
Paper Number 26 

Three dimensional pile finite element modelling using 

OpenSees 

L.M. Wotherspoon 

Dept. of Civil and Environmental Engineering, University of Auckland. 

 
2006 NZSEE 

Conference 

ABSTRACT: This paper details the computer analysis of a pile embedded in a 

homogenous soil deposit loaded at its tip with both monotonic and cyclic loads.  Analysis 

was undertaken using OpenSees, a three dimensional non-linear finite element analysis 

program developed for the seismic simulation of geotechnical and structural systems. 

Initial analysis focused on simple models where elastic material models were adopted for 

both the pile and soil material.  Modelling output was compared to closed form solutions 

for the loading of elastic piles in an elastic soil medium. 

Following elastic analysis the model was improved to better represent the characteristics 

of the pile soil system.  Effect of pile cross section was investigated with the use of 

different model layouts as well and material models were altered to include the 

non-linearity of the soil using the capabilities available in OpenSees.  The impact on the 

response of the model from these changes is analysed and comparisons made between the 

different levels of model complexity. 

1 INTRODUCTION 

The Winkler beam model is one of the simplest idealizations for a pile embedded in soil.  The soil 

surrounding the pile shaft is modelled as a bed of independent springs.  This model simplifies the 

situation with the assumption that the displacement of one spring has no effect on the displacement of 

any other springs.  Results of a semi infinite beam on a Winkler subgrade loaded at its tip can be 

determined using closed form solutions such as those developed by (Hentenyi 1946), (Lee and 

Harrison 1970), and (Scott 1981).   

Another method to represent this situation assumes the soil profile to be a continuous elastic medium.  

The continuity of the soil is modelled in this approach, and any force at a point will be transferred to 

the surrounding area, its effect decreasing with distance.  This concept was proposed by Mindlin for 

the situation where a beam is loaded on the soil surface.  The approach is still used today, even though 

soil does not behave as a perfectly elastic medium.  (Budhu and Davies 1988) developed equations for 

constant soil modulus with depth. 

Both these approaches have limitations.  The Winkler model ignores the continuity of the soil and the 

elastic continuum does not accurately portray the non-linearity of the system.  These limitations can be 

overcome with the utilization of the finite element method to represent a pile element embedded in a 

soil medium.  As computers have become more powerful this has become more viable as an analysis 

method.  Research by (Brown and Shie 1990), (Trochanis et al. 1991) and (Wakai et al. 1999) has 

indicated a good comparison between finite element results and experimental studies.   

A relatively new finite element program that could be used for modelling this situation is OpenSees 

(OpenSees Development Team. 1998-2005).  The Open System for Earthquake Engineering 

Simulation (OpenSees) is a comprehensive and continually developing software framework that is 

used in the simulation of the seismic response of structural and geotechnical systems.  The initial 

development was undertaken by the Pacific Earthquake Engineering Research Centre (PEER) for 

earthquake engineering research.  To allow for the continual growth of the capabilities of OpenSees 
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the program is open source, which means that source code is available to anyone who wants to further 

develop the capabilities of the program.  Previous analysis of embedded piles using OpenSees has 

been carried out by (Yang and Jeremic 2002), who utilized brick finite elements to represent piles in 

layered soils in a centrifuge, while (Lermitte et al. 2002) employed beam elements and springs to 

represent the pile and soil respectively.  Both papers showed that the OpenSees models compared well 

to the experimental results. 

This paper analyses an OpenSees model of a pile embedded in a homogenous soil layer beginning 

with simple elastic models, and progressing through to more detailed material models and element 

layouts.  Comparisons are made through the progression between the OpenSees models and closed 

form elastic solutions to the problem. 

2 OPENSEES FINITE ELEMENT MODEL 

The OpenSees model used a finite element mesh of brick elements to represent the soil deposits and 

either beam or brick elements to represent the pile and column elements.  To reduce computation time, 

the model was halved at the line of symmetry along the centreline of the pile as indicated in Figure 1.  

Nodes along this line were restrained from perpendicular movement across the line of symmetry.  

Spacing of the soil elements varied throughout the model from large at the bottom to small nearer the 

area of interest at the top.  Sensitivity analysis was undertaken to determine the element sizes required. 

2.1 Brick Elements 

Solid elements were represented by the three dimensional eight node brick elements in OpenSees.  

Due to the formation of the brick elements the nodes that were attached to these elements were only 

capable of translational movement in the three degrees of freedom and not rotational movement.  

Elements required the definition of the material mass density and the material model representative of 

the element.  

Elements were based on tensor operation, and the displacement interpolation functions for the brick 

elements were quadratic polynomials.  The brick elements were defined using materials that 

represented stress strain relationships at the integration points of continuum and force deformation 

elements.  Solid material models were defined using the Template Elastic-Plastic materials used in 

OpenSees.  The most simple soil material used in analysis was the Elastic Isotropic material model 

which required definition of the Young’s modulus, the poisson’s ratio and the unit mass.  Beyond 

elastic materials, definition of the yield function, the plastic flow direction and the hardening 

behaviour of the material using the Template Elastic-Plastic materials made it possible to define 

complex stress strain relationships that could be matched to actual soil behaviour.  
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Figure 1. OpenSees Modelling Space 
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2.2 Beam Elements 

Beam elements are prismatic and are defined by a section description at integration points down the 

length of the element.  These elements had 6 degrees of freedom at each end for translation and 

rotation in the x, y and z directions.  The integration along the element is based on the Gauss-Lobatto 

quadrature rule, and 5 integration points were used for each element.  Both elastic and non-linear beam 

column elements were used in the modelling process.  The cross sectional properties of the elastic 

model that required definition were the cross-sectional area, Young's modulus, shear modulus, 

torsional moment of inertia and second moment of area about the local z-axis and the local y-axis. 

Non-linearity can be applied to the beam elements in two ways.  In the first, the characteristics of the 

entire cross section were defined using uniaxial material models that are defined in OpenSees.  The 

second method defines the cross section using fibres.  This allows for definition of multiple fibres and 

materials across the section to create detailed sections such as reinforced concrete. 

3 PILE-SOIL MODEL DETAILS  

The characteristics of the model are detailed in Figure 2 below.  The total length of the pile was 12 m, 

of which 2 m was above ground.  The pile had a square cross section with dimensions of 0.5 m and a 

Young’s modulus of 25 GPa.  The soil had a Young’s modulus of 50 MPa and a poisson’s ratio of 

0.49. The depth of the mesh was 15 m, allowing for 5 metres of clearance below the base of the pile.  

In this paper full connectivity was assumed between the pile and the soil.     

The first step in the analysis of the above models was the creation of the soil elements and the 

application of gravity to the soil to develop in situ stresses.  During the application of gravity the base 

nodes were fully fixed, while the remainder of the nodes were fixed in all except the vertical (z) 

direction.  This allowed stresses to develop while preventing any horizontal movement of the 

elements.  Following this the boundary conditions applied to the soil were changed to allow for the 

movement of the elements during horizontal force application.  The following boundary conditions 

were applied to the mesh: 

• Base of the mesh was fully restrained in all directions 

• All sides of the mesh were fully restrained in all directions except for the side on the line of 

symmetry 

• The line of symmetry (shown in Figure 1) was restrained from movement in the y direction  

• All internal nodes and nodes at the ground surface were free to move in all directions 

For all tests a horizontal force was applied to the top of the column and was either gradually increased 

for the monotonic tests or cycled according to desired displacements in the cyclic tests.  As the model 

mesh was halved, all applied forces were doubled to represent the total force. 
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Figure 2. Details of pile setup 
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4 PILE MODELLING OUTPUT 

A variety of model layouts were analysed in this paper to determine the characteristics of each.  The 

layouts are defined below and are labelled as follows: 

• Single Connection Model 

• Brick Element Model 

• Pile Void Model 

4.1 Single Connection Model 

In this model the pile was represented by beam elements and the soil by brick elements.  Pile elements 

were attached to separate nodes, and the soil nodes were slaved to the pile nodes along the centre of 

the soil mesh at each level (points with plan coordinates 0, 0). Stress was transferred from the pile to a 

single point in the soil at each elevation level.  Figure 3 illustrates the connection method between pile 

and soil nodes on the line of symmetry of the model. 
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Figure 3. Isometric view of single connection model 

  
 

  

Figure 4. Comparison of single attachment model with Winkler beam solution 
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The characteristics of displacement, rotation, moment and shear forces down the length of the pile for 

a total force of 2000 kN are shown in Figure 4.  Comparison has been made with these categories to a 

Winkler spring model with the same material properties.  Using a closed form solution for a semi 

infinite beam resting on a bed of independent springs the characteristics of each category down the 

pile length was calculated and is portrayed in the figures below.  The comparison between the 

OpenSees and Winkler spring models has shown that there is very little difference between the two.  

The slight difference between the two was a result of the vertical spacing of the finite elements.  The 

smaller the spacing, the closer the OpenSees results were to the Winkler solution, but there is a trade 

off between accuracy and computing time and the results above provide adequate accuracy.  Only the 

top 4 metres of the embedded pile was shown in the figure as that was the area of most interest, and 

below this depth the spacing of the finite elements was increased. 

4.2 Brick Element Model 

A significant deficiency of the model above is that it does not allow for the physical cross section of 

the pile.  Even though the cross sectional area of the pile is defined, this does not take into account the 

area of soil adjacent to the pile that resists movement.  To represent this, a second model was created 

where brick pile finite elements were used in the model in place of the soil elements and given the pile 

material characteristics, as is shown in Figure 5. 

Comparison of the horizontal displacement of the pile with depth for the single connection and the 

brick element models for a total force of 2000 kN is shown in Figure 6a.  The influence of the pile 

cross section is clearly illustrated by the 45% reduction in top displacement of the brick element model 

in this figure, and in the comparison of the force displacement characteristics in Figure 6b.  
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Figure 5. Isometric View of Pile Brick Element Model 

 

  

Figure 6. Comparison of the brick element model with the single attachment model 
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4.3 Pile Void Model 

Although the model above accounts for the cross section of the pile, the brick elements in the model 

only move in translational degrees of freedom and don’t allow for the bending of the pile.  To allow 

for the rotation of the pile section a different model had to be developed.  In this model soil elements 

that were in the area of the pile cross section were removed and connections were used between the 

pile and soil elements, as pictured in Figure 7.  

Two connection methods were applied: 

• All nodes around the edge of the void were slaved to the pile nodes at each level in the x 

direction.  Soil nodes were only slaved in the x direction as the vertical displacement of the 

soil nodes would be different at each point on the cross section due to the rotation of the pile 

section.  (Equal Degree of Freedom connection) 

• Connection elements were used between the pile and soil elements.  These elements had the 

same elastic properties as the pile elements.  Each element had its own end node at the same 

coordinates as the soil node it was attached to.  These two nodes were slaved together in the 

three translational degrees of freedom, as the beam element allows for rotational degrees of 

freedom while the soil brick elements do not. (Connection element connection) 

When these two models were analysed it was clear that the first attachment method could not 

satisfactorily represent the characteristics of the pile.  The problem was that plane sections do not 

remain plane in the pile.  Comparison of the rotation at ground level of the centre of the pile to the 

vertical movement of the edges of the pile in Figure 8a showed that the points do not lie along the 

same line of rotation.  On the other hand, Figure 8b shows that the connection beams allowed the 

nodes on the perimeter of the pile to move vertically such that the rotation of all pile nodes at ground 

level was the same.  The soil slaved to the outer nodes moved with the same translations while 

allowing the pile elements to rotate.  Therefore, this second model with the connection elements was 

used in modelling below. 
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Figure 7. Isometric view of the pile void model 

  

Figure 8. Rotation of pile section at ground level for a) Equal degree of freedom, b) Connection element 
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Figure 9. Comparison of the pile void model and single connection model 

Figure 9a compares the displacement of the pile with depth for the pile void model and the single 

connection model for a total force of 2000 kN, indicating that allowing the rotation of the pile 

increased the displacement and moved it closer to the response of the single connection model.  

However, there is still a 30% reduction in the top displacement of the pile due to the representation of 

the pile cross section with this model.  Force displacement characteristics of the two models in 

Figure 9a also reinforced this observation. 

4.4 Inelastic Modelling 

Taking the models from the previous section the pile void and the single connection model were 

analysed using an inelastic soil material model.  A von Mises yield surface and elastic hardening was 

used to model the non-linearity of the soil and was defined with undrained shear strength of 100 kPa.  

An unconfined triaxial compression test of the soil material was analysed in OpenSees and Figure 10a 

shows the single element setup that was used in OpenSees to represent this.  Vertical forces were 

applied at the top nodes of the element, while the base of the element was fixed in the vertical 

direction.  The arrows at the base of the element indicate the degrees of freedom in which each base 

node could move in order to represent the horizontal expansion of the element under the vertical load.  

Stress strain characteristics from the test are shown in Figure 10b.  

Monotonic and cyclic analysis of the single connection and the pile void models are shown in 

Figure 11.  Displacement controlled testing was used for the cyclic testing, and was compared to the 

monotonic test results with both elastic and inelastic soil.  Monotonic inelastic test results enveloped 

the cyclic results for both models, while the monotonic elastic results matched the initial stiffness of 

the model.  Both figures were set to the same scale to indicate the elevated stiffness in the response of 

the pile void model due to the representation of the physical pile cross section. 
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Figure 10. Soil triaxial test a) OpenSees model layout, and b) stress strain characteristics  
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Figure 11.  Cyclic and monotonic test results for a) single connection model, b) pile void model  

5 CONCLUSIONS 

This paper has described the basic capabilities of OpenSees for the analysis of pile soil interaction 

models.  It has shown that OpenSees has elements and material models that can be used to model a 

pile soil interaction situation successfully. 

The single connection model showed very similar characteristics to the closed form elastic solution to 

a pile on a bed of Winkler springs, indicating the good comparison between this simple finite element 

setup and the theoretical solution.  But other models showed that the single connection model did not 

accurately account for the physical cross section of the pile, and the increased area of soil that is 

stressed.  By accounting for this, and ensuring that the plane sections remain plane in the pile cross 

section, the model characteristics can move closer towards reality. 

The first step towards non-linearity in the model was investigated with the use of a bi-linear stress 

strain relationship for the soil brick material.  Both cyclic and monotonic testing of the model 

indicated that OpenSees had the ability to model non-linear materials.   

The material in this paper provides a base for more detailed modelling that utilizes the full range of 

non-linear material models available.  Using these materials comparisons can be made with test data to 

indicate the capability of OpenSees in the representation of real world data and materials. 
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