ABSTRACT:  This paper presents the results from 3-dimensional finite element analysis of piles subjected to lateral pressures by the deformation of soft clayey soil under induced soil movements. The pile is treated as linear elastic material and the soil as elastic-plastic based on Drucker-Prager constitutive model. The results from the analyses are presented in terms of the bending moments and deflections along the length of the pile. The passive loading of piles occurs whenever large lateral movements take place in the soil either due to construction of embankments or deep excavations near the existing structures. The results of the analysis show that the response of pile depends very much on the pile stiffness, spacing between piles and the location of pile from the source of passive ground movement. The paper presents some qualitative and quantitative results on the response of pile groups subjected to passive loading.
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The piles under lateral loads/movements respond with complex soil-structure interaction process particularly with reference to soft clays. Lateral loading on piles may occur due to ‘active loading’ where external loads are applied to the pile head or due to ‘ passive loading’ where lateral movement of ambient soil induces lateral stresses in the piles as shown in Figure.1. The additional stresses in the piles lead to distress of the structures. Some examples of passive loading include the case of piles adjacent to deep excavations and tunnel operations, piles used to stabilize slopes, and piles supporting bridge abutments adjacent to approach embankments etc. Although, the movement is possible in both vertical and lateral directions, lateral soil movement is more critical as piles are not often structurally designed to sustain significant lateral loads. The existing literature on the subject is briefly reviewed in the following section.

Bransby & Springman (1999) studied the pile-soil interaction behaviour by 2-dimensional finite element analysis for a single rigid pile and for closely spaced pile rows and group under passive lateral loading from soil movements. A number of similar studies have been reported to assess the pile response to lateral soil movements e.g. Chen (1994), Stewart & Jewell (1993), Poulos and Chen (1996) etc. Since the pile-soil interaction is a complex soil-structure interaction phenomenon and is three-dimensional, therefore, 2-d analysis may not properly simulate the behaviour when piles are under induced lateral soil movements. A few investigators have carried out 3-D finite element analysis, e.g. Springman (1989), Chaoui & Magnan (1994) and Bransby & Springman (1996) which does not consider the influence of spacing between the piles. 

The present analysis aims to carryout 3-dimensional finite element analysis of pile under induced lateral soil movement by incorporating the influence of spacing and pile stiffness (stiff and flexible piles). Since, the design of laterally loaded piles is based on limiting deflection and bending moment, the load-deformation behaviour and the distribution of bending moments along the length of the pile under passive loading are discussed in the paper. 

2 NUMERICAL MODEL

In the present analysis, the finite element program GEOFEM3D was used to study the interaction between pile and soils under lateral ground movements. By considering the symmetry of the geometry and the loading, the mesh was simplified by meshing half the pile section. Figure.2 shows the schematic finite element mesh used for the studies. All the nodes along the two longitudinal sides are given the roller supports to represent smooth lateral boundaries.  Similarly, the far boundary at the longitudinal end of the mesh is assumed to be rigid and smooth and hence all nodes are on that surface are given the roller boundary conditions. All nodes on the bottom surface are fixed from moving in all three directions which represents rough, rigid base conditions. The finite element mesh consisted of 5,460 nodes and 4,536 eight node isoparametric 3-dimensional brick elements.
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he analysis consisted of two parts.  The first part was the application of self-weight of the soil with a given Ko condition. This Ko state was obtained by setting the Poisson’s ratio to Ko/(1-Ko) in the first part of the analysis.  During this stage all elements (pile and soil) were assigned the same properties so as not to generate any shear stresses in the soil elements. All the displacements and strains were set to zero at the end of this stage.  During the second stage of analysis, the pile elements were assigned a Young’s modulus and Poisson’s ratio corresponding to stiff and flexible piles as reported later. The nodes at the top of the piles were completely fixed from moving in all directions in order to account for the large stiffness arising from the combined action of the pile cap and the superstructure. Similarly all nodes at the bottom end of the piles were restrained to account for the stiff support given to the pile tip by the competent ground strata at the termination depth of the pile. The passive deformations taking place in the soil are simulated by prescribing equal lateral displacement in the longitudinal direction.
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Figure.1. Schematic of pile group subjected to passive loading

2.1 Pile model
The solid 8-node brick element was used to model the pile group (1(2) in which two piles are in the direction of soil movement one behind the other.  In the transverse direction (i.e. perpendicular to the direction of movement only one pile is considered in the analysis. The pile is treated as linear elastic material, the length and breadth of square pile used for the analysis are 15 m and 1 m respectively. In the analysis, the Young’s modulus of pile EP was varied to change the relative stiffness factor KR corresponds to a stiff (EP = 2.8(107 kPa) and a flexible pile (EP = 3.5(106 kPa), respectively.  The Poisson’s ratio of ( of 0.32 was used. The relative stiffness factor of pile KR is defined as follows;

   KR = EPIP / ESL4                                                                         


           (1)

where, EP is the Young’s modulus of the pile, IP is the moment of inertia of the pile section; ES is the Young’s modulus of soil and L is the embedded length of pile.

2.2   Soil model

The elastic-plastic stress-strain behaviour of soil has been idealized using the Druker-Prager constitutive model with associated flow rule. The Drucker-Prager model can be approximated to the well known Coulomb criterion by a simple smooth function. The yield surface for this model has the form 
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        Figure 2. Three-dimensional finite element mesh

where  J1 is the first invariant of the stress tensor,  J2d is the second invariant of the deviatoric stress tensor and (, k are the material constants related to the angle of internal friction (() and the cohesive strength of the materials (c) as follows:

( = 2 sin( / (3(3+sin() 







(3)
k = 6c cos(/ (3(3+sin()







             (4)
In the analysis, during the plastic state, the constitutive matrix is first formed based on the current tangent modulus and Poisson’s ratio for elastic state and then a correction is applied to obtain the elasto-plastic constitutive matrix. The undrained shear strength of cu = 20 kPa and angle of internal friction ( = 0 was used as input in the model. The Young’s modulus of soil Es = 200cu, the unit weight of soil (  = 18 kN/m3 and the Poisson’s ratio of the soil (  = 0.49 were used in the analysis. 

3. RESULTS AND DISCUSSIONS 

3-D finite element analysis has been carried out on stiff and flexible piles and pile groups (1(2) under induced lateral soil movement. A uniform soil movement ((x) was applied incrementally to all the nodes on the left edge of the mesh.  These displacements were applied in small increments of 1 mm per load step with a maximum of 50 iterations. The iterations were continued at each load step until the norms of out-of-balance force and increments displacements decrease to less than 0.5% or until 50 iterations are completed.

The distance from the source of passive movement to the centre of pile cap was kept constant at 9 m.  Three different pile spacings were considered.  For larger spacing of piles, the front piles move nearer to the source of passive movement while the back piles move away from the source.  All analyses with single piles were conducted with the pile located at 9 m from the source for ease in comparison of results.

The results obtained from these analyses have been presented in the form of charts consisting of lateral deflection against the depth of piles with respect to spacing between the piles and for the specified value of passive movement of 100 mm. The data for other displacements is not presented here due to lack of space. Figures 3 and 4 show the pile deflection against the depth for flexible and stiff piles respectively. It is observed that the deflections are maximum at depths of 0.4 to 0.6 times the length of piles in all cases. This is mainly due to the restraint at both top and bottom ends of the piles. Further, it can be observed that the front piles (near the source) deform more than the back piles. The difference between the deformations of front and back piles increased as the spacing between the piles increased. The maximum displacement of the front piles increases as the distance to the source decreases. These results clearly show that the front piles are affected more than the back piles under passive ground movements and hence special care should be taken in the structural design of the front piles.  The qualitative trends were observed to be similar for both flexible and stiff piles.



         

      Figure 3. Pile deflection along the depth of flexible pile                    

The bending moments in pile along the length of the pile were calculated using the well known flexural equation fy=(M/I)y in fy is the flexural stress and y is the distance from the neutral axis. The normal stress in the z direction is used in these calculations. Figures 5 and 6 show the variation in bending moments along the pile depth for flexible and stiff piles respectively. From the curves, it can be noted that the bending moments are maximum at the pile head and reduced downwards with points of contra flexure at two depths This is mainly attributed to the fixity conditions at top and bottom ends of the piles. Front piles exhibited higher bending moments than the back piles. The trends are almost the same for both flexible and stiff piles with only marginal increase in case of stiff piles.  The bending moments were observed to be less for group of piles than the corresponding values in single piles because of the interaction between the two rows of piles.

In general, the effect of spacing is more on the front piles than on the back piles because as the spacing is increased, the front piles move nearer to the source.  On the other hand, the back piles are always at significant distance that the spacing between the piles did not influence their behaviour very much.  The results for back piles with all pile spacings are nearer to the results from analysis of single pile located at a distance of 9 m from the source.  The lateral deformation of the back piles with different spacings are less than the corresponding deformations of a single pile because of the interaction between the two rows of piles and also because they are at a slightly greater distance from the source of passive movement.


                           Figure 4. Variation of pile deflection along the depth of stiff pile
In general, the effect of spacing is more on the front piles than on the back piles because as the spacing is increased, the front piles move nearer to the source.  On the other hand, the back piles are always at significant distance that the spacing between the piles did not influence their behaviour very much.  The results for back piles with all pile spacings are nearer to the results from analysis of single pile located at a distance of 9 m from the source.  The lateral deformation of the back piles with different spacings are less than the corresponding deformations of a single pile because of the interaction between the two rows of piles and also because they are at a slightly greater distance from the source of passive movement.


Figure 5.  Bending moment along the depth of flexible pile

4   CONCLUSIONS

This paper has presented some results from 3-dimensional finite element analysis of the response of single and group of piles subjected to passive loading due to ground movements. The results were presented to show the influence of pile stiffness and distances of piles from the source are presented.  Only a few results are presented here because of lack of space.

The lateral deflections and bending moments are more in case of front pile than back pile and hence proper care shall be taken while designing the piles nearer to the source of movement. Piles with closer spacing offer greater resistance to soil movement. Further study should be useful to investigate the variation of bending moments and deflections by performing 3-D finite element analysis in two stages. Which concern, first the application of axial loading and the second stage the application of lateral soil movement.

Further work is currently in progress on the behaviour of group of piles with different distances from the source of passive movement and for pile groups having more than two rows of piles.  These results will be presented during the workshop.


Figure 6.  Bending moment along the depth of stiff pile

ACKNOWLEDGEMENTS

The results presented in this paper form a part of Ph.D. Programme of the first author being carried out at the Indian Institute of Technology, Madras. The authors are also thankful to Director, Central Building Research Institute, Roorkee, India for his encouragement and taking interest in the project.

REFERENCES

Bransby,M.F. & Springman, S.M. 1996. 3-D finite element modeling of pile groups adjacent to surcharge loads. Computers and Geotechnics 19(4): 301-324.

Bransby,M.F. & Springman, S.M. 1999. Selection of load-transfer functions for passive lateral loading of pile groups. Computers and Geotechnics 24(3): 155-184.

Broms,B. 1964. Lateral resistance of piles in cohesive soils. Journal of soil mechanics and Foundation division, ASCE 90(SM2): 27-63.

Pan, J.L., Goh, A.T.C, Wong, K.S., & Selby, A.R.  2002 Three-dimensional analysis of single pile response to lateral soil movements.. Inter. Journal for Numerical and Analytical methods in Geomechanics 26: 747-758.

Poulos,H.G. & Chen,L.T. 1996. Pile response due to unsupported excavation-induced lateral soil movement. Canadian Geotechnical Journal 33: 670-677.

Rajagopal,K. 1998.  Users Manual for the finite element program GEOFEM-3D, Department of Civil Engineering, Indian Institute of Technology Madras, Chennai.



Numerical modeling of piles under induced lateral movement in soft clay





S.Karthigeyan   and  VVGST.Ramakrishna 


Scientist, Geotechnical Engineering Division


Central Building Research Institute


Roorkee – 247 667(India).





K.Rajagopal


Professor, Department of Civil Engineering


Indian Institute of Technology, Madras


Chennai – 600 036(India).





Int. Workshop on Geotechnics of Soft Soils-Theory and Practice. Vermeer, Schweiger, Karstunen & Cudny (eds.) ( 2003 VGE











 9 m





  S





  B





back pile





 pile  cap





Pile





z





y





x





B





Passive movement 


of soil, (x





 L





Soft clay


Medium





front pile








_1111476083.unknown

