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Abstract

:

Obliquely incident seismic waves have been habitually overlooked in fragility analysis. In this paper, a new approach to solving the equivalent loads on the infinite element boundary due to obliquely incident seismic waves is proposed. Based on the site conditions and structural characteristics in the Jiaxing area, the seismic response of a multi-story reinforced concrete (RC) frame structure has been fully investigated through the finite element method. Under obliquely incident SV waves (shear wave in the vertical x-z plane), the distribution of internal forces on the structure in the case of homogeneous foundation soil is significantly asymmetrical. Among the 3 obliquely incident angles investigated in this paper, the maximum inter-story displacement is smallest when the incident angle is 20° and largest when the angle equals 30°. For the structural fragility, the exceedance probability at each structural damage level is smallest when the incident reflection angle is 20° and largest when the angle equals 30°. When the structure is located in the silty valley, the influence of oblique incidence is attenuated and there is no obvious stress asymmetry on the structure due to the refraction of seismic waves on the interface.
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1. Introduction


In numerical analysis, the rationale for the seismic wave input method directly determines the correctness and accuracy of the output. The traditional input methods mostly utilize the method of uniform consistency. This method supposes that the seismic waves are normally incident shear waves, which means only time characteristics are considered while spatial variation of seismic waves is ignored, notwithstanding the fact that normal incidence is just a special case and oblique incidence is much more common. Jin [1] analyzed 214 different ground seismic records using regression analysis and found that incident angles of seismic waves varied between 45° and 75°. Following a back analysis of 24 seismic records, Tokimatsu [2] concluded that incident angles were distributed within the range of 12.4°∼54.1°. In fact, oblique incidence not only significantly influences soil properties [3], but also contributes a lot to the dynamic response of structures. The exclusive consideration of normally incident SV waves will lead to an overestimate of the anti-liquefaction capacity of the foundation soil and the seismic performance of structures. Huang [4] investigated the dynamic response of the Beigongmen metro station under obliquely incident SV waves and found that the axial stresses in columns, the first and second principal stresses at control points on the sidewall all increased as incident angles became larger. Gao [5] studied the dynamic response of a 5-span bridge subjected to oblique seismic waves in detail, and the results showed that when the incident angle was 20°, the shear forces in the bridge piers were more than 3 times greater than the normal incidence case. Therefore it can be concluded that considering obliquely incident seismic waves is of paramount importance when analyzing the seismic performance of superstructures. However, it should be mentioned that oblique incidence is still rarely considered in structural seismic fragility analysis.



In the new edition of the seismic ground motion parameter zonation map of China, seismic fortification is mandated for all regions in Zhejiang Province. Jiaxing area is a prosperous and densely populated area located in Zhejiang and is vulnerable to seismic disasters. As a result, the seismic fortification level has been increased from 6 to 7 degrees [6]. Meanwhile, it has become even more urgent to investigate the seismic performance and fragility levels of the local structures while considering the local site and structural characteristics. As depicted in Figure 1, two fault zones near the region of interest are likely to induce earthquake motions, including a possible far-field earthquake originated from the Yangtze river’s estuary fault (approximately 140 km to the site of interest) and a near-field one originated from the Xiaoshan-Qiuchuan fault (approximately 10 km to the site of interest). The coloured polygons in Figure 1 correspond to the maximum magnitudes of earthquakes that can be induced by different potential earthquake sources in the area. Moreover, deep soft soils and silty valley terrain are widespread in this region. According to Panzera [7], local sites would seriously affect the propagation of seismic waves. Thus the geological features of the Jiaxing area are expected to contribute a lot to the seismic performance of local structures. However, past research about seismic fragility of structures has seldomly considered soil-structure interaction (SSI) since the seismic waves were traditionally applied directly to the foundation. As a result, the local site effects were not reflected in such fragility analyses [8,9].



In this paper, the formulae for calculating the equivalent boundary loads on the infinite element boundary for obliquely incident SV waves and P waves (primary waves) are first derived based on the elastic wave theory. By comparing the numerical result with the analytical solution, the validity of the aforementioned input method is proved. Based on the typical site conditions and the seismic fortification requirements in the Jiaxing area, the dynamic response and fragility of a characteristic multi-story frame structure are thoroughly investigated while considering obliquely incident SV waves with different incident angles. Consequently, a reliable reference can then be provided for the seismic performance evaluation and strengthening design of local structures.




2. Model for Analysis


2.1. Structural Model


Jiaxing area has been economically developed for a long time. As a result, there are many relatively old masonry and concrete structures in the local communities. The structural heights generally range from 5 to 7 stories. The foundations are of simple forms, such as strip and mat foundations. To select a representative structure in the local area, the authors first investigated the construction archives from the local urban-rural development bureau and consulted experienced structural engineers. Finally, an 18 m-high, 5-story, 3-span reinforced concrete structure was adopted as the target structure. This structural configuration is quite common for local structures built before 1990 in the Jiaxing area. The corresponding 2D model is depicted in Figure 2. The cross-sectional area of the beam and column were 200 mm × 400 mm and 600 mm × 600 mm, respectively. The construction materials for both were C30 concrete and HRB335 rebar. A 1.5m-deep strip foundation was adopted as the structural foundation. The floor and roof dead loads were both 7 kN/m   2   in the current simulation.



In the numerical model, the Timoshenko beam element was adopted to model beams and columns of the structure. The corresponding parameters can be found in Table 1. The concrete damage plasticity model [10] was used as the constitutive model for concrete. The relevant parameters include elastic modulus   E e  , uniaxial compression peak stress   f  c , r   , peak strain   ϵ  c , r   , uniaxial tension peak stress   f  t , r    and peak strain   ϵ  t , r   , as listed in Table 1.



In order to take account of the tension stiffening effect and the contribution from stirrup, the stress-strain relationship for concrete was modified according to research conducted by Gao [11]. The longitudinal steel bars were simulated through the keyword *rebar in ABAQUS [12]. The 4-node reduced integral plane strain element was adopted to analyze the strip footing. In light of the binding model used by Zhuang [13] to study the interaction between the non-vibrating isolation structure and pile caps, the tie constraints were used to simulate the interaction between the strip footings and column bases.




2.2. Foundation Soil Model


In this study, two types of simplified foundation soil models were examined. The first one represents homogeneous foundation soil, whereas the second one represents a silty valley foundation soil. These two foundation soil types can well capture the typical geological conditions in the Jiaxing area. The homogeneous foundation soil is composed of 100 m-deep silty clay, while the silty valley terrain is the result of the backfilling of river channels and pools, which are widespread in the area. For convenience, the valley terrain was further simplified as a semicircle with a radius of 50 m. This semicircle is filled with mud, as illustrated in Figure 3b.



In the numerical simulation, the 4-node reduced integral plane strain element (CPE4R) [12] was used to discretize the foundation soil and the Mohr-Coulomb elastoplastic model was adopted as the constitutive relationship [14]. The soil parameters for silty clay and mud are obtained from massive site investigation in the Jiaxing area [15], as shown in Table 2.




2.3. Soil-Structure Interface Modeling


As for the soil-structure interface, the surface-to-surface contact model was adopted to simulate the interaction between strip footings and the foundation soil. The surface with the larger stiffness was chosen as the master surface. Normal behavior was defined as hard contact in the current simulation, which means that normal stress exists if and only if there is no gap between the surfaces. The Coulomb friction model was adopted to simulate the mechanical behavior in the tangential direction. The ultimate shear stress can be expressed in Equation (1):


   τ crit  = μ p  



(1)






  μ = tan ( 0.75 φ )  



(2)




where  μ  is the friction coefficient between strip footing and foundation soil; p is the normal stress at the surface;  ϕ  represents the internal friction angle of the soil.




2.4. Soil and Structural Damping


In nonlinear finite element analysis, Rayleigh damping [16] was adopted to simulate the material damping behavior. The damping matrix is shown in Equation (3).


  C =  α c  M +  β c  K  



(3)




where   α c   is the mass-proportional damping coefficient and   β c   is the stiffness-proportional damping coefficient. These two coefficients can be obtained using the method proposed by Hudson [17], as shown in Equations (4) and (5).


   α c  = 2 ζ    ω 1   ω 2     ω 1  +  ω 2     



(4)






   β c  = 2 ζ  1   ω 1  +  ω 2     



(5)




where   ω 1   represents the fundamental frequency of the model;    ω 2  = n  ω 1    and n is an odd number greater than    ω e   ω 1   ;   ω e   is the fundamental frequency of the seismic wave;  ζ  represents the damping ratio; Nejati [18] suggested that the damping ratio for soft soil should be 2.6%. 5% is adopted as the damping ratio for the RC frame structure.




2.5. Selection of Input Seismic Motions


In accordance with the aforementioned two possible earthquake sources, both near-field and far-field earthquakes are likely to happen in the Jiaxing area. However, no strong motion records are available in the area so far. Thus, the seismic motions currently used in the simulation are selected from other existing records. In the seismic motion selection process, the earthquake magnitude (  M s  ) and the distance (R) from the rupture zone to the site of interest are two main parameters [19]. For near-field earthquakes, since the Xiaoshan-Qiuchuan fault is 10 km approximately from the site and the   M s   of induced earthquakes are expected to be around 6 degrees, 13 earthquakes of which R are approximately 10 km and   M s   are in the range 4.9∼7.6 are selected from the Pacific Earthquake Engineering Research Center [20]. For far-field earthquakes, another 5 different seismic waves were selected. The distances of these earthquakes are larger than 25 km to reduce near-field effects [21]. The spectral accelerations and the characteristic   (  M s  , R )   pairs of the selected seismic motions are plotted in Figure 4.





3. Seismic Oblique Incidence on the Infinite Element Boundary


3.1. Seismic Oblique Incidence in a Free Field


As a case of external excitation, the oblique incidence of seismic waves in free field must obey the wave propagation theory. As shown in Figure 5, the SV wave changes its wave mode when reflected by the ground surface. When the SV wave is obliquely incident, the incident angle and the reflection angle must satisfy the Snell’s law, as shown in Equation (6). The amplitudes of the reflected SV wave and P wave can be expressed in Equations (7) and (8).


  sin β =    c p  sin α   c s    



(6)






   A 1  =   − 2  c  p  2  sin 2 α cos 2 β    c  s  2  sin 2 α cos 2 β +  c  p  2   cos 2  2 β    



(7)






   A 2  =    c  s  2  sin 2 α cos 2 β −  c  p  2   cos 2  2 β    c  s  2  sin 2 α cos 2 β +  c  p  2   cos 2  2 β    



(8)




where  α  represents the angle of incident and reflected SV waves;  β  represents the reflection angle of P waves;   A 1   represents the amplitude ratio of the reflected SV wave and the incident SV wave;   A 2   represents the amplitude ratio of the reflected P wave and the incident SV wave.



The case for obliquely incident P wave is also similar. The reflection angle is shown in Equation (9). The amplitudes of the reflected P wave and SV wave can be expressed in Equations (10) and (11).


  sin ζ =    c s  sin η   c p    



(9)






   A 3  =   sin η sin 2 ζ −  K 2   cos 2  2 ζ   sin η sin 2 ζ +  K 2   cos 2  2 ζ    



(10)






   A 4  =   − 2 sin 2 η cos 2 ζ   sin 2 η cos 2 ζ +  K 2   cos 2  2 ζ    



(11)




where  η  represents the angle of incident and reflected P waves;  η  represents the reflection angle of SV waves;   A 3   represents the amplitude ratio of the reflected P wave and the incident P wave while   A 4   represents the amplitude ratio of the reflected SV wave and the incident P wave. Using Equations (6)–(11), the wave field at any point in the foundation soil can be obtained by a superposition of the incident wave field and two reflected wave fields.




3.2. The Equivalent Loads on the Infinite Element Boundary


For a fixed boundary, seismic waves will be reflected and generate extra energy in the field of interest, which gives rise to certain errors. Therefore a special artificial boundary is required to avoid this phenomenon. Lysmer [22] proposed a viscous boundary to prevent wave reflection. Liu [23] and Zhao [24] developed a special visco-elastic boundary. In the study reported in this paper, the infinite element implemented in ABAQUS was used to absorb the reflected seismic waves. Yang [25] derived the formula to calculate of the equivalent loads on the infinite element boundary for the vertical incidence case, as expressed by Equation (12) for the SV wave and Equation (13) for the P wave.



For the SV wave:


   F  l x   − y    ( t )  = 2  A l  ρ  c s    u ˙  s   ( t )   



(12)







For the P wave:


   F  l y   − y    ( t )  = 2  A l  ρ  c p    u ˙  p   ( t )   



(13)







In Equations (12) and (13), the superscripts of equivalent force represent the outer normal direction of the infinite element boundary, and the minus sign means the direction is in the negative direction. The subscripts refer to the equivalent force on the l-th element.   A l   refers to the area of the l-th element;  ρ  is the material density;   c s   is the shear wave velocity;   c p   is the primary wave velocity;    u ˙  s   is the velocity of seismic motions induced by shear waves;    u ˙  p   is the velocity of seismic motions induced by primary waves.



Both Equations (12) and (13) include the force components required to overcome the damping of infinite elements and the force of the free field at the finite element boundary. The analysis results in Yang [25] suggest that infinite elements are very efficient in absorbing the reflection energy at the boundary interface. These equations, however, cannot be used for the case of oblique incidence seismic waves.



By using the concept of wave fronts, the problem of oblique incidence can be equivalent to normal incidence on the wave front. As a result, the differential input on the boundary can be transformed into a uniform excitation problem. For example, for the obliquely incident SV wave, as shown in Figure 6, SV wave is incident from the lower left side of the model at an angle of  α  with respect to the vertical direction, as depicted in Figure 7. The time variable t is defined as 0 when the wave reaches the lower left corner of the model. The total wave field on the artificial boundary can be decomposed into an internal field and an external field. The external field can be simulated via the infinite element boundary. The internal field on the boundary is depicted in Figure 6, in which the field on the left boundary is a free field composed of the incident SV wave, reflected SV wave and reflected P wave while on the lower boundary the incident SV wave is considered exclusively. Note that no internal field exists on the right boundary.



The equivalent nodal force associated with the incident SV wave on the infinite element boundary can then be calculated based on the elastic wave equation. The nodal force is composed of two components, i.e., the nodal force resisting the damping of the infinite element boundary and the nodal force resisting the near-field media. The formulae are listed below.



For the lower boundary:


   F  l x   − y    ( t )  = −  A l  G cos  2 α      u ˙  s   t − Δ  t 4     c s   +  A l  ρ  c s    u ˙  s   t − Δ  t 4   cos α  



(14)






   F  l y   − y    ( t )  =  A l  G sin  2 α      u ˙  s   t − Δ  t 4     c s   +  A l  ρ  c p    u ˙  s   t − Δ  t 4   sin α  



(15)







For the left boundary:


      F  l x   − x    ( t )  =      A l  {  G  c s   sin 2 α    u ˙  s   t − Δ  t 1   −  A 1    u ˙  s   t − Δ  t 2    +   λ + 2 G  sin 2  β   c p    A 2    u ˙  s   t − Δ  t 3   +        ρ  c p     u ˙  s   t − Δ  t 1   cos α +  A 1    u ˙  s   t − Δ  t 2   cos α +  A 2    u ˙  s   t − Δ  t 3   sin β  }     



(16)






      F  l y   − x    ( t )  =      A l  {  G  c s   cos  2 α    A 1    u ˙  s   t − Δ  t 2   −   u ˙  s   t − Δ  t 1    −   G sin  2 β    c p    A 2    u ˙  s   t − Δ  t 3   +        ρ  c s     u ˙  s   t − Δ  t 1   sin α −  A 1    u ˙  s   t − Δ  t 2   sin α +  A 2    u ˙  s   t − Δ  t 3   cos β  }     



(17)




where   Δ  t 1   ,   Δ  t 2    and   Δ  t 3    are the time lags of the incident SV wave, reflected SV wave and reflected P wave on the left boundary, respectively.   Δ  t 4    is the time lag of the incident SV wave on the lower boundary, as shown in Equations (18)–(21).


  Δ  t 1  =   y cos α   c s    



(18)






  Δ  t 2  =   ( 2 L − y ) cos α   c s    



(19)






  Δ  t 3  =   ( L − y ) cos β   c p   +  L − ( L − y ) tan α tan β    cos α   c s    



(20)






  Δ  t 4  =   x sin α   c s    



(21)







In the case of oblique incidence of the P wave, the equivalent nodal force on the lower boundary is shown in Equations (22) and (23).


   F  l x   − y    ( t )  =  A l  G sin 2 η     u ˙  p   t − Δ  t 8     c p   +  A l  ρ  c s    u ˙  p   t − Δ  t 8   sin η  



(22)






   F  l y   − y    ( t )  =  A l   λ + 2 G  cos 2  η      u ˙  p   t − Δ  t 8     c p   +  A l  ρ  c p    u ˙  p   t − Δ  t 8   cos η  



(23)







For the left boundary:


      F  l x   − x    ( t )  =      A l  {   λ + 2 G  sin 2  η   c p      u ˙  p   t − Δ  t 5   +  A 3    u ˙  p   t − Δ  t 6    + ρ  c s  sin 2 ζ  A 4    u ˙  p   t − Δ  t 7   +        ρ  c p     u ˙  p   t − Δ  t 5   cos η +  A 3    u ˙  p   t − Δ  t 6   sin η +  A 4    u ˙  p   t − Δ  t 7   cos ζ  }     



(24)






      F  l y   − x    ( t )  =      A l  {  G  c p   sin 2 η    u ˙  p   t − Δ  t 5   −  A 3    u ˙  p   t − Δ  t 6    + ρ  c s  cos 2 ζ  A 4    u ˙  p   t − Δ  t 7   +        ρ  c s     u ˙  p   t − Δ  t 5   cos η −  A 3    u ˙  p   t − Δ  t 6   cos η +  A 4    u ˙  p   t − Δ  t 7   cos ζ  }     



(25)




where   Δ  t 5   ,   Δ  t 6    and   Δ  t 7    are the time lags of the incident SV wave, reflected SV wave and reflected P wave on the left boundary, respectively.   Δ  t 8    is the time lag of the incident SV wave on the lower boundary, as shown in Equations (26)–(29).


  Δ  t 5  =   y cos η   c p    



(26)






  Δ  t 6  =   ( 2 L − y ) cos η   c p    



(27)






  Δ  t 7  =   ( L − y ) cos ζ   c s   +  L − ( L − y ) tan η tan ζ    cos η   c p    



(28)






  Δ  t 8  =   x sin η   c p    



(29)







In this paper, only the case of SV oblique incidence is verified due to the length limitation. It should be noted that there exists a critical incident angle   α c  , which is related to the propagation of an SV wave, as shown in Equation (30).


   α c  = arcsin    c s   c p    = arcsin     1 − 2 v   2 ( 1 − v )      



(30)




where   c s   represents the SV wave velocity;   c p   represents the P wave velocity;  ν  is the Poisson’s ratio of the soil. When the incident angle  α  is smaller than   α c  , a reflected SV wave and a P wave can be generated. When   α >  α c   , only the reflected SV wave is generated. Due to the fact that the density of soil increases with depth, the incident angle of seismic waves propagating to the ground surface from the deep part of the foundation gradually decreases according to the laws of refraction and reflection. Hence only   α <  α c    is considered in this paper [4].



In order to verify the reliability equivalent nodal force formulae, the numerical method described in this paper was compared with the analytical solution [26]. In the numerical model, the foundation soil model has a width of 500 m and a depth of 100 m. The soil is assumed to be elastic, with a density of 2000 kg/  m 3  , a Poisson’s ratio of 0.3, an elastic modulus of 208 MPa, a critical incident angle of 32.31° and a shear wave velocity of 200 m/  s 2  . The SV wave has a frequency of 1 Hz and an amplitude of 1. The angle of incidence is 30°. The dynamic shear stress-time series at the central point of the ground surface, calculated in two different ways, are depicted in Figure 7. It can be observed that the horizontal stress calculated by the method proposed in this paper agrees well with the analytical solution in terms of the period and amplitude, indicating the method proposed in this paper is highly accurate.





4. Dynamic Response of Multi-Story RC Frame Structures Subjected to Obliquely Incident Seismic Waves


In order to compare dynamic responses of multi-story RC structures under incident SV waves with different incident angles, a series of SV waves with the same amplitude but different incident angles were used in the simulation. The amplitudes for these SV waves are 0.1 g. Although the seismic response of the superstructure is expected to vary under different SV waves with different incident angles qualitatively, calculating all possible oblique incident waves with   α <  α c    is extremely arduous and time-consuming. As a result, with the aim to foreground such influences quantitatively, the incident angles used in the simulation were 0°, 10°, 20° and 30°, respectively. Moreover, to highlight the influence of topographic effects on the oblique incidence, the dynamic structural responses for the case of homogeneous foundation soil and silty valley foundation soil were also compared.



4.1. The Influence of Oblique Incidence of SV Waves on the Column


Table 3 shows the peak shear force at the top and bottom of columns A, B, C and D in the cases of homogenous foundation soil and silty valley foundation soil. With the increase of incident angle, the peak shear force at the top of each column first decreases and then increases. The shear force variation tendency at the bottom of each column is consistent with the top one. In the case of homogenous soft soil, columns A and B on the left of the structure have larger peak shear forces than their counterparts D and C. The peak shear force in column B (A) is 1.38 (2.2) times as large as in C (D). Hence the distribution of the shear force at the bottom of the column is significantly asymmetrical. However, for the silty valley case, the degree of asymmetry is not large and is independent of the incident angle of SV waves. This is because the valley terrain has topographic effects [27] and changes the direction of wave propagation on the interface. Therefore the superstructure is more evenly stressed. In the meantime, it should be noted that the peak shear force in the case of the silty valley foundation soil is larger than that in the case of homogeneous soil, which is the result of the valley focusing effects [28]. Gao [5] observed a similar situation when analyzing the influence of valley focusing effects on the seismic resistance of bridge piers. He found that the dynamic response of the piers was amplified significantly when the incident angle of the SV wave is between 0° and 30°.




4.2. The Influence of Obliquely Incident SV-Waves on the Displacement of Each Story


In Figure 8a,b, the maximum inter-story displacement of each story under the influence of the Coyote wave is depicted. It is evident that in both homogeneous soil and silty valley cases, the maximum inter-story displacement occurs on the first floor and decreases for other higher stories. This phenomenon agrees well with the structural deformation observed during Wenchuan Earthquake [29]. Moreover, the maximum inter-story displacement in the case of silty valley foundation soil is larger than the homogeneous foundation soil. When the seismic wave is normally incident, the slopes of the curves in Figure 8a,b are almost identical, which indicates that the maximum inter-story displacement of each story is distributed in a uniform way. When the SV wave is obliquely incident, it appears that the slope of the lower part of the curve is larger than the upper part, indicating that the oblique incidence of the seismic wave aggravates the inter-story displacement. Among all the three different incident angles investigated in this paper, the maximum inter-story displacement is smallest when the incident angle is 20°. When the incident angle is 30°, the maximum inter-story displacements on the higher stories is smaller than that in the case of vertical incidence. However, the maximum inter-story displacement at the lower story has a contrary tendency.





5. Fragility Analysis of Multi-Story RC Frame Structures under Obliquely Incident Seismic Waves


5.1. The Method of Fragility Analysis


According to Code for Seismic Design of Buildings (GB50011-2010) [30], the structural damage level is divided into five sections, i.e., perfect, slight damage, moderate damage, severe damage and collapse. The corresponding threshold values for these intervals are denoted as   L  S 1   ,   L  S 2   ,   L  S 3    and   L  S 4   . In this paper, the maximum drift is adopted as the index for structural seismic performance. In the current code in China, the 4 threshold values for RC structures are defined as     L S  1  =  1 500   ,     L S  2  =  1 250   ,     L S  3  =  1 120    and     L S  4  =  1 60    respectively.



The current seismic fortification intensity for the Jiaxing area is 6∼7 degrees. According to the relationship between the seismic fortification intensity and peak ground acceleration(PGA), as specified in the Code of Seismic Design of Buildings [30], 18 different seismic waves were modulated with 5 different PGAs: namely 0.05 g, 0.1 g, 0.2 g, 0.3 g, and 0.4 g. Together with 2 foundation soil types and 4 incident angles, a total of 720 seismic wave cases were generated to build up the database.



In fragility analysis, it is generally assumed that inter-story drift follows a lognormal distribution for seismic waves of identical PGAs [31].


  ln  θ max  ∼ N   μ  ln  θ max    ,  σ  ln  θ max   2    



(31)




where   μ  ln  θ max     and   σ  ln  θ max     are the logarithms of the mean value and the standard deviation of the inter-story drifts, respectively.



The failure probability   P   θ max  ∣ P G A > L  S i     of the structure can be expressed in Equation (32).


  P   θ max  ∣ P G A > L  S i   = 1 − Φ    ln  L  S i   −  μ  ln  θ max  ∣ P G A     σ  ln  θ max  ∣ P G A  2     



(32)




where   μ  ln  θ max     and   σ  ln  θ max     are derived from time history analysis;    L S  i   represents the corresponding threshold values of the structural damage levels;   Φ (  )   represents the standard normal distribution function.



As discussed above, through probability and statistical analyses, the exceedance probability for each model with different PGAs can be obtained. The data points are then depicted with PGA as the abscissa and the exceedance probability as the ordinate. The corresponding seismic fragility curve can finally be derived.




5.2. The Influence of Oblique Incidence of SV Waves on the Seismic Fragility of Structures


The seismic fragility curves for the structures located on the homogeneous soft foundation soil and the silty valley foundation soil are depicted in Figure 9 and Figure 10, respectively. The subgraphs (a), (b), (c), and (d) correspond to the 4 different levels of structural performance, respectively. It can be observed from the figures that the variation trends of the fragility curves for the two foundation models are almost identical. Nevertheless, the deformation of the structure built on the valley terrain has been magnified due to the topographic effects [5]. As a result, structures are more susceptible to destruction in this case. Thus the exceedance probability for structures built upon on the silty valley foundation soil is overall higher than for structures located on the homogenous soil.



At each damage level, there seems to be a significant correlation between the structural fragility and the incident angles. Among the 4 incident angles investigated, the exceedance probability is smallest when the incident angle is 20° and largest when the incident angle is 30°, indicating that the structure is most vulnerable in the latter situation. In order to analyze the influence of obliquely incident seismic waves on the fragility of structures at a deeper level, the differences in exceedance probabilities between normally incident and obliquely incident waves were obtained for 3 different incident angles, as shown in Figure 11 and Figure 12. It is quite evident that the variation trends with respect to PGA for the two foundation models are quite similar. The observed differences only depend on the incident angle of seismic waves. When the incident angle is 10°, the corresponding exceedance probabilities at each damage level are almost identical to the case of normal incidence. The exceedance probabilities for each damage level reduce when the incident angle is 20° but tend to be magnified when the incident angle is 30°. For the silty valley model, the amplification effects at the levels of slight damage and severe damage are smaller than the case for the homogenous soil model. The amplification effect, however, is rather obvious at the level of moderate damage, with a 14% larger maximum damage probability. Consequently, it is of paramount importance to consider the influence of obliquely incident seismic waves at the level of moderate damage when analyzing the fragility of structures.



The abovementioned detrimental effects of oblique incidence were also observed in other relevant research. For instance, Cen [32] concluded that the increase of incident angle could lead to larger seismic response of the dam. Gao [5] studied the seismic performance of bridges and concluded that the structure was more fragile when the incident angle of SV waves was 30°. Lyu [33] investigated the influence of oblique SV waves on the underground tunnel and largest seismic response was observed when the incident angle equaled 30°. Wang [34] systematically analyzed the dynamic performance of an underground powerhouse and the structural damage reached the maximum when the incident angle was 30°. Li [35] studied the site response under obliquely incident seismic waves and found that earthquake-induced internal force had the largest magnitude when the SV wave was obliquely incident at 30°. These results are consistent with those reported in this paper. However, it should be noted that previous research seldom considered the influence of oblique incidence on the fragility of superstructures. Furthermore, this equivalent load method proposed previously is based on the infinite element, which has already been implemented in ABAQUS. Therefore, this method is believed to be easily applicable in engineering practice.





6. Conclusions


In this paper, the infinite element is used to absorb the reflected wave at the boundary, and the equivalent load formulae for obliquely incident seismic waves are derived. Two numerical models were established based on local topography, geological conditions and seismic fortification requirement of the Jiaxing Area. The dynamic responses of multi-story structures subjected to obliquely incident seismic waves have been thoroughly investigated. From the results, it can be concluded that obliquely incident seismic waves have a non-negligible influence on the dynamic response of structures, as stated below.



	
For homogenous foundation soil, the internal force distribution within the structure is significantly asymmetrical, i.e., shear forces on the columns close to the seismic source are much larger than those far from the seismic source.



	
Among the 4 specific different incident angles investigated in the case of homogenious foundation soil, the maximum inter-story displacement is smallest when the incident angle is 20° and largest when the incident angle is 30°. Moreover, this rule also applies to the fragility of structures. At each structural damage level, the exceedance probability is smallest when the incident angle is 20° and largest when 30°.



	
For silty valley foundation, there is no obvious asymmetry of internal force distribution since the reflection and refraction of seismic waves at the terrain interface attenuate the influence of obliquely incident seismic waves. However, the valley terrain does magnify the dynamic response of the superstructure. Moreover, the fragility of structures built on a silty valley foundation soil is strongly influenced by the incident angles, particularly at the moderate damage level.
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Figure 1. Two fault zones close to the region of interest. 
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Figure 2. Structural and strip foundation model used in the simulation (unit: m). 
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Figure 3. Soil-structure systems used in the simulation (unit: m): (a) Homogeneous foundation soil model. (b) Silty valley foundation soil model. 
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Figure 4. Details of the 18 selected earthquake motions: (a) Spectral accelerations. (b) (   M s   , R )    pairs. 
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Figure 5. The conversion of wave mode when the SV wave is reflected by the ground surface. 
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Figure 6. Wave fields on the artificial boundary with oblique incidence of SV waves. 
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Figure 7. Comparison of the analytical and simulated shear stress-time series at the central point of the ground surface. 
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Figure 8. The distribution of maximum inter-story displacement along the height under the obliquely incident Coyote wave: (a) Homogenous foundation soil case. (b) Silty valley foundation soil case. 
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Figure 9. The seismic fragility curves of homogeneous foundation soil model at different seismic damage levels: (a) Slight demage (b) Moderate damage (c) Severe damage (d) Collapse. 
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Figure 10. The seismic fragility curves of silty valley model at different seismic damage levels: (a) Slight demage (b) Moderate damage (c) Severe damage (d) Collapse. 
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Figure 11. Differences of exceedance probability between the normal incidence and the oblique incidences at different seismic damage levels in the case of homogenous foundation soil: (a) Slight demage (b) Moderate damage (c) Severe damage (d) Collapse. 
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Figure 12. Differences of exceedance probability between the normal incidence and the oblique incidences at different seismic damage levels in the case of silty valley foundation soil: (a) Slight demage (b) Moderate damage (c) Severe damage (d) Collapse. 
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Table 1. Parameters for the concrete plasticity model used in the simulation.






Table 1. Parameters for the concrete plasticity model used in the simulation.





	   E e    (MPa)
	   ν   
	   f  c , r     (MPa)
	    ϵ  c , r     
	   f  t , r     (MPa)
	    ϵ  t , r     





	2.2 × 10    − 4   
	0.2
	3.0
	1.36 × 10    − 4   
	39.6
	3.15 × 10    − 3   
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Table 2. Soil parameters used in the simulation.
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	Soil Layer
	  ρ   (kg/m    3   )
	E (MPa)
	   ν   
	c (kPa)
	  ϕ   (°)





	Mud
	1820
	149
	0.49
	5
	20



	Silt clay
	2000
	329
	0.49
	8
	25










[image: Table] 





Table 3. Peak shear force on each column in different foundation soil under the Coyote wave (unit: kN).
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Foundation Soil

	
Incident Angle

	
Column A

	
Column B

	
Column C

	
Column D




	
Top

	
Bottom

	
Top

	
Bottom

	
Top

	
Bottom

	
Top

	
Bottom






	
Homogenous

	
   α = 0 °   

	
1.110

	
6.204

	
4.879

	
7.562

	
4.875

	
6.418

	
1.084

	
4.921




	
   α = 10 °   

	
1.005

	
6.038

	
3.380

	
7.208

	
3.603

	
6.107

	
0.546

	
4.498




	
   α = 20 °   

	
0.569

	
4.175

	
3.152

	
4.216

	
3.749

	
3.950

	
0.826

	
3.327




	
   α = 30 °   

	
0.884

	
7.796

	
3.560

	
7.756

	
3.572

	
5.605

	
1.083

	
3.522




	
Silty valley

	
   α = 0 °   

	
1.542

	
6.875

	
6.088

	
7.494

	
6.017

	
6.847

	
1.497

	
6.384




	
   α = 10 °   

	
1.301

	
7.753

	
4.887

	
8.171

	
4.929

	
6.311

	
1.009

	
5.426




	
   α = 20 °   

	
1.077

	
5.196

	
4.153

	
6.117

	
3.635

	
6.123

	
1.100

	
4.984




	
   α = 30 °   

	
1.381

	
7.632

	
4.479

	
7.641

	
4.118

	
8.103

	
1.417

	
7.133

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Stress (kPa)

—— Numerical Results
—— Analytical Results

0
0.0 05

1.0

1:5.
Time (s)

20 25 30 35





media/file4.png
—

| 0.5
}

P NN N NN NN BN BN NN B BN BN BN BN RN A
1.3

1

*
R ———

v
1
1
1
1

|

1

81=CX90't 1






media/file18.png
08

Exceeding Probability
S o o o o
rh

—&8— Nommal Incidence
—&— Oblique Incidence a=10°
—%— Oblique Incidence a=20°
—4&— Oblique Incidence a=30°

0.1

0.2
PGA(g)

(a)

0.3

0.4

1.0
0.9 |
08}

hr

. 0.7 i
0.6 :
0.5 i
0.4 !

=
[
T

Exceeding Probabli

r.

0.2
0.1F

—— Normal Incidence

—— Oblique Incidence a=10°
—— Oblique Incidence a=20°
—— Oblique Incidence a=30°

0.0

0.0

0.1

0.2 |
PGA(g)

(b)

0.3

0.4

y

EXceeding rrobalut

1.0
0.9
0.8
0.7

0.5

0.3

0.1

0.0x

0.6
0.4

0.2

0.0

" —#— Normal Incidence

- —#— Oblique Incidence a=10°
-_ —y— Oblique Incidence a=20°
| —4#— Oblique Incidence a=30°

0.1 -
PGA(g)

0.2

(c)

0.3

0.4

EXceeding rrobabity

e v
= WS T - -~ N
T T 1 T T

& & P2
LS L. B -9

e
=
= L |

—— Nommal Incidence

—&— Oblique Incidence a=10°
—%¥— Oblique Incidence a=20°
—— Oblique Incidence a=30°

0.1 |
PGA(g)

0.2

(d)

0.3

0.4





media/file21.jpg
1%

P e I
AN | b
I
Em&:\"**gﬁ i
N i
i £l
Zio a"‘n- T T 03 o4

@ ® © @





media/file3.jpg
81=6X9°¢






media/file22.png
0.4

Lo
1<
o (=] (%] |1rm
o o o <
- o~
5 & & |4
RN
N ] N (] o ] o ] N N ] N ] . ] o 0_.
L £ L L £ 8 8 £ s g7
ﬁ H =, o Lo = 1_"_ /ﬂ n._... H
AN[IQEQOIJ DUEPIIIXT JO UM |
rF N il | .4
=)
o~
1=
i«
5> &1
- o~
58 & |
$rel
..............u._
L L 2 L2 L L & g s 7
ur ~l = o Lo = 1_..._ _,ﬁ nv ~l
- - -]
AN[IqEqor g 29UEPIIIXT JO IUWAJJI(T
_4
R =
=
-
L 1=
=
1 .
I E=
-
1 E=
L. .
S S £°
W ~ ~
— — -
AMIqEqoIJ 22UEPIXH JO DAY '
e -
=
] ™
=
1!
=
Ay
1=
N . 0___
$ $°
~l ~l
~ ~
1]

QEQO.IJ DUEPIIXT JO WA

PGA(g)

PGA(g)

PGA(g)

PGA(g)

(d)

(c)

(b)

(a)





media/file19.jpg
il mEnEETT






media/file7.jpg
() uonenipooy [ensds

80,

2|
* o
= Bt
S ELEEIN
orvesmden
“« mmm i mw
A W 3 =
izl mmm
a<siseessllg
VA »
.&%. ° L, e 3
TrReS AR
W

®)





media/file10.png
Ground

O Surface -
O'y X
Ty ol o
—-l T-— X Reflected P
- Wave

T Incident SV
Wave Reflected SV
/ Wave






media/file14.png
Stress (kPa)

Numerical Results
—— Analytical Results

00 05 1.0 15 20 25 30 35
Time (s)






media/file11.jpg
Ground surface Ground surface

= z

e Finite 5

H

Infinite g element 3
element 2 domain =

- 5

domaln < lowerboundary &






media/file6.png
<

500

—

100

*
SV Wave
(a)
] 500 y
o
=

I
o
I

SV Wave

(b)





media/file15.jpg
[

(@) (b)





nav.xhtml


  sustainability-13-01108


  
    		
      sustainability-13-01108
    


  




  





media/file16.png
Story

—=&— Normal Incidence

—&— Oblique Incidence a=10°
—%— Oblique Incidence a=20°
—4&— Oblique Incidence a=30°

Displacement (mm)

(a)

—&— Normal Incidence
—h— Oblique Incidence a=10°
—w¥— Oblique Incidence a=20°
—4&#— Oblique Incidence a=30°

L L 1 1 1 L

2 3 4 S 6 7 8

Displacement (mm)

(b)





media/file2.png
(°N)

» N\
% Fl?k\
AN
. (17)6.0 N\
N A\
N \,
\\
& \
\ .
N L' Qidong
b LT
h _ <.
B \ -\\\—-—-‘——' 2 >
4 oy Vg d We N Yangtze river’s Estuary Fault
\ / X A6)8.5 (3)6.5
(16.0 /f R \fw
R s T s \ N
. Suzhou ] \ .
X it ‘“‘?6' > Shanghai  (5)6.0
v i i F16y N
/// }/// \\ \ )ﬁ'r_/\(\ f_...-”"’ [‘26 )
X ~ b Fo X X v 31
e ,” FIR s \ B o 'T?;?
i % p* ,,"/ S \\ 7 /,f 2
i % Y b 5 .| N //" . 416 . 0//
\\\q 'O *J 1axing ’:’){ P
N ~f Xiaoshan-Qiuchuan Fault |
X P
F?ﬁ// \ ”
L 96.0~ -~ ] w70
= S R g
g e M ”
 Hangzhod o™ (11)6.§ | Mes
7 \FI9
AR TEERNARY .| Me60
/f /// \\ l‘l oS / 30
i L
120 121 122 123 (°E)






media/file20.png
EXxceeding Frobability

b=
=

0.9
0.8
0.7 F
0.6 F
05F
0.4
03} .
|  —@— Normal Incidence
0.2 Hf —&— Oblique Incidence a=10°
0.1 [{ —%— Oblique Incidence a=20°
: —&— Oblique Incidence a=30°
0.0 M 1 " 1 " 1 M
0.0 0.1 0.2 0.3 04

PGA(2)

(a)

Exceeding Probability

& 2 2
=
1

A v =
W B h v 9 »® o o
1

—&— Normal Incidence

—k— Oblique Incidence a=10°
—%— Oblique Incidence a=20°
—@— Oblique Incidence a=30°

<
=]

0.1 02 03

PGA(Q)

(b)

0.4

rxceeaing rrooapiiary

| —8— Normal Incidence

S P2 e e e e @ =
W W ke 9w o o

&
[

| —&— Oblique Incidence a=10°
. —%— Oblique Incidence a=20°
- —@— Oblique Incidence a=30°

—&— Nommnal Incidence
—— Oblique Incidence a=10°

- —%¥— Oblique Incidence a=20°

—&— Oblique Incidence a=30°






media/file23.jpg
@

©

®





media/file5.jpg
500

at

SVWave

(b)

100

100






media/file24.png
0.4

b
1=
™
n_ﬂ 1o
~]
J -
+ 1=
N ] N | N | N | N N ] N | N ] N _u_.
£ £ £ £ £ £ £ & & ¥¢°
ur ~l (=} {'=] Lag) (—] im ﬁ n_,. ~]
- - 1___
hﬁuﬁ_nnnn.s 2IEP222X] JO 22UAIII(T
s . -t
=
1™
=]
=~
1=
!
1=
1 1 1 1 | 1 1 1 1 1 1 1 1 “-
S 2L gL T
u ~l = =] o (=] 3 ﬂm = ~l
| | | |
AMIqeqoad 2QUepaddxXy Jo NP
o B

0.4

12
iRy
=]
4™
=
PR T T N TR N TR S— ._._._.0-
S £ £ £ 8 =X s $ S e
[T/ o I~ T~ T < T == R (= N &
- v I I I
ANIQeqOo.a ] SUIpPadx Jo U _
. -+
=]
[ T & I |
[ — T — N — | |
Lo L DL 3P
§ & & {@
=]
144 .
1=
|1
=]
«» 1 - 1 . 1 . 1 -._.-.u_.
L £ £ £ £ X &£ & & s°
ur e~ =1 =] Lo ] ﬁ =] =) ]
o B | [ _.I__

.ﬁu_:ﬁ.— EqQOId mﬂ_-u 222X JO 20U 0T II(T

PGA(g)

PGA(g)

PGA(g)

PGA(g)

(d)

(c)

(b)

(a)





media/file1.jpg
o
e i Eunry Fau
hes
s
v
S wey S
7
ansy

]

a

[ a0

w63
M60

=

30
123CB)





media/file12.png
Ground surface TJ Ground surface

Right boundary

-
Ly Finite
Infinite E element
element §_ domain
domain < Lower boundary
S
4 M/a"e
o
/s
W
Q

(L
%

;.‘r





media/file9.jpg
Ground

o Surface -

(o]

¥ i
A B ol a

4—1 T<— £3 Reflected P

I Wave

I Tncident SV

Wave Reflected SV
/ Wave






media/file0.png





media/file8.png
Spectral Acceleration (g)

Period (s)
(a)
8.0
' °
TS5 1 A -
/ 0_- % v 4 ) @
6.5k L £ B EL Centro @® Chichi
| A Taft ¥ Kobe
E € LomaPrirtal <« Loma Prirta2
6.0 ® | b LomaPrita3 © Northiridgel
i 3 Northtridge2 @& Whiftier Narrows
S5 @ Coalinga B Kocaeli
- * ¢ Mammoth Lake 4~ San Fernando
50F & % Covote <& Nahanni
i & Duzce * Cape Mendocino
4'5 1 1 ] . ] ]
0 20 40 60 80

R (km)

(b)





media/file17.jpg
roiw rere

@ ® © @





