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Abstract 

Seismic ground motion is strongly affected by many phenomena depending on complex characteristics, some of them 

related to the source. Those phenomena must be taken into account in risk mitigation, for example through the evaluation 

of several simulations for a future fault scenario. However, each analysis has high computational cost in the case of 

physical-based numerical models, even with efficient numerical methods such as Spectral Elements Method (SEM). It 

makes difficult to evaluate more than dozens of alternatives with high refined mesh with SEM. In this work an alternative 

method is proposed, it takes advantage of the results from few SEM simulations, and by combining it with the Empirical 

Green Function method (EGF), we are able to evaluate thousands of alternatives that could affect a region. This 

combination of methods allows us also to recreate simulations at low and high frequencies as well with a reduce cost. 

This work focuses on the variability of some fault parameters, including stress drop and rupture geometry. Joining SEM 

and EGF methods, we analyzed the seismic hazard to the nuclear site of Cadarache, France. We use SEM method to 

simulate the ground motions for several point sources around the fault of Middle Durance (Southeastern zone). These 

results are combined and scaled by the EGF method, allowing to build with few SEM simulations the ground motions for 

thousands of simulation with different fault parameters. Those simulations are usually valid for low frequencies where 

the mesh is refined enough. At high frequencies, we employ the well-known method of EGF using previous records in 

the zone coming from the same fault. EGF method recreates several alternatives taking into account the variability of the 

source with empirical methods. The combination of both methods results in broad band accelerograms and it allows to 

consider several alternatives of faults in the seismic hazard analysis. 

Here, we are presenting our procedure and the precautions to be taken into account for combining SEM and EGF methods. 

The obtained results are showing the usefulness of considering the fault variability to better predict the  seismic hazard in 

region. 

Keywords: Earthquake simulation; ; Seismic hazard; Empirical Green function; Spectral Element Method; SEM3D 
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Introduction 

The purpose of this work is to determinate the ground motion generated by possible earthquakes. We use the 

Empirical Green function method [1] for evaluating different scenarios using records of weak earthquakes. We 

use also spectral element model to generate synthetic Green function (SGF) [2,3]. In this case we use the 

Spectral Element Method (SEM) [4] for generating the SGF, including 3D geometry and taking in account a 

complex 3D geology. We propose to mix both methods, since the frequency range of application in each 

method is often different. This allows us to reproduce the broad band ground motions with a wide frequency 

range. 

The region of Cadarache is localized in the south-east of France (Fig. 1). This zone present complex geological 

formation that includes several faults that represent a seismic risk. This study evaluates mainly a close active 

fault that was discovered as reactivated fault in the last years [5]. We use numerical model using SEM, to build 

earthquake scenario in the region. For building this model, we integrate geological information, including a 

distinguish model for the basin around the structures. We include also the topography of the region since the 

region presents a complex topography with a mountain chain close to a valley. Integrating those items in a 3D 

numerical model, we quantify the seismic risk, by a stochastic analysis, at the region in the Cadarache for Mw 

6.0 earthquake at 17.5 km away from the basin (see location in Fig. 1). 

Empirical Green Function method (EGF) 

Empirical Green’s function (EGF) methods have been widely used because they enable to reproduce temporal 

signals taking into account path and site effects realistically [6]. Generally, this approach takes advantage of 

real signals of small earthquakes to produce realistic ground motions coming from some earthquake from a 

similar tectonic context. 

A methodology that combines the procedure of Kohrs-Sansorny et al., (2005) [1] with the analysis of the source 

duration of global earthquakes presented in Courboulex et al., (2016) [7] with the SCARDEC database [8]. 

This methodology proposes a density function for the corner frequency depending of the seismic moment and 

the kind of source of the model. A detailed explanation can be found in Castro-Cruz, (2018) [9]. In general, a 

seismic ground motion at any point can be obtained by: 

𝑆(𝑓) = 𝑆𝑇𝐹(𝑓) ∙ 𝑃𝑎(𝑓) ∙ 𝑇𝐹(𝑓) 
(1) 

Where S is the spectrum of the modulated ground motion, STF is the source function, Pa the path contribution, 

and TF is the transfer function that quantifies the site effects. If the system is linear, then for a strong motion 

coming from the same location than a weak ground motion, the path effects (P) and site effects (TF) are the 

same. Then from Eq. (1) we obtain that the deconvolution between strong and the weak events (R) as: 

𝑅 =
𝑆{𝐸𝐺𝐹}

𝑠𝑡𝑟𝑜𝑛𝑔
𝑆𝑤𝑒𝑎𝑘

⁄ =
𝑆𝑇𝐹𝑠𝑡𝑟𝑜𝑛𝑔

𝑆𝑇𝐹𝑤𝑒𝑎𝑘
⁄ (2) 

Meaning that the deconvolution (R) between the ground motions of the strong (𝑆{𝐸𝐺𝐹}
𝑠𝑡𝑟𝑜𝑛𝑔) and weak event

(Sweak), it is equal to the deconvolution of the weak source time function (STFweak) and the strong one (STFstrong). 

Note that we use the convention 𝑆{𝐸𝐺𝐹}
𝑠𝑡𝑟𝑜𝑛𝑔 to indicate that we are using EGF method to estimate the ground

motion from the strong earthquake. Using this equivalence, many methods are proposed to compute 

𝑆{𝐸𝐺𝐹}
𝑠𝑡𝑟𝑜𝑛𝑔 from an estimation of R. Kohrs-Sansorny et al., (2005)  [1] proposes the Eq. (3) to estimate R.

𝑟{𝑖}(𝑡) = 𝜅 ∑ [∑ 𝛿(𝑡 − 𝑡𝑐 − 𝑡𝑑)

ɳ𝑑

𝑐=0

]

ɳ𝑐

𝑑=0

 
(3) 
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Fig. 1 - Zone of Cadarache with the point source earthquake and the stations analyzed in this study. 
The color map shows the meters about the mean sea level. 

The Eq (3) comes from assuming that the earthquake sources follow the ω2 model. r{i} is a temporal realization 

between the possible alternatives that keep the relationship in the Eq (1). The mean spectrum between all the 

realization r{i}, that are temporal function of R, satisfies the Eq. (2). The components tc and td are temporal lags 

randomly generated. Those lags allow to obtain realization r{i} that are different, realistic, and satisfying the 

Eq. (2) in average. Finally, in Eq. (3) δ is the Dirac’s function and ηc and ηd are the number of impulses for 

making r{i}. To choose ηc, ηd, and the density function for tc and td, we follow the methodology presented in 

Castro-Cruz, 2018 [9]. In this methodology, we use a database of source time functions for generating a 

distribution of probability for those parameters. 

We applied this EGF method to the case of Cadarache. We use as weak event ML 2.9 earthquake occurred the 

8th July 2010. The seismic moment was taken as 1.8 103 Nm. The strike, dip and rake of this earthquake are 

186°, 19°, and -90°. The location of the earthquake is 43.940°N and 5.781°E with a depth of 3490 m (see the 

earthquake position in Fig. 1). The parameters of this event were taken from Dujardin et al (2019) [10]. The 

Corner Frequency (fc) was selected directly from the records as 2.7 Hz. 

Using the parameters mentioned before, we obtain 5000 realizations for r{i}. Fig. 2 shows two examples of 

realizations r{i} with different corner frequency (Fc). Those functions have different shapes and duration (due 

in part to the corner frequency) for each realization. Those changes between realizations recreate the variability 

in the source of an earthquake. 

Using Eq. (2) we find the spectra for new ground motions convolving the accelerogram of weak motion with 

the scale function r (Eq. (3)). With this, we compute the ground motion at surface due to earthquakes with each 

realization r{i}. Fig. 3 shows the accelerograms at the station CA04 (Fig. 1) with the sources of Fig. 2. The 

difference in the duration of the rupture, they cause that the event with Fc of 0.175Hz has a higher amplitude 

than the other case with lower Fc. 

The predicted ground motion by EGF method (Fig. 3) is limited to the frequency range where the weak ground 

motion is well recorded. Usually, the weak ground motion records have a limitation at low frequencies because 

the noise. In the case of Cadarache, the EGF prediction must be considered valid between 1 Hz to 15 Hz. 
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Fig. 2 – Two realizations (r{i}) that generate different source time functions using different corner 
frequencies (Fc). 

Fig. 3 - Ground motion at the station CA04 for two simulation with different STF (Fig. 2). Temporal 
accelerograms (left) and horizontal spectrum (right). Gray area shows the application zone of the 
filter. 

Synthetic Green Function (SGF) 

We use SEM method to build  a synthetic Green’s function (SGF). Those SGF allows us to model different 

earthquake scenarios with limited computational cost. This method of SGF starts by the selection of the 

location of “n” number of SGF. Those points must cover the extension of the target sources. In this paper, we 

present the method with a point source, meaning that we use a unique SGF in the simulation. 

In the theoretical method of Green’s functions, the pulse is defined by the Dirac’s delta. However, it is not 

possible to define the Dirac’s delta in a discrete formulation that can be used in a numerical model. We then 

must select a pulse that covers the frequency range that we are interested. In the case of this study, we select a 

frequency window between 0.1 Hz to 30 Hz and the we choose a Gabor wavelet (Eq. (4)). 

𝑝 = 𝐴e−(𝜎 𝛾⁄ )2
⋅ cos(𝜎) (4) 

Where A is the amplitude of the pulse, defined as 1011 Nm, σ is a time-frequency parameter (𝜎 = 2 ⋅ 𝜋 ⋅
𝑓𝑐(𝑡 − 𝑡𝑜)), with fc equal 15 Hz, to equal 0.5 s and γ is 0.1. The pulse function covers uniformly the window

of frequency that is searched in the simulation (see Fig. 4). 
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Fig. 4 - Time pulse (left) and spectrum of the pulse (rigth) that utilize for generating the SGF. 

A seismic moment is introduced in the position 5.7810°E, 43.8398°N and -3039 m with respect to the sea level 

(red star in Fig. 1). For modeling this SGF, we use a mesh of 19’ 448 496 elements with 3 point of integration 

(Gll), arriving to 526 million of freedom degrees. As boundary conditions, we use Perfec Matched Layers 

(pml) method [11] with a length of 3000 m and order 2. 

3.1 Geology and mesh of the SEM model 

At each point the parameters of shear velocity (Vs), compression velocity (Vp), and density (ρ) are defined in 

function of the depth (The geological model was provided by the commission of atomic energy, CEA by the 

acronym in French). There are two models, one for the general zone, and another for the zone close to the 

buildings where we consider a basin. 

Outside of the basin, the mechanical properties are defined with the functions in Fig. 5. This functions were 

defined by CEA with seismic campaigns on the field. 

In Fig. 5, z’ represents the depth that is computed at each point using the DEM of the zone (Fig. 1). The first 

layer of the equations, that corresponds to the first 60 m of depth, it is just applicable to the zone around the 

basin, inside 1km of distance to the basin.  

The final mechanical properties in the zone are shown in the Fig. 6 for the case of shear velocity. In this figure 

we observe three parts, one with high shear velocity at surface (3200 m/s) that uses the bedrock model (Fig. 5) 

without the first layer of 60 m. The second part with Vs of 1000 m/s at surface uses also the bedrock model 

but with all the layers. Finally, the last part is the basin (see Fig. 5) and corresponds to the zone of Cadarache 

basin.  

Using SEM3D, we obtain the accelerograms at the stations CA02 and CA04 (Fig. 1) with the pulse source. 

Those accelerograms (see Fig. 7) were filtered until 4 Hz. 

3.2 SGF convolution 

This method [3] has several similitudes with the EGF method briefly explained in the previous subsection. In 

this work, using the spectral element method and the mentioned parameters before, we build a model for 

simulating a pulse function (Fig. 4). We obtain the accelerograms at the zone of interest. Those accelerograms 

are used as Green’s functions. Hartzell, (1978) [6] proposed to use empirical Green’s function replacing the 

source by the deconvolution between the source time function of the strong event (STFstrong), and the source 

that produces the accelerogram we use as Green’s function. Applying this to the case of SGF method, we 

obtain: 

𝑆{𝑆𝐺𝐹}
𝑠𝑡𝑟𝑜𝑛𝑔(𝑓) = 𝑆𝐺𝐹 ∙

𝑆𝑇𝐹𝑠𝑡𝑟𝑜𝑛𝑔

𝑃 (5) 
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Fig. 5 - Definition of the soil mechanic parameters for the basin zone and the outcrop zone. 

Fig. 6 - Shear velocity on the model (left) and topography (right). The basin zone has a Vs=400 m/s. 

Fig. 7 - Ground motions at two stations using a SEM model. x: East-west direction, y: south north 
direction, and z: up-down direction.  

Where. SGF is the synthetic Green’s function, in our case the spectrum of the accelerogram that we compute 

using SEM. STFstrong is the Source time function of the event we simulate, and P is the spectrum of the pulse 

that generated the SGF. 𝑆{𝑆𝐺𝐹}
𝑠𝑡𝑟𝑜𝑛𝑔(𝑓) is the spectrum of the simulated ground motion with the strong

earthquake, and we indicate in his name the SGF method. Using the SGF method, like the Green’s function 

method, it is important to note that we are assuming a linear behavior of materials in the simulation. 
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We validate the method predicting the ground motions at the stations of interest CA02 and CA04 (see Fig. 1), 

and comparing the results with the ground motions that are computed directly form a simulation with SEM. 

The source is a Mw 6.0 earthquake from the same position that the Fig. 1 shows. We use the method of 

Kristeková et al. (2006, 2009) [12,13] to quantify the goodness of fitting between signals. The criteria stablish 

10 as perfect fitting, but 8 indicates a very good fitting. In the case of the CA02 station at east-west and south-

north directions, both models have a good fitting, although after 20 s there are small differences (Fig. 8). 

Also, in the other components we obtain values with good fitting (Fig. 9). This results indicate that effectively, 

SGF method is equivalent to SEM simulation, taking in account effects as topography, and complex geology. 

However, SGF method has a lower marginal computational cost than SEM. SEM needed 10h05 for computing 

in a super calculator (fusion or occigen) with 720 MPI cores. SGF method took less than one second in a 

personal computer, although this time does not take in account the simulation of the SGF, that was done by a 

SEM model. 

STFstrong in equation Eq. (5) can be any source time function we want to generate the new ground motion. In 

this study the objective is to complement the EGF method, then we must introduce the same source that the 

EGF simulates. To obtain the source time function that the EGF method (see section 2) we introduce in the 

Eq. (5) the Eq. (2): 

𝑆{𝑆𝐺𝐹,   𝑖}
𝑠𝑡𝑟𝑜𝑛𝑔(𝑓) = 𝑅{𝑖} ∙

𝑆𝑇𝐹𝑤𝑒𝑎𝑘

𝑃 (6) 

Where R{i} is the spectrum of the realization r{i} (Eq. (3)). STFweak is the source time function of the earthquake 

we use as empirical green function. Finally, P is the spectrum of the pulse function for generating the SGF (Eq. 

(4)). Here we assume that STFweak follows the ω2-model [14,15]. 

Applying the Eq. (6) in Cadarache case we applied the method on the stations CA02 and CA04 (see Fig. 1). 

We take as SGF the ground motion during the simulation with the pulse (see Fig. 7). The Fig. 10 shows the 

case in the station CA04 using the same source function of the Fig. 2. Like the EGF case, the ground motion 

for a source with 0.175 Hz has higher amplitude than the ground motion from the source with Fc equal 0.0071 

Hz. 

Broad band simulations using EGF and SGF methods. 

The EGF method is limited at low frequencies because small earthquakes do not generate enough energy at 

low frequencies to be correctly recorded at surface by the stations. In the case of SGF method, the frequency 

band depends of the accelerogram that the method uses as SGF. Using SEM, the high frequencies are limited 

by the accuracy of the numerical model, related with the size of the elements in the mesh. The proposed method 

in this section pretends to better take advantage of EGF and SGF methods to generate a unique simulation 

from both methods with a wide frequency band. 

For each realization r{i} we obtain the ground motion by integrating SGF and EGF results. We propose to define

a new ground motion as: 

𝑆{𝑖}
𝑠𝑡𝑟𝑜𝑛𝑔(𝑓) = 𝑤(𝑓) ∙ 𝑆{𝑆𝐺𝐹,   𝑖}

𝑠𝑡𝑟𝑜𝑛𝑔 + (1 − 𝑤(𝑓)) ∙ 𝑆{𝐸𝐺𝐹,   𝑖}
𝑠𝑡𝑟𝑜𝑛𝑔 (7) 

Where 𝑆{𝑆𝐺𝐹,   𝑖}
𝑠𝑡𝑟𝑜𝑛𝑔 and 𝑆{𝐸𝐺𝐹,   𝑖}

𝑠𝑡𝑟𝑜𝑛𝑔 are obtained with SGF and EGF methods respectively (see Eq.

(6) and (2)). The function w gives the weigh for each model for each frequency to compute the strong ground

motion (Sstrong). The function w gives higher weigh to the SGF method at low frequencies and the inverse at

high frequencies (see Fig. 11). We define this function as:

𝑤(𝑓) =
1

1 + (
𝑓

𝑚⁄ )
𝑑

(8) 
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Fig. 8 - Evaluation of the goodness of fitting between the ground motions in east-west direction (left), 
and south-north direction (right) for a Mw 6.0 earthquake. Using SEM method (red line) and 
following SGF the method (black line), both ground motions are in CA02 station. 

Fig. 9 - EG and PG values to evaluate the goodness of fitting between the two method, SEM and SGF. 

Fig. 10 - Example of two ground motions obtained by SGF method for different sources with Mw 6.0. 
This case shows the station CA04. 
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Where m and d are values fixed to fit the frequency range from each method. In the case of Cadarache, we 

define that EGF method has a high weigh before 1 Hz, and SGF method after 5 Hz (Fig. 11). In this case, we 

fix the values m and d, with 𝑚 =  √5 ∗ 1 and log
10

𝑑 =  log
10

(
5

1
) / log

10
(7).

Applying the method and using the Eq. (7), we obtain the solution at the stations CA02 and CA04 for 5000 

sources. The Fig. 11 shows as example the build accelerograms using the ground motions from EGF method 

(see Fig. 3), and SGF method (Fig. 10). Like the previous methods, we see a clear influence between using a 

source with a Fc of 1.75·10-1 Hz and 7.11·10-2 Hz. 

Analyzing 5000 realization of  sources, each one with different configuration of stress drop and different 

patrons in releasing the energy in the source time function, we build a stochastic analysis. The Fig. 13  shows 

the exceedance probability (E.P) for the PGA and the response spectra with a period of 0.65 s, using the same 

earthquake than previously (Mw 6.0, see Fig. 1). The average value, where E.P is equal to 0.5 (see Fig. 13), 

the analysis shows that in average the CA04 station has a higher intensity than CA02. This is congruent with 

the location of the stations, since CA04 is in the basin and CA02 in the outcrop. 

The Fig. 14 shows the E.P for all the periods in the response spectra. E.P indicates that is more probable to 

have a higher intensity in all periods of the response spectra for the station CA04 than the station CA02. Fig. 

14 shows that at the period of 0.4 s the station CA04 has the main peak of the response spectra, where the 

amplitude of the average reaches 10 m/s2. In both stations in high periods (T>2.0s) there is not a representative 

peak, and the exceedance probability is almost zero for intensities upper than 0.2 m/s2. 

Fig. 11 - Function that gives the weight of the contribution from each model in the wide frequencies. 

Fig. 12 - Ground motion simulation mixing EGF and SGF method for two different sources. Both 
simulations are at the station CA04. 
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Fig. 13 - Probability of exceedance for PGA and response spectra with a period of  0.6 s. The risk 
analysis only analyses an earthquake Mw 6.0 at 17.5 km of distance. 

Fig. 14 - Exceedance probability (E.P) of response spectra at the stations CA04 (top) and CA02 
(bottom). The average value corresponds to E.P equal 0.5. Summing and removing the standard 
deviation, it corresponds to E.P = 0.84 and E.P = 0.16.  
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Conclusions 

We reproduce an earthquake Mw 6.0 at 17.5 km away from the structures of Cadaracahe (see Fig. 1).  We 

follow the method of EGF generating random Fc (including the variability of the stress drop) [9] for creating 

multiple possible sources. Continuously we obtain the possible ground motions at Cadarache zone using 

records of weak earthquakes as EGF. Those simulations have a frequency range between 2 Hz to 15 Hz because 

the quality of the record of the weak ground motions.  

We model the same sources by Green function method but using a synthetic records, instead of weak ground 

motions. We computed the synthetic records using Spectral element method [4], including topographic and 

complex geology 3D effects in the model. Using those synthetic records (SGF), we use them as Green’s 

function to recreate the ground motions for the same sources we did with the EGF. In this case the frequency 

range of the model is between 0.03 Hz to 4 Hz. Using SGF we can obtain ground motions with different sources 

with lower computational cost than an entire simulation using SEM with the same frequency band (see Fig. 8 

and Fig. 9). 

We propose a procedure to joint SGF ground motions and EGF and obtain a ground motion with a wide 

frequency range. Since we can model several configuration of sources with lower computational cost, than 

SEM method for example, we simulate 5000 ground motions taking in account the source variability. Those 

simulations have a wide frequency range between 0.03 Hz to 15 Hz. The analysis of those simulation allows 

us to compute the seismic risk at the zone of Cadarache (see Fig. 14). The zone has a 50 % of probability to 

have an PGA upper than 1.4 m/s2 and 7.5 m/s2 in the outcrop and in the basin respectively. 
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