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ABSTRACT 

One of the fundamental decisions when conducting an equivalent linear site response analysis involves the 

determination of the depth and characteristics of the elastic half-space (EHS). This boundary condition is 

usually defined at a horizon sufficiently stiff such that no strong impedance contrasts will be found below 

this depth. The assumption of an EHS 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 proportion of waves being reflected back up through the profile. The ratio of the absorbed and 

reflected waves is a function of the impedance contrast between the soil profile and the EHS. Thus, the 

waves reflected from deeper material boundaries in the actual geologic profile are not considered in the 

numerical site response. The EHS assumption is rarely met in geotechnical site response analyses, which 

often focus on shallower profiles. However, the positioning of an EHS at a depth that is not geologically 

justified can alter significantly the estimated site response, and consequently the estimated seismic hazard, 

at a site. 

Site response analyses at sites with a strong soil-rock impedance contrast typically assume the 

location of the EHS at the depth of the impedance contrast, with the EHS shear wave velocity (Vs) often 

assumed to be in the order of 800 m/s in the western US and 3000 m/s in the eastern US. This study aims 

to investigate the influence of deeper strata in site response analyses conducted at different sites in 

Charleston, South Carolina, USA where a strong impedance contrast is present at a depth typically greater 

than 800 m.  

Geotechnical data (i.e. cone penetration tests or CPT, seismic cone penetration tests or SCPT and 

shear wave velocity measurements) have been collected in the aforementioned sites. Transfer functions 

resulting from analyzing the entire soil/rock column and those corresponding to a case where the EHS 

location is assumed at a certain depth and the response of shallow layers is “decoupled” from deeper rock 

layers, have been estimated by means of one dimensional (1D) theoretical formulations of wave propagation 
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in layered media (e.g. STRATA) and the square-root-impedance (SRI) method. The error and associated 

uncertainty introduced by conducting decoupled site response analyses have been quantified for the sites 

under study. 

INTRODUCTION 

In geotechnical engineering projects, the subsurface characterization of a site is typically limited and 

assumptions are generally necessary to fully describe its subsurface profile and quantify its corresponding 

properties. A very common assumption is associated to the location of the Elastic Half Space (EHS) 

boundary condition. Since geotechnical subsurface characterization often stops shortly below the 

soil/bedrock boundary, the latter is often assumed to be the EHS. Even when proper information is 

available, intrinsic characteristics of the shear-wave velocity (Vs) structure of the site may hinder the clear 

identification of a boundary where the EHS assumption is valid. For instance, varying levels of ambiguity 

associated with defining the EHS for three different sites in the US are illustrated in Figure 1. The presence 

of a clear impedance contrast in sites located in Charleston, SC (Figure 1a) is characteristic of hard rock 

conditions in Central and Eastern US (with typical Vs values higher than 3000 m/s). This type of Vs profile 

makes it simple to locate the EHS boundary condition exactly where the strong impedance contrast is. 

However, because this contrast occurs at great depth (>800 m.), often only the upper portion of the profile 

is analyzed in geotechnical site response analyses (e.g., upper 75 m. of the profile), wherein the EHS placed 

at the base of the modeled profile and the influence of the deeper portion of the profile on the site response 

is ignored. Conversely, the Vs in profiles in the State of California and at deep soil sites (e.g., Mississippi 

embayment) often progressively increase with depth (Figure 1b), making the decision of where to place the 

EHS in the numerical model less intuitive. Similarly, complex profiles (e.g. with low velocity zones in 

between higher Vs layers, as shown in Figure 1c) challenge the analyst to select the depth of the EHS 

boundary condition either right at the first strong impedance contrast or at the very bottom of the profile.  

 

 
Figure 1: Vs profiles corresponding to a) a site in Charleston, South Carolina, USA showing a unique and clear 

impedance contrast; b) progressively increasing Vs profile typical of deep soils in the Mississippi embayment 

(Tennessee, USA) and c) a site in Hanford, Washington, USA with strong velocity reversals. 

The EHS assumption is often valid for the analysis of deep profiles (in the order of kilometers), 

because geological units at large depths approach a uniform stiffness that is characteristic of an EHS. 

However, the EHS assumption is rarely met in geotechnical site response analyses, which often involves 

the assessment of shallower profiles. Thus, “decoupled” analyses are common practice because it is 

a) b) c)
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typically assumed that a ground motion recorded at a certain depth already carries information about deeper 

geologic structures within the site profile. Nonetheless, the degree to which the decoupled approach 

introduces errors in site response has received rather limited attention to date. 

Two specific cases where decoupled site response analyses lead to non-conservative estimations of 

site amplifications are depicted in Figure 2. The transfer functions (TFs) resulting from the full column 

approach (shown in red) correspond to the ratio of Fourier amplitude spectra between points C and A, 

whereas the decoupled approach (shown in blue) estimates the TF between points B and A and to couple it 

with the TF between points C and B (the mathematical framework for the decoupled approach is further 

explained in the methodology section). Figure 2a shows the TFs for a simple three-layer profile (i.e. a soil 

deposit and a rock layer or Rock I overlying a stiffer rock or Rock II) as estimated by full column and 

decoupled analyses using theoretical formulations for 1D wave propagation in layered media. The 

impedance contrast between the soil deposit and the first rock layer (i.e. Rock I) is not as significant as the 

impedance contrast located at depth. Figure 2b illustrates how the scattering, as a result of the presence of 

velocity reversals in the profile, can significantly alter the TF obtained from a decoupled analysis. In both 

cases, the decoupled analysis results in more energy at the first resonant mode. 

 

 
Figure 2: Transfer Functions from full column and decoupled site response analyses for two different site 

conditions: (a) three-layer model with uniform Vs values in each layer and (b) site with strong velocity reversals 

present in its Vs profile. 

The Vs profile displayed schematically in Figure 2b corresponds to the site located in Washington 

State presented in Figure 1c whereas the site in Figure 2a represent an ideal case found to provide a 

significant mismatch between the approaches under study. The following sections will highlight some of 

the characteristics of the sites selected for this study and will also describe the proposed methodology. The 

applicability of the decoupled analysis will be tested for different site conditions and valuable insights 

regarding the importance of the EHS assumption in site response analysis will be provided. 

STUDY AREA 

The area under study is located in Charleston, South Carolina which is on the eastern coast of the US. As 

observed in the plan views provided in Figure 3, the sites of interest are close to the coast on the southeast 

region of South Carolina. Geotechnical data (i.e. cone penetration tests or CPT, seismic cone penetration 

tests or SCPT and Vs measurements) were collected and revealed deep soil profiles with a very strong 

impedance contrast located at 820 m. (where the Vs is equal to 3600 m/s). These profiles have varying 

thicknesses of soil deposits and marl, and overly the same geological formation (Table 1). In general, the 

soil composition is similar across sites, mainly composed by sands and clays, but the Vs profiles at each 

site were found to differ, especially in the upper 80 m. as illustrated in Figure 4. 

C

B

A

Vs (m/s)

450 
m.

10
-2

10
-1

10
0

10
1

10
2

0

1

2

3

4

5

6

7

8

9

10

Frequency (Hz)

A
m

p
li
fi

c
a

ti
o

n

Amplification Full Column and Decoupled Analyses

 

 

Full Column Analysis

Decoupled Analysis270

760

2700

(a)

450 
m.

3000

2500

Vs (m/s)(b)

SOIL
DEPOSIT

10
-2

10
-1

10
0

10
1

10
2

0

1

2

3

4

5

6

7

8

9

10

Frequency (Hz)

A
m

p
li
fi

c
a

ti
o

n

Amplification Full Column and Decoupled Analyses

 

 

Full Column Analysis

Decoupled Analysis



A.Cabas, P.Cárcamo, A.Rodriguez-Marek, B.Godfrey and  G.Olgun 

 

4 
 

Table 1: General characteristics of the sites under study. 

 

  

Figure 3: The map on the left shows a plan view of the study area (data from USGS Topographic Maps 2012). The 

map on the right shows the 2% in 50 years hazard map for PGA and was adapted from the seismic hazard map 

available for the State of South Carolina (data from USGS Earthquake Hazards Program 2014).  

The map on the left in Figure 3 only provides the location of seven of the nine sites used in this 

study (the specific coordinates for sites 8 and 9 were not available). The map on the right (also in Figure 3) 

was adapted from the seismic hazard map available for the state of South Carolina in the USGS website 

and shows the PGA (i.e. peak ground acceleration) levels with a probability of being exceeded equal to 2% 

in 50 years. 

The city of Charleston has been hit by major historical earthquakes. The 1886 Charleston 

Earthquake had an estimated magnitude of 7.3 and the maximum intensity is believed to have reached X. 

This seismic event is the most damaging earthquake that has struck the Southeast of the US and one of the 

largest historic shocks in Eastern US according to the USGS. Indeed, 60 people died and the affected area 

was larger than 5 million kilometer square. Almost 30 years later, another historic earthquake (the Union 

County earthquake of 1913) hit the state of South Carolina, but this time in a county located farther 

northwest. No deaths or significant structural damages were reported due to this earthquake (with estimated 

magnitude of 5.5 and maximum intensity of VII), but it remains relevant to the seismicity of the region 

because it proves that large earthquakes are capable of occurring at the Piedmont region (according to the 

South Carolina Geological Survey-SCGS). 

Forty ground motions recordings (horizontal components) selected from the Pacific Earthquake 

Engineering Research Center (PEER) database (http://peer.berkeley.edu) were used to conduct 1D linear 

elastic site response analyses at the sites of interest. These input motions correspond to seismic events with 

moment magnitudes between 5 and 9 and were recorded at stations with Vs,30 values between 750 m/s and 

3000 m/s. The epicentral distances range from 2 km. to 103 km. and all the selected events are crustal 

earthquakes with depths up to 17.5 km.   

Site #
Depth to 

Marl (m.)

Depth to common 

sedimentary formation (m.)

General Soil Types found in 

the upper layers

1 19.2 20 Sand and clay 

2 12.6 20 Sand

3 6.4 20 Sand and clay

4 28.6 28.6 Sand and clay

5 20 20 Mostly clay and some sand

6 25.6 25.6 Sand

7 7.3 20 Clay

8 0 0 -

9 11 20 Sand and clay

Study Area
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Figure 4: Shear wave velocity profiles corresponding to each site under study. The available data goes up to 830 m., 

but just the upper 100 m. are shown in this plot. 

METHODOLOGY 

The problem being addressed in this study is depicted in Figure 5 where an idealization of the site profiles 

found in Charleston is presented along with its decoupled representation. With adequate information, site 

response analyses would be conducted over the full column profile. In this case, the EHS boundary 

condition would be assumed to be at the bottom of the profile (i.e. Point A). However, Vs information will 

often be limited only to the first strong impedance contrast. In this case, the site response analyst would be 

tempted to assume that the EHS boundary condition lies at the interface between soil and the sedimentary 

formations (i.e. Point B, at approximately 72 m.). In this context, the objective of this study can be stated 

as: “quantifying the errors that would result if the presence of the very stiff rock (i.e. Point A) is ignored.” 

 This comparison cannot be made directly because of the difference in input motions that would be 

used in accordance with the characteristics of either Point B or A. Hence, the proposed methodology is 

mainly based on the comparison of the TF corresponding to the complete profile (what we refer to as “full 

column analysis”) of the site and the TF associated with a “decoupled analysis”. By comparing the resulting 

amplifications for each case (i.e. TFFULL and TFDECOUPLED, as defined at the bottom of Figure 5), it is possible 

to capture what is being missing whenever the EHS is assumed to be at a geologic unit that does not comply 

with the EHS hypotheses. 

 
Figure 5: Full column profile corresponding to an idealized representation of the sites under study on the left with its 

corresponding (simplified) Vs profile. 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 “Decoupled” profiles I and II respectively. 
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The assessment of the Charleston’s profiles presented herein will identify specific cases where 

decoupling may lead to underestimating site response over a certain range of frequencies of engineering 

interest. Analytical formulations for wave propagation in layered media along with the square-root-

impedance (SRI) method (which will be described later) have been implemented and compared to assist in 

the interpretation of the response of the aforementioned sites.  

The first step of the analysis consisted on conducting 1D linear elastic site response analyses by using 

theoretical formulations for wave propagation in layered media. The TF for the full column profile was 

then compared to the decoupled TF obtained by multiplying the amplifications of each decoupled profile. 

A decoupling depth equal to 72 m. (236.2 ft.) was considered a reasonable assumption in accordance with 

current practice because below such depth, a rather uniform Vs profile exists and a significant impedance 

contrast takes place between the soil deposits and the sedimentary formations.  

In Figure 5, FAS refers to the Fourier amplitude spectrum corresponding to the ground motion 

located at the depth indicated by the subscript (e.g. at the ground surface or Point C, top of the common 

sedimentary units or Point B and top of bedrock or Point A where the actual EHS assumption is valid). The 

transfer function ratio (TFR) is the parameter we have defined as the ratio of the amplifications from the 

full column analysis and the ones estimated by means of the decoupled analysis. This parameter will 

quantify the effects of ignoring the true location of the EHS and it is given by Eq. 1: 

 

𝑇𝐹𝑅 =
(𝑇𝐹)𝐹𝑈𝐿𝐿

(𝑇𝐹)𝐷𝐸𝐶𝑂𝑈𝑃𝐿𝐸𝐷
                                                                 (1) 

 

Two methodologies were implemented to estimate site amplifications and investigate the influence 

of resonance and impedance effects on the EHS assumption for different site conditions. The SRI method 

provides a transparent and simple alternative to compute approximate linear site amplifications. Moreover, 

unlike other formulations (such as the one used by 1D equivalent linear site response programs such as 

SHAKE and STRATA), the SRI method is not influenced by the constructive and destructive interference 

associated with seismic waves scattering. As indicated by Boore (2013), the amplifications resulting from 

procedures that account for resonance effects (what he called “Full resonant amplifications” or “FR 

amplifications”) are sensitive to changes in the EHS properties. On the other hand, site amplifications 

resulting from the SRI method above a well-defined frequency do not depend on the velocity structure 

beneath the depth associated with such frequency (Boore, 2013). The following subsections introduce the 

FR and SRI methods for site response analysis, while briefly describing their advantages and limitations in 

the context of this study. 

Full resonance methods constitute an approach to 1D site response analyses based on the vertical 

propagation of horizontally polarized shear waves through horizontally layered near-surface materials. All 

layers are assumed to have infinite extent in the horizontal direction and both, upward and downward 

propagating waves are considered in the estimation of the transfer function. Resonances result from the 

coincidence of a strong component of the input motion with one of the natural frequencies of the linear or 

equivalent linear soil deposit. However, these resonances may not represent the actual response, and thus 

are called “spurious resonances” (Kramer, 1996), when field conditions would not allow for the resonances 

to build over time. Commonly used software such as SHAKE, STRATA, or DeepSoil apply full resonance 

methods either using equivalent linear (e.g. SHAKE and STRATA) or fully nonlinear approaches. 

The SRI method was introduced by Joyner et al., (1981) who 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, as shown in Eq. 2. The method is centered on the influence of the 

impedance contrasts present in the profile under study and it does not contemplate the effects associated 

with the resonance phenomena. The use of the following equation to estimate site amplifications is known 

as the SRI method (Boore, 2013): 

𝐴 = (
𝑍𝑅

𝑍
)

1/2
= (

𝜌𝑅∗𝑉𝑅

�̅�∗�̅�
)

1/2
                                                        (2) 
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Where Z refers to the seismic impedance contrast (i.e. the product of the unit weight and seismic 

wave propagation velocity of the medium), 𝜌𝑅 and 𝑉𝑅 are the density and the shear wave velocity at a 

reference depth, and �̅� and �̅� refer to the average density and shear wave velocities 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 

method (QWL) and the specific details regarding its implementation can be found in Boore (2003). 

Analogously to the expressions presented previously to define the proposed methodology (see Figure 

5) in terms of Fourier spectral ratios, Eq. 3 and Eq. 4 were used to compare the site amplifications 

corresponding to the full column and decoupled analyses as estimated by the SRI method: 

 

(𝐴)𝐹𝑈𝐿𝐿 = √
𝜌𝐸𝐻𝑆∗𝑉𝐸𝐻𝑆

�̅�𝑓𝑢𝑙𝑙∗�̅�𝑓𝑢𝑙𝑙
∗ 𝑒−𝜋𝜅0𝑓                                                            (3) 

(𝐴)𝐷𝐸𝐶𝑂𝑈𝑃𝐿𝐸𝐷 = √
𝜌𝐸𝐻𝑆∗𝑉𝐸𝐻𝑆

�̅�𝐷𝐼∗�̅�𝐷𝐼
∗ 𝑒−𝜋𝜅𝑏𝑒𝑑𝑓 ∗ √

𝜌𝑏𝑒𝑑∗𝑉𝑏𝑒𝑑

�̅�𝐷𝐼𝐼∗�̅�𝐷𝐼𝐼
∗ 𝑒−𝜋𝜅𝑠𝑢𝑟𝑓𝑓                                 (4) 

 

The subscript “full” (in the denominator of Eq. 3) indicates that the average properties should be 

computed over the “full column” profile, whereas DI and DII refer to the corresponding decoupled profile 

(see Figure 5) being used to compute such average properties for the denominator in Eq. 4. The operator 

“exp (-πκof)” corresponds to the attenuation model used in the SRI method. κo is a component of the high-

frequency attenuation parameter “κ” (Anderson and Hough, 1984) and it captures the attenuation of seismic 

waves as they travel through shallower material (Ktenidou et al., 2012). Thus, TFR values (as defined by 

Eq. 1) will be presented in terms of both, FR and SRI site amplifications. 

Finally, spectral ratios (for 5% damping) were also estimated at each site using the set of 40 input 

motions described previously. The spectral ratios (SR) corresponding to the full column (SRFULL) and 

decoupled (SRDECOUPLED) analyses were used to quantify the mismatch among these approaches by means 

of the “spectral ratios ratio” (SRR, equivalent to TFR) defined by Eq. 5: 

 

𝑆𝑅𝑅 =
(𝑆𝑅)𝐹𝑈𝐿𝐿

(𝑆𝑅)𝐷𝐸𝐶𝑂𝑈𝑃𝐿𝐸𝐷
                                                                 (5) 

 

As indicated before, the SRR quantifies the error introduced by the EHS assumption, this time in 

terms of spectral accelerations. The closer SRR values are to the unity over all periods being considered, 

the better the agreement between full column and decoupled site response analyses. 

RESULTS AND DISCUSSION 

Linear elastic site response analyses were conducted at nine sites in Charleston, SC in order to compute the 

transfer functions corresponding to the full column analysis and the decoupled analysis (see Figure 5). 

Decoupled site response analyses considered a decoupling depth equal to 72 m. (236.3 ft.) so that the effect 

of the large impedance contrast at depth could be explored in the context of the current state of practice. 

Furthermore, considering that the main difference among the sites is the thickness of the soil 

deposits (overlying the “common sedimentary formations”), its influence on the resulting TFR values was 

investigated. TFR values were obtained for each site by means of a FR method (i.e. STRATA) and also the 

SRI method. The mismatch between the full column and the decoupled analyses (i.e. the TFR values) was 

quantified over a wide range of frequencies for all the sites as shown in Figure 6. The resulting TFRs from 

site amplifications estimated by the SRI method, presented in Figure 6b, do not reflect the peaks and valleys 

typically observed when using analytical formulations for wave propagation in layered media. However, as 

discussed previously, the necessary conditions to effectively experience the effects of constructive and 

deconstructive interference of seismic waves (i.e. resonance effects) are rooted on assumptions associated 
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with the uniformity and homogeneity of the site and the synchronized times of arrival of sequential 

reverberations. Considering the lateral (and sometimes vertically localized) heterogeneities in the profile of 

actual sites (e.g. variations in the Vs or not so horizontal layering), the peaks due to resonant amplitudes (as 

the ones shown in Figure 6a) should be seen with some skepticism (Boore, 2013). On the other hand, TFR 

values from site amplifications estimated by the SRI method allows for a much clearer visualization of the 

range of frequency where the error introduced by decoupling is more significant (i.e. TFR > 1).  

 

  
Figure 6: (a) TFR when using site amplifications as estimated by STRATA. (b) TFR values based on SRI site 

amplifications. 

More specifically, Figure 6b seems to indicate that for frequencies higher than around 6 Hz, the full 

column and decoupled analyses produce the same results. Likewise, TFR values also approach one for very 

low frequencies (i.e. lower than 0.02 Hz). The critical frequency range where decoupled site response 

analyses underestimate (at least by 20%) the actual site amplifications (as estimated by the full column site 

response analyses) is located between 0.18 and 0.22 Hz. The maximum TFR takes place at a frequency 

equal to 0.2 Hz (T = 5 seconds) for all sites (except for site #8 where the maximum TFR occurs at 0.22 Hz). 

The aforementioned frequency (f SRI) is very similar to the fundamental frequency (f ’) of the sites under 

study as shown in Table 2. 

Using spectral factors to obtain the SRR for all the sites under study results in a “smoothing” effect, 

as illustrated in Figure 7. All the sites (except for site #8 which has no soil overlying the marl formations) 

seemed to provide fairly similar results in terms of SRR. This was also observed when comparing the 

corresponding trends from TFR values (using both FR and SRI amplifications). The largest mismatch in 

terms of SRR (for all the sites) was found to be at a period equal to 1.4 seconds (f = 0.72 Hz).  

The least interesting observation is that site #8 results in the lowest TFR and SRR values over all the 

frequencies considered in this study. However, a correlation between the maximum error (i.e. TFR values) 

and the thickness of the soil deposits, hs, was not found as illustrated in Figure 8, where similar TFRs and 

SRRs were obtained for different soil thicknesses. Figure 8 also shows how different the quantifications of 

the maximum error can be when estimated by TFR and SRR values for each site. More interestingly, the 

variability in the SRR calculations has been assessed by comparing the results from site response analyses 

when using the selected forty input motions. As an example, TFR (based on SRI amplifications) and SRR 

values for site #1 are presented in Figure 9, where the implications of the uncertainty introduced by different 

input motions for site response analysis also becomes noticeable.   
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Figure 7: Mean SRR values corresponding to all the sites under study. 

 

Figure 8: Maximum TFR and SRR values computed at each site under study, plotted against their corresponding 

thickness of soil deposit. TFRs from FR methods are considerably larger than the other two measures of the error. 

The grey lines in Figure 9 represent SRR values obtained for each one of the input motions used in 

this study. It can be observed that certain ground motions resulted in higher SRR values than others (for the 

same site), introducing more epistemic uncertainty to the analyses. This variability is also frequency 

dependent (as seen in Figure 10) and its quantification might prove particularly helpful when assessing site-

specific seismic hazards for critical facilities such as nuclear power plants. The maximum variability (i.e. 

maximum standard deviation) was found to take place at a period equal to 0.72 seconds for all sites, and 

site #8 provided the lowest variability for most of the periods considered in the analysis as shown in Table 

2. The latter also provides the thickness of the soil deposits at each site, along with the maximum SRR, 

TFR and standard deviation values. f ’and T’ correspond to the fundamental modes of the sites under study 

based on the TFs obtained from STRATA whereas fSRI and TSRI refer to the frequency and period 

(respectively) where the maximum TFR value takes place when computed in terms of SRI amplifications. 

The observed trends in the standard deviation across periods (see Figure 10) seem to be similar for 

all sites except for site #8. However, a detailed look into these curves will reveal that sites #1, 2, 3, 7 and 9 

have very similar behaviours over most of the periods, while sites #4, 5 and 6 seem to agree the most. This 

might be explained by the similarities among their Vs structures (See Figure 4) and sites #4, 5 and 6 not 

having marl layers in between their soil deposits and the common sedimentary stack.  
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Figure 9: Mean SRR (along with its variability) and TFR (based on SRI amplifications) as computed for site #1. 

Despite the mean SRR values being close to one over all periods (as seen in Figure 7, where the 

mismatch is always less than 30%), it is important to consider their variability due to the selection of input 

motions. 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 (indicating that 

the full column amplifications are twice as big as those estimated by the decoupled analysis).  Furthermore, 

this variability in SRR revealed a correlation with the thickness of the soil deposits at each site, as seen in 

Figure 11 (almost a linear relationship where the maximum standard deviation increases with hs).  

 

 
Figure 10: Variability in SRR computed at all the sites of interest, per period across all the selected input motions. 

 

Table 2: Maximum TFR and SRR values along with the maximum variability in SRR obtained at each site. 
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1 0.308 19.20 1.36 5.29 1.15 0.20 5.0 0.22 4.5

2 0.287 12.65 1.36 5.39 1.14 0.20 5.0 0.22 4.5

3 0.281 6.40 1.33 5.32 1.15 0.20 5.0 0.22 4.5

4 0.326 28.65 1.36 5.12 1.19 0.20 5.0 0.22 4.5

5 0.300 19.99 1.36 5.05 1.15 0.20 5.0 0.22 4.5

6 0.328 25.60 1.36 5.16 1.20 0.20 5.0 0.22 4.5

7 0.285 7.32 1.35 5.39 1.15 0.20 5.0 0.22 4.5

8 0.223 0.00 1.17 4.60 1.12 0.22 4.5 0.23 4.3

9 0.283 11.00 1.33 5.37 1.15 0.20 5.0 0.22 4.5
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Figure 11: Maximum standard deviation resulting from SRR calculations for the sites under study. The 

standard deviation values have been plotted against the thickness of the soil deposit found at each site. 

Finally, the quantification of the uncertainty associated with the EHS assumption in decoupled 

analyses constitutes a step forward towards a more rigorous and systematic assessment of the uncertainty 

in site response. In fact, Eq. 5 can also be written as follows:  

𝑙𝑛(𝑆𝑅𝑓𝑢𝑙𝑙) =  𝑙𝑛(𝑆𝑅)𝐷𝐸𝐶𝑂𝑈𝑃𝐿𝐸𝐷 + ln (𝑆𝑅𝑅)                                            (6) 

Eq. 6 serves as the mathematical framework to obtain the spectral ratios corresponding to the ideal, 

full column site response analysis if a decoupled analysis is conducted instead (as it is often done in practice) 

and the corresponding error (i.e. SRR) is known or can be estimated. In practice, ln(SRDECOUPLED) is 

computed as well as the corresponding standard deviation (σ ln(SRdecoupled)), however, the error associated 

with the EHS assumption along with the uncertainty it introduces to the analysis is usually overlooked. 

Computing the overall uncertainty (σ ln(SRfull)) requires the knowledge of the correlation (ρ) between the 

amplifications resulting from the decoupled analyses and the estimated error, SRR. In this particular case 

study, the correlations between the aforementioned variables were computed per period and were found to 

be mostly negative as shown in Figure 12. Additionally, considering that we had complete Vs profiles 

available for all sites, SRfull could be computed empirically and its corresponding σ ln(SRfull) could be 

compared to estimations based on decoupled calculations and the error associated with the EHS assumption 

(i.e. EHS at a depth equal to 72 m. instead of 820 m.). The results for four periods (T=0.01, 0.1, 1.0 and 10 

seconds) are presented in Table 3. The estimated σ ln(SRfull) ends up being larger than the actual variability 

associated with the full column analysis. This was expected due to the epistemic uncertainty being 

introduced by the decoupled approach. Lastly, the number of input motions used to compute the correlation 

values presented in Table 3 where tested to investigate if they resulted in statistically stable measures of the 

correlation. It was found that more than 10 input motions should be used for this type of analyses (for most 

periods) and the set of 40 motions used herein proved to converge in stable estimations of ρ. 

Table 3: σ ln(SRfull) is variability from the actual full column site response analysis, whereas  σ* ln(SRfull) is based on the uncertainty 

obtained from the decoupled analysis, the uncertainty introduced by the EHS assumption and the correlation between the two. 
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1 -0.768 -0.026 0.219 0.230 -0.213 0.228 0.247 -0.328 0.168 0.230 -0.660 0.340 0.347 -0.115

2 -0.780 0.042 0.170 0.200 -0.490 0.131 0.157 -0.533 0.171 0.234 -0.668 0.294 0.303 -0.172

3 -0.797 0.004 0.173 0.199 -0.407 0.178 0.189 -0.235 0.175 0.238 -0.665 0.232 0.253 -0.382

4 -0.811 -0.171 0.175 0.207 -0.480 0.174 0.202 -0.478 0.186 0.256 -0.695 0.274 0.287 -0.222

5 -0.780 -0.099 0.196 0.221 -0.382 0.157 0.182 -0.453 0.167 0.233 -0.683 0.276 0.290 -0.231

6 -0.791 -0.221 0.171 0.213 -0.569 0.179 0.212 -0.498 0.182 0.251 -0.687 0.276 0.291 -0.241
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8 -0.825 0.176 0.168 0.201 -0.497 0.120 0.146 -0.533 0.155 0.204 -0.594 0.196 0.218 -0.437

9 -0.781 -0.034 0.131 0.175 -0.614 0.113 0.141 -0.562 0.176 0.240 -0.672 0.232 0.250 -0.351
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Figure 12: Correlation between residuals of the SR resulting from a decoupled analysis and the corresponding error. 

CONCLUSIONS 

1D linear elastic site response analyses have been conducted at nine sites in Charleston, SC in order to study 

in a more rigorous and systematic way, the differences between full column and decoupled approaches. 

Even though decoupled analyses are more common in practice, assuming an EHS boundary condition that 

does not comply with the EHS hypotheses introduces potential systematic errors to the analysis that should 

be taken into consideration. Two parameters have been defined in order to quantify this error: TFR and 

SRR. The former was computed using FR and SRI methods and the trends observed in the data did not 

reveal a correlation between the error and the thickness of the soil deposits at each site. However, the 

assessment of the variability in SRR calculations allowed for the definition of a mathematical framework 

to obtain the site amplifications corresponding to the full column analysis when a decoupled analysis is 

performed instead and the corresponding error is known or can be estimated. Lastly, even though the mean 

SRR ended up being close to 1 over most frequencies, the added σ (epistemic uncertainty), as shown by 

this study, can be significant depending on the input motion selected for the analysis. This variability is also 

frequency dependent and exploring the characteristics of such ground motions might provide valuable 

insights on the input motion selection process for site response analysis. 
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