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ABSTRACT 
 

     The input of the Ground motions is a key factor for the earthquake design of new 
dams and earthquake safety evaluation of existing dams. This paper suggests that the 
earthquake ground motions at dam sites may be generated by deterministically 
(numerically) simulating the rupture of a potential source as well as the propagation of 
seismic waves. Conceptually, this procedure could strictly take into account the effects 
of source mechanism, propagation path and local site on ground motions. The 
generated ground motions are more realistic than those obtained by the widely-used 
seismic hazard analysis procedures based on the attenuation relations. The ground 
motions near Pacoima dam due to the 1994 Northridge earthquake of magnitude 6.7 are 
first simulated using a large-scale spectral element method (SEM) model (56×49×25 km) 
with about 6-billion degree-of-freedom to verify the proposed idea. The ground motions 
along a dam canyon in Southwestern China are then analyzed for a hypothetic potential 
source. The results show that the ground motions along the canyon are significantly 
varied, which should be considered in the earthquake-resistant design and safety 
evaluation of dams. 

 

1. INTRODUCTION 

 

The determination of ground motion parameters (PGA, spectrum, time history) has 

always been a very vital issue for the seismic analysis of high dams. Besides, the spatial 

variation of the ground motions along canyons should be taken into consideration (Alves 

and Hall 2006; Wang et al. 2013). In the current practice of dam engineering, ground 

motions are determined by using probabilistic or deterministic seismic hazard analysis 

which is based on empirical attenuation relations. However, these approaches fail to 

properly handle a specific earthquake event which is composed of physical processes 

such as source-rupture, wave propagation, and local site effects. 

With the development of seismological simulations and predictions, accompanied 

with the rapid improvement of computer power, adopting a pure numerical earthquake 

simulation for an engineering site becomes feasible (Graves et al. 2011; Cui et al. 2013; 
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Baker et al. 2014). The spectral element method (SEM) is a widely-used approach for 

the large-scale computation of seismic wave propagation (Komatitsch and Vilotte 1998; 

Lee et al. 2009; Magnoni et al. 2014; He et al. 2014). By combining the flexibility of the 

FEM and the precision of the spectral method, it has been proved that five points for one 

wave length is accurate enough if the 4th order shape function is applied (Komatitsch et 

al. 1999). 

In this paper, the SEM is used to generate broadband earthquake ground motions 

at dam sites based on the “end-to-end simulation”. The ground motions near Pacoima 

dam due to the 1994 Northridge earthquake of magnitude 6.7 are first simulated with a 

large-scale model (56×49×25 km). The simulated ground motions are compared with 

the records. A dam at Southwestern China is then taken as an example. The ground 

motion distribution along its canyon is investigated for a hypothetical causative fault. 

 

2. KEY ISSUES FOR GROUND MOTION SIMULATION 

 

     Using a pure numerical method for the estimation of ground motion parameters 

should include the physical processes of source excitation, wave propagation, and local 

site responses. Therefore, the integrated SEM model for wave field simulation at dam 

sites contains three key issues: the source model, the wave velocity model, and the 

topography model. 

     For the source model, the finite fault source is applied herein and the causative 

fault plane is divided into a serial of sub-faults (Irikura 1986), each of which is regarded 

as a double-couple point source. The temporal history of the source excitation is 

simplified as a triangle or Guassian function. 

     The medium is depicted by the wave velocity model. To give the detailed spatial 

distribution of wave velocity and density of the earth, a huge amount of seismological 

inversions and geological prospecting is needed. Fortunately, the velocity model for 

Southern California in America is available (Plesch et al., 2011). This is one reason that 

we take the Northridge earthquake as example to validate the feasibility of the numerical 

end-to-end simulation 

     Situated in the mountain area, the ground motions at a dam site are always 

significantly affected by the ambient topography. Thus the high definition topography for 

a dam site is indispensable. The publicly shared Digital Elevation Model (DEM) provides 

the global data with resolution up to 30m, and some local data obtained with LiDAR can 

even reach 2m (Lee et al. 2009). As a kind of high order finite element method, the SEM 

is able to handle topography easily. However, there obviously exists a trade-off between 

the high resolution mesh and the computation cost. 

 

 



3. NUMERICAL MODEL FOR THE NORTHRIDGE EARTHQUAKE 

 

The magnitude 6.7 Northridge earthquake on Jan 17th 1994 occurred in the 

densely populated Los Angeles metropolitan area and an abundant number of ground 

motions were captured by the instruments. For decades many studies have been 

conducted focusing on rebuilding the wave field with various methods and theories 

(Hartzell et al., 1996; Graves and Pitarka, 2010). In this paper we are trying to simulate 

the broadband ground motions using the SEM. 

We use the finite fault model inversed by Krishnan et al. (2006) whose parameters 

are shown in Table 1. And the slip distribution is shown in Fig 1. The integrated velocity 

model CVM-H (Plesch et al., 2011) for Southern California is used, and the topography 

is denoted by the 90m resolution DEM. Four stations: JENG (34.3118°N，118.496°

W), PACD (34.3335°N，118.396°W), SCS (34.311°N，118.49°W) and SCSE 

(34.312°N，118.482°W) are selected to validate the model. The SEM model covers a 

region of 56km×49km×25km with an average mesh size of 125m (see Fig 2). The total 

degrees of freedom are 6.62 billion and the computation is performed on 144 CPUs for 

44 hours. 

 

Table 1 Parameters for the finite fault 

parameter value 

fault attitude (strike/dip) 122/40 (degrees) 

fault size (length×width) 18×20 (km) 

number of sub-faults 42×42 

 

 

 

 

Fig 1 Slip distribution for the finite fault 

source. The star denotes the epicenter 

(Krishnan et al. 2006) 

Fig 2 The model scale and the 

locations of the fault and stations 



     In Fig 3, the velocity histories for the four stations are compared, where the red 

lines are the SEM synthetics and the black lines are the records. The length of the 

histories is 30 seconds. From the comparisons between the synthetics and records, it 

can be observed that the histories basically match. Comparing the three components, it 

can be found that the vertical components are worse matched than the horizontal 

components for all the four stations. This may due to the error of the source inversion. 

Among the four stations, the consistency of PACD station is the most unsatisfied. This 

station located at the downstream side of the Pacoima dam and the complicated canyon 

topography may lead to the discrepancy between the synthetics and records. Complex 

topography is a significant engineering problem. Multi-scale mesh may be used, namely, 

high resolution mesh for the near field and coarse mesh for the far field, to deal with this 

problem in the further investigation. 
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Fig 3 Comparison of velocity histories between synthetics and records 

 

Fig 4 shows the spectra of synthetics and records of the four stations. Similar to 

the histories, the spectra comparisons also show a better match for horizontal 

components, and the simulation for station PACD seems not good enough. Excluding 



the above mentioned deficiencies, the other matches in frequency domain are satisfying. 

It is worth mentioning that our simulated results contain high frequencies up to 8 Hz (see 

Fig 4), and these SEM-computed high frequency components are comparable to 

records, proving that it is feasible to use a pure numerical method to implement high 

frequency simulations for engineering application. 

 

 

Fig 4 Comparison of velocity spectra between synthetics and records 

 

 

(a) 

 

(b) 

Fig 5 The simulation scale and locations of the source and the site(a) and the 

distribution of the PGA of three components along the canyon(b) 
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4. INVESTIGATION OF THE SPATIALLY VARIED GROUND MOTIONS AT CANYONS 

 

     In this section, we take an arch dam, situated only 5km far away from a 

seismogenic fault, in Southwestern China as an example. The spatially varied ground 

motions along the dam canyon are investigated. A hypothetic causative fault (strike-slip 

mechanism with the size of 10km×9km) and the corresponding magnitude are set to 

study the spatial non-uniform ground motions, as shown in Fig 5(a). The three 

component ground motions due to an Mw 6.0 event are demonstrated in Fig 5(b). It 

could be concluded that the spatial distribution of ground motions is not uniform 

because of the topographic effects. In addition, three components may differ from each 

other in the distribution form. The horizontal components approximately vary as the 

shape of the canyon while the vertical component almost keeps the same along the 

canyon. 

 

5. CONCLUSIONS AND REMARKS 

 

With the development of seismological theories and methods as well as the rapid 

growing capacity of computers, the large-scale deterministic numerical earthquake 

simulation will get widely used for engineering designs. The SEM model used in this 

paper could offer dam engineers the ground motions containing the source mechanism, 

the propagation and local site effects, showing an advantage over the traditional 

approaches such as the conventional PSHA. Based on the analyses of two examples, 

the following conclusions are drawn: 

(1) The SEM may provide results with sufficient accuracy for certain sites even at 

high frequencies (up to 8 Hz); 

(2) The ground motions along canyons are significantly varied, which should be 

considered in the earthquake-resistant design and safety evaluation of dams 

However, it should be noted that the analysis results are highly depended on the 

precisions of the models (especially source model and velocity model). Therefore this 

method is only successfully used in the area where the models are accessible (e.g., 

Southern California, US). Another problem restricts the application of the SEM on 

engineering design is the coupling of multi-scale. The regional seismological size 

generally is a few to dozens of kilometers but the dam size is only hundreds of meters. 

We are working on the transition from coarse mesh to fine mesh in order to solve this 

problem. 
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