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INTRODUCTION AND MOTIVATION

Wave propagation scattering and dissipation due to subsurface heterogeneity and nonlinearity,
surface topography, and fault rupture effects can result in spatially varying seismic ground motions.
Although spatially varying ground motions may not affect the response of structures with small
footprints, the resulting differential deformations may cause damage to distributed infrastructure
such as long span bridges, pipelines, tunnels, dams, and structures with large mat foundations. To
date, there are no physics-based models that can address spatial variability of ground motions in
the seismic analysis of spatially distributed infrastructure taking source, path and site complexities
into account (Zerva et al., 2018). This in turn has resulted in series of simplifying assumptions such
as using vertical/inclined plane waves or using empirical coherency models for generating spatially
varying ground motion time-series. The former only takes the effects of apparent wave velocity
into account while the latter is derived based on limited data sets and their predictive capabilities
needs to be assessed systematically.

Spatial variability is usually quantified by the coherency function defined as (Zerva and Zervas,
2002):

γij(ω, d) =
Sij(ω)√

Sii(ω)Sjj(ω)
(1)

where Sij(ω) is the smoothed cross spectrum function between stations i and j and ω is the
circular frequency. d = |xi− xj | is the spacing between two stations i and j at locations xi and xj ,
respectively. It is also common to rewrite (1) as follows

γij(ω, d) = |γij(ω, d)| exp[iθij(ω, d)] (2)

where |γij(ω, d)| is the lagged coherency function varying between 0 and 1 and θij(ω, d) is the phase
spectrum reflecting time delay and wave passage effects. In the past, different coherency models
were developed. The majority of analytical coherency models are based on the assumption of plane
wave propagation (Ding et al., 2015). For example, Luco and Wong (1986) introduced the following
function:

|γ(ω, d)| = exp[−(
ηωd

β
)2] (3)

where η = µ
√

H
r0

, r0 is the scale length of the random in-homogeneity along the path, H is the

distance traveled by the waves, β is the estimate of the elastic wave velocity, and µ2 is the measure
of the relative variation of elastic properties. On the other hand, most empirical models are based
on analysis of recorded motions at the SMART-1 and LSST arrays in Taiwan that have station
spacing between 100-4000m and between 3-85m, respectively (Abrahamson, 2006).

In order to study the effects of site condition, Schneider et al. (1992) compared coherency models
derived from Taiwan arrays against those measured from dense arrays in other regions in California
and Japan, and found that, except for sites with strong topography, there were no systematic
differences in coherency by changes in site condition, and earthquake magnitude and distance.
Later, Abrahamson (2007) studied the Pinyon Flat Array individually and showed that at high
frequencies the coherency is larger at rock sites compared to soil sites. Zerva and Stephenson (2011)
studied coherency at Parkway Valley in New Zealand and noticed that the coherency pattern of the
motions were significantly different than those at sites with homogeneous underground structure.
More recently, Imtiaz et al. (2018) analyzed data from a dense array in a relatively small valley
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in Greece. Their analysis showed high coherency at station pairs oriented in the valley parallel
direction and low coherency at those oriented along the valley normal direction.

Therefore, it is evident that existing coherency models cannot capture the whole physics of the
problem systematically and are blind to the effects of subsurface heterogeneity, surface topography,
near-surface nonlinear soil response, etc. This is partially due to scarcity of dense observed data
for different magnitude events and site conditions, and partially due to limitations of existing
analytical models in capturing realistic structural complexities. Ding et al. (2015) and Zerva et al.
(2018) have also discussed the issues of existing models and ascertained the necessity of developing
three dimensional (3D) coherency models – constrained by physical parameters – for analysis of
distributed infrastructure systems.

To overcome the limitations of existing approaches, in this project we proposed to use simulation-
based ground motions to achieve a better understanding of effects of physical parameters on spatial
coherency. In this interim report, we provide details of our progress to date and provide a timeline
for the remaining tasks to be completed.

METHODOLOGY

We take advantage of recent advances in physics-based ground motion simulations to numerically
study the complexity of ground motion coherency as a function of physical parameters, i.e., distance,
frequency, heterogeneity, and source properties. Our focus is the coherency analysis of simulation-
based ground motions in the Bay Area region. We use the SW4 finite difference code (Petersson
and Sjögreen, 2015) to perform earthquake simulations. The background velocity model is defined
based on the USGS 3D velocity model. In all simulations, the minimum shear wave velocity is set to
500 m/s and the maximum frequency is set to 4 Hz. To model small scale heterogeneity, we perturb
the background velocity model stochastically using the Von Karman distribution. For 0 ≤ z ≤ 2
km, we set lx = 1200, lz = 300, σ = 0.08, α = 0.1, and for 2 ≤ z ≤ 10 km, we set lx = 4000,
lz = 800, σ = 0.08, α = 0.2. lx and lz are lateral and vertical correlation lengths, respectively, σ is
the standard deviation of perturbation, and α is the hurst parameter for the distribution.

Figure 1 shows the computational domain (black rectangle) and the region of interest (blue rect-
angle) for coherency analysis. We model magnitude 4.4 earthquake along the Hayward fault using
a point source shown as a star. The size of the computational domain is 40 km by 35 km and the
size of the region of interest is 25 km by 8 km. We define 33600 stations with 2400 master stations
– as shown in Figure 1 (right) – to compute the lagged coherency (Equation (1)) with respect to
the surrounding stations as a function of frequency and separation distance.

PRELIMINARY RESULTS

In this section we present the results of coherency analysis within the region of interest. Figure 2
shows the average of the computed lagged coherency over all the master stations as a function of
the frequency and the separation distance d. On the other hand, Figure 3 shows the comparison
of these computed functions against the smoothed lagged coherency computed by Harichandran
(1999).

At each master station, we can compute the average lagged coherency, which allows us to better
understand the spatial variation of the coherency function within the region. Figure 4 shows the
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Figure 1: The region of interest for coherency analysis in the Bay Area region. Black rectangle shows the
computational domain and blue rectangle shows the region of interest for coherency analysis. Black dots
show the master stations used for coherency analysis and the red star shows the epicenter of the modeled
point source along the Hayward fault.

Figure 2: The average lagged coherency over all the master stations considered in the region of interest.

(a) d = 100 m (b) d = 200 m (c) d = 400 m

Figure 3: Comparison of the average simulation based coherency against those computed by Harichandran
(1999).
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heat map of the computed lagged coherency for d = 300, 600, 900 m and f = 1, 2, 3 Hz. As shown
in these figures, the lagged coherency is not necessarily the same within the region and shows
strong site specific characteristics and may be correlated with local site conditions. Figure 5 shows
the velocity structure of the region used in all simulations. It should be noted that no stochastic
perturbation is considered in generating these figures, and the minimum Vs is 500 m/s. Comparing
Vs0 and Z1.0 maps with the computed lagged coherency maps shown in Figure 4 suggest strong
correlations among Vs0, Z1.0 and γ.

(a) d = 300 m, f = 1 Hz (b) d = 300 m, f = 2 Hz (c) d = 300 m, f = 3 Hz

(d) d = 600 m, f = 1 Hz (e) d = 600 m, f = 2 Hz (f) d = 600 m, f = 3 Hz

(g) d = 900 m, f = 1 Hz (h) d = 900 m, f = 2 Hz (i) d = 900 m, f = 3 Hz

Figure 4: Spatial variation of the simulation based lagged coherency as a function of spacing and frequency.

TIMELINE

We defined two main tasks for this project: ground motion simulation (Task 1) and ground motion
coherency analysis (Task 2). Each task is 75% complete. To complete Task 1, we plan to study
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(a) Vs0: Shear wave velocity (m/s) at surface (b) Z1.0 (m): depth at which Vs is 1 km/s

Figure 5: (a) Spatial variation of the shear wave velocity at surface; (b) spatial variation of Z1.0.

the effects of source characteristics on coherency by modeling another earthquake with different
epicenter and source properties. Furthermore, we will repeat simulations for one more realization of
the stochastic perturbations in the velocity model. To complete Task 2, we will perform coherency
analysis of the new simulations. Then, we perform rigorous studies to interpret the findings and to
determine the next steps towards developing physics-based coherency models. Estimated timeline
for project completion is September 2021.
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