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Abstract

:

In earthquake-prone areas, pile-anchor structures are widely employed for slope reinforcement due to their reliable performance. Current research has primarily focused on static and quasi-static analyses of slopes reinforced by using pile-anchor structures, with limited investigation into their dynamic response. In this work, the finite element method (FEM) is used to study the dynamic behavior of a pile-anchor slope system, and the extended finite element method (XFEM) is used to simulate the progressive failure processes of piles. Three different reinforcement schemes, which include no support, pile support, and pile-anchor support, are considered to examine the performance of the pile-anchor structure. The simulation results suggest that the pile-anchor structure displays a reduction of 39.6% and 40.6% in the maximum shear force and bending moment of the piles, respectively, compared to the pile structure. The XFEM is utilized to model the progressive failure process of the piles subjected to seismic loading. We find that crack initiation in the pile body near the slip surface, for both the pile supported and the pile-anchor supported conditions, occurs when the peak ground acceleration arrives. Crack growth in the piles completes in a very short period, with two distinct increments of crack area observed. The first increment occurs when the peak ground acceleration arrives and is significantly larger than the second increment. Consequently, for the seismic design of piles, it is necessary to strengthen the pile body around slip surfaces. The novelty of this paper is that we realize the simulation of crack initiation and propagation in piles subjected to seismic loading.
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1. Introduction


Pile-anchor structures have been widely used for stabilizing slopes in earthquake-prone areas [1,2,3]. Engineering practice finds that piles could fail due to incorrect design, especially under earthquakes; such failures often initiate from localized damage caused by stress concentration [4]. For example, pile damage and anchor head failure were observed after the Wenchuan earthquake [5]. Current research on pile-anchor systems has primarily focused on static and quasi-static analyses. Understanding how these systems respond under seismic loading should be further investigated for the seismic design of slopes [6].



Research methods on the response of slope reinforcement mainly involve physical model tests and numerical simulations. Shaking table tests provide a powerful tool for modeling the dynamic characteristics of reinforced slopes. For instance, Huang et al. [7] studied the seismic response of a slope reinforced by a pile-anchor structure based on 50 g dynamic centrifuge tests, and they found that the pile bore most of the soil pressure, while the anchor assisted in preventing the pile from outward tilting. Hu et al. [8] demonstrated the effective performance of a pile-anchor structure for stabilizing slopes even if under intense earthquakes. Xu et al. [9] performed a shaking table model test on a rock slope anchored with adaptive anchor cables, and they demonstrated that the adaptive anchor cables could buffer the seismic loading through energy dissipation sliding sleeves. Qu et al. [10] proposed an analytical model for analyzing the dynamic behaviors of reinforced slopes and performed a shaking table test to verify the model. Jahromi et al. [11] conducted an experimental study of the deformation of piles in a sandy slope using a 1 g shaking table test, and they found that the dynamic response of the slope gradually decreased from slope toe to crest. Cheng et al. [12] reported a model test on the response of anchors subjected to cyclic loading. Srilatha et al. [13] and Panah and Eftekhari [14] studied the influence of peak acceleration and frequency on the dynamic behavior of reinforced slopes through shaking table tests. Although shaking table tests can provide insights into the failure mechanism of slopes under seismic conditions, their applicability is limited by the model size. Moreover, these tests are costly and time-consuming.



Numerical simulations offer an economical and reliable approach for analyzing the behaviors of reinforced slopes [15,16,17], including the finite element method (FEM), the finite difference method (FDM), mesh-free methods [18,19,20,21,22], and artificial intelligence methods [23,24,25,26,27,28,29,30,31,32]. Among these methods, the FEM and the FDM are the most widely used. For instance, Cai and Ugai [33] investigated the influence of piles on the stability of a slope using the shear strength reduction FEM, and they concluded that the pile row performed best in stabilizing slopes when it was placed in the middle of the slope. Won et al. [34] reported a stability analysis of a pile-slope system using the explicit finite difference code FLAC 3D. Lin et al. [35] employed FLAC3D to simulate the seismic response of slopes reinforced with anchored frame beams and pile-slab wall. Joorabchi et al. [36] presented an approach for calculating yield acceleration and displacement of a drilled shaft-reinforced slope using the FEM method. Huang et al. [1] conducted a comparative analysis of slope stability under earthquake conditions using different support schemes (i.e., no support, pile support, anchor support, and pile-anchor support) through the FEM method, and they found that the pile-anchor structure performed best in stabilizing slopes. Xu et al. [6] utilized the FEM to investigate the influence of base excavation, continuous rainfall, and earthquakes on slope stability, and they evaluated the effectiveness of pile-anchor structures in slope reinforcement. Ye et al. [37] modeled the dynamic response of a slope reinforced by frame and anchors using the FEM. Based on a limit analysis, Yan et al. [38] presented a numerical method for slope stability analysis which considered axial force change under seismic loading. Chakraborty and Dey [39] reported a probabilistic assessment of the dynamic behavior of a toe-excavated hillslope. These previous studies have provided insights into the dynamic responses of reinforced slopes under seismic shaking, including the internal force of piles and anchors and deformation of slopes, which is helpful for the seismic design of slopes. However, most numerical simulations have failed to consider the pile–soil interaction, and have yet elucidated the damage and failure mechanism of supporting structures under earthquakes. In addition, most studies have focused on the force characteristics of piles [40,41,42], but little is known about their progressive failure process involving crack initiation and propagation.



In this work, an investigation is conducted on the dynamic response of a reinforcement-slope system under seismic loading. Here, three scenarios are considering, including no support, pile support, and pile-anchor support. By analyzing parameters such as slope deformation, axial force of anchors, and shear force and bending moment of piles, this research aims to reveal the dynamic response of the reinforcement. In addition, simulation of the progressive failure process of the piles is realized using the extended finite element method, which provides insight into the failure mechanism of the piles. The findings of this study could provide helpful guidance for the seismic design of slopes.




2. Numerical Model


2.1. Methodology


In this work, the finite element software ABAQUS was used to simulate the dynamic response of a pile-anchor reinforced slope. A FEM dynamic analysis was used to simulate the wave propagations in the slope. Dynamic/implicit in ABAQUS was adopted as the solver to carry out the analysis. The equation governing the dynamic analysis is represented as follows [43]:


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



(1)




where [M] is the mass matrix, [C] is the damping matrix, [K] is the stiffness matrix, F is the external force, and u is the nodal point displacement.




2.2. Model Description


For this study, we selected the simplified three-dimensional slope model proposed by Cai and Ugai [33] (Figure 1), which is widely employed for numerical analyses and validations [33,34,44,45]. In the model, two cylindrical concrete piles, each with a length of 15.5 m, are placed at the midpoint of the slope. The diameter of each pile (D) is 0.8 m. According to Won et al. [34], the spacing S between the pile centers is 2.4 m, which is three times the pile diameter (S = 3D). Two anchors, each with a free section of 12 m and an anchoring section of 8 m, are placed in the slope with an inclination angle of 15° to the horizontal line. The anchor head is located 0.5 m below the top of the pile. Tie constraints in the ABAQUS software are used to define the connection between the anchor and the pile, so that the anchor head and the pile have the same degree of freedom at the tied nodes. The parameter settings in the model are listed in Table 1, which are based on previous studies [33,46,47]. In the simulations, the piles and anchors were modeled as linear elastic materials, while the soil was modeled by the Mohr–Coulomb failure criterion. Three monitoring points, namely A1, A2, and A3, were set in the model to measure the acceleration and displacement of the slope under seismic loading (Figure 1).



In the FEM model, the piles and anchors are regarded as linear elastic materials. The soil and piles are modeled by the C3D8R solid element which is an 8-node linear brick. The anchors are represented using the T3D2 truss element which is a 2-node linear displacement element that can transmit only axial force and use linear interpolation for position and displacement. To capture the interaction between the piles and soil, a master-slave contact algorithm was implemented. Specifically, the surface of the piles is designated as the master surface, while the soil acts as the slave surface. The normal contact is set as hard contacts, allowing for separation between the soil and piles when tension occurs. The tangential direction of the contacts incorporates a penalty function that follows the Coulomb’s friction law. Thus, when the shear stress on the contact surface exceeds the frictional strength, relative sliding between the soil and piles occurs [48]. The friction coefficient is assumed to be 0.3. A binding constraint is applied between the anchors and piles, while an embedded region is utilized to model the interface between the anchors and soil. The prestress of the anchors is achieved using the cooling method. When the slope is not reinforced, the safety factor is calculated, while the safety factor results of the shear strength finite element method, the finite difference code FLAC, and Bishop’s simplified method are 1.14, 1.15, and 1.13, respectively [33]. This validated the method used in this work to some extent.




2.3. Seismic Input


Horizontal seismic shaking is a major factor that contributes to slope failures [49]. In this study, to simulate the dynamic response characteristics of the reinforced slope under seismic loading, a horizontal seismic wave was applied in the X-direction at the base of the model. The selected seismic wave was based on the horizontal acceleration time history of the El Centro wave. In order to eliminate baseline drift, baseline correction was performed on the seismic wave [50,51]. The adjusted seismic wave had a duration of 30 s, a time step of 0.02 s, and a peak acceleration of approximately 0.1 g. The time histories of acceleration and displacement are shown in Figure 2.




2.4. Material Damping


The Rayleigh damping model, which has been widely used to incorporate damping in dynamic response analyses, was selected. In the model, the damping matrix [C] is a linear combination of the mass matrix [M] and the stiffness matrix [K] [30,52]:


  [ C ] = α [ M ] + β [ K ]  



(2)




where α and β are the damping coefficients calculated by:


  α = ξ   2  ω i   ω j     ω i  +  ω j     



(3)






  β =   2 ξ    ω i  +  ω j     



(4)




where ωi and ωj refer to the characteristic frequencies corresponding to the ith and jth modes of the structural model, respectively, and ξ is the damping ratio which is set as 0.05 in this research.




2.5. Boundary Conditions


To account for the impact of the initial stress state of the slope on its dynamic response, a finite element analysis method incorporating static and dynamic coupling was employed for the boundary condition [53,54,55]. The numerical computation process consisted of three steps:




	(1)

	
The bottom of the model is fixed, while the lateral boundaries are subjected to normal constraints. This allows for stress equilibrium within the model. Then, the entire model is subjected to gravity to simulate the self-weight load. As a result, nodal reactions at the left and right lateral boundaries can be obtained, providing valuable insights into the distribution of forces within the slope under gravity.




	(2)

	
To achieve the conversion from static to dynamic boundary conditions, the horizontal constraints of the left and right boundaries of the model are released; meanwhile, the displacement in the vertical direction is restricted. Additionally, the reaction forces obtained from Step 1 are applied to the corresponding nodes at the left and right boundaries to maintain balance. This approach allows for a smooth transition from the static calculation to the dynamic analysis, ensuring consistency in the boundary conditions and enabling an accurate assessment of the dynamic response of the reinforced slope under seismic loading.




	(3)

	
In the dynamic analysis, the horizontal constraint on the bottom of the model is released. Simultaneously, ground motion is applied in the horizontal direction. This setup allows for the investigation of the dynamic response characteristics of the reinforced slope under seismic loading.










2.6. Validation


	(1)

	
Stability of the slope without reinforcement under gravity







The strength reduction method is employed to calculate the safety factor (FOS) for the unsupported slope under gravity. The safety factor is calculated to be 1.15 in this research. When the slope has no reinforcement, the safety factors calculated by Cai and Ugai [33], the FLAC, and Bishop’s simplified method are 1.14, 1.15, and 1.13, respectively [34]. Figure 3 shows the critical slip surface within the slope.



	(2)

	
Dynamic response of the slope without reinforcement under seismic loading







The acceleration time-history curves of the three monitoring points in the slope with no support under seismic loading are shown in Figure 4. The dynamic response characteristics of these monitoring points display similarity to the input seismic wave (Figure 3). The peak accelerations of points A1, A2, and A3 are 1.62 m/s2, 1.80 m/s2, and 2.54 m/s2, respectively.





3. Dynamic Response of the Slope Model Reinforced by Different Structures


In the simulations, three different reinforcement schemes were considered, i.e., no support, pile support, and pile-anchor support. We compared the performances of different structures on the effectiveness of stabilizing the slope.



3.1. Dynamic Response of the Soil Slope


Equivalent plastic strain is a measure of cumulative plastic deformations during seismic loading processes, which provides a comprehensive representation of the cumulative effect of seismic loading [56]. Figure 5 illustrates the equivalent plastic strain cloud diagrams in the slope with different reinforcement schemes after seismic loading. It can be observed from Figure 5 that the unsupported slope experiences a through-going sliding surface extending from the slope toe to the slope crest. The plastic zone of the slope reinforced by piles is cut into two segments due to the influence of the piles (Figure 5b); and therefore, the overall failure of the slope is constrained. Notably, the pile-anchor structure further enhances the reinforcement area, and the plastic strain primarily occurs in the soil in front of the piles (Figure 5c).



Figure 6 presents the displacement cloud diagrams of the slope with different reinforcement schemes after seismic loading. It is evident that the slope supported by the pile-anchor structure yields the smallest displacement compared with other reinforcement schemes. This observation suggests that the pile-anchor structure bonds the slope to form a cohesive unit, enabling coordinated displacement and deformation between the structure and the slope under seismic loading. The piles, which serve as the primary load-bearing components, effectively reduce slope deformation. It should be noted that the soil behind the piles is prone to suffering from overtop failure (Figure 6b), indicating that the pile-reinforced structure may not provide sufficient support for the slope. The combination of anchors and piles not only effectively restrains overall slope deformation but also enhances the stiffness of the soil behind the piles, contributing to reliable seismic performance.



Figure 7 shows the peak accelerations of the monitoring points in different reinforcement schemes. Under horizontal loading, the acceleration response of the slope exhibits a nonlinear elevation amplification effect. Figure 8 shows the horizontal displacement measured in the slope reinforced by the pile-anchor structure. The horizontal displacement of each monitoring point agrees well with the displacement of the input seismic wave. Significant deviations from the input baseline occur near the peak acceleration of the input seismic wave (Figure 2a), indicating that the deformation of the slope is mainly caused by the peak acceleration.




3.2. Dynamic Response of the Piles


The post-processing visualization module ‘View Cut’ in the ABAQUS software is used to slice the piles to extract the section stress. The shear force is obtained by multiplying the section stress by the section area, while the bending moment is obtained by multiplying the section stress by the section moment of inertia. Figure 9 illustrates the distributions of the shear force, bending moment, and deflection along the pile for the pile-supported and pile-anchor-supported conditions after seismic loading. Here, the anchors in the pile-anchor-supported condition are not prestressed. For both conditions, the shear force reaches the first peak at a depth of approximately 6.0 m which is near the slip surface. The maximum bending moment occurs at a depth of 8.5 m and is located below the slip surface. The maximum deflections of the pile for the pile-supported and pile-anchor-supported conditions are 7.0 and 4.2 cm, respectively, demonstrating the effectiveness of the anchors in controlling pile deflection. When the slope is only supported by the piles, the maximum shear force and bending moment of the piles are 220 kN and 768 kN·m, respectively. However, for the pile-anchor-supported condition, these values decrease to 151 kN and 456 kN·m, representing reductions of 31.3% and 39.4%, respectively. These results highlight the effectiveness of the pile-anchor structure in improving the stress state of the piles and preventing bending damage caused by insufficient pile stiffness during earthquakes.




3.3. Dynamic Response of the Anchor


In this section, three cases for the anchors are set in the simulations, i.e., Case 1 with no prestress, Case 2 with prestress of 150 kN, and Case 3 with prestress of 300 kN. The time-history curves of the maximum axial force of the anchors with different prestresses are shown in Figure 10. Under seismic shaking, the anchors experienced rapid increments in the axial force at t = 2.5 s when the peak ground acceleration arrived, and then the axial force converged to a stable value. This suggests that the soil strongly pushed the pile to a tilt, leading to a rapid increase in the anchor tension but remaining within the elastic deformation range [57]. The anchor forces in Cases 1, 2, and 3 after seismic shaking are 236, 270, and 367 kN, respectively. The response of the anchor force is sensitive to the input seismic wave. The increment in the anchor force mainly occurs when there are significant changes in seismic acceleration amplitude, making the anchors susceptible to damage. Consequently, in the design of anchors, it is necessary to consider instantaneous increments in axial force caused by seismic loading in order to prevent the failure of the anchors.





4. Progressive Failure Process of the Piles Subjected to Seismic Loading


The failure of piles often starts from localized damage caused by stress concentration during earthquakes [11]. However, little research has been conducted on the progressive failure process of piles. To address this limitation, research on the failure characteristics of piles including crack initiation and propagation was conducted using the extended finite element method (XFEM). The XFEM, proposed by Belytschko and Black (1999) [58], is a widely used approach for modeling crack propagation. It incorporates extended functions into the displacement solution of finite elements to model cracks. In this research, the piles are represented as elastic materials and the damage of the piles follows the traction–separation laws. The failure process of piles can be investigated using an improved displacement approximation expression [58,59]:


  u =   ∑  I = 1  N   N I   ( x )  [  u I + H ( x ) a I +   ∑  α = 1  4   F α ( x )  b I α     ]   



(5)




where NI(x) is the standard finite element shape function of node I, uI is the nodal displacement vector, H(x) is the Heaviside step function, Fα(x) is the elastic asymptotic crack-tip function, and aI and   b I α   are the degree of freedom vectors. The maximum principal stress criterion is adopted, which is described by:


  f =  {    〈 σ m a x 〉    σ  m a x  o     }   



(6)




where   σ  m a x  o   is the maximum allowable principal stress and < > is the Macaulay bracket which means that damage will not occur under pure compressive stress. It is assumed that damage initiates when f =1. Influenced by damage, the stress components (tn, ts, and tt) of the traction–separation model are calculated by [60,61]:


   t n  =  {     (  1 − D  )   T n  ,  T n  ≥ 0      T n  ,  T n  < 0      



(7)






   t s  =  (  1 − D  )   T s   



(8)






   t t  =  (  1 − D  )   T t   



(9)




where D is a damage variable ranging from 0 to 1; Tn, Ts and Tt are the stress components for current separations of cracks without damage. For the anchored piles, the anchors are represented as linear elastic materials.



Figure 11 and Figure 12 show the propagation of cracks in the piles for the pile-supported and pile-anchor-supported conditions. Under seismic loading, the piles undergo bending due to slope deformation. As a result, one side of the pile experiences tension while the other side experiences compression. When the maximum principal stress exceeds the tensile strength of the pile, cracks initiate. For the pile-supported slope, a crack occurs at a depth of 7.75 m when t = 2.22 s, which is located at 1.75 m below the slip surface (Figure 11). For the pile-anchor-supported slope, a crack in the pile first appears at t = 2.26 s, located at a depth of 7.25 m (Figure 12). It seems that crack initiation in the pile body for both of the two support conditions occurs when the peak ground acceleration arrives. Then, the cracks gradually expand with continuous seismic loading. The maximum opening of the cracks in the pile-supported and pile-anchor-supported conditions are 0.98 and 0.36 mm, respectively.



The output module ‘STATUSXFEM’ in ABAQUS is employed to output the node information of damaged units. The crack area is computed by summing the cross-sectional area of the damaged units. Figure 13 presents the evolution of cracks in the pile under seismic loading. The results indicate that crack growth in the pile body completes in a very short period, with two distinct increments of crack area observed. The first increment occurs when the peak ground acceleration arrives and is significantly larger than the second increment. Crack growth mainly happens during periods of significant changes in seismic acceleration amplitudes. The total crack areas for the pile-supported and pile-anchor-supported conditions are 0.27 m2 and 0.22 m2, respectively. According to Figure 11, Figure 12 and Figure 13, we can conclude that the anchors perform well in constraining crack growth in the piles. Under seismic loading, the failure pattern of the piles is tensile damage. Cracks initially emerge near the slip surface after the peak acceleration. Cracks in the pile body significantly weaken the performance of piles. Consequently, for the seismic design of piles, it is crucial to ensure the arrangement of stirrups near the concrete piles around the slip surface.




5. Conclusions


In this work, the dynamic behavior of a pile-anchor reinforced slope is studied using the finite element method (FEM). Three different reinforcement schemes, which include no support, pile support, and pile-anchor support, are considered to examine the performance of the pile-anchor structure. We compare the performances of different structures on the effectiveness of stabilizing the slope. The failure process of the pile is investigated using the XFEM.



The results show that the pile-anchor structure not only restrains overall slope deformation but also enhances the stiffness of the soil behind the piles. Under seismic shaking, the anchors experience rapid increments in the axial force when the peak ground acceleration arrives. The maximum shear force and bending moment of the piles for the pile-anchor-supported condition are much lower than those for the pile-supported condition, highlighting the effectiveness of the pile-anchor structure in improving the stress state of the piles and preventing bending damage during earthquakes.



The XFEM proves to be effective for predicting the formation and evolution process of cracks in piles subjected to seismic loading. Crack initiation in the pile body for both the pile supported and the pile-anchor-supported conditions occurs when the peak ground acceleration arrives, and then the cracks gradually expand into the pile body. Crack growth in the piles is completed in a very short period of time, with two distinct increments of crack area observed. The first increment occurs when the peak ground acceleration arrives and is significantly larger than the second increment. The simulations show that the FEM offers a useful tool for simulating the failure process of piles. The novelty of this work is that we realize the simulation of crack initiation and propagation in piles subjected to seismic loading.



The position, length, and spacing of piles and the inclination angles of anchors all influence the stability of slopes. In addition, vertical components of earthquakes also strongly influence slope stability. However, these influencing factors are not considered in this work. Further research on the influence of these factors on the dynamic response of stabilized slopes will be conducted.
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Figure 1. Slope model and finite element mesh (modified from Shooshpasha and Amirdehi [44]). 
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Figure 2. Time histories of (a) acceleration and (b) displacement of the input seismic wave. 






Figure 2. Time histories of (a) acceleration and (b) displacement of the input seismic wave.



[image: Buildings 13 02500 g002]







[image: Buildings 13 02500 g003] 





Figure 3. Slip surface of the slope without reinforcement (FOS = 1.15). 






Figure 3. Slip surface of the slope without reinforcement (FOS = 1.15).



[image: Buildings 13 02500 g003]







[image: Buildings 13 02500 g004] 





Figure 4. Acceleration time-history curves of the monitoring points within the unsupported slope. 






Figure 4. Acceleration time-history curves of the monitoring points within the unsupported slope.



[image: Buildings 13 02500 g004]







[image: Buildings 13 02500 g005a][image: Buildings 13 02500 g005b] 





Figure 5. Equivalent plastic strain cloud diagram in the: (a) unsupported slope; (b) pile-supported slope; (c) pile-anchor-supported slope. 
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Figure 6. Slope displacement cloud diagram in the: (a) unsupported slope; (b) pile-supported slope; (c) pile-anchor-supported slope (unit, m). 
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Figure 7. Peak accelerations of the monitoring points under different support conditions. 
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Figure 8. Time-history curves of the horizontal displacement measured in the slope reinforced by the pile-anchor structure. 
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Figure 9. Pile behavior characteristics for the pile-supported and pile-anchor-supported slope models: (a) Shear force; (b) bending moment; (c) deflection. 
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Figure 10. Time-history curves of the maximum axial force of the anchors with different prestresses. 
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Figure 11. Propagation of cracks in the pile for the pile-supported condition. 
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Figure 12. Propagation of cracks in the pile for the pile-anchor-supported condition. 
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Figure 13. Time-history curves of pile crack area. 
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Table 1. Parameter settings for the slope model [33,46,47].
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	Material
	Density (Kg/m3)
	Elastic Modulus (MPa)
	Poisson’s Ratio
	Friction Angle (º)
	Cohesion (KPa)





	Soil
	2041
	200
	0.35
	20
	10



	Pile
	2463
	31,000
	0.2
	-
	-



	Anchor
	7800
	200,000
	0.25
	-
	-
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