

  applsci-10-05416




applsci-10-05416







Appl. Sci. 2020, 10(16), 5416; doi:10.3390/app10165416




Article



Internal Force Analysis of Buried-boring Piles in the Yuanzishan Landslide



Hao Wang 1[image: Orcid], Zhiying Lv 1, Jianwei Zhang 1, Jianwei Yue 1,*, Hongyu Qin 2 and Chaoying Hung 2





1



School of Civil Engineering and Architecture of Henan University, Kaifeng 475004, China






2



College of Science, Engineering of Flinders University, Adelaide 5042, Australia









*



Correspondence: yjw@henu.edu.cn







Received: 9 June 2020 / Accepted: 3 August 2020 / Published: 5 August 2020



Abstract

:

The Yuanzishan landslide is an unstable slope in Langzhong County, located in northeast Sichuan province, China. The Guangyuan-Nanchong expressway passes through the front edge of the unstable slope, and subgrade excavation has resulted in slope deformation, which threatens the safety of the highway construction. Emergency landslide control requires reduction of the slope disturbance. This study aims to investigate the use of buried-boring piles as a potential method for emergency landslide control. A simplified calculation method was used for the design of the buried-boring piles, according to the limit equilibrium of the soil and the elastic foundation coefficient method. The measured internal force changes of the pile were compared, in order to determine the distribution coefficients of the driving force. A relationship between the driving force of the shared pile ratio and the buried depth ratios was then established. Furthermore, a variety of factors affecting the internal forces of the buried-boring pile and the lateral reaction of the soil were also studied. The results revealed that (1) there was a quadratic relationship between the driving force of the pile-shared ratio and the sliding depth ratios; (2) the maximum bending moment of the pile increased with an increase in the sliding depth ratio of the pile, following a power law relationship; (3) increasing the buried depth of the pile head reduced the influence of the pile diameter on the maximum internal forces; (4) increasing the pile diameter decreased the maximum lateral reaction of the soil. The buried-boring piles can be used in similarly unstable regions for emergency control of deforming slopes.
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1. Introduction


During the construction of the Guangyuan–Nanchong Expressway, in the northeast Sichuan province of China, many embankment slopes were formed by excavation and dumping. Several of the excavated slopes are at risk of sliding along the original surface of the Guangyuan–Nanchong Expressway. Emergency control measures are needed to reduce disturbance to the slope [1]. Buried-boring piles were machined into holes and poured into piles, whose heads were buried under the ground surface to a certain depth. Buried-boring piles result in less disturbance to the slope and are used for emergency control of unstable slopes.



Many scholars have investigated the mechanism of the pile–soil interaction under lateral loads. Motta [2] and Broms [3,4] studied the horizontal deflection of laterally loaded piles in an elastoplastic medium and proposed formulae in order to calculate the ultimate bearing capacity of round piles in cohesive and cohesionless soils. Hsiung et al. [5] investigated the maximum deflection and moment for laterally loaded piles under combined loads. Basu et al. [6] developed a new method of analyzing laterally loaded piles embedded in multi-layered soil using energy principles. Xu et al. [7,8] proposed a modified strain wedge model for the nonlinear analysis of laterally loaded single piles in sandy soils and determined the effect of low-plasticity fines on the lateral response of piles in sand. The displacement of a concrete bored pile under a lateral load is nonlinear [9,10,11]. The ultimate contact pressure behind the pile is different between the stiff shaft and the flexible shaft, depending on soil cohesion. When contact pressure fills the contact surface, the relative displacement between the moving soil and the moving drilled shaft ranged from 3% to 15% of the shaft diameter [12,13,14,15]. The pile head displacement and the pile bending moment increased significantly with the increasing of the lateral load in the model experiments [16,17,18,19,20]. If a single pile is combined into a group pile, the pile head is connected by a connecting beam, limiting the pile displacement [20,21,22]. A single bored pile is limited by the cross-sectional size and cannot bear a larger lateral load.



Utilization of a buried anti-slide pile reduces the pile length above the slip surface and jointly bears the driving force of the slope deformation with the soil [23,24], a technique that is widely used in landslide prevention. Zeng [25] used the limit method to calculate the buried depth of a buried anti-sliding pile. Hui [26] and Zhao et al. [27] used a numerical model to analyze the internal force of buried anti-sliding piles and pile–soil interaction during a landslide. Xiong [28] used an experiment to study the ratio of the pushing force of a landslide acting on a buried pile to the residual driving force of the landslide and the pile–soil interaction under varying buried depths.



The previous studies, mentioned above, have investigated the mechanism of the bored pile–soil interaction under lateral loads and have also studied the influence of the buried depth on slope stability. However, even though the bored pile diameter is an important structural design parameter, the influence of pile diameter change on the internal force of the buried pile has rarely been studied. There is also limited research investigating the influence of the buried depth of the pile head on the lateral reaction force of the soil below the slip surface, although this is an important criterion for the success or failure of the buried pile. Hence, further research is needed on the effect of pile diameter changes on the internal force of buried-boring piles and the maximum lateral reaction force of the soil at different buried-boring pile head depths. This study proposes the use of buried-boring piles for emergency control of an unstable slope, specifically applied to the case of the Yanzishan landslide in Langzhong county, located in the northeast of the Sichuan province of China. The Yuanzishan landslide is typical in that it was caused by roadbed excavation; therefore, its emergency treatment technology has a wide application value. We suggest a simplified calculation method for the design of buried-boring piles that considers the limit equilibrium of the soil and utilizes the elastic foundation coefficient method. We compared the measured internal force changes of the pile, determined the distribution coefficient of the driving force, and established the relationship between the driving force of the shared pile ratio and the buried depth ratio. Furthermore, the influence of the pile diameter and the buried depth of the pile head on the internal force of the pile, as well as the lateral reaction of the soil, were also studied.




2. Methodology and Validation


2.1. Simplified Calculations of Buried-Boring Piles during a Landslide


2.1.1. Basic Assumptions


Three assumptions were made in order to simplify the buried-boring pile calculations:




	(1)

	
it was assumed that the driving force of the landslide was transmitted to the foundation of the bored pile, with the friction force at the top of the pile and the reaction force at the pile bottom assumed to be negligible;




	(2)

	
the bored pile was assumed to be in a fragile state, such that the displacement of the soil in front of the pile was equal to the pile displacement above the slip surface. The pile was simplified as a cantilever beam; thus, the resistance force of the soil in front of the pile is negligible;




	(3)

	
the potential fracture surface in the slope body was assumed to be the Coulomb fracture surface [25], such that the shear strength of the soil above the slip surface was constant at φ and the slope, a, of the slip surface at the pile location was parallel to the ground slope. By making these assumptions, the thrust distribution was simplified to a trapezoidal load.









According to the above assumptions, the stress model of a buried-boring pile is shown in Figure 1. The stress calculations involved three steps: (1) determination of the pile length above the slip surface; (2) calculation of the internal force of the pile above the slip surface; and (3) calculation of the internal force of the pile below the slip surface.




2.1.2. Determination of the Pile Length above the Slip Surface


The buried-boring pile was integrated with the soil on the top of the pile in order to bear the driving force of the landslide. The driving force of the landslide above the pile top is balanced by the strength of the soil. The soil behind the pile could potentially slide along the passive earth pressure failure surface, EB, under the driving force of the landslide, or it could slide along the horizontal plane, DB, (Figure 1a). Two basic balance equations were determined to give the pile length above the slip surface [25].



When the slope fails along the EB plane behind the pile, the forces present are the driving force of the landslide Rt, the soil weight (the surface EBCP) W, and the friction force F on the EB surface (Figure 1b). These three forces establish a balance equation along the EB surface, and the safety factor K is equal to the anti-sliding force divided by the sliding force:


  K =   W s i n  (  45 ° −  φ 2   )  + F    R t  c o s  (  45 ° −  φ 2   )     



(1)




where Rt is the landslide driving force; K is the design safety factor [23], such that when K = 1, the slope is in limit equilibrium; and W is the soil weight at the surface EBCP (Figure 1), which was calculated by the gravity density multiplying the area of the surface EBCP:


  W = γ H  h 2  c o t  (  45 ° −  φ 2   )  b − 0.5 γ  h 2 2  c o t  (  45 ° −  φ 2   )   [  c o t  (  45 ° −  φ 2   )  t a n α + 1  ]  b  



(2)




where γ is the soil weight density;   φ    is the soil friction angle; h2 is the pile length (BG) above the horizontal plane; b is the width of the soil acting on the pile; and a is the slope of the slip surface.



The friction force F on the EB surface is calculated by the friction coefficient (tan    φ  ) multiplying the vertical component force on the EB surface, which is generated by the landslide thrust (Rt) and the weight of the soil at the surface EBCP (W):


  F = t a n  ( φ )   [  W c o s  (  45 ° −  φ 2   )  +  R t  s i n  (  45 ° −  φ 2   )   ]   



(3)







When the slope fails along the EB plane behind the pile, the forces present are the driving force of the landslide above the pile top (Rt1), the soil weight ( the surface DBCP) W1, and the friction force F1 on the DB surface (Figure 1b). These three forces establish a balance equation along the DB surface, and the safety factor K is equal to the anti-sliding force divided by the sliding force:


  K =    F 1     R  t 1      



(4)




where F1 is the friction force on the DB surface, which is calculated by the friction coefficient (tan    φ  ) multiplying the weight of the soil at the surface DBCP (W1) on the DB surface:


   F 1  = t a n  ( φ )   W 1   



(5)




where     W 1    is the soil weight at the surface DBCP (Figure 1a), calculated by the gravity density multiplying the area of the surface DBCP:


   W 1  = γ  [   h 3   h 2 ′  c o t  (  45 ° −  φ 2   )  + 0.5    [   h 2 ′  c o t  (  45 ° −  φ 2   )   ]   2  t a n α  ]  b  



(6)




where h′2 denotes the pile length (BG) above the horizontal plane (Figure 1a); and h3 is the depth of the pile head below the ground surface, which was calculated via:


   h 3  = H −  h 2 ′  −    h 2 ′  t a n α   t a n  (  45 ° −  φ 2   )         



(7)







The driving force of the landslide above the pile top (Rt1) can be calculated according to Equation (8):


   R  t 1   =    R t   H   h 3   



(8)







Solving Equations (1) and (4) for the pile length above the horizontal plane h2 and h′2, respectively, and taking the maximum value as h2max, allowed the bored pile length h above the slip surface to be calculated according to Equation (9):


  h =   t a n α *  h  2 m a x     t a n  (  45 ° −  φ 2   )    +  h  2 m a x    



(9)








2.1.3. Internal Force the of Bored Pile above the Slip Surface


The driving force of the landslide was unevenly distributed to the bored pile between the pile head and the slip surface, according to Figure 1a. In order to solve the strength of the driving force behind the pile, the driving force of the landslide (Rt) is distributed on the plane of the pile rear according to the trapezoidal load strength, and the ratio of the driving force strength distribution between the ground and the sliding surface is m, so that the strength of the driving force at any point from the ground to the sliding surface can be obtained. The strength of the driving force on the head of the buried pile q0 was calculated according to Equation (10):


   q 0  =   2  R t  m   H  (  1 + m  )    +   2  R t   (  1 − m  )     H 2   (  1 + m  )     h  3    



(10)




where m is the distribution coefficient of the driving force, which was determined by the soil properties [29]; H is the distance from the slip surface to the ground at the pile location.



The strength of the driving force at the slip surface q1 was calculated according to:


   q 1  =   2  R t    H  (  1 + m  )     



(11)







The bending moment My and the shear force Qy, along with the pile above the slip surface, under the action of the driving force, were calculated via the following formulae [30]:


   Q y  =  q 0   (  h −  | y |   )  +    (   q 1  −  q 0   )     (  h −  | y |   )   2    2 h   ( y < 0 ,    | y |    ≤ h )  



(12)






   M y  =    q 0     (  h −  | y |   )   2   2  +    (   q 1  −  q 0   )     (  h −  | y |   )   3    6 h    (  y < 0 ,    | y |    ≤ h  )   



(13)




where y is the distance from the slip surface.




2.1.4. Internal Force of the Bored Pile below the Slip Surface


The lateral load acting on the buried-boring pile below the slip surface was expressed using the following equation [31]:


  E I    d 4  x   d  y 4    + x  k 1   B P  = 0        (  0 < y ≤  h 4   )   



(14)




where k1 is the modulus of the subgrade reaction of the bedrock to lateral force for the anti-slide pile, which is determined by the compressive strength of the rock [23]; E is the Young modulus of the pile, and I is the moment of inertia of the pile, where I=π*D4/64 and D is the diameter of the buried-boring pile; Bp is the calculation width of the pile, which was calculated using the following formula [32]:


   B P  = 0.9 ×  (  1.5 D + 0.5  )   



(15)







The following expressions were obtained by solving the previous equations [33]:


   M y  = − 4  x 0   β 2  E I  φ 3  − 4  θ 0  β E I  φ 4  +  M 0   φ 1  +    Q 0   β   φ 2  ;  



(16)






   Q y  = − 4  x 0   β 3  E I  φ 2  − 4  θ 0   β 2  E I  φ 3  − 4  M 0  β  φ 4  +  Q 0   φ 1  ;  



(17)






   θ y  = β  (  − 4  x 0   φ 4  +    θ 0   β   φ 1  +    M 0     β 2  E I    φ 2  +    Q 0     β 3  E I    φ 3   )  ;  



(18)






   x y  =  x 0   φ 1  +    θ 0   β   φ 2  +    M 0     β 2  E I    φ 3  +    Q 0     β 3  E I    φ 4  ;  



(19)




where Qy, My, xy, and θy are the shear force, bending moment, horizontal displacement, and rotation angle for the pile below the slip surface with changing depth, respectively; Q0, M0, x0 and θ0 are the shear force, bending moment, horizontal displacement, and rotation angle for the pile located at the slip surface, respectively;    φ 1   ,    φ 2   ,    φ 3   , and    φ 4    are influence moduli that were calculated using the following equations [33,34]:


   φ 1  = cos  (  β ⋅ y  )  ⋅ cosh  (  β ⋅ y  )   



(20)






   φ 2  =  1 2   [  sin  (  β ⋅ y  )  ⋅ cos h  (  β ⋅ y  )  + cos  (  β ⋅ y  )  ⋅ sin h  (  β ⋅ y  )   ]   



(21)






   φ 3  = sin  (  β ⋅ y  )  ⋅ sin h  (  β ⋅ y  )   



(22)






   φ 4  =  1 4   [  sin  (  β ⋅ y  )  ⋅ cos h  (  β ⋅ y  )  − cos  (  β ⋅ y  )  ⋅ sin h  (  β ⋅ y  )   ]   



(23)







In Equations (16)−(19), y is the calculated depth of the pile below the slip surface and β is the coefficient of deformation, which was calculated by the following formula [33]:


  β =    (     k 1  ⋅  B p    4 E I    )     1 4     



(24)







Other external forces acting on the pile head were negligible in the calculations [33]. The solution of Equations (16)–(19) was dependent on the values of M0, Q0, x0 and θ0. Lateral load conditions can be used to determine M0 and Q0, whereas the lower pile boundary condition can be used to determine x0 and θ0 [29]. By substituting calculated values of M0, Q0, x0 and θ0 into Equations (16)–(19), My, Qy, xy, and θy could be obtained at any depth of the buried-boring pile below the slip surface.





2.2. Validation of the Calculation Method and Determination of the Driving Force Distribution Coefficient


Lirer [35] conducted a long-term monitoring study on a circular anti-slide pile with a diameter of 0.4 m on the Masseria Marino landslide, Italy, and determined the change of bending moment and shearing force of the pile during the landslide failure. The relevant geotechnical parameters are listed in Table 1.



The ratio of the driving force acting on the pile head to the driving force acting at the slip surface is defined as the distribution coefficient of the driving force, m, which has an important influence on the internal force of the pile [36]. In order to determine the distribution coefficient of the driving force after a landslide has occurred, the internal force of the bored pile can be calculated using the method defined in this paper. The driving force of the landslide, Rt, used in the calculation was 100 kN/m; the modulus of subgrade reaction of the soil, k1, was 30,000 kPa/m; the diameter of the pile, D, was 0.4 m; the total length of the pile, L, was 10 m; the length of the pile above the slip surface, h, was 5 m; and the elastic modulus of the pile, E, was 3.0 × 107 kPa. For distribution coefficients of the driving force of 0, 0.4, and 1, according to Equations (12) and (13) and Equations (16) and (17), the internal force of the bored pile was calculated and compared with Lirer’s results (Figure 2). The bending moment and shear force below the slip surface increased as the distribution coefficient of thrust increased (Figure 2). The shear force and bending moment of the bored pile calculated by our method exhibited a similar trend to the monitoring results, but the position of the maximum bending moment and the shear force of the pile below the slip surface were slightly higher. This is potentially due to a difference in the soil resistance in front of the pile, which may have affected internal forces. According to the calculation results of shear force and bending moment, when the distribution coefficient of the driving force was 0.4, our results closely matched the monitoring results of Lirer.





3. Application of Buried-Boring Piles in the Yanzishan Landslide


3.1. Geological Background of the Yanzishan Landslide


The Yanzishan landslide is located in Jiangnan Town, Langzhong City, Sichuan Province, China (31°34′05.0″ N, 105°56′20.0″ E). The slope elevation is approximately 480 m. The slope profile is divided into two levels of gentle platforms (Figure 3a). The elevation of the central platform is approximately 410 m, with an average gradient of 11°. The lower platform has an elevation of approximately 395 m, a width of approximately 70 m, and an average gradient of 9°. The Guangyuan-Nanchong Expressway passes through the front edge of the lower platform, and subgrade excavation during construction of the highway resulted in slope deformation (Figure 3b), which is a current threat to the safety of the highway.



The slope body is mainly composed of quaternary slope deposits, with silty clay above the slip surface and muddy siltstone below the slip surface. The relevant geotechnical engineering parameters are shown in Table 2.



The slip surface is buried at a depth of 10 m. The unbalanced thrust coefficient method was used to calculate the residual driving force of the landslide [31]. The residual driving force of the cross-section from A to A′ of the Yanzishan landslide (Figure 4) was 300 kN/m. Emergency control of the landslide is needed to reduce slope deformation. Bored piles are proposed as an emergency control method.




3.2. Application of Buried-Boring Piles to the Yanzishan Landslide


The cross-section from A to A′ of the Yanzishan landslide was selected in order to design the buried-boring piles in the calculation. The spacing between the piles was 1 m. The diameter of the pile, D, was 0.5 m. The moment of inertia of the buried-boring pile, I, was 3.066 × 10−2 m4. The Young modulus, E, of the buried-boring pile was 30 GPa. The driving force of the landslide, p, was 300 kN/m. The angle of the slip surface, a, was 5°. For the value of c, we can use equivalent soil strength to transform the integrated internal friction angle [37]. If the value of c is not large, the friction angle   ( φ  ) of the soil can be directly used, which is more conducive to engineering safety. A soil safety factor of 1.3 was used, along with a driving force distribution coefficient of 0.4, when the slope slid along the EB surface (Figure 1). The minimum pile length above the slip surface was 0.86 m, based on Equations (1) and (9). When the slope body slid along the DB surface (Figure 1), the minimum pile length above the slip surface was calculated to be 2.12 m, based on Equations (4) and (9). Therefore, in the design of the bored piles for emergency landslide control, the pile length above the slip surface should be at least 2.5 m.



In order to study the ratio of the pushing force of the landslide acting on the buried pile to the residual driving force of the landslide, a buried depth ratio, Rs [28], was defined as the pile length above the slip surface, h, divided by the depth of the slip surface (H, Figure 1). The ratio of the driving force across the shared piles, Ps, was defined as the driving force of the landslide acting on the piles divided by the driving force of the landslide at a specific pile location. If the pile length above the slip surface was 2.5 m and the depth of the slip surface was 10 m in engineering design, Rs = 25%. Using Equations (10) and (11), the driving force at the top of the pile, q0, was 36.43 kPa, and the driving force strength at the slip surface, q1, was 42.86 kPa. In this case, the driving force of the landslide acting across the piles was calculated to be 99.1 kN, such that Ps = 33%. For varying h values of 5, 7.5, and 10 m, different Rs values and corresponding Ps values were calculated (Figure 5).



The ratio of the driving force across the shared piles increased quadratically as the buried depth ratio increased. When Rs = 50%, Ps = 60.7% (Figure 5). Xiong [28] used driving force experiments to study the force distribution law of buried piles at large depths and measured that, for Rs = 54%, the driving force of the landslide acting on the bored pile accounted for 59% of the total driving force of the landslide, which is consistent with our calculations (60.7%).





4. Influence of Parameter Changes on the Internal Force of the Buried-Boring Pile


4.1. Influence of Depth of Buried Length above Slip Surface on the Internal Force of the Pile


The internal force of the bored pile is an important parameter for anti-slide pile structure design [23]. In order to study how the depth of the buried-boring pile head from the surface influenced the internal force of the buried-boring pile, the pile head depths were varied at 0, 2.5, 5, and 7.5 m, with corresponding pile length above the slip surface values of 10, 7.5, 5, and 2.5 m, respectively. The diameter of the bored pile was 0.5 m, the pile length below the slip surface was 5 m, and all the other parameters were the same as for the buried-boring pile analysis of the Yanzishan landslide. The internal force of the buried-boring pile was calculated for the different cases (Figure 6).



The maximum internal force that can be withstood by the bored pile and the soil reaction force are the critical parameters for the failure of an anti-slide pile [23]. To study the variation of the soil reaction force and the maximum bending moment with buried depth, a sliding depth ratio, RL [38], was defined as the pile length above the slip surface, h, divided by the pile length, L, where L = h4 + h. When h = 5 m, L = 10 m, and RL = 0.5, then the maximum soil reaction force Smax = 413 kPa (Figure 6c) and the maximum bending moment Mmax = 469 kN.m (Figure 6b). The relationship between the maximum internal force for varying buried depth and the sliding depth ratio was also investigated (Figure 7).




4.2. Influence of Pile Diameter Change on the Internal Force of the Buried-Boring Pile


Pile diameter is one of the key parameters for the design of a single bored pile [39]. In order to study the influence of the pile diameter on the internal force of the buried-boring pile, pile diameters were set as 0.25, 0.5, 0.75, and 1 m, with corresponding pile lengths above the slip surface of 2.5, 5, 7.5, and 10 m, respectively. The ratio of the pile length above the slip surface to the pile diameter (h/D) was 10, and all of the other parameters were the same as for the bored pile analysis of the Yanzishan landslide. The internal force of the buried-boring pile was calculated for these parameters (Figure 8).



In order to study the soil reaction force and variation in the maximum bending moment under varying pile diameter, a relationship between the maximum internal force and the buried depth ratio was established, with a varying pile length to diameter ratio (Figure 9).





5. Discussion


5.1. Effect of the Pile Depth above the Slip Surface on the Internal Forces of the Buried-Boring Pile


Variation in the pile head depth affects the slope driving force acting on the pile, and results in a change in the pile’s internal forces [40,41].



When the buried depth of the pile head increased from 0 to 7.5 m at a pile diameter of 0.5 m, the maximum positive shear force of the pile decreased by 67% from 300 kN to 99 kN at the slip surface (Figure 6a), the maximum negative shear force of the pile decreased by 88% from 471 kN to 56 kN, and the maximum bending moment of the pile decreased by 88% from 1316 kN.m to 150 kN.m (Figure 6b). The maximum bending moment of the pile increased as the buried depth ratio of the pile increased (Figure 7a), following a power law relationship. Guo [38] experimentally determined that the relationship between the maximum bending moment of the pile and the buried depth ratio was linear (0.2 ≤ Rs ≤ 0.5) due to a constant driving force from the deforming slope.



When the pile head depth increased from 0 to 7.5 m with a changing pile diameter, the maximum positive shear force of the pile decreased by 67% from 300 kN to 99 kN at the slip surface (Figure 8a), the maximum negative shear force of the pile decreased by 81% from 456 kN to 86 kN, and the maximum bending moment of the pile decreased by 90.6% from 1364 kN.m to 128 kN.m (Figure 8b). The maximum bending moment of the pile increased as the buried depth ratio of the pile increased (Figure 9a). Variation of the pile diameter had an increasingly lesser effect on the maximum shear force and bending moment of the pile as the pile head depth increased. Therefore, during the design of bored pile structures, the pile diameter could be reduced to save costs.




5.2. Effect of the Pile Diameter on the Lateral Reaction of the Soil below the Slip Surface


The lateral reaction of the soil below the slip surface is a critical factor relating to the failure of anti-slide piles [37,42].



When the pile head depth increased from 0 to 7.5 m at a pile diameter of 0.5 m, the maximum lateral reaction of the soil decreased by 83.5% from 994 kPa to 164 kPa at the slip surface (Figure 6c). The maximum lateral reaction of the soil increased as the buried depth ratio of the pile increased (Figure 7b), following a power law relationship. However, when the pile head depth increased from 0 to 7.5 m with a varying pile diameter, the maximum lateral reaction of the soil increased by 63.2% from 345 kPa to 563 kPa at the slip surface (Figure 8c). In this case, the maximum lateral reaction of the soil decreased as the buried depth ratio of the pile increased (Figure 9b), following a negative power law. An increasing pile diameter decreased the maximum lateral reaction of soil.



During the design of bored piles, the lateral reaction of the soil must be less than the maximum soil strength, Plim. For bedrock [29], Plim = 0.79 KLCLR, where KL is the bearing capacity coefficient of the rock layer (0.5 ≤ KL ≤ 1), CL is the coefficient of rock fissure and weathering (0.3 ≤ CL ≤ 0.5), and R is the uniaxial, ultimate compressive strength of the rock. In the Yanzishan landslide (Table 2; Figure 4), KL = 0.5, CL = 0.3, and R = 5000 kPa, such that the maximum strength of the soil (Plim = 592.5 kPa) was greater than the maximum lateral stress of the soil (Smax = 563 kPa, Figure 9b). If the foundation beneath the slip surface is rock, an h/D ratio of 10 is sufficient to meet the strength requirements of the rock. Motta [2] proposed a calculation method for the maximum soil strength (Plim = 9S UD, where SU is the undrained shear strength). If D = 0.5 m, the maximum strength of the soil meets the strength requirements of the soil (Figure 7b).



Buried-boring piles can be used on their own for landslide prevention, but can also be used in combination with large sections of anti-slide piles [27]. The material of the pile is generally reinforced concrete, and waste steel rails can also be used instead of steel bars. This material substitution can improve the shear resistance of the pile. The combined structural stresses of this approach need to be further studied. The potential sliding line position of the soil behind the pile also needs further research.





6. Conclusions


The Yanzishan landslide occurred in Langzhong County, located northeast of Sichuan province in China. The Guangyuan-Nanchong Expressway passes through the front edge of the landslide, and the excavation of the subgrade has caused slope deformation, which threatens the safety of the highway. Buried-boring piles were proposed as an emergency control measure.



Factors influencing the internal forces of the pile and the lateral reaction of the soil were studied herein. The maximum bending moment of the pile increased with increasing the buried depth ratio of the pile, following a power law relationship. Increasing pile diameter had an increasingly lesser effect on the maximum shear force and bending moment of the pile with increasing the pile head depth. However, increasing pile diameter reduced the maximum lateral reaction of the soil. Therefore, during the design process of bored piles, the pile diameter could be reduced to save costs.
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Figure 1. Calculation model of buried-boring pile: (a) Stress model of the pile under a trapezoidal load; and (b) parameters determining the equilibrium along the potential sliding surface. 






Figure 1. Calculation model of buried-boring pile: (a) Stress model of the pile under a trapezoidal load; and (b) parameters determining the equilibrium along the potential sliding surface.



[image: Applsci 10 05416 g001]







[image: Applsci 10 05416 g002 550] 





Figure 2. Comparison of monitoring results and our calculated values of internal forces for the bored pile under various driving force distribution coefficients: (a) shear force; and (b) bending moment. 
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Figure 3. Yanzishan landslide and slope deformation: (a) The range of the Yanzishan landslide; (b) cracking observed at the front edge of the slope; and (c) cracking in the middle of the slope. 
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Figure 4. Geology conditions pertaining to the cross-section AA′ of the Yanzishan landslide obtained via engineering geological survey. 
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Figure 5. Relationship between the driving force of the pile-shared ratio and the buried depth ratios. 
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Figure 6. Calculated values of the internal forces for buried-boring piles of various buried depth with D = 0.5 m: (a) shear force; (b) bending moment; and (c) soil reaction force. 
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Figure 7. Relationship between the maximum internal force for varying buried depth and the sliding depth ratio: (a) relationship between the maximum bending moment and the sliding depth ratio; and (b) the relationship between the maximum soil reaction force and the sliding depth ratio. 
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Figure 8. Calculated values of internal forces for buried-boring piles at varying depths with h/D = 10: (a) shear force; (b) bending moment; and (c) soil reaction force. 
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Figure 9. Relationship between the maximum internal force for a varying pile length and the sliding depth ratio to diameter ratio: (a) the relationship between the maximum bending moment and the sliding depth ratio; and (b) relationship between the maximum soil reaction force and the sliding depth ratio. 
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Table 1. Calculation parameters of geotechnical materials for the Masseria Marino landslide.
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	Geotechnical Classification
	Moisture Content (%)
	Density ρ (g/cm3)
	Undrained Strength of Soil Su (kPa)
	    Internal   Friction   Angle   φ   ( ° )    
	OCR





	Soil
	19
	2.05
	50
	27.23
	2



	Varicolored clay
	15
	2.22
	100
	-
	10
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Table 2. Experimental parameters of geotechnical materials in the survey area.
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	Geotechnical Classification
	Density (g/cm3)
	Internal Friction Angle     φ   (°)
	Cohesion c (kPa)
	Moisture Content (%)



	Soil
	2.00
	30
	13.8
	28.9



	Muddy siltstone
	2.45
	-
	-
	-



	Geotechnical Classification
	Poisson’s Ratio
	Saturated Compressive Strength (MPa)
	Natural Compressive Strength (MPa)
	Young’s Modulus E (× 104 MPa)



	Soil
	-
	-
	-
	0.000048



	Muddy siltstone
	0.25
	3
	5
	5
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