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Abstract 
The main objective of this paper is to provide estimates of coherency functions of strong ground motion at engineering 
bedrock within the El-Asnam region (North-West Algeria). Due to lack of recorded array data, the so-called Empirical 
Green’s Function (EGF) method is used to simulate ground acceleration at different points in the engineering bedrock of the 
study area. The event being simulated is the 10 October 1980, Ms 7.2 El-Asnam Earthquake. Ground motion recorded at the 
Sogedia factory station during the 8 November 1980 aftershock with local magnitude 5.6 was used as empirical Green’s 
function. Lagged coherency functions estimated from simulated motions indicate significant loss of coherence with 
increasing frequency and separation distance. Since the EGF method, when used with Green’s function at a single station, 
can primarily model source effects, which are interpreted as the main reason behind the observed loss of coherency. The 
results also indicate that source effects are the main source of ground-motion incoherence in the near-source area, whereas it 
is negligible in the far field.  

In order to parametrize the estimated lagged coherency functions, they were compared with different models proposed in 
the literature. Curve fitting using nonlinear least square regression was performed to estimate the parameters of such 
models. It was found that the Hindy and Novak [1] model provides the best fit to the estimated lagged coherency functions. 
Along with the model parameters estimated in this study, this model, provides, at least, a first approximation, and possibly, 
an upper bound of ground motion incoherence in the study area for earthquake scenarios of the type presented in this study.  

. 
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1. INTRODUCTION 

Lifelines systems experience differential movement of their supports during earthquakes. This differential 
motion of the supports may result in additional strains (or stresses) in their structural elements, which can, in the 
event of strong shaking, result in damage to the elements of the such structures (e.g., Walling and Abrahamson 
[2]). Attenuation effect results in reduction of ground motion amplitudes with distance from the source. At a 
local spatial scale, for example within a few hundred meters, attenuation effect is not critical, and spatial 
variation is due to physical processes such as (1) wave passage effects; (2) incoherence effects, which are due to 
multiple reflections and refractions of seismic waves in inhomogeneous medium, as well as complex 
superposition of waves radiated from different parts of the source; and (3) local site effects.  

Engineering models of ground-motion incoherence are often deduced from strong-motion array data 
recorded during past earthquakes. Several models of coherency and correlation functions, both theoretical and 
empirical, are reported in the literature (see, for example, Harichandran and Vanmarcke [3]; Luco and Wong 
[4]). Such models are needed in simulating time series of spatially variable ground motion which are required in 
seismic response analysis of horizontally extended structures. It is well known that coherency functions are 
characteristic of local site, source, and wave propagation path. Therefore, models calibrated for a region may not 
be suitable for use in other areas (Somerville et al. [5]; Abrahamson et al. [6]; Santa-Cruz et al. [7]; Ding et al. 
[8]). Despite this, due mainly to lack of local data, coherency models calibrated for one region are often used to 
simulate ground motion in other regions. An alternative method of calibrating incoherence models is to 
numerically simulate spatially variable ground motion.  

In this contribution, the numerical simulation technique known as Empirical Green’s Function (EGF) 
Method, proposed first by Irikura et al. [9], is used to simulate ground-motion field at the bedrock of the El-
Asnam area. The event being simulated is the 10 October 1980 Ms 7.2 El-Asnam Earthquake, while empirical 
Green’s function is obtained from the ground motion recorded at Sogedia station during a local magnitude 5.6 
aftershock. Ground motion simulated at stations with varying separation distance (up to 500m) are used to 
estimate lagged coherency functions. Models presented in Hindy and Novak [1], Luco and Wong [4] and 
Somerville et al. [5] are used to parametrize the estimated lagged coherency functions.  

We present a brief summary of the concepts and terminologies related to stochastic estimation and 
empirical modelling of ground-motion incoherence, followed by the important equations and parameters used for 
numerical simulation of ground motion using the EGF method. Some samples of simulated ground motion are 
then presented along with lagged coherency functions estimated from them. Parametric modelling of the 
estimated coherency functions is then presented.  

2. STOCHASTIC AND EMPIRICAL COHERENCY MODELS 

Considering motions at two discrete locations i  and j  separated by a distance ξ , the complex coherency 
function in space and circular frequency ( )ω  is defined as: 
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where ( ),ijS ξ ω is the smoothed cross spectral density function; and ( )iiS ω and ( )jjS ω are their smoothed power 

spectral density functions. Separating ( ),ijγ ξ ω  into its absolute value and phase, we obtain 

 ( ) ( ) ( ), , exp ,ij ij ijiγ ξ ω γ ξ ω θ ξ ω =     (2) 

where 0≤|γij (ξ,ω)|≤1, is the lagged coherency function and ( ),ijθ ξ ω  is phase spectrum.  

   Lagged coherency squared is termed as coherency. Generally, lagged coherency decreases with increase in 
separation distance and frequency. In this study, all coherencies are computed from simulated time series of 
ground acceleration; the simulation method is described in the following sections. The simulated time series are 
aligned to remove wave passage effects (see, for example, Ancheta et al. [10]). The stationary part of aligned 
time series is extracted by visual inspection of the time evolution of Arias Intensity of the simulated time series. 
A Tukey window with tapering length of 15% of the length of stationary part of the signal was applied. The 
windowed signals are then used to estimate power and cross spectral density functions which are smoothed. We 
smooth all power spectra using a Hamming spectral window with parameter of 39M =  ( 2 1M +  is the width of 
the window). This level of smoothing is selected in order to reduce the variance in lagged coherency. 

Based on coherency estimated from recorded strong motion array data, several parametric coherency 
models have been proposed in the literature. In the present study, the models of Hindy and Novak  [1], Luco and 
Wong  [4] and Somerville et al. [5] are considered. Hindy and Novak [1] proposed the following model:  

 ( ), exp ( )βγ ξ ω αωξ = −    (3)              

where α and β are model parameters. The dimensionless parameter α  is defined as / svα η= , with 
( )1/2

/R roη µ= , where sv  is the shear-wave velocity, R  is the distance travelled by the wave, or  the scale length 
of random inhomogeneities along the path, and 2µ  a measure of the relative variation of the elastic properties in 
medium. The semi-empirical model of Luco and Wong [4] is a particular case of (3) with 2β = .  

The model has been used extensively by researchers in seismic response analysis of lifelines (e.g. Luco 
and Wong [4]; Der Kiureghian and Neuenhofer [11]). The model is based on shear wave propagation through 
random media, an approximation which may be valid for the propagation of the waves from the source to the 
ground surface or from the source to the bedrock-layer interface. Zerva and Harada [12] have also used this 
model for the description of coherency of bedrock motion. Somerville et al. [5] proposed the following model 
which results in faster decrease of lagged coherency with frequency than with separation distance 

 ( ) 2, exp ( )a bγ ξ ω ω ξ = − +    (4) 

where a  and b  are two independent constants.  
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3.  EMPIRICAL GREEN’S FUNCTION METHOD 

The empirical Green’s function (EGF) method of Irikura et al. [9] considers a rectangular fault plane (length L, 
width W ) divided into l m× elementary rectangular sub-faults on its surface. Denoting the Green’s function 
associated with a sub-fault ( ),o oi j by ( ),

i jo oeu tx , the total synthetic signal ( ),U tx at point x  is given by: 

 ( ) ( )
( ) ( ) ( )
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where∗  denotes convolution. The function ( )F t is given by: 
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and ijt  is given by Eq. (7): 
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 In these equations, ijt is the phase delay, sR  is the radiation pattern (Aki and Richards[13]), τ  is the rise 
time of event for which ground motion is being simulated,

o oi jr is the Euclidean distance between the receiver x

and the rupture starting point on elementary sub-fault ( ),o oi j , ijr  is the Euclidean distance between the receiver 

and the centre of the sub-fault ( ),i j , ijξ  is the distance between the hypocentre and the centre of the sub-fault

( ),i j , sv  is the shear wave velocity, 0.72r sv v= is the rupture velocity, 'n  is an integer to eliminate spurious 

periodicity (Irikura [14]), ( )F t is the slip-time filtering function, c  is the stress drop ratio, 0r  is the Euclidean 
distance between hypocentre and the receiver, and ( )ijt tδ − represents Dirac delta function. The parameters l , 
m , and n  are determined from the scaling relations given by Kanamori and Anderson  [15]. For instance, when 
the seismic moment ratio of target earthquake (the one being simulated) to the elementary one (the one used for 
empirical Green’s function) is 3N , the parameters l , m , and n  should each one be equal to N  (Irikura  [14]); 
the total number of divisions along the length or the width of the fault so that the dimensions of sub-faults are 
small enough to be treated as point source.  

Kamae et al. [16] revised the Kanamori and Anderson [15] relation to allow for the potential difference in 
stress drop between the target and the small event. The revised relations are: 

                                                

1
3

0

0ee e e e

ML W D N
L W cD cM

τ
τ

 
= = = = =  

 
                                             (8) 

where L  and eL  are fault lengths, W  and eW are widths, τ and eτ are rise times, and D  and eD are average slip, 
corresponding to the target event and small event, respectively. The rise time of the mainshock can be given 
from the similarity relation (Eq. 8) by using a small event rise time determined by picking the frequency of the 
significant trough of its Fourier spectra. For an objective estimation of the required parameters N  and c , a 
spectral fitting procedure is used (see, for example, AfifChaouch et al. [17]).  
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4.  RESULTS AND DISCUSSIONS 

The EGF method, which has been widely used in simulating ground motion at a single location, is extended here 
to synthesize spatially varying horizontal ground motion at bedrock. The seismic scenario considered is the 10 
October 1980 El-Asnam Earthquake of magnitude 7.3sM = , for which ground motion records are not available. 
The earthquake occurred at 12:25 GMT and the hypocentre was estimated to be at 36°17’N, 1°41’E and at a 
depth of 12 km (Cisternas et al. [18]). The ground motion from the 5.6LM = aftershock of 08 November 1980 
recorded at the Sogedia Factory Station is used as the empirical Green’s function. The epicentral distance of this 
station is about 5 km. The aftershock event took place in the same rupture zone as the mainshock (target) event 
and with a similar faulting mechanism (Cisternas et al. [18]).  

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 – Schematic representation of the finite-fault model corresponding to the 1980 El-Asnam mainshock. The 
hypocenter is indicated by the red star, and the blue dots represent the locations of bedrock stations at which 

ground motion is simulated. Dimensions are not in scale (from AfifChaouch et al [17]). 

 

In order to simulate ground motion at bedrock, the empirical Green’s function should also correspond to 
the bedrock. Since the bedrock is not outcropping at the recording station, deconvoluted motion (Petrovski and 
Milutinovic [19]) corresponding to the bedrock, shown in Fig. 2a, is utilized. The time series of the deconvoluted 
motion is baseline corrected using the method described in Rupakhety et al. [20]. The fault plane is assumed to 
be 40 km x 15 km with a dip angle of 60° (see Fig. 1). Shear wave velocity is taken as 2 km/s (Yielding et al. [21]) 
and the corresponding rupture velocity ( )rv  is equal to 1.44 km/s. The stress drop of the mainshock is 100 bars 
(from Dechamps et al. [22]) and, for the small event, a value of 82.57 bars is calculated by using the relation 
given by Boore  [23] and a corner frequency of 0.37 Hz. This gives a stress drop ratio ( )c  equal to 1.21. The 
fault plane is divided equally into seven parts in both directions, i.e., the scale factor parameter N is equal to 7, 
and the number 'n  is taken as 20. The rise time of the small event is taken 0.2eτ =  sec; and that of the mainshock 
is 1.4τ =  sec. The latter value is close to the 1s adopted by Dechamps et al. [22]. Other relevant parameters used 
in the simulation are given in AfifChaouch et al. [17]. The location of the hypocentre is shown with a red star in 
Fig. 1, and it lies on cell 0 0( , ) (7,4)i j =  from where the rupture is assumed to propagate radially. Horizontal 
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components of ground acceleration are then simulated at five stations at bedrock, namely (0)S , (1)S , (2)S , (3)S and (4)S  
(see Fig. 1). Station (0)S is considered as the reference station and it lies directly under the Sogedia Factory 
station; the other stations are separated from it by 40 m, 100 m, 200 m, and 500 m. Epicentral distance of the 
reference station is 5 km. Ground acceleration time series simulated at the five stations are shown in Fig. 2b. 
Peak ground acceleration (PGA) of the simulated motion is close to 60% of acceleration due to gravity. 

 

 

 

 

(a) 

   

  

 

(b) 

Fig. 2 – (a) Acceleration of bedrock (NS and WE component) obtained by deconvolution of ground acceleration 
due to the 8 November 1980 aftershock recorded at the Sogedia Factory station. The acceleration time series are 

obtained from Petrovski and Milutinovic (1981) [19]. (b) Ground-acceleration time series simulated at the 5 
stations as indicated in the plots. Transverse component of motion is shown. 

 

 

 

 

 

 

 

Fig. 3 – Lagged coherency functions computed from the time series shown in Fig. 2b. 
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Lagged coherencies computed from the simulated signals are shown in Fig. 3. The characteristics of the 
simulated lagged coherencies are similar to that estimated from strong-motion array data reported in the 
literature (see, for example, Zerva [24]). As expected, lagged coherency decays with increasing frequency and 
separation distance. It is noted that the coherency estimate for a separation distance of 500m first decreases with 
frequency, then starts increasing around 7 Hz. Such apparent increase of coherency with frequency is most likely 
due to uncertainties in the spectral estimation and smoothing operation (see Zerva [24] and Rupakhety and 
Sigbjörnsson [25]). 

 The coherency is significantly less than 1.0 at low frequencies (1-2 Hz) for the long station separation of 
500 m and at intermediate frequencies (3-5 Hz) for the medium separation distance of 200 m. Since scattering 
effects are not modelled by the EGF when the Green’s function is available at only one station, the relatively 
small value of coherence at low frequencies and large separate distance may be due to source effects in the near 
field, which has been reported to be prominent at low frequencies [6]. The results of simulation indicate that 
source effects in coherency are significant, considerable loss in coherency is obtained just by modelling the 
source effect. On the other hand, the source effects, site effects, and scattering effects may constructively and 
destructively interfere in coherency decay, and therefore to isolate these different effects from recorded data is 
not straightforward. 

4.1 Parametric modelling of lagged coherency 

In this section, we calibrate the three selected parametric models (see Section 2) to the coherency functions 
computed from simulated ground motion corresponding to the 1980 El-Esnam Earthquake. We note that we tried 
to fit to the simulated results, the model of Harichandran and Vanmarcke [3] without success, as this model did 
not seem to be well constrained by the simulated coherency data. 

To calibrate the parameters of the models, we use non-linear least squares regression in the hyperbolic 
arctangent ( )1tanh− transformation of lagged coherency. Such a transformation is preferable because the 
transformed variable has approximately frequency independent variance (see, Jenkins and Watts, [26]). The 
frequency and separation distance ranges used in fitting the model were [ ]0 8  Hz− and [ ]0 500  m− , respectively. 
The regression parameters found to be for the Hindy and Novak [1] model 55.87 10α −= ×  and 1.52β = .  The 
R-squared value of the fit was found to be 0.88 with a root mean square error RMSE of 0.30. For the Luco and 
Wong model 59.41 10α −= × , R-squared=0.82 and RMSE=0.38 and for the Somerville model 67.42 10a −= × , 

61.03 10b −= × , R-squared=0.89 and RMSE=0.29. 

The comparison of the fitted models with the lagged coherency of simulated ground motion is presented in 
Fig. 4 for four different separation distances, as indicated in the plots of the figure. The comparison shows that 
the Hindy and Novak [1] and Somerville et al. [5] models are flexible and fit the data well for the four 
separations distance. At 500m the Hindy and Novak [1] model fit better in low frequency 0-2 Hz. than the 
Sormerville et al. model [5]. The Luco and Wong [4] model fits the simulated lagged coherencies relatively well 
for separation distance up to 100 m. For separation distance of 200 m, the fit is good up to a frequency of 6 Hz. 
For separation distance of 500 m, it falls and differs significantly from the estimated coherency function except 
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at the low frequency up to 2Hz. The quality of fit is also clear from the residuals (difference between model 
prediction and simulated results) in 1tanh−  transformation as shown in Fig. 5. The mean value of the residuals is 
generally close to 0, while it is clearly most biased for a separation distance of 500 m and the Luco and Wong 
[4] model. 

 
Fig. 4 – Comparison of three parametric models to the lagged coherency obtained from simulated ground 

acceleration field. 
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Fig. 5 – Residuals (in -1tanh transformation) between the simulated lagged coherencies and the parametric 
models fitted to them (see Fig. 4).  

5. CONCLUSIONS 

The main contribution of this work is to present an approach to simulate spatially variable ground motion using 
the empirical green function method. This method has been extensively used in the literature to simulate point 
estimates of strong ground motion. In this work, we test whether it is suitable to simulate ground motion field 
within a relatively small spatial extend, thereby modelling incoherence effects. The case study and parametric 
study presented herein suggest that the presented approach is suitable of simulating incoherence due to finite 
source effect. In particular, plane wave coherency estimates can be obtained through such simulations. Although, 
loss in coherency is due to source, scattering, and local site effects, the present methodology captures only the 
effect of finite source. This is a limitation of the method. Nevertheless, in absence of recorded data, the method 
can be useful in modelling spatially variable ground motion, to the extent that the simulated coherencies can be 
considered as upper bounds of what is expected in presence of scattering and local site effects.  

Further research in incorporating scattering and local site effects in simulated lagged coherencies is 
underway. Of special interest here is the development of models to convert lagged coherencies at bedrock to 
those at surface of a random soil layer. In addition, investigation of scattering effects will also be valuable. In the 
practical sense, and in absence of strong motion array data in the study region, the results presented herein could 
provide a rough approximation of ground motion coherency, which can be used in (a) random vibration analysis 
of lifeline structures, or (b) simulating spatially variable ground motion for time history analysis of such 
structures. To facilitate such modelling, parametric models of lagged coherency have been calibrated. Based on 
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an extensive testing of many available models, the model of Hindy and Novak [1] is found to be the most 
suitable one for the study area.  
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