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Abstract

:

To study the influence law of effective peak acceleration (EPA) on the seismic response of soil slope, the finite element method was used to simulate the slope response under earthquake action with 100 actual seismic records were selected, the influence law of the EPA under four different definitions commonly used in domestic and foreign codes on the soil slope seismic response was discussed, and which was compared with the influence law of the peak acceleration (PGA). The results showed that the deformation and the maximum principal stress of soil slope both increased with the EPA and PGA, which had an obvious linear relationship, but the correlation degree were different with the parameters of PGA and EPA by the different definitions. EPA1 by the first definition has the highest correlation with the soil slope seismic response, followed by PGA, which was close to EPA1. Other parameters in order of correlation coefficient were EPA2, EPA3 and EPA4. In this example, EPA1 and PGA could better describe the response degree of soil slope in earthquake. The results are expected to provide a basis for the selection of seismic parameters in soil slope seismic stability evaluation.






Keywords:


effective peak acceleration (EPA); peak ground motion acceleration (PGA); slope; earthquake response; influence law












1. Introduction


Effective peak acceleration (EPA) is defined differently in national norms, but it is generally obtained by dividing the average spectral value of a periodic point on the acceleration response spectrum or the average spectral value of a periodic segment by the average dynamic amplification coefficient β. The maximum value of the seismic acceleration time history given in the current GB 50011-2010 “Code for Seismic Design of Buildings” [1] is EPA, not the peak ground motion acceleration (PGA). Long et al. [2] used the seismic acceleration records in 2008 Wenchuan earthquake to compare the EPA and PGA and concluded that the correlation between EPA and earthquake intensity is stronger than that between PGA and earthquake intensity. In addition, Chang et al. [3] pointed out that seismic records adjustment for structural dynamic time history analysis should be based on EPA rather than PGA. Chen et al. [4] analyzed the attenuation relationship based on 154 horizontal strong earthquake records with magnitudes greater than 4.5 recorded on bedrock in the western United States. They concluded that PGA was not an ideal seismic design parameter to reflect seismic effects, and EPA is proposed to replace PGA. An et al. [5] proposed an improved EPA adjustment method is proposed, which can be applied to all types of seismic waves by using a unified expression, and it is verified that the improved method can evaluate the ground vibration intensity more reasonably. In addition, Biswajit Basu et al. [6] studied the dependence of EPA on several control parameters, and the results showed that although EPA was highly dependent on the time period, it was possible to obtain the “periodic average” EPA value of some ground motion processes in the project, which provided a reasonable basis for obtaining the EPA of a given ground motion. Cao et al. [7] performed a statistical analysis of the EPA definition and related parameters in the code based on the response spectra of acceleration records from 222 sets of actual earthquakes, and the results show that the dispersion degree of EPA calculated by EPA = Sa(T′)/βmax(T′) is larger than that calculated by the EPA = Sa(0.1–0.5)/β(0.1–0.5). Zhong et al. [8], respectively, took PGA and EPA as parameters to analyze the seismic hazards of I2 engineering sites in the Jinsha River Basin, and obtained the bedrock PGA and EPA values of each site under different annual exceeding probability. Yi et al. [9] used the characteristics of EPA in the compilation of the fourth-generation “China Earthquake Parameter Zoning Map”, combined with the advantages of probabilistic and deterministic methods, and proposed the principles and methods, which determine the scenario earthquake of major engineering sites. Guo et al. [10] introduced the definition background of PGA and EPA and researched the relationship between EPA and PGA under bedrock site conditions. Zhang et al. [11,12] investigated the correlation between PGA, EPA and the deformation displacement and acceleration amplification coefficients of soil slopes, believed that they have positive correlation characteristics. Furthermore, other ground motion parameters are taken into account, such as the distance to fault, earthquake magnitude, and so on [13,14,15]. Based on the analysis of the above parameters, some prediction models with deep learning–based algorithm are proposed for landslide susceptibility prediction [16,17].



Throughout the current studies, there are many studies on the correlation between ground motion parameters and landslides [18,19,20,21,22,23,24], but few studies on the influence law of EPA on the seismic response of soil slope. The EPA corresponds to the period interval 0.1–0.5 s, which theoretically corresponds to the self-oscillation period of 1–6 storey industrial and civil buildings and is more closely related to the degree of seismic damage and seismic protection of buildings as a ground vibration parameter. In this paper, 100 ground motion records were selected to explore the correlation between EPA and the seismic response of soil slope, and several EPA definitions commonly used in the current domestic and foreign codes were used to study and analyze the influence law of EPA on the dynamic response of slope, which provides the foundations and basis for the selection of parameters for the analysis of seismic dynamic response of slope.




2. Methods


2.1. Calculation Method


2.1.1. Finite Element Analysis of Seismic Response of Soil Slope


The finite element numerical simulation method uses the actual ground motion input to truly reflect the dynamic response characteristics of the slope under the earthquake action, and is not limited by the geologic conditions, geometric configuration and other factors of the slope, which can solve the problem that is difficult to be solved by analytical method, and more realistically and reasonably evaluate the dynamic stability of the slope under the earthquake action, when studying and analyzing the slope stability under the earthquake action. Therefore, the finite element numerical simulation method is widely and deeply applied in solving the seismic stability problem of slope.



The following balance equation is used to calculate the seismic dynamic finite element (1) [25,26].


   [ M ]   {   u ¨   }  +  [ C ]   {   u ˙   }  +  [ K ]   { u }  =  { F     ( t )   }   



(1)







In this equation, [M] is the mass matrix of the structure, [C] is the damping matrix of the structure, [K] is the stiffness matrix of the structure,     {   u ¨   }    is the acceleration array of the structure,    {   u ˙   }    is the velocity array of the structure,    { u }    is the displacement array of the structure, and    {  F  ( t )   }    is the nodal load array of the structure.



For solving the dynamic problem under earthquake action, the dynamic load is the seismic. Therefore, the basic mechanical equation for solving the seismic dynamic stability problem can be expressed in Equation (2):


   [ M ]   {   u ¨   }  +  [ C ]   {   u ˙   }  +  [ K ]   { u }  = −  [ M ]   {     u ¨   g   ( t )   }   



(2)







In this equation,    {     u ¨   g   ( t )   }    is the time histories of ground motion acceleration.



Earthquake is a kind of complex load that changes completely with time. The slope rock and soil mass will often enter the elastic-plastic state under the action of earthquake action, and then the analytical solution cannot be obtained, and the analytical method is no longer applicable, but the numerical solution of the structural dynamic reaction can be obtained by numerical calculation. The common methods include the piecewise analysis method, the central difference method, the average constant acceleration method, the linear acceleration method, the Newmark- β  method and the Wilson- θ  method. The central idea of these methods is to assume that the structure exhibits a linear elastic reaction at every tiny time step, which is then solved by the step-by-step integration in the time domain. The ABAQUS software used in this paper is divided into two types of algorithms, implicit and explicit, where the implicit algorithm is based on the Newmark-β method, while the explicit module uses the central difference method to solve the dynamics problem. The implicit algorithm was used in this paper.




2.1.2. Definition of Effective Peak Acceleration


In the evaluation of slope seismic stability, it is very important to select the ground motion intensity index reasonably. Due to the subjectivity of EPA, there are differences in the definition and correlation value of EPA, and the main difference lies in the selection of cycle segments. The selection of different cycle ranges determines the sensitivity of EPA to different periodic structures. In order to fully study the influence of EPA on slope dynamic response under different definitions, this paper chooses the following definition methods of EPA commonly used at home and abroad for research, as listed in Equations (3)–(6):



Definition 1. 

“Sample Code for Seismic Design of Structures” (ATC-3) [27] in the US, in which the acceleration response spectrum with damping ratio of 5% was averaged to a constant value Sa between periods of 0.1–0.5 s.






     EPA  1  =    S a   (  0.1 − 0.5  )    2.5     



(3)





Definition 2. 

According to the “Code for Seismic Design of Buildings” (GB 50011-2010) [1] in China, the normalized acceleration response spectrum with a damping ratio of 5% was averaged to a constant value Sa between periods 0.1–Tg (Tg is the characteristic period of the response spectrum).






     EPA  2  =    S a   (  0.1 −  T g   )    2.5     



(4)





Definition 3. 

“Seismic ground motion parameters zonation map of China (GB18306-2015) [28], the maximum value of the acceleration response spectrum of the normalized ground motion with 5% damping ratio is 1/2.5 times that of Sa.






     EPA  3  =    S a   (   T d   )    2.5     



(5)





Definition 4. 

In “Earthquake hazard Zoning map of the United States” (MSHM) [29], EPA is obtained by dividing the spectral value Sa at 0.2 s corresponding to the acceleration response spectrum by the dynamic amplification factor.






     EPA  4  =    S a   (  0.2  )    2.5     



(6)





It can be known from the above that the different amplification factors stipulated by different codes lead to differences in the final calculation results of EPA. Countries also have different regulations regarding the high frequency band of the accelerated response spectrum. For example, the American earthquake resistant code stipulates that the fixed selection is 0.1–0.5 s. The Chinese seismic design specification does not select this platform segment, but according to each reaction spectrum, and the U.S. specification value is determined, only the spectrum of the excellent cycle of the most built (structure) construction, which can lead to the selection of the EPA method suitable for the different structure.




2.1.3. Correlation Calculation Method


Reasonable ground motion intensity index should be able to effectively reflect the degree of seismic response of slope, in the seismic stability evaluation of slope. In this paper, the influence weight of ground motion parameters on the seismic response of slope is determined by the Pearson correlation coefficient, thus the reasonable parameters for evaluating the seismic stability of slope are obtained. The Pearson correlation coefficient is a kind of index to express the mutual relationship between two variables, which was put forward by British statistician Pearson in the 1880s. It is a dimensionless index from −1.0 to 1.0 that examines the degree of correlation between two things. Subsequently, it is widely used in the research to calculate the correlation degree between the two factors [30]. The specific calculation process is as follows:



Step 1. Mark the PGA or EPA of the i th ground motion as Ii;



Step 2. The finite element method is used to calculate the maximum slope response value Ri under the i th ground motion input;



Step 3. Repeat steps 1 and 2 to obtain all the ground motion records Ii and Ri;



Step 4. All recorded calculation results were plotted in the R-I coordinate system, and Pearson’s correlation coefficient R between R and I was obtained by calculation, as shown in Equation (7) below.


  r =     ∑   i = 1   100    (  Ri −   R ¯    )  ( Ii −   I ¯   )       ∑   i = 1   100     ( Ri −   R ¯   )  2        ∑   i = 1   100   ( Ii −   I ¯      ) 2     



(7)







In the formula, r is the influence weight of each ground motion parameter, and the closer R is to 1.0, the better its correlation is.





2.2. Modeling


In order to study the influence of EPA on the dynamic displacement response and stress response of slope under earthquake action, a two-dimensional soil slope model (Figure 1) has been established by reference to the layout control of slope monitoring points [31]. Five displacement observation points D1-D5 have been set up along the slope surface, and three stress observation points S1-S3 have been set up vertically. The length of the model is 170 m, the height is 70 m, the slope Angle is 34°, the slope height is 30 m, and the length of the rear edge of the slope top is 80 m. According to the research results of Lysmer et al. [32,33], the mesh size of the rock and soil mass model is controlled by the shortest wavelength of the input seismic wave, and the maximum mesh size should be less than 1/8–1/10 of the shortest wavelength. Furthermore, the constitutive model is an ideal elastic-plastic constitutive model, and the yield criterion is the Mohr-Coulomb strength criterion, which is suitable for geotechnical physical behavior. In order to fully study the influence of law of slope under earthquake action, the model material is assumed to be homogeneous material, and the physical and mechanical parameters of slope soil are shown in Table 1 [34,35]. The soil properties studied here are those of southwest China.



When simulating and analyzing the dynamic problems of semi-infinite bodies such as slopes, in order to prevent the superposition effect caused by the seismic wave propagating to the boundary of the model and reflecting back to the model, it is usually necessary to set the artificial boundary to simulate the scattering effect of the scattered wave to the semi-infinite space domain. In the analysis and calculation of this paper, the viscoelastic boundary [36,37] has been set at the artificial boundary of the model, namely, the spring and damping unit have been set at the boundary, and the Rayleigh damping form commonly used in engineering was used as the damping of the model.



In this paper, a total of 100 original ground motion records were randomly selected from the database of Pacific Earthquake Research Engineering Center (PEER) to study the applicability of different ground motion intensity parameters, and the baseline correction of the original ground motion records was performed before use. By the calculation, the strength range of PGA is 0.0041~1.2259 g, EPA1 is 0.002436~0.576058 g, EPA2 is 0.008410221~2.196830.06 g, EPA3 is 0.004532~1.231672 g, EPA4 is 0.003~0.923136 g. The ground motion acceleration was applied to the bottom of the model by horizontal input.





3. Results


Input the 100 ground motion records selected above, and the earthquake’s final displacement deformation and stress response of the slope have been obtained by simulation calculation. The influence law of EPA on the seismic response of slope will be discussed by taking the final deformation displacement and maximum principal stress of the Slope observation point as the representative values of slope response.



3.1. Influence Law of EPA on Slope Seismic Deformation Response


The final displacements of the 5 displacement observation points D1-D5 in the slope under the corresponding ground motion were extracted, and their corresponding relationships with PGA and EPA under the four definitions were made, as shown in Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6, to study their change rule with EPA and PGA.



It can be seen from Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6 that the deformation displacement response of different monitoring points has certain degree of linear relationships with EPA and PGA, the linear relationships between PGA, EPA of the same definition and the deformation displacement of different monitoring sites is almost the same, and it increases with the increase in EPA and PGA, showing a positive correlation overall. Moreover, by comparing the response images under PGA and different EPA definitions, it is not difficult to find that EPA1, EPA3 and PGA have the most obvious linear relationship with the slope displacement response, and their change rules are also the most similar.



Furthermore, in order to analyze the correlation degree further quantitatively between EPA and soil slope deformation, the correlation coefficient between them was calculated, as shown in Table 2. EPA1 and PGA have the highest correlation with the displacement deformation response of soil slope surface, and their average correlation coefficients with the displacement of the five monitoring points are 0.886 and 0.868, respectively, followed by EPA2, EPA3 and EPA4 in high and low order, with the average correlation coefficients of 0.824, 0.820 and 0.727.




3.2. Influence Law of EPA on Seismic Stress of Slope


The maximum principal stress of three stress observation points S1, S2 and S3 under corresponding ground motion was extracted, and their corresponding relationships with PGA and EPA under four definitions have been made, as shown in Figure 7, Figure 8 and Figure 9, in order to study its change rule with EPA and PGA.



It can be seen from Figure 7, Figure 8 and Figure 9 that the stress response of different monitoring points has a certain degree of linear relationship with EPA and PGA, and the maximum principal stress of different monitoring points has almost the same obvious linear relationship with PGA and the same defined EPA, which increases with the increase in EPA and PGA overall, showing a positive correlation. The stress response also has a law of divergence with the increase in EPA and PGA, compared with the change law of slope displacement. From the figure, when EPA is less than 0.1 g, the linear relationship between them seems to be more obvious.



In order to further quantitatively analyze the correlation between EPA and soil slope stress, the correlation coefficient between EPA and soil slope stress was calculated, as shown in Table 3. EPA1 and PGA have the highest correlation with the displacement deformation response of soil slope surface, and their average correlation coefficients with the displacement of the five monitoring points are 0.897 and 0.857, respectively, followed by EPA2, EPA3 and EPA4 in high and low order, with the average correlation coefficients of 0.833, 0.825 and 0.727.





4. Discussion


By comparing and analyzing the correlation between soil slope displacement and stress with EPA and PGA, it is shown that EPA1 and PGA have the highest correlation with the slope’s response, which is that they can best reflect the slope response degree under earthquake.



In the definition of EPA1, Sa(0.1–0.5) is the average value of the plateau segment of acceleration response spectrum from 0.1–0.5 s. The value of the plateau segment is fixed and conforms to the law of statistical average. In the definition of EPA2, Sa(0.1 − Tg) is the average value from 0.1 s to Tg (Tg is the predominant period of the reaction spectrum), which conforms to the law of statistical average. However, the value of the plateau is not fixed, so the value of Tg is subjective and more flexible, which can be applied to different projects. Td in EPA3 is the periodic point corresponding to the maximum value of the reaction spectrum, which is representative of a particular wave, but the high-frequency wave with very short duration may not cause structural failure. The 0.2 s period in EPA4 roughly corresponds to the remarkable period of bedrock, but the study object of this paper is soil slope, and Sa(0.2) can take any value of acceleration response spectrum in theory, which is not necessarily representative when it is specific to a seismic wave.



PGA is one of the most widely used indicators in engineering, which is convenient to obtain and can describe the strength of ground motion to a great degree. However, PGA has the characteristics of randomness and dispersion, the selection of PGA may interfere with the judgment of the actual energy of ground motion due to the instantaneous pulse peak, so when PGA is used as the strength indicator to study the stability of soil slope, the spectrum characteristics of ground motion should be considered. Athough EPA is not affected by the influence of excessively large peak acceleration controlled by high-frequency components and the resonance effect at the natural vibration frequency of the structure, it can describe the strength of ground motion to a great degree.




5. Conclusions


In this paper, slope responses under 100 ground motions were simulated and calculated, and the influence laws of PGA and EPA under the four common definitions on slope displacement and stress response were analyzed and discussed. The following conclusions are obtained:




	(1)

	
As a whole, the displacement and stress responses of slope under earthquake action increase with the increase in PGA and EPA under different definitions, showing a positive linear relationship.




	(2)

	
In the quantitative analysis, the linear correlation coefficients of PGA and EPA under different definitions on soil slope deformation displacement and stress response are different. Among them, EPA1 and PGA have the highest correlation coefficients with soil slope deformation displacement and stress response, followed by EPA2, EPA3 and EPA4.









In summary, it is suggested that PGA and EPA1 should be given priority as strength parameter indexes in the study of seismic response of soil slope, and the other four ground motion parameters can also be integrated to comprehensively consider the analysis results. It is worth pointing out that the natural vibration characteristics of the slope model are not considered in this study, and the influence of the slope model on seismic response of soil slope will be focused on the future.
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Figure 1. Finite element mesh. 






Figure 1. Finite element mesh.
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Figure 2. Variation of D1 displacement with EPA and PGA. 
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Figure 3. Variation of D2 displacement with EPA and PGA. 
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Figure 4. Variation of D3 displacement with EPA and PGA. 
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Figure 5. Variation of D4 displacement with EPA and PGA. 






Figure 5. Variation of D4 displacement with EPA and PGA.



[image: Sustainability 14 16985 g005]







[image: Sustainability 14 16985 g006 550] 





Figure 6. Variation of D5 displacement with EPA and PGA. 
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Figure 7. Variation of S1 Max. principal with EPA and PGA. 
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Figure 8. Variation of S2 Max. principal with EPA and PGA. 
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Figure 9. Variation of S3 Max. principal with EPA and PGA. 
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Table 1. Parameters for slope soil.






Table 1. Parameters for slope soil.





	Parameters
	Density/

(kg·m−3)
	Dynamic Modulus of Elasticity/MPa
	Poisson’s Ratio
	Cohesive Force/kPa
	Internal Friction Angle/°





	Number
	2070
	90.8
	0.3
	13.99
	25
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Table 2. Relevant coefficients of EPA, PGA, and the slope deformation displacement response.






Table 2. Relevant coefficients of EPA, PGA, and the slope deformation displacement response.





	Slope Responses
	EPA1
	EPA2
	EPA3
	EPA4
	PGA





	D1 displacement
	0.890
	0.826
	0.823
	0.732
	0.869



	D2 displacement
	0.889
	0.832
	0.828
	0.737
	0.861



	D3 displacement
	0.881
	0.817
	0.813
	0.720
	0.863



	D4 displacement
	0.880
	0.817
	0.812
	0.720
	0.874



	D5 displacement
	0.890
	0.827
	0.822
	0.730
	0.873



	Mean value
	0.886
	0.824
	0.820
	0.727
	0.868
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Table 3. Relevant coefficients of the EPA, PGA, and the seismic stress response of the side slope.






Table 3. Relevant coefficients of the EPA, PGA, and the seismic stress response of the side slope.





	Slope Responses
	EPA1
	EPA2
	EPA3
	EPA4
	PGA





	S1 Max. Principal
	0.890
	0.828
	0.824
	0.717
	0.858



	S2 Max. Principal
	0.895
	0.828
	0.819
	0.716
	0.845



	S3 Max. Principal
	0.911
	0.843
	0.832
	0.747
	0.869



	Mean value
	0.897
	0.833
	0.825
	0.727
	0.857
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