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INTRODUCTION 

In-situ soft soil conditions may cause undesirable ground/foundation behaviors for a nuclear power plant 
(NPP) site, including: 1) excessive total or differential settlement under static structure loading, 2) 
insufficient margin of safety against bearing capacity failure, 3) high potential for excessive pore pressure 
and associated earthquake liquefaction and 4) high seismic demand due to local site amplification. 
Various ground improvement techniques have been used in practice to address these potential ground 
failure issues. Regardless of the mechanism of ground improvement, these techniques usually result in 
either increased soil strength and thus improved soil stability, or increased soil stiffness and thus better 
resistance to deformation and associated failure (e.g. excessive settlement or flow liquefaction). As such, 
it is relatively straightforward to justify the effectiveness of ground improvement in dealing with the first 
three behavioural issues as identified above. For the fourth issue, it is well known that as geological 
materials usually become softer when reaching near surface, the amplitude of transmitted seismic waves 
will be amplified as a result of energy conservation. Implementation of ground improvement techniques, 
by increasing the stiffness (or shear wave velocity) of the surface soil strata, change the impedance 
contrast at near surface. In principle, this change in the impedance contrast can be effective in reducing 
the free field surface response and thus reducing the seismic demand for the NPP structures. In this paper, 
the mechanism of site amplification/de-amplification is first reviewed using a simplified two-layer 
system. A case study is then presented for a NPP site treated with deep soil mixing (DSM) technique. A 
set of site response analyses (SRA) are performed for the prior-to and post improvement conditions. Some 
comparisons are made from the SRA analysis results and conclusions drawn based on the comparisons. 

SIMPLIFIED MODEL FOR SITE AMPLIFICATION/DE-AMPLIFICATION 

A simplified two-layer system with a soil layer (layer 1) overlying a half-space (layer 2) is shown in 
Figure 1. The transfer function 𝐹𝐹(𝜔𝜔), as the ratio of layer 1 surface amplitude to layer 2 outcrop, is shown 
in Equation 1 (Kramer, 1996).    

𝐹𝐹(𝜔𝜔) = 1
cos(𝑘𝑘1𝐻𝐻)+𝑖𝑖𝑖𝑖 sin(𝑘𝑘1𝐻𝐻) (1) 

in which, 𝑘𝑘1 is the wavenumber for layer 1, 𝐻𝐻 is the thickness of layer 1, and 𝛼𝛼 is layer 1 to layer 2 
impedance ratio (Equation 2). 
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𝛼𝛼 = 𝜌𝜌1𝑉𝑉𝑠𝑠1
𝜌𝜌2𝑉𝑉𝑠𝑠2

 (2) 

in which 𝜌𝜌 denotes mass density, 𝑉𝑉𝑉𝑉 denotes shear wave velocity, and subscript 1 or 2 corresponds to 
layer 1 or layer 2. 

Figure 1 Nomenclature for the two-layer system with a soil layer (layer 1) overlying a half-space (layer 2) 
[modified from Fig. 7.7 in Kramer (1996)] 

The amplitude of the transfer function |𝐹𝐹(𝜔𝜔)| is shown in Figure 2 for a range of impedance ratio 
from 0.5 to 2.  It is evident that the wave amplitude is de-amplified for impedance ratio greater or equal to 
unity; as a result of the inverse impedance contrast and the intrinsic attenuation (damping ratio of 3% is 
assumed for both layers). 

The actual site condition is certainly more complicated than the idealized model. The site 
amplification factor in practice is often defined as the ratio of response spectra, which is different from 
transfer function, i.e. ratio of Fourier amplitude spectra. Nevertheless, this simplified model does provide 
some insight for various site conditions, so that the general site response behavior may be inferred 
qualitatively.   

Figure 2. Amplitude of transfer function for a range of impedance ratio 
(damping ratio assumed as 3% for both layers) 

CASE STUDY FOR A NPP SITE 

Site Condition 

The target site is a deep soil site with bedrock located at depth of several kilometres. Although the 
subsurface soils are highly inhomogeneous and classified as various geological units, they are relatively 
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uniform in terms of physical and mechanical properties. The reference elasticity modulus (PLAXIS 
hardening-soil model) of the bearing layers varies from 36 MPa to 73 MPa. The cohesion varies from 36 
kPa to 45 kPa and friction angle from 21 degree to 24 degree. For a reactor building load of 
approximately 600 kPa (12 ksf), settlement and bearing capacity analyses for the natural soil condition 
indicate neither settlement nor bearing capacity has sufficient margin against the limit requirement.  

Deep soil mixing (DSM) was proposed to increase the overall subsurface stability. Settlement, 
bearing capacity and liquefaction initiation analyses were performed for both natural and post DSM 
improvement condition. Four stages: dewatering, excavation, construction and rewatering, were modelled 
in the settlement analysis. These analyses show that settlement and bearing capacity will have sufficient 
margin with DSM improvement. There is no liquefaction risk for the site with the weak surface layer 
excavated during construction.  

Another concern for the site is the high seismic demand; the 100 Hz spectral acceleration in the 
ground motion response spectra (GMRS) is 0.44 g. It is hypothesized that DSM would also serve to 
reduce the seismic demand because the improved zone forms a stiff layer at the surface with overall 
higher seismic impedance. A series of site response analyses (SRA) for the prior-to improvement 
condition and post improvement condition are performed to validate the hypothesis. 

General Considerations for SRA 

In the site response analysis (SRA), the impact of soil deep mixing (DSM) on the seismic demand at the 
foundation level is demonstrated by comparing the SRA results for the prior-to and post improvement 
conditions. The SRA simulates a range of improved conditions to test the sensitivity of soil improvement 
to several factors including shear-wave velocities (Vs) and thicknesses of the improved zone underneath 
the foundation level.  

One-dimensional random vibration theory (RVT) based equivalent linear analysis is used to 
conduct the SRA. It is argued that the one-dimensional analysis provides a good and acceptable estimate 
of the seismic response for the improved zone because the horizontal extent of the soil improvement is 
significantly larger than the thickness of soil improvement. The equivalent linear approach is appropriate 
hereby because the shear strain levels observed in the analysis are in general below 0.1% to 0.3%; this 
strain threshold is considered as the upper limit of applicability of equivalent linear approach in the 
literature (e.g. Kaklamanos et al., 2013).  

RVT based site response is an accepted technical approach to performing seismic site response in 
the nuclear industry (USNRC, 2007; EPRI, 2013). RVT based site response is an efficient alternative to 
the commonly used time history based site response (see e.g. Kottke and Rathje, 2009). The essence of 
RVT in the context of ground motion prediction is to estimate the peak value in the time domain for given 
Fourier amplitude spectra (FAS) and root-mean-square (rms) duration of a ground motion. Parseval’s 
theorem and extreme value statistics (EVS) are used jointly for this purpose.  Parseval’s theorem is used 
to compute the rms acceleration out of FAS, while EVS formulates the peak factor (PF), which relates 
rms acceleration to the peak acceleration.  

The field geotechnical exploration terminated at a maximum depth of 120 m. The total thickness 
of the soil full column for SRA is taken as 120 m accordingly. The site will be excavated for the 
construction of plant buildings. The depth of excavation for the Reactor Building (RB) is approximately 8 
m, i.e. the RB foundation level corresponds to a depth of 8 m. The DSM improvement will be conducted 
after the excavation and extended to a planned depth of 20 m beneath the foundation level. As such, a 
truncated soil column with thickness of 110 m is used to model the free-field in-situ soils for the post-
excavation, prior-to improvement condition. This model is referred to as the base case (case 0 hereafter). 
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The cases with different target shear wave velocities (Vs) and different thicknesses for the improved 
zones will be analyzed and compared to the base case.  

Site Geotechnical Model 

Based on the results of field investigation and laboratory testing, a site geotechnical model is developed 
for the SRA, which consists of shear wave velocity (Vs), mass density, layer thickness, low strain 
damping ratio, and strain-dependent dynamic properties for each soil stratum.  

The shear wave velocity (Vs) profile for the 110 m soil column is presented in Figure 3. To 
account for the aleatory uncertainty, the Vs values are randomized assuming a lognormal distribution. The 
near surface layers have larger uncertainty with wider distribution. The time-averaged Vs in the upper 30 
m (VS30) is approximately 600 m/s. Strain-dependent dynamic properties are characterized by shear 
modulus reduction curves and material damping curves. The curves from site-specific laboratory testing 
are adopted for the natural soils. For the DSM improved soils, there is limited laboratory or field testing 
results in the literature and there exists controversies among the results reported in the literature. Based on 
some preliminary comparison and using engineering judgement, the curves for generic soft rock in 
NUREG/CR-6728 (McGuire et al., 2001) is selected to represent the strain dependent dynamic properties 
for the DSM improved soils. A sample of modulus reduction and material damping curves, with 
randomized realizations representing uncertainties, is presented in Figure 4. Following the 
recommendations in US NRC R.G. 1.208 (US NRC, 2007), the damping ratios are limited to 15%. 

Figure 3. Best Estimated and randomized Vs profiles for post-excavation, prior-to improvement condition 
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Figure 4. Best Estimate and randomized modulus reduction (left) and material damping (right) curves 
(sample) 

Development of Input Motion 

An input motion to a SRA is typically based on the results of site-specific estimates of vibratory ground 
motion, which is also used to establish the site-specific design basis earthquake spectra. Neither of these 
input motions (ground motion hazard or spectra for design basis earthquake) is available to support the 
SRA. The only available information on the ground motion hazard is the 100 Hz spectral acceleration on 
GMRS (0.44 g); GMRS is defined for the surface of natural soil conditions. Under such circumstance, 
scenario spectra, in the form of conditional mean spectrum (CMS; Stewart et al., 2014) are used as the 
target spectra of input motion for the SRA. Based on the literature review on regional seismic hazard 
assessment and review of historical earthquakes in the strong motion database (Luzi et al., 2016), a 
controlling scenario with moment magnitude of 6.5 and Joyner-Boore distance of 0.0 km is assumed for 
the input motions at the base of the soil column.  

Using the controlling magnitude, distance, and Site Vs30 value of 600 m/sec, a median RS is 
developed using the ground motion prediction equation (GMPE) proposed by Kale et al. (2015). The 
median RS is then scaled by epsilon, which represents the deviation from the median in the units of 
standard deviation. The epsilon value at 100 Hz is used to derive the epsilon values at other frequencies 
using the correlation model by Baker and Jayaram (2008). A CMS is determined by applying the epsilon 
to the RS median prediction, which is taken as the target spectra for the outcrop motion at bottom of the 
soil column under modeling. This procedure is repeated iteratively until the surface PGA for the full soil 
column (120 m) is close to the target value of 0.44 g. The target RS is converted into FAS using inverse 
random vibration theory, to be used as input for SRA. 

Another feature of the Site is that no bedrock was reached during the field geotechnical 
exploration. Geophysical surveys reveal that the depth to basement bedrock may be up to several 
kilometers. In most one-dimensional site response software, the half space is modeled as material with 
fixed rigidity, i.e. no change of modulus and damping in the equivalent linear iterations. However, the 
half space material for this Site is the same as the overlaying material in the soil column; therefore the 
strain compatibility of the half space material needs to be enforced in the SRA modelling. A tuned half 
space approach is developed to fulfill the strain compatibility of the half space. That is, the target spectra 
compatible Fourier spectra is fine-tuned by a scaling factor and applied at the bottom of soil column as 
outcrop motion; and the half space soil properties are taken as the same as those for soil layer just above 
the half space. These procedures need to be iterated until the following criteria are satisfied: 1) the strain 
compatibility for the soils in both the soil column and half space are fulfilled at the same time; 2) the 
ground shake level (measured by the PGA) at surface of the natural soil column is equal to the target 
value of 0.44 g. 
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The derived input motion for the bottom of soil column is certainly dependent on the assumptions 
in the soil strain-dependent dynamic properties, i.e. soil modulus reduction (G/Gmax) and material 
damping curves. There are great uncertainties regarding the assumptions in the soil properties, which 
would result in significantly diverged estimations in the input motion. Two options are considered in this 
study: the first one (option 1) makes use of the nonlinear soil properties from laboratory testing; and the 
second one (option 2) assumes linear soil properties. While option 1 seems more reasonable, the 
computed ground motion level at the base of the full soil column is significantly higher than that implied 
from a regional ground motion model (Kale et al. 2015), probably due to over-estimated attenuation 
potentials (i.e. over-estimation nonlinearity level) in the soil column. Therefore, option 2 is used to 
circumvent this extremely high input motion by assuming much lower nonlinearity level in the soils. 
Option 2 is considered more compatible with the regional ground motion model because review of the 
empirical data used to derive the regional ground motion models (Kale et al., 2015 and Sandikkaya et al., 
2013) indicates that the anticipated nonlinearity level should be limited for a site with Vs values similar to 
the target site (Vs30 around 600 m/s). Option 2 implies much lower input motion amplitude than option 1. 
Nevertheless, option 1 and option 2 seem representing two “extreme” cases in the assumptions for soil 
properties. If the goal of the study (seismic demand reduction due to ground improvement) is insensitive 
to these assumptions (this is true as shown in the later sections) in the soil nonlinear properties and 
corresponding input motion amplitudes, there is no need to more critically refine these assumptions. That 
is, two options are sufficient to represent the uncertainties in the input motion for the purpose of this 
study. Response spectra of the input motions for the two options are shown in Figure 5. 

Figure 5. Response spectra of the input motions for option 1 and option 2 

SRA Procedures 

With all the SAR elements discussed in the preceding sections, the SRA is conducted with the following 
procedures for both option 1 and option 2 input motions. 

1) Derive the RS for a GMPE (Kale et al. 2015) based CMS for a Mw 6.5 strike-slip earthquake, for
Joyner-Boore distance of 0.0 km, and site Vs30 of 600 m/s.

2) Convert the RS to FAS using inverse RVT.
3) Apply the motion from Step 1) at the bottom of the full soil column (120 m depth corresponding

to the prior-to-excavation condition) and compute the surface response. Iteratively Adjust the
input motion amplitude until the surface PGA is approximately equal to 0.44 g. The final iterated
input motion will be used as the input motion for base case (Case 0 without soil improvement)
and other cases with soil improvement.



25th Conference on Structural Mechanics in Reactor Technology 
Charlotte, NC, USA, August 4-9, 2019 

Division IV 

4) For Case 0, apply the motion from Step 2) at the bottom of the truncated soil column (110 m
depth corresponding to the post-excavation, prior-to-improvement condition) and compute the
surface response.

5) For other cases, apply the motion from Step 2) at the bottom of the truncated soil column (110 m
depth corresponding to the post-improvement condition) and compute the surface response. Eight
cases are considered as a combination of four Vs (700, 800, 1000, 1200 m/s) and two thickness
(20, 30 m) for the improved zone.

6) Compare the response for the base case and other cases with soil improvement and discuss the
results. The comparison will be made in terms of mean response.

Results and Discussions 

The foundation level response spectra (RS) for the 20 m improvement with a range of Vs for the 
improved materials are presented in Figure 6, for both option 1 and option 2 input motions. The 
corresponding spectral acceleration (SA) ratios to the base case are presented in Figure 7.  Figure 6 and 
Figure 7 clearly show that the foundation responses are reduced with DSM improvement for frequency 
higher than 3 to 4 Hz.  

Figure 6. Foundation response spectra for 20 m improvement 
for option 1 (left) and option 2 (right) input motions 

Figure 7. SA ratios to the base case for 20 m improvement 
for option 1 (left) and option 2 (right) input motions 

Using peak ground acceleration (PGA) as an indication of ground shaking level, the PGA values 
at foundation level are plotted as a function of the Vs in the improved zone for different improvement 
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thickness and different options in input motions (Figure 8). The left plot in Figure 8 shows that the effect 
of reduction is insensitive to the assumptions made for the input motions or nonlinearity level triggered in 
the soils. This observation is important because the uncertainty in the input motion is usually the top 
contributor to SRA uncertainties in most cases. The right plot in Figure 8 shows that the reduction for 30 
m improvement is slightly stronger than that for the 20 m improvement for Vs of 1000 m/s and 1200 m/s, 
but they are similar for Vs of 700 m/s or 800 m/s. Both plots show that the reduction is most evident 
when Vs changes from base case (about 600 m/s) to 700 m/s ~ 800 m/s. Further increase in Vs will not 
reduce PGA significantly. 

Figure 8. Foundation level PGA as a function of Vs in the improved zone 

CONCLUDING REMARKS 

A case study is presented in this paper to demonstrate the effectiveness of DSM technique in reducing the 
foundation level seismic demand for the NPP site. A set of SRA sensitivity studies are performed to test 
the sensitivity of the reduction to various factors from input motions to improved material properties. The 
general conclusion is that DSM is an effective means for reducing the foundation level response. The 
following observations are made based on the result of SRA sensitivity studies:  

1) The reduction is effective for a wide range of frequencies.
2) The reduction is insensitive to the assumptions in the input motions.
3) The reduction is relatively insensitive to the thickness of the improved zone.
4) The reduction is most evident at initial increase in Vs of improved materials; further increase in

Vs has insignificant effect in reducing the foundation level response.

The mechanism of the reduction in seismic demand is that the improved soils serve as an energy
barrier, which reflects the transmitted seismic waves over a wide band of spectral frequency. Considering 
this mechanism of reduction, it is argued that the reduction in seismic demand would be applicable for 
any ground improvement techniques which can form a stiffer surface layer with sufficient lateral extent. 
Site-specific SRA analysis is needed to quantify the effect of reduction. 

REFERENCES 

Baker, J. W., & Jayaram, N. (2008). “Correlation of spectral acceleration values from NGA ground 
motion models,” Earthquake Spectra, 24(1), 299-317. 

Electric Power Research Institute (2013). “Seismic Evaluation Guidance: Screening, Prioritization and 
Implementation Details (SPID) for the Resolution of Fukushima Near-Term Task Force 
Recommendation 2.1: Seismic,” Report No.: 1025287 



25th Conference on Structural Mechanics in Reactor Technology 
Charlotte, NC, USA, August 4-9, 2019 

Division IV 

Kaklamanos, J., Bradley B.A., Thompson, E.M. and Baise, L.G. (2013).  “Critical Parameters Affecting 
Bias and Variability in Site-Response Analyses Using KiK-net Downhole Array Data,”  Bulletin of 
the Seismological Society of America, Vol. 103, No. 3, pp. 1733–1749 

Kale, Ö., Akkar, S., Ansari, A., & Hamzehloo, H. (2015). “A ground‐motion predictive model for Iran 
and Turkey for horizontal PGA, PGV, and 5% damped response spectrum: Investigation of possible 
regional effects,” Bulletin of the Seismological Society of America, 105(2A), 963-980. 

Kottke, A.R. and Rathje, E.M. (2009). “Technical Manual for Strata,” PEER Report 2008/10 
Luzi, L., Puglia, R., Russo, E., D'Amico, M., Felicetta, C., Pacor, F., ... & Duni, L. (2016). “The 

engineering strong-motion database: A platform to access pan-European accelerometric data,” 
Seismological Research Letters, 87(4), 987-997. 

McGuire, R. K., Silva, W. J., & Costantino, C. J. (2001). “NUREG/CR-6728: Technical Basis for 
Revision of Regulatory Guidance on Design Ground Motions: Hazard-and Risk-consistent Ground 
Motion Spectra Guidelines,” US Nuclear Regulatory Commission. 

Sandıkkaya, M. A., Akkar, S., & Bard, P. Y. (2013). “A nonlinear site-amplification model for the next 
pan-European ground motion prediction equations,” Bulletin of the Seismological Society of 
America, 103(1), 19-32. 

U.S. Nuclear Regulatory Commission (2007). “A Performance-Based Approach to Define the Site-
Specific Earthquake Ground Motion,” Regulatory Guide 1.208 




