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Abstract 
 

This research includes a non- linear finite element analysis of axisymmetric soil-pile system. The analysis included piles of different 

length and diameter. The interface element was used as a thin layer separating the pile from surrounding soil. The load settlement curves 

for piles installed in soft to medium and stiff clays were obtained. Two consideration were studied; the ultimate capacity of pile and the 

settlement reduction factor. The results show that increase in the length and diameter of pile leads to increase in the ultimate load in 

range (35- 60%) and in the range (33- 35) % respectively. The distribution of lateral displacement along the depth of the pile gave the 

same trend in both soft to medium and stiff clay while the settlement reduction factor in soft soil is greater than for the stiff clay. 
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1. Introduction 

It is usually have a relatively small cross- sectional dimension 

with respect to their length. Piles derive their carrying capacity 

from end bearing of their bases and/ or the friction forces acting 

on their surface area. 

Soft soil deposits of low shear strength and high compressibility 

are found worldwide. In the past, construction on these deposits 

was avoided because of their adequacy in as a foundation ground 

due to their low bearing capacity to support buildings, road, etc. 

The pile foundation system functions properly only when both 

components (the soil and the pile) support loads without failure or 

excessive settlement depends on number of factors such as: pile 

characteristics, soil profile, soil properties, loading on the pile, 

type of loading and direction of loading. Most of the existing 

methods of pile design start with estimating the axial capacity or 

the load- settlement behavior of a single pile (Poulos, 1987).  

In this study, an attempt has been made to investigate the influ-

ence of length, diameter of pile and change in soil properties on 

the ultimate capacity of pile and the settlement reduction factor 

through the application of finite element (CRISP) software pro-

gram.  

2. Soil-pile interaction 

Load on rigid piles is primarily resisted by shear stresses devel-

oped on the interface and a small amount by bearing at the pile 

base. The system behavious linearly up to a certain stage of load-

ing, but with further increase in load, the interface develops a zone 

of local shear failure and the system begins to deviate from line-

arity. The load transferred to base increases simultaneously until 

full mobilization of shaft occurs. In the case of deformable piles 

when the displacement at the pile head is much large than that of 

pile base forming slip (or yield) in the upper portion of the pile 

while the lower portion is still in the elastic range. This requires  

model between the pile and the soil that relates the load and dis-

placement instead of the tradional soil model relating stress and 

strain through the spring model (Poulos and Davis, 1980). 

Settlement Analysis of Piles 

The techniques for settlement investigation might be grouped 

into three general classes:  

 

1. Load-exchange techniques, in which estimated connec-

tions between heap opposition and heap development at dif-

ferent focuses along the heap are utilized.  

 

2. Methods dependent on the hypothesis of flexibility that 

utilize the conditions of Mindlin (1936) for subsurface stack-

ing inside a semi-interminable mass.  

 

3. Numerical techniques, and specifically, the limited 

component strategy. 

 

Meyerhof suggested that at loads less than about one third of the 

ultimate, the settlement (P) of pile could be estimated as follows 

(provided that no softer layers exist beneath the pile): 

𝑃 =
𝐷𝑏

30𝐹
                                                                                                 (1) 

Where: 

Db = diameter of pile base 

F = factor of safety (>3) on ultimate load. 

 

Focht (1967) examined data from a number of load tests and relat-

ed the observed settlement, P at the working load to the computed 

column deformation, Pcol., at the working load.  

The advantage of the finite element method over other numerical 

methods is that it can be systematically programmed to accommo-

date such complex and difficult material properties which usually 

occur in soils such as, non homogeneous, anisotropic, non-linear, 

hysteretic time- dependent, as well as difficult boundary condi-

tions. Soil stratification easily be incorporated in this method. 
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Many investigations have employed the finite element method to 

analyze the behavior of this method, and its versatility and effi-

ciency in solving pile-soil interaction problems; it is used in this 

research (Al-Ani, 2001, Yang and Jeremic,2003,  Ashour, 2004). 

3. Modeling the Problem  

For linear analysis, the finite element technique is widely em-

ployed as a design tool. Similar acceptance of non-linear situations 

depends on two major factors: first, considerable computing pow-

er is required in view of the increased numerical operations asso-

ciated with non-linear problems. Secondly, before the finite ele-

ment method can be used in design, the accuracy of any proposed 

solution technique must be proved. Loading condition for a three-

dimensional solid which is symmetrical about its centerline axis 

and subjected to loads and boundary condition that are also sym-

metrical about this axis, shows behavior independent of the cir-

cumferential rotation (Toma, 2010). 

    In the analysis, the pile is treated as an axisymmetric rotation 

case. The problem can be discretized into 4-node isoparametric 

quadrilateral elements. Each node in the element has two degrees 

of freedom to describe the vertical and horizontal displacements, 

the nodal displacements were defined by (Smith and Griffiths, 

1988, Abu-Farsakh, 2011).    
                      

 {δi } =  (𝑢 𝑖
 𝑣𝑖

)                                                                                   (2)            

Where: 

ui = displacement in X direction 

vi = displacement in Z direction 

The element displacement by the vector: 

                δ 1                 

{δ }e=      δ2                                                                                    (3) 

                      δ3 

                       δ4        

 

 

 

Thus, the displacement at any point within the element will be: 

 

                u       

                v                                                                                     (4)                 

 
 

where: 

{u}= the displacement vector.  

{N}= the shape function vector of the element. 

The strain vector defines in terms of the displacement of that point. 

 

              εr                

              εz                                                                                       (5)                      

                     εθ 

                     γrz      

  

Where: 

 {ε}= the strain vector. 

εr,  εz,  εθ = the strain in r, z, θ-directions respectively. 

 γrz = the shear strain in the rz-plane. 

     Using the displacement function, defined by Eq.(2) the strain 

displacement relationship can be written as follows 

 

         

W here: 

 

[B ]= the strain-displacement matrix. 

 

 

 

 

The stress-strain relationship is given as: 

 

 
 

Where:  

{σ}= the stress tensor. 

[D ]= the stress-strain matrix. 

The element stiffness equation is: 

 

 
 

When integrated over one radian becomes: 

 

 
 

 

Where the superscript (t) refers to transpose of a matrix. The ele-

ment stiffness matrix of all element is assembled to obtain the 

global stiffness matrix [K ] for the whole structure (Smith and 

Griffiths,1988). 

    During the past years special interface elements have been de-

veloped to simulate the relative movement or slip at the soil-

structure interface.The importance of interaction phenomenon in 

static and dynamic soil-structure interaction was recognized and 

studied by many investigators (Al-Ani, 2001).  

     Goodman et. al.(1968) were the first to propose utilizing a 

joint component to break down the conduct of shake joints. This 

component is a 4-hub component of length L and zero thickness 

(i.e., hubs 1, 2 and 3, 4 are incidental at first). The component 

dislodging was expected to differ directly between the hubs.  

 

Desai et. al. (1984) pushed the utilization of the thin layer compo-

nent in soil-structure communication and shake joints. Different 

twisting modes, for example, no slip, slip, debonding and rebond-

ing as appeared in Figure 1, were utilized. The proposed compo-

nent basically speaks to a strong component of little limited thick-

ness or a thin layer of material between two bodies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.1: Schematic diagram of modes of deformation at interface 

 

 

 

   

Where: 

[Dn ] =  normal behavior of the thin interface element. 

Superscripts g and st = geological and structural materials respec-

tively. 

 λ1, λ2 and λ3 = the participation factors which may vary from 0 to  

 

1. 

 

The interface element in this research depends on the stiffness 

matrix of only normal and shear stress in the axisymmetric inter-

face domain and zero thickness. For soil-structure interaction 

problems, it is appropriate to assume that the behavior near the 

interface involves a finite thin zone rather than zero thickness and 

{δ }e =     

{ε} =     

{u} =             = {N}{δ }e          

{ε} =     [B ]{δ }e (6) 

[B ]= [A ] [N ]                                                                          (7) 

{σ}= [D ] {ε}                                                        (8) 

KM= ∫∫∫ BtDBrdrdzdθ                                                                (9) 

 

 

 KM= ∫∫ BtDBrdrdzdθ                                                                (10) 

 

 

 

 

 

      {dσ}= ]D ] {dε}                                                                   (11) 

 

[Dn ]= λ1[Dn ]i + λ2[Dg
n ] +  λ3[Dst

n ]                                      (12) 
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n 

this interface assumption can provide good or improved computa-

tions.  

The choice of thickness is an important question and can be re-

solved by performing parametric studies in which the predictions 

from various thicknesses are compared with observation. 

As per parametric examination including limited component 

counts and research center shear test on sand-solid interface, it 

was discovered that attractive recreation of interface conduct can 

be gotten for t/B (where t is the thickness of interface and B is the 

length of the thin layer component) proportions in the range from 

0.01 to 0.1 (Desai et. al. 1984). In the limited component strategy, 

the area of the issue including heap and diverse kinds of soils is 

descretized into number of soil and heap components. The solid-

ness of every component characterized by utilizing the constitutive 

connection for the component material, the heap material whose 

quality is normally a lot higher than of the encompassing soil, is 

thought to be direct elastic(Desia,1977). The dirt is by and large 

non-straight material and ought to be dealt with along these lines, 

the modulus of versatility of strengthened cement is regularly 

taken as equivalent to 2000Mpa, the toxins proportion is equiva-

lent to 0.15 and the join weight is equivalent to 25 kN/m3.  

The tangent modulus (Et) at any level of stress and strain was 

given by Duncan and Chang (1970) as: 

 

 

Where: 

Ei = the initial tangent modulus. 

f = a parameter obtained from fitting procedure using the hyper-

bolic model of Kondner    (1963). 

    The initial modulus is found to vary with the confining pressure 

according to: 

 

 

 

 

 

Where: 

Pa = the atmospheric pressure. 

K, n = constant. 

The complete relation then becomes: 

 

 

 

 

 

 

The parameters Rf , K are determined experimentally. 

     Desai (1977) presented the hyperbolic model to represent the 

non-linear behavior of interface at prepeak. The tangent shear 

stiffness Kst at any stress level is computed as follows: 

 

    Kst = Ksi  1- Rf S   2                                                                  (16) 

 

Where: 

 

  Ksi = Kj γw (σn ⁄ pa)n                                                                 (17) 

 

   S = τ ⁄ τf                                                                                   (18) 

 

Where:  Ksi is the initial tangent shear stiffness, γw  is the unit 

weight of water in the same units as Ksi, S is the shear stress level, 

τ and τf  are the shear stress and shear stress at failure respectively, 

Kj, n, Rf  are curve fitting parameter determined from a set of τ – u 

curves for different normal stresses.   

4. Description of the Problem 

The problem consists of a single pile embedded in clay layer. Two 

types of clays are studied, soft to medium clay and stiff clay. The 

finite element mesh used in the analysis is shown in figure (2) and 

material properties adopted in the analysis are given in table (1).  

                                 

 

 

 

 

 

 

 

 

Fig. 2: Typical Finite Element Mesh 

 
Table 1: Properties of Material 

Type of clay Soft to medium stiff 

υ 0.49 0.4 
ø o 5 10 

Cu  (kN/m2) 25 75 

E (MPa) 3 15 
γ (kN/m3) 18 19 

Et 

parameters 

N 0.65 0.5 

K 150 300 
Rf 0.93 0.9 

Ks  

parameters 

n 0.315 0.315 

Kj 800 2000 
Rf 0.83 0.83 

δ 7 35 

 
 
 

The computer finite element program is a group of subroutine 

adopts several types of elements such as quadrilateral, triangular, 

bar and, interface elements. The program is capable of solving 

three types of problem, i.e., plane-strain, plane-stress and ax-

isymmteric. The problem solved can model linear-elastic or non-

linear material behavior.  

The problem domain will be solved by the finite element method 

and boundary condition; due to the symmetry of loading as well as 

the geometry the depth of this half is 20m and the width is10m. 

The nodal points along the centerline and those on the right verti-

cal boundary are constrained to move only in the vertical direction, 

where as those on the bottom boundary are totally fixed. The rest 

of the nodal boundary points; those at the surface, are constrained 

as shown in figure (2).   

The pile-soil interaction is molded through the interface element 

and the initial stresses are calculated.  

The pile and the soil are represented by four nodal isoparametric 

elements, while the interface regions between the pile and the soil 

are represented by thin-layer interface elements. 

The numbering of the nodal points must be made in such a way 

that the difference between any two nodal points belonging to any 

elements is minimum in order to minimize the band width of the 

total stiffness matrix [K] and hence the solution time. According-

ly, the numbering of the nodal points is made along the short di-

mension of the mesh. 

The pile is loaded by equal increments of 300 kN and the loading 

is continued until the pile failure occurs. The failure is defined 

according to the maximum settlement criterion, i.e. 10% of pile 

diameter. 

     

    Et = Ei   1-    
𝑅𝑓  𝜎

𝑆
                                                                 (13) 

                         

w 

           

 

 

 

                 Ei = K .pa       
𝜎3

𝑝𝑎
                                                                   (14) 

                       

           

 

 

 

                     σ3        n                  Rf (σ1 - σ3 ) ( 1- sinø )    2  

 (15)                                                           -1                   K .pa =i E 

                    Pa                  2 σ3 sinø+ 2Ccosø 
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5. Result and Analysis 

5.1 Effect of pile length 

The figure (3) indicates that the load-settlement curves have the 

same shape for different lengths. An increase in the ultimate load 

range (35- 60) % can be obtained when the pile length is increased 

from (6 m) to (14 m).  

 

 
 

   

 

 

 

 

a. Soft to medium soil 

 

 

 

 

 

 

 

b. stiff soil 

Fig. 3: Effect of pile length on load- settlement curves (pile diame-

ter=1.0m) 

5.2 Effect of pile diameter 

The figure (4) observed that an increase in the ultimate load of the 

pile in the range (33- 35) % can be obtained when the pile diame-

ter is increased from (1.2) m to (2.0) m. 

 

 

 

 

 

 

 

 

 

a. Soft to medium soil 

 

 

 

 

 

 

 

 

 

b. stiff soil 
Fig. 4: Effect of pile diameter on load- settlement curves (pile length=10m) 
 

5.3 Settlement reduction factor 

     In order to study the effect of pile in reducing the settlement of 

the clay layer under the  

       Settlement of (pile soil) system 

Settlement reduction factor =  

          Settlement of untreated soil 

 

Figure (5) shows the distribution of the settlement reduction factor 

with depth in soft and stiff clays for different length of piles. It's 

noticed that there is nearly a constant load (70 ton) which sepa-

rates the effect of soil strength. Below this load, the settlement 

reduction factor for the soft clay is greater than for the stiff clay. 

Figure (6) shows the distribution of lateral displacement with 

depth under a load of 150 ton. It is noticed that these displace-

ments are very small under a load of 150 ton and nearly the same 

along the pile length for both soft and stiff clays. 

 

 

 

 

 

 

 

 
a. L=8m,D=1.0m 

 

 

 

 

 

 

 

 

 

 

 

 

b. L=10m,D=1.0m 
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c. L=12m,D=1.0m 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

d. L=14m,D=1.0m 
Fig. 5: Variation of the settlement reduction factor with load 

 

 

 

 

 

 

 

a. Soft to medium soil 

 

 

 

 

 

 

 

b. stiff soil 

Fig. 6: Distribution of lateral displacement with depth (D=1.0) 

  

6. Conclusion  

1. In soft soil, it is found that the increase in the pile length 

from (6m) to (12m) an increase in the ultimate load in range 

(35- 60%). 

2. Increase the ultimate load of the pile with increasing diame-

ter of pile for soft soil. 

3. It is observed that the reduction factor of settlement with 

depth in both soft , medium and stiff clay is nearly control. 

4. In soft soil, it is found the settelement reduction factor is 

greater than for the stiff clay. 

5. An increase in bearing capacity of pile can be obtained 

when pile length i s  increased from 6m to 12m.  
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