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ABSTRACT

Three-dimensional simulations of earthquake ground motion in sedimentary valleys have led to a deeper understanding of wave propagation and site effects in urban regions. In this paper we present a preliminary study of the ground motion and resulting amplification in the Mexico City Basin due to strong earthquakes in the Pacific Coast of Mexico. Three variables control our model: material properties, underground topography, and seismic source. Based on the available literature, we propose an initial coarse approximation of Mexico City’s basin, using as background a regional model similar to the one proposed by Furumura and Singh (2002). The seismic excitation is the 14 September 1995 Copala earthquake (Mw=7.3). Our 3D simulation, with a maximum resolution of 0.66 Hz, reproduces qualitatively the amplifications and long durations observed during the actual earthquake. The computation is performed using HERCULES, an octree-based finite element method code (Tu et al, 2006). 

Keywords: Mexico City, 3D Simulation, Finite Elements, Strong Ground Motion.

introduction

Interaction between material properties, topography, and seismic source introduces an increase in amplitude as well as in duration of the ground motion due to earthquakes. As a consequence of such effect, constructed facilities undergo large excitations, threatening their ability to resist, and posing a seismic hazard to the population. Identifying the range of variability in the magnitude of this increment will allow us to improve seismic provisions in codes, in order to build safer structures. That is the long term goal of the current research with the specific target of Mexico City.

Following the 1985 Michoacan earthquake, many research groups have studied the soil motion amplifications and long durations in the lakebed zone in Mexico City compared to rock. Although there is no consensus about the exact mechanism, a fairly good level of understanding has been reached through several studies, see e.g. Singh and Ordaz (1993), Cardenas et al (1997), Furumura and Keneth (1998), Iida (1999) and Chavez-Garcia and Salazar (2002). More recently, Furumura and Singh (2002) explained, based on 2D and 3D simulations, the effect of source location. Energy might be trapped above the Moho (Lg phase), inducing large amplifications in shallow events, in contrast to deeper earthquakes which do not show anomalous behavior. Based on recorded data and a 3D simulation, Iida and Kawase (2004) confirmed a previously suggested observation by Barker et al (1996) of the importance of the trans-Mexican Volcanic Belt (TVB) on ground motion amplification.

In the present study we analyze the influence of the basin excited by the 1995 Copala earthquake, comparing two three-dimensional simulations: the first includes a shallow soft structure, similar in shape to the Valley of Mexico, and the second excludes such region. In both cases we ignore above ground topography. We confirm the amplification due to the TVB and we observe in the horizontal components a large amplification in the basin around the 0.2-0.4Hz frequency band. Previous 3D studies have considered either only the background material or a very high-velocity basin (Furumura and Singh, 2004). To our knowledge, this is the first time that the Mexico City basin has been simulated in a three-dimensional regional simulation with a realistic S-wave velocity, Vs, within the basin.

Material properties: Central Mexico Model

The structural Central Mexico Model (CMM) considered here is a 500km x 500km x 100 km box, similar to the one proposed by Furumura and Singh (2002), with one important difference. In contrast to the latter model, the current one includes a soft structure whose shape resembles the Mexico City basin (MCB) at the surface, with a Vs of 160 m/s and a maximum depth of 120 m.  The region of interest, and the plan view and a typical cross-sectional view of it are displayed in Figures 1 and 2, respectively. Table 1 summarizes the properties. Intrinsic attenuation is also included, as explained later. 
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	Figure 1. Simulated Region. A 500 km x 500 km x 100 km box.


THE SOURCE: 1995 Copala Earthquake

We used the 14 September 1995 Copala Earthquake as the seismic source, with strike=289°, dip=11° and rake=75°, as per the inversion by Courboulex et al (1997). Since the source was far from the MCB, we ignored the finite fault effect and represented the fault as a double couple with Mw=7.3 located at latitude=16.48°, longitude = -98.76° and depth=16 km. The slip rate source time function is an isosceles triangle with rise time of 2 seconds.

Table 1. Properties of the Structural Model

	
	Vp ( km/s)
	Vs ( km/s)
	( T/m3)



	Mexico City Basin (MCB)
	400
	160
	1500

	Trans-Mexican Volcanic Belt (TVB)
	4000
	2000
	2000

	Layer A
	5200
	3000
	2500

	Upper crust
	5700
	3300
	2450

	Lower crust
	6750
	3900
	2800

	Upper Mantle
	8300
	4700
	3200

	Oceanic Crust
	6000
	3350
	2450

	Oceanic Basalt
	6950
	3800
	2850

	Oceanic Mantle
	8400
	4800
	3250

	Sea
	1531
	10
	1000
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	Figure 2. Structural model. a)Top View of the structural model. b) Cross-section.


Simulation
We calculated the ground motion using HERCULES (Tu et al, 2006), an octree-based finite element code, on Lemieux, an HP Alphaserver Cluster at the Pittsburgh Supercomputing Center. We present results of two simulations in order to examine the effects of the basin presence on the ground motion. One simulation includes a simple idealization of the Mexico City Basin (MCB), while the other comprises exclusively the Central Mexico Regional model (CMR), without the basin, to serve as a baseline. In both cases we used six points per S-wavelength to mesh the regional model, except for the water where we used the P wavelength and introduced a small value for the S waves. Our code models only linear anelastic solids. The quality factor Q was taken as 0.1Vs with a mass proportional attenuation. We used 4 points per wavelength in the MCB. This sampling did not have a large impact in the central part of the basin. A summary of the grid size and wall clock time is presented in Table 2. It is important to point out that in previous attempts to simulate the response with uniform grids, as was done, e.g. by Furumura and Kennett (1998) and Furumura and Singh (2002), using realistic values of VS within the basin would have required an extremely large grid due to the presence of the low velocity layers.  To avoid such a large mesh, the lower threshold for VS within the basin was taken to be equal to 1.6 km/s in Furumura and Kennett (1998). This unrealistically large value leads to an underestimation of the amplifications within the basin and possibly of the duration of the motion. 
Table 2.  Computational Performance

	Simulation
	Number of Elements
	Processors
	Running Time (hr)



	CMR 
	83 millions
	400
	5 


	MCB
	88 millions
	500
	10 




results and discussion

We obtained the three components of the displacements for a set of stations in a regular grid at the free surface of the model, with a spacing of 2 km. For this discussion we selected only a small set of receivers to show the long duration and the amplifications. We also computed the strong motion duration at a given site as the time it took for the Arias Intensity at that site to increase from 5% to 95% of the corresponding maximum value.
Figure 3, in which absolute velocity is plotted in the MCB model provides some insight into the wave propagation. It represents four different stages of the wave propagation in Central Mexico: a) Waves spread towards the TVB and the sea. The energy in the water is small compared to that traveling into the TVB; b) The motion reaches the volcanic region and undergoes an increase in amplitude due to the Layer A to TVB impedance ratio; c) The soft layer within the MCB causes a dramatic increase of the velocity amplitude; d) Some energy remains trapped in the valley.
In order to have a qualitative idea of the amplification introduced by the valley, we plotted the X and Z components of the velocity from the two simulations in three distinct regions: outside (black) and inside (green) the Volcanic Belt, and inside the basin (red), see Figures 4, 5 and 6. These figures confirm the observation by Baker et al (1996) that the amplitude of both components increases as the waves enter the Volcanic Belt. The X component has an extra amplification due to the presence of the valley in a very specific frequency band. High frequencies are especially important for stations near the basin edges. By contrast, the amplification of the Z component is hardly affected by the presence of the soft basin. We did not run any simulation for a longer period of time, but we can recognize in Figures 5.b and 6.b that the duration of the earthquake increased, at least in some stations, as an effect of the presence of the basin.
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	Figure 3. Snapshots of velocity magnitude. a) The earthquake spreads towards the TVB and onto the sea. b) It goes through the TVB and the amplitude increases. c) The waves undergo an extra amplification when it crosses the valley. d) Finally, some energy remains in the basin while outside of the basin the motion has finished.


In order to assist in the interpretation, we plotted the Fourier spectrum amplitude of the two simulations in frequency-space for a line segment going from station 1 to 30, see Figure 7. It is clear that the energy in the valley for the vertical component is spread over the spectrum; it explains why the amplitudes do not change dramatically in time. In the horizontal component, we found an important increase in the amplitude within the frequency band 0.2-0.4Hz. This result is not surprising. The equivalent 1D layer model for a basin, with the characteristics shown in Table 1, would be amplified in a band around 0.3Hz. Nonetheless, there are considerably large differences between the 1D model (layer over a half space under vertical incidence) and our simulation. In Figure 8, we depict the one-dimensional solution, the envelope and the magnitude average of the transfer functions, along a line segment inside the valley, computed as the ratio of the response for the CMB to the corresponding response for the RCM. We assumed that the displacements at depths 0 m and 120 m for the RCM would be very similar
. We can see that on average, a simple 1D modeling is a poor approximation and the response can be under- or over-estimated by up to an order of magnitude. 
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	Figure 4. Domain and receiver locations.


As pointed out earlier, the duration also seems to be affected by the presence of the valley. To explore this point, we examined the duration in relation to the energy of the ground motion. We defined the strong ground motion duration as the time interval between the instants at which the 5 % and 95 % of the acceleration energy, or the Arias intensity, has been reached. We plotted in Figures 9 and 10 a normalized energy and the duration, both as a function of the epicentral distance, for the CMR and the MCB simulations. Two main observations can be made from this figure:
1.-There are areas within the basin where the duration compared to the simulation without valley is increased up to 20 % and 50 % for the X and Z components, respectively. 
2.-The presence of surface waves introduces a significant elongation in the duration of the Z component.
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	Figure  5. Horizontal X velocity for receivers in Figure 4.  Outside (black) and inside (green) the Volcanic Belt, and inside the basin (red).
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	Figure  6. Horizontal Z velocity for receivers in Figure 4. Outside (black) and inside (green) the Volcanic Belt, and inside the basin (red).
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	Figure 7. Amplitude of velocity in frequency-space domain ( f- epicentral distance) for a) horizontal X  and b) vertical components for the CMR and MCB models. 
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	Figure 8. Transfer function for 3D simulation and for corresponding 1D problem
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	Figure 9. Arias intensity and Strong Ground Motion duration. Horizontal Component. Continuous red-MCB and dashed  black-CMR.
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	Figure 10. Same as Figure 9 for vertical component.


In addition, we calculated the duration in the vertical component for all the synthetic time histories on the surface, and at ten seismographic stations using records of the Copala earthquake. We filtered the data in order to have consistent accelerations. We selected records from the Mexican Strong Ground Motion Data Base that clearly show the P-wave arrival, as well as a clear 
c
oda information. We discarded those stations in which an aftershock overlapped the coda waves. The locations of the stations are showed in Table 3. Using this information we plotted Figure 11.a, where we compare the observed and synthetic strong motion durations at the free surface. A pointwise comparison is shown in Figure 11.b. From among the selected stations,the duration values computed with the simulation and with records, is maximum at ESTS. We see in stations CHIL and OAXM quite similar values. Although, the difference in station IGUA is greater than in CHIL and OAXM, it is still acceptable. In general, if we compare the durations qualitatively, we identify a similar behavior between the synthetic and observed motion. The differences in stations OCLL and ACAJ may be due to the finite fault effect, which was not considered in the simulation. Station TE07 is on compacted soils. Quite likely, it contains local site effects, which could increase the duration of the ground motion. Stations CUER and CUP4 suggest the necessity to improve the basin model. Overall, the estimated durations are shorter than the observed ones. To explain this difference, future simulations should model the rupture on the extended fault in order to capture more accurately the source mechanism.  
Table 3.  Location of Stations
	Name of  Station


	Latitude
	Longitude

	ACAJ
	16.8731
	-99.8769

	CHIL
	17.4660
	-99.4520

	CUER
	18.9841
	-99.2371

	CUP4
	19.3300
	-99.1830

	ESTS
	19.4916
	-99.1111

	IGUA
	18.3912
	-99.5038

	OAXM
	17.0840
	-96.7160

	OCLL
	17.0380
	-99.8750

	TE07
	19.4270
	-99.2220

	TXCR
	19.5180
	-98.8050
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	Figure 11. Comparison of the strong motion duration obtained from synthetic records and observed data. a) Computed values using the simulated time histories. In red the location of selected stations that recorded the Copala earthquake, their duration in seconds is shown in parenthesis. b) Comparison at selected stations. In red and black dots the values computed with observed and computed accelerograms, respectively. 


Conclusion

Based on the preliminary analysis of a numerical simulation of the Central Mexico Region, we confirmed observations previously supported by data, regarding the impact of the trans-Mexican Volcanic Belt as an efficient mechanism of amplification. We speculated on the long durations of the records in Mexico City as a local effect.  And we observed a strong amplification of the response and a significant elongation in the duration of the event in stations within the basin, especially in the frequency range 0.2-0.4Hz as a consequence of the presence of the valley. 
The comparison of the synthetic durations with the observed ones was encouraging for some stations but not for others. Further analysis needs to be done on the extensive synthetic seismograms we have generated, but leave this task for future research, along with the development of a more realistic velocity model for Mexico City. 
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�Esto no lo entiendo  bien. Asi, o lo quito, en realidad viendolo con detalle es falso, pues en la componente vertical hay una banda del espectro que se amplifica de forma importante. Seguramente la “funcion de transferencia” en esa banda tiene magnitud importante.





De acuerdo, quitalo.


� Este parrafo se puede quitar. No viene mucho al caso.


�Lo que pasa es que estan grandecitos los valore para ponerlos, da algo asi  como un ordern mas grande que  lo observado y es por el problema del slip function y el concentrar la fuente en un punto.


�Para el trabajo futuro convendria tambien mostrar el cociente de las amplitudes de MCB entre RCM para cada frecuencia y cada posición, como en la figura 7.  El cociente elimina el efecto de la fuente., como en la Figura 8. 





Claro, antes habra que modificar el modelo. Por cierto, creo que una de las razones por las cuales las amplitudes son tan grandes es por el gran contraste entre las velocidades del manto blando y de la roca circundante. Le hace falta el material intermedio (aluvion).


� Creo que sin el as clear se debe entender. Lo que quiere decir Jorge es que hay una coda con valores de amplitud grande.


�De acuerdo. Lo quitamos


�Esto no lo comprendo. Explicalo con otras palabras pf.      Leo:Mejor?? SI
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