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MOTIVATION FOR THIS PAPER  

 

Over the last decade we noticed that the seismic structural analysts often continue to have difficulties in 

understanding the motion incoherency modelling and evaluate correctly the motion incoherency effects 

on the SSI responses. This situation resulted due to the fact that most often structural analystsô 

background on the stochastic process or seismic wave modelling is quite limited. As result of the lack of 

background and unfamiliarity with the subject, many seismic analysts try to avoid considering the motion 

incoherency effects, basically ignore the physical reality. In contrast, other seismic analysts use crude 

simplifications on the mathematical modelling since for their limited understanding makes no difference. 

Such attitudes are obstacles for a faster progress for improving the accuracy of the seismic SSI analysis of 

nuclear structures. The paper addresses the key aspects related to the seismic motion incoherency 

modelling and effects on the SSI and SSSI responses of nuclear structures. 

 

SEISMIC MOTION SPATI AL VARIATION IN HORIZONTAL PLANE  

 

The spatial variation of the seismic ground motion in horizontal plane is caused by the complex wave 

propagation random pattern at a given site. In typical engineering terms, the seismic soil motion including 

spatial variation is called ñincoherentò motion, while the seismic motion without any spatial variation is 

called ñcoherentò motion. It should be noted that the coherent motion is based on highly idealistic, 1D 

wave propagation models that assume that at any depth, the soil horizontal planes move as a ñrigidò 

planes since all their all points have identical motions, as shown in Figure 1a. In contrast, the incoherent 

motion is based on real earthquake record databases from the dense arrays measurements in the free field, 

as shown in Figure 1b.  

 
Basically, the incoherent motions for SSI analysis are stochastic simulations or realizations of real soil 

motions based on stochastic field models developed based on the statistical record databases. Incoherent 

motions are capable of simulating the complexity of the 3D wave propagation, implicitly including all 

types of incident seismic waves arriving at the nuclear facility site. Thus, the incoherent motions are more 

realistic idealizations of the seismic ground motions than the coherent motions that constrain all the soil 

points in a horizontal plane to move identical, so that each horizontal plane in the free-field soil deposit 

moves as a ñrigidò plane. 

 

For engineering applications, the motion spatial variation or motion incoherency is considered to be a 

superposition of two variation components due to i) the motion incoherency effects and ii) the wave 

passage effects. It should be noted that the incoherency and wave passage effects have qualitatively 

similar effects on seismic SSI analysis since both produce a lack of the spatial correlation between the soil 

motions at slightly different locations at the same depths. The incoherency variation produces motion 

amplitude random differences due to lack of similarity of the two motions, especially for the high-
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frequency components, while the wave passage variation produces motion amplitude differences due to 

the time delay of between two identical motions.  

 

 
a)  Coherent Waves                                         b) Incoherent Waves 

Figure 1. 1D Deterministic Coherent Waves vs. 3D Random Incoherent Waves 

 

The main cause of the motion incoherency observed over distances of tens of meters that of interest for 

seismic SSI analysis is caused by wave scattering in the top 500 m of the soil/rock deposit (Abrahamson, 

2007). The greater the variability of soil layering in horizontal direction, the higher the motion 

incoherency. In addition to the soil stiffness, the existing topographic features and the layered soil slopes 

are the most influential factors that can affect significantly the motion incoherency at a given site. For this 

reason it is desirable for a nuclear site to consider a site-specific coherence function, if the site includes 

significant topographic features, soil layering heterogeneities, or significant stiffness variation in the 

horizontal direction. 

 

Typically, for horizontal layering and point sources, for which the scattering is mostly linear, it appears 

that the earthquake magnitude does not affect the motion incoherency. For large magnitudes at short 

distances is a significant increase of incoherency effects due to different wave paths from different parts 

of the fault rupture leading to larger deviation from single plane-wave propagation, such as it was 

observed at the 1995 Kobe earthquake. For other source parameters, such as focal mechanism and focal 

depth, no obvious effects on the motion incoherency were noticed.  

 

The main influential factors that produce incoherency are: 

- Soil profile stiffness variation in horizontal directions increases incoherency 

- Soil layer inclination, local discontinuities, faults increase incoherency 

- Topography features in vicinity could significantly increase incoherence 

- Earthquake magnitude is less influential especially for single point source 

- For short distances near faults, the multiple wave paths from different parts of fault rupture may 

drastically increase the spatial variations, both the motion incoherency and wave passage effects 

- Focal mechanism and directivity apparently affect less incoherency     

 

MATHEMATICAL MODELING OF SEISMIC MOTION SPATIAL VARIATION  

 

The seismic wave field is idealized as a space-time stochastic process or a time-varying stochastic field 

model with zero-mean and Gaussian probability distribution that is completely described by its cross-

spectral density function (CSD). This CSD function for two spatial soil locations i and j is computed 

based on the power-spectral density (PSD) functions at the two locations times the coherence function for 

the two locations:  
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The PSD functions describe the local random variations of the seismic soil motion for the two selected 

points i and j, while the coherence function describes the spatial variation of the seismic soil motion 

between points i to j. To describe the seismic ground motion spatial variation at a number of locations, the 

coherency matrix need to be defined.  

 

The coherency matrix elements have a general form as follows  

 

          (2) 
 

in which the spatial coherence function at any frequency is computed by the product of the ñplane-wave 

coherencyò function (for random motion amplitude and phase variations) defined as a real positive 

function and the ñwave passageò function (for deterministic motion phase variations) defined by a 

complex exponential function. 

 

To simulate the seismic spatially varying motion stochastic field, as it is required as input for seismic 

incoherent SSI analysis, the most accurate and robust approach is the Monte Carlo simulation based on 

the Choleski decomposition or spectral factorization of the coherency matrix. The Monte Carlo simulation 

produces realistic random motion realizations in frequency domain with both random amplitudes and 

random phases as in the real earthquake records (Deodatis and Shinozuka, 1996, Ghiocel, 1996, 1998, 

2004, Tseng, 1997). 

 

Coherency Models 
 

The separation distance and the frequency are the main influential parameters of the coherence function. 

The coherence function is defined as a 2D monotonically decreasing curve having the separation distance 

and the frequency as axis parameters. Figure 2 provides a visualization of the incoherent motion 

amplitude variation as a function of the wave component frequency or wavelength and relative distance 

between locations. Figure 2a shows a sketch illustrates the incoherent motion component variation for 

low and high frequencies, i.e. long and short wavelengths. Figure 2b shows a typical coherence function 

decaying with frequency and separation distance between locations (Abrahamson, 2007). 

 

If there is no preferential incoherency direction for the ground motion variation, then, the coherence 

function is the same in all horizontal directions, so that the incoherent motion field is an ñisotropicò or a 

ñradialò stochastic wave field. Contrary, if there is a preferential incoherency direction, then, the 

coherence function is different for different directions, so that the incoherent motion wave field is an 

ñanisotropicò or a ñdirectionalò stochastic wave field.  

 

It should be noted that usually the coherence function at a given frequency depends only on the 

separation distances between different ground locations, but not on the absolute location positions. This 

implies that the stochastic motion field is also homogeneous, i.e. it has same statistics at any point in the 

horizontal plane. 

 

Generic Coherence Functions 

Based on a number of dense arrays earthquake records, Abrahamson provided two generic coherence 

functions, one for the soil sites and one for the rock sites. (Abrahamson, 2007). The Abrahamson 

coherency models are ñgenericò coherency models based on a set of statistical dense array records 

selected from different sites. The generic Abrahamson coherency models, as described in the 2007 EPRI 
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report (Short et al., 2007) does not include the motion directivity, being assumed as to be radial models 

with the same coherence function for all horizontal directions.  

 

     
a) Incoherent Motion Amplitude Variation             b) Smoothed Coherence Function for Horizontal and  

  At Low and High Frequency                         Vertical Motion Amplitudes (Abrahamson, 2007) 

 

Figure 2 Incoherent Motion Amplitude Variation is A Function of Relative Distance and Frequency 

 

These generic Abrahamson coherence functions were obtained for uniform horizontal soil layering sites 

with a gradual increase of the soil layer stiffness with depth. Most of the incoherent SSI analyses done in 

the past used the generic radial Abrahamson coherence models. However, more recently, some seismic 

experts questioned the applicability of the generic Abrahamson coherence functions to the site-specific 

applications, especially for sites that show quite different soil conditions than the site conditions used by 

Abrahamson for building the generic coherence function models for rock and soil sites (Abrahamson, 

2007). 

 

Site-Specific Coherence Functions 

For site-specific applications, depending on the site seismological, geological and geotechnical 

characteristics, the use of the generic Abrahamson radial coherency models might not be appropriate. 

Figure 3 shows the site-specific coherence function in comparison with the generic Abrahamson 

coherence function computed for the Argostoli rock site recorded motion (Svay et al., 2016). The current 

trend for the site-specific applications is to use site-specific incoherency models, especially, if the selected 

site conditions include special features, as topography features, inclined soil layering, variable depth 

bedrock, or soil deposit discontinuities created by degraded soil lentils, local passive faults, or crushed 

soil bubbles that can significantly increase the motion incoherency effects. For sites close to faults, the 

multiple wave paths coming to the site location from different parts of fault ruptures may drastically 

increase both the motion incoherency and wave passage effects. This is typical situation for sites close to 

active faults. 
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Figure 3 Site-Specific Coherence Function Computed for Argostoli Site (Svay et al., 2016) 

 

Figure 4 shows a typical site-specific lagged coherence function estimated from records (Zerva, 2008). 

Figure 4a shows the role of smoothing in frequency on the coherence function estimate. The coherence 

estimates are obtained using the Hamming window with for the bandwidth parameter M= 1, 3, 5, 7 and 9. 

For no smoothing the coherence function is 1 for all frequencies. The larger the smoothing bandwidth is, 

the smaller the coherence estimate variance is. Abrahamson recommends the use of the parameter M=5 or 

11-point Hamming window size (Abrahamson, 2007). It should be also noted that the lower the coherence 

value is at particular frequency, the larger the coherence estimate variance is (Ghiocel, 1996). Figure 4b 

shows the coherence mean estimate and with 95% confidence interval for a 11-point Hamming window. 

 

 
  a) Coherence Estimate for Different Smoothings               b) Coherence Mean and for 95% Confidence        

 

Figure 4 Site-Specific Coherence Estimates for Different Smoothing Bandwidths 

Using Hamming Window (Zerva, 2008)  
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The site-specific coherence function shape in frequency depends on two types of random variations, 

coming from motion amplitude variations at the predominant soil deposit natural frequencies and the 

scattered energy effects in the soil media. The final site-specific lagged or plane-wave coherence function 

estimate, seen as an average estimate, should be much a smoothed curve not including the narrow band 

up-down-up random variations. Typically, the site-specific coherence models that are used in practice are 

smoothed, parametric plane-wave coherence function models, such as the EPRI Abrahamson coherence 

models developed for both the soil and rock sites, respectively, that are currently applicable to the seismic 

analysis of nuclear structures (Abrahamson, 2007).  

 

The site-specific coherence functions can be also estimated based computational 2D (or 3D) nonlinear site 

response analysis based on probabilistic simulations as recommended in the USNRC RG1.208 guidance. 

The use the 3D site response analysis is at present time quite impractical due to the extensive field data 

collection and large computational efforts for a nuclear engineering project. The practical way for 

building site-specific coherence functions is to use of 2D site response analyses with probabilistic 

simulations for two or more horizontal directions as shown in Figure 5. The upper colored plot is a 

visualization of a part of about 1 km wide extracted from the 2D soil profile model that extends for few 

kilometers from the site in both left and right directions, plus having transmitting boundaries at the ends. 

The lower plots show the 2D soil motion for the same soil profile. The existence of non-vertically seismic 

waves due to the slightly inclined soil layering is quite visible. The effects of these randomly incident 

waves on the site motion is to increase the motion incoherency. 

 
 

Figure 5 2D Probabilistic Soil Profile Model for Simulating Complex Wave Propagation 

 

The site-specific coherence models can be quite different for slightly different site locations, and the 

simplified assumption of a homogeneous and isotropic incoherent wave field may not be applicable. 

 

As an illustration of using probabilistic simulations to compute site-specific coherence functions, the 

Pinyon Flat rock site was considered. Using a 2D probabilistic FE model for the Pinyon Flat soil profiles 

the ñsite-specificò coherence functions based on probabilistic simulations were compared with the 

ñgenericò EPRI/USNRC accepted Abrahamson coherence functions based on the Pinyon Flat record 

database (Abrahamson, 2007).  The 2D soil FE model size for the Pinyon Flat site is 1km long and 500m 

deep with both lateral and bottom transmitting boundaries. The soil mesh size was 5m for the horizontal 

direction and variable between 2.5m and 5m for the vertical direction. The Vs c.o.v. and D c.o.v. were 

30%. The correlation length was taken 50m for horizontal direction and 25m for vertical direction, 

respectively. The statistical dependence between Vs and D was simulated by a correlation coefficient of -

0.60. Figures 6 and 7 shows the Vs and D soil profile simulations for the Pinyon Flat site. The Vs and D 

random variations were assumed to follow the normal probability distribution.  
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Figure 6 Pinyon Flat Simulated Vs Soil Profile; Axonometric View (left) and Lateral View (right) 

 

   
 

Figure 7 Pinyon Flat Simulated D Soil Profile; Axonometric View (left) and Lateral View (right) 

 

Based on the 60 probabilistic site response simulations, the lagged coherence function at the site was 

estimated as shown in Figure 8 for 20m and 30m separation distances. Figure 9 shows the lagged 

coherence estimated based on the Pinyon Flat dense-array record database for 15m-30m separation 

distance range (Schneider, Stepp and Abrahamson, 1992, Zerva, 2008).  

 

It should be noted that simulated lagged coherence function for the 20-30m separation distance based on 

the 2D probabilistic soil model and the estimated lagged coherence based on the dense array records for 

the 15m-30m range have a similar global variation over the 0-20 Hz frequency range, starting with the 

value of 1 at the zero frequency and ending with 0.60-0.65 at the 20 Hz frequency. The probabilistic site 

response simulations produce a slightly lower and slightly wavier coherence variation at lower 

frequencies due to the random variations of the sharp spectral peaks computed for the soil resonant 

frequencies using the 2D probabilistic soil model with the assumed parameters. However, other record-

based lagged coherence estimates for two rock sites, as shown in Figure 9, indicate significantly lower 

values at the lower frequencies, and even lower than simulated coherences. The simulated lagged 

coherence functions compares well with the average of the lagged coherence functions based on the 

records at the three rock sites shown in Figure 9.  
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Figure 8 Simulated Coherences for 20m and 30m           Figure 9 Record-based Coherences for 15-30 m     

 

 
 

a) Simulated Lagged Coherence vs. Abrahamson           b) Abrahamson Fitted P-W Coherence vs.  

     Fitted P-W Coherence and EPRI P-W Coherence                EPRI P-W Coherence for Rock Sites  

 

Figure 10 Simulated Lagged Coherence (line) vs. Abrahamson Fitted Plane-Wave Coherence (dots) vs. 

EPRI/USNRC Accepted Abrahamson Plane-Wave Coherence for Rock Sites (dashed) 

 

The final site-specific parametric plane-wave coherence function for the Pinyon Flat site was identified 

based on the simulated lagged coherence estimates. Figure 10a compares for the 10m, 20m and 30m 

separation distances, the simulated lagged coherence (line) against the final Abrahamson-fitted plane-

wave coherence (dots) and the EPRI/USNRC accepted Abrahamson plane-wave coherence for rock sites 

(dashed) based on the Pinyon Flat record database (EPRI, 2007 and USNRC, 2008). It should be noted 

that the Abrahamson-fitted plane-wave coherence model was obtained by minimizing the numerical 

deviations between the analytical model and the simulated data in the interval 0-20 Hz. Beyond the 20 Hz 

frequency, the Abrahamson parametric plane-wave coherence models are extrapolated to go 

asymptotically to the zero value that is consistent with the scattered wave energy dissipation law in the 

infinite media. 

 


