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Abstract. In this study, the spatial variation mechanisms of large far-field earthquakes at engineering scales are first
investigated with data from the 2008 Ms 8.0 Wenchuan earthquake. And a novel ‘coherency cut-off frequency’ is proposed to
distinguish the spatial variations in ground motions in the low-frequency and high-frequency ranges. Then, a practical piecewise
coherency model is developed to estimate and characterize the spatial variation in earthquake ground motions, including the
effects of source-to-site distances, site conditions and neighboring topography on these variations. Four particular earthquake
records from dense seismograph arrays are used to investigate values of the coherency cut-off frequency for different source-to-
site distances. On the basis of this analysis, the model is established to simulate the spatial variations, whose parameters are
suitable for both near- and far-field earthquake conditions. Simulations are conducted to validate the proposed model and
method. The results show that compared to the existing models, the proposed model provides an effective method for simulating

the spatial correlations of ground motions at local sites with known source-to-site distances.
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1. Introduction

Ground motion is known to display complex variation
patterns in space and time. Earthquake engineers have
focused their attention on the temporal variations in ground
motion, such as the time history -characteristics of
acceleration, which are fundamental factors in dynamic
analysis and the seismic design of buildings. However,
many studies have revealed that the spatial variations of
seismic ground motions are the main sources of the seismic
forces that act on underground structures such as bridge
supports, subways, pipelines, tanks, and similar structures
that extend for large distances and are widely spaced
(Hindy and Novak 1980, Sayed et al. 2015, Tian et al.
2018, Yurdakul and Ates 2018). Individual supports of
extensive structures undergo different motions during an
earthquake, which can increase the response of a structure
beyond the expected response if the earthquake inputs at the
structural supports are assumed identical (Saxena et al.
2000, Zerva 2009, Bilici et al. 2009, Mohamed et al. 2015,
Tonyali et al. 2019 ). The spatial variations in ground
motion can be described by the normalized cross-power
spectrum, which can illustrate the relationships among
different stochastic processes in the frequency domain and
is easily applied. Novak et al. (1980) first proposed a
coherency model in earthquake engineering based on the
coherency model of wind and utilized the model in pipeline
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research. Fen and Hu (1981) constructed a coherency model
by analyzing recordings from the 1975 Haicheng
earthquake. Later, more trustworthy coherency function
models were presented by researchers around the world
based on the abundant and valuable recordings from the
Strong Motion Array Taiwan (SMART-1) (Bolt et al. 1982,
Lou 1985, Harichandran and Vanmarcke 1986,
Abrahamson et al. 1991, Oliveira et al. 1991, Qu et al.
1996). In addition, some semitheoretical and semiempirical
models of the spatial coherency functions of ground motion
have been proposed based on research on the frequency
spectrum of ground motion (Luco and Wong 1986, Der
Kiureghian 1996, Zerva and Harada 1997, Ding et al. 2004,
Yu et al. 2011). These models have been widely used to
simulate spatially varying ground motions and to calculate
the dynamic responses of large-span structures under
different earthquake inputs for individual supports (Luco
and Wong 1986, Hao et al. 1989, Jankowski and Wilde
2000, Amiri and Bagheri 2009, Konakli et a/. 2012, Hu and
Xu 2012, Wu et al. 2016, Liu et al. 2017). In fact, these
theoretical and empirical coherency models assume that the
site  characteristics are fully deterministic and
homogeneous, but this assumption is not compatible with
the observations from array data (Somerville et al. 1991).
With the increase in dense seismograph array data, some
factors that affect ground motion spatial variations can now
be determined, such as the source mechanism, propagation
path and site conditions (Somerville et al. 1999, Liao et al.
2007). The effects of irregular topography and local site
conditions on the coherency functions of spatial ground
motions obviously cannot be neglected (Zerva and Harada
1997, Liao and Li 2002, Bi and Hao 2011). Nevertheless, at
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Fig. 1 The stations distribution of the Zigong Seismograph
Array

present, recorded spatial ground motion data from sites with
different conditions are limited. These coherency models
are not fully adequate for simulations spatial variation in
ground motion considering different conditions, including
the neighboring topography, local site conditions, and
source-to-site distance (Bi and Hao 2012). Although some
simulated data can also be used to study the spatial variation
in ground motions (Chaouch et al. 2016, Gade and
Raghukanth 2018), many human factors are included in the
simulated results. Therefore, new and detailed recorded data
are needed, especially from large earthquakes, to accurately
analyze the spatial variations in earthquake motion.
Fortunately, the Zigong Seismograph Array (ZGSA)
recorded strong ground motions during the 2008 Wenchuan
earthquake (Ms 8.0).

The ZGSA is a dense seismograph array that was
installed in Sichuan Province, China, in 2007 to observe the
effect of topography. The ZGSA includes eight irregularly
spaced seismograph stations, as shown in Fig. 1. Each
station is equipped with a three-component force-balance
accelerometer (FBA), and each channel is digitized at 18
bits and 200 samples per second. These stations are spaced
irregularly, with interstation spacing ranging from 47 m to
approximately 385 m. There is a 72 m elevation difference
between the lowest station (Z0 or Z1) and the highest
station (Z6). Station ZO0 is located on a soil site, and the
remaining stations are located on rock sites. The data can be
used to analyze the influence of different site conditions and
neighboring topography on the coherency loss of spatial
ground motions. Moreover, ZGSA is of the same scale
order as large engineering structures, and the distance to the
epicenter of the Wenchuan event is approximately 226.6
km. Therefore, these data are of great value in studying the
spatial variations in ground motion at the engineering scale,
especially the spatial variations of a large far-field
earthquake.

The main objective of this study is to show the station-
to-station variations in ground motion during the Wenchuan

EW direction

50 : ! 70 ]
507 7
OW 0 ]
50~ ! ; . , ]
507 ' y t T o
g e /]
0- ol ]
e, ' l
o X 72
S b
e : - : : -
N e : = f 1
£ 500 ——
50° 74
S bt
3P : " } : =
T 50- =t
S0 e 25
50- : . , ‘ 1
507 ' i - f ——
E , A 76
1 el st " ]
50~ : : . i l
50° ‘ t ' ‘ g
ok m z7
I L 1
50- ; j . ; |
0 50 100 i 150 200 250
Time(s)

NS direction

507 : T T . —
PR— “M““mm“ AN, 7
0- " e p 0 5 |
50- : ‘ . ]
50- ‘ ‘ } =
L 71
0 el ]
0= ; : ; i ]
X " ‘ ‘ "
O p——" 2
= ‘8 , . ; \ ]
g 50° T f f t e
§ 50: 73
T 0 =i :
350 ‘ ; ; E
§ 507 J ‘ : y -
S r o s 74
t 0%‘” ) g
30 ; ; } - :
Rt 2
50- ; ) ; i g
B ‘ ‘ ; —
50- 76
Of—"wmmwt-v' b ]
50 : ; ; ; -
B ‘ " } .
507 ) z7
. nee— ]
50- ; ; g : ]
0 50 100 150 200 250
Time(s)
UP direction
20= " : ‘ : 70 1
e A e ]
20 L L I I ]
20~ : ‘ g ' E
11 e RS s =
20 - Il I 1 1 1
P ‘ ‘ ‘ ‘ =
T AR A A 1
=20z , , . . |
£ ut ‘ ‘ ‘ ‘ i
= O_WMW it a
=208 } ; } } J
§ A¢ —— ; 74 ]
S 200 e " ‘ ‘ ]
g of o~ ‘ ‘ ‘ =
S0 A 1
208 } ; ! ! 1
20 7
e A A : i
202 ; i , ; k|
20° ‘ L z7
e ]
0 50 100 150 200 250
Time(s)

Fig. 2 Acceleration time series of east-west (EW), north-
south (NS) and up-down (UP) components recorded by
ZGSA during 2008 Wenchuan earthquake

event, as recorded by ZGSA. First, we show the variations
in some parameters based on the relevant records. These
parameters include the amplitude spectra, coefficients of
variation, peak values and vertical-to-horizontal response
spectra ratios. Second, we analyze the variation
mechanisms of the lagged coherency functions of these
records with the station-to-station distance and frequency
changes. Third, we discuss the factors that influence the
spatial variations of ground motion, such as different site
conditions and neighboring topography effects. Fourth, we
define the ‘coherency cut-off frequency’ to explain the
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Fig. 3 Signal-to-noise ratios for three components of the 8 stations of ZGSA
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Fig. 4 Plots illustrating smoothed three-component Fourier amplitude spectra observed at the ZGSA stations during the
Wenchuan earthquake. The heavy lines represent the spectral mean of the recordings of the eight stations, and the gray bands
represent the variance range from mean-o to mean+a, where ¢ is the standard deviation

effect of the source-to-site distance on spatial variations in
ground motion. Finally, we establish a piecewise model
based on the coherency cut-off frequency to simulate the
variation in the lagged coherency of ground motions, which
is suitable for the conditions of a strong earthquake in the
near and far fields. This model can be used in simulations of
spatially correlated multipoint ground motions at sites with
known distances to the epicenter. Although well supported
by data, many of our observations are qualitative because of
the complexity of ground motions.

2. Observed ground motion variations

The acceleration time series from the Wenchuan
earthquake recorded by the ZGSA are plotted in Fig. 2,
including the east-west (EW), north-south (NS) and up-
down (UP) components. The signal-to-noise ratios (SNRs)
of recordings, defined as the ratio of the Fourier amplitude
of signal to noise, are calculated primarily to test the
reliability of signals, in which random noise is the time
series before the first P-wave arrival of the recording. The
SNRs of recordings for three components are shown in Fig.
3. Notably, these signals are reliable at frequencies ranging
from 0.05 Hz to 35 Hz. Moreover, because most digital
recordings are plagued by random baseline offsets, baseline
correction must be performed on acceleration records
before these data are used to study the spatial variations in
ground motion. Some studies of earthquakes in Taiwan and
California have implied that ground motions with periods of
less than approximately 20 s are usually unaffected by

specific baseline correction schemes (Boore 2001, Wang et
al. 2003, 2006). Thus, we applied a simple baseline
correction scheme in this study. First, the mean of the entire
record was removed from the whole record. Then, an
acausal fourth-order Butterworth high-cut filter with a cut-
off frequency of 0.05 Hz was applied to each record.

2.1 Fourier amplitude spectra

The Fourier amplitude spectra of acceleration recorded
by the eight stations of ZGSA during the 2008 Wenchuan
event are illustrated in Fig. 4, which includes the variation
curves of the EW, NS and UP components. The spectra
were smoothed using a 5-point smoothing function repeated
three times. Assuming the frequency interval is 0.5 Hz, then
70 discrete frequencies can be obtained between 0.1-35 Hz.
For each given frequency, the mean and standard deviation
o of Fourier amplitudes can be obtained by analyzing 8
results in each direction. The heavy lines in Fig. 4 represent
the spectral means of the recordings of the eight stations,
and the gray bands represent the variance range from mean-
o to mean+o. The following trends can be seen in the figure.

(1) The dominant frequency observed is different for
each station. The Fourier amplitudes of recordings from
station Z0, plotted with solid lines, are obviously larger than
those of other stations, ranging from 7-11 Hz. This
difference is likely caused by different site conditions,
particularly at Z0. The effect of site conditions on the
horizontal components is larger than that on the vertical
component.

(2) If the effect of recordings from station Z0 is ignored,
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Fig. 5 Fourier spectral ratios between stations Z2-Z6 and station Z1 for three components
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Fig. 6 Coefficient of variation for the Fourier spectra
observed from the Wenchuan earthquake

the Fourier amplitude of recordings from station Z1 is lower
than the gray band, and the value of recordings from station
Z6 is higher than the gray band. We suspect that this
variation may relate to interstation elevation differences. If
we regard station Z1 as a reference point, then the ratio of
the Fourier amplitude spectra of recordings at stations Z2-
Z6 and Z1, i.e., the amplification factor, can be used to
analyze the effect of interstation elevation differences, as
shown in Fig. 5, in which the data from station Z0 are
excluded. Clearly, the variation depends on the frequency f.
When f<1.0 Hz, the amplification factor is close to 1.0, and
when 1.0 Hz<f<8.0 Hz, the amplification factor increases
gradually with increasing elevation difference. However, in
the high-frequency range, no obvious relationships appear
between the amplification factor and elevation difference.
These results show that the acceleration amplitude may be
amplified with increasing interstation elevation differences,
but in the high-frequency range, more complex effects exist.
Furthermore, the amplifying action of increasing elevation
difference has a larger effect in the horizontal directions
than in the vertical direction.

To better understand the variation in ground motion as a
function of frequency, we computed the coefficient of
variation (C,) of the Fourier spectra, which provides a
relative measure of data dispersion compared to the mean

C, = o/ meanx100% (1)

When C, is small, the data scattering relative to the mean is
small, and when C, is large, the data scattering relative to
the mean is large. Since station Z0 is located on the soil site,
the data from station Z0 are excluded in the calculation of
C,, that is, the corresponding mean and o for each frequency
are the results of stations Z1-Z7. Fig. 6 illustrates the C,
values of three components as a function of frequency.
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Fig. 7 The variations in PGA for the recordings observed
from the Wenchuan earthquake. The heavy lines represent
the mean PGAs of the recordings at the eight stations, and
the gray bands represent the variance ranges from mean-o to
mean+o, where o is the standard deviation

70 71

Notably, C, generally increases with increasing frequency.
The source-to-site distance of the Wenchuan event is
approximately 226.6 km, and we suspect that many of the
high frequencies may have been depleted before arriving at
ZGSA. As a result, the C, of the Wenchuan event is
relatively small. In contrast, the coefficients at frequencies
larger than 3.0 Hz are large. Additionally, the variations of
ground motions depend on the direction of the ground
motion. The C, values of vertical components are
systematically smaller than those of the two horizontal
components, except in the frequency range of 7-9 Hz.
However, for the two horizontal components, the
coefficients are only slightly different.

2.2 Peak values of recordings
The peak ground accelerations (PGAs) recorded at

stations Z0-Z7 are plotted in Fig. 7, in which the heavy
lines indicate the PGA mean of the recordings at the eight
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to mean+o, where ¢ is the standard deviation

stations and the gray bands represent the variance range
from mean-o to mean+go, where o is the standard deviation.
Clearly, very significant station-to-station variations occur
among the PGAs from each record, although the maximum
distances between stations are less than 400 m. For
instance, the separation distance between Z0 and Z1 is
approximately 52 m, but the values of PGAs are obviously
different, which shows that the local site conditions affect
the acceleration amplitudes. Furthermore, the variations in
PGAs with increasing station elevation are obvious in the
horizontal directions but not in the vertical direction
because of the complexity of high-frequency in ground
motion, as shown in Fig. 7.

2.3 Vertical-to-horizontal response spectral ratio

The vertical-to-horizontal (V/H) response spectral ratio
is defined as the ratio of the 0.05 damping response
spectrum in the vertical and horizontal directions in a series
of discrete periods. The ratio is found to depend strongly on
the period and source-to-site distance (Bozorgnia and
Campbell 2004, Wang et al. 2006, Bradley and Cubrinovski
2011). Fig. 8 shows the variation in the V/H response
spectral ratio based on the period, in which, the bold line
indicates the mean V/H ratio from the eight records, and the
gray band indicates the variance range from mean-o to
mean+o (o is the standard deviation). Generally, the V/H
response spectral ratio is high in the near-field region and in
the high-frequency range, and the most common V/H
response spectral ratio is equal to approximately 2/3. In
contrast, for far-field earthquakes, the mean value of V/H
spectral ratios is approximately 0.5 when the period ranges
from 0.05-1.0 s. Beyond this range, the ratios increase
gradually with increasing period. Moreover, the V/H
response spectral ratio of station Z0 (located on a soil site)
is obviously smaller than those of other stations from 0.1 -
0.2 s, and the data scattering relative to the mean is larger in
high-frequency ranges. Therefore, local site conditions have
considerable effects on the V/H response spectral ratio, and
the source-to-site distance affects variations in the ratio
based on the period.

3. Lagged coherency of ground motions

For a stationary process, the cross-covariance function
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of the motions between two stations is defined as in Eq. (2)
(Jenkins and Watts 1969)

A 1 T*‘r‘
Ro (1) =?.[0 Yo (DY, (t+7)dt |7 <T

)
where yu(f) and y,(¢) are two time-series of recordings in the
same direction, 7 is the time lag. Let the duration of the
strong-motion S-wave window be 0</<T, where T=NAt, N
is the number of samples in the recorded time series for the
window, and At is the time step. Notably, the window of the
actual time history is assumed to be a segment of an infinite
window with uniform characteristics through time
(stationarity assumption). The cross-covariance function is
generally smoothed before it is further used as an estimator,
and this function is given as follows

R (7)=W(7)R, (7) 3)
where w(z) is the lag window with properties w(z)=w(-7),
w(=0)=1and | w(z)=1.

Then, the smoothed spectral density (or cross spectrum)
of the process is evaluated as follows

1,7 iwr
S (0) =5 - [, R (7)™ dr @)
where i=+-1 and o is the angular frequency (in rad/sec).

The Fourier spectra of the ground motions at various
stations are obviously not identical. However, the
assumption of spatial homogeneity in the random field
implies that the power spectrum of motion is independent of
station (Zerva 2002). Then, the coherency of ground motion
is obtained from the smoothed cross spectrum of motion
between two stations m and n, and the spectrum is
normalized based on the corresponding power spectra
(Hindy and Novak 1980, Harichandran and Vanmarcke
1986)

s (ed)
7mn(w’d)_ \/Smm(a),d)snn(a)'d)

=[m(@d)fexp[i0(@d)] (5

where Smn(w,d) is the cross-power spectral density function
of supports m and n; Smn(w,d) and Sp(w,d) are the power
spectral density functions of supports m and n, respectively,
which are functions of the angular frequency w and station-
to-station distance d; and exp[if(w,d)] is used to describe



656

Rui-Fang Yu, Abduwahit Abduwaris and Yan-Xiang Yu

Z1— Z0 Z1 — Z4 Z1 — Z6
=04 :0.4 —0.4
5 5 e)
E./().l =0.1 = 0.1
-0.2 -0.2 -0.2
-200 -100 0 100 200 -200 -100 O 100 200 -200 -100 O 100 200
Time(s) Time(s) Time(s)

Fig. 9 Cross-correlation function before arrival time perturbations are modified
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Fig. 10 Cross-correlation function after arrival time perturbations are modified

the wave passage effect, i.e., the delay in the arrival of the
waveforms at the more distant station caused by the
propagation of waveforms. The expression [ymn(w,d)| is the
lagged coherency, which is used to measure similarity in
ground motion and varies from 0 to 1.

However, seismic ground motions across the dense array
incorporate random time delay fluctuations associated with
the wave passage delay, and these fluctuations vary for each
recording station. These arrival time perturbations are
caused by the upward travel of waves through horizontal
variations in the geological structure below the array
(Spudich 1994) and by deviations in the propagation
patterns of the waves from that of plane wave propagation
(Boissieres et al. 1995). The wave passage effects control
the complex term in Eq. (5), and the arrival time
perturbations affect its absolute value, namely, the lagged
coherency. Therefore, the alignment of the data with respect
to a reference station can be used to partially eliminate these
effects in coherency estimates, that is, to remove wave
passage effects (Zerva 2002).

In this process, a cross correlation of the motions
relative to those at the reference station is performed. The
time corresponding to the highest correlation provides a
delay in the arrival of the waves at the various stations
relative to their arrival at the reference station. Once the
motions are aligned, they become invariant to the reference
station selection, but the value of the time delay required for
alignment is relative, that is, it is affected by the choice of
the reference station. In this study, station Z1 is selected as
the reference station. The reason for this choice is that the
relative elevation of Z1 is zero in several stations and the
site condition is bedrock, which may help to avoid the
influence of site and topographic conditions. The arrival
time perturbations related to reference station Z1 are
eliminated using Eq. (3). First, calculate the cross-
correlation functions of two accelerations from Z1 and other
station, as shown in Fig. 9 (take results between station Z1
and other stations (Z0, Z4 and Z6) for example). Then,
determine the time corresponding to the highest correlation
value, which provides a delay in the arrival of the wave

relative to the reference record. Finally, keep the reference
record unchanged, the acceleration time series from other
stations is moved forward or backward along the time axis
so that the maximum value of the cross-correlation function
between two accelerations occurs at the zero point in time,
as shown in Fig. 10.

We should emphasize that coherency estimates strongly
depend on the type of smoothing window w(z) and the
amount of smoothing performed on the raw data.
Abrahamson et al. (1991) noted that the choice of
smoothing window should be based on not only the
statistical properties of coherency but also the purpose for
which it is derived. In this study, an 11-point Hamming
window is used to calculate the coherency function.
Evidently, very good agreement can be generally obtained,
except for frequencies near zero.

After coherency estimates are obtained from the
recorded time histories, a functional form (model) can be
fitted based on the coherency data by means of regression
analysis. In the following section, we discuss the variation
of lagged coherency |ymi(w,d)| with the frequency and
separation distance d.

3.1 Variation of lagged coherency with frequency

Station Z0 of ZGSA is located at a soil site, and the
others are located on rock sites. In addition, station Z1 is
located at the foot of a hill. Because local site conditions
and rapidly varying topography may affect the variations of
the lagged coherency in ground motion, we compare the
coherency variations of different station combinations in the
following sections.

3.1.1 Stations Z0-Z1

The separation distance between stations Z0 and Z1 is
only 51.57 m, and their elevation is the same. The lagged
coherency between these stations as a function of frequency
is illustrated in Fig. 11(a). The degressive trend of the
lagged coherency with increasing frequency is clear when
/<8.0 Hz. At frequencies greater than 8.0 Hz, the curve
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Fig. 11 Plots showing the variation in lagged coherency and

spectral ratios between stations Z0 and Z1 as functions of
frequency

changes rapidly between peaks and valleys. These changes
are related to the modulus of the spectral ratios of the two

Fm(ia))‘/ Fn(ia))

F (Ico)‘ are the Fourier amplitude spectra

different sites, namely,
11(b). ‘Fm(im)‘and

of sites m and n, respectively. Comparing Fig. 11(a) and
Fig. 11(b), when the spectral ratios differ, the spatial ground
motions at a local site are least correlated with a small value
of lagged coherency near these frequencies. This result
indicates that the lagged coherency is more difficult to
model accurately at high frequencies than at low
frequencies. Moreover, the variations in lagged coherency
depend on the direction of ground motion. Specifically, the
variation in the vertical component is different from those
in the two horizontal components, but the variations in the
two horizontal components are only slightly different.

Lagged coherency gradually decreases with increasing
frequency (Spudich 1994, Zerva et al. 1997), but that
determined from the Wenchuan event data exhibits a
different trend. As shown in Fig. 11 (a), for the horizontal
components, a brief increase occurs at approximately 10 Hz
after obvious valleys in the curves. Then, the curves decline
at frequencies greater than 17.5 Hz. For the vertical
component, an obvious valley is observed at approximately
14 Hz, and the curve then continuously increases with
increasing frequency. We suspect that this trend might be
related to the local site conditions or topography because
the site conditions of stations Z0 and Z1 are different and
the local topography at station Z1 varies rapidly. Therefore,
the variations in the lagged coherency related to station Z0
or station Z1 must be discussed separately.

, as shown in Fig.

3.1.2 Stations Z0-Z2, Z0-Z3 and Z0-Z6
The values of lagged coherency related to station Z0, the
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Fig. 12 Plots showing the variations in lagged coherency for
stations Z0-Z2, Z0-Z3 and Z0-Z6 as functions of frequency

lone soil site, are computed to analyze the effects of
different site conditions. Fig. 12 illustrates the lagged
coherency variations of stations Z0-Z2 (d=70.98 m),
stations Z0-Z3 (dp3=168.31 m) and stations Z0-Z6
(do6=351.31 m) for EW, NS, and UP components, which are
functions of frequency. A degressive trend in the lagged
coherency can be observed with increasing frequency.
However, the rate of coherency change differs in different
directions and for various separation distances. In the same
direction, the shorter the station-to-station distance is, the
larger the frequency that creates obvious valleys (negative
deflections) in the curves of the coherency functions, and
the slower the rate of lagged coherency change.

Moreover, rapidly changing peaks and valleys in the
curves occur at high-frequency ranges, and these variations
are related to the local site conditions. Fig. 13 plots the
Fourier amplitude spectral ratios of stations Z0-Z2, stations
Z0-Z3 and stations Z0-Z6 for EW, NS and UP components,
respectively. Notably, when the values of the spectral ratios
are relatively large, the values of lagged coherency are
smaller near these frequencies. This result is expected
because the lagged coherency measures the similarity
between motions at two different locations. If two sites
amplify the ground motions to the same extent at certain
frequencies, the coherency loss is mainly caused by the
incoherence effect and wave passage effect (Bi and Hao
2011). Changes in lagged coherency in high-frequency
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Fig. 13 Plots showing the variations in spectral ratios for
stations Z0-Z2, Z0-Z3 and Z0-Z6 as functions of frequency

ranges are likely influenced by the different site conditions,
but different site conditions have little influence on the
lagged coherency trend with increasing frequency.

3.1.3 Stations Z21-22, Z1-Z4 and Z1-Z7

The values of lagged coherency related to station Z1 are
calculated to observe the effect of neighboring topography
because station Z1 is located at the foot of a hill with local
topography that varies rapidly. The predominant frequencies
of accelerations at station Z1 range from 0.6 -1.2 Hz for the
NS component and from 0.4-1.8 Hz for the EW and UP
components. Fig. 14 illustrates the variations in lagged
coherency for stations Z1-Z2 (d1,=46.97 m), stations Z1-Z4
(d14=177.44 m) and stations Z1-Z7 (d17=349.11 m) with
frequency changes for the three components. Note that the
values of lagged coherency between stations Z1 and Z2
gradually increase with increasing frequency after an
obvious valley. As the station-to-station separation distance
increases, the variations gradually disappear. Therefore, we
suspect that neighboring topography affects the coherency
trend when the station-to-station distance is relatively small;
however, as the interstation distance increases, this
influence is gradually reduced.

3.2 Variation in lagged coherency with station-to-
station distance
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Fig. 14 Plots showing the variations in lagged coherency for
stations Z1-Z2, Z1-Z4 and Z1-Z7 as functions of frequency

Assuming the frequency interval is Af=0.05 Hzand the
considered frequency ranges from 0.05 Hz to 20 Hz, the
variation in the lagged coherence at each given frequency
can be obtained. Fig. 15 shows the variations in lagged
coherency along with the separation distance d at four given
frequencies (/=0.5, 1.5, 5.0, and 10 Hz). The values related
to station Z0 are denoted with asterisks (*), the values
related to station Z1 are denoted with plus symbols (+), and
those of other stations are denoted with circles (o). The
following results can be seen from the figure:

(1) When f<1.5 Hz, the values are generally greater than
0.8, especially in the vertical direction. When f>1.5 Hz, the
degressive trend of the lagged coherency with increasing
separation distance becomes significant, and the degressive
rate of the vertical component is faster than those of the
horizontal components.

(2) The variation in lagged coherency is affected by the
different site conditions and neighboring topography in the
frequency range of 2.5 Hz<f<5.0 Hz. Specifically, when
f>25 Hz, the values related to stations Z0 and Z1 are less
than those of the other stations, but the effect is not regular
in the higher frequency range. This result indicates that
wave propagation at a local site, even one with
deterministic site properties, further reduces the cross
correlation between spatial ground motions at rock sites.

(3) The variations in lagged coherency depend on the



Practical coherency model suitable for near- and far-field earthquakes based on the effect of source-to-site distance...

659

- - 1.5Hz > 16 S5Hz . 10Hz
g g - g g -
S 5 OEE% Trx | 5 | Bo 5 '
= = o @ . +0 =
g 5] o +%¥ g o) o 2
3 £ 2 P 00
S (308 1 505 *. +@O . 000_5 OO*
3 3 o b~ %0 = e + —%*
w90 [F | To0% o
J
Sogl———— 306 : S0 Etxnl 5oy e
0 1000 200 300 400 0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
d(m) d(m) d(m) d(m)
EW component
5Hz .- 10Hz
2 g g 1 g ;
s | #8%, S,
5 5 by ¥+ °g 5 ©
-~ .
S S S + ©0¢ S *c0
3 0.9 S 0. S051 **Jr 1 Sost- +Z9k RO
=] = = * kx| = ok *
5] ] © g 0] *
S 08 3%
0. . 0 IS .
. 0 100 200 300 400+.q 0 100 200 300 400 = 0 100 200 300 400 0 100 200 300 400
d(m) d(m) d(m) d(m)
NS component
0.5Hz | 1.5Hz . 5Hz - 1o 10Hz
g | g 9 g
Prd 5 | /B S, 5
5 g : S 00 g +*:
3 < =
309 Sos Sos| ¥ 0% Sos| Jo
e . v ¥
g H N + g 5 O+Q‘*@+*"+*
g g S $O00pxH F d00: ~ gp
508 S0.6 50 S«
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400 0 100 200 300 400

d(m) d(m)

d(m) d(m)

UP component
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directions of the recordings because the degressive rate of
the vertical component is faster than those of the two
horizontal components. Nevertheless, the trends of the two
horizontal components are only slightly different.
Therefore, different models must be developed to simulate
the variations in the lagged coherency of ground motion in
the horizontal and vertical directions.

4. Data fitting and analysis based on exiting
coherency models

4.1 Coherency simulation for the Wenchuan
Earthquake

We first try to use the existing lagged coherency model
to simulate the data from the Wenchuan event. Currently,
two main types of lagged coherency models are used. One
type includes empirical models obtained by analyzing
strong-motion data recorded by dense seismography arrays.
In this approach, model parameters are related to the site
conditions of the array and can be used in similar cases. The
second type includes semiempirical and semi-theoretical
models, in which some functional forms are proposed based
on theoretical analysis; however, the model parameters
must be determined by analyzing actual seismic records.
Therefore, accurately determining the best lagged

coherency model is difficult. In this study, four models
established by different methods are selected to simulate the
variations in lagged coherency for the Wenchuan event.
These models have been widely used to simulate the spatial
correlation of multipoint ground motions. Model A was
suggested by Feng and Hu (1981), and the parameters were
obtained by analyzing strong-motion data recorded during
the 1975 Haicheng earthquake in China. Model B was
proposed by Harichandran and Vanmarcke (1986) based on
the data from Event 20 in SMART-1. Model C was
obtained based on a seismological method (Ding et al.
2004) that considered fault rupture in an elastic half space.
This method is suitable for rock sites. Model D was
developed by analyzing data from a dense seismograph
array in the Adirondack Mountains (Menke et al. 1990).

The fitting results of these four models for the NS
component of the Wenchuan earthquake at four frequencies
(f=0.5, 1.5, 5.0, and 10 Hz) are shown in Fig. 16, in which
the gray band represents the results of Model D because of
its parameter range ((0.4-0.7)x102 sec/m)). The fitting
results of these models are clearly affected by the
frequency. Model A and Model B can provide satisfactory
results in the high-frequency range, and Model C can yield
satisfactory results in the low-frequency range. However,
Model D seems to be inappropriate for the simulation of
lagged coherency variations for the Wenchuan earthquake.
Unfortunately, for the Wenchuan event, finding an existing
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Table 1 The details of the three additional earthquakes
recorded by two seismographic arrays

Table 2 The coherency cut-off frequencies fcc of the four
earthquakes

Event Mag. Array Station Num. Year Event Wenchuan 27th San Simeon Parkfield

27th 5.9 SMART-1 39 1984 Epicentral distance (km) 226.6 135 55.6 11.6
San Simeon 6.5 UPSAR 14 2003 foc (H2) 15 1.0 0.75 0.50
Parkfield 6.0 UPSAR 14 2004

model to simulate the coherency variations in the entire
frequency range is difficult because the source-to-site
distance of ZGSA is approximately 226.6 km. From the
analysis presented in Section 3.2, the rate of lagged
coherency degression with separation distance in the low-
frequency range can be concluded to differ considerably
from that in the high-frequency range. Therefore, a cut-off
frequency exists, above and below which the rate of lagged
coherency degression based on interstation distance differs.
In this study, we name this cut-off frequency the ‘coherency
cut-off frequency’ fec. Once the value of fe is determined,
the coherency variations of ground motion can be fitted in
different frequency ranges.

4.2 Coherency cut-off frequency

First, we discuss the factors that influence fec based on
the lagged coherency data from the Wenchuan earthquake.
Assuming that the frequency interval is A/=0.05 Hz, the rate
of lagged coherency degression based on the separation
distance is calculated using simulation data corresponding
to a series of given frequencies (fi=fi1+Af Hz). In this
analysis, the data related to station Z0 are denoted with
asterisks (*), the data related to station Z1 are denoted with
plus symbols (+), and data from other stations are noted
with circles (o). These data separately illustrate the effects
of some factors on the variations in lagged coherency. The
results show that above and below 1.5 Hz, the rates of
lagged coherency degression based on the interstation
distances are obviously different. In addition, fec is not
affected by the site conditions and neighboring topography.
Given the coherency analyses of other earthquakes (Yu et
al. 2011), we suspect that the value of fec may be related to
the source-to-site distance of ground motion. Therefore, we
further select data from three additional earthquakes
collected by two dense seismograph arrays to analyze the

effect of source-to-site distance on the coherency cut-off
frequency.

The details of the three earthquakes are listed in Table 1.
The 2003 San Simeon and 2004 Parkfield earthquakes were
recorded by the U.S. Geological Survey Parkfield Dense
Seismograph  Array (UPSAR), which includes 14
seismograph stations spaced irregularly over hilltops with
an interstation spacing ranging from 25 m to approximately
960 m (Fletcher et al. 1992). The 27th event in Table 1 was
recorded in 1984 by SMART-1, which contains 39 stations
with spatial distances between stations ranging from 88.9 m
to 4208.4 m. Similarly, the rates of lagged coherency
degression based on separation distance for a series of given
frequencies (fi=fi-110.05 Hz) were calculated. The results
illustrate that the values calculated from near-field
earthquakes decay faster than those from far-field
earthquakes as the separation distance increases at low
frequency. In the high-frequency range, the far-field values
decay more rapidly than those in at low frequencies with
increasing separation distance. Similar results were found
by Somerville et al. (1988) and Abrahamson et al. (1991a).
Notably, the above analysis shows that the coherency cut-
off frequency is related to the source-to-site distance, which
decreases as the epicentral distance decreases. For the
Wenchuan earthquake, the value of f.. can be set to 1.5 Hz,
but for the Parkfield earthquake, with a source-to-site
distance of 11.6 km, this value is approximately 0.5 Hz. By
comparing and analyzing these data, the coherency cut-off
frequencies related to the source-to-site distance are
determined, as are listed in Table 2.

5. Parametric modeling of lagged coherency for
ground motions

5.1 Piecewise model based on coherency cut-off
frequency
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According to the above analysis, we conclude that
satisfactory fitting results can be obtained if different model
parameters are used for different frequency ranges.
Therefore, a piecewise model based on the coherency cut-
off frequency is proposed to simulate the variations in the
lagged coherency of ground motions, that is

s eel A ()

e = i

This model is a rational expression that relates the
angular frequency ® and station-to-station distance d.
Parameters a(fec), g(f.c) and pB(f..) are related to the
coherency cut-off frequency f.. defined in this study.

The choice of such a model form is based on a
consideration that can obtain the analytical solutions of
correlation coefficients among modes and supports in the
response spectrum method when individual supports of
extensive structures undergo different motions in dynamic
response analysis. Using analytical solutions for correlation
coefficients can improve the computational efficiency of the
dynamic analysis of large structures. For a linear damping
system, the analytical solutions of three cross-correlation
coefficients can be calculated by the residue theorem

_ Aumun _ ﬁ'Umjn _ ﬂ"lmjn

pumun - . O, ’pumjn 1.0, > Gmljn qumaqln (7)
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Tl
Ain = | —Su, (o,d)do (7a)
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Fun == ] 5y (F10)8, ,, (@0 )Mo (7b)
Aimjn = I H;(io)H,(-iw)S, , (o.d)de (7¢)
where o, ;Mmum and o, :«Mmim represent the mean

square roots of the support and modal displacement

responses, respectively; H,(iw)= —(a)f -+ 2ia),§ia))_l is
the frequency response function of mode 7, in which w; and
¢ are the free vibration frequency and critical damping ratio

of the i th mode, respectively; and S, , (»,d) denotes the

cross-power spectral density of processes u, and u,.
Integrating over the frequency domain —oo<w<oo, the mean
square response is obtained as S, , (@,d), which is the real-
valued cross-power spectral density of acceleration
processes and can be determined by Eq. (5).

In engineering-scale applications, the power spectral
density functions of supports M and n can be assumed
consistent

o* o, +4S 0w’
S(w)=—;

50‘”‘%4(0) —a)) +4ll w0’
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where w., gi and {, are the frequency and damping ratios
related to the site.
Based on the residue theorem, substituting Eq. (6) and

Eq. (8) into Eq. (7) yields the following expression.

=ori (Z){%}

a(f,)d™ . Q=p(f)d, 0.=7 .
and 6, =arcsin(¢;) ; then, L., can be calculated by Eq. (10)
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Let Q= 0, =arcsin(¢, )

using the 6 poles in the lower half plane, Auu» can be
obtained by Eq. (11) using the 8 poles in the lower half
plane, and Ain» can be determined by Eq. (12) with the 8
poles in the lower half plane (Yu ef al. 2012), that is
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5.2 Fitting of model parameters

The model parameters a(fec), g(fec) and B(f.c) of Eq. (6)
can be obtained by regression analysis of data recorded by
the dense seismography array. From the above coherency
analysis of ground motion, we know that the rate of lagged
coherency degression in the vertical direction is faster than
those in the two horizontal directions. However, the
degression rates of the two horizontal components are only
slightly different. Therefore, the fitting of data recorded by
the array considers two directions: the horizontal and
vertical directions.

(a) Wenchuan earthquake recorded by ZGSA

The parameters a(fec), q(fec), and p(f.) obtained by
fitting data recorded by ZGSA during the Wenchuan
earthquake for horizontal and vertical directions are listed in
Table 3. This set of parameters is suitable for coherency
simulations of the far-field earthquake because the source-
to-site distance of ZGSA is approximately 226.6 km.
Moreover, because variations in the lagged coherency are
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Table 3 Model parameters of Wenchuan earthquake
recorded by ZGSA

Table 4 Model parameters of the 27th earthquake recorded
by SMART-1

Comp. Site  Freq. (Hz) afec) B(fec) q(fec)
Rock
Hor. Mixed 1.15x10® 6.39x10° 0.80
IXi
® f<15
Rock
Ver. . 9.16x1012 1.45x10° 231
Mixed
Rock 1.50x10° 1.70x10“ 1.29
Hor. )
Mixed fs15 3.03x101t  1.94x10“ 1.93
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Fig. 17 Fitting results for the Wenchuan earthquake. The
values related to station Z0 are denoted with asterisks (*),
the values related to station Z1 are denoted with plus
symbols (+), and the data from other stations are denoted
with circles (0). The solid line represents the results for
mixed site (soil over rock) and the dotted line represents the
results for rock site

affected by the different site conditions and neighboring
topography in the high-frequency range, the values related
to stations Z0 and Z1 are less than those at other stations, as
shown in Fig. 15. Therefore, two sets of parameters are
given according to whether the stations are located on sites
with rock or mixed soil over rock. The fitting curves of Eq.
(6) for the Wenchuan event at three frequencies (f=0.5, 1.5
and 5.0 Hz) are shown in Fig. 17, in which the solid line
represents the results for mixed site (soil over rock)
conditions and the dotted line represents the results for rock
sites. When using data from Wenchuan earthquake to fit
model parameters, standard deviation is adopted to measure
the fitting accuracy. The results show that the standard
deviation in both the low-frequency and high-frequency
ranges are all less than 0.3, that is, the fitting results of the
piecewise model proposed in this study are satisfactory in
the frequencies of engineering concern.

Comp. Freq. (Hz) ofec) PB(fec) q(fec)
Hor. f<10 -3.73x10*  2.01x10* 1.90
Ver. o 2.38x10* 3.96x10* 2.31x1072
Hor. f-10 2.85x108 1.82x104 5.42x101
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Fig. 18 Fitting results for the 27th event recorded by
SMART-1. The results from recordings are denoted with
circles (0). The solid line represents the fitting curves.

(b) The 27th earthquake recorded by SMART-1

The parameters in Eq. (6) obtained by fitting data from
the 27th event recorded by SMART-1 are listed in Table 4,
in which the coherency cut-off frequency is approximately
1.0 Hz. The fitting curves of Eq. (6) at three frequencies
(/=0.5, 1.5, and 5.0 Hz) in the horizontal and vertical
directions are plotted in Fig. 18, in which solid line
represents the fitting results of model. We still use standard
deviation to measure fitting results. Compared with the
fitting results of Wenchuan earthquake, the standard
deviation obtained by fitting data from SMART-1 array is
relatively large, but the fitting results are basically the same
in the high and low frequency ranges. That is, satisfactory
results are obtained by the piecewise model in whole
frequency ranges.

(c) San Simeon and Parkfield Earthquakes recorded by
UPSAR

The source-to-site distances of the 2003 San Simeon
earthquake and 2004  Parkfield earthquake are
approximately 55.6 km and 11.6 km, respectively. In
addition, UPSAR is characterized by generally rocky site
conditions. Therefore, the parameters obtained from the two
earthquakes are suitable for the estimation of coherency
variations in ground motion at rocky sites for a near-field
earthquake.

The values of parameters a(fec), ¢(fec), and f(fec) for the
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Fig. 19 Fitting results for the San Simeon earthquake
recorded by UPSAR. The results from recordings are
denoted with circles (©). The solid line represents the fitting
curves
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Fig. 20 Fitting results for the Parkfield earthquake recorded
by UPSAR. The results from recordings are denoted with
circles (0). The solid line represents the fitting curves

San Simeon and Parkfield earthquakes are listed in Table 5,
in which the values of f, are 0.75 Hz and 0.5 Hz,
respectively. The fitting curves of Eq. (6) for the San
Simeon and Parkfield earthquakes at three frequencies
(=0.5, 1.5, and 5.0 Hz) in the horizontal and vertical
directions are plotted in Fig. 19 and Fig. 20, respectively, in
which solid lines represent the fitting results of model. The
results show that the standard deviation obtained by fitting
data from UPSAR is less than 0.2 in the low- frequency
range, and in the high-frequency part, the fitting standard
deviation is slightly larger, but not more than 0.3.

Table 5 Model parameters of the San Simeon and Parkfield
earthquakes recorded by UPSAR

Event  Comp. Freq.(Hz)  a(fe) Bfec) q(fec)
Hor. 6.42x10° 2.22x10%  2.15

f <0.75
San Ver. 6.42x10° 2.22x10% 2.31
Simeon  Hor, 5.52x108 2.53x103  0.45
f >0.75
Ver. 5.52x108 2.53x10%  0.45
Hor. ‘<05 5.06x10° 1.85x10* 2.23
. Ver. T 6.42x10° 2.22x10% 245
Parkfield
Hor. ‘05 5.52x108 2.53x10° 0.45
Ver. T 552x10® 2.53x10%  0.45

Therefore, good simulation results in the whole frequency
ranges can still be obtained by using the model piecewise
model developed in this study.

5.3 Discussion

The lagged coherency model has been used not only
directly to provide input motions at the supports of lifelines
in random vibration analyses, but also to simulate the
spatial correlation of multipoint ground motions. Generally,
researchers have chosen the appropriate model and
parameters based on conditions similar to the dense
seismography array to carry out the corresponding studies.
Given the above analysis, we suspect that the model
parameters can be selected based on the source-to-site
distance. For this reason, we compare the models proposed
in this paper with the existing models under similar
conditions and certain source-to-site distances. However,
considering that the source-to-site distances of the existing
models are not more than 120 km, finding any existing
model to compare to the results from ZGSA is difficult
because the distance from ZGSA to the epicenter is
approximately 226.6 km. Considering that many lagged
coherency models have been established based on abundant
recordings from SMART-1, we therefore select existing
models to analyze the parameters obtained from the 27th
earthquake recorded by SMART-1. Accordingly, two
models are selected based on the similarity of earthquake
records. One is the Hao and Oliveira model (1989) obtained
based on the data from Event 20 in SMART-1 (the source-
to-site distance is approximately 116km). The other is the
Yang and Chen model (2000), which was obtained based on
the data from Event 25 in SMART-1 (the source-to-site
distance is approximately 100km). Fig. 21 compares the
difference between the fitting results of the model suggested
in this study and the two existing models at three
frequencies (/=0.5, 4.0 and 6.0 Hz). The results obtained by
the three models are relatively close. However, the curve of
the piecewise model with the station-to-station distance
decays faster than those from the other two models in the
high-frequency range, but the low-frequency range shows
the opposite behavior. From the analysis in Section 3.2, the
local site conditions may clearly reduce the cross
correlation in the high-frequency range, so the parameters
listed in Table 4 are more appropriate to estimate the spatial
variations of ground motion at local sites with conditions
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Table 6 The details of existing lagged coherency models

Epicentral
Model name Array Event distance (km)
Hao and Oliveira (1989) SMART-1  46th 79.0
Hao and Oliveira (1989) SMART-1 47th 79.0
Yang and Chen (2000) SMART-1  46th 79.0
Loh and Lin (1990) SMART-1  40th 68.1
Loh and Lin (1990) MART-1  45th 76.1
0.5Hz 4.0Hz 6.0Hz
1 1 1
5 08 08 08
§ 0.6 0.6{4% 0.6
S
3 04 04 04
%0 —_— SMART—I(?:)“;
N 02|m.m HowmdOien 102 02
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Fig. 21 Comparison between the fitting results for the 27th

event recorded by SMART-1 and the existing model results

similar to those of SMART-1 and source-to-site distances of
approximately 100 -140 km.

Moreover, we attempted to find a similar model to
compare the results obtained from the San Simeon and
Parkfield earthquakes, as listed in Table 5, but in the source-
to-site distance ranges of 40-80 km and 0-30 km, existing
models similar to the site conditions of UPSAR cannot be
found. Therefore, we ignore the effect of the site conditions
to choose suitable models based on the source-to-site
distance ranges of 40 - 80 km to compare to the results
obtained from the San Simeon earthquake. The details of
the five selected models are listed in Table 6. A comparison
of the results between these models is plotted in Fig. 22.
This figure shows that the results of the piecewise model
are close to those of the Hao and Oliveira model (1989) as
well as those of the Yang and Chen model (2000) in the
low-frequency range, however, as the frequency increases,
the results of the piecewise model are close to those of the
Loh and Lin model (1990) based on the 40th and 45th
Events recorded by SMART-1. Because the rate of lagged
coherency degression with the station-to-station distance in
the high-frequency range is faster than that in the low-
frequency range, the parameters presented in Table 5 seem
more reasonable to approximately estimate the spatial
variation in ground motion across the entire frequency
range.

Through the above comparison and analysis, the model
parameters can clearly be selected from the source-to-site
distances for simulating the spatial variation of ground
motion. Therefore, the parameters from the Wenchuan
earthquake, as listed in Table 3, can be used to simulate the
lagged coherency variation in ground motion at rock and
mixed sites for a far-field earthquake. The parameters listed
in Table 4 are suitable for estimating the spatial variations
of ground motion at local sites with conditions similar to
those of SMART-1 and source-to-site distances of
approximately 100-140 km. The parameters listed in Table
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Fig. 22 Comparison between the fitting results for the San
Simeon earthquake recorded by UPSAR and the existing
model result

5 are suitable for the estimation of coherency variations in
ground motion at rock sites for a near-field earthquake.
Conclusively, the piecewise model developed in this study
provides a good choice for approximately simulating the
spatial variations in ground motions at local sites with
known source-to-site distances. In addition, for structural
seismic analysis and design, these models can be used to
simulate multi-point ground motions that can characterize
spatial correlation characteristics. Also, these models can be
directly used in the response spectrum method when
individual supports of extensive structures undergo different
motions in dynamic response analysis, in which analytical
solutions of correlation coefficients among modes and
supports can be obtained to improve the computational
efficiency of the dynamic analysis of large structures.

6. Conclusions

The analysis of the spatial variations in acceleration data
recorded by ZGSA during the 2008 Ms 8.0 Wenchuan
earthquake event leads to the following conclusions,
definitions and model:

(1) The analysis of the amplitude spectra variations in
accelerations recorded by ZGSA during the Wenchuan
event indicates that the variations in ground motions in
the high-frequency range are mainly controlled by the
neighboring topographic effects and the local site
conditions, which have a larger effect in the horizontal
direction than in the vertical direction.
(2) The variations in the lagged coherency of ground
motion at high frequencies are influenced by different
site conditions, which result in rapidly changing curve
peaks and valleys. Nevertheless, local differences in site
conditions have little influence on the lagged coherency
trend with increasing frequency.

(3) Furthermore, neighboring topographic conditions

affect the trend of the lagged coherency with increasing

frequency when the station-to-station distance is
relatively small. However, as the interstation distance
increases, the influence gradually decreases.

(4) We define the ‘coherency cut-off frequency’, which

is related to the source-to-site distance, to distinguish the
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rate of lagged coherency variation based on the
separation distance in the low-frequency and high-
frequency ranges. We analyze four earthquakes with
different source-to-site distances and determine the
values of the coherency cut-off frequency.

(5) A new piecewise model is presented to simulate the
variations in the lagged coherency of ground motion
with parameters suitable for earthquakes in the near and
far fields. This model is related to the coherency cut-off
frequency and can effectively reflect the changes in
lagged coherency of ground motions based on frequency
and separation distance changes. This model provides a
good choice for simulating the spatial variations in
ground motions at local sites with known source-to-site
distances.
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