Qiangqiang Sun 
  
Daniel Dias 
email: daniel.dias@3sr-grenoble.fr
  
Xiangfeng Guo 
  
Ping Li 
  
Numerical study on the effect of a subway station on the surface ground motion

Keywords: Daikai subway station, Soil-underground structure seismic interaction, Ground motion amplification, Equivalent linear

Better understanding the underground structure scattering on the wave propagation may aid in the development of more safety earthquake resistant design and disaster prevention strategies of surface structures. In the present study, the impact of a subway station on the surface ground motion subjected to vertically propagating seismic wave is investigated. To this end, a series of two-dimensional, viscoelastic and equivalent linear numerical analyses accounting for various station dimensions and shear wave velocities are performed. The variations of the amplification ratio and the affected period range versus the relative distance are presented. The numerical results reveal that a significant amplification appears at the edge of the larger subway station and such a negative effect gradually attenuates with increasing relative distance; meanwhile, a spurious vertical acceleration with a significant amplitude is arisen by the subway station. The Housner intensity over the short periods (0.1 -0.4 s) is amplified while the effect would be minor for the long periods. This study indicates that the presence of a subway station should be considered for a correct estimate of surface ground acceleration.

Introduction

The influence of an underground anomaly on the surface ground motion has been studied since 1970s [START_REF] Pao | The diffraction of elastic wave and dynamic stress concentrations[END_REF]. The ground surface response associated with the field scattered by the buried cavities or the inclusions in an elastic half-space were studied by different analytical techniques accounting for many important influencing parameters [START_REF] Datta | Diffraction of elastic waves by cylindrical cavity in half-space[END_REF][START_REF] Lee | Three dimensional diffraction of elastic waves by a spherical cavity in an elastic halfspace: closed from solutions[END_REF][START_REF] Lee | Diffraction of SV waves by underground, circular, cylindrical cavities[END_REF][START_REF] Lee | Response of tunnels to incident SH waves[END_REF][START_REF] Smerzini | Effect of underground cavities on surface earthquake ground motion under SH wave propagation[END_REF][START_REF] Yu | Scattering of plane harmonic P, SV or Rayleigh waves by a completely embedded corrugated cavity[END_REF][START_REF] Yu | Scattering of a plane harmonic SH wave by a completely embedded corrugated scatterer[END_REF][START_REF] Gao | Scattering of plane SH waves induced by a semicylindrical canyon with a subsurface circular lined tunnel[END_REF]. The general conclusion remarks can be found in [START_REF] Dravinski | Ground motion amplification due to elastic inclusions in a halfspace[END_REF][START_REF] Avila-Carrera | Scattering and diffraction of elastic P-and S-waves by a spherical obstacle: a review of the classical solution[END_REF].

Owing to the fact that the analytical model has no capability to consider the multiple irregular underground anomalies in nonlinear layered soils under real seismic wave excitation, the numerical simulation is an alternative and an attractive way [START_REF] Datta | Scattering of SH waves by embedded cavities[END_REF][START_REF] Shah | Diffraction of plane SH waves in a half-space[END_REF][START_REF] Shah | Single and multiple scattering of elastic waves in two dimensions[END_REF][START_REF] Wong | Diffraction of elastic waves in a halfpace. II. Analytical and numerical solutions[END_REF]. Crichlow [START_REF] Crichlow | The effect of underground structure on seismic motions of the ground surface[END_REF] examined the effect of the shape, depth, and size of the anomaly on the surface power spectral ratios based on a 2D finite element modeling. The results illustrated that the presence of underground cavities should not be neglected in the seismic design for surface structures, as emphasized by other numerical studies [START_REF] Mitra | Effect of underground structures in earthquake resistant design of surface structures[END_REF][START_REF] Lancioni | Effects of underground cavities on the frequency spectrum of seismic shear waves[END_REF]. The effect of the cavity depth and shape on the surface response spectrum and peak ground acceleration subjected to P, SV and Rayleigh waves were also studied by using the numerical methods [START_REF] Narayan | Effects of complex interaction of Rayleigh waves with tunnel on the free surface ground motion and the strain across the tunnel-lining[END_REF][START_REF] Alielahi | Seismic effects of two-dimensional subsurface cavity on the ground motion by BEM: amplification patterns and engineering applications[END_REF][START_REF] Alielahi | Site-specific response spectra for seismic motions in half-plane with shallow cavities[END_REF][START_REF] Alielahi | Effect of twin-parallel tunnels on seismic ground response due to vertically in-plane waves[END_REF][START_REF] Alielahi | Seismic ground amplification by unlined tunnels subjected to vertically propagating SV and P waves using BEM[END_REF][START_REF] Alielahi | A BEM investigation on the influence of underground cavities on the seismic response of canyons[END_REF]. More recently, Manolis et al. [START_REF] Manolis | Seismic response of buried metro tunnels by a hybrid FDM-BEM approach[END_REF] presented a 2D elastodynamic model to investigate the effect of the metro tunnels in Thessaloniki (Greece) on the free surface motions to predict the potential negative effects on the historical monuments using a hybrid FDM-BEM approach.

The soil nonlinearity was also taken into consideration in many numerical studies.

Besharat et al. [START_REF] Besharat | Variations in ground surface response under different seismic input motions due the presence of a tunnel[END_REF] analyzed the seismic interaction between a real tunnel and the ground surface using a linear elastic-perfectly plastic for the soil. A high peak ground acceleration amplification near the tunnel was obtained. The soil shear stiffness degradation was considered in Baziar et al. [START_REF] Baziar | Tunnel flexibility effect on the ground surface acceleration response[END_REF] and in Moghadam and Baziar [START_REF] Moghadam | Seismic ground motion amplification pattern induced by a subway tunnel: shaking table testing and numerical simulation[END_REF] to investigate the surface acceleration in a subway tunnel site. They found that the spectral acceleration moves toward the longer periods when the tunnel flexibility ratio increases. More recently, the nonlinear seismic response of a tunnel-soil-aboveground building system in Catania (Italy) was studied by Abate and Massimino [START_REF] Abate | Numerical modelling of the seismic response of a tunnel-soil-aboveground building system in Catania (Italy)[END_REF][START_REF] Abate | Parametric analysis of the seismic response of coupled tunnel-soil-aboveground building system in numerical modelling[END_REF].

The experimental investigations have recently attracted some attention in the literature.

A large reduction in the peak ground acceleration at the model center was found at the soil surface in a centrifuge test due to the kinematic soil-culvert interaction in Abuhajar et al. [START_REF] Abuhajar | Effects of underground structures on amplification of seismic motion for sand with varying density[END_REF][START_REF] Abuhajar | Experimental and numerical investigations of the effect of buried box culverts on earthquake excitation[END_REF]. The centrifuge test performed by Baziar et al. [START_REF] Baziar | Effect of underground tunnel on the ground surface acceleration[END_REF] stated that the tunnel could amplify the spectral acceleration amplitude at long periods. This is consistent with the findings in Cilingir and Madabhushi [START_REF] Cilingir | Effect of depth on seismic response of circular tunnels[END_REF][START_REF] Cilingir | A model study on the effects of input motion on the seismic behaviour of tunnels[END_REF] for the flexible circular tunnels, in which the spectral ratios were amplified in the frequencies ranges from 2 to 5 Hz. More recently, a significant difference in the acceleration response was also found between the free-field and the tunnel field in a Round Robin Tunnel Test [START_REF] Bilotta | Editorial: Round Robin Tunnel Test (RRTT)[END_REF].

Past destructive earthquakes demonstrated that the buildings were found to be more damaged in areas where there are underground cavities [START_REF] Gizzi | Historical damage pattern and differential seismic effects in a town with ground cavities: a case study from Southern Italy[END_REF][START_REF] Sgarlato | Evaluation of seismic site response nearby underground cavities using earthquake and ambient noise recordings: a case study in Catania area, Italy[END_REF][START_REF] Sica | Ground motion amplification due to shallow cavities in nonlinear soils[END_REF][START_REF] Evangelista | The influence of the 3D morphology and cavity network on the seismic response of Castelnuovo hill to the 2009 Abruzzo earthquake[END_REF]. Gizzi and Masini [START_REF] Gizzi | Historical damage pattern and differential seismic effects in a town with ground cavities: a case study from Southern Italy[END_REF] concluded that cavities can significantly increase the damage to the surface structures due to the low strength of the rock. Sgarlato et al. [START_REF] Sgarlato | Evaluation of seismic site response nearby underground cavities using earthquake and ambient noise recordings: a case study in Catania area, Italy[END_REF] pointed out that the underground cavities in the Catania area (Italy) can amplify the frequency range between 3 and 7 Hz, particularly for the cavities height greater than 4 m. The important role exerted by underground cavities in the huge earthquake damage was highlighted in Sica et al. [START_REF] Sica | Ground motion amplification due to shallow cavities in nonlinear soils[END_REF], which a remarkable amplification over the frequency range from 5 to 12 Hz was observed. For the same case, Evangelista et al. [START_REF] Evangelista | The influence of the 3D morphology and cavity network on the seismic response of Castelnuovo hill to the 2009 Abruzzo earthquake[END_REF] proved that the topographic significantly influenced the ground motion, whereas the amplification caused by the cavities on the period 0.1 -0.5 s was secondary.

In this paper, the effect the Daikai station on the surface ground motion is investigated using numerical parametric analysis. Although the damage mechanism of this station is well understood [START_REF] Uenish | Characteristic of the vertical seismic waves associated with the 1995 Hyogo-ken Nanbu (Kobe), Japan earthquake estimated from the failure of the Daikai underground station[END_REF][START_REF] Iida | Damage to Daikai subway station[END_REF][START_REF] An | The collapse mechanism of a subway station during the great Hanshin earthquake[END_REF][START_REF] Huo | Load transfer mechanisms between underground structure and surrounding ground: evaluation of the failure of the Daikai station[END_REF][START_REF] Parra-Montesinos | Evaluation of soil-structure interaction and structural collapse in Daikai subway station during Kobe earthquake[END_REF], its possible influence on the surface ground motion remains unexplained to date. This study attempts to answer how the Daikai station affects the horizontal and vertical ground acceleration, the Housner intensity, the shear strain and the acceleration spectral ratio. The effects of cross-sections dimensions and of soil shear wave velocities on the ground motion amplification pattern are also taken into consideration. It should be clarified that proposing a relation between the ground motion amplification factor with the station cross-section dimensions or the soil shear wave velocities is not the scope of this study, which has been illustrated in [START_REF] Moghadam | Seismic ground motion amplification pattern induced by a subway tunnel: shaking table testing and numerical simulation[END_REF][START_REF] Baziar | Effect of underground tunnel on the ground surface acceleration[END_REF].

Daikai subway station

The worst damage to underground structures in the 1995 Kobe earthquake, was the collapse of the Daikai subway station, as illustrated in Fig. 1. The station was located in the Osaka Bay south of the Rokko mountain with a ground surface elevation of approximately 5 m above the sea level. It was built by the cut-and-cover method, considering the weight of the cover soil, the lateral soil pressure, and a surface surcharge but neglected the earthquake effects in the design phase [START_REF] Alielahi | A BEM investigation on the influence of underground cavities on the seismic response of canyons[END_REF].

The complete collapse of the central columns resulting in the settlements of ~2.5 m on the ground surface [START_REF] Alielahi | A BEM investigation on the influence of underground cavities on the seismic response of canyons[END_REF][START_REF] Uenish | Characteristic of the vertical seismic waves associated with the 1995 Hyogo-ken Nanbu (Kobe), Japan earthquake estimated from the failure of the Daikai underground station[END_REF], as shown in Fig. 2. The site investigation was made after the Two types of soil profiles and properties could be found in the previous studies on investigating the damage mechanism of the Daikai station, as reported in Table 1 [46] and Table 2 [START_REF] Cao | Seismic response analysis of Daikai subway station in Hyogoken-Nanbu earthquake[END_REF] respectively. It can be seen that the Poisson's ratios in the two tables are quite different. As compared to the borehole data (see Fig. 3), it seems that a value for the Poisson's ratios close to 0.5 is more credible due to the presence of the water. Another found difference is the buried depth of the bedrock. In Yamato et al. [START_REF] Yamato | Damage to Daikai subway station of Kobe rapid transit system and estimation of its reason during the 1995 Hyogoken-Nanbu earthquake[END_REF] the buried depth was assumed to be at 39.2 m (V 500 m s ⁄ ) while a value of 22.2 m was defined in Cao et al. [START_REF] Cao | Seismic response analysis of Daikai subway station in Hyogoken-Nanbu earthquake[END_REF]. However, the bedrock depth of 22.2 m seems to be not appropriate because of the low shear wave velocity (see Fig. 3). Thus, the soil parameters shown in Table 1 are used in the following analysis.

Fig. 3. Soil profile based on the borehole investigation after the earthquake (the borehole locations can be found in Fig. 2). 

Finite difference modeling

Model details

A series of two-dimensional numerical models are constructed through the finite difference code FLAC [START_REF] Itasca | FLAC -Fast Lagrangian Analysis of Continua -Version 7.0 User's Guide[END_REF]. The numerical model of 200 m width and of 45 m depth is assumed, as shown in Fig. 4. Two boundary conditions are used in the dynamic analysis: the quiet boundary is applied at the bottom of the model to minimize the reflection of outward propagating waves back into the model and allow the necessary energy radiation; meanwhile, the free-field boundary conditions are introduced for the lateral boundaries. These two kinds of boundary conditions are available in the code and their fundamental principles are presented in details in [START_REF] Itasca | FLAC -Fast Lagrangian Analysis of Continua -Version 7.0 User's Guide[END_REF].

Considering the boundary condition used at the model bottom, a stress history is applied to the model base considering the vertical propagation of the input motions. A velocity wave may be converted to a stress wave using the formula

σ 2 ρC v (1) 
where σ = applied shear stress; ρ= mass density; C = speed of s-wave propagation through medium; and v = input shear particle velocity.

The mesh size in the wave propagation direction is calculated on the basis of the well-known equation proposed by Kuhlemeyer and Lysmer [START_REF] Kuhlemeyer | Finite element method accuracy for wave propagation problems[END_REF] which relates to the maximum frequency of the input motion and the minimum soil shear wave velocity. It is expressed as follows:

∆z ! "# (2) 
In this study, the maximum frequency f %&' 15 Hz, and the minimum shear wave velocity V %() 140 m/s, lead to a ∆z which should be under the range from 0.93 to 1.16 m. Hence, a maximum mesh size equals to 1m is adopted to simulate the wave propagation with accuracy.

Material properties

Two types of numerical analyses are considered. First one assumes a linear viscoelastic model to describe the soil behavior. Latter one considers a viscoelastic model in conjunction with the soil shear stiffness degradation (equivalent linear, see Appendix) to approximately present the soil nonlinear behavior. The behavior of the Daikai station is assumed to be linear elastic and modeled by beam elements. The mechanical parameters adopted for the concrete of the station are the density equals to 2500 kg/m -, the Poisson's ratio of 0.15, and Young's modulus of 24 GPa for the side walls whereas 7 GPa for the central column, according to Parra-Montesinos et al. [START_REF] Parra-Montesinos | Evaluation of soil-structure interaction and structural collapse in Daikai subway station during Kobe earthquake[END_REF]. The excavation of the station is simulated in one phase, and the beam elements are immediately installed without considering the release of the stress caused by the station excavation.

The Rayleigh damping formulation is also adopted to model the viscous damping, in order to filter out the possible high frequency noise [START_REF] Park | Soil damping formulation in nonlinear time domain site response analysis[END_REF][START_REF] Manica | Assessment of damping models in FLAC[END_REF][START_REF] Kwok | Use of exact solutions of wave propagation problems to guide implementation of nonlinear seismic ground response analysis procedures[END_REF]. In this study, the fundamental site frequency and five times fundamental site frequency are selected to determine the matching frequencies to minimize the impact of its frequency-dependent [START_REF] Kwok | Use of exact solutions of wave propagation problems to guide implementation of nonlinear seismic ground response analysis procedures[END_REF]. The target damping ratio, which can be taken as the small-strain damping or as the smallest value that appears to provide a stable solution in the analyst judgment; hence, a damping of 2 1 % is used.

Selected seismic input

The ground motion records close to the subway station measured at the Kobe University (KU), the Kobe Port Island (KPI), and the Amagasaki City (AC) were broadly used in the previous studies [START_REF] Huo | Load transfer mechanisms between underground structure and surrounding ground: evaluation of the failure of the Daikai station[END_REF][START_REF] Parra-Montesinos | Evaluation of soil-structure interaction and structural collapse in Daikai subway station during Kobe earthquake[END_REF][START_REF] Cao | Seismic response analysis of Daikai subway station in Hyogoken-Nanbu earthquake[END_REF]. The KPI site was located approximately 3 km east of the station, the distance was around 10 and 20 km to the subway station for the KU and the AC site, respectively. The acceleration components parallel to the fault are plotted in Fig. 5. As can be seen, the AC and the KPI ground motion illustrate an amplification in the medium and long period range, reflecting that these two accelerations are strongly modified by the soft soil conditions. In such situations, the recorded ground motions cannot be used directly. The KPI and the AC ground motions should be deconvolved before being used as input motions in a two-dimensional analysis. It is not possible to realize this process due to the lack of the necessary geotechnical parameters. The KU acceleration was recorded at a rock site (V - 1043 m s ⁄ ), and was less affected by the local soil characteristic and may be more reasonable to be taken as the input ground motion.

Numerical results

Peak ground acceleration

In each case, a preliminary free-field (without underground station) response analysis is carried out to provide reference results. Then the role of Daikai station is considered in the model to evaluate its effect on the ground motions. The horizontal peak ground acceleration (PGA) ratios of the horizontal PGA in the Daikai station to the free-field site versus the surface position X/B (X is the horizontal distance to the station center line while B is the half width of the station, see Fig. 4) in the viscoelastic analysis and the equivalent linear analysis are shown in Fig. 6. It can be seen that the peak response occurs near the positions of X/B 1 and 1.5 in two analyses, indicating an "edge effect" caused by the Daikai station. Similar peak response positions were predicted in the previous studies [START_REF] Crichlow | The effect of underground structure on seismic motions of the ground surface[END_REF][START_REF] Moghadam | Seismic ground motion amplification pattern induced by a subway tunnel: shaking table testing and numerical simulation[END_REF]. The maximum PGA ratio is less than 110% in the case of the viscoelastic analysis, which shows that the presence of the Daikai station does not play a significant role in amplifying the horizontal PGA. The PGA amplification ratio shows a tendency to be less pronounced when increasing X/B. In comparison with the viscoelastic analysis, the soil nonlinearity tends to attenuate the PGA amplification ratio due to the soil damping. This behavior is in good agreement with the one observed in Sica et al. [START_REF] Sica | Ground motion amplification due to shallow cavities in nonlinear soils[END_REF], in which the input motion intensity was considered to investigate the effects of cavities on the ground motions.

The insignificant horizontal acceleration amplification could be explained by the longer wavelength in comparison with the height of the subway station. The soil shear wave velocity (V ) near the Daikai station ranges from 170 to 190 m/s with the predominant frequency of the motion near 2 Hz, hence the predominant wavelength is more than 12 times the height of the Daikai station. In general, the horizontal PGA amplification is more significant for an unlined underground structure in stiffer soils, and the wavelength is around 6 times the height of the underground structures [START_REF] Lee | Diffraction of SV waves by underground, circular, cylindrical cavities[END_REF][START_REF] Mitra | Effect of underground structures in earthquake resistant design of surface structures[END_REF][START_REF] Moghadam | Seismic ground motion amplification pattern induced by a subway tunnel: shaking table testing and numerical simulation[END_REF]. The results of the vertical PGA and the ratios of the vertical to horizontal (V/H) peak ground acceleration are shown in Fig. 7. Higher vertical PGA amplitude appears in the range of 0.5 ≤ X/B ≤ 1.5 in the viscoelastic analysis, while the peak is predicted at the position of X/B 2 in the equivalent linear analysis with a relatively smaller amplitude as compared to the viscoelastic results. The insignificant vertical acceleration registered at the station centerline probably due to the weak interaction between the station underground structure and the ground surface [START_REF] Abuhajar | Effects of underground structures on amplification of seismic motion for sand with varying density[END_REF][START_REF] Abuhajar | Experimental and numerical investigations of the effect of buried box culverts on earthquake excitation[END_REF]. The soil nonlinearity also has a tendency to reduce the vertical acceleration response.

By contrast, the maximum V/H PGA ratio is about 40% for the equivalent linear case while a lower ratio is observed with a maximum ratio of 20% in the viscoelastic analysis. It indicates that the vertical PGA caused by the Daikai station cannot be ignored. In the seismic design codes of many countries, the vertical PGA is usually taken to be equal to 1/3 of the horizontal PGA. The results presented here, illustrating the V/H PGA ratios near the underground station can be greater than this value.

Acceleration response spectra

Fig. 8 illustrates the spectral ratios of different surface positions at 5% damping. The spectral ratio is defined as the ratio of the response spectra of the surface accelerations in the presence of the station with the ones in the free-filed site. The results underline the role played by the underground station structure in terms of filtered out and/or amplified periods. The spectral ratio is close to 1 for periods greater than 0.4 s indicates a minor effect of the underground station on the response spectra. The amplification/de-amplification effect is more pronounced when the periods less than 0.4 s, depending on the positions and the soil behavior. At X/B 0, the underground station de-amplified the response around a period equal to 0.15 s and an amplification appears near the period of 0.25 s in the viscoelastic analysis. However, the spectral amplitude is amplified at the periods near 0.15 s in the equivalent linear analysis, showing an opposite trend as compared to the viscoelastic analysis. In addition, the second amplification period appears at 0.4 s, but with a relatively lower ratio than one in the viscoelastic analysis due to the soil stiffness degradation and damping. In general, such an amplification/de-amplification effect gradually faded with increasing relative distance.

The maxima and minima spectral ratios and the corresponding periods are reported in Fig. 9. The maximum spectral ratio of 140% and the minimum value of 60% are observed for the viscoelastic analysis. In addition, a rapid change in the spectral ratio over the X/B increases from 1 to 3 is observed whereas the spectral ratio changes less at a larger relative distance. The equivalent linear analysis captures a similar trend with the viscoelastic analysis.

For the corresponding periods, it can be seen that the period in the viscoelastic analyses varies in a narrower range from around 0.1 s to 0.25 s; while the equivalent linear results

show a wider period interval (0.1~0.4 s). In general, the corresponding periods of the maximum spectral ratio are larger than ones of the minimum spectral ratio for X/B ≤ 2, whereas an opposite trend is observed for X/B>2, particularly for the equivalent linear analysis. This can be attributed to the fact that each frequency produces various amplification or de-amplification effects at different surface positions [START_REF] Alielahi | Seismic ground amplification by unlined tunnels subjected to vertically propagating SV and P waves using BEM[END_REF], so a coupling effect has emerged due to the input ground motion contains different frequency components (see Fig. 5).

The soil nonlinearity also modifies the frequency component of ground motion during propagation, leading to more complicated results. As seen in Fig. 10, the vertical ground motion caused by the subway station is focused on frequency ranges from 2 to 6 Hz with a small amplitude (the max. amplitude equals to 0.4) in the equivalent linear analysis. While for the viscoelastic analysis, the frequency components of the vertical accelerations are focused on several frequency points (near 2, 5 and 8 Hz) with large amplitude (max. amplitude equals to 2.1). It seems that the maximum amplitude appears in the range of 3.5<X/B<5.5 near the frequency f 5 Hz. Hence, the vertical acceleration induced by the station may have a significant contribution to the seismic damage of the surface structures sensitive to this frequency range.

Housner intensity ratio

The Housner intensity (HI) or the response spectrum intensity which is related to the potential damage expected from the considered earthquake is also adopted to measure the surface intensity of the ground motion. HI is defined as follows:

HI ξ 5% : PSV ξ 5%, T dT ?.@ .
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where PSV is the pseudo-velocity response spectrum, T and ξ are the structural natural period and damping, respectively. The HI ratios versus relative distance are shown in Fig. 11. In the viscoelastic analysis, it can be seen that the maximum HI ratio equals to 104% appears at the position of X/B 1, indicating a slight amplification at the edge of the station, similar to the PGA ratios. On the contrary, a slight reduction in the HI in the case of the equivalent linear analysis is observed.

It also can be found that the effect of the subway station on the Housner intensity attenuates with the relative distance increases. The spectral ratios show that the amplification strongly depends on the period of the ground motion. The HI amplification ratio relevant to the lower periods (AF BC,D , 0.1 -0.4 s) and higher periods (AF BC,E , 0.5 -1.0 s) is expressed as follows [START_REF] Evangelista | The influence of the 3D morphology and cavity network on the seismic response of Castelnuovo hill to the 2009 Abruzzo earthquake[END_REF]: In Fig. 12, the HI ratios at lower period are compared with the ones obtained at higher periods. Higher ratios are observed in terms of the AF BC,D with a maximum increase of 13%
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for the viscoelastic analysis. It is more evident near the X/B 1 and shows the "edge effect" once again. However, the difference between the two cases is negligible at higher periods, as the ratios are limited to the range from 1.0 to 1.05. The comparison highlights the significant role played by the subway station on the Housner intensity amplification over the lower period (higher frequency) range, especially when the soil nonlinearity is ignored.

The results are compared with the other predictions in the previous papers. Evangelista et al. [START_REF] Evangelista | The influence of the 3D morphology and cavity network on the seismic response of Castelnuovo hill to the 2009 Abruzzo earthquake[END_REF] investigated the effects of eight cavities on the ground motion, in which they compared the results of the 2D and 3D models as well as considering the soil nonlinearity effects. A similar HI amplification of the high frequency (low periods range from 0.1 -0.5 s in their study) was observed. The amplification over the frequency range (5 -12 Hz) of the ground motion, induced by the shallow cavities was also reported by Sica et al. [START_REF] Sica | Ground motion amplification due to shallow cavities in nonlinear soils[END_REF]. In the centrifuge tests performed by Cilingir and Madabhushi [START_REF] Cilingir | Effect of depth on seismic response of circular tunnels[END_REF][START_REF] Cilingir | A model study on the effects of input motion on the seismic behaviour of tunnels[END_REF], the peak amplifications were observed at around 6 -10 Hz in the rigid circular tunnel case. They stated that the large variation of the amplification values for high frequency mainly depends on the resonant frequency of the system.

Peak shear strain

The effect of the station on the shear strain is discussed. The peak shear strain is usually used in many analytical solutions for the seismic preliminary design of underground structures [START_REF] Itasca | FLAC -Fast Lagrangian Analysis of Continua -Version 7.0 User's Guide[END_REF][START_REF] Sun | Assessment of stress relief during excavation on the seismic tunnel response by the pseudo-static method[END_REF]. The shear strain can be estimated as follows:

V W,X Y Z[∆Z,\ Y Z,\ ∆W (5) 
where ] W,X is the horizontal displacement with depth y at time t, ∆` is the vertical size Fig. 13 shows the peak shear strain of two profiles for the free-field and the Daikai station field in the viscoelastic and the equivalent linear analysis. The profile 1 locates at the X/B 0, and the profile 2 correspondings to the X/B 2. It can be observed that peak shear strains around the station are significantly modified by the Daikai station. For the soil above the station, larger peak shear strain (~0.5 %) are predicted in the equivalent linear analysis, around 2.5 times than one in the viscoelastic case (~0.2 %). The peak shear strains are amplified around the roof of the station, probably due to the development of standing waves between the upper part of the station and the ground surface thus aggravate the shear strain in this area [START_REF] Alielahi | Site-specific response spectra for seismic motions in half-plane with shallow cavities[END_REF]. Also, such an aggravation is more evident above the station. It indicates that the true relative deformation acting on the station is larger than the deformation in the free-field site in this study. The analytical solutions using the peak shear strain in the free-field probably result in unconservative internal forces as compared to the ones calculated by numerical dynamic analysis [START_REF] Sun | Assessment of stress relief during excavation on the seismic tunnel response by the pseudo-static method[END_REF].

Parametric analysis

Effect of the shear wave velocity

As mentioned before, two shear wave velocity profiles could be found in the previous studies [START_REF] Yamato | Damage to Daikai subway station of Kobe rapid transit system and estimation of its reason during the 1995 Hyogoken-Nanbu earthquake[END_REF][START_REF] Cao | Seismic response analysis of Daikai subway station in Hyogoken-Nanbu earthquake[END_REF]. In order to capture the shear wave velocity effect on the underground station induced ground motion amplification, the shear wave velocity of each layer is increased by 30%, 60%, and 100% respectively. Fig. 14 compares the spectral ratios at four typical surface positions while the Housner intensity ratio at the lower period (AF BC,D , 0.1 -0.4 s) is presented in Fig. 15.

As seen in Fig. 14, the period range affected by the subway station becomes narrower and covers lower period as the shear wave velocity increases. At X/B=0, the station locates in a soil with 1.0 Vs affects the period ranges from 0.1 to 0.35 s. Whereas for the station locates in a soil with 2.0 Vs, the affected period ranges from 0.05 to 0.2 s. It can also be found that the relationship between the spectral ratio and the shear wave velocity changes with the period of the ground motion and the position, no clear trend between the spectral ratio amplitude and shear wave velocity is observed. In general, the effect of the shear wave velocity on the spectral ratio is insignificant when the relative distance is large enough. With respect to the Housner intensity ratio, the variation of HI ratio versus X/B shows a similar trend when X/B ≤ 3.0 for the four shear wave velocity cases. The ratio is found to be slowly increased when X/B ≤ 1.0 and the largest ratio is reported in the case of 1.6 Vs.

Then a rapid reduction in the HI ratio is observed when the relative distance increases from 1.0 to 3.0. The 1.0 Vs case results in the most significant amplification in this distance range.

Further increase in the relative distance results in a slight increase of the HI ratio for the cases of 1.3 Vs and 2.0 Vs; while the HI ratio of the 1.0 Vs case continues decreasing with the relative distance. It indicates that the shear wave velocity effect of the Housner intensity depends strongly on the ground motion characteristics and positions, similar to its influence on the spectral ratio. 

Effect of the cross-section dimension

In this section, the effect of four cross-section dimensions on the spectral ratio and the Housner intensity ratio at lower period is compared. The height of the subway station remains the same while the width is taken equal as 4, 8, 12, and 18 m respectively.

The spectral ratios at four typical positions are plotted in Fig. 16. As can be seen, large subway stations generally amplify the long period component and small subway stations amplify the short period. As expected, the spectral ratio over the long period increases as the station width increases. However, the relationships between the spectral ratio over the short period and station width vary with the seismic wave frequency component and positions. At the position of X/B=0 and 1, the period range affected by the station with various widths is very similar. Both the de-amplification at the period around 0.2 s and amplification at the period around 0.35 s increase as the station width increases. Although the spectral ratio over the long period decreases with the relative distance increases, the spectral ratio over the period less than 0.4s becomes more complicated. For X/B=3, the maximum spectral ratio is observed at the period around 0.2 s in the case of 2B=18 m while the maximum ratio appears at the period around 0.1 s in the case of 2B=8 m for X/B=6. It indicates that for large relative distances, the underground stations mainly amplify the short period while the effect on the long period is minor. The station width also has a significant influence on the HI amplification ratio, in terms of amplitude and its variation versus the relative distance, as shown in Fig. 17. Larger station width results in a more significant amplification on the Housner intensity when X/B is lower than 3. It makes sense that the subway station is too small to modify significantly the wave propagation. The maximum ratio appears around the station edge (X/B=1.0, 1.5) for large subway stations (2B=18, 12 m) while the ratio tends to decrease with the increasing relative distance for small subway stations. For X/B greater than 3, the obvious amplification on the Housner intensity is caused by the station with a width of 12 or 8 m, rather than 18 m. It can be concluded that higher HI amplification ratio occurs in the vicinity of the larger station.

While for "medium size" stations, the maximum amplification is predicted for large relative distance [START_REF] Lancioni | Effects of underground cavities on the frequency spectrum of seismic shear waves[END_REF]. This can be partly explained by the fact that larger stations can obstacle the propagation of high frequency waves at large relative distance (Fig. 16). 

Discussions and conclusions

This work performed a series of numerical analyses dealing with the possible amplification of the Daikai station on the ground motions. The soil nonlinearity, the soil shear wave velocity and the underground station dimensions were considered. The major results of this study underlined the possible amplification effect of the subway station on the ground motions, which should be paid more attention in current seismic design for surface structures.

A slight amplification on the horizontal peak ground acceleration appeared in the vicinity of the Daikai station, and such an amplification effect generally attenuates with the increasing relative distance. More importantly, a spurious vertical ground motion with a significant amplitude and rich in high frequency was observed. The soil nonlinearity had a tendency to decrease the ground motion amplification effect due to the soil damping and the soil stiffness degradation. A significant amplification of the peak shear strains appeared at the roof of the station due to the seismic energy were accumulated and scattered around the station.

The period range affected by the subway station became narrower and covers lower period as the shear wave velocity increased. However, its relation to the amplification ratio was not clear, which indicates a strong dependency of the position and period. Large subway stations generally amplified long period and small subway stations amplified short period. A significant amplification of the Housner intensity over the short periods (0.1 -0.4 s) was observed in the area closed to the larger underground station; while the station of "medium size" predicted the maximum amplification for large X/B.

It should be noted that some uncertainties and limitations remained in this study due to the fact that the used numerical model is simple. They lie in the three following aspects:

(a) An equivalent linear model was adopted to approximately present the nonlinear soil behavior subjected to an earthquake while no adequate information was given to guide the selection of the modulus degradation and damping curves of the Daikai station soils. A more advanced constitutive model should be necessary to simulate the dynamic behavior of the soil more accurately; however, the implementation has been limited in practice principally due to lack of the model parameters.

(b) A three-dimensional numerical model will be more suitable due to the Daikai station where M is the secant shear modulus, L is log γ , and L , L ? are the extreme values of logarithmic strain. It should be clarified that a site-specific modulus reduction and damping curves should be adopted for accurately presenting the dynamic properties of soil.

However, the soil dynamic properties near the Daikai station are not available. For the shear modulus reduction curves illustrated in Fig. 5, the values for the parameter L and L ? are 

Fig. 1 .

 1 Fig. 1. A typical cross-section of the Daikai subway station (unit: mm, modified from [41]).

Fig. 2 .

 2 Fig.2. Ground surface settlement (modified from[START_REF] Iida | Damage to Daikai subway station[END_REF]).

Fig. 4 .

 4 Fig. 4. 2D model with the Daikai station.

Fig. 5 .

 5 Fig. 5. Ground motions near the Daikai station: (a) accelerations; and (b) spectral accelerations.

Fig. 6 .

 6 Fig. 6. Ratio between horizontal PGA with and without the presence of the Daikai station versus the X/B in the equivalent linear and the viscoelastic analysis.

Fig. 7 .

 7 Fig. 7. Vertical ground motion in equivalent linear and viscoelastic analysis: (a) PGA; and (b) V/H PGA ratio.

Fig. 8 .

 8 Fig. 8. Spectral acceleration ratios for the equivalent linear and the viscoelastic analysis.

Fig. 9 .

 9 Fig. 9. Max. and min. spectral accelerations and corresponding periods for the viscoelastic and the equivalent linear analysis.

Fig. 10 .

 10 Fig. 10. Fourier amplitude of the vertical accelerations in the Daikai station field: (a) equivalent linear analysis; and (b) viscoelastic analysis.

Fig. 11 .

 11 Fig. 11. Ratio between HI with and without in the presence of the Daikai station.

Fig. 12 .

 12 Fig. 12. Ratio between HI for the viscoelastic and equivalent linear analysis: (a) at the lower period; and (b) at the higher period.

Fig. 13 .

 13 Fig. 13. Peak shear strain of two profiles.

Fig. 14 .

 14 Fig. 14. Effect of the shear wave velocity on the spectral ratio.

Fig. 15 .

 15 Fig. 15. Effect of the shear wave velocity on the Housner intensity ratio.

Fig. 16 .

 16 Fig. 16. Effect of the station width on the spectral ratio.

Fig. 17 .

 17 Fig. 17. Effect of station width on the Housner intensity ratio.

- 3 .

 3 156 and 1.904 for clay (Sun et al. [55]) while are -3.325 and 0.823 for sand, respectively (Seed and Idriss [56]).

Fig. A1 .

 A1 Fig. A1. Nonlinear soil properties adopted for sand and clay.

Table 1 .

 1 Soil properties around the Daikai station (presented in[START_REF] Yamato | Damage to Daikai subway station of Kobe rapid transit system and estimation of its reason during the 1995 Hyogoken-Nanbu earthquake[END_REF])

	Soil layer	Depth/(m) Density/(kg/m 3 )	Shear wave velocity/(m/s) Poisson's ratio
	1	0-1.0	1900	140	0.333
	2	1.0-5.1	1900	140	0.488
	3	5.1-8.3	1900	170	0.493
	4	8.3-11.4	1900	190	0.494
	5	11.4-17.2	1900	240	0.490
	6	17.2-39.2	2000	330	0.487
	7	>39.2	2100	500	0.470

Table 2 .

 2 Soil properties around the Daikai station (presented in[START_REF] Cao | Seismic response analysis of Daikai subway station in Hyogoken-Nanbu earthquake[END_REF])

	Soil layer	Depth/(m) Density/(kg/m 3 )	Shear wave velocity/(m/s) Poisson's ratio
	1	0-1.0	1900	140	0.33
	2	1.0-5.1	1900	140	0.32
	3	5.1-8.3	1900	170	0.32
	4	8.3-11.4	1900	190	0.40
	5	11.4-17.2	1900	240	0.30
	6	17.2-22.2	2000	330	0.26
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probably significantly affect the incoming waves in the longitudinal direction. The two-dimensional models used here may not fully consider the complex wave-underground structure interaction problem. (c) The numerical analysis considered the vertical propagation of the input ground motions, but the angle of the incident wave was ignored.

Appendix

Modulus degradation curves imply a nonlinear stress-strain curve. If the stress is assumed to depend only on the strain, the following incremental constitutive relation can be derived.

where τ̅ is the normalized shear stress, γ is the shear strain and M is the strain-dependent normalized secant modulus. The normalized tangent modulus, M e , is then obtained as

A default hysteresis model is developed by noting that the S-shaped curve of modulus versus the logarithm of cyclic strain can be represented by a cubic equation with zero slop at both low strain and high strain, thus the secant modulus, M , is defined as follows:

s g h g g h g S [START_REF] Gao | Scattering of plane SH waves induced by a semicylindrical canyon with a subsurface circular lined tunnel[END_REF]