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Abstract

:

The removal of soil during scouring is crucial to the lateral resistance of piles in bridges of railways or highways. In this process, dilatancy of the interface soil induces variation in normal stress, which in turn influences the interface soil lateral resistance. Due to the lack of analysis in previous studies in terms of cohesionless soil state (i.e., relative density and stress level) in remaining soil after scouring, it is difficult to simulate the properties and behavior of interface soil. The objective of this study is to explain the change of the sand state at the compression interface after scouring, quantify the stress-strain characteristics of the pile during this period and eventually present the prediction p-y curves of the lateral service capacity. The state-dependent constitutive model for saturated sand is employed, combined with the 3D finite element simulation, and the state development of the remaining soil is exhibited. The enhancement of dilation and stress relief of the remaining shallow horizon eventually gives rise to the reduction of the lateral resistance. In addition, the remaining overburden soil surrounding the pile restricts the interface soil, enlarging the normal stress and strengthening the deep horizon. Then, the friction angle considered the influence of state-dependent changes is used to quantify the hyperbolic p-y curves.
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1. Introduction


In order to cross rivers and oceans, bridges are widely employed in railways and highways [1,2]. As the main foundation form of the bridge, the serviceability of the piles tends to be affected by a variety of working conditions. As a common form of erosion around the pile foundations, through the removal of the seabed soil around the pile, scour can reduce the pile embedded length. Receiving complex hydrodynamic loads (wave, current), the lateral service capacity of the piles dwindles by means of enhancing bending moment after scouring, and then leads to the failure of the whole structures [3]. Therefore, the lateral service capacity of the pile before and after scouring should be analyzed. Among them, a reasonable analysis method of the pile-soil interaction of the compression side is essential for the research.



As common models to quantify service capacity between the pile and the surrounding soil [4,5], the p-y curves can idealize the soil as a series of independent springs around the pile length. Each spring is used to describe the linear or non-linear relationship between the lateral service capacity of the soil (p) and the following lateral deflection of the pile (y) in the given depth. A simplified p-y curve analysis method based on the wedge type of failure in a scour pit condition is innovated [6]. This wedge analysis method was adopted to evaluate the effects of the scour pit dimension in the sand through this simplified method. On the basis of the subsequent finite element analysis [7,8], the scour depth influenced most on the lateral pile response than scour width and slope angle of the scour pit, which was similar to Li’s conclusions of centrifuge test [9,10]. Nevertheless, similar to the excavation effect on pile-soil interaction structure, the removal of soils subjected to scour could be considered as a slow process of unloading [11]. The lack of remaining soil characteristic analysis makes the existing p-y curves not reasonable and precise enough in the research. During the scour, the stress history of remaining soils changes in the meantime [12,13], resulting in the state variation of the soil. During the stress state and the normal stress of the remaining soil changed, the dilation of the shear interface brought about a slight rise of the friction angle [7]. As a result, neglecting the variation of stress state would result in a conservative design when considering the lateral capacity of the pile foundation.



Piles in cohesionless soil are more vulnerable to scour than cohesive soil by wave or current [6]. To cohesionless soil, the concept of critical state can be applied to assess the tendency of dilatancy. Roscoe et al. [14] and Li et al. [15] illuminated that the state parameter, the disparity between the current void ratio and the critical state void ratio corresponding to the current confining pressure, is an effective approach of the measurement of how far the material state is from the critical state. With the parameter as the state variable, a particular form of state-dependent dilatancy is shown to be equivalent to an interpretation whereby the phase transformation stress ratio is variable with the state parameter, an idea introduced by Manzari & Dafalias [16]. As a significant factor of sand under shearing, the dilatancy of the shallow sand horizon in local scour is worth analyzing.



To explore the lateral resistance of the remaining sand horizon under scouring, a centrifuge test is applied to make a comparison between the lateral soil resistance in the general scour and local scour [17], indicating that p-y curves for the local scour cases, sand horizon at a given depth below the scour pit base is much stiffer than that at the same depth below the original soil surface, while this characteristic is not founded in the general scour sand horizon. The results reflect a phenomenon that if the deformation of the pile head increased, the lateral resistance of the remaining sand horizon would also increase slightly in local scour conditions. According to the results in the CPT test and 3D finite element model tested by ABAQUS, this increasing stiffness of the p-y curves would be attributed to the constraint due to the sloping overburden soil in local scour cases [18], and then the property of shallow remaining sands changed. The stiffer sand horizon below the scour pit hardened the lateral pile capacity at the same depth. While the precedent research analyzed less in the state characteristic and the normal stress change of the remaining sand, thus lacking the reasonable quantification method of the remaining soil horizon.



The objective of this study is to adopt the state-dependent critical state model of the sand to investigate the change of the lateral pile capacity in different types of scouring conditions. In this study, the three-dimensional model referenced and validated with a published centrifuge test examines the impact of remaining soil lateral resistance at a given scour depth. On the basis of this, the researchers analyzed the variation of state parameter changes on the normal stress of interface soil, and the peak friction theory considering state parameter is applied to quantify the lateral resistance of the remaining soil horizon.




2. The State-Dependent Constitutive Model for Saturated Sand


The theory of state-dependent dilatancy in the research is derived from Li and Dafalias [13]. The research of the micromechanical analysis justified that dilatancy is defined as the unique function of the stress ratio   η = q /  p ′   , with  q  and    p ′    the terms of the triaxial stress variables. Hence, the stress of the sand is defined as effective mean normal stress    p ′  =    σ a ′  + w  σ r ′    / 3   and deviator stress   q =  σ a  −  σ r   , where    σ a ′    is the effective axial stress and    σ r ′      the effective radical stress,    σ a    the total axial stress and    σ r    the total radical stress.



2.1. Elastic Behavior


In the elastic stress-strain phase, the elastic shear modulus  G  in this model is described using Richard et al. [19]’s equation as follows:


  G =  G 0        2.97 − e    2    1 + e      p ′   p a     



(1)




where    G 0    is a material constant,  e  is the void ratio and    p a    denotes the atmospheric pressure. Based on elasticity theory, the elastic bulk modulus  K  is expressed in terms of  G  and Poisson’s ratio  υ :


  K = G   2   1 + v     3   1 − 2 v      



(2)








2.2. Yield Function


This model considered the state-dependent dilatancy relation and plastic harden law, based on the model of Li and Dafalias [15]. The stress-strain response of sand along a path of constant stress ratio   η = q /  p ′    is considered. The yield surface is a straight line in the    p ′  − q   space and it is used in this model, as follows’:


  f = q − η  p ′  = 0  



(3)




this yield function is derived from the interfacial yield mechanism of coarse-grained soil and was verified by experimental studies. Their results reflect the yield mechanism of shear-induced. Therefore, this proposed model can be established with ease to include the compression-induced yield mechanism by adding a yield cap controlled by    p ′   . For the sake of simplicity, the bounding effect and formed naturally or artificially is omitted in the yield function.




2.3. State-Dependent Dilatancy


The state-dependent dilatancy function proposed by Li and Dafalias [19] is employed in this study:


  D =   d  ε v p    d  ε d p    =    d 0   M    M  e  m ψ   − η    



(4)




where   d  ε v p    is the plastic volumetric strain increment while   d  ε d p    is the plastic deviatoric strain increment.  M  is the special value of the  η  at the critical state.    d 0    and  m  are two material constants related to dilatancy.  ψ  is the state parameter and it is defined by Been and Jefferies [20] as follows


  ψ = e −  e c  = e −    e Γ  −  λ c       p ′  /  p a     ξ     



(5)




where    e c    is the critical void ratio on the critical state line in the   e −  p ′    space corresponding to the current   p ′  , improved by a power relationship   e −       p ′    p a       ξ    and prevented by Li and Wang [21], and    p a    is the normal atmospheric pressure.    e Γ   ,     λ c    and  ξ  are the material constants of the critical state.   D > 0   and   D < 0   mean contractive and dilative behavior. This formulation includes the following key features of dilatancy of sand subjected to shear [15]:



	
At a loose state (  ψ > 0  ), the sand exhibits a contractive behavior (  D > 0  ), as  η  is always lower than   M  e  m ψ     when   ψ > 0   [22];



	
At a dense state (  ψ < 0  ), the sand displays either zero dilatancies when   η = M  e  m ψ     (upon phase transformation), or a dilative behavior (  D < 0  ) if otherwise [22];



	
At the critical state, the dilatancy vanishes (  D = 0  ) being irrespective of the initial state by   η = M   and   ψ = 0  ;



	
The equation can be recovered to the dilatancy function of the original Cam clay model (i.e.,    D = M − η  ), by setting the two material constants as    d 0  = M   and   m = 0  .







2.4. State-Dependent Plastic Modulus


The plastic modulus    K P    in this paper is defined as follows:


   K p  =   d q   d  ε d p    =   h G  e  n ψ    η    M  e  − n ψ   − η    



(6)




where   d q   and   d  ε d p    are the deviatoric stress increment and plastic shear strain increment. Where  n  is a material constant,  h  is changed by the density of the soil. This variable is simplified as follow:


  h =  h 1  −  h 2  e  



(7)







The value of  h  varies linearly with the void ration  e , where    h 1    and    h 2    are two material constants about shear hardening. Equation (4) considered  ψ -dependency on the basis of the previous plastic modulus by Wang et al. [23], which can unify the models of both strain-hardening and strain-softening behavior of remaining sands in different densities, respectively. The equation before suggests that the plastic modulus is subject to the difference of current  η  for a ‘virtual’ peak stress ratio   M  e  − n ψ    , which keeps changing during the shearing of the soil [13]. As a consequence, the key following features associated with the plastic hardening behavior of sand in shear can be reproduced:



	
For the initial state of sand in each horizon,    K P  = ∞   at   η = 0   which is successive with the behavior of sand showing   d  ε q p  = 0   induced by a tiny but nonzero   d η = 0   [24];



	
For the initial state of sand in each horizon,    K p  = 0   at the critical state (  η = M   and   ψ = 0  ), because of the term   d η / d  ε q p   ;



	
For loose sand, by  η  always smaller than   M  e  − n ψ    , during the entire process of shearing.    K p  > 0   and the sand is in a strain-hardening state.



	
For relatively dense sand, the formulation allows a smooth transition from    K p  > 0   to    K p  < 0  , in which the sand changes from strain-hardening state to strain-softening state, when   η < M  e  − n ψ     and   η > M  e  − n ψ    , respectively.







2.5. Constitutive Equation for Saturated Sand


The constitutive equation for saturated sand can be obtained as below:


        d q       d  p ′        =         3 G    0     0   K      −       9  G 2  X     − 3 K G η X       3 K G D X     −  K 2  η D X               d  ε q        d  ε v         



(8)




with:


  X =   h  L     K p  + 3 G + K η D    



(9)






  L =   d q − η d  p ′     K p    =    p ′  d η    K p     



(10)




where  L  is a loading index,   h  L    is a Heaviside function with   h  L  = 1   for   L > 0     and   h  L  = 0  . It is noticeable that the extension of the foregoing relationship to account for reverse loading requires some additional mechanism such as a back-stress, or memory of the reversal stress ration point. These aspects are not addressed for the restricted scope of this paper.



Based on the proposed model, the dilatancy can be regarded as a state-dependent quantity within critical soil mechanics. In this research, the model can capture the characteristics of soil state variation before and after scouring when the horizontal displacement of pile occurs. The finite element simulation below depicts the bearing capacity development characteristics of the pile-soil interface in each horizon. There are eleven material constants in the proposed state-dependency sand model, as shown with the value after model validation in Section 3.2 below, which is separated according to their functions. The function of elastic parameters (   G 0   , v ), critical state parameters (  M ,  e Γ  ,  λ c  , ξ  ), dilatancy parameters (   d 0  , m  ) and harden parameters (   h 1  ,  h 2  , n ,  ) of the cohesionless soil is explained in Equations (1)–(7). As illustrated in the interface soil of this research, the development of the void ratio  e  and the effective axial stress   p ′   can be extracted, followed by the state variation.





3. Three-Dimensional Finite Element Model Analyses


3.1. Three-Dimensional Finite Element Model


A full-scale monopile foundation in saturated sand is developed with the help of the Three-dimensional finite element model analysis software ABAQUS. The properties of the pile and sand are taken from Wang et al. [25]. The monopile has a diameter of 6 m, a wall thickness of 0.06 m, an embedded depth of 60 m, and a height of loading of 10 m.



Figure 1 illuminates an isometric view of the finite element mesh and the boundary conditions adopted in this study. The lateral boundary of the finite element mesh is constrained by roller supports, while the bottom boundary is fixed against translation in all directions. Aiming at eliminating the boundary effect [25], the lateral boundary is assigned as 10  D  ( D  is the pile diameter) from the center of the pile.



The monopile in the simulation is modeled with Eight-node brick (C3D8), calculated by the state-dependent critical state model of saturated sand, respectively. The monopile foundation is assumed to be a linear elastic model, which is transformed to be a cylinder closed-ended pile. Compared with the prototype open-ended pipe pile, it is simplified to a solid pile of the same diameter by the simulation. The typical Young’s modulus is converted into    E p  = 17.35   Gpa   in which the prototype pile is    E p  = 210   Gpa   and Poisson’s ratio is    v p  = 0.3   complying with the requirements of the bending stiffness. The interaction between the pile and sand is simulated based on the Coulomb friction law and the friction coefficient   μ = 0.4   is based on the equation proposed by Randolph et al. [26]. The detachment between the pile and the sand horizon during the scour and load period is allowed, too.




3.2. Parameter Calibration and Model Validation


The centrifuge test proposed by Wang [25] is used by Toyoura sand. The basic parameters of the sand in the state-dependent model can be determined by following the procedure shown in Li and Dafalias [15], as summarized in Table 1 and Table 2. Regarding the uniform Toyoura sand sample, the critical state parameters, dilatancy parameters, and harden parameters are the same in Table 1. The prototype sand parameters in the state-dependent saturated model can be restored by the extraction of the basic parameters in Table 2 and elastic parameters in Table 1 from Wang’s test.



Results of the monotonic lateral load test of the monopile in the sand are presented in Figure 2 for comparison. For the purpose of restoring the loading mode of the centrifugal model test, the corresponding static load is applied to the same pile head position until the end of pile displacement. The lateral deflection and moment curve by Wang’s centrifuge test [25] can be computed by this state-dependent sand model in Abaqus. Therefore, it can be inferred that the three-dimensional finite element model adopted in this study can reasonably capture the behavior of pile-soil reaction.




3.3. Numerical Modeling Procedure


The validated pile-soil 3D model has then been developed to analyze the change of loading capacity of remaining sand after stress relief during scouring. The sand is assumed to be normally consolidated before scouring.



According to the conclusion of field investigation and scour model test, the local scour condition in Figure 3b forms a conical scour pit caused by the hydrodynamic loads from the no scour condition in Figure 3a. Aiming to analyze the soil horizon at each depth before and after scouring effectively, another type of scouring has been identified in Figure 3c as the general scour and the entire elevation of the soil surface is globally reduced by erosion. This scour pattern is only used to analyze the influence of the remaining overburden soil surrounding the pile on the bearing capacity of interfacial soil after scouring.



The standard stipulated that the limit scour depth of the marine structure is 1.3  D . Consequently, the scour depths are identified as    S  d 1   = 1   D     6   m       and    S  d 2   = 1.5   D     9   m     for the case considered in this paper in which the slope angle is 30° based on Li and Qi’s test [9] and detailed procedures are as follows:




	
Establishing the model in no scour condition (as shown in Figure 3a), then identifying the scour depth of each case;



	
Defining a special step for the formation of the scour pit. According to the depth of scour in this step, the scour soil is divided into many layers by 0.5 D of each horizon Then, the scour soil is slowly removed by means of adding the keywords in the ABAQUS input file, i.e., Model change, remove as shown in Figure 3b. This operation models the slow unloading process during scouring, and considers the influence of the stress relief;



	
Applying the displacement on the pile head. Making sure that the deflection of the pile-soil interaction is developed uninterruptedly;



	
Changing the depth of the scour pit base, and the same displacement is applied to the structure.










4. Numerical Results


4.1. The Variation of Pile Response Subjected to Scour


Figure 4 presents the comparison of the variation of the pile deflection at two different scour depths. By comparison, there is an evident impact of stress relief in the shallow horizon of remaining soil on the pile response after scouring as the stress state changes. More specifically, the maximum deflections are 18% and 26%, respectively, higher than the original soil. Based on the given lateral load, the point of contraflexure is in the depth of 36 m (6D), slightly affecting the scour depth. Moreover, the deflection below the depth of 35 m is negligible when the pile is flexible. Notably, the deflection development is similar to Qi’s centrifuge test result of local scour condition [17]. As the scour depth around the pile runs up, the effective soil resistance fails, resulting in the drop of overall lateral bearing capacity. Meanwhile, it can be observed that the lateral resistance of the remaining soil is affected as the scour depth grows, namely, the embedding depth of the pile decreases.



Figure 5a,b exhibits the bending moment changed for two scour depths. As the scour expands the load eccentricity of the pile, Figure 5 displays the variation of the bending moment along the vertical depth for two various scour depths. As shown in the figure, the load lies in the eccentricity of the pile due to the scour expanding. Influenced by the lateral force, the maximum bending moment of    S  d 1   = 1   D     6   m     and    S  d 2   = 1.5   D     9   m     are respectively 18% and 26% higher than that of the original soil. The maximum bending moments along with the rest of the vertical depth increase to 1 m for    S  d 1   = 1   D     6   m     and 3 m for    S  d 2   = 1.5   D     9   m    .



On the other hand, the lateral resistance of the shallow horizon plunged apparently as the scour depth increases. The influence of scouring mainly affects the area from the remaining depth to 30 m can be explained by the large-diameter flexible monopiles in this study. The influence of the scouring depth on the flexible pile is less than that of the rigid pile after reaching the limit lateral displacement. Therefore, it is necessary to refer to the variation of load-displacement behavior at different depths for further analysis at given lateral displacement on the pile head.




4.2. Lateral Load-Displacement Behavior from Simulation Results


In a view to analyzing the pile-soil reaction of the lateral load, the dimensionless p-y curves at different scour depths are sorted in this research. After the displacement is applied to the pile, head develops to the ultimate deflection of 0.2 D (1.2 m), the dimensionless p-y curves of    S  d 1   = 1   D     6   m     in the local scour condition in each horizon is slightly stiffer than that at the same depths than original soil in Figure 6. While    S  d 2   = 1.5   D     9   m     the dimensionless p-y curve changed in two conditions with the difference of the depth in Figure 7. In the deeper horizon of 13–30 m, the phenomenon is similar to    S  d 1     cases, in which resistance is still stiffer than that in the same horizon in original soil. The rigidity enhancement of the remaining interface soil in the deeper horizon becomes more obvious with the rise of scour depth. The stiffer p-y curves resulting from the local scour condition are initially explained by the increase of soil resistance for the remaining soil horizon. The result on Qi’s centrifuge test and 3D simulation indicates that the p–y response at a given soil horizon is just affected by shallow depths and, for most of the profile, the lateral soil stiffness at a given depth below the scour base is greater than that at the same relative depth below the original mudline [17,18], which is similar to the result of 1 D depth scour in this research.



Under the deeper scour depth, the p-y curves in the shallow horizon of remaining soil are weaker than original soil in the depth of 0.5–1 D. The lateral sand resistance declines and reaches the ultimate limit state earlier, which is different from the past test and simulation results. The mainstream test method could hardly reflect the characteristics of the cohesionless soil again as it can be easily disturbed and the 3D finite numerical simulation is difficult to accurately capture the variation characteristics of the lateral resistance of the shallow horizon of saturated cohesionless soil. The change of soil horizon under lateral load before and after scouring is analyzed.




4.3. The Analysis of the Remaining Sand Horizon


In the shallow scour depth of      S  d 1     in local scour conditions, the whole horizon of the remaining interface soil changes stiffer. Differently, in the scour depth of    S  d 2    , the remaining sand can be divided into two characteristics in local scour condition:



	
The shallow sand horizon is softened and is subjected to scour obviously when the lateral sand resistance is lower than that at the same depth under original soil.



	
The deeper depth is 10–20% hardener than that at the same horizon before.






For variation 1, a similar phenomenon of lateral sand resistance reduction after scouring was found in Li’s centrifuge test [9] while variation 2 was found in Qi’s experiment and simulation [17,18] accordingly. The simulation in this research observes a combination of both phenomena simultaneously, which is related to the state-dependency dilatancy of the interface soil. In the analysis of lateral soil resistance after soil excavation, Zheng et al. [27] highlights the effect of stress relief on soil strength during the soil removal and the scour can also be regarded as a slow removal process of the shallow horizon, even for the slow removal process of shallow horizon under scouring. The shallow horizon undergoes stress relief, the interaction between the changed soil particles. Therefore, the change of lateral soil resistance can be analyzed by the stress state of the soil interface. Based on the existing sand model, the state variation curve of the remaining sand in e-p’ space is sorted out to investigate the stress-strain development characteristics in different scour conditions.



To analyze the characteristics of remaining soil in different scour conditions better, the simulation makes a comparison of three types of soil conditions in Figure 3. This research captures the variation of the stress state of interface soil on the axial compression side. Thus, the research defines the depth calculated from the mudline as the absolute depth  z , and the depth calculated from the top of the remaining soil as the relative depth   z ′  . Comparison in different states of sand at the same relative depth can be used to evaluate the characteristics of soil development. The model simulates the lateral loading process of piles in different scour conditions, and then extracts the void ratio and the effective stress at the compressive interface of the pile-soil in e-p’ space in Figure 8. The critical state line (CSL) is collated from the total of 17 shear loading tests accomplished by Verdugo & Ishihara and the critical-state framework is also verified by Li’s state-dependent dilatancy [15] which can be used in the constitutive study of Toyoura sand. In e-p’s space, no matter what the initial state of the sand is, it will eventually develop to the critical state line.



Figure 8a,b displays the state variation of the interface soil in each relative depths during pile displacement in the no scour and the general scour condition respectively. In the analysis of the variation of interfacial soils at the compression side of the scour pit base in each horizon, the curve in the same relative depth in the general scour condition is similar to that in the no scour condition. The dilatancy on the surface of the remaining sand becomes more obvious after the upper soil layer has been scoured away. The lateral soil resistance is stronger than that of lower void ratio and denser soil.



In the local scour condition in Figure 8c, the variation of stress state in the same effective depth differs entirely from that of the other two conditions. The surface of the remaining sand center has a slower dilatancy characteristic, as shown in Figure 9. The dilation of the shear band surrounding the pile plays a decisive role in the resistance of piles in sand. When the volume of soil is increased by dilation, the remaining interface soil can withstand more growth of the normal stress and thus the failure of the soil structural occurs earlier. The volume enlargement is also not obvious in lower soil. In the same ultimate displacement on the pile head, the depth below 1 D is a pure compression zone where the relative depth of dilatancy is shallower than that in the scour condition without slope angle.



Compared with the state development in no scour and general scour conditions, interface soil at the same relative depth in local scour conditions can sustain more stress aggregation when the void ratio changes simultaneously. This phenomenon is similar to the result of the simulation proposed by Qi et al. [18] which can be attributed to the inhibition of the remaining overburden soil surrounding the pile to dilatancy and the structural failure. In the process of soil extrusion from the pile displacement, the shallow horizon of interface soil is sheared but the surrounding soil limits the volume change of sand. The shallow interface sand in the center of the scour pit can release more thoroughly without any damage and the expanding surface sand will compress the underlying sand horizon at the same time, boosting its strength. Normal stress increases in that the dilation restrained by the surrounding soil is crucial to the lateral soil resistance. In the entire remaining pile-soil interface, the lateral soil resistance is eventually reduced at the shallow horizon while it increases at the underlying horizon.



To visualize the stress distribution of the interface and the surrounding soil under extrusion, the effective normal stress contour from the axial compression side in no scour and local scour conditions are extracted in this study. The displacement inflicted on the pile head is the limit in the standard of 0.2 D (1.2 m) and the stress contour of 525 kPa at the depth of the strengthening soil interface of local scour intensity is highlighted in Figure 10. From the distribution of normal stress in no scour condition in Figure 10a, the normal stress concentration is in the absolute depth region of 1 D–3 D, and the lateral influence range is 0.5 D. The decline of normal stress in shallow horizon leads to the reduction in lateral resistance, which is positively related to the stress relief resulted from scouring. The concentration depth of the normal stress in the local scour condition turns to 1.5 D–4 D region and the lateral influence range enlarges into 1 D in Figure 10b. The regional evolution range of stress increase presents that lateral soil resistance is strengthening. According to studies by Peng et al. [28], responses of a given pile-soil interface are governed by the state of the interface soil including relative density and normal stress. Dilation or contraction of the interface soil induces variation in normal stress, which in turn influences the shear stress mobilized at the interface. Figure 10a,b examines the effect of surrounding sand on compression and deformation inhibition of lower soil interface. While the lateral resistance of the surface interface soil after the stress relief cannot carry the displacement of the pile, which explains the reduced carrying capacity of the shallow horizon of the remaining soil.




4.4. Quantization of Dilation Angle


Bolton [29] analyzes the angle of dilation in the different shear conditions in Figure 11, assuming that the rigid zones lie outside the shear zone and the peak friction angle    ϕ p ′    on the rupture surface consists of two parts [30,31]:


   ϕ p ′  =  ϕ  c r i t  ′  + ψ  



(11)




where    ϕ p ′  =   friction angle to the peak strength;    ϕ  c r i t  ′    = critical state friction angle for constant volume (CV) shearing, which is 31° in triaxial test [32];   ψ =   the angle of dilation.



Combined with the effect of the effective normal stress and the relative density on state-dependent dilatancy, a relative dilatancy index    I R    of the form is presented


   I R  =  I D    10 − l n  p ′    − 1  



(12)




where    I D    is the relative density;   p ′   is the effective mean normal stress. Then substitute the relative dilatancy index for the angle of dilation in Equation (12) as


  ψ =  ϕ p ′  −  ϕ  c r i t  ′  = 3    I D      10 − l n  p ′    − 1    



(13)




which presents a comprehensive review of the experimental data and suggests an empirical relation for the estimation of the peak angle of shearing resistance.



To compare the change of dilation angle, this research extracts the friction angle contour of the compression side sand before and after scouring, as shown in Figure 12 and Figure 13.



With the soil extruding during the pile displacement, the soil range of the friction angle increases. The area of dilatancy develops towards surrounding and underlying soils. Compared with Figure 12a and Figure 13a, after scouring the peak friction angle is larger, which also appears when the pile head displacement augments. The dilatancy behavior of interface soil is enhanced after scouring. To quantify variation in normal stress of pile-soil interfaces when they are subjected to loading and stress change, the friction angle of remaining interface sand surface depth during pile head displacement is extracted as shown in Figure 14.



After local scouring, the friction angle reaches its peak at nearly 0.1  D  pile head displacement. The corresponding friction angle is 31° for original soil in CV triaxial test. Moreover, the dilation angle by simulation is about 8°, and the result is similar to the calculation in Equation (12) as 9.7°. The feasibility of Equation (13) in evaluating dilatancy is proved. The friction angle increases in no scour condition undoubtedly can be explained by the excessive increase in the effective normal stress caused by the extrusion of the surrounding soil. In the post soil extrusion, the curve of friction angle drop in local scour condition can be explained by the failure of sand structure and the stress relief. Besides, the carry limit of soil surface during pile extrusion is also reduced.





5. p-y Curves of the Constrained Horizon in Local Scour Condition


To evaluate the stress-strain characteristics of the pile in the local scour condition, the p-y curve mentioned before is used. The past studies have shown that the p-y curve in America Petroleum Institute (API) [33] can hardly evaluate the results of large-diameter flexible monopiles. Hence, hyperbolic p-y curves [34,35,36,37,38] are analyzed to fit this condition:


  p =  y   1   k  i n i     +  y   p u       



(14)




where  p  is the soil resistance,  y  is the deformation in following depth,    p u    is the ultimate soil-pile reaction, the    p u    in this pile type is fitted in no scour condition as:


   p u  = 6  K P   γ ′  z D  



(15)




where    γ ′    is the effective weight of soil, z is the absolute depth of the sand,  D  is the diameter of the pile,    K P    is the coefficient of passive earth pressure. Considering the state-dependent dilatancy characteristic, the influence of the relative density and the effective mean pressure is added into the change of the dilation angle, then enlarge the friction angle by Equation (13) as:


   K p  = t a n   45 ° +    ϕ  c r i t  ′  + 3    I D      10 − l n  p ′      − 1     / 2    



(16)




the    k  i n i     is the initial horizontal subgrade modulus as:


   k  i n i   =  n h   z a   



(17)




where  α  is 0.7 commended by Xiong [39],    n h    is the coefficient of horizontal subgrade reaction, which is considered as the constant. The value was mainly defined by the relative density between 1100 and 23,400 [34]. While in the local scour condition, due to the dilatancy on the shallow horizon and the constraint of remaining overburden soil, the change of the relative density has to be considered in the p-y curve in the local scour condition. Therefore, the    n h    in this study is fitted in terms of the absolute depth and excavation depth as:


   n h  = 5800     100         z − 0.3 s   / D    6    − 1    



(18)




where the equation can describe the change of the relative density in each horizon.



The p-y curves after dimensionless proposed by Burd et al. [40] are shown in Figure 15, which is calculated from the relative density    I D    and the effective normal stress   p ′   at each depth. The curves can reasonably reflect the p-y curves in all conditions. After scouring, the curves in the same depth as the original soil become stiffer, while the ultimate soil-pile reaction remained almost unchanged. This conclusion is the same as the experimental result of Lin et al. [6], in which the influence of the scour can mainly affect the process of the 0.2  D  displacement at the mudline of the pile. Due to the lack of p-y data when excessive displacement on pile head occurs in past studies, control groups are deficient in the latter half of this prediction p-y curves. Considering that the service limit of existing piles is under this length, this prediction p-y curves can be regarded as a supplement to the scour condition of pile foundations in bridge engineering.




6. Conclusions


This paper presents a simulation of studying the lateral sand resistance on the compression side of monopile foundations after scouring, based on the state-dependent constitutive model for saturated sand. The soil strength that changes with depth in local scour conditions is explained. Based on the theory of the influence of dilatancy on friction angle proposed by Bolton [29], the p-y curves restricted in the deep horizon in the local scour condition are calculated. The conclusions are as follows:




	
After the erosion depth increases gradually, which differs from the past lateral service capacity variation of remaining interface soil, the lateral soil resistance in the shallow horizon failed. The relative density increases by dilatancy and process the stress relief brings about the strength failure. The depth of the weakened area is about 0.6 times scour depth.



	
Unlike the general scour condition, the dilatancy of the shallow horizon and the restriction of remaining overburden soil surrounding the pile enhance the normal stress of the interface sand. Therefore, the lateral soil resistance in the deep horizon is ameliorated.



	
Having considered the effect of dilatancy on friction angle and the change in normal stress and relative density during the displacement of the pile, the p-y curves considering the state variation can evaluate the lateral resistance in the deep horizon in local scour conditions.
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Figure 1. Diagram of the three-dimensional finite element mesh and boundary conditions. 
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Figure 2. Validation of the numerical model against the centrifuge test reported by Wang et al. [25], compared with (a) deflection; (b) moment of the pile. 
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Figure 3. Schematic diagram of numerical modeling procedures in (a) no scour condition; (b) local scour condition; (c) general scour condition. 
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Figure 4. Comparison of pile deflection before and after scouring; (a)      S  d 1   = 1   D     6   m    ; (b)      S  d 2   = 1.5   D     9   m    . 
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Figure 5. Comparison of pile deflection before and after scouring; (a)      S  d 1   = 1   D     6   m    ; (b)      S  d 2   = 1.5   D     9   m    . 
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Figure 6. Load displacement characteristics of piles at different depths in    S  d 1   = 1   D     6   m     condition. 
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Figure 7. Load displacement characteristics of piles at different depths in    S  d 2   = 1.5   D     9   m     condition. 
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Figure 8. Modified data and theoretical fitting of the CSL (critical state line) in e-p’ space for Toyoura sand in (a) no scour condition; (b) general scour condition; (c) local scour condition. 
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Figure 9. Dilatancy of shallow horizon of the remaining interface soil in local scour condition. 
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Figure 10. The effective stress contour in the compression side in (a) no scour condition (b) local scour condition. 
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Figure 11. The saw blades model of dilatancy by Bolton (1986). 
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Figure 12. The friction angle contour at the pile head displacement of (a) 0.1  D ; (b) 0.2  D  in local scour condition. 
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Figure 13. The friction angle contour at the pile head displacement of (a) 0.1  D ; (b) 0.2  D  in local scour condition. 
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Figure 14. Evolution diagram of surface friction angle of the remaining interface after scouring. 
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Figure 15. The p-y curves consider the dilatancy in (a) no scour condition; (b) local scour condition. 
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Table 1. Model parameters of state-dependent saturated sand in Wang’s test.
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Meaning of Parameters

	
Parameter

	
This Test






	
Elastic parameters

	
Elastic modulus

	
    G 0    

	
50




	
Poisson’s ratio

	
  v  

	
0.1




	
Critical state

parameters

	
Stress ratio at the critical state

	
  M  

	
1.25




	
Intercept of CSL in   e −       p ′    p a       ξ    or   e − l n  p ′    plane

	
    e Γ    

	
0.934




	
Slope of CSL in   e −       p ′    p a       ξ    or   e − l n  p ′    plane

	
    λ c    

	
0.019




	
  ξ  

	
0.7




	
Dilatancy parameters

	
Parameters of dilatancy function

	
    d 0    

	
1




	
  m  

	
3.5




	
Hardening parameters

	
Parameters of the hardening law

	
    h 1    

	
3.15




	
    h 2    

	
3.05




	
  n  

	
1.1
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Table 2. Typical engineering properties of Toyoura sand in Wang’s test.
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Meaning of Parameters

	
Parameter

	
This Test






	
Basic parameters

	
Mean particle size (mm)

	
    D  50     

	
0.4




	
Specific gravity

	
    G s    

	
2.65




	
Maximum void ratio

	
    e  m a x     

	
0.934




	
Minimum void ratio

	
    e  m i n     

	
0.6
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