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Abstract

:

The finite element technique has been accepted as a tool for modeling geotechnical complex processes. In this study, finite element (FE) modeling of various stages of the soil-nailing process, i.e., construction stages and overburden pressure stages, is carried out considering different soil parameters, simulating with in-house developed laboratory models. The soil-nailing process built in laboratory models is idealized as a plain strain problem and modeled in PLAXIS software. The laboratory models of the soil-nailing process consist of a Perspex sheet box containing a sandy soil slope, a Perspex sheet facing, steel bars as reinforcement and a steel plate as foundation. The stress–strain relationship of the sand is represented by a Hardening-Soil model. The interface at the soil and nail is described by the Coulomb friction model. The behavior of the soil-nailing process, during the construction stage and under varying overburden pressure and varying soil density, are investigated in terms of displacements of slope and stress conditions in slope soil mass. The slope displacements and stress conditions in slope soil mass are all well presented by the FE modeling and compared with laboratory model test data. The sensitivity analysis of the laboratory models’ dimensions is carried out by three-dimensional modeling of the nailed-soil slope. It can be concluded that the developed finite element model has the potential to simulate the performance of a field nailed-soil slope during construction and working stages and could provide guidance for the construction/maintenance of soil-nailed cut slopes in granular soils/weathered rocks.
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1. Introduction


The finite element technique has been accepted as a tool for modeling geotechnical complex processes. The soil-nailing process for slope stability is constructed in sequential stages, as explained by Stocker et al. [1], from top to the bottom as the construction proceeds. The soil-nailing process is the most cost-effective and efficient method for stabilizing the natural and engineered slopes [2]. The process can be implemented in small spaces without vibration or disturbing the environment [3]. The numerical methods are best suited to simulate the soil–reinforcement interaction effect and the influence of inhomogeneity of soil on slope instability in a nailed-soil slope, which is not possible to incorporate in analytical methods and laboratory models. The numerical methods can model the non-uniformity of soil medium and soil properties, including strain hardening with time and temperature-dependent properties. The basic concept of a reinforced-soil system depends upon the tensile forces transfer into the soil via friction or adhesion developed at the nail interfaces. The soil mass applies the lateral earth force on the potentially sliding soil mass while providing the resistance due to nail bonding. The interaction between the soil and nails due to friction confines the soil movement in construction of the nailed-soil slope. A state-of-the-art soil stabilization technique using a soil-nailing system, construction parameter influence on the design method and failure modes of the nailed-soil system are summarized by Sharma et al. [4]. Among the various methods used for slope stability, three methods are commonly applied to analyze the nailed-soil slopes, namely the limit equilibrium method [5], finite difference method [6] and finite element method [7]. The limit equilibrium method cannot simulate the nail–soil interaction, which impacts nail resistance mobilization. The reduction of the tensile strain due to adhesion and friction between reinforcement and soil adds to the stability of soil mass [8]. Wu et al. [9] have conducted a slope stability analysis of a combined system of soil nails and stabilization piles on loose soil. The soil-nailing system design optimization using the genetic algorithm base is proposed by Benayoun et al. [10]. The effect of construction process on the behavior of nailed-soil structures using the FE-based software PLAXIS 2D is studied by Ehrlich et al. [11]. Ceccato et al. [12] have proposed a computational approach based on the material point technique to explore the plate anchor application for stabilization of earth slopes, and the proposed approach results are compared with the results of small-scale laboratory tests. The stabilizing mechanisms of loose-fill slopes using a hybrid nail arrangement have been studied by Cheuk et al. [13], and they concluded that a hybrid nail arrangement can be used to increase the robustness of the nailing process in soil stabilization. Alhabshi [14] has suggested the nail length requirements to decrease the displacement of the soil slope. In the nailed-soil slope parametric study, namely nail parameters (nails size, length, angle) and soil–nail interface friction coefficient variation on the pull-out force for the grouted soil-nailing system in non-cohesive soil are examined by Ye et al. [15] using the numerical approach. The numerical modeling of layered and homogenous piled stabilized earth slopes is employed by Sojoudi and Sharafi [16] to study the influence of foundation location and surcharge loading distance from the crest on soil deformation distribution, on the slope stability and on the soil bearing capacity enhancement ratio.



The stability and deformation properties of a composite nailed-soil foundation pit were numerically studied by Han et al. [17]. They have computed the optimum inclination and spacing of the soil nails and the diameter and embedded depth of the mixing pile for stability of the foundation pit. Zhao et al. [18] have modeled the soil nails in a soil mass under different overburden pressures using the FE method and studied the nails’ pullout performances. The constitutive relation of soil follows the modified Drucker–Prager/Cap model, while the Coulomb friction model describes the soil–nail interface. Stauffer [19] has developed FE 2D and 3D models for unreinforced and reinforced slopes. The 2D models use four node bilinear quadrilateral elements to discretize the slope domain in conjunction with Drucker–Prager failure-yielding criteria for slope soil, whereas the 3D models implement eight node linear brick elements in conjunction with the Mohr–Coulomb failure-yielding criteria. He found that the results of FE models and the results of the limit equilibrium method were in good agreement. Kaothon et al. [20] have analyzed the steep soil-nailed slope using the finite element method to investigate the range of the nail parameters, i.e., nail spacing and inclination, appropriate to various slope angles. They have recommended that the range of nails parameters in the existing specification are applicable only to the slope angles of 55° and lower. Rawat and Gupta [21] proposed a comparative study using limit equilibrium and FE approaches to examine the influence of various slope angles and nail inclinations on safety factors and critical slip surfaces of nailed-soil slopes. Compared to the FE method, the limit equilibrium method gives higher values for the factor of safety for slope and nail parameters. Sobhey et al. [22] have compared between the results of the 2D FEM and results of the 3D FEM for assessment of the factor of safety of clay slopes stabilized with vertical piles. The increase in the factor of safety (FSI) of the stabilized clay slope is investigated considering the slope width, location of the piles, pile diameter, pile spacing and shear strength of the clay. Jayanandan and Chandrakaran [23] have investigated the behavior of soil-nailed structures, considering orientation and vertical spacing of nails and bas heave. They have found that lateral deformation is reduced by about 41 percent using nails and the factor of safety is increased by almost 1.2 times that of the slope without nails. Tong and Tang [24] have conducted finite element simulation of soil-nailing support for deep foundation pits using PLAXIS software.



The numerical and experimental study on the ground improvement through the implementation of a soil-nailing system has been presented by various researchers. Dong et al. [25] have analyzed the stability of slope under varying anti-slip pile conditions (pile spacing, row spacing and pile locations) using Midas GTS NX software. FE analysis results of the earth pressure on pile-side and thrust on landslide were compared the results obtained from earth pressure theory and field observations. Sterpi et al. [26] have stabilized the tunnel face under the drainage condition using a new type of soil nail of fiberglass pipe, with improved performance for coupled reinforcement and drainage action of the nails. Chen et al. [27] used finite element analysis to explore the deformation behaviors in tunnel excavation in the presence of rock. The optimization study of soil-nailing parameters using finite element and multi-regression analysis is due to Sharma and Ramkrishnan [28]. They have also developed a correlation between the geotechnical properties, nail parameters and the serviceability conditions using multi-regression analysis. Villalobos and Villalobos [29] investigated the influence of nail spacing on soil-nailed walls using hybrid limit equilibrium and finite element methods. Kalehsar et al. [30] have presented numerical modeling using FLAC3D to study the nailed-soil slope behavior under varying surcharge pressure. A limit equilibrium and finite difference coupled approach was used by Singh et al. [31] for stability analysis of nailed-soil slopes. The stability analysis of soil slope reinforced with pre-stress anchors, including an anchor parameter optimization study, was conducted by Deng et al. [32] using the limit equilibrium method. The slope sliding for shear failure of the slip surface has been described according to the nonlinear Mohr–Coulomb yielding criterion. Panigrahi and Dhiman [33] have reviewed the various aspects and restrictions related to soil-nailing systems. They have also presented the design of a soil-nailing system for landslide prevention and mitigation. Sahoo et al. [34] have carried out shaking table tests to study the dynamic behavior of nailed-soil slopes. They infer from the study that smaller nail inclination provided better reinforcement action for stabilizing the soil slopes than the horizontal nails and nails of large inclination. Centrifuge tests were carried out by Shoari et al. [35] to determine the impacts of overburden pressure on the performance of nailed vertical excavations.



It is clear from the literature review that the various development stages of the soil-nailing process have not been modeled numerically. The analytical models are unable to incorporate the soil–reinforcement interaction and inhomogeneity of soil mass. The laboratory models are difficult to construct and are not cost effective. Moreover, the behavior of the soil-nailing process is affected by various nail, soil and slope parameters, and parameters are difficult to implement in analytical models and laboratory models. Therefore, numerical models need to be developed to investigate the behavior of the soil-nailing process at construction and overburden stages. In this study, finite element (FE) modeling of various stages of the soil-nailing process, i.e., construction stages and overburden pressure stages, is carried out considering different soil parameters simulated by in-house developed laboratory models [33]. The soil-nailing process built in the laboratory models is idealized as a plain strain problem and modeled in PLAXIS 2D and 3D software. The 15-node triangular elements and 5-node plate elements are employed, respectively, for soil and foundation modeling. The 2-node elements are taken to simulate the nail reinforcements. The elements at the interface are employed to simulate the soil–reinforcement interactions. The laboratory models of the soil-nailing process consist of a Perspex sheet box filled with sandy soil, a Perspex sheet facing, steel bars for reinforcement and a steel plate for foundation. The stress–strain behavior of the sand is represented by a Hardening-Soil model. The interface at soil and nails is defined by the Coulomb friction law. The behavior of the soil-nailing process during the construction stage and under overburden pressure are investigated in terms of lateral/vertical displacement of slope and stress conditions in slope soil mass. The results of the FE models of various stages of the soil-nailing, process, i.e., construction stages and under overburden pressure stages, are also compared with the laboratory model results. The numerical simulation using PLAXIS 3D were developed for laboratory model dimension sensitivity by varying the extents of the nailed-soil model. The sensitivity analysis of the experimental model was conducted for the toe soil depth variation and for plain strain condition validity.




2. Laboratory Model of the Soil-Nailing Process


For development of finite element models of the soil-nailing process, a three-dimensional laboratory model was built by the authors to simulate a process of soil nailing of an earth slope [33]. Granular soil in the model was formed using a sand-raining system for the development of different characteristics of soil medium, namely loose, medium and dense sand. The relative density (RD) and angle of internal friction for loose, medium and dense sand produced are 35%, 30°, 48%, 34° and 69%, 40°, respectively. The laboratory models have varying steel reinforcement parameters, i.e., length, spacing and inclination of nails. The force mobilized in the nail, lateral displacement of the slope, settlement of the footing and the earth pressure at the slope face under and behind the soil mass at various overburden pressure (q) has been observed with various reinforcement parameters and soil characteristics to validate the finite element model.



2.1. Nailed-Soil Slope Component Properties


The laboratory models of the soil-nailing process consist of a Perspex sheet box filled with sandy soil, a Perspex sheet facing, steel bars for reinforcement and a steel plate for foundation. A special density control apparatus was designed using a sand-raining system by using a sand deposition device and controlling load-cells system by using four load cells below the corner of the model in order to obtain homogeneous sand beds and controlled relative densities. The sieve analysis test was conducted to determine the gradation of sand. The shear strength parameters of the used sand were determined by means of direct shear apparatus. A direct tension test was performed to determine the strength characteristics of the nail used in this study. The properties of the Perspex sheet facing were determined in the laboratory. The properties of the sand used in the laboratory model are given in Table 1. The thickness of the Perspex plate was 5 mm, the diameter of the nails was 5 mm and thickness of the footing plate was 22 mm. The engineering properties of the Perspex plate, steel plate and steel nails are given in Table 2 and Table 3.




2.2. Soil-Nailing Process


The laboratory model of the soil-nailing process (total soil slope model with a length of 1760 mm and a height of 850 mm) was completed in nine sequential stages [36], as follows (Figure 1).



Stage 1: First excavation stage to a depth of 140 mm below ground surface, construction of the first facing panel and installation of the first nail row at a depth of 70 mm from the ground surface.



Stage 2: Second excavation stage to a depth of 280 mm below ground surface and construction of the second facing panel.



Stage 3: Third excavation stage to a depth of 420 mm below ground surface, construction of the third facing panel and installation of the second nail row at a depth of 350 mm from the ground surface.



Stage 4: Fourth excavation stage to a depth of 560 mm below ground surface and construction of the fourth facing panel.



Stage 5: Final excavation stage to a depth of 700 mm below ground surface, construction of the last facing panel and installation of the third nail row at a depth of 630 mm from the ground surface.



Stages 6–9: Footing is placed at the desired location, applying footing pressure to obtain strip stress (q) equal to 5 kPa (stage 6), 10 kPa (stage 7), 20 kPa (stage 8) and 30 kPa (stage 9) (including foundation weight).





3. FE Model of Nailed-Soil Slopes


3.1. Types of Elements


Finite element formulation-based PLAXIS 2D software is employed to model the laboratory set-up of the soil-nailing process of various stages, as explained in the previous section. Finite element idealization of the soil-nailing process considering the plane strain conditions is made to simulate the laboratory model, i.e., to model the sand soil, facing elements (panels of Perspex), steel nails, foundation and boundary conditions. Table 4 presents the soil slope geometry parameters, and Figure 2 shows the laboratory model with a dimensional sketch of the nailed-soil slope used in the finite element modeling. Triangular and line elements were employed to model the sand, Perspex material and steel reinforcement. The soil materials were modeled using fifteen-node triangle elements. They provided an interpolation of the fourth order for displacements, The numerical integration comprises the 12 gauss points. The fifteen-node triangle element, as shown in Figure 3a, is a very precise element that can be used to yield quality results. The nails in the finite element model are simulated using a 2-node elastic spring element with constant spring stiffness (normal stiffness).



Slope facing and foundation can be modeled in PLAXIS software by beam elements. The beam elements have three degrees of freedom per node, two translation degrees of freedom (ux, uy) and one rotational degree of freedom (rotation in the x–y plane, φz). When 15-node elements are employed for soil medium, then each beam element is defined by 5 nodes, as shown in Figure 3b. PLAXIS code allows for beam deflections due to shearing as well as bending. In addition, the element can change length when an axial force is applied. Beams can become plastic if a prescribed maximum bending moment or maximum axial force is reached. The most important parameters for slope facing and foundation elements are the flexural rigidity (bending stiffness, EI) and the axial stiffness (EA), as given in Table 1. The shear deformation is also considered, and the equivalent plate thickness deq and shear stiffness of the plate is determined as given below.


   Equivalent   plate   thickness  ,  d  e q   =   12   E I   E A       ,  



(1)






   Shear   stiffness  =   5 E A   12  (  1 + ν  )    =   5 E  (   d  e q    )    12  (  1 + ν  )    ,  



(2)







Interface elements are used between soil and nail, facing and foundation to simulate the interaction between structures and the soil. The roughness of the interaction between the soil and the structure elements is simulated by selecting an appropriate value for the factor for strength reduction in the interface (Rinter). The factor relates the interface strength (slope friction and adhesion) to the soil strength (friction angle and cohesion) and the coulomb criterion is used to distinguish between elastic behavior, where small displacements can occur within the interface, and plastic behavior, where permanent slip may occur. The strength/stiffness reduction factor is related to the properties of the adjacent soil as given below [37],


ci = Ri csoil; Φi = tan −1 (Ri tan Φsoil);










ψi = 0 when Ri < 1.0 and ψi = ψsoil when Ri = 1.0;










Gi = Ri Gsoil; E = 2Gi [(1 −νi)/1 − 2νi),








where csoil is the soil cohesion; Φsoil is the soil friction angle; ψsoil is the soil dilatancy angle; and Gsoil is the soil shear modulus.



For the elastic zone, the interface strength is given by the following relation.


   | τ |  <  σ n  tan  ϕ i  +  c i    .  



(3)







For plastic behavior, the interface strength is given by the following relation.


   | τ |  =  σ n  tan  ϕ i  +  c i    ,  



(4)




where ci and ϕi are the interface cohesion and angle of friction.



Each interface element has assigned a “virtual thickness”, which is an imaginary dimension used to define the material properties of the interface. The virtual thickness is calculated as the virtual thickness factor times the average element size. The average element size is determined by the global coarseness setting for the two-dimensional mesh generation. The default value of the virtual thickness factor is 0.1. A total of 5 stress points are used for a 10-node interface element, as shown in Figure 3c. Damians et al. [37] have studied the effect of interface element parameters, the element sizes and shapes at the interfaces on the reinforced soil structure analysis results, and they found that interface element parameters influence the results.




3.2. Nailed-Soil Slope Boundary Conditions


The boundary conditions were applied in the finite element model, at the bottom of the model and at the left- and right-hand side of the model. The boundaries of the model were selected to avoid a size effect on the output of the models. At the bottom, the nodes were treated as fixed, i.e., with no horizontal or vertical movement or rotation. The nodes at the left and right side were free to move in the vertical direction and rotate, but they were restrained in the horizontal direction. The rest of the nodes were allowed to move in the horizontal and vertical direction and rotate.




3.3. Finite Element Mesh


The mesh generator needs an optimum meshing parameter, which represents the average element size, (Le). Abioghli [38] have studied the sensitivity of the mesh parameter, considering very coarse to very fine mesh, on the reinforced soil wall analysis results, and they found that meshing has minimal influence on analysis results of reinforced soil wall. The Le parameter is calculated from the outer geometry dimensions (Xmin, Xmax, Ymin, Ymax) and global coarseness setting (nc) in PLAXIS as follows.


   L e  =      (   X  m a x   −  X  m i n    )   (   γ  m a x   −  γ  m i n    )     n c      .  



(5)







The number of generated triangular elements is around 250 elements, considering the nc value as 100. The discretized domains of the soil slope during the construction stage and working stage are portrayed in Figure 4. It is observed from discretized domain figures that the meshes are deformed in sequential construction and loading stages. The deformation is more on the slope face during construction and on the backfill during the loading stages.




3.4. Constitutive Models of Soil


The ability to accurately reflect the field conditions depends mainly on the ability of the constitutive model to represent the soil behavior. The nonlinear elastic (hyperbolic) model, Hardening-Soil (HS) model, is used to simulate the sandy soil. Stress–strain behavior of soil becomes nonlinear, particularly at failure condition. Duncan and Chang [39] have presented a procedure to model the soil behavior by varying the soil modulus, in which the stress–strain curve is hyperbolic and the soil modulus is a function of confining stress and the shear stress experienced by the soil. Figure 5 shows the nonlinear stress–strain behavior and different soil modules. When a soil is subjected to zero deviator stress (i.e., σ1 − σ3 = 0), its stress–strain behavior is modeled using the initial modulus (Ei) given by the following relation.


   E i  =  K L   P a     [     σ 3     P a     ]   n    ,  



(6)




where Ei is the initial tangent modulus, KL is the loading modulus numbers, Pa is atmospheric pressure, σ3 is the confining stress and n is the exponent for defining the influence of the confining pressure on the initial modulus.



When soil is subjected to stress higher than it has previously experienced, the soil constitutive behavior is governed by the tangent modulus (Et) given by the following equation.


   E t  =  [  1 −    R f   (   σ 1  −  σ 3   )   (  1 − s i n ϕ  )    2 c  (  c o s ϕ  )  + 2  σ 3  s i n ϕ    ]   E i    ,  



(7)




where ϕ is the angle of internal friction, c is the cohesive strength of soil, Rf is the ratio between the asymptote to the hyperbolic curve and maximum deviator stresses = (σ1 − σ3)f/(σ1 − σ3)ult and σ1 and σ3 are the major and minor principal stress, respectively.



When a soil is unloaded from a higher shear stress state, the nonlinear model uses the unloading–reloading modulus (Eur) and can be calculated as follows, similar to the initial modulus (Ei).


   E  u r   =  K  u r    P a     [     σ 3     P a     ]   n    ,  



(8)







In the Hardening-Soil model (HS-model), the soil stiffness is described by using three different input stiffnesses, the triaxial loading stiffness (E50), the triaxial unloading stiffness (Eur) and the Oedometer loading stiffness (Eoed). The average values for various soil types are (Eur)ref ≈ 3(E50)ref and (Eoed)ref ≈ (E50)ref. The HS-model accounts for stress-dependency of the stiffness module. All three input stiffnesses are related to a reference stress, usually taken as 100 kN/m2. The hyperbolic part of the stress–strain curve can be defined by using a single secant modulus, as shown in Figure 5, as an additional input parameter, E50. In contrast to E50, which determines the magnitude of both the elastic and plastic strains, Eur determines the soil behavior under unloading and reloading [40].



Both the average primary loading modulus E50 and the unloading modulus Eur are stress level-dependent.


   E  50   =    (   E  50    )    r e f      [     σ 3  + c  (  c o t ϕ  )     p  r e f   + c  (  c o t ϕ  )     ]   m    ,  



(9)






   E  u r   =    (   E  u r    )    r e f      [     σ 3  + c  (  c o t ϕ  )     p  r e f   + c  (  c o t ϕ  )     ]   m    ,  



(10)




where (E50)ref is the secant stiffness in a standard drained triaxial test, (Eur)ref is unloading-reloading stiffness, pref is reference stress for stiffness and m is the power for stress-level dependency of stiffness (m = 0.5 for sand [40]). Table 5 shows the material model parameters for the three types of sand considered in the present study.





4. Finite Element Modeling Results and Discussion


The developed finite element (FE) models of the soil-nailing process were used to obtain horizontal/vertical displacement and horizontal/vertical stresses at different locations of nailed-soil slope under various stages, i.e., construction stages and overburden pressure stages, using the commercial software PLAXIS. Deformed shapes of slope were also obtained at the different soil-nailing process stages. The medium dense sand with relative density of 48% was used in the development of FE models. However, the effect of density was studied considering three relative densities of sand, i.e., 34%, 48% and 68%.



4.1. Horizontal and Vertical Displacements at Different Stages of the Soil-Nailing Process


The horizontal and vertical displacements of the soil mass during the construction stage and loading stage are portrayed in Figure 6 and Figure 7. The red color in Figure 6 and Figure 7 and its intensity shows the soil movement horizontally and vertically. The horizontal displacement of the slope face is given in Section 4.2. The amount of vertical settlement of footing is depicted in Section 5.2. It infers from Figure 6 and Figure 7 that, during the construction stages, there were small horizontal movements of the slope face, and these movements were increased by increasing the overburden pressure, particularly at the middle third of the slope towards the toe of the slope. The maximum horizontal displacement of the slope face occurred in the middle third of the slope and decreased as we moved far from the slope face. During the overburden pressure stage, the horizontal movements increased near the slope face at the top and around the nails. The minimum displacement was at the upper third of the slope at various stages of the soil-nailing process. The vertical movement was decreased as we moved far from the foundation location in all the directions during the overburden pressure.




4.2. Horizontal, Vertical and Shear Stresses at Different Stages of the Soil-Nailing Process


Figure 8 shows the horizontal stresses in the soil medium during the construction and working stages. It is observed from the figure that horizontal stresses increased progressively with the depth and increased as we moved far from the face of the slope and with the increase of loadings. It is most significant to observe that most of the backfill zones in horizontal stresses were in the tension state. It is also noticed that concentration of the stresses was higher near the foundation, top surface of the slope and around and between nails, which will be resisted by the presence of nails otherwise, and failure may occur.



Figure 9 depicts the vertical stresses in the soil medium during the construction stage and overburden pressure stages. The vertical stresses increased with the depth and with overburden pressure. The vertical stresses decreased under the slope as the excavation proceeded. It is noticed that the vertical stresses were not the same at any horizontal plane. This may be due to a sudden change in rigidity of the nailed-soil slope due to excavation and the presence of nails. Vertical stress concentration occurred around the footing, near the slope surface and around the nail. Some of these stresses were tensile and others were compression. Tensile stresses are resisted by the nails.



Shear stress distributions in nailed-soil mass during construction stages and overburden pressure stages are shown in Figure 10. The shear stresses rose near the top surface of the sand bed and the face of the slope as well as near and under footing, while, within the soil medium, the shear stress values were almost similar. As expected, no shear stress regions developed at the reinforced soil, indicating a change in direction of shear stresses. In the overburden pressure stage, shear stresses rose by the increase of the loadings.





5. Parametric Study: Finite Element Analysis of a Nailed-Soil Slope with Varying Soil Densities


FE analysis on developed models with different soil relative density (RD) values is carried out to examine the influence of density of soil on the slope horizontal displacement and settlement of footing. The vertical and horizontal stresses developed in the nailed-soil mass with different soil relative density (RD) values are also studied. The soils used in this study were loose sand (RD = 35%), medium dense sand (RD = 48%) and dense sand (RD = 69%). The properties of the loose sand, medium dense sand and dense sand are given in Table 5.



5.1. Horizontal Displacement of the Nailed-Soil Slope


Figure 11 and Figure 12 show the effect of the soil density on the horizontal displacement of the face of the slope during construction and overburden pressure stages. It can be observed from the results that, with the increase of the soil density, the slope displacements decreased, i.e., the higher soil density, the lesser the lateral displacement of the facing. This is because of interface friction of the soil and nails depending on the soil density. In dense granular soil, restrained dilatant behavior is due to an increase of normal stress on the nail level, which increases the friction between soil and the nails and increases the nail ability to resist the deformations. The increase in soil density reduces the slope face displacement by a ratio ranging from 44.01% to 72.43%. It is clear from the slope lateral displacement graphs that a greater reduction of the lateral displacement with higher soil density is found in overburden pressure stages as compared to in construction stages.




5.2. Vertical Settlement of the Footing


Figure 13 presents the vertical settlements of the foundation for various soil densities at different footing loads. The increase in the soil relative density decreases the footing vertical settlement. This decrease of the settlement could be attributed to the decrease of the slope face displacement. Moreover, the increase in the soil relative density is accompanied by a rise of shearing resistance, and, thus, reduction of vertical settlement of the footing. The reduction in footing vertical settlement ranged from 28.39% to 52.65%. It can be observed from the footing settlement’s variation that a greater reduction of the settlements with higher soil density is found at higher footing pressure.




5.3. Horizontal Stresses on the Slope Face


Figure 14 and Figure 15 present the influence of soil density on the horizontal stresses at the face of the slope at construction and overburden pressure stages. It is observed from the figures that decreasing relative density of the sand leads to increasing the horizontal stresses on the face of the slope, and stress enlargement ratio ranged from 12.50% to 61.54% for the soil type changing from dense sand to loose sand. It is observed from the graphs of variation of horizontal stress on the slope face developed in different densities of nailed-soil slopes that, when the overburden pressure is applied (stage 6) after construction of the slope, the horizontal stress decreases in the loose sand slope and increases in the dense sand slope, while it has no effect on the horizontal stress of the medium dense sand slope with the increase of soil density.




5.4. Vertical Stresses under Nailed-Soil Slope Mass


Figure 16 and Figure 17 present the influence of soil density on the vertical stresses under the nailed-soil mass at construction and overburden pressure stages. It is inferred from the plots that the influence of soil relative density on vertical stresses under the nailed-soil mass is directly related, i.e., the higher the soil density, the larger the vertical stresses under the soil mass. Increasing the relative density of the sand results in a rise of the vertical stresses under the nailed-soil mass up to 20.0% for the considered soil types. It is observed from the graph of vertical stresses under the nailed-soil mass with varying density that, when compared to construction stages, overburden pressure stages exhibit a higher increase in vertical stress with the increase in soil density.




5.5. Horizontal and Vertical Stresses behind the Nailed-Soil Mass


The influence of soil density on the horizontal and vertical stresses behind the nailed-soil mass in construction and overburden pressure stages at mid-height points are shown in Figure 18, Figure 19, Figure 20 and Figure 21. It can be inferred from the graphs that, at construction stages, the horizontal stresses behind the nailed-soil mass rise as the soil relative density decreases. The performance of vertical stresses behind the soil mass with the soil density has an inverse behavior, i.e., the vertical stresses behind the nailed-soil mass increase as the soil relative density increases. Similar behavior has been observed in loading stages. This may be due to increasing density results in the shear strength of nailed-soil mass increase and less movement occurring in the nailed-soil mass.



Increasing relative density of the sand leads to a rise in the vertical stresses behind the nailed-soil mass with a ratio ranging from 25.0% to 50.0%, with the higher value for the case of loose sand. This may be due to increasing the overburden pressure. Meanwhile, a reduction in horizontal stresses behind the nailed-soil mass occurred, with a ratio ranging from 3.85 to 28.57%, with the lower value for the case of loose sand.





6. Performance Comparison of FE and Laboratory Models of Nailed-Soil Slopes


The FE analysis results of a nailed-soil slope have been compared with the laboratory model measured results. The lateral or horizontal slope displacements at various nail locations, i.e., at distances of 70, 350 and 630 mm from the top surface, are taken for comparison purposes. The measured and computed results of foundation vertical settlements (S/H, %) at various soil densities are also compared. The plots showing the comparison of computed and observed results from FE and laboratory models at various stages of a nailed-soil slope, i.e., at construction stages and the overburden pressure stage, are depicted in Figure 22 and Figure 23.



6.1. Vertical Settlement of the Foundation


Figure 22 shows foundation vertical settlements (S/H, %) at different soil densities for both laboratory and FE models, (laboratory model results are drawn in solid lines, while the dotted lines represent the FE model results) [33]. It can be seen from the figure that the maximum footing settlement occurred at an overburden pressure of 30 kN/m2. It can be observed from the graph that the FE models overestimate the footing settlements. The variation in observed and computed settlement ranges from 4.4% to 18.7 in the case of loose dense sand, whereas it ranges from 13.4% to 40.6% and from 0.4% to 35.0% in the cases of medium and dense sand, respectively.




6.2. Horizontal Movement of the Slope Face


Figure 23, Figure 24 and Figure 25 show the horizontal slope movement (D/H, %) at different soil densities for both laboratory and FE models. It can be seen from the figures that, for loose sand, at the construction stage, the highest horizontal movement occurs at the lower point of the slope in the FE model, whereas it is at the middle point in the laboratory model. In the overburden pressure stages, the maximum movement is at the mid-point in both models. The highest horizontal slope movement occurs at an overburden pressure of 30 kN/m2 in both cases. The percentage of difference in highest movement varies between 16.15% at overburden pressure of 30 kN/m2 to 27.0% at overburden pressure of 10 kN/m2.



For medium sand and dense sand, at the construction stage, the highest horizontal displacement occurs at the lower point of the slope in the FE model, whereas it is at the middle point in the laboratory model. The highest movement is at mid-point under overburden pressure stages, and the highest horizontal slope movement occurs at an overburden pressure of 30 kN/m2 in both FE and laboratory models. The percentage of variation in highest movement ranges between 14.68% at overburden pressure of 30 kN/m2 to 29.01% at overburden pressure of 10 kN/m2 for the medium dense sand slope. For the dense sand slope, the difference in highest movement ranges from 17.58% at surcharge 30.0 kN/m2 to 15.38% at overburden pressure of 10 kN/m2. It can be concluded that the FE model and the laboratory model exhibit similar trends in the behavior of the nailed-soil slope.





7. Sensitivity Analysis of Experimental Set-Up Dimensions


The sensitivity analysis of the obtained results is carried out for plain strain conditions validation and dimensions selection. The numerical models using PLAXIS 3D were developed for sensitivity analysis by varying the dimensions of experimental set-up. The sensitivity of the experimental set-up is studied for the different toe soil depth and for plain strain condition. For sensitivity investigation, the experimental results were compared with the numerical results for soil toe depths of 15 cm and 20 mm, and for 100-cm- and 120-cm-deep soil (in transverse direction). In three-dimension finite element models, the soil materials and other volume clusters are modeled using the 10-node tetrahedral elements. The six-node plate elements are used for foundation modeling. The nails in the 3D finite element model are simulated using two-node elastic spring elements with constant spring stiffness. The experimental set-up dimension and increase dimension models are shown in Figure 26.



The plots of horizontal and vertical displacement of the nailed-soil slope using three-dimensional models in the working stage (stage 6) in the experimental set-up dimensions model, model with increased depth and model with increased width are depicted in Figure 27 and Figure 28. The experimental set-up used in the investigation is found to be sensitive to the toe soil depth and is not fully under plain strain conditions.




8. Conclusions


The finite element modeling of various stages of the soil-nailing process, i.e., construction stages and overburden pressure stages, was carried out, simulating with in-house developed laboratory models, in the present study. The soil-nailing process built in the laboratory models was idealized as a plain strain problem and modeled in PLAXIS software. The laboratory models of the soil-nailing process consisted of a Perspex sheet box filled with sandy soil, a Perspex sheet facing, steel bars for reinforcement and a steel plate for foundation. The stress–strain behavior of the sand was represented by a Hardening-Soil model, and the soil–nail interface was described by the Coulomb friction model. The behavior of the soil-nailing process during the construction stage and under overburden pressure were investigated in terms of the horizontal movement of the face of the slope, vertical settlement of the foundation and stress conditions in slope soil mass. The results of the FE model were also compared with the laboratory model results. The sensitivity analysis of the experimental set-up for plain strain condition verification was carried out by three-dimensional modeling of the nailed-soil slope.



The following conclusions may be drawn from the present study.




	
The developed FE model has the potential to simulate the performance of a field nailed-soil slope during construction and working stages.



	
The measured results for lateral displacement and settlement of the strip footing during construction and overburden pressure stages are higher than FE-simulated results of the soil-nailing process.



	
From the sensitivity analysis, it can be inferred that the experimental set-up used in the investigation is found to be sensitive to the toe soil depth, and the plain strain condition assumption is not fully satisfied.



	
The developed FE models could provide guidance for the construction/maintenance of soil-nailed cut slopes in granular soils/weathered rocks.



	
The lateral displacement of the slope’s facing occurs in the slope’s middle third during the construction stages, and lateral displacement further increases with the application of overburden pressure. The minimum lateral displacement is at the upper third of the slope at various stages of investigation. The overburden pressure stages exhibit a higher reduction in facing lateral displacement and stresses within the soil mass with the increase of soil density as compared to the construction stages.



	
Shear stresses increase near the top surface of slope and slope face as well as near and under the foundation at the construction stages, while, within the nailed-soil mass, the values are constant. As expected, zero shear stresses are developed at the reinforced mass. In overburden pressure stages, shear stresses are enlarged with the rise of the overburden pressure.
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Figure 1. Development stages of the soil-nailing process [21]. 
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Figure 2. Laboratory model and schematic sketch of the nailed-soil slope [36]. 
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Figure 3. Nodes and stress points in various elements. (a) 15-node triangle element. (b) 5-node beam element. (c) 10-node interface element. 
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Figure 4. Mesh plots of the soil-nailing process during the construction and overburden pressure stages. (a) Initial mesh. (b) Mesh at stage 1. (c) Mesh at stage 3. (d) Mesh at stage 4. (e) Mesh at stage 5. (f) Mesh at stage 6. (g) Mesh at stage 8. (h) Mesh at stage 9. 
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Figure 5. Stress–strain curve for soil material. 
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Figure 6. Horizontal displacement of the nailed-soil system during the construction and overburden pressure stages. (a) Construction stage 1. (b) Construction stage 3. (c) Construction stage 5. (d) Overburden pressure stage 6. (e) Overburden pressure stage 7. (f) Overburden pressure stage 9. 
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Figure 7. Vertical displacement of the slope (construction and overburden pressure stages). (a) Overburden pressure stage 6. (b) Overburden pressure stage 7. (c) Overburden pressure stage 9. 
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Figure 8. Horizontal stresses during the construction and overburden pressure stages. (a) Construction stage 1. (b) Construction stage 5. (c) Overburden pressure stage 6. (d) Overburden pressure stage 9. 






Figure 8. Horizontal stresses during the construction and overburden pressure stages. (a) Construction stage 1. (b) Construction stage 5. (c) Overburden pressure stage 6. (d) Overburden pressure stage 9.



[image: Applsci 13 02139 g008a][image: Applsci 13 02139 g008b]







[image: Applsci 13 02139 g009a 550][image: Applsci 13 02139 g009b 550] 





Figure 9. Vertical stresses during the construction and overburden pressure stages. (a) Construction stage 1. (b) Construction stage 5. (c) Overburden pressure stage 6. (d) Overburden pressure stage 9. 
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Figure 10. Shear stresses during the construction and overburden pressure stages. (a) Construction stage 1. (b) Construction stage 3. (c) Construction stage 5. (d) Overburden pressure stage 6. (e) Overburden pressure stage 9. 
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Figure 11. Horizontal displacements of the slope face with various soil densities. (a) Loose sand. (b) Medium dense sand. (c) Dense sand. 
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Figure 12. Horizontal displacements of the slope face with various soil densities (at mid-height). 
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Figure 13. Vertical settlement of the footing with various soil densities. 
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Figure 14. Horizontal stresses at the slope face with various soil densities. (a) Loose sand. (b) Medium dense sand. (c) Dense sand. 
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Figure 15. Horizontal stresses at the slope face with various soil densities (at mid-height). 
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Figure 16. Vertical stresses under the soil mass with various soil densities. (a) Loose sand. (b) Medium dense sand. (c) Dense sand. 
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Figure 17. Vertical stresses under the soil mass with various soil densities at mid-point. 
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Figure 18. Horizontal stresses behind nailed-soil mass with various soil densities. (a) Loose sand. (b) Medium dense sand. (c) Dense sand. 
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Figure 19. Horizontal stresses behind nailed-soil mass with various soil densities at mid-height of the slope. 
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Figure 20. Vertical stresses behind nailed-soil mass with various soil densities. (a) Loose sand. (b) Medium dense sand. (c) Dense sand. 
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Figure 21. Vertical stresses behind nailed-soil mass with various soil densities at mid-height of the slope. 
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Figure 22. Vertical settlement of footing from FE and laboratory models with various soil densities. 
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Figure 23. Horizontal movement of the slope from the laboratory and FE model (loose sand). (a) Construction stage 5. (b) Overburden pressure stage 6. (c) Overburden pressure stage 9. 
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Figure 24. Horizontal movement of the slope from the laboratory and FE model (medium sand). (a) Construction stage 5. (b) Overburden pressure stage 6. (c) Overburden pressure stage 9. 
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Figure 25. Horizontal movement of the slope from the laboratory and FE model (dense sand). (a) Construction stage 5. (b) Overburden pressure stage 6. (c) Overburden pressure stage 9. 






Figure 25. Horizontal movement of the slope from the laboratory and FE model (dense sand). (a) Construction stage 5. (b) Overburden pressure stage 6. (c) Overburden pressure stage 9.



[image: Applsci 13 02139 g025]







[image: Applsci 13 02139 g026 550] 





Figure 26. 3D model of the experimental set-up dimensions, model with increased depth and model with increased width. (a) Experimental set-up dimensions model. (b) Model with increased toe depth. (c) Model with increased width. 
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Figure 27. Plots of horizontal displacement of the nailed-soil slope in the experimental set-up dimensions model, model with increased depth and model with increased width. (a) Experimental set-up dimensions model. (b) Model with increased toe depth. (c) Model with increased width. 
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Figure 28. Plots of vertical displacement of the nailed-soil slope in the experimental set-up dimensions model, model with increased depth and model with increased width. (a) Experimental set-up dimensions model. (b) Model with increased toe depth. (c) Model with increased width. 
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Table 1. Properties of the sand used in the soil-nailing process [36].
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	Property
	Value
	Property
	Value





	Percentage of clay
	0.00
	Coefficient of uniformity (Cu)
	1.99



	Percentage of silt
	1.33
	Coefficient of gradation (Cc)
	1.00



	Percentage of fine sand
	39.17
	Specific gravity (Gs)
	2.62



	Percentage of medium sand
	58.63
	Minimum unit weight (γmin) (kN/m3)
	15.30



	Percentage of coarse sand
	0.87
	Maximum unit weight (γmax) (kN/m3)
	17.80



	Percentage of fine gravel
	0.00
	Void ratio, minimum (emin)
	0.472



	Effective diameter, mm (D10)
	0.126
	Void ratio, maximum (emax)
	0.712
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Table 2. Facing and foundation material properties [36].
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	Plate Element
	Material
	Width (mm)
	Thickness

(mm)
	Young’s Modulus

(kPa)
	Bending

Stiffness

(kN·mm2)
	Stiffness (Axial, EA),

(kN)





	Foundation
	Steel
	150
	22.0
	21.2 × 107
	188,186.6
	4665.78



	Facing Plate
	Perspex
	140
	5.0
	4200
	0.04375
	0.021
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Table 3. Steel Reinforcement Material Properties [33].






Table 3. Steel Reinforcement Material Properties [33].





	Element
	Length

(mm)
	Maximum Tensile Force (kN)
	Strains at Ultimate Stress (10−6)
	Maximum

Tensile Strength (kPa)
	Young’s

Modulus (kPa)
	Flexural

Rigidity, EI (kN·mm2)
	Normal

Stiffness, EA (kN/m)





	Nails
	700.0
	17.4
	7625
	8.8 × 105
	21.2 × 107
	6.51 × 10−3
	4165.9
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Table 4. Nailed-soil slope geometry parameters in the laboratory model [36].






Table 4. Nailed-soil slope geometry parameters in the laboratory model [36].





	Geometry Parameter 1
	A (mm)
	B (mm)
	X (mm)
	Z (mm)
	Y (mm)
	Sh = Sv (mm)
	Slope Angle (θo)
	H = Ln (mm)





	Value
	405
	150
	225
	146
	834
	280
	40
	700







1 A—width of soil beyond the footing; B—footing width; X—distance of footing from crest; Y—width of soil beyond slope toe; Z—base width of soil below the slope; θ—angle of the slope; δ—nail inclination; Ln—length of nail; H—height of excavation; Sv—vertical spacing of nail; Sh—horizontal spacing of nail.
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Table 5. Slope material model parameters [33].






Table 5. Slope material model parameters [33].





	
Soil Type

	
Bulk Density (kN/m3)

	
Soil Model,

Mohr–Coulomb

	
Plastic Straining

Due to Primary Compression/Deviator Loading (Eoed)ref (kPa)

	
Elastic Unloading/Reloading

	
Stress-Dependent Stiffness (m)




	
φ

	
C (kPa)

	
Ψ 1

	
υ

	
(Eur)ref (kPa)

	
υur






	
Loose Sand (RD = 34%)

	
16.06

	
30

	
0.2

	
0

	
0.33

	
1327

	
3981

	
0.2

	
0.5




	
Medium Sand (RD = 48%)

	
16.41

	
34

	
0.2

	
4

	
0.31

	
1959

	
5877

	
0.2

	
0.5




	
Dense Sand (RD = 68%)

	
16.92

	
40

	
0.2

	
10

	
0.26

	
2632

	
7896

	
0.2

	
0.5








1 Angle of dilatancy (degrees).
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