how conservative equivalent-linear (EQL) site response estimations 

are, relative to methods that account fully for the nonlinear dynamic behavior of soils. 

Analogously, the investigation of coupling models of geotechnical and seismological 

attenuation descriptors in Chapter 3 requires some background on the relationship among 

the selected parameters. Comprehensive descriptions of the origin and applications of each 

attenuation parameter are beyond the scope of this research work. However, relevant 

contributions towards that end have populated the literature recently and only a brief 

summary of key definitions will be provided herein. 
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2.2 Site Response  

2.2.1 Overview 

The Caracas 1967 earthquake provided some of the first demonstrations of the existence 

of a correlation between damaged structures and site effects. Particularly, structural 

damage to high buildings (10 to 12 story-high) was found to be more frequent in the 

municipal district of Los Palos Grandes, where alluvium soil deposits can reach up to 300 

m and have Vs values lower than 500 m/s (Duval et al., 2001). Papageorgiou and Kim 

(1991) also commented on the pronounced effect that sedimentary deposits (e.g., sediment-

filled valleys or basins such as the one in Caracas) have on the intensity of strong ground 

motion and provide other well-documented examples where the response of shallow 

sedimentary deposits has proven to be relevant. 

The Mexico City 1985 earthquake (also known as the Michoacán earthquake) caused only 

moderate damage in the vicinity of its epicenter but extensive damage around 350 km 

away, in Mexico City. Recorded ground motions at different sites illustrated the 

relationship between local soil conditions (e.g., varying thickness of very soft clay layers) 

and damaging ground motions (Papageorgiou and Kim, 1991; Seed et al., 1987). Similar 

observations after the Loma Prieta and Kocaeli seismic events, further demonstrated how 

different levels of ground motion intensity are attributed to local site effects (Seed et al., 

1991; Rathje et al., 2000). Even the South Napa earthquake which struck northern 

California on August 24, 2014, and registered on the moment magnitude scale (Mw) as Mw 

6.0, is believed to have caused damage in Napa due to both directivity effects, and the 

presence of soft sediment deposits in the Napa valleys. According to the USGS, the river 

valley sediments likely contributed to the amplification of ground shaking around Napa. 
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More recent seismic events continue to provide evidence of the influence of local site 

conditions on the intensity of ground motions and structural damage. For instance, site 

effects (particularly, topographic effects) have been associated with the severe damage 

observed in the Kathmandu Valley after the Nepal (Gorkha) earthquake of April 25, 2015. 

Likewise, particular soil conditions (e.g., strong impedance contrast at depth) in the city of 

Concepción in Chile have been found to be partly responsible for the distinct response 

observed in recorded ground motions from the 2010 Chile (Maule) earthquake (Cabas et 

al., 2015). 

Site effects can be estimated by means of different methodologies, from fully nonlinear 

models, 1D EQL models, to simpler linear approximations. Formulations for vertical 

propagation of horizontally polarized shear waves through horizontally layered near-

surface materials are typically used in 1D SRA. All layers are assumed to have infinite 

lateral extent and both upward and downward propagating waves are considered in the 

estimation of the transfer function (TF). The constructive and destructive interference of 

vertically propagating seismic waves is taken into account in this type of SRA, which 

Boore (2013) called full resonance (FR) methods. However, actual field conditions may 

not allow these resonances to build over time, in which case they are considered spurious 

resonances (Kramer, 1996). Commonly used software such as SHAKE (Schnabel et al., 

1972; Idriss and Sun 1992), STRATA (Kottke and Rathje, 2008a, b), or DEEPSOIL 

(Hashash et al., 2015) apply FR methods either using 1D EQL (e.g., SHAKE, STRATA, 

and DEEPSOIL) or fully nonlinear approaches (e.g., DEEPSOIL). 

The square-root-impedance (SRI) method provides a transparent and simple alternative to 

estimate linear site amplifications. Unlike FR methods, the SRI approach is centered on 
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the influence of the impedance contrasts present in the profile under study, and it does not 

incorporate the effects associated with the resonance phenomena. Amplifications from 

either FR or the SRI methods can be misleading if an accurate model of the near-surface 

deposits and materials assumed to act as an elastic half-space are not used.  

Joyner et al., (1981) proposed the application of ray theory (which expresses the amplitude 

of motion along a ray tube as a function of the seismic impedance) to the estimation of site 

amplification, A: 

𝐴 = (
𝑍𝑅

𝑍
)

1/2

= (
𝜌𝑅∗𝑉𝑅

�̅�∗�̅�
)

1/2

           (1) 

where ZR refers to the seismic impedance (i.e., the product of the density and seismic wave 

propagation velocity of the medium) at the reference rock, while �̅� is the average seismic 

impedance. The variables 𝜌𝑅 and 𝑉𝑅 are the density and the Vs at a reference depth, while 

�̅� and �̅� refer to the average density and Vs over a certain depth. When the depth of 

averaging is defined as a quarter wavelength for each frequency considered in the analysis, 

as also proposed by Joyner et al., (1981), this method is known as the quarter-wavelength 

method (QWL) and the specific details regarding its implementation can be found in Boore 

(2003). 

The main difference between FR and SRI methods is shown in Figure 1, which was 

reproduced after Boore (2013). The site amplifications presented correspond to a simple 

one-layer model for which anelastic attenuation has not been considered. The density was 

assumed to be constant, with a value of 2.0 g/cm3. The amplifications are relative to the 

motions at the surface of an effective half space formed by removing the material above 

37.5 m. The SRI method does not show the effect of resonances in the system. 
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The amplitude of the resonant peaks for the FR model correspond to the ratio of the 

impedances (Z2 and Z1) of the layer and the assumed EHS, whereas the SRI amplitude is 

given by the square root of the impedance ratio. In this case, the SRI amplifications are 

exactly equal to the root mean square of the FR linear amplifications for frequencies greater 

than 1 Hz, which is the fundamental resonant frequency of the one-layer profile considered 

in Figure 1 (Boore, 2013). 

2.2.2 The elastic half space 

One of the fundamental decisions when conducting 1D SRA involves the determination of 

the depth and characteristics of the EHS. This boundary condition is usually defined at a 

horizon sufficiently stiff such that the assumption of linear behavior will likely hold and 

no strong impedance contrasts will be found below this depth. This premise is typically 

satisfied by the reference rock layer. However, the definition of reference rock remains a 

topic of debate in the literature (e.g., Cadet et al., 2010; Laurendeau et al., 2013), and its 

investigation is out of the scope of this study. Some characteristics associated with 

reference rock sites as found in scientific publications and official regulations around the 

world are presented in Table 1 to illustrate the heterogeneity of the concept. 

The assumption of an EHS also implies that the downward propagating component of the 

wavefield that refracts into the half-space is never reflected upward back into the shallower 

layers. The amplitude of the incident wave is a function of the impedance contrast (αz) at 

the interface between two adjacent layers as given by Kramer (1996): 

αz =
ρ1Vs1

ρ2Vs2
                                           (2) 
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where ρ1 and Vs1 refer to the density and Vs of material 1 which is assumed to overly a 

different material 2 with density ρ2 and Vs equal to Vs2. The incident layer is in material 2. 

The influence of αz on the wave propagation phenomena is illustrated in Table 2, where 

the amplitude of the incident, reflected, and transmitted (or refracted) waves are presented 

as αz increases from 0 to infinity. For instance, when αz is less than 1, an incident wave can 

be thought of as approaching a softer material. For this case, the reflected wave will have 

a smaller amplitude (i.e., displacement amplitude) than the incident wave, and the 

transmitted wave will have a greater amplitude than the incident wave. If αz is greater than 

1 (e.g., a profile with Vs reversals, where low Vs layers are in between higher Vs layers, or 

simply down-going waves propagating through a profile where Vs monotonically increases 

with depth), the incident wave is approaching a stiffer material in which the amplitude of 

the transmitted wave will be lower than that of the incident wave and the amplitude of the 

reflected wave will also be less than the incident wave while having a change in signs 

(Kramer, 1996). 

2.2.3 Site Response Methodologies (Equivalent-Linear versus Nonlinear Site 

Response Analysis) 

The EQL total stress approach, as programmed in 1D SRA codes (e.g., SHAKE) has been 

the principal method used to evaluate the influence of local site conditions on earthquake 

design ground motions. However, this type of analysis has limitations. “If sediments were 

perfectly elastic, their response would be independent of incident-wave amplitudes. As 

with any real material, however, sediments begin to yield at some level of strain, and this 

violation of Hooke's law will give rise to a nonlinear response” (Field et al., 1998). Thus, 

the EQL approach although computationally easy to use and implement, should be 
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regarded as an approximation to the nonlinear cyclic response of soils (Hashash and Park, 

2002). 

Discrepancies between nonlinear (NL) and EQL SRA are typically associated with large 

shear strains over some depth interval within the profile (Stewart et al., 2014). Some 

authors have found that NL analyses are required when shear strains exceed 0.5-1.0 % 

(Stewart et al., 2014) while other studies suggest a smaller threshold: 0.1-0.4% (e.g., 

Kaklamanos et al., 2013). The EQL methods of analysis are more efficient than NL 

analysis, not only because of their shorter computation times but also due to the required 

input parameters (e.g., damping versus shear strain curves is the only damping input 

required for EQL SRA, whereas NL approaches need a backbone stress - shear strain curve 

and unloading/reloading rules). Consequently, an issue often found in practice is whether 

EQL analyses are sufficiently accurate or whether more comprehensive NL analyses 

should be used (Stewart et al., 2014). 

A reasonable agreement between observed and predicted site response when using both, 

EQL and NL approaches in vertical arrays have been obtained by previous studies (e.g., 

Stewart et al., 2008; Kwok et al., 2008; Assimaki and Li 2012; and Kaklamanos et al., 

2013). However, such studies were usually conducted for conditions resulting in relatively 

modest shear strain values (e.g., firm soils and/or low intensity ground shaking). 

Differences between EQL and NL ground motion predictions can be more effectively 

elucidated when the analyses use relatively strong motions with the potential to induce 

large strains (Stewart et al., 2014).  

Other researchers have also provided insights on the relationships between EQL and NL 

SRA by comparing NL, EQL, and linear numerical evaluations of site responses with linear 
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empirical evaluations. For instance, Assimaki and Li (2012) found that the intensity of 

nonlinear effects at a given site during a specific ground motion is a function of Vs30, the 

amplitude at the fundamental resonance (i.e., both of which are site parameters), and the 

characteristics of the incident-motion parameter (e.g., peak ground velocity). Régnier et 

al., (2013), using a statistical analysis of empirical data from the Kiban-Kyoshin (KiK-net) 

Japanese database showed that, regardless of the site, the probability that there is a 

significant departure from linear site response is greater than 20% for PGA values recorded 

at the downhole station between 30 to 75 cm/s2. 

Model differences impacting site response estimations 

Time-invariant secant shear modulus (G) and damping (ξ) in each soil layer are used in 

EQL SRA. The EQL method assumes linear soil behavior to compute a closed form 

solution of the 1D differential wave equation in the frequency domain. Iterative 

calculations are performed so that the G and ξ used for each layer are compatible with the 

computed shear strain, γ. The EQL approximation can lead to errors. For example, large 

values of γ induced in the profile (e.g., by subjecting soft soils to strong ground shaking) 

produce high ξ levels which are applied over the duration of the entire ground motion; 

when in reality, those large values of ξ only occur during a limited time (i.e., with the 

arrival of the strongest S-waves) (Stewart et al., 2014).  

On the other hand, the NL site response approach is framed in the time domain where an 

input motion is propagated through the soil column of interest such that the soil properties 

can vary with time as the severity of shaking changes (Kottke, 2010; Stewart et al., 2014). 

The latter is only possible due to time-stepping algorithms used to solve the equation of 
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motion, which results in a more realistic representation of the soil nonlinear dynamic 

behavior, especially for high-intensity input motions (Kottke, 2010). 

The definition of the soil stress-strain behavior is also different within the NL SRA 

framework (Rodriguez-Marek, 2000). A backbone stress-strain curve and 

unloading/reloading rules (e.g., Masing rules) are used to define the hysteretic response of 

the soil subjected to cyclic loading. A commonly used backbone curve is the modified 

hyperbola proposed by Matasovic and Vucetic (1993), also known as the MKZ model. 

Nonlinear stress-strain models can be related to measured modulus reduction and damping 

curves (e.g., Darendeli, 2001; Menq, 2003) by converting the backbone curve (and its 

associated hysteresis loops at different strain levels) into equivalent G/Gmax (where Gmax is 

the maximum secant shear modulus) and ξ curves. This is typically required by NL SRA 

programs, such as DEEPSOIL (Hashash et al., 2015) and DMOD (Matasovic, 1992). 

Nonlinear fitting parameters are then chosen based on the best fit between the original and 

equivalent modulus reduction and damping curves (Kottke, 2010). An example is provided 

in Figure 2 (after Kottke, 2010) where damping curves from Darendeli (2001) model are 

compared with those resulting from the MKZ model. While a reasonable agreement is 

observed at smaller strains, the MKZ curve deviates from the empirical curve at larger 

strains. Kottke (2010) indicated that the cause for this common discrepancy with NL 

models was the shape of the modified hyperbolic stress-strain curve at large strains along 

with the implementation of the Masing rules to define the hysteresis loops. 

DEEPSOIL, which is a site response program capable of conducting NL SRA, solves the 

equation of motion by means of the Newmark β method in time domain (Hashash et al., 

2015). The model assumes an average acceleration within a time step which makes the 



 18 

method unconditionally stable (Chopra, 2007), and beneficial for multi-degree-of-freedom 

systems. However, numerical errors associated with the time step of the input motion may 

result in errors of the high-frequency response (Hashash et al., 2015), frequency shortening 

(i.e., amplification peaks at high frequencies shift towards lower frequencies) and 

amplitude decay (Chopra, 2007). 

In addition to the hysteretic damping that results from the application of Masing rules to a 

backbone curve, soils also have damping at very small strains, where Masing rules would 

predict near zero damping. Damping at low strains has been associated with viscous 

damping mechanisms in soils (Lanzo and Vucetic 1999). Low strain damping in NL 

formulations is generally modeled through Rayleigh damping formulations. Hashash and 

Park (2002) investigated the viscous damping formulation in NL SRA because it was found 

that it causes an underestimation of the site response at high frequencies for time domain 

methods. These authors proposed a new viscous damping formulation that represents more 

accurately the wave propagation for soil columns greater than 50 m thick and improves NL 

SRA at shorter periods. According to these authors, the use of this new formulation ensures 

that the computed ground motion response in time domain analysis is similar to that 

computed in the frequency domain when the soil behavior is linear. A frequency-

independent viscous damping matrix which reduces the over-damping at high frequencies 

was later proposed by Phillips and Hashash (2009). A reduction factor that modifies the 

extended Masing loading/unloading strain–stress relationship to match measured modulus 

reduction and damping curves simultaneously over a wide range of shear strains was also 

introduced (Phillips and Hashash, 2009).  
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Case studies comparing EQL and NL SRA 

Results from a survey conducted by Matasovic and Hashash (2012) showed that there was 

a consensus among practitioners regarding the conditions that required performing NL 

SRA (i.e., for shear strains larger than 1%). Ground motion intensity measures are typically 

used to evaluate the potential for soil nonlinearity (e.g., peak ground acceleration values 

above a certain threshold), disregarding the influence of material type on the dynamic 

behavior of soils. For instance, strain levels in soft soil deposits can be rather high even 

when subjected to low intensity ground motions (Kim et al., 2013). 

Kaklamanos et al., (2013) identified critical parameters that most significantly contribute 

to uncertainty in estimations of site response by performing linear and EQL SRA using the 

KiK-Net downhole array data in Japan. Thresholds for selecting among linear, EQL and 

NL SRA were provided with respect to the maximum shear strain in the soil profile, the 

observed peak ground acceleration at the ground surface, and the predominant spectral 

period of the surface ground motion. The aforementioned parameters were found to be the 

best predictors of conditions where the site response evaluated models become inaccurate 

(Kaklamanos et al., 2013). The peak shear strains beyond which linear analyses become 

inaccurate in predicting surface pseudospectral accelerations were found to be between 

0.01% and 0.1% for periods lower than 0.5 sec, whereas EQL SRA were deemed inaccurate 

at peak strains of approximately 0.4% within the same period range. 

Kim et al., (2013) computed the ratio of spectral acceleration values resulting from EQL 

and NL SRA (what they referred to as SaEL/SaNL) to develop a model for quantifying the 

differences between both approaches (for multiple periods). Site response simulations were 

conducted for 510 incident motions and 24 sites. Then, regressions of SaEL/SaNL against 
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several ground motion and site parameters were conducted to test their predictive 

capabilities. The estimated strain (γest), defined as the ratio of the peak ground velocity 

(PGV) and Vs30 provided the highest correlation with relative differences between SaEL and 

SaNL. Other important findings from this study are summarized below: 

 EQL and NL results are similar for all periods for γest ≤ 0.1%. Hence, it was 

the proposed threshold below which soil nonlinearity can be equally 

represented by the EQL and NL approaches. 

 EQL method can appropriately capture nonlinearity for long periods (i.e., T 

> 1 sec), regardless of the value of γest. 

 For γest > 0.4 %, the differences between spectral accelerations from EQL 

and NL methods become relevant. 

More recent work has replaced the outcomes from Kim et al., (2013) due to changes in 

now-preferred analysis protocols (i.e., Stewart et al., 2014) regarding the input motion 

selection process and specification of nonlinear soil properties. Kim et al. 2016 assessed 

the differences between EQL and NL models for a variety of site conditions and sets of 

input motions (i.e., using ground motions compatible with active crustal regions and stable 

continental regions). Site profiles and recorded ground motions from Western US (WUS) 

and Central and Eastern US (CEUS) were used to implement both approaches by means of 

the site response program DEEPSOIL (Hashash et al., 2015). 

Ratios of SaEL/SaNL were also computed and plotted against the shear strain index, Iγ (i.e., 

same as the estimated strain, γest, defined by Kim et al., 2013) to investigate trends in the 

observed mismatch between EQL and NL SRA. In WUS, EQL analyses provided higher 
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predictions of spectral accelerations at the frequencies considered for most of the Iγ values. 

At lower Iγ values, the SaEL/SaNL ratios were close to the unity for all frequencies but 

deviated from it for Iγ>0.1%. Results corresponding to the CEUS were generally similar to 

the ones obtained for WUS. Another important contribution from this study is the 

comparison of recommendations from previous studies in terms of thresholds at which 

EQL SRA are no longer reliable. Other important concluding remarks from this study 

included the following: 

 Near the resonant site frequency, EQL ordinates exceed NL due to EQL forming a 

stronger resonant response that is associated with the use of time-invariant soil 

properties. 

 At high frequencies, EQL ordinates are lower than NL due to EQL overdamping. 

These differences are more evident for Fourier amplitudes ratios than for spectral 

acceleration ratios. 

Recently published guidelines for performing hazard consistent SRA (Stewart et al., 2014) 

have also provided useful comparisons between EQL and NL site response methodologies. 

They presented case studies where low-to-moderate and high intensity motions were used 

to investigate differences in resulting spectral shapes from both types of analysis. For 

instance, EQL and NL spectral shapes at La Cienaga were found to be similar for an input 

motion that induced relatively low strains. However, spectral shapes differed significantly 

for the large amplitude synthetic motions. Stewart et al., (2014) noted that “for the large-

strain simulation, the spectral shapes at low periods (T< ∼0.2 sec) from EQL analyses are 

flatter and have less period-to-period fluctuations than those from NL analyses”. Such flat 

response was deemed to be an indicator of unreliable EQL site response results, after 
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comparisons with spectral values provided by Campbell and Bozorgnia (2008) GMPE (See 

Figure 3). According to Stewart et al., (2014), the observed features of EQL analysis result 

from large strains being associated with high damping that is applied across the complete 

ground motion duration. Hence, portions of the time series and the spectrum are 

overdamped by the implementation of the EQL approach. Varying soil properties with time 

(as the strength of shaking changes) helps NL procedures overcome this issue. 

Similar results were obtained by Kwok et al., (2008) in the blind prediction exercise 

conducted at the Turkey Flat vertical array in California. Spectral shapes resulting from 

EQL and NL analyses were found to be similar when using low intensity input motions. 

However, at stronger shaking levels and at periods below the site frequency, the spectral 

shapes from EQL analyses were flatter. This particular study compared six different site 

response programs; hence, useful insights were derived in terms of code-to-code 

variability. For example, they found that the results of the considered NL codes differed 

significantly from each other when using higher intensity input motions. More details on 

the reasons behind the mismatch observed for NL methods are provided in Kwok et al., 

(2008) and Stewart et al., (2008). 

Finally, research on the difference in amplitude and phase of the transfer functions derived 

from EQL and NL SRA have also been conducted in recent years (e.g., Kottke, 2010). 

According to Kottke (2010), the instantaneous change in stiffness that occurs upon stress 

reversal in NL methods cause a phase incoherence and large peaks in the amplitude of the 

TF at high frequencies. These effects, along with the frequency shortening and amplitude 

decay were found to occur at frequencies exceeding 10 Hz. An increase in the amplitude 

of the TF at high frequencies is expected to produce larger spectral accelerations over the 
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same frequency range, but “the phasing of these frequencies is incoherent such that they 

destructively interfere with one another” (Kottke, 2010). In contrast, the computed 

amplitude and phase at low frequencies (<10 Hz) were found to be similar for both 

approaches.  

2.3 Kappa 

2.3.1 Early Work on the Description of the Attenuation of Seismic Waves 

Seismic wave attenuation is an important topic for both, seismology and engineering. Its 

assessment constitutes the focus of various endeavors related to the prediction of ground 

motions, the differentiation of materials, and the evaluation of seismic hazards. There are 

four processes widely recognized to be responsible for the decrease of seismic wave 

amplitudes as they travel through the earth materials: geometric spreading, multipathing, 

scattering, and anelasticity. The latter is the only process where the kinetic energy of elastic 

wave motion is converted to heat due to permanent deformation of the medium (Stein and 

Wysession, 2003). The other processes can be thought of as elastic processes. Campbell 

(2010) and Ktenidou et al., (2013) also refer to the attenuation of seismic waves as a 

fractional loss of energy per cycle of harmonic oscillation and as the exponential decrease 

in wave amplitude in time or distance. 

Early papers by Knopoff and MacDonald (1958) and Futtermann (1962) introduced a 

seismic quality factor into the wave equation to account for anelastic loss during wave 

propagation. The seismic quality factor, represented by Q, is a dimensionless quantity that 

is inversely proportional to the attenuation of elastic wave energy. The definition of Q was 

built upon electrical circuit theory (Knopoff, 1964; Futterman, 1962) using the following 

expression: 
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2𝜋

𝑄
=

∆𝐸

𝐸
                                                (3) 

where E is the maximum energy stored in a certain volume during a cycle of harmonic 

oscillation and ΔE is the amount of energy dissipated in that same volume per cycle of 

harmonic excitation (Kramer, 1996; Barton, 2007; Knopoff, 1964; Futterman, 1962). 

Knopoff (1964) worked with homogeneous materials in the laboratory and in the field to 

evaluate if the effects of anelastic attenuation were the same everywhere in the earth 

interior. He found “hints of a fine structure of Q in the upper mantle” envisioning the 

existence of other kinds of site effects that needed to be captured, perhaps by a finer 

discretization of Q. 

The parameter Q is a dimensionless factor whose inverse represents a measure of the 

attenuation of seismic waves. This definition can be derived by looking into both, the 

expressions for the homogeneous solution of a single degree of freedom oscillator (for free 

vibrations):  

𝑥(𝑡) =  𝐴𝑜𝑒−𝜉𝜔𝑡𝑠𝑖𝑛 (𝑡𝜔(1 − 𝜉)
1

2)                                    (4) 

where ω is the angular frequency and Ao is the amplitude of the wave when t=0, and the 

formulations for anelastic attenuation (i.e., dispersive wave equation) as defined by 

Knopoff (1964) and Futterman (1962): 

     𝐴(𝜔) = 𝐴𝑜𝑒
−

𝜔𝑥

2𝑐𝑄                                                  (5) 

where ω is the frequency; x is the travel path length; c is the phase velocity of the wave 

and Ao is the wave amplitude at x=0. If we equate the terms that describe the decay of the 
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amplitude of the wave in each case, we obtain the widely known relationship between ξ 

and the Q: 

𝑒−𝜉𝜔𝑡 = 𝑒
−𝜔𝑥

2𝑐𝑄                                                      (6) 

Substituting the ratio of distance (x) and velocity (c) by the travel time of the wave (t):  

−𝜉𝜔𝑡 =  
−𝜔𝑡

2𝑄
                                                     (7) 

the relationship between material damping, ξ, and Q can be easily expressed by (Goodman, 

1988; Silva, 1997):  

𝜉 =
1

2𝑄
                                                             (8) 

Equations 3 and 8 are also consistent with the definition of material damping expressed in 

terms of the ratio between the energy dissipated per cycle and maximum stored energy per 

cycle (Kramer, 1996): 

𝜉 =
1

4𝜋

∆𝐸

𝐸
                                                    (9) 

In addition to anelastic loss, wave scattering and geometrical spreading contribute to the 

observed attenuation of seismic waves with distance from the source (and travel time). The 

effect of anelastic loss is often very difficult to experimentally isolate from scattering 

effects for high frequency waves of engineering interest. Thus, measured values of Q 

usually reflect components of both anelastic loss and scattering. Attempts to decouple the 

various attenuation mechanisms in Q have been conducted (e.g., Dainty, 1981; Chapman 

et al., 2008) but reliable measurements of Q and their interpretation are still challenging 

due to the limitations of testing procedures in the laboratory and in the field. Thus, the 

attenuation of seismic waves is a complex phenomenon precisely because of the difficulty 



 26 

in decoupling the effects of the multiple mechanisms responsible for the overall attenuation 

being observed or measured (Dainty, 1981; Barton, 2007; Assimaki et al., 2008). 

2.3.2 The Road to κ  

When developing his original stochastic method, Boore (1983) included a high-cut filter 

that accounted for the decay of the acceleration spectra in the higher frequencies; 

suggesting that the whole-path attenuation within the crust could not entirely explain the 

sharp decrease of the spectrum with increasing frequency (Boore, 1983; Campbell 2009; 

Ktenidou et al., 2013). Accordingly, besides the path attenuation term affected by Q, he 

added to his model the effect of fmax, which was the filter resulting from the attenuation 

near the recording site, as proposed by Hanks (1982). Even though there were other studies 

that suggested the high-cut filter was primarily a result of source effects (e.g., Papageorgiou 

and Aki, 1983), Boore indicated that his model only intended to show that the diminution 

of high frequency motions (D (f)) could be accounted for by a simple multiplicative filter 

(Boore, 2003): 

         𝐷(𝑓) = [1 + (
𝑓

𝑓𝑚𝑎𝑥
)

8

]
−

1

2

                                              (10) 

Additionally, in the early 1980s, κ’s predecessor, t*, was introduced by Cormier (1982) to 

represent the path-integrated effect of Q. Attenuation was defined based on the rate of high-

frequency spectral decay above the corner frequency. The parameter t* was derived from 

a similar expression to the exponential term used by Futterman (1962) and Knopoff (1964) 

(equation 5); but expected to represent not only intrinsic attenuation but also scattering 

effects: 
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𝑡∗ = ∫ 𝑄−1(𝑟)𝑉𝑠
−1(𝑟)𝑑𝑟

𝑝𝑎𝑡ℎ
= 𝜅                                    (11) 

where Vs is the shear wave velocity and r represents the distance traveled by the waves. A 

few years later, Anderson and Hough (1984) and Hough and Anderson (1988) introduced 

the widely-used spectral decay factor κ which is equivalent to t* in equation 11. Anderson 

and Hough (1984) assumed a frequency-independent seismic quality factor and defined κ 

as the slope of the acceleration Fourier amplitude spectrum over a subjectively chosen 

range of frequencies (where the decay of the spectrum can be considered linear). Thus, κ 

is not a material property, but an observable parameter that quantifies total path frequency 

dependent attenuation. The assumption of a frequency-independent Q has created a lot of 

controversy in the literature. However, it is not the purpose of this study to validate any of 

the theories that try to explain the behavior of Q over a certain range of frequencies (e.g., 

Knopoff, 1964; Dainty, 1981; Cormier, 1982; Anderson and Hough, 1984; Barton, 2007; 

Chapman et al., 2008), but to briefly present the rationale behind them.    

Knopoff (1964) based his work on laboratory tests on nonmetals, metals, rocks (i.e., all 

relatively homogeneous seismic media) and a few field measurements. He found that a 

frequency independent Q was a valid assumption for most solids. On the contrary, two 

decades later, the scattering model developed by Dainty (1981) was able to capture the 

effect of the heterogeneities within the earth materials. Consequently, Dainty’s model 

included a frequency-dependent component of Q corresponding to the scattering effects. 

Likewise, Cormier (1982) found a frequency dependency of Q from spectral studies of 

attenuation. Anderson and Hough (1984) explicitly expressed the need for their model to 

show consistency with other studies that indicated a potential frequency dependency of Q 

at the time (e.g., Dainty, 1981). Acknowledging that their analysis could not possibly allow 
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for the detection of a frequency dependency on Q, if any, Anderson and Hough (1984) 

commented on the implications of such hypothesis on their model: first, if Q were 

frequency dependent, their method would only account for the intrinsic or anelastic 

attenuation. Secondly, if only the attenuation in the shallow crust (i.e., depths not greater 

than five km) was found to be frequency independent, then t* would be almost the same as 

κ.  

More recent studies still reflect the same controversy around this topic. For instance, Barton 

(2007) indicated that the frequency dependency of Q can be explained by the range of 

scales in which the different attenuation mechanisms act upon. On the one hand, in the 

presence of micro cracks, joints and water saturation, the attenuation is likely to increase 

due to the inertial forces of the fluids in the joints and due to scattering (Barton, 2007). On 

the other hand, there are other researchers that believe that Q might be frequency 

independent for the frequency range of engineering concern (Chapman et al., 2008; 

Campbell, 2009).  

Considering that the path term based on Q does not completely account for the observed 

attenuation of high frequencies (Boore, 1983, and 2003), the investigation of other 

parameters such as κ has become more attractive. Even though Boore (2003) included κ in 

his stochastic model to account for the path-independent loss of high-frequency in ground 

motions, he did not particularly support any of the theories that tries to explain the origins 

of such parameter (e.g., Papageorgiou and Aki, 1983; Hanks, 1982; Anderson and Hough, 

1984). The usefulness of κ has also been found in its superior fit to strong motion data 

(Campbell, 2009) and because it has become a key input parameter to create and calibrate 

GMPEs for regions lacking a comprehensive catalog of strong ground motions. The latter 
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application is particularly relevant to establish theoretical constraints to extrapolations 

made in regions with insufficient data.  

While κ can be measured directly, it cannot be interpreted without some knowledge of the 

velocity and Q (damping) structure, along the path between source and receiver (as 

expressed in equation 11). In other words, to make use of the information contained in 

measurements of κ, it is required to translate (actually, mathematically invert) such 

measurements into a velocity and Q (or damping) versus depth model of the Earth at a site 

of engineering interest. 

2.3.3 Methodologies to Compute κ 

The high-frequency decay parameter κ was first introduced by Anderson and Hough (1984) 

as a site and distance dependent parameter. It can be determined empirically by computing 

the slope of the decay portion of the Fourier amplitude spectrum (FAS) corresponding to a 

particular ground motion recording (Figure 4b): 

A(f)=Ao e-π κ f      for f > fE              (12) 

where Ao is a source-and path-dependent parameter, 𝑓𝐸 is the frequency above which the 

spectral decay of log A(f) versus frequency can be considered approximately linear, and κ 

is the spectral decay parameter. More than three decades after being introduced to the 

scientific community, κ has proven to be a useful parameter not only in the prediction of 

ground motions (e.g., used as a high-frequency filter in stochastic models for the generation 

of synthetic motions) but also as a key parameter to make host-to-target adjustments to 

ground motion prediction models (GMPEs) (Campbell, 2009; Ktenidou et al., 2014; Al 
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Atik et al., 2014). Comprehensive descriptions of the origins of κ and the existent 

methodologies to compute it can be found in Campbell (2009) and Ktenidou et al. (2014). 

The parameter κ can be partitioned into a distance-independent component and a distance-

dependent component. The former is known as the site-specific kappa (κ0) and captures the 

attenuation of seismic waves as they travel through shallower material (Ktenidou et al., 

2014): 

κ𝑟 = κ0 + κR ∗ R                                (13) 

where R refers to the distance from the source to the station where the ground motion was 

recorded, κR reflects the attenuation of horizontally polarized shear waves as they 

propagate through the crust, and κ0 can be obtained by extrapolating the κr trend to zero 

epicentral distance (i.e., for R = 0). An example of the computation of κ0 and κr is illustrated 

in Figure 4a. It allows for the visualization of the relationship between individual 

estimations of κ for different recordings at the same station (i.e., blue circles) and the linear 

regression (red line) based on equation 4 which leads to the estimation of κ0. It is important 

to note that equation 3 is only valid under the assumption that the quality factor (Q), which 

represents regional attenuation, is frequency-independent (Anderson and Hough, 1984; 

Ktenidou et al., 2013). 

Most current studies consider κ0 as a parameter predominantly controlled by site conditions 

(i.e., surficial geology) while having variable influence from the source and the path 

depending on the region under study (Van Houtte et al., 2011, Ktenidou et al., 2014). 

Estimates of κ0 can be further subdivided if the contributions of the near-surface materials 

and the base rock are considered separately in the characterization of the attenuation 

directly below the site. The contribution of the intrinsic material damping within the rock 
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mass can be represented by κbedrock, whereas the low strain hysteresis damping of the 

shallower strata can be denoted as κprofile (L. Al Atik, 2014, personal communication): 

 κ0 =  κprofile + κbedrock           (14) 

Other methodologies to compute κ0 values or estimate them based on other site parameters 

such as Vs30 have populated the literature recently (e.g., Silva and Darragh, 1995; Chandler 

et al. 2006; Drouet et al., 2010; Van Houtte et al., 2011). Consequently, as suggested by 

Ktenidou et al. (2014), it is necessary to understand the differences among the resulting κ0 

values from each method before using them for SRA purposes. For instance, Drouet et al. 

(2010) measured a site-specific (i.e., independent of distance) κ value directly on the high 

frequency portion (i.e., frequencies higher than 10 Hz) of a site’s TF. Source-path-site 

inversions using weak to moderate earthquakes recorded by the French Accelerometric 

Network were used to estimate the TF at 76 stations. Values of κ0 derived from this 

methodology are called κ0_TF (Ktenidou et al., 2014). Laurendeau et al., (2013) related κ to 

the spectral shape of the normalized response spectrum. This method uses stochastically 

generated acceleration response spectra (where κ0 is one of the point-source seismological 

model input parameters and is applied to the entire frequency range) coupled with the site 

amplification computed from the site profile. These authors computed κ0_RESP as a function 

of the frequency corresponding to the maximum response spectral acceleration (famp1).  
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Table 1: Main properties of reference rock sites. 

 

 

 

Table 2: Influence of αz on the wave amplitudes (after Kramer, 1996). Ai refers to the 

displacement amplitude of the incident wave. 

 

Reference Definition of Reference Rock Conditions

National Earthquake Hazard Reduction Program 

(NEHRP) (Building Seismic Safety Council, 2000)

Vs30 > 760 m/s - rock sites                                         

Vs30 > 1500 m/s - very hard rock sites

European Regulations (Eurocode 8, 2004) Vs30 > 800 m/s - rock sites                       

Japanese regulations (Japan Road Association, 

1980, 1990)
Vs30 > 600 m/s - rock sites                       

Recommendation from Cadet et al. (2010)
750 < Vs30 < 850 m/s and f 0 > 8 Hz - "standard 

reference rock site"                       

Boore and Joyner (1997) generic rock sites

Vs30 > 620 m/s and κ0 = 0.04 sec - rock sites              

(mostly in western North America)                                               

Vs30 > 2000 m/s and κ0 < 0.01 sec - very hard rock 

sites  (mostly in eastern North America)

Chilean regulations (DS. No. 61, 2011)
Vs30 > 500 m/s - soft rock or fractured rock             

Vs30 > 900 m/s - rock sites, cemented soils                                         

Hashash et al. (2014)
2700 m/s < Vs < 3300 m/s and κ0 = 0.006 sec                

(for Central and Eastern North America)

Impedance Ratio

αz Incident Reflected Transmitted

0 Ai Ai 2Ai

0.25 Ai 3Ai/5 8Ai/5

0.5 Ai Ai/3 4Ai/3

1 Ai 0 Ai

2 Ai (-) Ai/3 2Ai/3

4 Ai (-) 3Ai/5 2Ai/5

infinite Ai (-) Ai 0

Wave Amplitudes
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Figure 1: Site amplifications from FR and SRI methods for a one-layer 

undamped site model (after Boore, 2013). 

 

 
Figure 2: Differences in damping curves as obtained from Darendeli (2001) and MKZ 

models (modified after Kottke, 2010). 
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Figure 3: Comparison of estimated response spectra at La Cienaga site when conducting 

equivalent-linear and nonlinear site response analyses for a small and a large magnitude 

earthquakes (adapted from Stewart et al., 2014). 

 

Figure 4: (a) κr versus epicentral distance, and (b) Individual measure of κ in the 

Fourier Amplitude Spectrum (modified after Ktenidou et al., 2013). The slope of the 

dashed line in (4b) is -π*κ. 
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CHAPTER THREE 

 

ESTIMATION OF KAPPA (κ)-CONSISTENT DAMPING 

VALUES AT KIK-NET SITES TO ASSESS THE 

DISCREPANCY BETWEEN LABORATORY-BASED 

DAMPING MODELS AND OBSERVED ATTENUATION 

(OF SEISMIC WAVES) IN THE FIELD 

 

Abstract 

 In this paper we use selected stations from the KiK-net database to compare field estimates 

of the attenuation of seismic waves, through measurements of site-specific κ (i.e., κ0), with 

laboratory-based values of minimum shear strain damping (ξmin). Combined models of κ0 

and ξmin are proposed and found to provide an upper limit for low-strain damping profiles 

when compared to laboratory-based models used in geotechnical site response analysis. 

The latter can only quantify intrinsic material damping. Other attenuation mechanisms, 

such as scattering of the wavefield, are impossible to capture when testing small-scale 

samples. In addition, we evaluate the difference in damping at the surface and at borehole 

stations to determine the contribution of shallow layers to attenuation as captured by κ0 

values at the surface of the study sites. Thus, values of κ0 are computed at the surface and 

at the downhole instrument depth, and their difference, Δκ, is found to correlate well with 

the averaged shear wave velocity (Vs) over the top 30 m of the profile, Vs30, and also with 

the depth to bedrock. Estimates of κ0 for hard rock and stiff sites in Japan are also examined 
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and compared to other regional κ0 values proposed for high Vs30 materials in New Zealand, 

Greece, and Switzerland. Two values of κ0 are deemed potential descriptors of hard rock 

conditions in Japan, and both values are lower than the corresponding estimates for the 

other regions. 

3.1 Introduction 

The main purpose of this study is to determine kappa (κ)-consistent damping values at 

selected stations from the Japanese database, KiK-net (NIED, 1996) and evaluate potential 

inconsistencies between field estimates of attenuation of seismic waves and laboratory-

based damping models. Our second objective is to assess the contribution of shallow layers 

to attenuation, as captured by site-specific kappa (κ0) values at the surface, by quantifying 

the difference in damping estimates at surface and downhole recording stations. 

Attenuation of seismic waves is considered a topic of major interest in both, seismology 

and engineering. It plays a key role in studies on the simulation of ground motions (e.g., 

Boore, 2003), seismic hazard assessment (e.g., Rodriguez-Marek et al., 2014; SSHAC 

1997), adjustment of ground motion prediction equations (GMPEs) (e.g., Al Atik et al., 

2014; Laurendeau et al., 2013; Cotton et al., 2006) and site response analysis (e.g., Stewart 

et al., 2014; Rathje et al., 2010). 

Different parameters can be used as measures of seismic attenuation; some of them can be 

obtained empirically while others are derived mathematically. The seismic quality factor, 

Q (Knopoff, 1964), and the high-frequency spectral decay parameter, κ (Anderson and 

Hough, 1984) are more common in engineering seismology. Material damping, ξ, is 

customarily used in geotechnical and structural engineering. The concept of κ was 

originally introduced by Anderson and Hough (1984) as a site and distance dependent low-
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pass filter. It was based on the observation that in log-linear space, the acceleration Fourier 

amplitude spectrum (FAS) can be assumed to decay linearly for high frequencies above a 

certain value. The zero-distance intercept of κ is known as site-specific κ or κ0. Most recent 

studies identify it as “an observed site characteristic” (Edwards et al., 2015) because it 

captures the attenuation of seismic waves as they travel vertically through the subsurface 

geological structure underneath the site (Anderson & Hough, 1984). Estimates of ξ are 

usually expressed in terms of the ratio between the energy dissipated per cycle and 

maximum stored energy per cycle (Kramer, 1996). Both, Q and ξ are comparable 

fundamental material properties, whereas κ is a measure of total path attenuation. The latter 

can be measured directly from linear ground motions recorded in the field. The value of ξ 

is strain dependent and results from geotechnical damping models developed empirically 

in the laboratory. Only intrinsic material damping can be captured when testing small-scale 

soil elements in the laboratory. This means that other sources of attenuation (e.g., scattering 

effects, geometric spreading and multipathing) cannot be quantified. Additionally, sample 

disturbance may affect stress-strain loops obtained in the laboratory (Stewart et al., 2014).  

A few recent studies have provided evidence that laboratory-based damping cannot capture 

the more complex energy dissipation phenomena involved in seismic wave propagation as 

it occurs in the field (Stewart et al., 2014). Afshari and Stewart (2015), Tsai and Hashash 

(2009) and Elgamal et al. (2001) used vertical array data from California and Taiwan to 

show that higher damping was observed in the field when compared to laboratory 

estimates. Yee et al. (2013) evaluated data from a vertical array in Japan using relatively 

weak ground motions, and found that the minimum shear strain damping (ξmin) should be 

increased by 2% to 5% for site response results to agree with field observations. Combining 
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geotechnical and seismological attenuation descriptors can provide insights on the portion 

of the attenuation being ignored when only relying on dynamic laboratory testing. 

Integrating knowledge from different ways of characterizing attenuation may prove to be 

a key step towards obtaining better predictions of site response, improved evaluations of 

site-specific seismic hazards and potentially more stable GMPEs (Ktenidou et al., 2015). 

Ktenidou et al. (2015) and Afshari and Stewart (2015) explored alternatives to combine κ0 

estimates (from direct measurements of linear surface ground motions and relationships 

with Vs, respectively) and ξmin values. While these studies provided examples of how to 

combine κ and ξ, their work was based on rather small databases which still leaves the 

critical need for more accurate estimations of damping unresolved. In fact, Stewart et al. 

(2014) cautioned that further analysis of weak motion data on vertical arrays is still 

necessary. This study utilizes a large database to investigate how much attenuation should 

be added to laboratory-based damping models (i.e., Δξmin), so that a better compatibility 

with the field attenuation is achieved.  

The second objective of this study is to assess the contribution of shallow layers to the 

measured κ0 values at the surface. Recent studies refer to the depth of influence of κ0 rather 

vaguely because there is still a need to elucidate the actual portion of the profile beneath 

the site that contributes to κ0. The weak correlation between κ0 and the time-averaged shear 

wave velocity (Vs) over the top 30 m of the profile (Vs30) found by several authors (e.g., 

Silva et al., 1998; Chandler et al., 2006; Edwards et al., 2011; Van Houtte et al., 2011; 

Poggi et al., 2013) hints that κ0, although linked to the attenuation of shallower layers, may 

have a deeper origin. Ktenidou et al. (2015) found equally strong correlations of κ0 with 

shallow geology (i.e., upper 30 m.) and the deeper geologic structure (down to 400m.). 
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These authors proposed a new conceptual model for κ0-Vs dependence where a minimum 

value of κ0, corresponding to high Vs values, is associated with a regional characteristic of 

the rock. Earlier studies (e.g., Campbell, (2009), Van Houtte et al., (2011) and Ktenidou et 

al., (2013)) have also suggested a deeper origin for κ0, implying that it may be affected not 

only by near-surface materials down to a few hundreds of meters but geologic formations 

as deep as a few kilometers. The current study adds to the aforementioned efforts by 

investigating how intrinsic damping within the rock mass and the attenuation in near-

surface deposits contribute to the overall attenuation as characterized by κ0 values at the 

surface. This paper presents a description of the database and selected study sites, along 

with the method implemented to compute κ0 and ξmin values. The comparison of alternative 

combinations of κ, Q and ξ is then provided; followed by the discussion of results and 

insights on the discrepancy between field estimates of attenuation and laboratory-based 

damping models. 

3.2 Database and Study Sites 

In this study we use the Kiban-Kyoshin network (KiK-net), which has collected a large 

database of unprecedented volume and quality (Van Houtte et al., 2011) that offers a unique 

coverage of Japan. The use of a large database is deemed necessary to avoid bias in κ 

estimates (Edwards et al., 2015). The KiK-net database is composed of 660 pairs of 

surface-downhole recording stations located on weathered rock sites or on shallow 

sediment deposits (Aoi et al., 2004; Fujiwara et al., 2004). The sensor located at depth is 

typically between 100 m to 200 m below the surface, but some stations have downhole 

instruments positioned at a depth of 2000 m (Fujiwara et al., 2004). Also, Vs data (from 



 49 

downhole logging) and boring logs are available for most stations at the KiK-net database 

website (kyoshin.bosai.go.jp). 

Each ground motion recording in the database was systematically processed using an 

automated protocol thoroughly described in Dawood et al. (2016), which complies with 

recommendations on record processing by Ktenidou et al. (2013) (e.g., baseline correction 

and adequate noise windows). Then, appropriate records for κ calculations are selected 

based on recommendations also presented by Ktenidou et al. (2013): shallow crustal 

seismic events (which were identified by means of Garcia et al. (2012) method) that do not 

trigger nonlinear behavior and for which the assumption of a unique and frequency-

independent Q could be valid. The ability to trigger nonlinearity has been typically defined 

in κ studies by setting thresholds to peak ground acceleration (PGA) values (e.g., PGA<10 

cm/sec2, Ktenidou et al., 2013). However, there is no consensus in the literature regarding 

what defines weak motions for κ calculations. In this study, shear strain index values (Iγ, 

defined as the ratio of the peak ground velocity (PGV) and Vs30 of the site profile (Chandra 

et al., 2014; Chandra et al., 2016; Kim et al., 2016) are used. Recent studies on the nonlinear 

dynamic behavior of soils and methods for site response analysis (e.g., Kim et al., 2013; 

Kim et al., 2016; Stewart et al., 2014; Gueguen, 2015) have indicated that Iγ has a stronger 

correlation to the significance of nonlinearity, than other parameters such as PGA. Thus, 

only ground motions with Iγ values lower than 0.1% have been selected. Ktenidou et al. 

(2012) indicated that event-station azimuths were not found to affect κ estimations in their 

study. However, we consider source-to-site paths for all records in our database because 

Japan has zones with different regional attenuation characteristics (i.e., different Q values; 

Pei et al., 2009 and Nakano et al., 2015). A tomography study from Pei et al. (2009) 
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indicated that low Q values were more common in the central Japanese islands and 

correlated with the volcano distribution in that region. Likewise, high Q values were 

identified between the front of Japan’s volcanic belt and their east coast. Results from 

Nakano et al. (2015), although more detailed, were in agreement with the aforementioned 

findings. Thus, source-to-site paths are used in the current study to filter out ground 

motions whose ray paths may have crossed the Japanese volcanic belt. In addition, only 

ground motions with epicentral distances lower than 150 km were selected in order to avoid 

capturing multiple ray paths. Finally, only recording stations with thirty or more suitable 

ground motions were deemed appropriate to estimate κ0 values. The implementation of the 

aforementioned criteria resulted in 94 appropriate sites for this study. 

3.3 Methodology 

3.3.1 Estimation of κ0 

The traditional approach originally introduced by Anderson and Hough (1984) is 

implemented in this study to compute individual κ values for all suitable records at the 

selected sites. These individual κ values measured on the acceleration spectrum (AS) are 

referred to as κr_AS, according to the taxonomy of existing approaches to estimate κ 

proposed by Ktenidou et al. (2014).  

The linear trend of the amplitude decay on the high-frequency portion of the acceleration 

FAS in a log-linear space is computed using a robust linear regression for each horizontal 

component. The slope of this line is equal to – π κr_AS. In this study, Ktenidou et al. (2013) 

recommended practices to yield more consistent κr_AS values are followed. The frequency 

range, f1 to f2, over which κr_AS is measured is selected by visual inspection, ensuring that 
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f1 lies above the corresponding corner frequency (fc). Estimates of fc values were obtained 

from correlations to seismic moment (Brune, 1970, 1971): 

𝑓𝑐 = 4.9𝑥104𝛽 (
∆𝜎

𝑀0
)

1

3
                                                   (1)                            

where fc is in Hz, β is the Vs in the vicinity of the source (in km/s), Δσ is the stress drop in 

MPa, and M0 is the seismic moment in N.m. Estimates of β for sources in Japan can be 

found in Pei et al. (2009), while estimates of Δσ are presented in Nakano et al. (2015). 

When picking f1, available empirical transfer functions for KiK-net stations (Régnier, 

2013) are also used to avoid resonant peaks resulting from site effects at the selected 

stations. These peaks can introduce bias in κr_AS estimates (Parolai and Bindi, 2004). 

Values of f2 are selected within a frequency band where the instrument’s response is 

considered to be flat, so that it has no influence on κr_AS calculations. According to 

Kinoshita, (1998) and Fujiwara et al. (2004), KiK-net instrument’s response can be 

compared to that of a three-pole Butterworth filter with a cutoff frequency of 30 Hz. Hence, 

the analysis should be restricted to frequencies below 30 Hz (Laurendeau et al., 2013). 

Signal to noise ratios greater than 3 are also considered when selecting f2, as well as a 

minimum Δf (i.e., f1 - f2 range) of 10 Hz to ensure robustness of the regressions. Other 

studies have set similar constraints to Δf (e.g., Ktenidou et al., 2013; Van Houtte et al., 

2014 and Edwards et al., 2015). The selected frequency range in each case varies according 

to the event’s magnitude, empirical transfer function at the site, noise level and spectral 

shape (Ktenidou et al., 2015), but on average, our κr_AS values are measured within the 11 

Hz – 25 Hz frequency band. Additional performance criteria have customarily been used 

in other κ studies. For example, Ktenidou et al. (2013) recommended to report and use 
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average values of κr_AS measured on two horizontal components only when the difference 

between individual values is lower than 20%. This criterion is adopted in our study.  

We use the whole FAS instead of only selecting the corresponding S-wave window to 

compute κr_AS. Douglas et al. (2010) showed that manual picking of the arrival of P- and 

S-waves might add such a degree of uncertainty to the κr_AS calculations, that it is preferred 

to use the whole spectrum instead. Furthermore, negative κr_AS values, if apparent from the 

data, are not rejected.  Estimates of κ0 at the surface (i.e., κ0_surf) and at depth (i.e., κ0_down) 

are obtained by linearly regressing the individual κr_AS values with epicentral distance at 

each station. This constitutes the original model proposed by Anderson and Hough (1984), 

which assumes a unique and frequency-independent Q: 

   𝜅𝑟_𝐴𝑆 = 𝜅0 + 𝜅𝑅 ∗ 𝑅                                                  (2) 

κr_AS is in units of time, R is the epicentral distance, κR reflects the attenuation of shear 

waves as they propagate through the crust, and κ0 is obtained by extrapolating the κR trend 

to zero epicentral distance. Regional attenuation is represented by the slope of equation 2, 

(Ktenidou et al., 2013 and 2015; Edwards et al., 2015). Hence, we constrain it to be the 

same for surface and borehole stations at the same site. This approach provides robustness 

to the regressions and reflects a more consistent physical interpretation (Douglas et al., 

2010; Ktenidou et al., 2013). The constant difference across epicentral distances between 

the linear model fitting surface data and the one corresponding to borehole data will be 

hereafter referred to as Δκ (Figure 1a). 

Additionally, the geographic location of the selected stations is used to identify sites that 

may share the same regional attenuation characteristics. The latter is based on independent 

studies of Q values in Japan, such as Pei et al. (2009) and Nakano et al. (2015). Specifically, 
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Figure 2 in Pei et al. (2009) has been used to group stations with the same Q values in 

clusters. Values of κ0_surf and κ0_down are then estimated for these clusters, by constraining 

the slopes of all the corresponding surface and borehole regressions of stations in that 

cluster, to be the same (Figure 1b). This approach allows for the comparison of our 

estimates of regional attenuation (i.e., κR per cluster) with values in the literature for the 

same region. When calculating κ0_down, we ignore the effects of downgoing waves resulting 

from potential strong reflections from above the borehole instrument location. 

3.3.2 Towards More Robust Estimates of κ0 

A protocol to categorize stations according to the quality of their data is proposed as a 

simple procedure to filter out sites that may obscure true trends in the attenuation 

characteristics of a given region. The protocol accounts for three key steps in κr_AS 

calculations, which are responsible for adding significant uncertainty to the ultimate 

results: (1) selection of f1 and f2, (2) consistency between components, and (3) number of 

records available per regression. The selection of the frequency range to measure individual 

κr_AS values is related to the spectral shape of records. Recordings having a sharp amplitude 

decay over a short frequency range (sometimes linked to site effects) or without a linear 

decay at high frequencies (e.g., having a flat response or resulting in a negative kappa) 

make it harder to select f1 and f2 unambiguously. This in turns, adds uncertainty and 

variability to the resulting κr_AS. Edwards et al. (2015) provides a detailed study on the 

selection of an appropriate frequency range for κr_AS calculations. We introduce the concept 

of the consistency ratio, c, as a measure of how many κr_AS values were measured 

consistently in both horizontal components. Thus, it is the ratio of the number of final 

recordings with a difference lower than 20% between horizontal components, and the 
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original number of available ground motions for estimating κr_AS. The former is selected 

as the minimum value between surface and borehole records at the site of interest. 

Sometimes, only surface records would have issues, but because we are fixing the slope of 

the regression based on data from both, surface and downhole instruments, reporting poor 

quality data at any depth is necessary. The value of c does not depend on Vs30 and it is not 

biased by the mean value of Δκ. Finally, the actual number of records utilized for the linear 

regression (equation 2) is used as a measure of how robust the model is. A description of 

these components and their role within the proposed categorization scheme is shown in 

Table 1. In this study, we only use stations ranked 1 and 2, which reduces our original 

dataset of 94 sites to 60.  

3.3.3 Estimation of κ0 for the Sedimentary Column 

Campbell (2009) proposed a modification of a relationship originally introduced by Hough 

and Anderson (1988), and later used by Chapman et al. (2003), to relate spectral decay 

parameters to Q structure. While Hough and Anderson (1988) integrated the Q effects over 

the whole ray path (analogously to κ’s predecessor, t*, proposed by Cormier (1982)), 

Campbell (2009) suggested to isolate the contribution to κ0 due to the sediments: 

𝜅0 = ∫
1

𝑄𝑒𝑓(𝑧)𝑉𝑠(𝑧)
𝑑𝑧

𝐻

0
                                                     (3) 

where Qef (z) is the effective seismic quality factor at a depth z within the sedimentary 

column, and it is assumed to be independent of frequency (which is a basic assumption in 

equivalent linear site response analysis as well). Vs (z) is the shear wave velocity at a depth 

z within the profile, and H is the total depth of the profile of interest Hough and Anderson 

(1988) indicated that their relationship between κ and Q only considered the frequency-

independent contribution to Q (which they referred to as Qi), instead of the total Q. The 
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latter was defined by Dainty (1981) as the contribution of both, frequency-independent and 

frequency-dependent attenuation mechanisms. Campbell (2009) presents a summary of 

previous studies that provide evidence to the validity of assuming frequency-independent 

Q values in sediments. In this study, we do not examine whether attenuation in sediments 

is frequency-independent or not, because any frequency-dependent attenuation effects that 

might take place in situ are not accounted for when implementing equation 3 (Campbell, 

2009).  

If a finer discretization of Q values near the surface is considered (Knopoff, 1964), and 

assumed to be frequency-independent, Q can be directly related to soil damping (Goodman, 

1988; Silva, 1997): 

𝑄 =  
1

2𝜉
                                                             (4) 

where, ξ is the damping ratio in decimal units. Equation 4 can also be used to establish a 

relationship between material damping as defined in geotechnical engineering and κ0 

values (Silva, 1997; Ktenidou et al., 2015; Afshari and Stewart, 2015). We use equations 

3 and 4 to compute κ0 values corresponding to the profile at the selected sites from the 

surface down to the downhole instrument depth, which we hereafter refer to as κdamping. 

Because κ0 is related to the low deformations, elastic regime only, ξmin from geotechnical 

damping models are used when estimating κdamping values.  

The information available to us for the site profiles at KiK-net stations did not allow for a 

precise definition of the ξmin corresponding to the soils in situ. Hence, we use a variety of 

soil properties (e.g., different values of the plasticity index, PI, and the over-consolidation 

ratio, OCR for clays, as well as the coefficient of uniformity, cu and the grain diameter 

corresponding to 50% passing by weight, D50 for sands) to predict a reasonable range of 
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ξmin using Darendeli (2001) and Menq (2003) models at each site. A binary classification 

system is used to differentiate soil materials from rocks based on their reported Vs value 

on the KiK-net database website. Two classification schemes for rocks are implemented 

(i.e., materials with Vs ≥ 500 m/s and Vs ≥ 800 m/s (after Cadet et al., 2010)). Darendeli 

(2001) and Menq (2003) formulations of ξmin are assigned to materials classified as soils, 

while two different models are used for rocks: (a) a constant ξmin=0.33% (which is similar 

to the ξmin proposed by EPRI (1993) curves for the 150 m to 300 m depth range), and (b) 

Darendeli (2001) model for PI=0% and OCR=1.  

3.3.4 Relationship between Δκ, κdamping, and ξmin 

Campbell (2009) postulated that the value of κ0 can be partitioned such that the 

contributions of the sedimentary column and the underlying rock mass are accounted for 

independently. The basis for his postulation was the strong correlation found between κ0 

and the thickness of sediments in eastern North America (ENA). This partition is useful in 

hazard analyses. For example, when applying host-to-target conversions in GMPEs, the 

reference rock must be characterized by both its Vs30 and its κ0 values (Laurendeau et al., 

2013; Al Atik et al., 2014; Ktenidou et al., 2015). Similarly, input motions for site response 

analyses should also be selected with consideration of the rock κ0 values (Ktenidou et al., 

2015; Cabas and Rodriguez-Marek, 2016). 

In this study, we use Δκ values obtained from the linear regression of measured κr_AS at the 

surface and at depth (hereafter referred to as Δκmeas) to quantify the contribution to overall 

attenuation from the strata between the ground surface and the depth of the downhole 

sensor. Hence, we compare Δκmeas values with estimates of κdamping obtained by assuming 

different models for ξmin as described in the previous section. 
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3.3.5 Combining κ, Q, and ξ  

Afshari and Stewart (2015) showed that laboratory-based damping values were lower than 

ξmin estimates derived from κ0. However, only estimates of κ0 (from Campbell (2009) and 

a Vs30-κ0 relationship by Van Houtte et al. (2011)) were used instead of direct 

measurements on actual recordings. Ktenidou et al. (2015) used measured κ0 values in the 

EUROSEISTEST network, to compare them with predicted κ0 values at the surface. Field 

measurements of Q in shallow layers were also used in their study. Predicted κ0 values at 

the surface resulted from adding the contribution of the shallow layers, obtained in a similar 

fashion to equation 3, to the measured κ0 at downhole depth. These authors also showed 

discrepancies between κ0 values based on ξmin and the measured difference of κ0 at the 

surface and at depth (which is equivalent to our definition of Δκmeas). However, 

comparisons between their measured and predicted κ0 values were only conducted for two 

stations.  The study presented herein, not only investigates alternative models that combine 

κ, Q and ξ, but also overcomes limitations in previous studies by using a larger database 

with available surface and downhole data that allows direct measurement of κ0 values. 

Two functional forms for estimating new ξmin values are used: 

(𝜉𝑚𝑖𝑛 )𝑛𝑒𝑤 =  𝜓 ∗ (𝜉𝑚𝑖𝑛)𝑙𝑎𝑏                                               (5a) 

(𝜉𝑚𝑖𝑛 )𝑛𝑒𝑤 = (𝜉𝑚𝑖𝑛)𝑙𝑎𝑏 + 𝛥𝜉𝑚𝑖𝑛                                          (5b) 

where ψ, hereafter referred to as the correction factor, is defined as the ratio of Δκmeas and 

κdamping, while Δξmin results from the following models based on Δκmeas, κdamping, and Q-Vs 

relationships: 

𝛥𝜅𝑚𝑒𝑎𝑠 = ∫
2∗((𝜉𝑚𝑖𝑛)𝑙𝑎𝑏(𝑧)+∆𝜉𝑚𝑖𝑛(𝑧))

100

1

𝑉𝑠(𝑧)
𝑑𝑧

𝐻

0
                                         (6) 
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where H refers to the depth of the profile of interest (in this case, the portion of the profile 

from the ground surface down to the depth of the downhole instrument).The maximum 

likelihood method is used to constrain the values of the free parameters in equation 6. 

Accurate estimates of ξmin for the KiK-net stations are not available. Hence, minimum and 

maximum ξmin values from laboratory-based damping models and different soil and rock 

properties, as described in previous sections, are used in equation 6 to capture a range for 

Δξmin values. Two approaches to compute Δξmin values following equation 6 are also tested; 

one considering a depth-independent Δξmin and another assuming Vs-dependent Δξmin. The 

latter is based on the functional form derived by Afshari and Stewart (2015): 

∆𝜉𝑚𝑖𝑛 = 𝑑0 (
𝑉𝑠

200
)

−0.3

                                                (7) 

where d0 is a constant obtained from the regression and Vs is the shear wave velocity in m/s 

for each layer.  

In addition, Δκmeas can be used to define Q by computing the constant of proportionality, 

γ: 

𝛥𝜅𝑚𝑒𝑎𝑠 = ∫
1

𝛾 𝑉𝑠
2(𝑧)

𝑑𝑧
𝐻

0
                                                 (8) 

where H refers to the depth of the profile of interest. The proportionality constant, γ, (from 

Q = γVs) is based on the observation that Q and Vs both increase with depth and depend on 

similar rock material properties (Silva and Darragh, 1995). Estimates of ξmin are then 

obtained by using equation 4. It is not the purpose of this study to recommend specific 

values of Δξmin for design purposes, but rather to investigate the compatibility of ξmin from 

the laboratory with measurements in the field as captured by κ0. 
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3.4 Results and Discussion 

3.4.1 Measured κ0 and κR Values 

To avoid confusion in what is meant by the multiple terms used in this study to describe 

different estimates of κ and ξmin, Table 2 presents a summary of the main symbols and their 

corresponding definitions. Measured values of Δκ, κ0_surf, and κ0_down are shown in Table 

3, as well as the standard deviation (σ) of the corresponding regressions, mean κdamping 

values, Vs30 and site class corresponding to each one of the sixty selected stations. Our 

estimates of κ0 are in good agreement with previous studies that have also used the KiK-

net database. A comparison with κ0 values from Van Houtte et al. (2011) is presented in 

Figure 2. Laurendeau et al. (2013) indicated that “particularly for the lower κ0 value sites, 

the method used by Van Houtte et al. (2011) will lead to overestimated κ0_AS” given that 

the instrument response was not accounted for in their κ calculations. Such trend is 

observed in Figure 2 precisely for lower values of κ0. Van Houtte et al. (2011) used 

hypocentral distances and computed data-driven κR values (instead of constraining the 

slope to be the same for surface and downhole records), while only considering 

measurements of κ from borehole instruments.  

Additionally, we compare inferred regional Q values from κR estimates (for selected 

clusters) with Q values for Japan found in the literature (e.g., Pei et al., 2009; Nakano et 

al., 2015) in Table 4. The former are obtained from a relationship derived by Ktenidou et 

al. (2015): 

𝑄 =  
1

𝛽 𝜅𝑅
                                                            (9) 

where β refers to an average crustal shear wave velocity. Clusters 1 to 4, shown in Table 

4, were defined based on high and low Q zones provided by Pei et al. (2009). An example 
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of the linear regressions performed for one of these clusters is shown in Figure 1b. The 

stations grouped per cluster, as well as their geographic coordinates are provided in 

Appendix B. Pei et al. (2009) presented lateral variations of Q values at 1 Hz (i.e., Q0). We 

estimate Q between f1 = 11 Hz and f2 = 25 Hz, which is the frequency band where our κr_AS 

calculations are conducted, and convert these values to 1 Hz using: 

𝑄(𝑓) =  𝑄0𝑓𝛼                                                    (10) 

where f is the desired frequency and α is a regional parameter, assumed to be 0.88 for Japan 

(Tsuda et al., 2006). As shown in Table 4, our estimates of Q from κR per cluster and the 

average of Q values from κR at the stations in each cluster, generally lie in between Q 

values at computed for 11 Hz and 25 Hz. Frequency-dependent Q models developed by 

Nakano et al. (2015) are only valid for frequencies up to 10 Hz in the zones considered 

herein, hence our estimates could not be directly compared with their models.  

3.4.2 Difference between Laboratory Models and Field Measurements of 

Damping  

Mean κdamping estimates and Δκmeas values are shown in Figure 3. The former, which are 

based on ξmin values from geotechnical damping models are much lower than Δκmeas from 

linear regressions on measured κr_AS. This difference is significantly larger than the 

standard deviation of Δκmeas estimated from the regressions. Errors in the Vs profile are a 

plausible cause for the underprediction, but the uncertainty in Vs alone cannot explain the 

large discrepancy between laboratory and field estimates of damping. As suggested by 

recent studies (e.g., Ktenidou et al., 2015), it is more likely that the observed discrepancy 

between Δκmeas and κdamping is due to the different attenuation mechanisms they capture. 
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New estimates of ξmin (equations 5a and 5b) based on models presented in equations 6, and 

8 are compared to laboratory-based ξmin values at the sixty selected KiK-net stations. Figure 

4 shows damping profiles corresponding to four selected stations. Figure 4 includes: (a) 

traditional laboratory-based ξmin, and (ξmin)new estimates based on the additive model in 

equation 5b using (b) Δκmeas-based depth-independent Δξmin, (c) Δκmeas-based Vs-

dependent Δξmin, and (d) Δκmeas-based γ. Profiles of (ξmin)new based on the multiplicative 

model in equation 5a are also provided in Figure 4 using a mean value of ψ equal to 13.2. 

Profiles of traditional laboratory-based ξmin shown in Figure 4 assume rock layers to have 

Vs ≥ 800 m/s (after Cadet et al., 2010) and use Darendeli (2001) model with PI=0% and 

OCR=1. This characterization for rocks provides a fair representation of their attenuation 

characteristics, however, other alternatives have also been tested as described in previous 

sections (i.e., rock layers having Vs ≥ 500 m/s, and constant damping equal to 0.33%). 

Results from all considered alternatives are consistent with the damping profiles shown in 

Figure 4. This ξmin for rock layers is also used in equation 6 to compute Δξmin values. 

Variations for ξmin in soils are considered, but only minimum and maximum values of 

resulting damping profiles are shown in Figure 4. 

In general, laboratory-based models provide lower estimates of ξmin than combined models 

considered herein; a trend that has also been observed in recent studies (Afshari and 

Stewart, 2015 and Ktenidou et al., 2015). Similar results are obtained for all the selected 

sites (see Appendix C). Laboratory-based measures of attenuation capture only material 

damping, which explains why they result in the smallest estimates of damping.  

New profiles of ξmin based on the multiplicative model in equation 5a provide the highest 

estimates of ξmin, which are usually above 5%.   
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Profiles of ξmin based on Δκmeas result in intermediate values between the lower bound 

represented by laboratory-based models, and the upper bound defined by ξmin from 

corrected κdamping values. When using an additive model for ξmin, the resulting damping 

profile is independent of the original ξmin. Thus, just one estimate of new ξmin values from 

equation 6 is depicted in Figure 4. Additionally, the depth-independent and Vs-dependent 

models for Δξmin result in similar damping profiles, as also found by Afshari and Stewart 

(2015) in California sites. Although the Vs-dependent model results in slightly lower 

damping values. In the current study, a depth-dependency for Δξmin at the selected sites 

cannot be defined rigorously. Afshari and Stewart (2015) did explore such option, but 

found that it resulted in fairly similar ξmin estimates to the depth-independent and Vs-

dependent options. The resulting Δξmin values based on Δκmeas when assuming depth-

independency, vary between 2.2% to 2.8%. These results now provide a wealth of data to 

support earlier studies that suggested an increase in ξmin by 2% to 5% (e.g., Yee et al., 2013; 

Stewart et al., 2014).  

Finally, the value of γ obtained from Equation 8 is equal to 0.0417 sec/m and provides 

intermediate results, generally in accordance with the upper bound ξmin estimates from 

laboratory-based measurements. Models based on Q which were tested by Afshari and 

Stewart (2015) for California sites also provided intermediate values of ξmin when 

compared to laboratory and κ0-based models. We use our Δκmeas-based γ value to obtain Q 

estimates and compare them with Campbell (2009) Q-Vs model in Figure 5. Campbell 

(2009) indicated that there was a need to validate his proposed Q-Vs models because they 

were loosely derived from low-intensity ground motion data and mostly based on the expert 

opinions of a few seismologists (e.g., Boore and Joyner, 1991; Cramer et al., 2004). Our 
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model is based upon Vs data that expands from 90 m/s to 3220 m/s and Vs30 values from 

106 m/s to 904 m/s. For intermediate Vs values (between 300 m/s and 800 m/s) our model 

shows a reasonable agreement with Campbell (2009) Model 1. The compatibility between 

both models significantly improves for higher Vs values (> 1000 m/s), where our Q 

estimates are closer to the values from Campbell (2009) Model 3.  

3.4.3 Contribution of Shallow Layers to κ0  

Recording stations FKSH07, NGNH29, IBRH13, and IBRH10, whose Vs and damping 

profiles are depicted in Figure 4, are classified as sites B, C, D and E, respectively 

(according to classification system by the National Earthquake Hazard Reduction Program, 

NEHRP (Building Seismic Safety Council, 2000)). The corresponding linear regressions 

of κr_AS values with epicentral distance at these KiK-net stations are shown in Figure 6. 

Their Δκmeas increase with decreasing Vs30, from 0.023 sec at FKSH07 to 0.061 sec at 

IBRH10. Values of Δκmeas obtained at all the selected sites are plotted against Vs30 in Figure 

7. Estimates of Δκmeas decrease with increasing Vs30. In this study, Δκmeas values are also 

found to depend on the depth of the profile, hence the trends of Δκmeas and Vs30 for profiles 

less than 150 m deep and more than 150 m are plotted separately. A better correlation 

between Δκ and Vs30 for shallower sites was expected because Vs30 is a more adequate 

proxy for site characterization of near-surface materials. However, both linear correlations 

are similar.  

Mean values of Δκmeas are computed per site class and presented in Table 5, along with 

their standard deviation. Mean Δκmeas values increase with decreasing Vs30, from 0.024 sec 

for site class C to 0.060 sec for site class E. However, the large scatter in Δκmeas for site 

class B resulted in a higher mean than the corresponding to site class C and D.  
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 The relationship between Δκmeas values and the depth to bedrock (H800), as inferred from 

the depth to a layer with Vs> 800 m/s (Cadet et al., 2010), is also examined. Values of 

Δκmeas increase as H800 increases, as shown in Figure 8. A similar correlation was found by 

Campbell (2009) when investigating the relationship between the sediment thicknesses of 

ENA site profiles and κ0 values calculated using equation 3.   

The correlation between κ0 and Vs30 is also investigated to further assess the influence of 

the shallow geology (i.e., top 30 m in this case) on κ0 estimates. Both, κ0_surf and κ0_down are 

plotted in Figure 9 against their corresponding Vs30 values. We obtain a decreasing linear 

trend of κ0 with increasing Vs30 following the classical functional form also observed by 

other researchers in the past. Ktenidou et al. (2015) proposed a new conceptual model for 

κ0 - Vs dependence where κ0 first decreases as the material stiffness increases, but then 

reaches an asymptotic value for rock. These authors then proposed that the difference 

between high-Vs30 asymptotic κ0 values might be associated with a regional characteristic 

of the rock. For instance, at high values of Vs30, κ0 for Volvi in Greece, was found to be 

equal to 0.021 sec (Ktenidou et al., 2015), for New Zealand κ0 = 0.03 sec (Van Houtte et 

al., 2014), while data from Swiss rock sites (Edwards et al., 2015) revealed a κ0 = 0.012 

sec (Figure 9). Estimates of κ0 at the borehole are plotted against the Vs value at the 

downhole instrument depth. Two asymptotic values at high Vs30 seem reasonable from the 

data in Figure 9, one at κ0 = 0.01 sec and another one at κ0 = 0.0015 sec. Potential causes 

for such gap include differences in material type at the bottom of the borehole (e.g., 

differences in rock hardness, degree of fracturing and erosion, and type of rock), rock 

quality and geologic times. Other potential contributors, such as the influence of the 
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geographic location and complex geology that results in significant 2D site response (e.g., 

Van Houtte et al., 2014) were tested with our data set and were not found to be significant.  

Our data support previous studies showing that only using Vs30 as a proxy for κ0 cannot 

lead to accurate estimations of κ0 and its variability (e.g., Van Houtte et al., 2014; 

Laurendeau et al., 2013; Edwards et al., 2015). In addition, it has been shown that the 

shallow layers do have a significant contribution toward the overall attenuation capture by 

κ0 at the surface. 

3.5 Conclusions 

Values of κ-consistent damping were estimated at multiple recording stations from the 

large Japanese database, KiK-net to evaluate the discrepancy between field measurements 

of attenuation and laboratory-based damping models. Models integrating geotechnical and 

seismological descriptors of attenuation (i.e., κ0, Q and ξmin) were proposed and compared 

at all the selected sites. Typical laboratory-based damping models were found to provide 

the lowest estimates of minimum shear strain damping, while Δκ-based estimates result in 

the largest ones. Intermediate values of damping were obtained from our Q-based models. 

The latter was found to be in good agreement with Campbell (2009) Q-Vs models. 

Proposed additive models based on measured Δκ values showed that increasing minimum 

shear strain damping values from typically used laboratory-based models by 2% to 3%, 

can provide low strain damping profiles, which are more compatible with the measured κ0 

at the site. However, it is not the purpose of this paper to propose specific values of 

minimum shear strain damping to be added to laboratory-based estimates in order to 

improve the compatibility with field measurements. The κ and ξmin integrated models 

proposed herein aim to contribute towards finding a better characterization of the 
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attenuation of seismic waves in the field. The latter constitutes a key step on the path to 

obtaining better predictions of site response, improved evaluations of site-specific seismic 

hazards and potentially more stable GMPEs.  

The contribution of shallow layers to κ0 estimates was also investigated. The difference 

between κ0 at the surface and at depth was quantified (i.e., Δκ) and its correlation to shallow 

geologic structures explored. Values of κ0 measured at the surface were found to have a 

significant contribution from the attenuation in the shallow layers; as demonstrated in plots 

of Δκ values versus Vs30. Hence, we support κ models where the contributions of the 

attenuation in the rock mass and the overlying sediments are accounted for separately. This 

effective separation can also prove to be useful for site response analyses and site-specific 

seismic hazard assessments. An alternative definition of the κ0 associated with the 

sedimentary column and based on minimum shear strain damping from geotechnical 

models was also examined. It underestimated the actual attenuation in the sedimentary 

column when compared to measured Δκ values. The latter, proved to correlate well with 

the depth to bedrock for the sites considered in this study. 

Finally, when assessing the relationship between κ0 and Vs30, it was found that Vs30 alone 

cannot provide accurate estimates of κ0. Regardless of the wealth of data used in this and 

other studies on κ, a lot of scatter is still found on κ0-Vs30 relationships. In the context of 

the conceptual model for κ0-Vs dependence proposed by Ktenidou et al. 2015 (where 

asymptotic values of κ0 at high Vs values are associated with regional characteristics of the 

rock), we found that Japan data lead to two distinct asymptotic values of κ0. Some 

hypotheses to explain the observed gap between κ0 estimates were explored, but further 

research is necessary to fully understand the potential causes. Additionally, the 
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quantification of the effects of downgoing propagating seismic waves resulting from 

potential strong reflections from above the borehole instrument location should be assessed 

in future research involving the estimation of κ values at depth within vertical arrays.  
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Table 1: Proposed categorization scheme for defining appropriate sites for κ0 

calculations. 

 

Station 

Ranking

1

2

3

4

Selection of f 1  & f 2 Consistency ratio [c ]
# of records per 

regression*

Unambiguous, consistent across 

ground motions
 c >65%

Hard and ambiguous. Debatable 

for most ground motions
c ≤ 15% <20

*for either surface or depth conditions

>30

Challenging. More than 50% of 

the ground motions have  

problematic spectral shapes

15%< c  ≤ 30% <20

Generally easy. Less than 50% 

of the ground motions have  

problematic spectral shapes

30%< c  ≤ 65% ≥20
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Table 2: Nomenclature used in this study and their definitions. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Symbol Definition

κ or κr individual measurement of κ

κr_AS

individual κ values measured specifically on the acceleration 

Fourier spectrum (after Ktenidou et al., 2014)

κR slope of the linear regression on κr with epicentral distance

κ0 site-specific, distance-independent κ

κ0_surf estimates of κ0 at the surface 

κ0_down estimates of κ0 at the downhole instrument depth

Δκ or Δκmeas

constant difference across epicentral distances between linear 

regressions of surface and downhole values of κr

κdamping

κ0 for the sedimentary column (calculated in this study based on 

ξmin, Vs and the thickness of each layer in the profile)

 ξmin minimum shear strain damping

Δξmin Estimates of ξmin to be added to original laboratory-based values

ψ Proposed correction factor for ξmin

Q or Qef seismic quality factor or efective seismic quality factor

γ proportionality constant in Q-Vs relationships
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Table 3: Measured κ values along with the corresponding Vs30 and site class at each 

selected station. The standard deviations from the regressions and the proposed correction 

factor, ψ, are also provided. 

 

 

 

 

 

Station 

Name

Vs30 

(m/s)

Site 

Class
κ0_down Δκ κ0_surf κR σ

Mean 

κdamping

ψ

YMTH13 577.0 C 0.0087 0.017 0.0253 0.0002 0.009 0.0017 9.9

FKSH01 703.6 C 0.0094 0.021 0.0300 0.0002 0.009 0.0012 17.7

FKSH03 349.7 D 0.0013 0.033 0.0343 0.0005 0.014 0.0032 10.3

FKSH05 596.0 C 0.0028 0.018 0.0213 0.0003 0.012 0.0016 11.8

NIGH08 326.9 D 0.0017 0.031 0.0329 0.0004 0.013 0.0055 5.7

FKSH06 680.2 C 0.0019 0.020 0.0214 0.0003 0.011 0.0014 14.1

FKSH07 828.9 B 0.0021 0.023 0.0254 0.0002 0.011 0.0015 15.9

TCGH08 723.2 C 0.0074 0.017 0.0245 0.0002 0.011 0.0020 8.7

FKSH21 364.9 C 0.0008 0.037 0.0377 0.0002 0.013 0.0027 13.8

TCGH12 343.7 D 0.0319 0.033 0.0653 0.0001 0.016 0.0030 11.3

FKSH12 448.5 C 0.0005 0.049 0.0492 0.0003 0.023 0.0016 30.6

IBRH18 558.6 C 0.0109 0.048 0.0586 0.0002 0.013 0.0034 14.1

IBRH14 829.1 B 0.0005 0.073 0.0739 0.0002 0.014 0.0011 68.9

IBRH13 335.4 D 0.0006 0.055 0.0557 0.0003 0.021 0.0019 29.6

TCGH16 213.2 D 0.0292 0.042 0.0708 0.0001 0.009 0.0040 10.3

TCGH10 371.5 C 0.0208 0.020 0.0405 0.0002 0.015 0.0030 6.7

FKSH10 487.0 C 0.0023 0.015 0.0177 0.0003 0.012 0.0030 5.2

IBRH12 485.7 C 0.0192 0.015 0.0345 0.0001 0.009 0.0026 5.9

IBRH17 300.8 D 0.0011 0.028 0.0293 0.0002 0.015 0.0080 3.5

IBRH15 450.4 C 0.0025 0.006 0.0088 0.0002 0.007 0.0022 2.9

TCGH13 573.6 C 0.0118 0.006 0.0176 0.0002 0.010 0.0017 3.3

IBRH11 242.5 D 0.0019 0.024 0.0256 0.0002 0.011 0.0024 9.7

IBRH19 692.3 C 0.0025 0.011 0.0131 0.0001 0.010 0.0017 6.2

NIGH18 311.1 D 0.0016 0.028 0.0292 0.0005 0.028 0.0027 10.2

GIFH19 744.1 C 0.0167 0.023 0.0395 0.0003 0.011 0.0013 18.1

GIFH15 369.2 C 0.0196 0.036 0.0554 0.0002 0.012 0.0025 14.1

GIFH13 592.6 C 0.0109 0.037 0.0480 0.0002 0.010 0.0023 16.0

ISKH09 635.8 C 0.0152 0.021 0.0365 0.0002 0.012 0.0017 12.6

NIGH17 383.4 C 0.0526 0.025 0.0772 -0.0001 0.013 0.0032 7.8

NIGH13 461.1 C 0.0712 0.016 0.0875 0.0000 0.014 0.0020 8.2

NGNH29 464.9 C 0.0219 0.042 0.0639 0.0001 0.012 0.0022 19.1

NIGH14 437.6 C 0.0227 0.041 0.0634 -0.000002 0.010 0.0043 9.6

NIGH15 685.8 C 0.0014 0.020 0.0217 0.0002 0.011 0.0015 13.4

NIGH11 375.0 C 0.0511 0.011 0.0621 -0.00001 0.012 0.0039 2.8
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Table 3 (continued) 

 

 

 

Table 4: Comparisons between κ-based estimates of Q and values from the literature. 

 

 

Station 

Name

Vs30 

(m/s)

Site 

Class
κ0_down Δκ κ0_surf κR σ

Mean 

κdamping

ψ

AKTH18 431.0 C 0.0306 0.012 0.0421 0.0001 0.010 0.0024 4.8

AKTH03 320.2 D 0.0006 0.031 0.0318 0.0005 0.011 0.0028 11.1

AKTH04 458.7 C 0.0151 0.020 0.0347 0.0003 0.014 0.0018 11.0

AICH07 428.1007 C 0.0019 0.0137 0.0156 0.0002 0.0101 0.0020 6.8

CHBH10 252.3711 D 0.0398 0.0328 0.0726 0.0000 0.0145 - -

CHBH13 234.5178 D 0.0204 0.0189 0.0393 0.0001 0.0142 - -

FKIH06 395.6044 C 0.0181 0.0402 0.0582 0.0002 0.0122 0.0023 17.3

FKOH08 535.7787 C 0.0192 0.0380 0.0572 0.0003 0.0107 0.0016 23.6

FKSH09 584.6235 C 0.0016 0.0522 0.0538 0.0002 0.0152 0.0018 29.8

FKSH14 236.5613 D 0.0425 0.0235 0.0659 0.0001 0.0108 0.0037 6.3

GIFH11 904.1519 B 0.0019 0.0304 0.0323 0.0002 0.0117 0.0009 32.2

GNMH07 647.482 C 0.0057 0.0098 0.0155 0.0002 0.0145 0.0019 5.0

IBRH07 106.8345 E 0.0165 0.0589 0.0754 0.0000 0.0114 - -

IBRH10 144.1379 E 0.0019 0.0617 0.0636 0.0000 0.0211 0.0114 5.4

IBRH20 243.871 D 0.0334 0.0102 0.0436 0.0001 0.0146 0.0112 0.9

IWTH27 670.3125 C 0.0222 0.020 0.0424 0.0000 0.012 0.0013 16.0

KMMH01 574.631 C 0.0203 0.047 0.0674 0.0003 0.011 0.0014 32.9

MYGH09 358.2453 D 0.0225 0.034 0.0568 0.0001 0.013 0.0024 14.3

MYGH10 347.5373 D 0.0201 0.040 0.0596 0.0001 0.011 0.0039 10.2

NIGH06 336.1373 D 0.0206 0.047 0.0679 0.0001 0.013 0.0026 18.1

NIGH07 528.1931 C 0.0014 0.030 0.0318 0.0003 0.012 0.0016 18.6

NIGH09 462.9349 C 0.0198 0.021 0.0406 0.0001 0.009 0.0020 10.2

TCGH06 371.25 C 0.0004 0.011 0.0113 0.0002 0.015 - -

TCGH07 419.4915 C 0.0187 0.018 0.0368 0.0001 0.007 0.0018 10.3

TCGH09 468.4015 C 0.0240 0.009 0.0327 0.0001 0.014 0.0019 4.5

TCGH14 849.0051 B 0.0240 0.004 0.0279 0.0001 0.010 0.0011 3.6

Cluster 

#

Average Q from 

κR per station

Q from κR 

per cluster
Q0

Q        

(f =11 Hz)

Q 

(f =25Hz)

1 1084 1190 105 866 1784

2 1819 2226 280 2310 4757

3 1471 2584 105 866 1784

4 1675 1291 105 866 1784

Pei et al. (2009)
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Table 5: Mean Δκmeas values and standard deviations per site class. 

 

 

 

 

 

 

 

 

 

Site Class
Mean Δκmeas     

(sec)

σ      

(sec)

B 0.033 0.025

C 0.024 0.013

D 0.032 0.010

E 0.060 0.001
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Figure 1: Linear regressions of individual measurements of κ against epicentral distances 

at (a) station IBRH12, and (b) Cluster #3.  

 

 

 

 

 

Figure 2: Comparison of κ0 values from Van Houtte et al. (2011) and the estimates 

presented in this study. The black line depicts a 1:1 relationship. 
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Figure 3: Values of κdamping and Δκ measured from linear regressions at the sixty study 

sites. 
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Figure 4: Shear wave velocity and minimum shear strain damping profiles at (a) 

FKSH07, (b) NGNH29, (c) IBRH13, and (d) IBRH10.  

(a) 

(b) 
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Figure 4 (cont.): Shear wave velocity and minimum shear strain damping profiles at (a) 

FKSH07, (b) NGNH29, (c) IBRH13, and (d) IBRH10.  

(c) 

(d) 
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Figure 5: Comparison of Q-Vs models from this study and Campbell (2009). 



 86 

 

Figure 6: Linear regressions of individual measurements of κ at (a) FKSH07, (b) 

NGNH29, (c) IBRH13, and (d) IBRH10. 
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Figure 7: Measured Δκ values at the selected sites versus the corresponding Vs30. 
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Figure 8: Measured Δκ values at the selected sites versus the corresponding depth to 

bedrock (as inferred from the depth to a layer with Vs> 800 m/s). 
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Figure 9: Estimates of κ0 at the selected study sites versus Vs30. Regional asymptotic 

values proposed by previous studies in New Zealand, Switzerland, and Greece are 

provided along with two potential κ0 values for hard rock and stiff sites in Japan.  
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CHAPTER FOUR 

THE IMPORTANCE OF THE SELECTION OF THE 

ELASTIC HALF-SPACE IN SITE RESPONSE ANALYSIS 

 

Abstract 

One of the fundamental decisions when conducting one-dimensional site response analyses 

(SRA) involves the selection of the depth and characteristics of the elastic half-space 

(EHS). This boundary condition assumes linear and homogenous material for an infinite 

depth, and as a result, waves that are potentially reflected from deeper material boundaries 

in the actual geologic profile are not considered in the numerical site response. If a strong 

soil-rock impedance contrast is present at the site of interest, the EHS boundary is typically 

set at this depth. However, for many profiles, the selection of the EHS depth and 

characteristics is not intuitive and can lead to significant errors in site response. A 

parametric study is conducted on a three-layer model and shows that the presence of a 

strong impedance contrast is not enough to define the EHS location. The shear wave 

velocity and thickness of the shallow soil deposits are also influential factors. Two case 

histories of sites where the selection of the EHS impacts the accuracy of SRA are presented. 

For instance, the presence of soft interbeds below the assumed location of the EHS can 

introduce strong errors. Conversely, a case in which a stronger impedance contrast is 

located at much greater depths (such as in study sites in Charleston, NC), the EHS can be 

assumed to be at the shallower impedance contrast.  
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4.1 Introduction 

The objective of this study is to quantify the effects of the strata that lie below the assumed 

location of the elastic half-space (EHS) boundary in site response analyses (SRA). The 

assumptions inherent to EHS boundary condition are not always met when a geologic 

profile is modeled numerically, hence the associated error and implications on estimates of 

site response are investigated herein. An EHS implies linear and homogenous material for 

an infinite depth, and as a result the EHS absorbs a portion of the downward-propagating 

seismic waves in the overlying profile. These conditions are typically satisfied by hard rock 

materials with high shear wave velocity (Vs), which are often located at great depths so 

that there are no significant impedance contrasts below them.  

Selecting the appropriate depth and properties of EHS boundary for one-dimensional (1D) 

SRA often requires engineers to overcome hurtles related to the subsurface characterization 

of a site. These hurtles, which can arise from budgetary and/or technological constraints, 

can prevent the proper identification of layers that meet the EHS assumptions. Selection of 

the depth and properties of the EHS can prove challenging even if adequate data about the 

profile under study is available, if the profile has particularities such as velocity reversals. 

Furthermore, the correct identification of the EHS boundary condition at a site must be 

accompanied by the selection of input ground motions that are compatible with the 

assumed EHS properties. However, the lack of motions recorded on hard rock (e.g., Vs30 > 

1500 m/s) conditions imposes yet another challenge. 

This paper examines cases where the selection of the EHS boundary impacts the accuracy 

of 1D SRA. To this end, the effects of different profiles and layer properties for assumed 

EHS boundary are investigated. Case studies of profiles for which the selection of the EHS 
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boundary is not obvious are also presented. Then, based on the discussion of the results 

from the analyses conducted, we provide insights regarding the importance of the EHS 

selection in estimating site response. 

4.2 Background 

4.2.1 The Elastic Half-space Assumption 

One of the fundamental decisions when conducting one-dimensional (1D) SRA involves 

the selection of the depth and characteristics of the EHS. This boundary is usually defined 

at a horizon sufficiently stiff such that the assumption of linear behavior will likely hold 

and no subsequent strong impedance contrast is expected below this depth. However, there 

is still no consensus on the specific properties of the EHS (e.g., Cadet et al., 2010; 

Laurendeau et al., 2013). Some characteristics associated with reference rock sites as found 

in the literature and official regulations around the world are presented in Table 1, where 

the reference rock is analogous to the EHS.   

Selection of bedrock as the EHS implies that bedrock is fully elastic and that a portion of 

the energy of downward-propagating seismic waves will be completely absorbed by the 

rock mass. This latter condition is not satisfied if the bedrock is not homogeneous. In this 

case, some of the energy of downward-traveling waves at depth below the assumed EHS 

boundary will be reflected upward from deeper impedance boundaries in the actual 

geologic profile. These waves are not considered in the numerical site response analyses. 

If the EHS conditions are satisfied, the ratio of the absorbed and reflected waves is a 

function of the impedance contrast between the materials at either side of the EHS 

boundary (Kramer, 1996). 
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4.2.2 Reference Rock and Decoupling in Site Response Analysis 

The effects of wave propagation in material below the selected depth of the EHS boundary 

are not captured in numerical analyses of site response; hence, these effects must be 

inherent in the selected motions for use in the SRA. Thus, all SRA imply decoupling, where 

the site is truncated at the reference depth (i.e., the EHS boundary) and the effects of deeper 

strata on site response are decoupled from the assessment of shallower layers. Despite the 

proliferation of strong ground motion recordings worldwide, it can be difficult to find 

recording stations with similar Vs profiles and attenuation characteristics to the assumed 

EHS at the site of interest. Also, when the EHS boundary is placed at great depths within 

layers with high Vs values, the number of compatible recording stations is significantly 

reduced. Additionally, decoupled SRA can be representative of a two-step process, where 

the response of a certain portion of the profile is first assessed up to a horizon of interest, 

and then the rest of the profile is analyzed. This can occur in practice when the subsurface 

characterization of a site is known only up to a certain horizon. If shallower deposits vary 

significantly across that site, and will be characterized later on in the project, it might be 

desirable to conduct SRA up to such horizon where sufficient information is available first. 

Results from those analysis could be then combined with the response of the shallower 

deposits, once more details on their properties become available.  

Decoupled analyses are common practice, but the degree to which they introduce errors in 

the estimation of site response has received rather limited attention to date. Likewise, the 

epistemic uncertainty they add to the analysis of seismic hazards is usually overlooked. A 

schematic representation of decoupled site response models as compared to a full column 

analysis is shown in Figure 1. Comprehensive information on the Vs profile for the simple 
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three-layer model depicted in Figure 1 would allow for the positioning of the EHS 

boundary condition at the soft rock/hard rock horizon (i.e., point C). However, Vs data is 

often limited only to the first strong impedance contrast, in which case the EHS boundary 

condition is often assumed to lie at the interface between soil and the softer rock (i.e., point 

B). The assumption of the location of the EHS at either interface is not an issue for site 

response analyses, as long as the selected input motions are compatible with the 

corresponding properties of the assumed EHS in each case. However, the lack of ground 

motions recorded at sites with high Vs values, often leads to selecting ground motions 

recorded at soft rock sites to be applied to a much harder reference rock profile. Moreover, 

the profile below the assumed EHS boundary at the site under analysis can be significantly 

different from the profile at the recording station. 

4.3 Methodology 

The comparison between full column and decoupled SRA cannot be made directly because 

of the difference in input motions inherently required for each analysis. Hence, our 

methodology is mainly based on the comparison of the transfer function (TF) for the 

complete profile (what we hereafter refer to as full column analysis) and the TF for the 

decoupled model. By comparing the resulting amplifications for each case, we can estimate 

the error associated with selecting the depth and properties of the EHS in a numerical SRA 

that are not in accord with implied characteristics of an EHS. In this study, we only conduct 

linear elastic SRA, so that the impact of the EHS boundary can be assessed without being 

obscured by nonlinear effects.  
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4.3.1 Full Resonance Methods and the Square-Root Impedance Method 

We conduct linear elastic SRA by using theoretical formulations for wave propagation in 

layered media (hereafter referred to as full resonance or FR methods) as well as the square-

root impedance method (SRI). Full resonance method is an approach to 1D SRA based on 

the vertical propagation of horizontally polarized shear waves through horizontally layered 

near-surface materials. All layers are assumed to be of infinite lateral extent and both 

upward and downward propagating waves are considered in the estimation of the TF. 

However, the necessary conditions to experience the full effects of constructive and 

destructive interference of seismic waves (i.e., resonance effects) stem from assumptions 

of uniformity and homogeneity of the site and the synchronized times of arrival of 

sequential reverberations. Field conditions, such as lateral variations in the Vs or deviations 

from horizontal layering, may not allow resonances to build over time, in which case such 

resonances are considered spurious (Kramer, 1996; Boore, 2013). Commonly used 

software such as SHAKE (Schnabel et al., 1972; Idriss and Sun 1992), STRATA (Kottke 

and Rathje, 2008a, b), or DEEPSOIL (Hashash et al., 2015) apply FR methods either using 

1D equivalent-linear, EQL (e.g., SHAKE, STRATA, and DEEPSOIL) or nonlinear 

approaches (e.g., DEEPSOIL).  

The SRI method was proposed by Joyner et al. (1981) who applied ray theory to estimate 

site amplification. The method is based on the influence of the impedance contrasts in a 

profile and it does not account for the effects associated with the resonance. As indicated 

by Boore (2013), amplifications resulting from procedures that account for resonance are 

sensitive to changes in the EHS properties.  
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4.3.2 Full Column versus Decoupled Analyses 

 The three-layer profile shown in Figure 1 is used subsequently to introduce the 

mathematical formulation of the TF for the full column and decoupled model. The TF for 

the full column is equal to the ratio of the acceleration Fourier amplitudes of the motions 

at the surface and Rock I – Rock II interface:   

(𝑇𝐹)𝐹𝑈𝐿𝐿 =
𝐹𝐴𝑆𝑆𝑢𝑟𝑓𝑎𝑐𝑒

𝐹𝐴𝑆𝑅𝑜𝑐𝑘 𝐼𝐼
                                                (1) 

where FAS refers to the acceleration Fourier amplitude spectrum of outcrop ground 

motions for the depth indicated by the subscript. The TF for the decoupled model is 

obtained by multiplying the amplifications for each decoupled profile, DI and DII, as 

presented in Figure 1: 

(𝑇𝐹)𝐷𝐸𝐶𝑂𝑈𝑃𝐿𝐸𝐷 =
𝐹𝐴𝑆𝑅𝑜𝑐𝑘 𝐼

𝐹𝐴𝑆𝑅𝑜𝑐𝑘 𝐼𝐼
 
𝐹𝐴𝑆𝑆𝑢𝑟𝑓𝑎𝑐𝑒

𝐹𝐴𝑆𝑅𝑜𝑐𝑘 𝐼
                        (2) 

The SRI method provides a transparent and simple way of estimating linear site 

amplifications, A: 

                                     𝐴 = (
𝑍𝑅

𝑍
)

1/2

= (
𝜌𝑅 𝑉𝑅

�̅� �̅�
)

1/2

                (3) 

where ZR refers to the seismic impedance (i.e., the product of the density and seismic wave 

propagation velocity of the medium) at the reference rock, while �̅� is the average seismic 

impedance. The variables ρR and VR are the density and the shear wave velocity of the 

reference rock, and �̅� and �̅� are the average density and shear wave velocity over a certain 

depth. When the depth of averaging is defined as a quarter wavelength for each frequency 

considered in the analysis, as also proposed by Joyner et al. (1981), this method is also 

known as the quarter-wavelength (QWL) method. The specific details regarding the 
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implementation of the SRI method can be found in Boore (2003). Using the SRI method, 

the Equations 1 and 2 can be formulated as: 

(𝐴)𝐹𝑈𝐿𝐿 = √
𝜌𝑅𝑜𝑐𝑘𝐼𝐼 𝑉𝑅𝑜𝑐𝑘𝐼𝐼

�̅�𝑓𝑢𝑙𝑙 �̅�𝑓𝑢𝑙𝑙
 𝑒−𝜋𝜅0𝑓                                        (4) 

(𝐴)𝐷𝐸𝐶𝑂𝑈𝑃𝐿𝐸𝐷 = √
𝜌𝑅𝑜𝑐𝑘𝐼𝐼 𝑉𝑅𝑜𝑐𝑘𝐼𝐼

�̅�𝐷𝐼 �̅�𝐷𝐼
 𝑒−𝜋𝜅𝑅𝑜𝑐𝑘𝐼𝑓 √

𝜌𝑅𝑜𝑐𝑘𝐼 𝑉𝑅𝑜𝑐𝑘𝐼

�̅�𝐷𝐼𝐼 �̅�𝐷𝐼𝐼
 𝑒−𝜋𝜅𝑠𝑢𝑟𝑓𝑓             (5) 

where the subscript full (in the denominator of Equation 4) indicates that the average 

properties should be computed over the full column profile, whereas DI and DII refer to 

the decoupled profiles shown in Figure 1 for a three-layer model. The operator exp(-πκ0f) 

corresponds to the attenuation model used in the SRI method. The site-specific or distance-

independent spectral decay parameter κ0 was first introduced by Anderson and Hough 

(1984) as a site parameter that represents the attenuation in shallow geologic structures 

below the site. Comprehensive descriptions of the origins and applications of κ0 can be 

found in Ktenidou et al. (2013 and 2014) and Campbell (2009). The values of κRockI and 

κsurf correspond to the equivalent 0 measured at the top of each decoupled profile, DI and 

DII, respectively. 

The transfer function ratio (TFR) is the parameter we define as the ratio of the TF for the 

full column and the decoupled models. This parameter represents a measure of the error 

introduced in 1D SRA when the location of the EHS is not in accord with inherent 

assumptions: 

 𝑇𝐹𝑅𝐹𝑅 =
(𝑇𝐹)𝐹𝑈𝐿𝐿

(𝑇𝐹)𝐷𝐸𝐶𝑂𝑈𝑃𝐿𝐸𝐷
                                                 (6)  

The equivalent expression for TFR in terms of SRI amplifications has the form: 

𝑇𝐹𝑅𝑆𝑅𝐼 =

√
𝜌𝑅𝑜𝑐𝑘𝐼𝐼𝑉𝑅𝑜𝑐𝑘𝐼𝐼

�̅�𝑓𝑢𝑙𝑙�̅�𝑓𝑢𝑙𝑙
 𝑒−𝜋𝜅0𝑓

√
𝜌𝑅𝑜𝑐𝑘𝐼𝐼𝑉𝑅𝑜𝑐𝑘𝐼𝐼

�̅�𝐷𝐼�̅�𝐷𝐼
√

𝜌𝑅𝑜𝑐𝑘𝐼𝑉𝑅𝑜𝑐𝑘𝐼
�̅�𝐷𝐼𝐼�̅�𝐷𝐼𝐼

 𝑒
−𝜋(𝜅𝑠𝑢𝑟𝑓+𝜅𝑅𝑜𝑐𝑘𝐼)𝑓

                       (7) 
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Adding up the attenuation corresponding to the propagation of seismic waves through the 

soil deposit (i.e., κsurf) and the soft rock layer (i.e., κRockI) results in the total attenuation 

experienced by the full site profile (i.e., κ0). Hence, the attenuation terms cancel when 

computing TFR values in terms of SRI amplifications: 

𝑇𝐹𝑅𝑆𝑅𝐼 = √
(�̅�𝐷𝐼�̅�𝐷𝐼)(�̅�𝐷𝐼𝐼�̅�𝐷𝐼𝐼)

(�̅�𝑓𝑢𝑙𝑙�̅�𝑓𝑢𝑙𝑙)(𝜌𝑅𝑜𝑐𝑘𝐼𝑉𝑅𝑜𝑐𝑘𝐼)
                            (8) 

Finally, the quantification of the effects of selecting an EHS for a numerical model that is 

not in accord with the inherent assumptions of an EHS is also expressed in terms of 

response spectra. Spectral ratios (for 5% damping) corresponding to the full column (i.e., 

SRFULL) and decoupled (i.e., SRDECOUPLED) models are defined similarly to Equations 1 and 

2. The spectral ratios ratio (SRR) is defined as: 

𝑆𝑅𝑅 =
(𝑆𝑅)𝐹𝑈𝐿𝐿

(𝑆𝑅)𝐷𝐸𝐶𝑂𝑈𝑃𝐿𝐸𝐷
                                                      (9) 

Spectral ratios are computed by dividing 5% damped spectral accelerations estimated at 

the surface and at the assumed EHS boundary in each case. The spectral ratio 

corresponding to the decoupled model is defined as the product of the spectral ratios at 

each decoupled profile (i.e., DI and DII), analogously to Equation 2. 

4.4 Parametric Study on Three-layer Model 

The parametric study presented herein is based on the three-layer model depicted in Figure 

1. Variations in soil properties such as the Vs, thickness, and minimum shear strain 

damping values (ξmin) are used to investigate their influence on resulting differences 

between full column and decoupled models. The range of values we consider for each 

property is shown in Table 2. Values of TFR are shown in Figure 2, where linear elastic 

site amplifications are estimated by means of FR methods.  



 99 

The mismatch computed between the full column and decoupled SRA is frequency 

dependent. Values of TFR decrease overall for softer soils (i.e., darker curves in Figure 

2a). This means that as the impedance contrast of the soil/soft rock boundary becomes more 

significant, the presence of a strong impedance contrast deeper within the profile becomes 

less influential on the site response results. In fact, for the simple model investigated herein, 

if the impedance contrast between the soft rock (Rock I) and the soil deposit (i.e., Vr ρr / Vs 

ρs) is larger than 6.25, the TFR approximates 1. This observation raises the question of how 

strong the soil-rock impedance contrast needs to be, so that potential changes in the 

properties of strata located deeper in the profile do not affect the estimated site response.  

As the Vs corresponding to the soft rock (Rock I) increases (i.e., lighter curves in Figure 

2b), approaching the Vs of the hard rock, the error becomes less significant. When both 

velocities reach the same value, TFR is equal to one. Lower values of Vs in the Rock I layer 

leads to larger impedance contrasts at the interface with the hard rock layer. Such condition 

generates increasingly significant differences between the full column and the decoupled 

models. Changes in the Vs of Rock I result in TFR values as high as 1.7, which is the largest 

error quantified when compared to the ones produced by the variation of the other 

parameters considered herein. 

An increase in the Vs of the hard rock (Rock II) produces significant differences between 

the full column and decoupled models, for frequencies lower than the fundamental 

frequency of the site (Figure 2c). When the Vs of Rock I and Rock II are the same, a TFR 

equal to one is obtained over all the frequencies considered in the analysis. 

The increase of the thickness of the soil deposit is accompanied by a reduction of the 

thickness corresponding to the soft rock layer, such that the site’s complete profile has a 
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fixed depth. The variation of these thicknesses does not produce a clear pattern in the TFR 

(Figure 2d), other than the change in the fundamental frequency of the site along with a 

shift in the corresponding resonant peaks. An increase in the maximum TFR value with 

increasing soil layer thickness is also apparent from the data. Unlike the aforementioned 

parameters, attenuation plays a small role when comparing full column and decoupled 

approaches. Varying the corresponding damping value of the soil deposit, the soft rock and 

hard rock layers does not affect significantly the results in terms of the variation of the TFR 

with frequency. 

In general, resonance effects can be observed over the whole range of frequencies shown 

in Figure 2. As discussed earlier, resonance effects are not always likely to occur, in 

particular for higher resonance modes. Therefore, we also develop a comparison of TFR 

values when using linear amplifications from the SRI method (Figure 3). Our objective is 

to identify first order effects of the EHS assumption, which include the effects of 

impedance and the effects of first mode resonance. The SRI method can capture both of 

them.  

The same three-layer profile and ranges of properties provided in Table 2 are used to 

conduct the parametric study in terms of the SRI method. As seen in Figure 3, the SRI 

method does not reflect the peaks and valleys typically observed when using FR methods. 

In general, results from SRI amplifications indicate that for frequencies higher than around 

20 Hz, the full column and decoupled models produce the same results. Likewise, TFR 

values also approach one for very low frequencies (e.g., < 0.01 Hz). 

Stiffer soil deposits lead to a decrease in TFR (Figure 3a). This trend contradicts the 

observations from FR methods, shown in Figure 2a. However, a closer look reveals that 
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the SRI method only captures the decrease of the peak corresponding to the first resonant 

frequency but fails to reflect the second mode effects where a difference between the full 

column and decoupled models appears to be still very significant. The frequency where the 

TFR based on SRI amplifications starts being exactly equal to one is the fundamental 

frequency of the DI profile.  

Figure 3b is in good agreement with Figure 2b because they both show that as the Vs of the 

Rock I layer increases, the TFR decreases. Eventually, when the velocities are the same for 

both materials, the TFR equals one over all frequencies. Increasing the Vs of Rock II causes 

a more significant mismatch between the full column and decoupled models (Figure 3c). 

This trend is expected since the stronger the impedance contrast at depth, the larger the 

error when ignoring the true location and properties of the EHS. 

The increase of the soil layer thickness leads to an increase in TFR values and broadens 

the range of frequencies over which TFR values are greater than one (Figure 3d). The 

fundamental frequency of the soil deposit (i.e., the DII profile) decreases, and the 

fundamental frequency of the DI profile increases. Finally, the variation of the damping 

ratio corresponding to the soil deposit and Rock I does not alter the results because the SRI 

method allows attenuation in the decoupled analysis to be consistent with the 

corresponding attenuation model for the full column analysis.  

In general, the SRI method provides a more transparent means to assess the influence of 

the impedance contrasts in the profile without having resonances obscuring the results. 

This method also facilitates the identification of a specific range of frequencies where the 

decoupled approach underestimates the site response when compared to the full column 

analysis.  
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4.5 Case Studies 

4.5.1 Charleston, SC: Profile with a Strong Impedance Contrast at Great 

Depth 

The presence of a strong impedance contrast in sites located in Charleston, SC (Figure 4) 

is characteristic of hard rock conditions in Central and Eastern US, with mean hard rock 

Vs values of 3000 m/s (Hashash et al., 2014). This type of Vs profile facilitates the selection 

of the EHS boundary condition exactly at the location of the strong impedance contrast. 

However, because this contrast occurs at a great depth (>800 m), often only the upper 

portion of the profile is analyzed in geotechnical SRA (e.g., upper 75 m of the profile). The 

strong impedance contrast between the sedimentary formation and rock is ignored as well 

as the influence of the deeper strata on the site response.  

The assessment of nine Charleston’s profiles presented herein aims to investigate the 

influence of the thickness of sediments and the selected input motions on the importance 

of the EHS assumption. As shown in the plan view provided in Figure 5, the sites of interest 

are close to the coast on the southeast region of South Carolina. Seismic cone penetration 

test (SCPT) data are available at the sites and reveal profiles with varying thicknesses of 

soil deposits and marl before the same geological formations are reached (Table 3). In 

general, the soil composition is similar across sites; mainly sands and clays are present. 

However, the Vs profiles at each site differ, especially in the upper 80 m.  

Both, the SRI and FR methods are used to conduct 1D linear elastic SRA. Full column and 

decoupled approaches are implemented to compute the corresponding TFR and SRR values 

for each study site. A decoupling depth equal to 72 m is selected because a significant 

impedance contrast takes place between the soil deposits and the sedimentary formations 
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below which a rather uniform Vs profile exists. Thus, the effect of the strong impedance 

contrast at depth can be examined.  

The estimated TFR values from the SRI method are shown in Figure 6. The maximum 

value of TFR reaches 1.35 and corresponds to a frequency equal to 0.20 Hz, which is very 

close to the fundamental frequency of the study sites. Values of TFRs at this frequency are 

presented in Table 4. Additionally, Figure 6 shows that for frequencies higher than 6 Hz, 

the full column and decoupled models produce the same results. Values of TFR also 

approach one for frequencies lower than 0.02 Hz. The critical frequency range where 

decoupled SRA underestimate at least by 20% the actual site amplifications, as estimated 

by the full column SRA, lies between 0.18 Hz and 0.22 Hz. 

To perform the 1D linear elastic SRA for the SRR approach, forty ground motion 

recordings (i.e., horizontal components) selected from the Pacific Earthquake Engineering 

Research Center (PEER) database (http://peer.berkeley.edu). These input motions 

correspond to shallow crustal earthquakes with moment magnitudes between 5 and 9, 

recorded at stations with Vs30 values between 750 m/s and 1500 m/s. The epicentral 

distances range from 2 km to 103 km. It should be noted that the estimation of spectral 

accelerations to compute SRR values is highly dependent on the choice of input motions. 

In this case study, only ground motions recorded at rock sites were considered (i.e., Vs 

>760 m/s; according to the classification system by the National Earthquake Hazard 

Reduction Program, NEHRP (Building Seismic Safety Council, 2000)), but none of them 

corresponds to hard rock conditions (i.e., Vs > 1500 m/s). Therefore, the resulting values 

of SRR can only serve as a reference to evaluate patterns in the data rather than definitive 

measures of the error when conducting decoupled SRA at the sites of interest.  
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Using spectral factors to obtain the SRR for all the selected sites results in a smoothing 

effect, as illustrated in Figure 7. All the study sites provide fairly similar results in terms 

of SRR, and the mean measured error is always less than 30%. The largest SRR values at 

each site are provided in Table 4. These values occur at a frequency of 0.7 Hz for all the 

sites. The lowest TFR and SRR values over all the frequencies considered herein 

correspond to Site 8, which has no soil overlying the marl formations. Figure 8 presents 

the trends between maximum error, as measured by TFR and SRR values, and the thickness 

of the soil deposits, hs, for the sites under study. Even though, a weak linear correlation 

seems possible, an expanded database, both in terms of the range of hs and the number of 

sites, is required to confirm the observed patterns presented herein. Such patterns confirm 

previous observations from the parametric study on the three-layer model, where the 

estimated error associated with the EHS assumption increases with increasing thickness of 

soil deposits. One potential cause is the fact that the period of the overlying soil and the 

rock column get closer, so the difference between full column and decoupled approaches 

becomes larger.  

An example of the variability in SRR calculations as a result of the selected input motions 

is shown for Site 1 in Figure 9. Even though mean SRR values oscillate closely to one over 

all frequencies, as seen in Figure 9, certain ground motions result in higher SRR values 

than others, which introduces more epistemic uncertainty to the analyses. For example, at 

Site 1 (Figure 9), mean SRR values do not exceed 1.2, but depending on the input motion 

selected for the analysis, SRR values can reach a value of 2 at a certain frequency. This 

means that the full column amplifications can be twice as big as those estimated by the 

decoupled model. 



 105 

4.5.2 Hanford, WA: Profile with Strong Velocity Reversals 

This study site is located in Hanford, WA on a sequence of sedimentary units that overlie 

the Columbia River Basalt Group (CRBG). The presence of velocity reversals in the profile 

serves as an ideal example of the implications of applying the EHS boundary condition at 

a depth that is not geologically justified. The CRBG is a sequence of basalt flows that 

erupted between 17 and 6 millions of years ago, forming broad plateaus. The upper four 

basalt flows are known as the Saddle Mountains Basalt. These basalt layers were laid down 

over a period of time that allowed sediments to accumulate in between (Rohay and Brouns, 

2007); the sedimentary interbeds are collectively known as the Ellensburg formation. 

Consequently, as shown in Figure 10, the profile has significant Vs contrasts between layers 

of basalt flow (with a Vs from 2400 to 2900 m/s) and sedimentary interbeds (with a Vs from 

800 to 1500 m/s). The Vs data at the site were obtained by means of downhole logging of 

shear and compression wave velocities. The measurements extended through the Saddle 

Mountain Basalt and the Ellensburg formations (Youngs, 2007). 

This case study focuses on the effects of velocity reversals on the importance of the EHS 

assumption. Full column and decoupled SRA are conducted at the site to investigate how 

the wave propagation phenomenon in the basalt-sedimentary interbed sequence affects the 

estimated site response. The decoupling depth is selected at the top of the Saddle Mountain 

Basalt formation (i.e., ~117 m) because it is a high Vs horizon, similar to deeper basalt 

layers in the profile, and it is located at a reasonable depth for typical geotechnical SRA. 

This EHS assumption is illustrated in Figure 10. Values of TFR based on amplifications 

from a 1D linear elastic FR method are presented in Figure 11. Full column analyses can 

lead to larger amplifications than those obtained from the decoupled approach for 
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frequencies between 0.2 Hz and 1 Hz. Values of TFR greater than one are also obtained at 

higher frequencies, as a result of the considered resonances in the profile. Differences 

between the full column and decoupled models are larger than 10% for frequencies 

between 0.4 Hz and 0.8 Hz. Estimates of SRR are not computed for this study site given 

the lack of recorded ground motions compatible with an EHS boundary of Vs 

approximately equal to 3000 m/s.  Deconvolution techniques could be used to generate 

such motions, but they are highly sensitive to model assumptions such as the Vs profile and 

attenuation models (Cadet et al. 2011; Kramer 1996). Generating synthetic motions using 

the stochastic method (Boore, 2003) for example, would be the best alternative because 

specific source, path and site characteristics could be taken into consideration. 

Amplifications resulting from the full column and decoupled approaches at the Hanford 

site are presented in Figure 12. The decoupled approach has more energy than the full 

column analysis at the first resonant mode, as evidenced by the larger amplification peak. 

The full column analysis introduces more flexibility, which results in stronger dissipation 

of the energy at the first resonant mode. Perhaps, destructive interferences when 

considering the full column prevent the energy to build up at that specific frequency. The 

presence of strong velocity reversals in deep layers within the profile can cause reflected 

waves traveling back to the surface which may create such destructive interferences. 

Another possible explanation is that a portion of the energy of propagating seismic waves 

may get trapped within the sedimentary interbeds, so that it never reaches the upper layers 

in the profile. In addition, there is a narrow banded peak (between 5 Hz and 6 Hz) resulting 

from the decoupled approach, that is damped out when conducting full column SRA. The 

randomization process of soil properties, typically carried out in probabilistic seismic 
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hazard analyses, can also smooth out this peak. Finally, there is not a significant difference 

between the full column and decoupled analyses at high frequencies.  

In this case study, the decoupling assumption based on an EHS boundary condition with 

Vs equal to 2400 m/s is not valid due to the presence of the basalt-sedimentary interbeds 

sequence below such target horizon. Ignoring the complex wave propagation phenomena 

among those layers with strong impedance contrasts highly affects the estimated site 

response. 

4.6 Conclusions 

All site response analyses imply decoupling the effects of deeper strata from the response 

of shallower layers. This study examined the potential systematic errors introduced in the 

analysis when the reference depth selected at the site does not comply with the assumptions 

of an ideal elastic half-space. The latter includes that all of the energy of the downwards 

propagating seismic wave transmitted into the half-space is radiated away from the surface 

layers. The appropriate choice of the EHS boundary condition in site response models is 

relevant because it also implies that the input motions applied to such horizon should be 

recorded at a site with an equivalent site response to that below the assumed EHS. 

The consideration of the entire profile as well as its decoupled representation is used to 

estimate the error introduced in site response analysis when positioning the elastic half-

space at a horizon that is not geologically justified. Theoretical formulations for wave 

propagation in layered media (or full resonance methods) and the square-root impedance 

methods were used to compute the corresponding amplifications from each approach (i.e., 

full column versus decoupled analysis). 
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A parametric study conducted at a three-layer profile to investigate the most influential 

factors on the error introduced by the EHS assumption in SRA revealed that the presence 

of a strong impedance contrast is not enough to define the EHS location. The shear wave 

velocity and thickness of the shallow soil deposits proved to be influential factors on the 

estimated error. Likewise, the shear wave velocities of underlying soft and hard rock layers 

also affect the estimates of site response over a specific range of frequencies of engineering 

interest. 

Two case studies of challenging profiles at sites located in Charleston, SC and Hanford, 

WA were presented to show that the error associated with the EHS assumption on site 

response is not negligible for certain geologic conditions. For example, the presence of a 

strong impedance contrast located at depth or shear wave velocity reversals. These 

conditions represent a significant departure from the hypotheses behind an ideal EHS, and 

consequently can lead to errors in the estimation of the response at the site.
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Table 1: Main properties of reference rock sites. 

 
 

 

Table 2: Range of values considered for the parametric study on the three-layer model 

 

 

 

 

 

Reference Definition of Reference Rock Conditions

National Earthquake Hazard Reduction Program 

(NEHRP) (Building Seismic Safety Council, 2000)

Vs30 > 760 m/s - rock sites                                         

Vs30 > 1500 m/s - very hard rock sites

European Regulations (Eurocode 8, 2004) Vs30 > 800 m/s - rock sites                       

Japanese regulations (Japan Road Association, 

1980, 1990)
Vs30 > 600 m/s - rock sites                       

Recommendation from Cadet et al. (2010)
750 < Vs30 < 850 m/s and f 0 > 8 Hz - "standard 

reference rock site"                       

Boore and Joyner (1997) generic rock sites

Vs30 > 620 m/s and κ0 = 0.04 sec - rock sites              

(mostly in western North America)                                               

Vs30 > 2000 m/s and κ0 < 0.01 sec - very hard rock 

sites  (mostly in eastern North America)

Chilean regulations (DS. No. 61, 2011)
Vs30 > 500 m/s - soft rock or fractured rock             

Vs30 > 900 m/s - rock sites, cemented soils                                         

Hashash et al. (2014)
2700 m/s < Vs < 3300 m/s and κ0 = 0.006 sec                

(for Central and Eastern North America)

Site Property Layer Range

Soil 150 m/s - 760 m/s

Rock I 760 m/s - 2700 m/s

Rock II 2000 m/s - 3000 m/s

Soil 2 % - 10 %

Rock I 1 % - 5 %

Rock II 0.5 % - 3 %

Thickness Soil 60 m - 300 m

Vs

ξmin
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Table 3: General characteristics of the selected sites in Charleston, SC. 

 

 

 

Table 4: TFR at 0.2 Hz from SRI amplifications, along with SRR values at each study 

site. hs refers to the soil deposit thickness and f’ to the fundamental frequency of the site. 

 

 

Site # Depth to Marl (m)
Depth to Common 

Sedimentary Formation (m)

1 19.2 20.0

2 12.6 20.0

3 6.4 20.0

4 28.6 28.6

5 20.0 20.0

6 25.6 25.6

7 7.3 20.0

8 0.0 0.0

9 11.0 20.0

Site # hs (m) Max TFR (SRI) Max SRR f ' (Hz)

1 19.20 1.36 1.15 0.22

2 12.65 1.36 1.14 0.22

3 6.40 1.33 1.15 0.22

4 28.65 1.36 1.19 0.22

5 19.99 1.36 1.15 0.22

6 25.60 1.36 1.20 0.22

7 7.32 1.35 1.15 0.22

8 0.00 1.17 1.12 0.23

9 11.00 1.33 1.15 0.22
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Figure 1: Full column profile shown on the left with its corresponding decoupled 

representation on the right (DI and DII profiles) and shear wave velocity profile.  
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Figure 2: Results from a parametric study conducted in a three-layer model where the 

following properties are varied as indicated in Table 2: (a) the Vs of the soil deposits 

(with increments of Vs equal to 75 m/s), (b) the Vs of Rock I layer (with increments of Vs 

equal to 150 m/s), (c) the Vs of Rock II layer (with increments of Vs equal to 150 m/s), 

and (d) the thickness of the soil deposits (with increments of 30 m). Lighter curves 

indicate increasingly stiffer materials in (a), (b), and (c); and thicker soil deposits in (d). 

(a) (b)

(c) (d)
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Figure 3: Results from a parametric study using the SRI method for a three-layer model 

while varying the following properties as indicated in Table 2(a) the Vs of the soil 

deposits (with increments of Vs equal to 75 m/s), (b) the Vs of Rock I layer (with 

increments of Vs equal to 150 m/s), (c) the Vs of Rock II layer (with increments of Vs 

equal to 150 m/s), and (d) the thickness of the soil deposits (with increments of 30 m).  

Lighter curves indicate increasingly stiffer materials in (a), (b), and (c); and thicker soil 

deposits in (d). 

(a) (b)

(c) (d)
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Figure 4: Full column profile corresponding to an idealized representation of the sites 

located in Charleston, SC on the left with a typical Vs profile of sites in the area. A 

typical assumption for the location of the EHS (in absence of sufficient Vs data) is also 

presented. DI and DII shown on the right refer to the corresponding decoupled profiles. 

 

SOIL DEPOSIT

COMMON 

SEDIMENTARY

FORMATIONS

DECOUPLED ANALYSIS

(DI)

(DII)

E
H

S
 

A
S

S
U

M
P

T
IO

N

SOIL DEPOSIT

COMMON 

SEDIMENTARY

FORMATIONS

ROCK

FULL COLUMN 

ANALYSIS

72 

m.

758 

m.

Vs (m/s)

D
ep

th
  
(m

)

COMMON 

SEDIMENTARY

FORMATIONS

ROCK



 118 

  

Figure 5: Plan view of the study area (data from USGS Topographic Maps 2012). The 

location of seven of the nine sites used in this study is shown. The specific coordinates 

for sites 8 and 9 are not available. 
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Figure 6: Transfer Function Ratios (TFR) when using site amplifications as estimated by 

the square-root impedance method at the selected study sites. 

 

Figure 7: Values of mean Spectral Ratios Ratio (SRR) corresponding to all the sites 

under study.  
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Figure 8: Maximum Transfer Function Ratio, TFR, at 0.2 Hz and maximum Spectral 

Ratios Ratio (SRR) values computed at each site under study, plotted against their 

corresponding thickness of soil deposit.  
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Figure 9: Spectral Ratios Ratio (SRR) for each selected input motion, mean SRR, and 

Transfer Function Ratio, TFR based on square-root impedance (SRI) amplifications, for 

Site 1 in Charleston, SC. 
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Figure 10: Vs profile at the study site located in Hanford, WA. A typical assumption for 

the location of the EHS boundary is shown in red. The Vs values of the soil deposit are 

shown in black while the Vs data not included in site response models when assuming 

such EHS are shown in gray. 

 

 
Figure 11: Transfer Function Ratios computed at the study site in Hanford, WA based on 

a linear-elastic 1D full resonance (FR) method. 
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Figure 12: Site Amplification values obtained for the full column and decoupled site 

response analyses (as computed from full resonance methods) at the site located in 

Hanford, WA. 
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CHAPTER FIVE 

 

VS-κ CORRECTION FACTORS FOR INPUT GROUND 

MOTIONS USED IN SEISMIC SITE RESPONSE 

ANALYSES 

 

Abstract 

Input motions used in seismic site response analyses are commonly selected based on 

similarities between the shear wave velocity (Vs) at the recording station, and the reference 

depth at the site of interest (among other aspects such as the intensity of the expected 

ground motion). This traditional approach disregards the influence of the attenuation in the 

shallow crust on site response. Given that this attenuation (damping) can be characterized 

by the high-frequency attenuation parameter kappa (κ), a Vs-κ correction framework for 

input motions is proposed to render them compatible with the assumed properties of the 

reference depth at the site. The proposed correction factors were applied to a subset of 

recordings from the KiK-net database, and compared to traditional deconvolution. Results 

indicate that Vs-κ corrected motions outperform deconvolved motions in the 

characterization of the spectral energy in the high-frequency range. However, motions 

recorded at sites with soft deposits are not good candidates for the Vs-κ correction 

approach. Vs-κ corrections also affect amplification functions which can be important in 

the assessment of site-specific seismic hazards. 
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5.1 Introduction 

The influence of local geologic conditions on strong ground motions and structural damage 

has been recognized by seismologists and engineers for many decades. The early work of 

Seed and Idriss (1970), as well as the observations after the 1967 Caracas (Seed et al. 1972), 

1985 Mexico City (Seed et al. 1987), and 1989 Loma Prieta (Seed et al. 1991) earthquakes, 

have led to a better understanding of the role that site response plays on ground shaking. 

Such studies showed that local site conditions are capable of amplifying or deamplifying 

ground motions, in addition to changing their frequency content and duration. Seismic site 

response analyses (SRA) assess these effects and provide a means of estimating surface 

motions that may directly affect the stability of structures. Hence, this type of analysis 

constitutes a key component of the seismic design process (Rathje et al. 2010). 

The criterion for selecting input motions for SRA varies depending on the application. 

When conducting one-dimensional (1D) equivalent linear SRA, an input ground motion is 

assumed to reflect the effects of deeper geologic structures within the site profile of the 

station where it was originally recorded. The use of a recording as an input motion to a 

profile that is truncated at a certain depth (typically, the depth at which the elastic half-

space (EHS) assumption is believed to apply) implicitly assumes that the effects of deeper 

layers on site response are decoupled from the effects of shallower layers. The EHS is a 

boundary condition usually defined at a horizon sufficiently stiff such that no strong 

impedance contrasts will be found below this depth. This assumption implies that the 

portion of the energy of downward-propagating seismic waves that are refracted into the 

EHS will be completely absorbed by the rock mass, with the remaining portion of waves 

being reflected back up through the profile. As a result, the effects of wave propagation 
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below the depth of the assumed EHS are not captured in SRA, which means that these 

effects must be carried by the selected input ground motions. 

The decoupled nature of SRA highlights the importance of selecting input ground motions 

recorded at a station with similar shear wave velocity (Vs) profile to the layers assumed to 

act as the EHS at the site of interest (Schnabel et al. 1972). In fact, current approaches for 

selecting input ground motions (e.g., Stewart et al. 2014) are based on such similarity of 

Vs profiles, but only consider the influence of the attenuation in the shallow crust in an 

indirect way. This attenuation (or damping) is typically characterized by the site kappa (κ0), 

which was originally introduced as the high-frequency attenuation parameter (Anderson 

and Hough 1984). The consideration of κ0 allows for a better constraint of the site effects 

at rock and stiff soils sites. Other site proxies, such as the time-averaged Vs over the top 30 

m of the profile (Vs,30), are only roughly correlated to the near-surface attenuation, and 

therefore, may not correlate well with the high-frequency spectral content of ground 

motions. The latter might prove more relevant for regions in which the seismic hazard is 

dominated by nearby, large magnitude earthquakes, or where the surface geology is mostly 

composed of hard, unweathered rocks and very stiff soils (e.g., Central and Eastern US 

(CEUS)). In these cases, structures sensitive to high-frequency shaking might be designed 

non-conservatively when overlooking the effects of near-surface attenuation on input 

ground motion selection. The combination of Vs and κ0 offers a more comprehensive 

approach that is applicable to a wider range of situations. 

To illustrate the importance of accounting for the joint effect of Vs and κ0, consider the 

scenario described in Figure 1 in which the site κ0 at the station where the motion was 

recorded is relatively high (i.e., (κ0)1 at Site 1), while the rock underlying the site being 
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analyzed (below point B at Site 3) has a lower κ0 value (i.e., κ2,bedrock). Applying a ground 

motion recorded at Site 1 (point D) as an input motion at point B to conduct SRA at the 

site would imply that a significant portion of the high-frequency energy is being removed 

from the analyses due to the damping in Rock I (i.e., κprofile). The removal of the high 

frequency energy will change the predicted spectral accelerations at Site 3 for short periods, 

and due to soil nonlinearity, it may also affect spectral accelerations estimated at long 

periods.  

Despite the proliferation of strong ground motion recordings worldwide, the task of finding 

recording stations with similar Vs profiles and κ0 to the assumed EHS at the study site can 

be rather challenging. For instance, when layers located at large depths with high Vs values 

are assumed to act as the EHS boundary for the site, the number of recording stations with 

similar characteristics is significantly reduced. The present study addresses this problem 

by proposing a framework for implementing simple but robust adjustments to ground 

motion recordings to render them compatible with the assumed properties of the EHS 

boundary condition. Correction factors are proposed to account for the variability on SRA 

that results from differences in Vs profiles and κ0 between the recording station and the 

assumed EHS. Furthermore, the use of κ0 (as part of the suggested methodology) will 

explicitly consider the differences in shallow-crust attenuation to properly characterize the 

high-frequency content of input motions specified at bedrock level. 

The proposed Vs-κ correction factors are inspired partly on the work by Campbell (2003), 

Cadet et al. (2011), and Al Atik et al. (2014). The former introduced host-to-target 

correction factors to adjust ground motion prediction equations (GMPEs) from a region 

where strong motion recordings are abundant to a region where the data are sparse. Cadet 



 128 

et al. (2011) proposed depth and impedance corrections to site amplification factors that 

were biased by the use of reference motions different from what they defined as a standard 

outcropping rock motion. Al Atik et al. (2014) developed a κ-scaling approach applicable 

to GMPEs to account for differences in site-specific κ estimates. 

It is envisioned that the framework outlined herein will contribute towards simplifying 

current practices for obtaining bedrock motions from surface recordings; an approach 

conventionally referred to as deconvolution (Schnabel et al. 1972; Kramer, 1996). The 

latter is highly sensitive to model assumptions such as the Vs and attenuation models (Cadet 

et al. 2011; Kramer 1996). Simple but robust corrections embedded in the proposed 

methodology might prove preferable to account for impedance and attenuation differences 

in ground motion recordings. Moreover, the incorporation of the Vs-κ correction factors 

into existing selection and scaling protocols for input motions in SRA will expand, in a 

more physically correct basis, the catalog of suitable recordings for a given site. 

After providing details on the development of the Vs-κ correction factors, a validation effort 

using ground motions from the Kiban-Kyoshin (KiK-net) Japanese database will be 

presented along with comparisons to a more conventional deconvolution approach. Finally, 

the practical implications of the proposed methodology on SRA are evaluated by 

comparing spectral acceleration values estimated at the surface and amplification factors 

resulting from using as recorded and Vs-κ corrected input motions at multiple sites. 

5.2 Methodology 

The proposed Vs-κ correction factors are based on the square-root-impedance (SRI) 

method introduced by Joyner et al. (1981), which is a linear method that only captures 
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impedance and attenuation effects. Hence, the correction is assumed to be linear, which is 

consonant with the intent of the Vs-κ correction of capturing only general trends in site 

response. The framework considered in this study for implementing the Vs-κ correction 

factors is presented in the flowchart shown in Figure 2. As depicted therein, the 

methodology includes two components, namely, an impedance and an attenuation 

correction factors. 

The impedance correction factor (CFimp) can be defined by estimating the linear 

amplification (i.e., the transfer function, TF) between the ground surface and the selected 

reference depth at the station where the surface motion to be adjusted was recorded. Such 

reference depth should be conveniently chosen as a common horizon between the station 

and the site of interest (e.g., Rock II in Figure 1). The required TF will be computed using 

the SRI method (Boore, 2013): 

                                    
2/12/1

)()(
V
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Z
TF RRR




                                                           (1) 

where Z refers to the seismic impedance contrast, ρR and VR are the density and the Vs at a 

reference depth, respectively, while   and V  refer to the average density and Vs over a 

certain depth. When the depth of averaging is defined as a quarter wavelength (QWL) for 

each frequency considered in the analysis, as proposed by Joyner et al. (1981), this 

approach is also known as the QWL method and the specific details regarding its 

implementation can be found in Boore (2003). 

The SRI method neglects the effects of resonances that may develop in 1D analyses. 

However, field conditions, such as spatial variability or non-horizontal layering, may not 

allow these resonances to build over time, in which case these are considered spurious 
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resonances (Kramer 1996). In particular, this is true for high-frequency resonances that 

could develop in rock sites, where they may act as scatterers to the wave field depending 

on the scale of the heterogeneities. Thus, the proposed CFimp can be expressed as follows: 

 
TF

CFimp

1
                                                       (2) 

where TF is computed using Equation 1. 

The proposed modification of recorded ground motions at the surface will serve two 

purposes. First, it will render ground motions consistent with the Vs profile below the 

reference depth at the site of interest (i.e., the EHS boundary condition assumed for SRA), 

and secondly, it will preserve the free surface effects of ground motions given that 

outcropping motions are preferable for conducting SRA. 

The attenuation correction factor (CFatn) has the original form proposed by Anderson and 

Hough (1984) in their definition of kappa (κ). Even though the physical meaning of c 

remains a subject of debate in the field of engineering seismology, most current studies 

consider it as a parameter predominantly controlled by site conditions (i.e., surficial 

geology) while having variable influence from the source and the path depending on the 

region under study (Ktenidou et al. 2014). Comprehensive descriptions of the origins of κ0 

and the existent methodologies to compute it can be found in Campbell (2009) and 

Ktenidou et al. (2014 and 2015).  

The parameter κ can be partitioned into a distance-independent component (known as site-

specific kappa) and a distance-dependent component (associated with regional 

attenuation). Site-specific kappa values (or simply site kappa, κ0) represent the attenuation 

of shear waves as they travel through the shallow crust (Ktenidou et al. 2014), in other 
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words, as they travel through the geological structures right beneath the recording station 

(Ktenidou et al. 2015). This parameter can be further subdivided if the contributions of the 

near-surface materials (κprofile) and the base rock (κbedrock) are considered separately in the 

characterization of the attenuation directly below the site (Al Atik, personal 

communication): 

 bedrockprofile  0                                                 (3) 

A similar expression to Equation 3 has been presented in a recent study by Ktenidou et al. 

(2015). These authors relate κ0 values obtained from surface recordings with both, the κ0 

associated with recordings from a downhole instrument in a vertical array and the 

contributions from the sedimentary deposits up to the surface. 

The proposed CFatn accounts for the attenuation that seismic waves experience between 

the selected reference depth and the ground surface where the input motion was originally 

recorded. Thus, κprofile represents the additional attenuation at the recording station, which 

needs to be removed in order to use the recording as an input motion at the site. The CFatn 

is essentially a filter used to increase the high frequency content of the input motion to 

compensate for high-frequency energy that was absorbed by the shallow stratigraphy at the 

recording station.  

The definition of CFatn requires the computation of Δκ0 as the difference between estimates 

of κ0-bedrock and κ0-site at the recording station. Few, if any, measurements of κ0 exist for 

ground motion stations. Consequently, values of κ0 can be also estimated using available 

correlations with Vs,30 (e.g., Chandler et al. 2006). The same correlation must be used to 

obtain κ0-bedrock and κ0-site estimates in order to guarantee consistent values of Δκ0. When 

using Vs,30-κ0 relationships, the value of κ0-bedrock should correspond to the Vs profile below 
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the selected reference depth. The value of κ0-site should be computed considering the 

complete Vs profile at the recording station. Once Δκ0 is estimated, the CFatn can be 

computed using: 

 e
f

atnCF 0


                                           (4) 

The acceleration Fourier amplitude spectrum (FAS) corresponding to the recorded ground 

motion at the surface is then multiplied by both CFimp and CFatn; and the inverse fast 

Fourier transform (IFFT) is used to convert Vs-κ scaled FAS to an adjusted acceleration 

time history. The proposed Vs-κ correction factors modify only the amplitude of the FAS 

of the selected recording. Additionally, it should be noted that Δκ0 will be a negative 

quantity, which means that the CFatn adds energy to the high-frequency portion of the 

spectrum. If Δκ0 is large (in absolute value), then a significant amount of energy is added 

to the motion. At high frequencies this is not realistic, hence a low-pass filter (e.g., 

Butterworth filter) or a cap can be applied if the reasonableness of the high frequencies 

obtained (as judged by the analyst) is questionable. It is also recommended to integrate the 

resulting acceleration time history to make sure the velocity and displacement time 

histories are appropriate (Kramer 1996). 

5.3 Validation Efforts 

5.3.1 Data Selection 

In addition to developing analytical functions for the impedance and attenuation correction 

factors, one of the main objectives of this study is to demonstrate their effectiveness in 

adjusting the high-frequency content of input ground motions so that they are compatible 

with the reference depth at the site of interest. Eight close-by recording stations at rock 
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sites from the KiK-net database (NIED 1996) were used for validation purposes, and 

comparing the proposed framework to the outcome of traditional deconvolution 

techniques. These close-by rock sites were chosen based on the selection criteria described 

by Cadet et al. (2011).  

The KiK-net database is composed of more than 600 pairs of surface-downhole recording 

stations which are located on weathered rock sites or on shallow sediment deposits (Aoi et 

al. 2004). Downhole recordings are inappropriate for comparison purposes because 

destructive interferences influence the motion recorded at depth. Surface recordings, on the 

other hand, are free surface motions which are deemed more suitable for the intended 

validation efforts. The main characteristics of the selected paired sites and the seismic 

events common to each pair are provided in Table 1. The Vs values shown in bold, highlight 

the Vs,30 and the Vs at the downhole depth (Vs,down) that were considered to be comparable 

by Cadet et al. (2011). Also, stations used as reference are indicated with the letter “R”, 

while the rest correspond to stations where recordings were modified by the Vs-κ correction 

approach.  

5.3.2 Parameter Estimation 

Different Vs,30-κ0 relationships have been recently proposed (e.g., Van Houtte et al. 2011, 

Chandler et al. 2006, Silva et al. 1998, Poggi et al 2013). In this study, we selected the 

generic relationship derived by Chandler et al. (2006) to estimate Δκ0-CH. Alternatively, 

following the suggestion that the effects of kappa are additive over the ray path (Hough 

and Anderson, 1988) or over a profile (Anderson 1991; Campbell 2009), kappa can also 

be related to material damping if the value of the quality factor (Q) is assumed to be 

frequency-independent: 
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where H is the thickness of each layer and the contributions are added up over N layers of 

the profile. In this study, independent Q measurements were not available for the recording 

stations of interest, but this parameter can be obtained from the decimal damping ratio 

values (ξ): 

 
2

1
Q                                                         (6) 

Values of κ*damping (which can be considered equivalent to Δκ0) were obtained based on 

small strain damping (ξmin) estimates from Darendeli (2001) and are presented in Table 1 

for comparison purposes. There is a significant level of uncertainty in ξmin values which 

map into uncertainty in estimated κ*damping values. Likewise, the significant variability 

observed in recently published Vs,30-κ0 relationships has an impact on estimates of Δκ0.  

Another measure of Δκ0, namely κ0_TF (following the nomenclature suggested by Ktenidou 

et al. 2013) is also provided in Table 1. Estimates of κ0_TF can be computed as the slope 

corresponding to the decay of the TF at the site of interest (Drouet et al. 2010). Different 

measures of Δκ0 will lead to different shapes of the ultimate Vs-κ correction. The values of 

Δκ0-CH are consistently lower than κ0_TF at all the stations considered in this study, except 

for TKYH12 from Pair 8 (TKYH13 - TKYH12) as shown in Table 1. Likewise, κ*damping 

values were found to be the lowest kappa estimates, which may indicate that the attenuation 

inferred from typical soil damping models (used in geotechnical SRA) provides a lower 

bound of the actual attenuation characteristics of the site. This discrepancy, also observed 

between seismological (e.g., Q or κ) and geotechnical (e.g., ξ) descriptors of attenuation 
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has been highlighted by other recent studies (e.g., Ktenidou et al. 2015, Afshari and Stewart 

2015). 

Finally, the computation of CFimp requires information about the Vs and densities at the 

recording station of interest. The Vs data as well as the boring logs corresponding to the 

sites shown in Table 1 are available at the KiK-net database website (kyoshin.bosai.go.jp). 

Densities for the materials identified in situ are estimated by means of the empirical 

relationship based on compressional wave velocities (Vp) proposed by Brocher (2005). As 

an example, the values of CFimp and CFatn are shown in Figures 3a and 3b, respectively, as 

computed for station ABSH05 from Pair 1 (see Table 1) using the recorded motion at 

ABSH04 as the reference motion. The net Vs-κ correction is also provided in Figure 3c. 

5.3.3 Validation and Comparison to Traditional Deconvolution 

As a validation exercise, we compare the response spectra of the reference outcropping 

rock motion and the Vs-κ corrected motions (which are obtained by modifying the as-

recorded motions using Equations 2 and 4 with Δκ0-CH). The Vs-κ corrected motions are 

expected to have a similar spectral shape to the outcropping motion at the reference station. 

A comparison of the aforementioned response spectra is provided in Figure 4a for the 

motions recorded at stations ABSH04 (reference) and ABSH05. The resulting acceleration 

time histories are also provided in Figure 4b along with the original surface ground motion 

recorded at station ABSH05. After the Vs-κ correction is implemented, a Butterworth filter 

with six poles and a cut-off frequency around 20 Hz is used. The spectral shape 

corresponding to the Vs-κ corrected motion (Figure 4a) provides a better agreement with 

the response spectrum of the reference outcropping rock motion (black dashed line in 

Figure 4a) than the original surface recording.  
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An alternative approach to modify surface motions are traditional deconvolution 

techniques. A deconvolution using linear elastic analyses (by means of the site response 

program Strata (Kottke and Rathje 2008a, b)) is compared with the proposed Vs-κ 

correction approach. The response spectra corresponding to the Vs-κ corrected motions and 

the deconvolved motions (when using Darendeli’s (2001) model), for all study sites, are 

shown in Figure 5. Deconvolved motions provide in general, a lower response spectrum 

(dashed curve in Figure 5). Their agreement with the response spectrum associated with 

the reference outcropping rock motion improves for sites with softer (i.e., low Vs,30) 

shallow deposits, such as OITH07 (Pair 5), and SRCH09 (Pair 6), while Vs-κ corrected 

motions perform poorly at these stations (i.e., pairs 2, 5, and 6).  On the other hand, Vs-κ 

corrected motions outperform deconvolved motions in the characterization of the spectral 

energy in the high-frequency or low-period range (e.g., pairs 1, 7a, 7c, and 7d). 

The use of SRI to capture amplification effects ignores the potential of amplification due 

to resonances. These effects are particularly strong at soft sites. Hence the implementation 

of the proposed approach should be limited to motions recorded on weathered rock sites or 

very stiff soil deposits. In more general terms, records from sites with low Vs,30 or soft near 

surface deposits should not be used as input motions in SRA because they introduce mid- 

and long-period narrow-banded peaks that are not representative of an outcropping rock 

motion. Horizontal to vertical spectral ratios (H/V) may assist in identifying suitable input 

ground motions for SRA that can be adjusted with the Vs-κ correction framework.  

5.4 Practical Implications  

The implementation of Vs-κ corrections to input ground motions in SRA will affect the 

computed spectral accelerations at the surface. For sites underlain by hard rock (e.g., in 
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CEUS), the corrected input motions will have a much stronger high-frequency content. 

This is relevant in particular for structural systems sensitive to high-frequency motions. 

Spectral accelerations at the ground surface are not the only outcome from SRA. 

Amplification factors (typically defined as a function of ground shaking intensity) also 

result from SRA and constitute one of the major inputs to site-specific seismic hazard 

analysis. In this section, we explore the implications of the proposed correction framework 

on both, the spectral acceleration at the surface and on amplification functions (AFs). 1D 

equivalent-linear SRA at ten sites are performed (by means of the site response program 

Strata (Kottke and Rathje 2008a, b)) using as-recorded and Vs-κ corrected input motions. 

5.4.1 Selection of Study Sites 

Developing a rigorous protocol to identify cases where Vs-κ corrections are necessary 

would require a statistically significant dataset, where a diverse group of sites and several 

input ground motions are considered. As a first attempt, we assess ten sites (i.e., two site 

class C, six site class D and two site class E) and consider seven input ground motions from 

the KiK-Net database. The selected sites should comply with the assumptions behind 1D 

site response modeling. Moreover, the sites should preferably have hard rock at the 

reference depth to test the efficiency of Vs-κ corrections in producing compatible input 

motions at conditions where actual recordings are scarce (or not even available). 

Thompson et al. (2012) developed a classification scheme for downhole arrays to identify 

recording stations where common 1D wave propagation assumptions apply. These authors 

analyzed data from 100 recording stations from the KiK-Net database and found 16 sites 

with a low inter-event variability along with a good fit to the theoretical TF obtained 

assuming 1D vertically propagating SH-waves through horizontally layered media. Out of 
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the aforementioned 16 sites, only eight (shown in Table 2) have a Vs value at the reference 

depth (i.e., soil-rock boundary) greater than 1500 m/s. Hence, those eight sites are 

considered for this study along with two more sites (not within the KiK-Net database): a 

site located in a park along the north side of the Charles River Basin, just west of the Boston 

University Bridge, in Boston, Massachusetts, USA and a generic soft clay site defined by 

Rodriguez-Marek (2000). The geotechnical characterization of the Boston site is obtained 

by compiling Vs measurements from Thompson et al. (2014) and an extensive literature 

review of the geology of the area (e.g., Johnson, 1989, Brankman and Baise, 2008, Berry 

et al. 2015-in review).  

Seven ground motion recordings from the KiK-Net database are used as input motions for 

conducting SRA at the selected study sites (Table 3). Linear scaling of the pre-selected 7 

ground motions (14 horizontal components) is applied to broaden the intensity range of 

these motions. 

5.4.2 Implementation of Vs-κ Corrections 

Correction factors for impedance and attenuation effects are applied to each input motion 

using the Δκ0_CH estimates from Chandler et al. (2006). A uniform cap to the CFatn is 

incorporated in order to limit the increase of high-frequency spectral energy to reasonable 

values and avoid contamination of the corrected records with high-frequency noise. The 

limits for the cap are selected based on the frequency range over which surface to borehole 

ratios decay with frequency. A linear transition from the highest frequency in the identified 

range up to 30 Hz is incorporated, so that after 30 Hz, the CFatn equals one. Recordings 

from the KiK-Net database have a cutoff frequency at around 30 Hz. Hence, high-
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frequency noise is not being amplified by the proposed correction, avoiding unrealistic 

FAS and response spectra. 

Some of the corrections implemented (i.e., corrections vary according to the site conditions 

at each recording station) led to a decrease in the high-frequency energy content of the 

original input motion, while the rest slightly incremented it. This reduction occurs at 

recording sites with high Vs,30 where the Δκ0 is relatively small and the impedance effects 

dominate the correction. For a subset of stations with low Vs,30 at the surface (i.e., 

NGNH08, NGNH34 and NGNH33), the attenuation correction dominates; hence the net 

Vs-κ correction resulted in an increase in high-frequency motions. In the next sections, we 

explore the effect of this increase in high-frequency content on spectral accelerations at the 

ground surface and on AFs.  

5.4.3 Differences in Spectral Accelerations at the Ground Surface 

Thirty as-recorded and thirty Vs-κ corrected input ground motions (i.e., original and 

linearly scaled motions) are used to conduct SRA at the selected study sites. The correlation 

between the ratio of surface spectral accelerations obtained from the as-recorded and Vs-κ 

corrected sets of input motions (i.e., Sa,so/Sa,sVs-κ) and different site and ground motion 

parameters is investigated. The latter include: (a) the difference between the Vs,30 value of 

the assumed elastic half-space at the site of interest and the Vs,30 at the recording station, 

ΔVs; (b) the fundamental frequency of the site, f’; and (c) the shear strain index, Iγ (Idriss, 

2011), also known as the estimated strain, γest (Kim et al. 2013) which is defined as the 

ratio of the peak ground velocity of the input motion and the Vs,30 of the site of interest 

(PGVin/Vs,30). A correlation with f’ is not found, while Sa,so/Sa,sVs-κ decreases for smaller 

Iγ only at very short periods. At periods greater than 0.4 seconds, Sa,so/Sa,sVs-κ ratios 
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approach unity regardless of the Iγ value. The strongest correlation across all periods 

considered (i.e., from 0.01 sec to 10 sec) is provided by ΔVs values.  

Differences between spectral accelerations computed at the surface when using as-recorded 

and Vs-κ corrected input motions are more significant for short periods (T) and high values 

of ΔVs, especially for 0.03 sec < T < 0.2 sec and ΔVs > 1500 m/s. Even though larger 

differences with increasing ΔVs values are expected, the contours of Sa,so/Sa,sVs-κ ratios 

shown in Figure 6 demonstrate that there is a specific range of periods where using as-

recorded input ground motions may result in unconservative spectral accelerations at the 

surface. Very high values of ΔVs can easily result from selecting ground motion recordings 

from Western US (WUS) as input for SRA conducted at sites overlying a very hard rock 

(e.g., in CEUS, where the Vs for bedrock is 3000 m/s (Hashash et al. 2014)). 

Longer periods (i.e., T > 0.4 sec) are less affected by Vs-κ corrections. Hence, the 

implementation of the proposed correction framework might not be strictly necessary if the 

system of interest is known to respond primarily to dynamic loading in such period range. 

Likewise, when ΔVs is less than 1000 m/s, as-recorded input ground motions result in 

spectral accelerations only 10% lower than Vs-κ corrected input motions. Additional efforts 

required to implement the proposed correction methodology may not be justified by the 

increased accuracy of the results in that case. 

Contours of Sa,so/Sa,sVs-κ corresponding to three site classes are presented in Figure 7. The 

effects of nonlinearity expected to be more significant for softer sites (i.e., site class E) 

seem to obscure the influence of Vs-κ corrections. The contours for site class E are 

noticeably narrower and predict higher values of Sa,so/Sa,sVs-κ ratios than those for site 

classes C and D. The patterns observed for site class D mimic more closely the contours 
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presented in Figure 6 because six out of the ten selected study sites are categorized as class 

D. Contours for Site class C are more sensitive to variations in ΔVs values, and for a very 

narrow range of short periods, this site class provide the lowest Sao/SaVs-κ ratios (reaching 

0.3 for periods between 0.03 sec and 0.07 sec and ΔVs values larger than 2500 m/s). 

The influence of the input motion intensity on Sa,so/Sa,sVs-κ ratios is also investigated.  

Results from a multivariate linear regression on Sa,so/Sa,sVs-κ ratios as a function of both, 

ΔVs and the spectral acceleration of the input motion at the period of interest are shown in 

Figure 8 (for T=0.01 sec and T=1.0 sec). The corresponding mean and standard deviation 

are provided along with data points from the SRA analyses conducted using Strata (Kottke 

and Rathje 2008a, b)). The latter are depicted as circles where lighter gray colors 

correspond to lower intensity motions. Over the short period range (i.e., T < 0.5 sec), 

Sa,so/Sa,sVs-κ ratios become less conservative (i.e., lower than 1) for low intensity motions 

(e.g., Figure 8a); with the effect being more significant for high ΔVs values. Lower 

Sa,so/Sa,sVs-κ ratios than unity also result from high ΔVs values at longer periods (i.e., T > 

0.8 sec), but they only reach a value of approximately 0.9 and are not as significantly 

affected by the intensity of the input motions. At T=1 sec, stronger ground shaking is 

associated with lower Sa,so/Sa,sVs-κ ratios (Figure 8b), however a consistent pattern is not 

observed for longer periods. 

5.4.4 Differences in Amplification Functions  

A regression fit (either a linear or a nonlinear relationship) of the amplification as a function 

of the spectral acceleration of the rock (Sa,rock) at the same oscillator period is typically used 

to define the trend of computed amplifications from SRA with input motion amplitude 

(e.g., see Stewart et al. 2014). We computed these functions for two separate cases, when 
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using as-recorded input motions (AFo), and when using Vs-κ corrected input motions 

(AFVs-κ). The trends of the AFo/AFVs-κ ratios correlate well with site class as shown in 

Figure 9. For instance, curves corresponding to site class C for T=0.01 sec and T=0.1 sec 

(Figure 9a and 9b, respectively), show that Vs-κ corrected ground motions result in higher 

AFs for weak motions (i.e., for spectral accelerations in rock lower than 0.2 g), whereas 

site class E shows the opposite effect. However, sites categorized as site class E, have 

AFo/AFVs-κ ratios around 0.9 for stronger levels of ground shaking. The AFo/AFVs-κ ratios 

of all the selected study sites start to converge for longer periods. Some differences are still 

noticeable in Figure 9b (for T=0.1 sec), but for periods longer than 0.7 seconds, AFo/AFVs-

κ ratios oscillate very closely around the unity for weaker motions and less so for stronger 

ground shaking (with site class D providing ratios lower than 1 for high intensity motions). 

At periods between 0.07 seconds and 0.3 seconds, sites categorized as site class D lead to 

AFo/AFVs-κ ratios lower than 1 more consistently for low intensity ground shaking, while 

for very short periods, these sites show more variability (e.g., Figure 9a). 

Consequently, AFo/AFVs-κ ratios are also correlated to the level of intensity of the input 

ground motion. In fact, these ratios can be expressed as: 
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where Sa,s refers to spectral accelerations at the ground surface and Sa,r at the bedrock 

level (i.e., the reference depth at the site), while superscripts o and Vs-κ indicate the type 

of input motions used for conducting the SRA (e.g., o for original or as-recorded motions). 

The ratios Sa,so/Sa,sVs-κ are shown in Figure 8 as a function of ΔVs and Sa,rock. The ratio 
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Sa,r Vs-κ/Sa,ro corresponds to the proposed Vs-κ correction as it would apply in the response 

spectral domain; and it is a function of ΔVs while weakly correlated to Sa,rock. We use the 

AFo/AFVs-κ ratios (as computed using Equation 7) to identify cases where the proposed Vs-

κ correction can affect the computed AFs. Mean values and their corresponding standard 

deviations for T=0.01 sec and T=1.0 sec are shown in Figure 10 across different ΔVs values. 

Additionally, AFo/AFVs-κ data points obtained by the multiplication of empirical values of 

Sa,so/Sa,sVs-κ and Sa,r Vs-κ/Sa,ro ratios from SRA using Strata (Kottke and Rathje 2008a, b)) 

are provided as circles whose color is associated with the intensity of the ground shaking 

(i.e., Sa,rock). All sites and input ground motions were considered and plotted in accordance 

with their corresponding ΔVs and Sa,rock values. 

At T=0.01 sec (Figure 10a) AFo/AFVs-κ ratios increase as ΔVs values increase, while the 

intensity of the ground motion (i.e., Sa,rock) has only a minor influence. Overall, lower 

intensity motions lead to lower AFo/AFVs-κ ratios, which in some cases reach values lower 

than the unity. There is an increasing influence of the intensity of shaking on AFo/AFVs-κ 

ratios between 0.04 sec < T < 0.1 sec. Weaker motions (i.e., Sa,rock < 0.15 g) result in lower 

AFo/AFVs-κ ratios than stronger ground motions and they also lead to AFo/AFVs-κ ratios 

lower than the unity. However, the influence of Sa,rock is reduced for T > 0.1 sec. 

For periods between 0.15 sec and 0.5 sec, AFo/AFVs-κ ratios do not change significantly 

with ΔVs values, but at longer periods (e.g., Figure 10b), AFo/AFVs-κ ratios start decreasing 

as ΔVs values increase. Interestingly, it is the stronger ground motions the ones leading to 

lower AFo/AFVs-κ ratios than the lower intensity motions within this period range. 

These preliminary results indicate that AFs are less affected by Vs-κ corrections than 

computed spectral accelerations at the surface. However, given the dependency on site 



 144 

class observed in Figure 9, future research should focus on investigating the impact of the 

proposed corrections on different site profiles. Stiffer sites subjected to low intensity input 

motions are likely to be more influenced by the change in high-frequency content of input 

motions used in SRA. 

5.5 Conclusions 

A Vs-κ correction framework has been proposed (as an alternative to traditional 

deconvolution techniques) to modify recorded motions on rock and soft rock such that 

these are compatible with the reference depth velocity and site kappa at a site where SRA 

are conducted. The key components of this methodology, namely the impedance and 

attenuation correction factors, are consistent with similar scaling approaches for GMPEs 

(e.g., Campbell 2003, Al Atik et al. 2014). Their implementation will allow for the 

expansion of the range of stations from which ground motions can be selected as input for 

SRA. 

A validation exercise using a subset of close-by rock site pairs from the KiK-net database 

was conducted. The proposed methodology was found to depend heavily on the difference 

in κ0 between the recording station and the reference rock at the site. In this study, we used 

estimates of κ0 from Chandler et al. (2006). The Vs-κ corrected motions provided a 

reasonable agreement with the reference outcropping rock motions and deconvolved 

motions. However, motions recorded at sites with very soft near-surface deposits or with 

strong resonances are poor candidates for the Vs-κ correction approach. Our 

recommendation reinforces current practices in which ground motions affected by site 

resonances or recorded at low Vs,30 (i.e., soft deposits) sites are not considered a suitable 

input to SRA. 
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Finally, the impact of the proposed correction framework on spectral accelerations at the 

surface and AFs was investigated. Spectral accelerations at the ground surface were found 

to be highly affected by Vs-κ corrections, which can be relevant for dynamic analyses of 

new and existing infrastructure. As expected, the difference between Vs values at the 

reference depth at the site of interest, and at the recording station plays a major role in how 

influential (and necessary) the proposed corrections may be. Contours showing this 

dependency were provided so that a specific range of periods where unconservative 

estimates of spectral accelerations are expected could be identified. Additionally, stiffer 

sites (e.g., site class C) subjected to low intensity ground shaking levels can potentially be 

more influenced by changes in the high-frequency content of input motions (resulting from 

the proposed methodology) than softer sites (e.g., site class E). Consequently, Vs-κ 

corrections seem to have varying effects on spectral accelerations at the surface and AFs 

depending on the site class. Further investigation including a larger set of site profiles and 

input ground motions is needed to better understand which parameters control the observed 

behavior. Such study would be key to clarifying the potential implications of the Vs-κ 

correction framework on site-specific seismic hazards assessments and dynamic analyses 

of critical infrastructure. 
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Table 1: Characteristics of the close-by rock sites pairs selected by Cadet et al. (2011). 

Pair 

no. 
Couple (1) 

# of Events 

(Date) 

Sensor 

depth 

(m) 

Vs,30 

(m/s) 

Vs,down 

(m/s) 
κ0_TF Δκ0-CH κ*damping 

1 
ABSH04 (R) 1 

(9/26/03) 

200 1136 3100      

ABSH05 106 624 1800 0.060 0.008 0.001 

2 
KGWH03 (R) 1 

(9/5/04) 

100 1410 2590    

KGWH01 117 255 1287 0.040 0.024 0.002 

3 
KGWH03 (R) 1 

(9/5/04) 

100 1410 2590    

KGWH04 105 407 1760 0.049 0.006 0.002 

4 
OITH05 (R) 1 

(10/6/00) 

100 1269 1900    

OITH04 230 459 960 0.024 0.006 0.002 

5 
OITH05 (R) 1 

(10/6/00) 

100 1269 1900    

OITH07 101 276 1600 0.049 0.043 0.003 

6 
SRCH10 (R) 1 

(9/26/03) 

200 1027 1600    

SRCH09 122 241 780 0.047 0.040 0.004 

7 
TKYH13 (R) 4 (2) 100 1110 2500    

KNGH18  100 388 1200 0.062 0.050 0.002 

8 
TKYH13 (R) 4 (2) 

 

100 1110 2500    

TKYH12 147 326 1800 0.019 0.054 0.003 
(1) R denotes the reference station 
(2) event (a): 10/23/04, event (b): 9/5/04, event (c): 10/23/04 and event (c): 10/24/04 

 

 

Table 2: Sites used to investigate influence of Vs-κ corrected motions on spectral 

accelerations at the surface and AFs. 

Site Vs,30 (m/s) Vs,down (m/s) Site Class 

IWTH02 390 2300 C 

IWTH27 670 2790 C 

IBRH13 335 3000 D 

IBRH17 301 2300 D 

IWTH08 305 2120 D 

KSRH10 213 1700 D 

TKCH08 353 2800 D 

909BUB 295 1500 D 

Generic E 135 1500 E 

IBRH10 144 2350 E 
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Table 3: Ground motion recordings used in this study to estimate spectral accelerations 

at the surface and AFs at the selected study sites. 

Station 

Name 
Recording Mw 

Rrup 

(km) 

Vs,30 

(m/s) 

Vs,down 

(m/s) 

NGNH08 
RSN5219_CHUETSU_NGNH08EW 

6.8 131.0 432.69 900 
RSN5219_CHUETSU_NGNH08NS 

NGNH31 
RSN5241_CHUETSU_NGNH31EW 

6.8 141.6 526.87 1100 
RSN5241_CHUETSU_NGNH31NS 

NGNH34 
RSN5244_CHUETSU_NGNH34EW 

6.8 106.5 489 970 
RSN5244_CHUETSU_NGNH34NS 

TCGH09 
RSN5355_CHUETSU_TCGH09EW 

6.8 120.7 649.05 1050 
RSN5355_CHUETSU_TCGH09NS 

AOMH15 
RSN5538_IWATE_AOMH15EW 

6.9 145.1 577.54 1200 
RSN5538_IWATE_AOMH15NS 

FKSH08 
RSN6520_NIIGATA_FKSH08EW 

6.63 110.4 562.5 1470 
RSN6520_NIIGATA_FKSH08NS 

NGNH33 
RSN6721_NIIGATA_NGNH33EW 

6.63 111.1 435.4 1100 
RSN6721_NIIGATA_NGNH33NS 
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Figure 1: Representation of Vs-κ corrected motions in the context of SRA. 
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Figure 2: Steps for deriving Vs-κ correction factors and obtaining the adjusted input 

ground motion. 
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Figure 3: (a) Impedance and (b) attenuation correction factors, as well as (c) their net 

effect as calculated for station ABSH05. 
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Figure 4: (a) Response spectra (geometric mean) corresponding to the Vs-κ corrected, as-

recorded and reference motions, and (b) Vs-κ corrected time histories using Δκ0-CH, along 

with the as-recorded acceleration time histories at ABSH04. 
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Figure 5: Response spectra corresponding to Vs-κ corrected and deconvolved motions. 
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Figure 6: Contours of Sa,so/Sa,sVs-κ ratios as a function of ΔVs values (all sites 

considered). 
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Figure 7: Contours of Sa,so/Sa,sVs-κ ratios as a function of ΔVs values across periods and 

per site class: (a) Site class C, (b) Site class D, and (c) Site class E. 
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Figure 8: Sa,so/Sa,sVs-κ ratios for (a) T = 0.01 sec and (b) T = 1.0 seconds.  
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Figure 9: AFo/AFVs-κ ratios per site class corresponding to (a) T=0.01 sec and (b) T=0.1 

sec. 
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Figure 10:  AFo/AFVs-κ ratios for (a) T=0.01 sec and (b) T=1 sec. 
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CHAPTER SIX 

 

CONCLUSIONS 

 

 

6.1 Summary 

This research work presented improvements to the assessment of site-specific seismic 

hazards with a primary focus on overcoming some of the limitations in site response 

analysis (SRA). The main contributions of this research are listed as follows: 

 

 Minimum shear strain damping values consistent with κ0, an attenuation descriptor 

often used in engineering seismology, have been computed at multiple recording 

stations from the large Japanese database, KiK-net. Combined models of 

geotechnical and seismological attenuation descriptors were proposed. 

 The contribution of the shallow layers to κ0 estimates was investigated. The 

difference between κ0 at the surface and at depth was quantified for several KiK-

net stations and its correlation to shallow geologic structures was examined. 

 The errors introduced in SRA when the reference depth, and the materials below it, 

at the site of interest do not comply with the assumptions of an ideal elastic half-

space (EHS) were assessed. Geologic conditions leading to significant errors 

associated with the elastic half-space assumption were identified.   

 A Vs-κ correction framework for input motions used in SRA has been proposed as 

an alternative to traditional deconvolution techniques, when only generic 



 165 

knowledge of the profiles is known. Correction factors can modify recorded 

motions on rock and soft rock, such that these are compatible with impedance and 

attenuation characteristics of the assumed elastic half-space at the site. 

6.2 Findings 

6.2.1 Estimation of Kappa (κ)-consistent Damping Values 

Values of κ0 were computed at multiple stations from the KiK-net database. Minimum 

shear strain damping values consistent with the attenuation of seismic waves in the field, 

as captured by measured κ0 values, were then estimated.  The correlation of κ0 estimates 

with shallow geology was also investigated. The key findings can be summarized as 

follows: 

 

 Values of laboratory-based minimum shear strain damping when compared to the 

proposed κ0-consistent estimates were found to provide a lower bound to the 

characterization of the attenuation in situ. Only intrinsic material damping can be 

captured when testing small-scale soil elements in the laboratory, which hinders the 

quantification of other sources of attenuation as they occur in the field (e.g., 

scattering effects and multipathing).  

 Increasing minimum shear strain damping values from typical laboratory-based 

models by 2% to 3%, provided low strain damping profiles which are compatible 

with the measured κ0 at the selected study sites.  

 The difference between κ0 values at the surface and at the downhole depth was 

found to be correlated with Vs30 and the depth to bedrock. Such difference, referred 
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to as Δκ, decreases for stiffer, shallower sites. This implies that Δκ can encapsulate 

the attenuation in near-surface materials. Also, this means that the contributions of 

the attenuation in the rock mass and the overlying sediments can be considered 

independently.  

 Two estimates of κ0 were deemed possible as regional hard rock κ0 for Japan. Both 

values lie below regional estimates found by other researchers for New Zealand, 

Greece and Switzerland. This implies that Japanese hard rocks and stiff sites 

dissipate less energy than their counterparts in the aforementioned regions. 

 

6.2.2 The Elastic Half-Space Assumption in Site Response Analysis 

This study examined the potential systematic errors introduced in SRA when the selected 

reference depth, and the strata below it at the site of interest, do not comply with the 

assumptions of an ideal elastic half-space. Selecting an appropriate EHS boundary 

condition is relevant, because it also implies that the input motions applied at such horizon 

should be recorded at a site with an equivalent site response to that of the assumed EHS. 

The main outcomes from this research are outlined below: 

 

 The ratio of transfer functions as obtained from the analysis of the full soil column 

and its corresponding decoupled representation was proposed as a measure of the 

error associated with the EHS assumption. 

 A parametric study conducted at a three-layer profile investigated the most 

influential factors on the error introduced by the EHS assumption in SRA. This 

study revealed that the presence of a strong impedance contrast is not the only 
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condition that should be considered when defining the EHS location. Both, the 

shear wave velocity and thickness of the shallow soil deposits proved to be 

influential factors on the estimated error. Likewise, the shear wave velocities of 

underlying soft and hard rock layers also affect the estimates of site response over 

a specific range of frequencies of engineering interest. 

 Case studies of unusual profiles found at sites in Charleston, SC and Hanford, WA 

were presented to show that the error associated with the EHS assumption on site 

response is not negligible for certain geologic conditions. The presence of a strong 

impedance contrast located at depth or shear wave velocity reversals represent a 

significant departure from the hypotheses behind an ideal EHS. Hence, they can 

lead to nontrivial errors in the estimation of the response at the site. 

 

6.2.3 Vs-κ Correction Factors for Input Ground Motions used in Seismic Site 

Response Analysis 

 

A Vs-κ correction framework has been proposed as an alternative to traditional 

deconvolution techniques. Impedance and attenuation differences between the recording 

and the study sites are addressed so that input motions are compatible with the velocity and 

site κ of the assumed EHS at the site of interest. This correction framework, although 

inspired by scaling approaches for ground motion prediction equations, represents an 

important contribution towards expanding the range of stations from which ground motions 

can be selected as input for SRA. The main findings are summarized as follows: 
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 The Vs-κ corrected motions provided a reasonable agreement with the reference 

outcropping rock motions and deconvolved motions. Deconvolved motions 

provided in general, a lower response spectrum than Vs-κ corrected motions. 

Their agreement with the response spectrum of the reference outcropping rock 

motion improved for sites with softer, shallower deposits. Vs-κ corrected 

motions outperformed deconvolved motions in the characterization of the 

spectral energy in the high-frequency range at most of the study sites. 

 The proposed methodology was found to depend heavily on the difference in 

κ0 between the recording station and the reference rock at the site.  

 Motions recorded at sites with very soft near-surface deposits or with strong 

resonances are poor candidates for the Vs-κ correction approach. This finding 

reinforces current practices in which ground motions affected by site 

resonances or recorded at low Vs,30 sites are not deemed suitable inputs to SRA. 

 Spectral accelerations at the ground surface were found to be highly affected by 

Vs-κ corrections, which can be relevant for dynamic analyses of new and 

existing infrastructure.  

 The difference between Vs values of the assumed EHS at the site of interest, 

and at the recording station plays a major role in assessing the need for the 

proposed corrections.  

 The amplification functions for stiffer sites subjected to weak ground shaking 

are more influenced by Vs-κ corrections. Nonlinearity obscures Vs-κ correction 

effects. 
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6.3 Recommendations for Future Research 

The definition of an appropriate EHS, along with using compatible input motions with such 

EHS and damping values which more closely match the attenuation in the field address 

some of the limitations in SRA. In addition, the research presented herein has identified 

other issues that require further investigation:  

 

 The main outcomes of this study (i.e., the Vs-κ corrections, recommendations for 

the location of the EHS and combined damping models) should be implemented at 

sites with vertical arrays so that the effectiveness of the proposed solutions can be 

tested against recorded ground motions. The variability in the resulting estimates 

of site response can be compared when implementing one, two or all three of the 

aforementioned improvements. Knowing which improvement leads to better 

estimates of site response and less variability would provide some guidance on 

where future research efforts should focus on: input motion selection protocols, 

modeling fundamentals of wave propagation in deep profiles or damping 

characterization. 

 When computing new minimum strain damping estimates based on κ0 values, the 

added damping to typical laboratory-based values (herein referred to as Δξmin) were 

found by assuming depth-independency and Vs-dependency. A third alternative 

worth exploring is the depth-dependency of Δξmin, considering that both, minimum 

strain damping and κ, are functions of depth. 

 In the case of Japan, it was found that there are two possible estimates of κ0 

associated with hard rock and stiff sites. Further research is necessary to rigorously 
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investigate some of the hypotheses proposed herein that could explain the observed 

behavior in the region and explore other potential causes.  

 Considering that only linear elastic SRA were conducted when investigating the 

importance of the EHS assumption, future studies on the effects of soil nonlinear 

behavior could help expand the recommendations presented herein. 

 The applicability of the proposed Vs-κ corrections could be expanded by 

developing analogous procedures for sites where a Vs profile is not available and 

only the Vs30 is known. For example, several recording stations in the NGA-West 

database only have a site classification based on their Vs30. Proposing alternative 

Vs-κ corrections for these cases would effectively expand the catalog of ground 

motions that can be used for SRA purposes.  

 Vs-κ corrections seem to have varying effects on spectral accelerations at the 

surface and on amplification functions, depending on the site class. Further 

investigation including a larger set of site profiles and input ground motions is 

needed to better understand which parameters control the observed behavior. Such 

study would be key to clarifying the potential implications of the Vs-κ correction 

framework on site-specific seismic hazards assessments and dynamic analyses of 

critical infrastructure. 

 The possibility of accounting for κ0 effects by selecting input ground motions based 

on their match to a specified spectral shape should be explored. Such practice is 

already common in current protocols for input motion selection in site response 

analysis, but only differences in Vs30 are considered. Interpreting changes in 

spectral shape due to the attenuation near the surface, as captured by κ0 values, can 
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become a useful analysis tool that facilitates the selection of appropriate design 

motions. 
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APPENDIX A 

Linear Regressions for the Estimation of Site-specific κ Values at the 

Sixty Selected Sites used in Chapter 3 
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APPENDIX B 

List of KiK-net stations grouped in clusters used in Chapter 3 
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APPENDIX C 

Minimum Strain Damping Plots corresponding to the Sixty Selected Sites 

used in Chapter 3 
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