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This study proposes a seismic input method for layered slope sites exposed to obliquely-incident seismic waves which transforms the waves into equivalent nodal forces that act on the truncated boundary of a finite element model. The equivalent nodal forces at the left and right boundaries are obtained by combining the free field response of a one-dimensional layered model with a viscoelastic boundary. The equivalent nodal forces at the bottom boundary are obtained by combining the incident wave field with the viscoelastic boundary. This proposed seismic input method for slope sites exposed to obliquely incident seismic waves is implemented with the aid of MATLAB software; it is applied to the seismic response analysis of slope sites in the commercial finite element ABAQUS software. The calculation results are compared with the reference solutions obtained by using the extended model to verify the correctness of the established seismic input method. The proposed seismic input method is then employed to investigate the influencing factors of the seismic response of layered slope sites exposed to oblique incidence P waves. The results show that the angle of incidence, location of the interface between soft and hard rocks, and impedance ratio have significant effects on the seismic landslide.
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1 INTRODUCTION
Landslides are frequent during earthquakes in mountainous and hilly areas (Prestininzi and Romeo, 2000; Chigira et al., 2005; Sato et al., 2007; Semblat et al., 2011). Hillside topography can magnify seismic intensity and change seismic frequency content—termed “topographic effects”. Landslide disasters caused by earthquakes have been a frequent subject of geological hazard research because of their wide distribution, considerable quantity, and great harm (Bird et al., 2004; Owen et al., 2008). Since the 1960s, scholars have begun identifying and analyzing the seismic response of slope sites exposed to seismic waves (Cavallin and Slejko, 1986; Jibson et al., 2000; Pareek and Arora, 2010; Li et al., 2022). Analysis methods have included landslide observation, model testing, and numerical simulations (Keeper, 1984). The finite element method (FEM) is the most common numerical method; it can effectively simulate the geometric and material non-linear characteristics of slope sites.
When analyzing the seismic response of slope sites based on FEM, it is necessary to introduce artificial boundary conditions at the truncated boundaries of the finite domain to simulate the radiation damping effect of the infinite domain on the finite domain. The artificial boundary appropriate to the characteristics and specific conditions of the research object must be deduced. Due to the irregular terrain of slope sites, poor geological conditions, and the existence of free surfaces, the topographic effect of slope site has attracted research attention (Gischig et al., 2015; Poursartip et al., 2017). It is necessary to deduce the appropriate artificial boundary according to the characteristics of the research object and the specific situation. In previous finite element analysis of the seismic response of slope sites, most scholars have assumed that the bottom boundary of the model is rigid, while the lateral side boundaries adopt roller boundaries (Rizzitano et al., 2014), viscous boundaries (Lysmer and Kuhlemeyer, 1969; Athanasopoulo et al., 1999; Pelekis, 2017), viscoelastic boundaries (Deeks and Randolph, 1994; Liu et al., 2006; Maleki and Khodakarami, 2017), transmissive boundaries (Liao and Wong, 1984), paraxial approximate boundaries (Clayton and Engquist, 1977), and infinite element boundaries (Bettess, 1977; Astley, 2000). Seismic input is completed by converting the seismic wave action into the equivalent forces applied to boundaries; however, this treatment method is not applicable in cases where the lower part of the site model is not bedrock.
Much recent research has been conducted on the seismic response analysis of slope sites with non-rigid bedrock at the bottom of the site model. Based on the viscous boundary, Bouckovalas and Papadimitriou (2005) presented numerical analyses for the seismic response of step-like ground slopes in uniform viscoelastic soil under vertically propagating SV seismic waves. Assimaki et al. (2005) employed the viscous boundary to address vertically incident seismic wave action and obtained a seismic input method suitable for layered slopes. Based on the viscous boundary, Lenti and Martino (2012) studied a landslide disaster on a stepped slope under the action of a vertically incident seismic wave. Nakamura (2012) adopted the energy-transmitting boundary to study the seismic input and established the seismic response analysis method for the layered slope. However, when the source is shallow or the site is far from the epicenter, the seismic input cannot be assumed to be vertically incident seismic waves but can be considered obliquely incident.
Scholars have thus conducted research on the seismic response of regular sites under the action of obliquely incident seismic waves. Liu and Lu (1998) proposed a seismic input method based on spring-buffer boundary conditions that convert seismic waves with arbitrary incident angles into equivalent nodal forces acting on boundary nodes. Based on the viscoelasticity boundary, Huang et al. (2017a) and Huang et al. (2017b) used the FEM to analyze the non-linear seismic response of tunnels with a normal fault ground subjected to obliquely incident seismic waves. Bazyar and Song (2017) expressed such a wave as the boundary condition applied to the near field by the proportional boundary FEM. Based on the one-dimensional time-domain FEM proposed by Liu and Wang (2007), Zhao et al. (2013) and Zhao et al. (2017) proposed an improvement by establishing a site response analysis method and applying it to study the influence of the oblique incidence of ground motion on the seismic response of subway stations. However, previous seismic input methods have been established for seismic response analysis of regular sites under the action of obliquely incident seismic waves; this is not applicable to the seismic response of slope sites under the action of obliquely incident seismic waves. There are few studies on the seismic input method of slope sites exposed to obliquely incident seismic waves.
In this paper, obliquely incident seismic waves are transformed into equivalent nodal forces that act on the truncated boundary of the finite element model as the seismic input. Based on the viscoelastic artificial boundary, the free field responses of one-dimensional layered sites with different heights are taken as the seismic input for the left and right boundaries, and the incident wave field is used as the seismic input for the bottom. Then, the proposed seismic input method for slope sites under the action of obliquely incident seismic waves is implemented with the aid of MATLAB software and is applied to the seismic response analysis of slope sites in the commercial finite element ABAQUS software. Accordingly, the numerical simulation results of a two-dimensional layered slope site obtained using the established seismic input method are compared with the numerical results of an extended computational model to verify the accuracy of this method. Finally, with the aid of the proposed seismic input method, the influencing factors of the seismic response of layered slope sites under oblique incidence P waves are determined.
2 SEISMIC INPUT MECHANISM FOR THE SLOPE SITE
2.1 Governing equations
Figure 1A illustrates the schematic diagram of the seismic response analysis of a layered slope site subjected to P waves obliquely incident at an angle of α. When analyzing the seismic response of a two-dimensional layered slope site with the aid of the FEM, the finite computational domain needs to be cut off from the infinite ground. Artificial boundaries are usually used to simulate waves scattered by target structures and the non-reflecting wave effect of truncated infinite domains (Du et al., 2006; Huang et al., 2016; Zhao et al., 2019; Li et al., 2020). The stable and accurate viscoelasticity artificial boundary developed by Du et al. (2006) is adopted in this study. For a given boundary node l (xl, yl, zl), one pair of dashpots and springs in the normal and tangential directions of the boundary plane are established respectively (Figure 1B).
[image: Figure 1]FIGURE 1 | Model of a layered slope site under obliquely incident P waves. (A) Schematic diagram. (B) Proposed seismic input method.
At a given boundary node l (xl, yl) of the 2-D finite element model, the parameters for the springs and dashpots are
[image: image]
where Kln and Kls denote the normal and tangential spring stiffnesses at the boundary node l (xl, yl); Cln and Cls denote the normal and tangential damping coefficients at the boundary node l (xl, yl); Al is half of the total length of all boundary elements containing the boundary node l (xl, yl); R is the distance between the scattering source and the artificial boundary node; λ, G, and ρ are the Lamé constant, shear modulus, and mass density of the ground, respectively; cs and cp represent the shear and compression wave velocities of the ground, respectively; ar and br are the modified coefficients with good values of 0.8 and 1.1, respectively (Du et al., 2006).
The dynamic finite element equation for the finite domain has the form 
[image: image]
where subscript B represents the boundary node and subscript I represents the internal node, [image: image], [image: image], [image: image] and [image: image] represent displacement, velocity, displacement and force vectors, and M, C and K represent the mass matrix, damping matrix, and stiffness matrix.
The seismic waves can be separated into the free field motion of the infinite domain and scattering wave motion generated by all scattering sources. The free field motion in the infinite domain or engineering site is expressed by the superscript f, and the scattering wave motion is expressed by the superscript s. The displacement [image: image], velocity [image: image], and force [image: image] at a given boundary node l (xl, yl) of the 2-D finite element model can be written as
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where [image: image], [image: image], and [image: image]. The load [image: image] due to the scattering wave motion can be expressed as
[image: image]
where [image: image] and [image: image] represent the spring component and damping component of the stiffness matrix [image: image] and damping matrix [image: image] at an artificial boundary node l in the i direction, respectively.
Substituting Eqs 3–5 into Eq. 6 after rearrangement, the following equation can be obtained:
[image: image]
where [image: image] is the stress vector induced by free field motion.
Then, substituting Eq. 7 into Eq. 2, the dynamic finite element equation is:
[image: image]
where submatrices [CB] and [KB] are both diagonal. For the boundary node l (xl, yl), [CB]l = Cl, [KB]l = Kl. [Ff] represents the equivalent seismic forces acting on the artificial boundary. [image: image] is the equivalent nodal force and has the form
[image: image]
Equation 9 provides the method of converting seismic waves into equivalent nodal forces that act on artificial boundary nodes to realize the seismic wave input in the seismic response analysis of the finite element model. To calculate the equivalent node force at each boundary node, it is necessary to provide the free field velocity, displacement, and stress at the node.
2.2 Equivalent nodal forces for the slope site
For the incidence of the seismic waves, the wave motions can be transferred into equivalent node forces applied at the boundary nodes. However, due to the topographic effect of the slope site, the seismic input wave fields at the left, right, and bottom boundaries of the two-dimensional finite element model are different. Realization of the seismic wave input at the left and right artificial boundaries requires the free field response calculation for a one-dimensional layered site. Because of the different heights of the left and right sides of the slope terrain, one-dimensional FEM calculations are necessary (Figure 2) (Zhao et al., 2017). The equivalent nodal forces at the left and right boundaries are then obtained by combining the calculation results of the one-dimensional FEM with the viscoelastic artificial boundary to complete the seismic input at the left and right boundaries.
[image: Figure 2]FIGURE 2 | One-dimensional finite element model. (A) Left boundary. (B) Right boundary.
For node l (xl, yl) on the left or right boundary, the equivalent nodal forces of obliquely incident P waves can be given as
[image: image]
where [image: image], [image: image], and [image: image] are the displacement, velocity, and internal stress of the one-dimensional finite element model at node l in the x direction respectively; [image: image], [image: image], and [image: image] are the displacement, velocity, and internal stress of the one-dimensional finite element model at node l in the y direction, respectively; the boundary-dependent parameter δ values are -1 for the left boundary and 1 for the right boundary.
For node l (xl, 0) on the bottom boundary, the equivalent nodal forces of obliquely incident P waves can be given as
[image: image]
where [image: image] and [image: image] are the displacement and velocity of the bottom boundary node in x the direction, respectively; [image: image] and [image: image] are the displacement and velocity of the bottom boundary node in the y direction, respectively; [image: image] and [image: image] are the stresses of the bottom boundary node in the x and y directions, respectively.
Since the P waves are obliquely incident at an angle of α, there is a time delay in the response of any node on the bottom boundary relative to that of the initial incident node in the finite element model. [image: image] and [image: image] are the displacement and velocity at the initial incident node with an angle of α, respectively. Therefore, the displacement and velocity of each node at the bottom boundary are expressed as
[image: image]
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where [image: image] is the time delay in the response of any node on the bottom boundary relative to that of the initial incident node.
The stresses along and perpendicular to the incident direction of the P wave are expressed as
[image: image]
The stresses [image: image] and [image: image] of the bottom boundary node in the x and y directions are
[image: image]
3 METHOD VALIDATION
The seismic input method established in Section 2 is realized through programming with MATLAB software and is applied to the seismic response analysis of slope sites in the commercial finite element ABAQUS software. To verify the accuracy of the proposed seismic input method, this section simulates the free field response of a layered slope site under the action of obliquely incident P waves. The size of the finite element model of the two-dimensional slope site is 240 m long, 70 m high on the left side, and 100 m high on the right side (Figure 3). h represents the thickness of soft layer; in this section, h = 30 m. The reference solution is the calculation result of an extended computational model with a length of 4100 m, a right-side height of 2100 m, and a left-side height of 2070 m. The slope site is meshed by solid elements, with a mesh size of 1 m. The material parameters of each layer of the slope site are shown in Table 1 (JTG/T D70-2010, 2010). The form of the obliquely incident pulse wave with an incident angle of α acting on the slope site calculation model is shown in Figure 4.
[image: Figure 3]FIGURE 3 | Calculation model for the layered slope site exposed to obliquely incident P waves.
TABLE 1 | Material constants of the soil.
[image: Table 1][image: Figure 4]FIGURE 4 | Time history curve of the input seismic wave. (A) Displacement. (B) Velocity.
In verifying the seismic input method for the layered slope site, the P wave is incident from the left corner of the model with angles of 0°, 10°, 20°, and 30°. The observation nodes are arranged at each node of the free surface within the range of 10 m from the left side of the slope toe to 10 m from the right side of the slope top (Figure 3). Top node A and toe node B are the main observation nodes. The results of the acceleration, velocity, and displacement time history of the layered slope site model, calculated on the established seismic input method, are compared with the results of the extended model. The comparison results are shown in Figure 5. The results obtained with the aid of the established seismic input method agree well with the reference solutions. The accuracy and applicability of the established seismic wave input method for slope sites are thus verified.
[image: Figure 5]FIGURE 5 | Comparison results at different input angles. (A) Comparison of the vertical acceleration results of node A at different input angles. (B) Comparison of the vertical velocity results of node A at different input angles. (C) Comparison of the vertical displacement results of node A at different input angles. (D) Comparison of the vertical acceleration results of node B at different input angles. (E) Comparison of the vertical velocity results of node B at different input angles. (F) Comparison of the vertical displacement results of node B at different input angles.
The relative error of the peak displacement value is used to measure the accuracy of the calculation results; the calculation formula is 
[image: image]
where r0(t) is the displacement reference solution, r(t) is the displacement calculation result obtained using the seismic input method proposed in this paper, | | represents the absolute value, and the subscript max is used to evaluate the maximum value.
The comparison of the results and relative errors of the vertical displacement peaks of each observation node on the free surface are shown in Figure 6. The change in the dynamic amplification effect of the displacement peak with topographic relief is negligible, and the maximum error of the displacement peak at four incident angles is less than 1%. Therefore, by comparing the calculated results of the small model of the slope site with the numerical results of the extended model, the high accuracy of the developed seismic input method is further demonstrated.
[image: Figure 6]FIGURE 6 | Comparison of the results and relative errors of the vertical displacement peaks of each observation node on the free surface. (A) Comparison of the results of the vertical displacement peaks. (B) Relative errors.
4 PARAMETER STUDY
This section discusses the effects of incident angles, soft-hard rock interface positions, and impedance ratios on the seismic responses of slope sites exposed to obliquely incident P waves. The seismic input method of the slope site established in Section 2 is employed.
The upper soft rock and lower hard rock of the slope site is modeled in ABAQUS software, and the Mohr-Coulomb elastic-plastic model is selected for the constitutive relationship. The model dimensions are shown in Figure 3. The Kobe wave (Figure 7) is input by the seismic input method proposed in this paper to study the factors that influence seismic landslides.
[image: Figure 7]FIGURE 7 | Time histories of the Kobe wave for Kobe University. (A) Time history of displacement. (B) Time history of acceleration.
4.1 Input angle of the seismic wave
This subsection investigates the influence of the different incident angles (α = 0°, 15°, 30°, and 45°) of P waves on the dynamic responses of the slope site. The site parameters are shown in Table 1, with the soft and hard rock interface 30 m from the slope top. Figure 8 shows the plastic strain nephograms of the slope site at different timing exposed to obliquely incident P waves with different angles. The displacement nephograms of the slope site at t = 20 s are illustrated in Figure 9A.
[image: Figure 8]FIGURE 8 | Plastic strain nephograms of the slope at different timing with different incident angles. (A) α = 0°. (B) α = 15°. (C) α = 30°. (D) α = 45°.
[image: Figure 9]FIGURE 9 | Displacement of the slope at different incident angles. (A) Displacement nephograms at t = 20 s. (B) Displacement time history comparison of the slider.
As shown in Figure 8, landslides occur in the slope sites of upper soft rock and lower hard rock exposed to obliquely incident P waves with different incident angles. Landslide surfaces appear on the slope bodies, and the blocks slide down along the landslide surfaces. With increasing incident angle, the maximum plastic strain value increases, and the plastic zone of the slope site enlarges. Meanwhile, the landslide surface starts earlier at larger incident angles. Figure 9A shows that the volume and sliding displacement of the landslide mass increase with an increasing incident angle, and the sliding slope surface changes from steep to gentle. This means that the landslide hazard becomes higher with an increase in the oblique incidence angle of the P wave.
To better reflect the displacement of each slider at different incident angles, Figure 9B shows the displacement time history comparison of a slider at such angles. As shown in Figure 9B, the absolute value of the horizontal average displacement of the slider increases with an increase of the incident angle, while the absolute value of the vertical average displacement decreases. The resultant displacement of the sliding block first decreases and then increases with an increase of the incidence angle, and the corresponding deformation of the slope site gradually changes from elastic to plastic deformation.
4.2 Positions of the soft-hard rock interface
This subsection analyzes the effect of the soft and hard rock interface positions on the dynamic response of the slope site by adopting the slope site model of the upper soft rock and lower hard rock shown in Figure 3. The distances between the soft–hard rock interface and the slope top are h = 30, 27, 24, and 21 m, respectively. The smaller the distance between the soft-hard rock interface and the slope top, the thinner the soft rock overburden is above the hard rock. The site parameters are shown in Table 1.
P waves are obliquely incident at an angle of α = 45° from the lower left corner of the model. Figure 10 shows the plastic strain nephograms of the slope site under the action of obliquely incident P waves with different soft–hard rock interface positions at different timings. Figure 11A depicts the displacement nephograms of the slope site at t = 20 s. Figures 10, 11A show that, for the slope site with upper soft rock and lower hard rock, the plastic zones first appear at the interfaces between soft rock and hard rock and then continuously develop upward to form landslide surfaces. A thicker soft-rock overburden tends to cause an earlier appearance of the plastic strain zone, faster sliding surface formation, a greater plastic zone and plastic deformation, and stronger sliding.
[image: Figure 10]FIGURE 10 | Plastic strain nephograms of the slope at different timings with different soft–hard rock interface positions. (A) h = 30 m. (B) h = 27 m. (C) h = 24 m. (D) h = 21 m.
[image: Figure 11]FIGURE 11 | Displacement of the slope at different interface positions of soft and hard rock. (A) Displacement nephograms at t = 20 s. (B) Displacement time history comparison of the slider.
In order to better reflect the influence of the soft–hard rock interface position on the sliding displacement of the slider, Figure 11B describes the displacement time history comparison results of the slider at different positions of the soft–hard rock interface. Thus, the absolute value of the horizontal and vertical average displacement and the resultant displacement of the slider all increase as the distance between the soft–hard rock interface to the top of the slope changes from near to far.
According to the comprehensive analysis in Figures 10, 11, on slope sites of upper soft rock and lower hard rock, the smaller the thickness of the soft rock layer, the safer the site will be. When the interface between soft and hard rock is 21 m from the slope top, the plastic strain zone appears late, and the plastic strain and sliding displacement of the slider are small. The thickness of soft rock is small enough to prevent landslides.
4.3 Impedance ratio
This subsection analyzes the dynamic responses of the layered slope site at different impedance ratios (η = 0.2, 0.4, 0.6, 0.8, and 1.0) of the upper and lower layers. The size of the slope site finite element model is the same as in Section 4.1; the site parameters are shown in Table 2. P waves are obliquely incident at an angle of α = 15° from the lower left corner of the model.
TABLE 2 | Material constants of the slope site.
[image: Table 2]Plastic strain nephograms of the slope with different impedance ratios are given in Figure 12. The greater the impedance ratio between the upper and lower media, the later the plastic strain zone appears, the slower the development speed, and the later the landslide surface will occur. The maximum plastic strain of the slope site decreases with increasing impedance ratio between the upper and lower media.
[image: Figure 12]FIGURE 12 | Plastic strain nephograms of the slope at different timing with different impedance ratios. (A) η = 0.2. (B) η = 0.4. (C) η = 0.6. (D) η = 0.8. (E) η = 1.0.
Figure 13A illustrates the displacement nephograms of the slope site with different impedance ratios at t = 20 s. The impedance ratio has no effect on the position of the landslide surface and the volume of the sliding block but has a significant effect on the sliding displacement of the sliding block.
[image: Figure 13]FIGURE 13 | Displacement of the slope at different impedance ratios. (A) Displacement nephograms at t = 20 s. (B) Displacement time history comparison of the slider.
To better reflect the influence of the impedance ratio between the upper and lower media on the sliding displacement of the slider, Figure 13B describes the displacement time history comparison results of the slider at different impedance ratios. It can be concluded that the absolute value of the horizontal and vertical average displacement and the resultant displacement of the slider have the same change trend under different impedance ratios, and that they all decrease with the increase in impedance ratio. With this increase, the landslide hazard of the slope site decreases significantly.
5 SUMMARY AND CONCLUSION
Landslide seismic disasters have become a focus of geological hazard research because of their wide distribution, frequency, and great harm. Due to the topographic effect of slope sites, the seismic input method of regular sites is no longer applicable. This paper combines viscoelastic boundary with a seismic input method for slope sites under the action of obliquely incident P waves. Application is made with MATLAB programming software. The finite element model of the slope site is established in the application software ABAQUS, and the seismic mechanical behavior of the slope site is simulated by the Mohr-Coulomb model. Compared with the calculation results of the extended model, the established seismic input method is verified as correct. The established seismic input method is applied to analyze the parameters of landslide disasters in slope sites with upper soft rock and lower hard rock.
Under all calculation working conditions, the landslide hazard occurrence process of the slope site is basically the same, but the severity of the landslide hazard is different. Under the action of obliquely incident P waves, a small range of plastic deformation in upper soft rock slopes and lower hard rock slopes first occurs at the soft–hard rock interface. Next, the plastic zone expands upward to form a small-scale plastic zone, and the maximum plastic strain value increases continuously; the input velocity time history is then close to the peak. Thereafter, the plastic zone expands upward. When the input seismic wave reaches peak value, an obvious slip surface is formed. The slope body slides downward along this, and the deformation of the slope top is obvious. After the peak value is reached, there is no obvious change in the size of the plastic zone, but the maximum plastic strain value still increases in a small range over time. The details are as follows.
(1) For the slope site with upper soft rock and lower hard rock, the plastic zone and plastic strain value increase as the incident angle of the P wave changes from 0° to 45°. The larger the incident angle of the P wave, the earlier the landslide surface will form, the larger the landslide volume and sliding displacement, and the more serious the landslide disaster will be.
(2) For slope sites with upper soft rock and lower hard rock, the plastic zones first appear at the soft–hard rock interface and then continuously develop upward to form the landslide surfaces. The farther the soft–hard interface is from the slope top, the earlier the plastic strain zone will appear, and the faster the slip surface forms. With the thickening of the soft rock overburden, the plastic zone area and plastic deformation increase, and the sliding displacement of the slider is more obvious.
(3) The greater the impedance ratio between the upper and lower media of the layered slope site, the later the plastic strain zone will appear, and the slower the plastic zone develops. At different impedance ratios, the location of the landslide surface and the volume of the sliding block are basically the same. The maximum plastic strain and sliding displacement of the sliding block decrease with the increase of impedance ratio.
Some limitations should be noted with this paper. As the type of seismic failure of hard rock slopes is different from that studied in this paper, the proposed method is not suitable for such slopes. These conclusions and findings are based on the simulation results of the calculation model of the soft rock slope site and slope site with upper soft rock and lower hard rock. Due to the complexity of the problems, the validity of these conclusions and findings for calculating a model of hard rock slope sites or soil slope sites need much more study. Moreover, the simulation of the material of the slope site is based on the Mohr-Coulomb model without considering the existence of cracks and structural planes in rock mass materials. In general, the limits mentioned above should be addressed in future work.
Finally, the proposed method only discusses seismic landslides under the action of P waves, and further research is needed on seismic landslides under the action of shear waves and Rayleigh waves. Follow-up study regarding these issues is needed.
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