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Abstract 

This study quantifies the effects of uncertainties associated with the small-strain Vs profiles on nonlinear site response 

analysis results. A well-instrumented geotechnical downhole array site located in Japan is selected as our case study. 

Taxonomy screening was previously carried out to assess the extent of site complexity demonstrating the suitability of 

this site for one-dimensional site response analysis. A one-dimensional model of the site is developed in the finite element 

program LS-DYNA and the dynamic stress-strain relationship is characterized with a nonlinear backbone curve 

formulation capable of capturing the soil behavior at large shear strains. Uncertainties in dynamic soil properties are 

quantified using the Coefficient of Variation (COV) based on observed variability in measured in-situ shear wave velocity 

profiles. Measured and predicted site response, using recorded ground motions at this geotechnical downhole array, are 

compared to assess the significance of this uncertainty on the observed biases. The results show that the standard deviation 

of the responses is much greater at short periods than long periods, and the transition point can be estimated as one-fourth 

of the site period. 
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1. Background and Introduction

In recent years, several studies have highlighted the importance of downhole arrays to verify the accuracy of 

site response analysis [1-4]. Although these densely-instrumented arrays are usually well-documented, 

numerical modeling of these arrays still show some deviation from the recordings. There are several sources 

of uncertainty such as Vs profile [5-9], nonlinear dynamic soil properties [10-12], input motion selection [13-

15] and analysis method [16-19], which may be responsible for deviations of predictions (deterministic

approaches), from the actual site responses (recordings). Therefore, probabilistic seismic hazard analysis

(PSHA), as complementary to deterministic analysis methods, can be of great importance, especially when

safety-critical structures such as nuclear facilities, skyscrapers, etc. are involved [20, 21].

Several past studies have aimed to quantify the uncertainty of the small-strain Vs profile and/or Vs30 

measurements [24-28]. This uncertainty is often considered in engineering practice by taking upper-and lower-

bound Vs profiles. These upper/lower-bound profiles are usually generated by arbitrarily increasing and 

decreasing the reference Vs profile by a constant factor. This approach is first presented by the Electric Power 

Research Institute (EPRI) [35]. Based on the EPRI guideline, a minimum depth-independent standard 

deviation value (σln (Vs)) of 0.25 should be considered for sites similar to the SHA. However, other studies

have shown that the EPRI approach sometimes under/over estimates the site response [28]. In addition, the Vs 

profiles resulting from the EPRI method often do not agree with site-specific measurements. Toro 1995 [24] 

computed σln (Vs) based on the time-weighted shear-wave velocity of the top 30m (Vs30), using 541 profiles

for the Vs30 USGS classification. The values for σln (Vs) for different average shear-wave velocities are shown

in Table 1.  

Table 1 – Standard deviations computed by Toro (1995) 

Vs30 (m/s) 

>750 360 to 750 180 to 360 <180 

0.36 0.27 0.31 0.37 

The purpose of the present study is to quantify the effect of uncertainties associated with the small-strain 

Vs profiles and backbone curves up to the target shear strength on nonlinear (NL) site response analyses. To 

this end, recordings from a very well-instrumented vertical downhole array (the Service Hall Array) are utilized 

as an example case study. The SHA contains four three-component accelerometers at depths of 2.4m (Holocene 

dune sand), 50.8m (Pliocene Banjin formation), 99.4m (Pliocene Nishiyama formation), and 250m (Pliocene 

Nishiyama formation) [3, 31]. Vs30 for the SHA is 199.3m/s based on P-S suspension logging. Fig. 1 shows 

the location of the Service Hall Array (SHA) near the Kashiwazaki-Kariwa Nuclear Power Plant (KKNPP) in 

Japan. Taxonomy screening was previously carried out at this site to assess the extent of site complexity which 

demonstrated its suitability for one-dimensional bi-directional site response analysis [2, 22, 23]. Liquefaction 

and basin effects are not considered to be significant at the SHA. 
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Fig. 1. Location map of the seismic observation point in the KKNPP (image provided by the Tokyo 

Electric Power Company). 

2. Methodology

The ground motion recording selected for this study is from the 2007 Mw = 6.6 Niigata-Ken Chetsu-Oki 

earthquake, which occurred off the coast of Niigata. The essentially unprocessed data provided by the Tokyo 

Electric Power Company (TEPCO) is filtered in the same manner as described by Stewart et al. (2012) [32]. 

The processed acceleration time histories are then rotated in the fault normal and fault parallel directions and 

applied simultaneously in a bi-directional manner to the base of a site response model in the finite element 

software LS-DYNA [1]. The reference Vs profile utilized in this study is based on the P-S suspension logging 

data described by Yee et al. (2013) [3]. The base SRA model consists of 52 layers with the maximum shear 

modulus (Gmax) for each layer corresponding to the shear wave velocity and mass density for the middle of the 

layer (Eq. (1)). 

𝐺𝑚𝑎𝑥 = 𝜌 𝑉𝑠
2 (1) 

A modified two-stage hyperbolic backbone curve is then implemented for each layer to accurately model 

the nonlinear behavior of the soil materials. For this purpose, the LS-DYNA software is compiled with the 

MATLAB programming language and the desired NL constitutive models are incorporated into the program. 

Eq. (2) is implemented for the first stage of the hyperbolic backbone curve (hyperbola 1). 

𝜏 =
𝐺𝑚𝑎𝑥 𝛾

1 + 𝛽(
𝛾
𝛾𝑟

)𝛼

For  𝛾 <  𝛾1 (2) 

where, 𝛾 is shear strain; 𝛾𝑟 represents pseudoreference strain; and 𝛼 and 𝛽 are fitting parameters. The

above-mentioned equation can also be presented as follows. 

4f-0006 The 17th World Conference on Earthquake Engineering

© The 17th World Conference on Earthquake Engineering - 4f-0006 -



17th World Conference on Earthquake Engineering, 17WCEE 

Sendai, Japan - September 13th to 18th 2020 

4 

𝐺

𝐺𝑚𝑎𝑥
=

1

1 + 𝛽(
𝛾
𝛾𝑟

)𝛼

For  𝛾 <  𝛾1 (3) 

The pseudoreference strain (𝛾𝑟) and the coefficient 𝛼 can also be separately calculated using Eq. (4) and

Eq. (5). 

𝛼 = 𝛼1 + 𝛼2𝑙𝑜𝑔(
σ0

′

𝑃𝑎
) 

(4) 

𝛾𝑟 =  𝛾𝑟,1 (
σ0

′

𝑃𝑎
)𝑛 

(5) 

where, σ0
′  is the effective stress in the middle of each layer; and 𝑃𝑎 is the atmospheric pressure. The

values for 𝛼1 , 𝛼2, n, and 𝛾𝑟,1 are estimated based on  resonant column-torsional shear (RCTS) tests. For depths

shallower than the water table (down to 45.5m), the values for 𝛼1 and 𝛼2 are assumed to be 0.82 +/- 0.1 and

0.34 +/- 0.27, respectively, based on the RCTS tests conducted by Stewart and Yee (2012) [33]. Beyond the 

water table depth, as test data is not available and matric suction is zero, constant values of 0.86 and 0.1 are 

recommended by Menq (2003) [34] for 𝛼1  and 𝛼2, respectively [34]. The estimated values for 𝛾𝑟,1 and n to a

depth of 20m, where the deepest sample was taken by Stewart and Yee (2012) [33], are 0.0904 and 0.4345, 

respectively. Similarly, for depths beyond this point, constant values of 0.0684 and 0.4345, suggested by Menq 

(2003) [34] are employed in the model. 

Equation 6 represents the second portion of the hyperbolic backbone curve (hyperbola 2). 

𝐺

𝐺𝑚𝑎𝑥  
=

𝛾1

1 + 𝛽(
𝛾1
𝛾𝑟

)𝛼
+

(
𝐺𝛾1

 
𝐺𝑚𝑎𝑥

)𝛾′

1 + 𝛽′(
𝛾′

𝛾𝑟𝑒𝑓
′ )

1 + 𝛽(
𝛾
𝛾𝑟

)𝛼′

For  𝛾 >  𝛾1 (6) 

where, 𝛾1 is the user defined transition strain; 𝐺𝛾1
is the tangent shear modulus corresponding to the

transition strain and its corresponding stress (𝜏1); 𝛽′ and 𝛼′ are curve-fitting parameters; 𝛾𝑟𝑒𝑓
′  represents the 

strength based reference strain; and 𝛾′ = 𝛾1 − 𝛾.

𝛾𝑟𝑒𝑓
′ = (

𝜏𝑓𝑓
∗ − 𝜏1

𝐺𝛾1

) 
(7) 

𝜏𝑓𝑓
∗  = 𝑎 𝜏𝑓𝑓 (8) 

where, 𝜏𝑓𝑓
∗  is pseudo-failure shear stress; and 𝑎  is the shear strength coefficient. The procedure of 

choosing different values for the above-mentioned parameters and developing the second portion of the 

hyperbolic backbone curve is the same as described by Motamed et al. 2016 [1].  

As mentioned earlier, the purpose of this study is to propose a procedure to separately calculate the 

contribution of uncertainty associated with small-strain shear-wave velocity to the total uncertainty in the NL 
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site response analysis results. Therefore, the shear strength is assumed to be constant for all models. This 

assumption may encourage failure/localization at small strains. The curve-fitting procedure for all of the 

randomizations is performed in a way that prevents localization from happening before the transition strain. In 

this study, as mentioned earlier, the Vs profile obtained from the P-S suspension logging test is considered as 

the reference small-strain Vs profile (as it is the only Vs profile available for SHA) and the randomization is 

performed using this profile. 

Three levels of uncertainty associated with the small-strain Vs profile are considered herein based on 

the literature and design codes available [24-28]. The Latin Hypercube Sampling (LHS) technique is used to 

generate a statistically significant number of samples of the model (100) for each level of uncertainty. This 

method is one of the most efficient methods of sampling in which marginal probability distributions for each 

variable simulated is preserved, while matching target correlations between variables. To do this, the LHS 

technique constructs a highly dependent joint probability density function for random variables, which allows 

good accuracy in the response parameters using only a small number of samples as compared with traditional 

sampling techniques in which a much larger number of realizations would be needed to converge to the desired 

confidence level [29, 30].  

Stochastic processes are generated using different distribution models and also considering the 

significant effects of Coefficient of Variation (COV) on the results. Based on references such as Toro [24], 

three different uncertainty values (σln (Vs) = 0.15, 0.25, and 0.35) were selected for the present study to produce

a reasonable range of Vs profiles. The randomized Vs profiles considered in this study are shown in Fig. 2. 

Fig. 2. Vs profiles developed to account for uncertainty at the Service Hall array. The Vs profile uncertainty 

is considered by randomizing the P-S suspension log Vs profile. Randomization performed using Latin 

Hypercube Sampling technique, and a total of 100 realizations are generated for each level of uncertainty. 

(a) σln (Vs) = 0.15 (b) σln (Vs) = 0.25, and (c) σln (Vs) = 0.35).
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3. Results  

In this section, response spectra from recordings at the SHA are compared with predicted responses from the 

base model and various models with randomized Vs profiles. 

 

Fig. 3 and Fig. 4 show the response spectra for depths of 2.4m and 50.8m, respectively (both in fault 

normal (FN) and fault parallel (FP) directions), considering a standard deviation value of σln (Vs) = 0.25. As 

can be seen in both Fig. 3 and Fig. 4, there is more variability in the responses (i.e. greater standard deviations 

of amplification factors) at short periods than long periods. In addition, significant variability extends to higher 

periods in the FN direction due to greater amplitude shaking that results in more nonlinearity of the soil. This 

transition from significant to insignificant variability of the responses can be correlated to the predominant 

period range of the randomized Vs profiles. The predominant site period of the base model (TSite, Vs), indicated 

in the figures, can be calculated using Eq. (9). 

 

𝑇𝑆𝑖𝑡𝑒,𝑉𝑠  = 4 ∑
ℎ𝑖

𝑉𝑠𝑖

𝑛

𝑖=1

 
(9) 

 

On the other hand, Eq. (10) represents the maximum wavelength that can affect each element of the soil profile.  

 

λmax =  ℎ𝑖 =  𝑉𝑠𝑖
 . 𝑇𝑖 (10) 

 

Therefore, the approximate period corresponding to the maximum wavelength which may affect the 

whole soil profile (over a depth of 99.4 m), based on the average shear-wave velocity of the base model can 

be calculated (0.35 s). This period is referred to as the reference period (Tref) in this study. This reference period 

can be correlated to predominant site period (𝑇𝑆𝑖𝑡𝑒,𝑉𝑠) of the randomized Vs profiles. In other words, the term 

reference period (Tref), presented in this study, provides an approximation of one-fourth of predominant site 

period (𝑇𝑆𝑖𝑡𝑒,𝑉𝑠) of the randomized Vs profiles. Both (Tref) of the base model and (𝑇𝑆𝑖𝑡𝑒,𝑉𝑠)/4 of the randomized 

Vs profiles (shaded region) are indicated in the figures. As can be seen in Fig. 3, the standard deviation of the 

responses is greater for periods shorter than (𝑇𝑆𝑖𝑡𝑒,𝑉𝑠)/4 of the randomized Vs profiles in comparison with the 

longer periods. Therefore, the cyan shaded area (one-fourth of predominant site period (𝑇𝑆𝑖𝑡𝑒,𝑉𝑠)  of the 

randomized Vs profiles), presented in the following graphs, can be referred to as the transition period, as the 

transition from significant to insignificant within the standard deviation of responses can be observed. 

 

The variability of the response can also be attributed to the backbone curves generated for each layer. 

As discussed in the previous section, by changing the small-strain shear-wave velocity in each layer, the 

subsequent points of the backbone curves, up to the target shear stress, are also modified for each realization, 

which is responsible for this variability within the results for long periods (periods greater than the (𝑇𝑆𝑖𝑡𝑒,𝑉𝑠)/4 

of the randomized Vs profiles). It also can be concluded that the ratio of the bias associated with the small-

strain Vs profile to the total bias of the system (measured based on the recordings) is greater in the FN direction 

compared to the FP direction, which is due to the different levels of strains in FN and FP directions. The strain 

profiles in both FN and FP directions are shown in Fig. 5. 
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Fig. 3. 2D FN and FP response spectra for the depth of 2.4m below the ground surface (the depth of 

accelerometer 1). The data shown includes: predicted response spectra using all of 100 Vs profiles developed 

considering standard deviation value (σln (Vs)) of 0.25  (blue area), recorded at accelerometer 1 (dotted

black line), predicted response spectra of the base model with the reference Vs profile obtained from P-S 

suspension log test (red line). Cyan shaded region indicates (𝑇𝑆𝑖𝑡𝑒,𝑉𝑠)/4 of the randomized Vs profiles

(transition period). 

Fig. 4. 2D FN and FP response spectra for the depth of 50.8m below the ground surface (the depth of 

accelerometer 2). The data shown includes: predicted response spectra using all of 100 Vs profiles developed 

considering standard deviation value (σln (Vs)) of 0.25  (blue area), recorded at accelerometer 1 (dotted

black line), predicted response spectra of the base model with the reference Vs profile obtained from P-S 

suspension log test (red line). 
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Fig. 5. Peak strain profiles in both FN and FP directions, for the base model as well as the randomized Vs 

profiles considering a standard deviation value of σln (Vs) = 0.25. 

 

 

The results presented thus far have focused on the realizations for σln (Vs) = 0.25; however, as stated in 

the previous section, the level of uncertainty based on investigations by Toro (1995) may be on the order of 

σln (Vs) = 0.31 to 0.37. Therefore, Fig. 6 and Fig. 7 present the range of variability in response spectra for σln 

(Vs) = 0.15, 0.25, and 0.35 for the FN and FP response spectra for the depths of 2.4m and 50.8m below the 

ground surface, respectively. As one might expect, the variability of the site response increases substantially 

when the variability of the Vs profile increases. 

 

  

Fig. 6. 2D FN and FP response spectra for the depth of 2.4m below the ground surface (the depth of 

accelerometer 1). The data shown includes: predicted response spectra using all of 100 Vs profiles developed 

considering standard deviation value (σln (Vs)) of 0.35  (blue area), 0.25 (yellow area), 0.15 (red area), 

recorded at accelerometer 1 (dotted black line), predicted response spectra of the base model with the 

reference Vs profile obtained from P-S suspension log test (blue line). Cyan shaded region indicates 

(𝑇𝑆𝑖𝑡𝑒,𝑉𝑠)/4 of the randomized Vs profiles (transition period). 
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Fig. 7. 2D FN and FP response spectra for the depth of 50.8m below the ground surface (the depth of 

accelerometer 2). The data shown includes: predicted response spectra using all of 100 Vs profiles developed 

considering standard deviation value (σln (Vs)) of 0.35  (blue area), 0.25 (yellow area), 0.15 (red area),

recorded at accelerometer 1 (dotted black line), predicted response spectra of the base model with the 

reference Vs profile obtained from P-S suspension log test (blue line). 

4. Conclusions

In this study, the effects of uncertainties associated with the small-strain Vs profiles on nonlinear site response 

analysis results have been assessed, considering the Service Hall Array (SHA) near the Kashiwazaki-Kariwa 

Nuclear Power Plant (KKNPP) in Japan. The Latin Hypercube Sampling (LHS) technique was used to generate 

Vs profiles (100 realizations) for three different levels of uncertainty that were selected to be representative 

for the site based on available codes and reports. Results in terms of response spectra at the ground surface and 

in the middle of the downhole array have been compared with the recordings and predicted response of the 

base model, with the reference Vs profile obtained from P-S suspension log test, and the biases attributed to 

Vs profile randomization, as well as the total biases within the system have been presented.  

The results show that the standard deviation of the responses, for both FN and FP directions, is much 

greater at short periods than long periods. The transition period has been defined based on the predominant 

site period, and the variability of the response decrease considerably for periods longer than (𝑇𝑠𝑖𝑡𝑒,𝑉𝑠)/4 of the

randomized Vs profiles (transition period). It was expected that the small-strain Vs profile would mainly affect 

the results for periods shorter than the transition period and this expectation has been generally confirmed 

through observation of a relatively small standard deviation in the responses for longer periods. Some 

variability extending to periods greater than the transition period is mainly attributed to nonlinearity of the soil 

which is amplified by variations in the backbone curves to comply with the specified shear strength.  

The results suggest that the standard deviation of the responses is partly a function of the strain level 

within the soil layers (for example: significant variability of the responses extends to greater periods in the FN 

direction than the FP direction due to higher shaking intensity). The results also demonstrate that by increasing 

the standard deviation values for sampling σln (Vs), the standard deviation of the responses increases.
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