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1 ABSTRACT  

Recently, numerous utilities in the United States have submitted license applications for construction of new 
power plants.  As part of the preparation of the safety analysis report for each application, an extensive study 
is performed to collect geological, geotechnical and seismological data for the site in order to develop the 
seismic design motion. 

Computation of the design motion follows the requirements of the performance-based design stipulated 
in the United States Nuclear Regulatory Commission Regulatory Guide 1.208 and ASCE 43-05.  Once the 
probabilistic seismic hazard analysis is performed and the uniform hazard motion for rock is obtained, soil 
amplification analysis is performed and the results are processed to obtain the design motion at the 
horizon(s) of interest in the soil column.  Geotechnical field and laboratory data are used to characterize the 
soil column for site response analysis.  To incorporate uncertainties and variation of geotechnical data, 
careful randomization of the data is performed.  For very deep soil sites where the location of the base rock is 
not known, the techniques for modification of soil models are described.  In this paper, the results of the soil 
amplification studies for four deep soil sites are presented and discussed.  The resulting amplified motions 
are used to obtain the performance-based motion for design. 

2 INTRODUCTION 

One of the major constituents of the new nuclear power plant (NPP) applications is the development of the 
seismic design motion for the applicant site.  A comprehensive evaluation of site geology is performed and 
all applicable seismic parameters are updated.  The new data are used in Probabilistic Seismic Hazard 
Analysis (PSHA) to develop the design motion in conformance with Regulatory Guide 1.208 (USNRC, 
2007) and ASCE 43-05 criteria.  For most sites in Central/Eastern USA (CEUS), the ground motion models 
are primarily based on the numerical results and postulate the rock motion with the medium having a shear 
wave velocity of 2800 m/sec (9200 ft/sec).  Once the PSHA defines the rock motion at a horizon with the 
shear wave velocity of 2800 m/sec (9200 ft/sec), soil column analysis should be performed to include the 
local site effects.  Several different methods are available for site response analysis.  These methods, 
described in NUREG 6728 (USNRC, 2001), are known as methods 1 through 4.  The most commonly used 
methods are methods 2A and 3 for which a series of soil column analysis are performed to obtain the soil 
amplification factors.  The amplification factors are used to amplify the input rock motion and develop the 
design motion at the horizon of interest. 

To perform soil amplification analysis, the geotechnical data characterizing the soil profile properties 
should be developed.  This effort is considerable and involves an extensive geotechnical field program that 
typically includes two or more geophysical methods along with soil sampling and testing.  To characterize 
the soil nonlinear behaviour the most commonly used test is the Resonant Column Torsional Shear (RCTS) 
test.  Soil samples obtained for each soil unit in the profile are tested.  Once the data are collected, stochastic 
simulation methods are used to characterize the variability and uncertainty (aleatory variabilty and epistemic 
uncertainty) in the data and develop a series of the soil profiles for amplification analysis.  Due to the extent 
of the field and laboratory investigation for NPP sites, rarely does the need for incorporation of epistemic 
uncertainty arise.  For very deep soil sites, the location of the rock horizon may not be known.  Additional 
modification to the soil columns have to be made to compensate for the deeper soil layers prior to soil 
amplification analysis. 
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In this paper, the techniques for soil columns analysis are described and demonstrated for four very deep 
soil sites.  The results are shown to highlight the importance of the modelling techniques. 

3 SOIIL  PORFILES 

3.1 Velocity and damping profiles 

Four deep soil sites are considered in this study.  Following an extensive geological and geotechnical 
investigation, the soil profiles and the dynamic soil properties for each soil unit are developed.  Typically the 
deepest boring at the site extends to 180 m to 300 m (600 ft to 1000 ft) depth.  Except for one of the sites 
(Site 1), the location of sound rock with shear wave velocity of 2800 m/sec (9200 ft/sec) was not reached in 
the exploration.  For these sites regional sonic log data were collected.  The sonic logs extended to much 
deeper depths in excess of 3,000 m (10,000 ft) which have been used in the past for regional water resource 
evaluation or oil exploration.  The sonic data can be converted to shear wave velocity data using appropriate 
Poisson’s ratio that changes as a function of the over burden pressure.  The P- and S-wave data in the upper 
soil layers can be used as a guide to develop a reasonable Poisson’s ratio profile for deeper soil layers.  A 
comparison of the shear wave velocity profiles among four sites is shown in Figure 1a.  Site 4 has a rock 
formation in the upper layers resulting in a high velocity zone near the top of the profile.  The plots in Figure 
1 are truncated to the depth of 450 m (1500 ft) for better resolution of the curves in upper layers.  To 
illustrate the degree of variability of velocity data, as measured by various techniques at the site, in site 
response analysis, it is essential that the variability of the velocity data is considered in the analysis. 
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Figure 1. Shear wave velocity  and damping profiles of four deep soil sites (a) Shear wave velocity (b) 

damping ratio. 

For deep soil layers and using the sonic log data, the depth of the soil column can be extended to 
such depth that the soil column frequency falls below the frequency range of interest.  For most nuclear 
power plant designs, a low cut-off frequency of 0.10 Hz can be used.  While the low frequency motion may 
impact sloshing forces in the pools, this effect is considered negligible compared to inertia load and a 
conservative spectral acceleration can be used for the effects of sloshing.  The deep soil layers particularly 
for low intensity rock motion can be modelled as linear elastic layers and the assumption can be verified by 
evaluating the seismic strains in the deep soil layers.  The next important parameter needed is the damping 
for soil layers.  For the top layers where soil samples have been obtained, nonlinear soil behaviour can be 
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modelled using the applicable generic soil nonlinear curves or the curves specifically developed for the site 
using the RCTS data.  Most applications have been required to demonstrate the applicability of the generic 
soil nonlinear data by performing RCTS tests on the site soil samples.  In addition to the degradation of shear 
modulus, the soil nonlinear curves also provide the soil damping at various strain levels.  For the deep soil 
layers, the soil damping profile needs to be developed.  In the absence of soil samples, the most commonly 
used method relies on the regional kappa to obtain damping. 

Low-strain kappa (! ), a near-surface damping parameter, used to model site-dependent effects from 
the surface to about 1 to 2 km depth (EPRI 1993), is used as a measure of the total dissipation of energy of 
the site during small strain events.  The site kappa value is directly related to damping of the soil layers and 
scattering of the waves at layer interface boundaries.  The kappa associated for soil layer damping is additive 
for all layers.  The following expression defines the relationship between kappa and the damping coefficient 
( i! ) of soil layer i (EPRI 1993): 

iS

ii
i V

H !
"

2
=    (1) 

Where iH  is the layer thickness and iSV  is the shear wave velocity of soil layer i. Low-strain kappa 

for the upper soil layers are obtained from eqn (1) using the low strain damping ratios from the soil nonlinear 
curves developed for these layers. Total kappa is directly evaluated from recordings of earthquakes where 
there are adequate recordings in the project site vicinity to obtain an explicit site-specific estimate of kappa.  
Otherwise, when total kappa is not available, an alternative is to estimate total kappa directly using the 
correlation, reported in EPRI (2005) with average rock shear wave velocity, VS, for the top 30 m (100 ft), as 
shown in the following equation: 

log(! )  =  2.2189  -  1.0930 * log(Vs[ft/s]),  (2) 

Once total site kappa is known, the kappa for the upper layers and the kappa associated with the crustal 
damping are subtracted from the total kappa, and the remaining kappa is assigned to the deep layers. 
Following the technique described above, Figure 1b shows the damping profiles for the four deep soil sites. 

3.2 Soil nonlinear modelling 

The most commonly used techniques for soil column analysis are based on the frequency domain and 
equivalent linear methods used in the Computer Program SHAKE (Schnabel et al. 1972) or its companion 
Program P-SHAKE (Deng and Ostadan 2008) utilizing random vibration theory.  In these methods, the soil 
nonlinearity is modelled using the equivalent linear method while soil shear modulus and damping as a 
function of shear strain are obtained from the laboratory testing, as discussed previously.  For most sites the 
laboratory data confirms the applicability of generic soil curves (EPRI 1993) but still shows scatter in the 
results.  In most cases, for sands and gravel, the generic data are found to be adequate.  For fine grained soils 
and soils with moderate to large plasticity, the generic curves may not directly apply and care must be 
exercised in selecting the appropriate nonlinear models.  In all cases, the laboratory data shows variability.  
As an example the RCTS test data for one soil unit of Site 3 is shown in Figure 2 illustrating the variability 
of the data points. 
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Figure 2. Measured nonlinear properties as a function of shear strain - Site 3 
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3.3 Stochastic simulation 

In order to include the effects of variability of the dynamic soil properties in terms of shear wave velocity 
and soil nonlinearity, the data are randomized.  In this method the variation of soil layer thickness across the 
site, as well as the total depth of the soil column, can be randomized.  This is an important step for site 
response analysis since almost at all sites there are limited boring and geophysical data available.  The data 
clearly show scatter within a range.  In addition, any interpretation of the missing data in between the boring 
locations should be accommodated.  However, care must be exercised in the randomization process in order 
to produce a reasonable set of soil profiles and pattern in velocity and damping profiles that can be justified 
in light of existing site specific data.  The common belief that randomizing soil parameters covering a wide 
range of soil properties is a conservative approach is in fact not true.  Over-randomizing the soil profiles and 
data will result in underestimating the amplification particularly in terms of the peak spectral values.  This 
process is intended to capture the variability and uncertainty in the data and is not intended to mask the 
signature site period and its amplification which have been observed from recorded motions at soil sites 
repeatedly in the past. 

Typically a set of 60 randomized soil profiles is generated.  The size of the set is required to yield a 
stable median and a stable standard deviation of the amplification functions.  The randomization of the soil 
profiles should be based on the applicable statistical distribution of measured quantities for each soil unit. In 
addition, the calculated median and standard deviation of the randomized engineering parameters (e.g. shear 
wave velocity) should be close to the estimates of the median and standard deviation of that parameter which 
are provided by the site specific data and/or literature.  Similarly the soil layer thickness can be randomized 
to capture the observed variation across the plant site.  

The inter-layer correlation in the randomized velocity profiles should also reflect the geology and the 
depositional history of the soil layers.  The resulting randomized velocity profiles should be carefully 
reviewed to ensure they are consistent with the observed site properties and other properties (standard 
penetration blow count data, cone penetration test data) available for the site.  The randomized profiles that 
do not reflect the site condition - such as in the case of a large group of inverted velocity profiles that are not 
supported by the available geotechnical data - should be removed from the randomized set.  Figure 3a shows 
the randomized shear wave velocity profiles for Site 3.  Similarly the damping profiles are randomized for 
the deep soil layers.  The damping values for the upper layers are obtained from the randomization of the soil 
nonlinear curves for these layers. 

Once the velocity profile is randomized, the soil nonlinear curves should also be randomized to capture 
the variability in the nonlinear behaviour.  Figure 3b shows the randomized shear modulus and damping 
curves for one soil unit for Site 3.  Since the generic degradation curves do not show any variation of the data 
and the RCTS testing is too expensive to be repeated for many soil samples, capturing the variability of the 
degradation curves is challenging.  The best approach is to use the recently developed soil models (Darendeli 
2001, Menq 2003) and use the applicable range of other soil properties (overburden pressure, over 
consolidation ratio, uniformity of gradation, etc.) to estimate a reasonable variation for the degradation 
curve.  With this approach the backbone median curve is based on actual RCTS test data and its variation is 
obtained from the applicable soil models.  Commonly, no correlation is imposed between the randomized 
soil velocity of a soil layer and its degradation properties.  However, this correlation can be considered with 
an adequate statistical model to reflect available information. Currently the pairing of randomized shear 
wave velocity and soil nonlinear curve for each soil layer is performed randomly. 

(a) (b) 
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Victoria County, Unit 1
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Figure 3. Randomized soil column properties for Site 3 (a) randomized shear wave velocity profiles, (b) 

randomized strain-dependent property curves. 

4 SITE RESPONSE ANALYSIS 

The randomized soil profiles are used in soil column analysis.  Following method 2A of NUREG 6728, the 
input motion is based on the de-aggregated PSHA results and typically consists of the low frequency (LF) 
and high frequency (HF) motions corresponding to 10-4 and 10-5 mean annual probabilities of exceedance.  
The de-aggregation of the motion to HF and LF motions is intended to avoid overdriving the soil column.  In 
this regard methods 2B and method 3 are more robust in capturing the soil amplification.  The input HF and 
LF rock motions and the soil column response at the ground surface for Sites 1 through 4 are shown in 
Figure 4 through Figure 7, respectively.  In these figures, each curve is the median of 60 curves obtained 
from the analysis of the set of randomized soil profiles. As shown in these figures, a typical rock motion has 
the peak spectral frequency of about 20 Hz to 40 Hz.  Such high frequency motions, once propagating in 
deep soil columns, are attenuated, which results in a major shift in the spectral peak at the soil horizons of 
interest. The soil amplification also results in significant enrichment of low frequency content of the motion 
as shown in Figure 4 through Figure 7.  It should also be noted that the peak ground acceleration (PGA) at 
the high frequency tail end of the acceleration response spectra is not necessarily controlled by the HF rock 
input motion.  For deep soil sites having a low frequency soil column and significant amplification of low 
frequency response, the PGA and high end of the frequency response is often controlled by the LF rock input 
motion as shown in Figure 4 through Figure 7.  Examining the transfer function of the soil layers shows that 
the amplification of HF and LF rock motions map the low and high frequency parts of the motion as 
expected. As a result the LF rock motion governs the amplified acceleration response spectra at the ground 
surface even at the high frequency end of the spectra including PGA. 
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Figure 4. Site 1- HF and LF rock motions and soil 

column response at 1E-4 hazard level 
Figure 5. Site 2- HF and LF rock motions and soil 

column response at 1E-4 hazard level Exelon Victoria County - Unit 1 1E-4
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Figure 6. Site 3- HF and LF rock motions and soil 

column response at 1E-4 hazard level 
Figure 7. Site 4- HF and LF rock motions and soil 

column response at 1E-4 hazard level 
 

In order to ensure the reasonableness of the randomized soil profiles, the median results of soil 
amplification should be compared with the amplification using the measured median soil profile, as shown in 
Figure 8.  In this figure, the “Median ARS” is the median of 60 response spectra while the “Median Profile 
ARS” is based on a single response of the best estimate soil profile. This comparison ensures there is no 
significant change in the response amplitude and frequency to confirm the randomized data are not distorting 
the results and the site period is preserved. 

In Figure 9 and Figure 10, the soil amplification in terms of spectral amplification at 5% damping at the 
ground surface is shown for all four sites for HF and LF motions, respectively, at 1E-4 hazard level.  The 
figures show that spectral amplification up to 4 times occurs at low frequencies as low as 0.15 Hz.  The low 
frequency spectral amplification is followed by de-amplification of the response (frequencies far from the 
soil column frequencies) and this part is followed again by amplification at high frequency at the PGA.  The 
PGA and high frequency amplification is due to LF amplification and input rock motion as described above.  
The peak spectral amplification up to 4 times is typical of such deep soil sites subjected to low intensity rock 
input motion. 

To examine the degree of amplification in a deep soil site, the response motions of Site 3 at various 
depths are shown in Figure 11.  The responses shown correspond to the depths of 2474 m (8115 ft, rock 
input motion), 1864 m (6115 ft), 340 m (1115 ft), 188 m (615 ft), 91 m (300 ft ) and at the ground surface.  
As depicted in this figure, the most significant change in the response in terms of amplification and shifting 
of the peak frequency takes place in the upper 188 m (615 ft).  This observation emphasizes the need for a 
comprehensive geotechnical investigation of the soil layers at shallow depths. 
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Unit 1- LF4 (Median ARS and BE profile)
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Figure 8. Median profile ARS and median ARS at ground surface – LF motion at 1E-4 hazard – Site 3 
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Figure 9. Amplification functions due to HF rock motions at 1E-4 hazard level 

Amplification LF 1E-4 - All sites

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

0.1 1 10 100

Frequency [Hz]

5%
 D

am
pi

ng
 A

R
S

 A
m

pl
ifi

ca
tio

n

Site 1

Site 2

Site 3

Site 4

 
Figure 10. Amplification functions due to LF rock motions at 1E-4 hazard level 
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Unit 1- LF4
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Figure 11. ARS at different depths along the soil column – LF motion at 1E-4 hazard level – Site 3 

5 SUMMARY 

The site response analysis methodology for very deep soil sites is outlined.  The major steps in characterizing 
the dynamic soil properties and variability of the data are described.  Modelling techniques to augment the 
boring data to much deeper depth where outcrop input motion is specified are presented.  Typical 
amplification for four deep soil sites is presented and the extent of amplification as a function of frequency is 
illustrated. 
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