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Abstract  

This paper discusses the on-going development of a 3D site response analysis framework that 

considers three important non-1D aspects of seismic site response: soil heterogeneity (spatial 

variability), bidirectional input ground motion, and multi-directional soil constitutive 

response. This paper focuses on the development and implementation of spatial variability 

explicitly modelled through correlated random fields, leading to seismic wave scattering. 

Importantly, the required site-specific inputs to apply the proposed approach in a practical 

setting are the same as those associated with conventional 1D site response analysis.  This 

approach requires addressing several numerical and computational hurdles in order to enable 

3D FE simulations with spatial variability to be computed and processed in a tractable 

manner.  We present our theoretical and computational developments to date for an initial 

sensitivity study involving 960 2D model realizations (as a stepping stone to 3D), requiring 

extensive parallelization and high-performance computing resources. Insights on the 

scalability and parallelization of large dynamic OpenSEES models from this study are shared. 
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1. Introduction  

In conventional 1D seismic site response analysis, soils are modelled as horizontal, 

homogenous, infinite layers and are limited to shear deformation with vertically propagating 

shear waves (SH waves) as ground motion input. In reality, heterogeneities of various length 

scales are present in soils and rock from formational and depositional phenomena. These 

heterogeneities cause scattering and attenuation of seismic waves [1]. Unlike intrinsic 

attenuation which removes energy from seismic waves via various physical processes, 

scattering attenuation simply disperses the energy in space, time, and frequency [2].  
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Soil heterogeneity is a source of apparent aleatory variability in shear wave velocity (VS) 

measurements [3, 4]. Recent studies have shown the importance of accounting for uncertainty 

and variability in VS, and propagating this uncertainty through geotechnical site response 

analysis and hazard analysis [5, 6, 7]. There are two approaches typically used to account for 

variability and uncertainty in VS for 1D site response analysis: (1) developing a lower and 

upper bound profile by multiplying the median or “best estimate” profile by a constant factor 

(typically ± 20%), and (2) randomizing the base VS profile using a method such as that 

proposed by Toro [8]. However, it has been shown that these methods may produce VS 

profiles that are inconsistent with the seismic site signature, and produce site amplification 

significantly different than the observed response at well-characterized and instrumented sites 

[5, 7]. More recently, surface wave VS testing methods have been applied to create many non-

unique VS profiles, with different layering parameters, that are all consistent with the site 

signature and produce more realistic site response [3, 4]. These methods all still rely on 1D 

wave propagation, which is not able to model wave scattering. However, by averaging 

theoretical 1D transfer functions from various carefully selected VS profile (i.e., ideally 

profiles that match the site signature), a smoothing of the site response similar to that caused 

by wave scattering can be observed.  

Tao and Rathje [9] developed multiplicative factors by which to increase the minimum 

damping ratio (Dmin) from laboratory data to improve 1D site response predictions relative to 

downhole array observations. Increasing Dmin attempts to model the additional attenuation 

experienced from wave scattering which is not present in laboratory tests. The Dmin factors 

corresponding to best goodness-of-fit measures vary from site to site, and are likely 

dependent on the level of spatial variability at the site (increasing factor with increasing site 

variability). 

In contrast with 1D site response approaches for handling soil variability (which still require 

the assumption of lateral homogeneity in the two horizontal directions), modelling seismic 

site response in 2D or 3D with soil properties defined via spatially-correlated random fields 

can be used to explicitly account for spatial variability in the soil deposits, and appropriately 

model the scattering of seismic waves. Both of these aspects affect the seismic ground 

response, but are neglected in conventional 1D site response analysis. Thompson et al. [2], for 

example, used 3D spatially-correlated random fields to predict site response at downhole 

arrays from the Kiban-Hyoshin network in Japan, and found better agreement between 

modelled and observed site response when soil heterogeneity was modelled. 

This study is working towards the ultimate goal of modelling 3D site response in OpenSEES 

[10] with soil heterogeneity (modelled via random fields), and multi-directional ground 

motion input and constitutive response. This paper shares results of a preliminary sensitivity 

analysis to determine the effects of random field parameters (i.e., spatial correlation length, 

VS variance, anisotropy factor, and median VS) on the seismic ground response. The 

sensitivity analysis uses 2D site response on a viscoelastic soil deposit with two ‘layers’ of 

constant mean VS, with heterogeneous soil properties based on random field perturbations and 

Ricker wavelet input motion. Computational hurdles of running large 3D dynamic 

simulations are discussed.  

2. Methods 

2.1 OpenSEES Site Response Model 

For the purpose of sensitivity analysis, we consider a simple model which has two ‘layers’. 

The upper layer has a constant mean Vs, which is varied as part of the sensitivity study, and a 

compliant base is used to model a halfspace representative of soft rock (i.e., VS, halfspace = 760 
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m/s). Spatial variability is applied to the upper soil layer based on a specified standard 

deviation and spatial correlation, as discussed in further detail in the next subsection. Figure 1 

illustrates many of the features of the site response model including boundary conditions, the 

Subdomain of Interest (SOI), location of surface recorder nodes, and an example of a 2D 

velocity profile with anisotropic, spatially correlated VS perturbations.  Periodic boundary 

conditions are used for the lateral model boundaries. The SOI is a smaller region within the 

model that is far enough away from the lateral boundaries such that boundary effects are not 

expected. The SOI is taken as the region centred about the middle of the model that is 25% 

the total model width, based on the correlation length to model size ratios discussed in Figure 

2 and Section 2.2. Within the SOI, 5 nodes equally spaced at the ground surface are used to 

record results and compute site amplification relative to the base of the model (i.e., the Ricker 

wavelet input motion). To further reduce the effects of the periodic boundary conditions on an 

asymmetric (in terms of soil properties) model, a 100 m-wide zone of homogenous soil is 

included at both lateral extents of the model. The soil is made homogenous in this region by 

exponentially reducing σlnVs to zero. The example in Figure 1 uses VS,0 = 150 m/s, σlnVs = 0.2, 

rhor = 50 m and aH/V = 10. 

For the initial sensitivity analysis, a simple Ricker wavelet is used as the input ground motion. 

The wavelet is treated as a velocity pulse in m/s and has a fundamental frequency of 10 Hz.  

 

 
Figure 1. Schematic of site response model in OpenSEES illustrating 2D shear wave velocity profile, 

boundary conditions, acceleration recorder node locations, Subdomain of Interest (SOI), and zero 

variance zones. This example uses horizontal and vertical spatial correlation lengths of 50 and 5 m, 

respectively (i.e., an anisotropy factor of 10). 

 

2.2 Spatially Correlated Random Fields for Soil Heterogeneity 

Soil heterogeneity is modelled using anisotropic spatially correlated random fields to perturb 

the model based on its mean VS at a given location. The marginal distribution of Vs at a point 

is considered as lognormal, with a mean of µlnVs (or, equivalent, a median of VS,0), and 

standard deviation of σlnVs. The spatial correlation for random field generation is represented 

with an exponential correlation function, which is a special case of the von Kármán model 

(with ν = 0.5). The parameters of this model include the horizontal correlation length (rhor), 

and the anisotropy factor (aH/V) to compute the vertical correlation length.  

The values of random field parameters used for the sensitivity study are based on previously 

published empirical values [2, 11, 12] and listed in Table 1. In total, 96 different analysis 

models were considered from the Table 1 permutations. 
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Table 1. Random Field Parameters used in the Sensitivity Analysis. 

PARAMETER NAME SYMBOL VALUES USED IN SENSITIVITY ANALYSIS 

Median Shear Wave Velocity VS,0 150, 400 m/s 

Standard Deviation of ln(VS) σlnVs 0.1, 0.20, 0.35 

Horizontal Correlation Length rhor 25, 50, 75, 100 m 

Anisotropy Factor aH/V 1, 5, 10, 20 

 

 

Figure 2. Median VS for 30 random field realizations at various ratios of correlation length to random 

field dimension. For each ratio, the geometric mean and standard deviation of all 30 realizations is shown 

by the red dot and error bars.  

In order to generate perturbed VS profiles and site response that are statically representative of 

the desired median properties, the model domain must be large relative to the correlation 

lengths of the random field and many realizations of the VS profile must be generated. It was 

desired that the standard deviation of median VS across all realizations of a VS profile be 

within about VS,0 ± 10%. As shown in Figure 2, the correlation length should be less than 

approximately 30% of the model size to meet this criterion. Figure 2 plots the median VS for 

30 VS profile realizations at each ratio of correlation length to total random field dimension. It 

was found that 30 realizations produce a more stable median VS, however, for the purpose of 

this sensitivity analysis 10 realizations of a VS profile were generated for each set of random 

field parameters. 

Given the 96 parameter permutations from Table 1, and 10 realizations for each parameter 

permutation, a total of 960 simulations were performed in the results presented herein. 

3. Results and Discussion 

3.1 Evaluation of Acceleration Transfer Functions 

The acceleration Transfer Function, TFi,j is computed as the ratio of the Fourier spectrum at 

the ith  ground surface recorder node of the jth spatial random field realization relative to the 

Fourier spectrum of the input bedrock motion. As well as computing TFi,j for all 5 surface 

nodes, their average is also computed for a given realization, termed TFj, and can also be 

averaged for all realizations of a given set of random field parameters (10 realizations) to 

obtain a TF (with no subscript) that can be considered as the mean amplification over the 

randomness that is a useful comparison with traditional 1D site response analysis. Figure 3 

plots results from one particular parameter set in Table 1 with the following values: VS,0 = 

150 m/s, σlnVs = 0.2, rhor = 50 m and aH/V = 10, and compares the results to those of a 



Page 5 of 8 

 

conventional 1D analysis. Figure 3a shows the TFi,j for all 5 nodes of one realization (j) from 

the analysis, and the average TFj of all five nodes. Figure 3b plots TFj for all 10 realizations, 

and the averaged TF of all realizations.   

In analyzing Figure 3, several important observations can be made which demonstrate that the 

site response models that include soil heterogeneity are, in fact, causing scattering of seismic 

waves. Relative to the 1D homogenous site response, a clear reduction is visible at each node 

in the “peak-to-trough” ratio (i.e., the ratio of a local maxima with peak site amplification, 

and local minima with negligible amplification in the TF plots), suggesting that wave 

scattering causes the ground motion energy to spread over a wider frequency band. The more 

pronounced reductions in peak-to-trough ratios as frequency increases suggests, as expected, 

that higher frequencies are scattered more by the correlation length scales used in this 

example. It is evident that the frequency corresponding to the fundamental mode of the soil 

deposit (i.e., 0.75 Hz) is the least affected by the presence of soil heterogeneity, although 

there is still a reduction in amplitude and increase in the half-bandwidth at this fundamental 

mode, especially when nodes and realizations are averaged.  

 
Figure 3. Acceleration transfer functions (i.e., Fourier spectral ratios between output acceleration at 

ground surface and input acceleration at base of model) for (a) 5 individual nodes of one random field 

realization (i.e., TFi,j), and (b) mean transfer functions for each random field realization (i.e., TFj).  

3.2 Effects of Random Field Parameters on Site Response 

Figure 4 shows the effects of σlnVs (Fig4a), and rhor (Fig4b) on the computed TF (i.e., averaged 

over surface nodes and random realizations) when VS,0 = 150 m/s and aH/V = 10. From Figure 

4a, it is evident that as σlnVs increases (from 0.1, to 0.2 and 0.35) there is a greater reduction in 

the peak-to-trough ratio, and also the TF at high frequencies. This is due to two reasons: (1) 

the profiles with higher variance in the VS random field cause more scattering of waves, 

resulting in more spreading of energy across a wider band of frequencies at an individual 

node, and (2) there is greater variability in results between nodes and realizations causing 

more averaging or smoothing of the computed TF. It is worth noting that while σlnVs = 0.1 

causes significant reduction in the peak-to-trough ratio, there is no reduction in the mean 

amplification at high frequencies relative to the 1D TF. On the contrary, σlnVs = 0.2 and 0.35 

cause a slight and substantial decrease, respectively, in mean amplification at high 

frequencies. This high frequency attenuation is quantified by the mean ratio of TF for a 

perturbed 2D analyses (TFf,2D) to the mean amplification for the 1D analysis (TFf,1D) as: 

                                                  (1) 

a) b) 
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Where f is a frequency between 5 and 20 Hz and Nf is the number of frequencies in this range. 

HFratio = 1.0, 0.9, and 0.6 for σlnVs = 0.1, 0.2, and 0.35, respectively. This ratio clearly changes 

nonlinearly with respect to σlnVs. Based on existing literature on VS variability and uncertainty 

(discussed briefly in the Introduction), a value of 0.35 for σlnVs is likely an upper bound value 

for soils. This large value of σlnVs may cause an excessive amount of wave scattering resulting 

in too much attenuation of high frequencies due to scattering, and smoothing from averaging 

over realizations. 

In Figure 4b, the effects of horizontal correlation length (rhor) are presented when σlnVs = 0.2. 

The results of the sensitivity analysis demonstrate that, in this application, rhor does not have a 

drastic influence on TF. However, across all analyses, there is a trend that indicates that wave 

scattering is occurring is a physically valid manner; as the correlation length decreases, higher 

frequencies are scattered more. This is reasonable because as the scale of the heterogeneities 

decreases, the wavelength that is expected to be scattered also decreases (i.e., a higher 

frequency is scattered). The results in Figure 4b show that a reduction in correlation length 

has a similar impact to an increase in sigma – except the extent of the impact is less 

pronounced (i.e., varying rhor by factor of 4 has limited impact relative to the significant 

impact of varying σlnVs by a factor of 3.5). 

Though the profiles studied in this sensitivity analysis are simplified, the method reproduces 

phenomena observed in empirical transfer functions, i.e., seismic wave are scattered by soil 

heterogeneities reducing site amplification at modal frequencies and distributing energy 

across a wider frequency band [e.g., 1, 9].  

 

 

Figure 4. Averaged TFs illustrating the effects of a) σlnVs, and b) rhor with VS,0 = 150 m/s and aH/V = 10. 

Results are compared with 1D site response using homogenous VS. 

3.3 OpenSEES Optimization for Large 3D Models 

This study initially began using 3D models, however, computational constraint were 

encountered with even models as small as 50 elements wide in each horizontal direction (i.e., 

50x50). It was deemed that in order to avoid boundary effects the models should be at least 

500x500, therefore, this study reverted to 2D for the random field sensitivity analysis while 

these computational hurdles are further investigated.  

Figure 5a plots results of strong scaling tests, that is, speedup relative to 1 core versus number 

of cores used to parallelize an individual analysis in OpenSEES_SP. It was found that 

OpenSEES_SP exhibits modest parallel scalability, which improves with increasing model 

size. The 10x10 model scaled well up to about 4 cores after which it saturated and realized no 

further speedup with increasing number of cores. The 20x20 case (i.e., 4 times more elements 

a) b) 
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than 10x10), scaled relatively well up to 20 cores but then scaled poorly from there up to 40 

cores. For a larger 50x50 model, no scaling was observed between 20 and 40 cores suggesting 

that the code reaches its maximum scalability at about 20 cores.  

Figure 5b plots results of weak scaling test, that is, total execution time versus number of 

elements for the 10x10, 20x20, and 50x50 models (e.g., 10 x 10 x 68 for the 10x10 case) 

when using 20 cores. The execution time scaled linearly with increasing model size going 

from 10x10 to 20x20, but approximately between linearly and quadratically when increasing 

from 10x10 to 50x50 (quadratic scaling implies that if the model increases by a factor of 2, 

then the execution time increases by a factor of 22 = 4). From Figure 5b it can be seen that a 

single realization of a 50x50 model took approximately 17 hours on 20 cores. 

 
Figure 5. (a) Strong and (b) weak scalability of OpenSEES for larger 3D models. 

4. Conclusions 

An initial sensitivity analysis was performed to investigate the effects of random field 

parameters on site response in 2D while computational hurdles associated with larger 3D 

models are further assessed. The results of this study demonstrate the ability of soil 

heterogeneity modelled as anisotropic spatially correlated random fields in VS space to cause 

scattering of seismic waves. Relative to the 1D homogenous site response, a clear reduction is 

visible at each ground surface node in the “peak-to-trough” ratio in acceleration transfer 

function plots (TFi,j), suggesting that wave scattering causes ground motion energy to spread 

over a wider frequency band. This reduction in peak-to-trough ratios becomes more evident as 

frequency increases suggesting that higher frequencies are scattered more by the correlation 

length scales used in this example. In addition to this reduction in peak-to-trough ratio, a net 

decrease is observed in the transfer function at high frequencies, which is more pronounced 

for larger σlnVs and smaller rhor. The frequency corresponding to the fundamental mode of the 

soil deposit is the modal frequency least affected by the presence of soil heterogeneity, 

although there is still a reduction in amplitude and increase in the half-bandwidth, especially 

when nodes and realizations are averaged. Higher values of σlnVs (i.e., as high as 0.35) cause 

significant scattering of seismic waves, and variance in site amplification between recorder 

nodes and between model realizations, resulting in excessive amounts of TF smoothing and 

high frequency attenuation. In this application, the sensitivity of site response to horizontal 

correlation length (rhor) is small, however, results illustrated a physically valid trend, that is, 

that the wavelength of scattered waves decreases (i.e., the frequency increases), as correlation 

length decreases.  
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