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Don’t Quit 

When things go wrong as they sometimes will, 

When the road you’re trudging seems all uphill, 

When the funds are low and the debts are high, 

And you want to smile, but you have to sigh, 

When care is pressing you down a bit, 

Rest, if you must, but don’t you quit. 

 

Life is queer with its twists and turns, 

As every one of us sometimes learns, 

And many a failure turns about, 

When he might have won had he stuck it out; 

Don’t give up though the pace seems slow, 

You may succeed with another blow. 

 

Success is failure turned inside out, 

The silver tint of the clouds of doubt, 

And you never can tell how close you are, 

It may be near when it seems so far; 

So stick to the fight when you’re hardest hit, 

It’s when things seem worst that you must not quit 

 

– Unknown Author   
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ABSTRACT 

 

Over the past couple of decades, the focus of foundation design has shifted from ultimate 

limit state to serviceability limit state, particularly where ground conditions are challenging. 

Nowadays, the serviceability of a deep foundation system can be considered using advanced 

constitutive laws within computational software packages that are capable of considering the 

foundation system as a continuum. However, these methods can become both 

computationally-intensive and time-consuming if non-linear pile-soil-pile interaction and 

large groups with non-standard geometries are to be modelled. Simplified methods, generally 

empirical in nature, can be used in preliminary foundation design, alleviating the 

computational effort associated with more rigorous analyses. However, some of the 

assumptions therein are over-simplified. The goal of this thesis is to develop new simplified 

methods which are relatively easy to implement, yet founded where necessary in parametric 

studies using rigorous continuum analyses. Both absolute and differential settlement 

performance of pile groups are considered using PLAXIS 2-D and PLAXIS 3-D Foundation 

finite element software packages and primarily the Hardening Soil and MIT-S1 constitutive 

models.  

Previous empirical solutions from linear elastic work had identified a significant dependence 

of stiffness efficiency (η) on pile group size and group spacing. In this study, the effect of the 

pile length-to-diameter ratio, the compressibility of a stiff bearing stratum beneath the pile 

group and the depth below ground level to the stiff bearing stratum are also considered as 

variables. As a first stage of this thesis, a set of empirical equations has been formulated 

which has been shown to predict the stiffness efficiency of pile groups in a database very 

well. 

For the purpose of developing a more comprehensive semi-empirical solution (analytical in 

large parts), the load transfer (t-z) method is employed to describe the nonlinear behaviour of 

a single pile. The Interaction Factor Method (IFM) was then used to extend this analysis to 

pile groups. A number of important features associated with single pile and pile group 

behaviour were included herein that have not been considered in previous studies: 

(i) Pile-to-pile interaction effects were considered within a non-linear framework. In the 

course of this exercise, the author distinguishes between alternative definitions of interaction 
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factor and shows that settlement predictions using IFM match continuum analyses very 

closely for friction piles and reasonably well for end-bearing piles. 

(ii) A numerical study on single pile and pile group installation effects was undertaken using 

advanced constitutive models. A variation on the traditional cavity expansion method (CEM) 

was adopted for the analysis of single pile effects while group effects were investigated using 

a new method based on volumetric expansion of tunnels in PLAXIS 2-D; these effects were 

subsequently incorporated into the analytical approach by means of a simplified model.  

(iii) In addition, the reinforcing effects of additional group piles on the soil continuum and 

pre-failure pile-soil slip has also been taken into account; this is the first study to include 

these effects in a nonlinear analytical approach. 

On the subject of differential settlement, an extensive numerical study of the angular 

distortion (β) of piled foundations, which has been documented as the most influential 

settlement characteristic in the cracking of buildings, has also been undertaken and 

formulated into a set of fully-normalised trends. A consistent trend between η and β for 

corresponding pile cap rigidities was evident. The aforementioned simplified finite element-

based approach was developed using a similar framework and is thus a compatible way to 

estimate η for the group. 

Through comparisons with previously published field test data and measurements from 

buildings in addition to numerical simulations, the results presented in this thesis indicate that 

the proposed approaches provide a viable framework for the serviceability design of pile 

groups while alleviating the computational effort and expense associated with rigorous 

continuum analyses. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Pile foundations have been used for centuries as a means of transmitting structural loads to 

competent strata at depth in the ground. Pile groups have the potential to carry large loads 

and are often the only viable solution when structures to be supported are heavy, or when the 

ground conditions are challenging. Traditionally, the emphasis in pile design was on 

predicting ultimate pile capacity, with a large factor of safety ensuring that settlements were 

small, formal estimates of which could often be avoided. However, the past couple of 

decades have seen a significant shift in the focus of foundation design; geotechnical 

engineers are increasingly considering the serviceability limit state. 

There are two main influences on group pile behaviour that distinguish them from single 

piles, namely pile-to-pile interaction effects and group installation effects over-and-above 

those owing to each pile’s own installation. While additional installation effects attributed to 

the installation of neighbouring piles are still relatively unknown, the influence of various 

pile/soil parameters on pile interaction effects has received ample treatment in the literature. 

Interaction can lead to pile group settlement that is significantly larger than that associated 

with a single pile with the same average applied head load per pile. The extent of these pile 

interaction-induced settlements is dependent on a number of pile/soil parameters such as the 

pile spacing-to-diameter (s/D) ratio, normalised pile length (L/D), group size (N), relative 

pile-soil stiffness (λ) and pile cap properties and geometry.  

The design of pile group foundations therefore requires a solid theoretical understanding of 

the behaviour of piles under various external loads. This often necessitates the use of 

advanced constitutive models in conjunction with mathematical modelling to accurately 

capture pile group behaviour. However, the use of complex constitutive models for 3-

dimensional analysis of large groups is both computationally expensive and time consuming. 

Moreover, the advancement of constitutive modelling has seen a noticeable rise in the 

number of material input parameters required to model the various aspects of soil behaviour. 

The elastic perfectly-plastic Mohr-Coulomb soil model requires the input of five material 

parameters in order to define the stiffness and strength of the soil, namely the soil Poisson’s 
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ratio, Young’s Modulus, cohesion, friction angle and dilatancy angle. In contrast to this, the 

significantly more advanced MIT-S1 soil model developed by Pestana (1994) requires an 

input of 13 parameters for clays and 16 parameters for sands. In addition, the advancement in 

model development has seen an emergence of parameters that lack true physical meaning and 

are essentially used for calibration to observed soil behaviour. This presents design engineers 

with the very difficult task of putting context on adopted material parameters. The use of 

more advanced constitutive models and numerical codes are therefore limited to engineers 

with considerable numerical modelling expertise.  

Simplified methods, generally empirical in nature, can be used in preliminary foundation 

design, alleviating the computational effort associated with more rigorous analyses. However, 

a review of the literature has identified a number of assumptions therein that are over-

simplified. In particular, the applicability of the principle of superposition to nonlinear 

analysis of pile groups remains unknown while existing methods also fail to take into account 

pile installation effects. Moreover, there is a distinct lack of information on group pile 

reinforcing effects and pile-soil slip on single pile and pile group behaviour, particularly 

when soil nonlinearity is also taken into account.  

The goal of this thesis is to develop new simplified methods that are capable of accurately 

predicting both the absolute and differential settlement performance of driven pile groups; 

these are founded, where necessary, in rigorous parametric studies using PLAXIS 2-D and 

PLAXIS 3-D Foundation finite element (FE) software packages and primarily the Hardening 

Soil and MIT-S1 constitutive models. On the absolute performance front, two different 

approaches are considered. The first is a simplified empirical approach capable of providing a 

direct estimate of pile group stiffness efficiency based on geometric parameters. A more 

comprehensive semi-empirical approach (analytical in large parts) is then developed for the 

prediction of both single pile and pile group load-displacement behaviour. The relative merits 

of both approaches are investigated through comparisons to pile group case histories in 

various soil types and using a range of pile types. 

1.2 Research objectives 

The tasks performed to meet the goals of this research were to: 
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1. Develop a simplified empirical approach derived from curve-fitting to FE results in 

order to provide a direct estimate of the stiffness efficiency of rigidly-capped pile 

groups 

2. Verify the applicability of the principle of superposition for the extension of the 

nonlinear analysis of a single pile to a pile group using the Interaction Factor Method 

(IFM) 

3. Investigate the influence of driven pile installation effects on soil properties 

surrounding both a single pile and group piles and develop a model for the inclusion 

of these effects into the semi-empirical approach 

4. Incorporate the IFM and driven pile installation effects results into a unified 

framework for the prediction of single pile and pile group behaviour where group pile 

reinforcing effects and pre-failure pile-soil slip are also taken into account 

5. Compare the relative merits of the simplified FE-based approach and the 

comprehensive semi-empirical approach through comparisons to a number of case 

histories in clay 

6. Develop trends from numerical results that may be used to deduce the differential 

settlement of a piled foundation 

7. Validate the proposed approaches using measured field data and other numerical 

results documented in the literature. 

1.3 Thesis outline 

These tasks were completed across five technical chapters, ranging from numerical to 

analytical research, with nine chapters in total. 

In Chapter 2, a comprehensive review of the literature is presented. Existing methods for the 

prediction of both the absolute and differential settlement of pile group foundations are 

considered and their relative limitations identified. The present approaches are then 

developed with a view to addressing these previously-adopted simplifying assumptions. In 

addition, numerical predictions and experimental measurements of pile installation effects in 

clay documented in the literature are also presented with a view to identifying the most 

appropriate numerical method to use in this research. 

A description is given in Chapter 3 of the FE modelling approach employed in this research 

which was carried out using both 2-D and 3-D versions of the FE software package PLAXIS 
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(Brinkgreve 2007). Details of each model, namely the linear elastic, Mohr-Coulomb, 

Hardening Soil (HS), Modified Cam-Clay (MCC) and MIT-S1 models, are given. In addition, 

the chapter includes details of the site profiles employed in this research which include 

geotechnical test sites at Belfast, Northern Ireland, Islais Creek in San Francisco and the well-

documented Boston Blue Clay (BBC) site. The selection and validation of the soil parameters 

used in the aforementioned constitutive models are also presented. 

Chapter 4 is a short chapter in which the scope of the research is defined which includes the 

ranges of pile/soil parameters considered in the parametric analyses conducted later in this 

thesis. In addition, preliminary validation exercises are presented by comparing predictions 

determined using a basic LE soil model in PLAXIS to existing approaches based on LE 

theory. The purpose of this chapter is to give confidence in the adopted pile group modelling 

procedures. 

 

Fig. 1-1 Overview of Chapters 5-9 

A schematic of the development of the research in Chapters 5 through 8 is presented in Fig. 

1-1. A comprehensive parametric study of the various pile/soil variables influencing the 

settlement performance of a rigidly-capped pile group using the HS model in PLAXIS 3D 

Foundation is presented in Chapter 5. Pile group stiffness efficiency was adopted as the 

measure of absolute pile group settlement performance. The trends from the parametric study 
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were formulated into a series of simplified equations which take into account a significantly 

larger number of group variables than previously considered in the literature. This approach 

does not require detailed site investigation for the calibration of parameters. A sizeable 

database of pile group case histories was used for the validation of the present empirical 

approach. This work has already been published in the following journal article (see 

Appendix I): 

Sheil, B.B. & McCabe, B.A. (2013) A finite element based empirical approach for 

predictions of rigid pile group stiffness efficiency. ACTA Geotechnica, 9:469-484.  

In Chapter 6, the suitability of using IFM for pile group analysis within a nonlinear 

framework is considered. Two different methods for obtaining interaction factors are 

identified:  

 Approach I, where both the ‘source’ pile and ‘receiver’ pile are both loaded and 

interactive displacements are obtained by subtracting the corresponding displacements 

of a single isolated pile. 

 Approach II, where the ‘source’ pile is loaded but the receiver pile is load-free and the 

interactive displacements by recording the displacements of the load-free pile.  

The study is presented in two phases: (i) examination of the modulus variation within the 

group allowed the elimination of some variables and (ii) a comparison of pile settlement 

predictions in the context of the significant variables. In the course of the latter phase, 

predictions determined by continuum analyses are compared to those determined using IFM 

for both friction and end-bearing pile caps and for both non-capped and rigidly-capped 

conditions. This work has already been published in the following journal article (see 

Appendix II): 

McCabe, B.A. & Sheil, B. B. (2014) Pile group settlement estimation: the suitability of 

nonlinear interaction factors. International Journal of Geomechanics, ASCE. In press (doi: 

10.1061/(ASCE)GM.1943-5622.0000395). 

In Chapter 7, the influence of pile installation effects on both short-term and long-term soil 

stresses is examined. A comprehensive parametric study is undertaken using the advanced 

MIT-S1 constitutive model within PLAXIS 2D for single pile installation effects using a 

modification to the standard cavity expansion method (CEM). In addition, a new improvised 

approach is developed to consider the influence of additional group pile installations over-
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and-above the effects associated with a single pile; this involves the volumetric expansion of 

tunnels using a plane strain model. 

Chapter 8 draws upon the findings of both Chapter 6 and 7 in the development of a 

comprehensive semi-empirical approach for the prediction of both single pile and pile group 

behaviour. Single pile behaviour is described using a nonlinear load transfer method. This 

analysis is extended to pile group analysis using IFM. A simplified model is derived from the 

findings of Chapter 7 for the purpose of considering the influence of single pile and pile 

group installation effects. Moreover, pre-failure pile-soil slip and group pile reinforcing 

effects are also taken into account. The analytical approach was validated against five well-

documented case histories. Only case histories with high quality site investigation for the 

calibration of parameters were considered. Predictions of pile group settlement performance 

documented in this chapter are also compared to the simplified predictions developed in 

Chapter 5. 

Chapter 9 presents a numerical study on various pile/soil parameters that influence angular 

distortion which are documented as the most influential settlement characteristics in the 

cracking of buildings. The HS model was again used for this purpose. The results from the 

parametric study were compared to a database of building and pile group measurements; 

subsequently, they were then formulated into a series of fully-normalised trends. The results 

may be used in conjunction with the approach outlined in Chapter 5 for the estimation of both 

the absolute settlement performance and differential settlement performance of a pile group 

foundation.  

1.4 Contribution to knowledge 

At the time of thesis submission, the following papers have been published or are in press: 

Sheil, B.B. & McCabe, B.A. (2013) A finite element based empirical approach for 

predictions of rigid pile group stiffness efficiency. ACTA Geotechnica, 9:469-484 

McCabe, B.A. & Sheil, B. B. (2014) Pile group settlement estimation: the suitability of 

nonlinear interaction factors. International Journal of Geomechanics, ASCE. In press (doi: 

10.1061/(ASCE)GM.1943-5622.0000395). 
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Sheil, B.B. & McCabe, B.A. (2012) A numerical study of pile group settlement. The 9
th

 

International Conference on Testing and Design Methods for Deep Foundations, Kanazawa, 

Japan, pp. 537-544. 

Sheil, B.B. & McCabe, B.A. (2012) Predictions of friction pile group response using 

embedded piles in PLAXIS. The 3
rd

 International Conference on New Developments in Soil 

Mechanics and Geotechnical Engineering, Lefkosa, Cyprus. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction  

There are two factors which distinguish group pile behaviour from that of single piles, 

namely, group installation effects over-and-above those attributed to each pile’s own 

installation, and load interaction effects. Finite element analysis is the most rigorous means of 

modelling load interaction and is capable of modelling soil stiffness non-linearity, large 

group sizes and various non-standard geometries. There are now a number of rigorous 

techniques for the simulation of pile installation such the material point method, discrete 

element modelling, finite element modelling and the strain path method. In addition, our 

understanding of the process has been greatly enhanced by instrumented single pile tests 

(Jardine et al. 2005). 

The main objective of pile group analysis is to determine the overall settlement or the 

differential settlement of the group (Poulos 2006). This requires an accurate prediction of the 

behaviour of a single pile in addition to the interaction effects of neighbouring loaded piles 

within the group. Methods of pile group analysis can be divided into three different 

categories which will be discussed in detail in the subsequent sections:  

(a) Simplified empirical methods such as the equivalent pier and equivalent raft methods,  

(b) Simplified analytical methods, 

(c) Numerical methods. 

The phenomenon of pile-to-pile interaction is the primary factor that separates the analysis of 

single piles to the analysis of piles in groups (Poulos 2006). A loaded single pile transfers 

external loads to the soil through shear stresses along the pile shaft at the pile-soil interface 

and compression at the pile base (Randolph and Wroth 1978). The horizontal transfer of these 

shear stresses to the surrounding soil generates a settlement field around a loaded single pile. 

A neighbouring pile located within the zone of influence of this settlement field will 

experience ‘interactive’ loads in addition to its own external load due to the shear stresses 

transferred from the soil. This leads to the increased displacements of piles located within a 

group compared to the corresponding settlement of a single pile. 
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For the case of a pile group with a ‘rigid’ pile cap, although the settlements at the heads of all 

piles are equal, all piles do not experience an equal proportion of the applied external load. 

Since the centre pile of a group will experience the greatest extent of pile-to-pile interaction, 

it therefore receives the smallest proportion of the applied external load; the corner piles 

receive the greatest proportion due to the reduced extent of pile-to-pile interaction at the 

corner piles (Poulos 1968). For the case of a perfectly-flexible pile cap, generally the centre 

pile(s) settle(s) more than corner piles due to the increased pile-to-pile interaction at the 

centre of the group although this can also be dependent on the geometry of the pile cap 

(Poulos 1968).  

2.2 Empirical Methods 

2.2.1 Equivalent raft method 

The equivalent raft method has been widely used for the prediction of pile group settlement. 

This method involves the replacement of the pile group with an equivalent raft located at a 

depth intended to reflect the loading imposed by the pile group. In addition, the raft has some 

equivalent dimensions that reflect the geometry of the pile group. 

 

Fig. 2-1 Illustration of equivalent raft method for friction pile group 

 

A number of variations of the equivalent raft method have appeared in the literature, e.g. 

Schmertmann et al. (1978), Fellenius (1991) and Poulos (1993). According to Poulos (2006), 

the successful application of the equivalent raft method depends mainly on the depth at which 

the raft is located in the analysis in addition to the angle of spread. The method proposed by 

Tomlinson (1986) appears to be the most widely-used approach for determining the level of 
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the equivalent raft due mainly to its convenience. In this approach, the level of the equivalent 

raft varies from 2L/3 (representative of friction pile groups) to L (representative of end-

bearing pile groups). In addition, the spread of the load varies from 1/4, for friction pile 

groups, to none for end-bearing pile groups.  

Poulos (1993) investigated the suitability of the equivalent raft method for the prediction of 

the settlement of both friction and end-bearing pile groups of more than 16 piles; the authors 

concluded that predictions determined using this approach were sufficiently accurate. In 

addition, Dung et al. (2010) conducted a comprehensive study where the settlement of large-

scale pile groups was predicted using a number of variations of the equivalent raft method. 

Similarly, those authors concluded that with suitable consideration of factors such as pile cap 

stiffness and increment of horizontal stress, the equivalent raft method provided satisfactory 

predictions of pile group settlement compared to a database of case histories. 

2.2.2 Equivalent pier method 

By this method, the pile group is replaced by an equivalent continuum (i.e. a single pier) of 

equivalent diameter, de, (or length, Le) and equivalent stiffness, Ee (Poulos and Davis 1980). 

The value of de can be obtained using the relationship proposed by Poulos (1993). For 

friction piles, the relationship is defined as: 

               (2-1) 

where AG is the plan area of the pile group as a block. The value of de for end-bearing piles 

can be obtained using: 

               (2-2) 

The equivalent stiffness for the pier continuum is defined as: 

     
  

  
      

  

  
     (2-3) 

where Ep is the modulus of the pile material, Es is the modulus of the soil and Ap is the total 

cross-sectional area of the piles in the group. 

The load-settlement response of the equivalent pier can then be obtained by using analyses 

for a single pile. Poulos (1993) investigated the suitability of this approach for the estimation 

of pile group settlement by comparing results determined by continuum analyses (using the 

computer program DEFPIG) to both the equivalent raft and equivalent pier method. The 
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author concluded that all three methods showed good agreement for groups of more than 

approximately 9 piles. 

The approach by Castelli and Maugeri (2002) also employed the equivalent pier method. For 

the extension of the analysis to pile groups, an equivalent pier was first used where 

interaction with the soil was also modelled using hyperbolic load-transfer functions. 

2.3 Two-pile interaction factors and the interaction factor method (IFM) 

The interaction factor method (IFM), originally proposed by Poulos (1968), is the simplest 

means of extending single pile analyses to that of a pile group. This method involves the 

consideration of a pair of piles (a ‘load source’ pile and a ‘load receiver’ pile) initially; the 

interactive displacements experienced by the receiver pile originating from the loaded source 

pile are computed. If this exercise is performed for pile spacings corresponding to those 

between the receiver pile and all other piles in the group, superposition may then be used to 

calculate the total interactive displacements induced by each pile in the group on all other 

piles. Alternatives for calculating the two-pile interactive displacements feature in the 

literature; the receiver pile may be load-free (henceforth referred to as Approach I; see Fig. 2-

2a) or loaded (henceforth referred to as Approach II, see Fig. 2-2b). When used within a 

linear elastic (LE) framework, both approaches yield the same result; the consideration of soil 

nonlinearity, however, leads to important differences between the two approaches. As can be 

seen in the illustrations, soil modulus degradation occurs due to shear strains imposed in the 

vicinity of soil surrounding the loaded pile. Nevertheless, as of yet nothing has been 

published on which of the two approaches is most relevant. 

 
 

Fig. 2-2a Illustration of Approach I IFM 

 

Fig. 2-2b Illustration of Approach II IFM 
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The interaction factor (α) is defined by Poulos (1968) as: 

      
   

   
      (2-4) 

where sii is the settlement of pile i when loaded alone (load Pi) and sij is the additional 

settlement of pile i due to load Pj acting on nearby pile j. 

The calculation of the settlement, si, of a pile i within a group of N piles by the IFM may be 

obtained by using the formula below (Poulos 2006):  

             
   

   
      (2-5) 

where Pj = load on pile j; s1 = settlement of single pile per unit load (=sii/Pi); αij = interaction 

factor for pile i due to a loaded pile j within the group, corresponding to the centre-to-centre 

spacing between piles i and j; N = number of piles in the group. The values of αij used in Eq. 

2-4 above are obtained by incorporating results determined from two-pile analyses into Eq. 2-

5.  

Calculation of si for non-capped pile groups is relatively straightforward because the pile 

head load is known; sij contributions are merely summed. Calculation of the settlement of a 

rigidly-capped group (i.e. for the case of equal settlement of all piles) is considerably more 

involved; the pile displacements are equated forming N simultaneous equations and can thus 

be solved for the unknown loads Pj from which the overall settlement of the group may be 

derived.  

2.3.1 LE solutions in conjunction with IFM 

There are numerous solutions for the analysis of single pile behaviour that have been 

extended to the consideration of group behaviour using IFM. Load transfer approaches, in 

particular, are restricted to the analysis of a single pile and thus must be coupled with an 

approach capable of extending the analysis to that of a pile group. 

Randolph and Wroth (1978) developed an approximate closed-form solution for the 

settlement of a pile under a given load.  The shaft and base deformation characteristics were 

considered separately in this method of analysis.  The problem of a single pile was divided 

into two layers.  The upper layer was located from the pile head to the pile base where 

deformations were deemed to be a result of shear stresses acting along the pile shaft.  Soil 

deformations along the pile shaft are idealised in this method as the shearing of concentric 
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cylinders, an approach employed by Cooke (1974).  Deformations of the lower soil layer, 

located at the pile base, were considered as occurring due to loads acting at the pile base.  The 

pile base was considered to act as a rigid punch as opposed to a buried rigid plate and its 

behaviour is calculated by the Boussinesq solution.  A salient feature of this approach was the 

assumption of a logarithmic decay in shear stress from the perimeter of the pile up to a radius 

rm from the centre of the pile shaft, beyond which shear stresses are deemed negligible. For 

the analysis of group behaviour, interaction factors for the pile and base were considered 

separately in keeping with the idea of pile base and shaft decoupling (Randolph and Wroth 

1979).  For the case of compressible piles, an iterative approach is required. This method is 

limited in its assumption of a LE soil medium in addition to all group piles being of similar 

length. 

Poulos (1988) used modified Approach II interaction factors to predict the responses of the 

groups of 4, 5 and 9 piles documented by O’Neill et al. (1981) with satisfactory results. The 

modified interaction factors accounted for a reduced ‘near-pile’ soil modulus in an attempt to 

simulate the degradation of soil modulus with stress in the vicinity of a loaded pile (see Fig. 

2-3) where the parameter μ is the ratio of the soil mass modulus, Esm, to the near-pile soil 

modulus, Es. 

 

Fig. 2-3 Distribution of soil modulus adopted by Poulos (1988) 
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Lee (1993) developed a practical approach for the analysis of large pile groups by modifying 

the approximate closed-form analytical model proposed by Randolph and Wroth (1979).  

This method differs in that the deformation characteristics of the pile shaft and pile base are 

combined whereas both effects were previously considered separately. This method is 

capable of predicting pile response in both a homogeneous soil and a soil with a linearly 

increasing modulus with depth.  The author extended the analysis to pile groups using 

Approach II-type IFM. As mentioned, the authors documented satisfactory agreement when 

predictions of the settlement of groups of up to 16 piles were compared to boundary element 

predictions (Butterfield and Banerjee 1971). 

Mylonakis and Gazetas (1998) developed closed-form solutions for the prediction of 

interaction factors with consideration of the finite thickness of a soil layer and the effect of a 

stiffer bearing stratum.  The authors documented the need for a method capable of 

incorporating the effect of axial pile rigidity and the soil reaction at the pile tip on the 

settlement generated by neighbouring piles.  The Winkler assumption that pile-soil behaviour 

may be represented by a series of distributed springs was utilised (Randolph and Wroth 

1978).  Group behaviour was considered using Approach I IFM; modifications were made, 

however, to the approach proposed by Randolph and Wroth (1979) to account for the 

presence of the ‘receiver’ pile, modelled as a beam with a series of Winkler springs along the 

pile shaft and pile base. Those authors therefore proposed that the interaction factor between 

a pile pair was related to the lateral degradation of soil settlement as follows: 

          (2-6) 

where ψ denotes the induced free-field displacement and ζ represents the ‘reinforcing’ effect 

of the nonloaded receiver pile on the soil continuum. 

Lee and Xiao (2001) developed a hyperbolic load-transfer approach for the prediction of the 

nonlinear displacements occurring at the pile-soil interface caused by shaft shear stresses.  

The analytical approach developed by Randolph and Wroth (1979) was then adopted to 

describe the extent of interaction between two vertically loaded piles (i.e. the soil is assumed 

to be in a linear-elastic state).  The principle of superposition was then used for the analysis 

of a group of piles.  The authors demonstrated that the decoupling assumption of the shaft 

and base responses even when the pile group behaviour is nonlinear was satisfactory. 
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2.3.2 Nonlinear solutions in conjunction with IFM 

Although the principle of superposition is not strictly valid in nonlinear engineering 

problems, a number of studies have investigated the role of soil stiffness nonlinearity in pile-

to-pile interaction and pile group settlement. Leung et al. (2010) investigated the role of 

linear elasticity in pile group analysis by appraising LE and nonlinear methods for the 

analysis of pile groups against hypothetical scenarios and documented case histories. 

Through a comparison between LE and nonlinear results, those authors noted that pile-to-pile 

interaction is governed by LE behavior while nonlinearity is confined to the response of a 

single pile. The authors also documented that as the number of piles in a group increases 

“nonlinearity in individual pile behavior becomes overwhelmed by the interaction effects”. 

These findings supported the earlier work undertaken by Caputo and Viggiani (1984) who 

described a well-documented case history on the interaction between an identical pile pair. 

The pile load tests consisted of one loaded pile while the other nearby pile remained load-free 

(i.e. Approach I). The authors noted that while the response of the loaded pile was highly 

nonlinear the settlement of the load-free pile increased linearly with increasing applied load 

on the loaded pile. 

These findings formed somewhat of a basis for the use of the principle of superposition 

within a nonlinear framework in later studies. Jardine and Potts (1988) applied interaction 

factors derived from Approach I-type nonlinear analyses documented by Jardine et al. (1986) 

to a 8-pile group with satisfactory agreement to measured field data. These results were 

further verified by Ganendra (1994) using a nonlinear 3-D analysis in the ‘FSAM’ program.  

Zhang et al. (2010) and Zhang and Zhang (2012) employed a hyperbolic relationship between 

shear stress and local displacement and employed Approach I IFM for the extension to group 

behaviour. The approach also incorporated a bi-linear base load-displacement model. An 

algorithm was developed for the analysis of both single piles and pile groups in layered soils. 

Those studies compared predictions of group response using this method to a number of case 

histories including the 9-pile group load test documented by Koizumi and Ito (1967) with 

satisfactory agreement.  

Wang et al. (2012) improved further upon these previous methods by using an iterative 

approach to incorporate the degradation in stiffness of the concrete pile under compressive 

loads using the well-documented nonlinear Hognestad model (Hognestad 1951; Hognestad et 



2-9 
 

al. 1955). Approach I IFM was used to compare predictions to the measured response of a 

full-scale pile group documented by O’Neill et al. (1982b) with satisfactory agreement. 

2.3.3  ‘Hybrid’ methods 

‘Hybrid’ approaches have been developed that combine the analysis of a single pile with 

methods capable of incorporating pile to pile interaction. The most common form of this 

approach is a combination of the load-transfer approach with LE solutions capable of 

predicting additional pile interactions. The soil displacement at location i, wsi, due to pile-soil 

interaction forces {Ps} is given by: 

                     (2-7) 

where fij is the flexibility coefficient denoting the displacement at location i due to unit 

interaction force at location j and Psj is the pile-soil interaction force at location j. In the load-

transfer analysis of a single pile, locations along the same pile are assumed uncoupled and 

thus fij corresponding to the same pile for  ≠  is set to zero. The fii locations are evaluated 

using the formulated load-transfer curves. The interactions fij between piles are then 

calculated by various solutions based on LE theory. 

O’Neill et al. (1977; 1982b) modelled the response of single piles using a load transfer (t-z) 

approach while pile-to-pile interaction was modelled using Mindlin’s solution for a 

homogeneous isotropic elastic half-space. The procedure documented by O’Neill et al. 

(1982a) was used in order to obtain unit load transfer curves (f-z, q-z) for a single pile. These 

load transfer curves were then used to obtain the load-displacement behaviour for a single 

pile.  Mindlin’s equations were then employed to obtain the additional elastic soil 

displacements induced by the loaded neighbouring pile. The unit load transfer curves 

obtained for a single pile are then stretched in the z (displacement) direction where the 

additional elastic displacements due to pile interaction are added in order to account for group 

effects. The authors demonstrated that the proposed approach predicted the response of a 

large-scale group of 4, 5 and 9 piles in stiff overconsolidated Houston clay well. 

Chow (1986; 1987b) refined the hybrid approach so that pile-to-pile interaction may be 

considered directly in the analysis of a group of piles.  The approach proposed by Randolph 

and Wroth (1978) was used in order to describe the response of an individual pile under load.  

The nonlinear response of the soil was approximated using a hyperbolic load-displacement 

relationship adopted from the theoretical load transfer curves documented by Kraft et al. 
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(1981).  Mindlin’s solutions were then used for the computation of the induced additional 

(LE) displacements, where nonlinear behaviour is documented as being confined to a narrow 

zone of soil around the pile shaft. The introduction of a discontinuity ensured that the 

nonlinear soil behaviour did not have an effect on pile-to-pile interaction settlement and thus 

the nonlinearity of the pile group behaviour was governed by the behaviour of the individual 

piles. For the degrees of freedom at each node the flexibility coefficient was obtained by 

inverting the soil nodal stiffness matrix. Results of pile group settlement of up to 16 piles 

compared well to more rigorous boundary element solutions. 

Chin and Poulos (1991a, b) used a load-transfer approach for a soil embedded in a two-layer 

Gibson soil profile.  The nonlinear soil response at the pile-soil interface was replicated by a 

series of hyperbolic Winkler ‘springs’ located along the pile circumference and at the pile 

base.  The analytical work of Randolph and Wroth (1978) and Kraft et al. (1981) was again 

used in order to obtain the stiffness coefficient for the ‘springs’ located along the pile shaft 

and at the pile base.  Pile interaction was obtained using the analytical solutions documented 

by Chan et al. (1974). 

Hong et al. (1999) developed a hybrid method that was a modification of the iterative 

approach documented by Chow (1987a).  Flexibility coefficients were obtained in a similar 

manner to the approach by Chow using Mindlin’s solutions.  The stiffness matrices for the 

pile-soil system were obtained by inverting the flexibility matrices.  In contrast to the 

approach by Chow, however, stiffness equations for only one individual pile within a pile 

group are solved at each iteration step.  Therefore this method offers a significant reduction in 

the CPU time required for the analysis of large pile groups. 

2.4 Boundary element-type methods 

The boundary element (BE) method presents an approach that is slightly less rigorous than 

the FE method in that only the pile-soil boundaries are discretised in contrast to the entire 

composite continuum. Unlike the ‘hybrid’ analyses, all nodes are evaluated accordingly using 

elastic solutions. Because of the reduced number of elements associated with BE analysis, 

this technique allows for larger group sizes to be considered thus owing to its wider usage in 

the literature compared to the FE technique. The computing time required for large pile 

groups by this method may be reduced further when the BE method is combined with IFM. 

Thus the analysis of pile groups using BE analyses can be separated into two general 
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categories: A complete BE analysis of (a) of a single pile and a pile pair combined with IFM 

and (b) the entire pile group. 

2.4.1 ‘Hybrid’ boundary element analysis  

BE analysis, coupled with IFM and/or alternative LE solutions to account for interaction 

effects) provides a more rigorous alternative to simplified analytical methods while also 

alleviating computational requirements associated with an analysis of the entire group, 

particularly for large pile numbers. 

Poulos and Davis (1968) developed an approach for the analysis of a single incompressible 

pile using Mindlin’s solutions (1936) for an elastic soil. The pile was considered as a number 

of loaded cylindrical elements, with uniform loads applied along the circumference of each 

element and a uniform circular load applied at the base.  The compatibility of the vertical 

displacements is considered alone since the radial stresses are documented as being of the 

order of 0.5% of the shear stress on the pile.  The analysis assumes that no shear stresses act 

on the pile base by considering a perfectly smooth surface. In the analysis, however, 

assumptions of no relative pile-soil slip at the pile-soil interface and a homogeneous elastic 

soil having a constant modulus with depth was later described by Poulos (2006) as ‘a great 

simplification of reality’.   

Poulos (1979a) employed elastic continuum theory in the analysis of axial and lateral 

deformation of an offshore pile group.  Modifications were made for the consideration of pile 

batter, pile-soil slip and a soil modulus linearly increasing with depth (i.e. a Gibson soil).  

Interaction factors were used to extend the analysis of single piles to pile groups under axial 

and lateral loads.  The computer program DEFPIG was used to carry out the.  Although the 

analysis was linear elastic, the consideration of slip at the pile-soil interface resulted in a 

nonlinear load-displacement response of the pile head under load.  A restrictive element to 

the analysis is the use of identical piles (i.e. similar lengths and diameters) in the group. 

Poulos (1979b) presented an extensive database of interaction factors using this approach for 

both a homogeneous soil mass and a Gibson soil. 

The approach proposed by Poulos (1979c) was adopted for the consideration of a multi-

layered soil.  In the elastic continuum theory, the soil stiffness kij is directly related to the 

Young’s modulus of the soil.  Poulos (1979c) developed an approximation for a soil with 

varying soil stiffness defined by the equation: 
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                    (2-8) 

where  Es = Average soil stiffness 

  Esi   Young’s modulus at element i 

Esj   Young’s modulus at element j 

Yamashita et al. (1987) employed a more general approximation where the values of Esi and 

Esj are taken as weighted average values of the soil modulus along the pile shaft and below 

the pile base.  Better agreement was observed with results of finite element analyses for a soil 

with sharply varying moduli compared to the approach by Poulos (1979c).  

Chin et al. (1990) developed a simplified boundary element method using the analytical 

layered solutions of Chan et al. (1974) for piles of equal length and diameter and a floating 

pile cap, i.e. not in contact with the ground surface.  Pile-soil slip was accounted for by 

introducing a limiting shear stress at the pile-soil interface in the same manner presented by 

Chow (1986).  The unified pile group problem was decomposed into an analysis of the forces 

acting on the piles and the forces acting on the soil as shown in Fig. 2-4.  Forces acting on the 

piles consisted of the external applied loads and shear stresses at the pile-soil interface.  

Forces acting on the soil continuum consisted of pile-soil interaction stresses only.  The 

Gaussian quadrature method was employed for determining the flexibility coefficients, fij, for 

nodes on the same pile.  For the extension of the analysis to the case of pile groups, the 

method of interaction factors is used. 

 

Fig. 2-4 Composition of axially loaded pile group (Chin et al. 1990) 

Lee and Poulos (1990) developed a multi-layered soil model utilising the value of soil 

modulus at all layers in the soil profile.  An empirical expression was presented relating the 
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soil modulus near the pile to the soil mass modulus in order to replicate soil disturbance 

arising from pile installation.  The relationship is defined by the equation: 

   

  
   

 

 
 
 

      (2-9) 

where Es   average soil Young’s modulus within one pile radius from the pile surface; Esd = 

soil Young’s modulus at a distance s greater than one pile radius from pile surface; n = soil 

parameter depending on pile and soil type. The authors reported a reduction in the over-

prediction of interaction factors typical of the use of the conventional approach by Poulos and 

Davis (1980).  A value of n = 0.5 was reported as giving best correlation to field 

measurements by Cooke et al. (1980). 

Wong and Poulos (2005) utilised the program GEPAN developed by Xu and Poulos (2000) to 

calculate interaction factors between dissimilar piles.  Piles with dissimilar diameters and 

dissimilar lengths were both investigated in addition to various pile tip conditions. 

2.4.2 Boundary Element Analysis of the Entire Pile Group 

As already mentioned, an analysis of an entire pile group using the BEM is intermediate 

between the more rigorous FE method and the simplified approach (presented in the previous 

section) where the BEM is combined with IFM. 

Butterfield and Banerjee (1971) considered the case of compressible, free-standing pile 

groups in a homogeneous elastic soil using a complete boundary element analysis of the 

entire group.  The analysis was undertaken by splitting the pile shaft into a number of 

cylindrical elements.  In the analysis, no pile-soil slip was accounted for so perfect pile-soil 

bonding was assumed. The authors undertook a number of analyses of groups of varying 

pile/soil parameters. This analysis method formed the basis of the algorithm PGROUP 

developed later by Banerjee and Driscoll (1976). Banerjee and Butterfield (1981) later 

modified the PGROUP algorithm further by incorporating soil stiffness nonlinearity instead 

of the linear elastic soil medium adopted originally.  

El Sharnouby and Novak (1985) employed an approach for the analysis of a group of piles 

that considered the pile group with the soil as one composite continuum where a number of 

discrete points were used for equilibrium conditions.  The stiffness method was employed in 

order to define these equilibrium conditions where both the pile and soil stiffness were 

combined.  The pile stiffness was obtained by dividing the pile into a number of elements 

having specified displacements for each nodal point located along the pile axis.  The piles 
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were assumed as having a circular cross-section.  The soil stiffness was obtained using 

Mindlin’s (1936) solutions.  In contrast to previous approaches, discrete point loads were 

adopted as opposed to a continuous shear distribution where the flexibility coefficients at the 

soil nodes were almost the same as those that would have been calculated considering the 

latter situation.  The flexibility coefficients are then used to form the flexibility matrix for the 

soil which, in turn, is inverted to form the soil stiffness matrix.  In this method of analysis, 

soil nonhomogeneity and arbitrary layering under the pile tip may be accommodated. 

An even more rigorous LE analysis is performed by the numerical code GEPAN developed 

by Xu and Poulos (2000). This FORTRAN computer program is capable of incorporating 

three-dimensional loading, defective piles and vertical and lateral ground movements.  In the 

analysis, piles were discretised into a number of elements and assumed to be perfectly elastic 

where the boundary elements are meshed in partly cylindrical or annular surfaces as shown in 

Fig. 2-5.  No pile-soil slip was accounted for in the analysis.  Vertical and lateral soil 

movements around the pile were again calculated using Mindlin’s equations of elasticity.  

Pile response under loading was obtained using equations derived from the compatibility of 

rotational, lateral and vertical movements.  The global matrix used in the analysis was formed 

from several sub-matrices where the basic influence factors formed the basic elements in a 

hierarchical structure.  The approach was documented as being able to incorporate various 

effects such as positioning of piles where such effects are not considered in other 

conventional analyses.  Nonlinear pile response can be allowed for by specifying a limiting 

shear stress at the pile-soil interface in the analysis. 
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Fig. 2-5 Elements and stresses of a pile (Xu and Poulos 2000)  

 

Basile (2003) developed a computer program PGROUPN which was an extension to the 

principles originally reported by Butterfield and Banerjee (1971).  The method by Basile 

(2003) was based on a complete non-linear boundary element formulation.  The pile-soil 

interface was discretised into a series of cylindrical elements and the base as a circular disc 

element.  In the analysis, pile forces and soil forces were considered separately while 

compatibility conditions were imposed at the pile-soil interface.  Mindlin’s solutions were 

employed to attain the flexibility matrix for the soil.  The piles were assumed as simple 

beam-columns fixed to the pile cap.  The flexibility matrix was obtained using the elementary 

beam or Bernoulli-Euler theory.  Limiting shear stresses assigned to the pile interface allowed 

for pile-soil slip. 

2.5 Finite element methods 

Finite Element (FE) analysis is the most rigorous method available for the prediction of pile 

group response. Although the pile-soil system may be considered as one composite 

continuum, a disadvantage associated with the use of FE analysis is the requirement of 

significant computational resources, particularly if the non-linearity of soil stiffness and large 
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groups are also to be modelled. For this reason, 2-D FE analysis has been more commonly 

employed in the literature in favour of a 3-D analysis due to the reduced number of elements 

associated with the axisymmetric simplification of a pile group. Although sufficient for a 

single pile or small pile group, a 2-D analysis cannot take account of various pile group 

configurations, particularly for larger group sizes.  

Pressley and Poulos (1986) applied 2-D FE analysis to a group of 3x3 piles. Since the edge 

and corner piles cannot be defined in discrete locations using a 2-D analysis, they were 

represented by a circular annulus whose radius was equal to the centre to corner/edge pile 

spacing as shown in Fig. 2-6. The authors employed the FE program PILFDS, written by 

Balaam (1976), to examine the mechanisms of pile group behaviour as the load approached 

the ultimate state. Although dual nodes were introduced at the pile-soil interface to allow slip, 

the soil was idealised as an elastic-perfectly-plastic medium. 

 

Fig. 2-6 Axisymmetric simplification employed by Pressley and Poulos (1986) 

 

Jardine et al. (1986) used the FE approach to investigate the effects of nonlinear soil 

behaviour.  The inability of a LE soil medium to obtain realistic soil displacements was 

documented.  Radial profiles of surface settlement at the face of a 0.75m diameter, 30m long 

compressible pile relative to settlement at a distance r from the pile centre was illustrated.  

The over-estimation of interaction factors that a linear elastic analysis provides was also 

highlighted. 

More recently, McCabe and Lehane (2006b) employed the 2-D FE software package OASYS 

SAFE to predict the behaviour of small 5-pile group in soft clay. The authors adopted the 
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nonlinear BRICK soil model while the corner piles were again defined by an annulus ring. 

Although the modelling of the corner piles in this way is an obvious simplification, the 

authors observed that their effect on the centre pile of the group was realistic. 

Trochanis et al. (1991a) explored the significance of soil nonlinearity in pile group response 

using a 3-D FE analysis.  Pile-soil slippage and overall inelastic soil response were 

considered.  The piles and soil were modelled by solid three-dimensional quadratic 

isoparametric 27-node elements while interface elements were modelled as two-dimensional 

quadratic 18-node elements.  A linear elastic model was adopted to represent the pile 

material.  The soil was modelled as a linear elastic material and Drucker-Prager elastoplastic 

material. Two conditions were considered at the pile-soil interface: (i) perfect pile-soil 

bonding with no allowance for slip (ii) pile-soil slip achieved with the use of interface 

elements. The authors concluded that the displacement field generated by a single loaded pile 

was significantly dependent on both the constitutive properties of the soil and the bonding at 

the pile-soil interface; a LE soil model in conjunction with perfect pile-soil bonding 

considerably over-estimated the displacement of the surrounding soil. 

2.6 Pile Installation Effects in Clay 

The review in this section is intended to identify the most suitable course of action for 

investigating pile installation effects within a numerical framework. Over the last several 

decades, numerous investigators have endeavoured to provide a more complete 

understanding of the processes associated with soil disturbance during pile installation and 

subsequent consolidation in clays. The cavity expansion method (CEM; e.g. Gibson and 

Anderson 1961; Vesic 1972; Carter et al. 1979) and strain path method (SPM; Baligh 1985) 

have been to the forefront of the mathematical approaches used to model pile installation. In 

this research only the influence of pile installation on the lateral regime of effective stresses 

after installation and subsequent consolidation is of interest since these govern pile behaviour 

upon loading and is reflected in the following review of the literature.  

2.6.1 The strain path method 

SPM provides predictions of soil strains by means of known velocities of an ideal fluid 

flowing around a stationary pile; the uncoupling of soil deformations and strains from the 

shearing resistance of the soil greatly simplifies the problem of deep penetration. SPM has 
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the advantage over CEM in that 2-dimensional large-strain deformation can be taken into 

account. Implementation of SPM requires the following steps: 

1. Estimation of the initial soil stresses, (σij)
0
, and pore water pressures, u0, prior to pile 

installation. 

2. Estimation of a velocity field around the pile that satisfies the conservation of volume 

and boundary conditions. This governs the rate of flow of soil (i.e. rate of soil 

deformation) around the simple pile. 

3. Determination of soil deformations from the integration of the velocity field 

streamlines. 

4. Computation of the soil strain rates, ε
0

ij, by differentiating the velocity field with 

respect to the spatial position. 

5. Integration of strain rates along streamlines in order to compute the strain path 

undertaken by certain soil elements. 

6. Computation of effective stresses from constitutive relations using either an effective 

stress or total stress approach. 

7. Computation of pore pressures from effective stresses using equilibrium 

considerations. Within an axi-symmetric framework, equilibrium equations can be 

defined as follows: 
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where   is the partial derivative, r is the radial distance from the pile, z is the vertical 

distance, σ’rr is the radial effective stress in the soil, σ’rz is the shear stress in the soil, σ’θθ is 

the tangential effective stress in the soil and σ’zz is the vertical effective stress in the soil. 

Baligh (1985) developed the Simple Pile Solution (see Fig. 2-7) which is the known velocity 

field from which the strain rates are obtained. Development of the simple pile equations 

associated with SPM can be obtained by considering a spherical source discharging an 

incompressible material at a rate of volume, V, per time, t. The radius, R, at time t of a 

spherical cavity can be defined as: 
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Fig. 2-7 An example of the simple pile model 

Using a spherical coordinate system, the velocity components of a fluid located at a radius, R, 

is defined as follows: 
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   (2-13) 

The simple pile solution is obtained when the above is inserted in a uniform flow field with 

velocity U in the positive vertical direction. Velocities for the simple pile solution may then 

be deduced as follows: 

     
 ;            

        (2-14) 

where U is the velocity of the uniform flow field in the vertical direction. Knowing the 

velocities given in Eq. 2-13, the deformations may be obtained by integration with respect to 

time. The grid deformation at three particular instances as the pile penetrates the soil is 

illustrated in Fig. 2-8. In axi-symmetric situations, the four non-zero SPM strain rates are 

described as the derivatives of the equations defined in Eq. 2-13:  

                   . In order to obtain the strain field by this method, the four strain rates are 

integrated with respect to time. Constitutive relations are then employed in order to relate the 

incremental strains to incremental stresses.  
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Fig. 2-8 Grid deformations imposed by simple pile penetration (Baligh, 1985) 

 

Azzouz and Morrison (1988) and Azzouz et al. (1990) reported that while neither CEM or 

SPM consistently provided accurate predictions of installation stresses when compared to 

measured total stresses and pore pressures, good agreement was obtained between predictions 

evaluated by SPM, in conjunction with the MIT-E3 effective stress model (Whittle and 

Kavvadas 1994), and measurements of the radial total stress measured during installation of a 

model pile in Empire Clay. Moreover, Jardine (1985) and Bond (1989) documented that the 

2-D nature (i.e. vertical strains in addition to radial strains) associated with SPM was 

necessary to adequately capture the friction fatigue observed using the Imperial College Pile 

(ICP).  

Because the strain field is initially uncoupled from the constitutive relations, however, 

equilibrium of the resulting stresses is not guaranteed. Thus correction must be applied to 

SPM output for use within a FE framework where equilibrium is required. Coupled 

consolidation analyses require the SPM to be paired with FE analyses for the consolidation 

process; this involves interpolation of stresses, pore pressures and hardening parameters from 

the SPM mesh to the FE mesh and does not lend itself easily to parametric studies (Perri 

2007). Moreover, numerous investigators have shown that linear consolidation theory results 

in a significant over-estimation of pile capacity (Kavaddas 1982; Randolph et al. 1979; 

Whittle 1987) and in order to obtain more reliable predictions of pile capacity, coupled 

consolidation analyses using a nonlinear constitutive model are required.  
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2.6.2 The cavity expansion method 

In light of these drawbacks, CEM provides a more versatile tool for conducting parametric 

studies of both short-term and long-term pile installation effects. CEM analyses can be 

divided into two categories, namely spherical CEM and cylindrical CEM, which can be used 

for the investigation of installation effects below the pile base and surrounding the pile shaft, 

respectively. Cylindrical CEM has been by far the most popular method, however, and thus 

spherical CEM is not considered henceforth. 

Much of the early work carried out using CEM was aimed at interpreting results from 

pressuremeter testing, e.g. Gibson and Anderson (1961) and Palmer (1972). Butterfield and 

Banerjee (1970) provided the first comprehensive application of cylindrical CEM to the 

investigation of installation effects along a pile shaft in clay. Those authors investigated 

installation-induced undrained total stresses and excess pore pressures, subsequent pore 

pressure dissipation and permanent changes in the effective stress regime within the soil. 

Vesic (1972) later developed approximate solutions for limit pressures from spherical CEM 

and applied this to the analysis of the bearing capacity of deep foundations in cohesive 

frictional materials. 

The Effective Stress Axial Capacity Cooperative (ESACC) program administered by Amoco 

Production Company led to the development of four generations of effective stress soil 

models (ESM1 to ESM4) which incorporated various modifications of the Modified Cam-

Clay (MCC) critical state model (Roscoe and Burland 1968). Each of these models was 

employed in CEM for improved predictions of installation-induced changes in soil stresses; 

additional details of the effective stress models and the ESACC research program are 

available elsewhere (Esrig and Kirby 1979; Esrig et al. 1977; Kirby and Esrig 1979; Kirby 

and Wroth 1977; Kraft 1982).  

In light of this, it is clear that CEM coupled with nonlinear consolidation using an advanced 

constitutive model is a significantly more attractive option than SPM for considering both 

short-term soil stresses in addition to the development of these stresses as a function of pore 

pressure dissipation. 

2.6.3 Experimental studies 

It was also necessary in this thesis to identify case studies to verify the results of a numerical 

study on installation effects. This review is focussed on radial variations in stresses in the soil 
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owing to installation and subsequent consolidation and thus only the salient studies are 

referred to herein. 

O’Neill et al. (1977; 1982a; 1982b; 1981) undertook an extensive pile foundation 

experimental programme. As part of this programme, a 3x3 (s/D=3) pile group and two 

isolated reference piles were instrumented and driven into stiff overconsolidated Houston 

clay. The piles used were 0.273 m dia. closed-ended steel pipe piles. The isolated reference 

piles had a length of 14.1 m while the group piles had a length of 15.6 m. The group 

installation occurred with the centre pile being driven first, followed by the outer piles after 

appropriate pore pressure dissipation. The piles were instrumented with numerous strain 

gauges in addition to total and pore pressure cells and accelerometers. Total and pore water 

pressures were recorded to derive values of the coefficient of lateral earth pressure, K, before 

and after pile installation. The authors noted that the differences in driving resistance between 

the isolated and group piles were insignificant; similarly, the authors documented that the soil 

surrounding the group piles showed little difference from that surrounding the isolated piles. 

The findings of the study showed that group installation effects were no more extensive than 

single pile installation effects. 

Azzouz and Morrison (1988) documented the installation of single model piles in the low 

OCR marine Boston Blue Clay (BBC) and plastic Empire clay, also with a relatively low 

OCR of 1.5. Measurements taken by Piezo-Lateral Stress (PLS) cells formed the basis of the 

study. PLS cells allow measurement of total horizontal stress, pore pressures and shear 

stresses simultaneously during pile the installation process and during and subsequent to pore 

pressure dissipation. Those authors noted that, for BBC, K reduced dramatically during pile 

installation but increased steadily with consolidation. After significant pore pressure 

dissipation, the authors documented that post-pile values of K returned to approximate pre-

pile values for a single pile. When comparing similar measurements recorded in Empire clay, 

the authors noted a longer period of time for the Empire Clay to reach near-full consolidation 

due to its low permeability, as expected. After consolidation, post-pile values of K in Empire 

Clay were significantly higher than pre-pile values and also noticeably higher than BBC 

values; this was attributed to the higher initial value K in Empire Clay and also the higher 

sensitivity of BBC. 

Hunt (2000) discussed the installation of a full-scale pile in a deep deposit of San Francisco 

Young Bay Mud (YBM). The testing programme was intended to evaluate the effect of pile 

installation on static and dynamic properties of the surrounding soil. Shear wave velocities 
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and pore pressure measurements were recorded prior to installation in addition to selected 

times after pile installation. The author documented a significant decrease in shear wave 

velocities immediately prior to driving with a steady increase as a function of time. Nearing 

full consolidation, the author noted that shear wave velocities measured near the pile-soil 

interface were less than pre-pile values where noticeable increases were observed further 

away from the pile. In addition to the field tests, the author also documented results of a suite 

of pre-pile and post-pile laboratory tests on the YBM including consolidation tests, triaxial 

tests and direct simple shear tests. Laboratory tests showed slightly reduced water contents in 

post-pile specimens. In addition, triaxial tests on post-pile specimens showed increased 

ductility when compared to corresponding tests on pre-pile specimens.  

McCabe and Lehane (2006a) documented the installation of a single pile and 5-pile group in 

a lightly-overconsolidated estuarine silt in Belfast, Northern Ireland. The authors recorded 

total and pore water stresses during driving and subsequent consolidation. Through 

comparisons to measured pore water pressures around single piles in St Alban’s clay and San 

Francisco Young Bay Mud, the authors noted that the pore water pressures set-up in the 

vicinity of the centre group pile did not differ greatly from those set-up around the single 

isolated pile. Moreover, one pile loaded in the group alone revealed no evidence of 

significant disturbance to the in-situ soil properties. 

2.7 Measures of pile group serviceability 

2.7.1 Absolute settlement performance 

The stiffness efficiency (ηg) term is a convenient gauge of the extent of pile-to-pile 

interaction within a group under working conditions. The value of ηg is defined as follows by 

Butterfield and Douglas (1981): 

 
 
                (2-15) 

where kg is the pile-soil stiffness of the pile group, ks is the pile-soil stiffness of an equivalent 

single pile and N is the number of piles in the group. 

Early approaches developed for the prediction of  g, however, incorporated simplifying 

assumptions such as a linear elastic (LE) soil medium (Butterfield and Douglas 1981; 

Fleming et al. 2009; Poulos and Davis 1980), which leads to an over-estimate of the extent of 
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pile interaction and can considerably underestimate the value of  g (McCabe and Lehane 

2006a). Fleming et al. (2009) proposed the following approach based on linear elasticity: 

 g ≈ N
-e

     (2-16) 

where the exponent, e, typically ranged between 0.5 and 0.6. 

Castelli and Maugeri (2002) later improved upon the simplified approach proposed by 

Fleming et al. (2009) by recognising the importance of considering soil nonlinearity and thus 

used hyperbolic load transfer functions (as discussed in section 2.3.2) to model a more 

realistic nonlinear pile-soil-pile interaction according to: 

 g = [D/Dg]
ε  

           (2-17) 

where Dg = equivalent diameter of the plan area of the pile group; D = diameter of the pile (or 

equivalent diameter for a square pile) and an exponent of ε   0.15 was derived from a limited 

database of case histories.  

More recently, McCabe and Lehane (2006a) developed Eq. 2-18 as the best fit to  g values 

derived from nine published case histories with single pile and pile group data: 

 
 
   

      
    

 
           (2-18) 

2.7.2 Differential settlement performance 

Where investigations of differential settlement have been reported, they relate to piled raft 

foundations in the main. Horikoshi & Randolph (1998) adopted the simplified analytical 

approach described by Clancy and Randolph (1993) to consider an ‘optimized’ design of a 

piled raft foundation. This optimized design involved locating piles near the centre of the 

foundation in order to minimise total differential settlements. Prakoso & Kulhawy (2001) 

undertook a parametric study of the effect of a number of pile/soil variables on both the 

maximum and differential settlement of piled rafts using uniform loading of the raft within 

elastic and elastic-plastic frameworks. They concluded that the ratio of the pile group width 

to the pile raft width in addition to the pile length were the most influential aspects of the 

group geometry with respect to differential settlements. Moreover, a value of 0.5 was deemed 

the most appropriate width ratio with a view to minimizing differential settlements. 

Reul and Randolph (2004) considered a number of pile/soil parameters including the rigidity 

of the raft on differential settlement using FE analyses in conjunction with a nonlinear soil 

model. The study found that differential settlements are most dependent on the raft-soil 
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stiffness ratio and the applied load configuration rather than the actual average settlement of 

the foundation system. Moreover, they reported that locating piles at the centre of the 

foundations was very effective in reducing differential settlement. 

Cho et al. (2012) employed the FE software package ABAQUS in conjunction with the 

Mohr-Coulomb soil model to investigate the influence of a number of variables on the 

differential settlement of piled rafts including pile-soil interface slip. They concluded that pile 

length actually had less of an influence compared to group size, load level and the ratio of the 

pile raft width to pile group width. 

While those studies considered the magnitude of differential settlements occurring across a 

piled raft, Skempton and MacDonald (1956) identified the radius of curvature as the most 

influential settlement characteristic causing cracking of buildings. They compiled a database 

of 98 case histories with the goal of developing limits for total and differential settlement of 

various foundations. Since the radius of curvature proved very difficult to measure 

accurately, they proposed angular distortion (β) as a more practical measure of differential 

settlement, defined as the ratio of the differential settlement to the horizontal distance 

between measurement stations. 

A selection of the limits for β documented in the literature are presented in Table 2-1 through 

observations of damage to buildings founded on both clay and fill. The limits presented by 

Zhang and Ng (2005) were derived from a database of the settlement characteristics of 300 

buildings within a probabilistic framework. In light of these studies, there now appears to be a 

general consensus in the literature that angular distortion greater than 1/300 is likely to induce 

damage in ordinary buildings, although Eurocode 7 has recently set out a more conservative 

1/500 tolerable limit. Also relevant is Rethati’s (1961) observation that 91% of the damage 

from his database was associated with buildings of two storeys or lower and concluded that 

the rigidity of the supported structure should also be taken into account when considering 

angular distortion.  
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Table 2-1 Limits for angular distortion 

Reference Limits 

Skempton & MacDonald (1956) 

Rethati (1961) 

Jappeli (1965) 

β < 1/300 

Wahls (1994) β < 1/125 to 1/250 

Zhang & Ng (2005) 
β < 1/86 ± 1/70 (intolerable) 

β < 1/357 ± 1/417 (tolerable) 

Eurocode 7 β < 1/500 

2.8 Summary 

2.8.1 Methods of pile group analysis 

 A number of authors have shown that the equivalent raft and equivalent pier methods 

provide satisfactory results of group settlement when compared to more rigorous 

continuum solutions in addition to measured data. These methods are an obvious 

simplification of the pile-soil-pile interaction process, however. In addition, pile 

installation effects may not be incorporated so readily. 

 Simplified analytical approaches provide a logical framework for considering pile 

group settlement without the expense of continuum analyses and have been split into 

three categories in the present review: 

o LE solutions using IFM 

o Nonlinear solutions using IFM  

o ‘Hybrid’ methods 

 In general, the ‘hybrid’ methods have been confined to the consideration of pile 

interaction effects using the theory of linear elasticity using either the solutions by 

Mindlin (1936) or alternative LE solutions e.g. Chan et al. (1974). The load-transfer 

method is used for the analysis of a single pile which assumes nodes on the same pile 

are uncoupled. In addition, this method of analysis does not account for the 

‘reinforcing’ effects of a receiver pile.  

 Load-transfer methods in conjunction with IFM provide an expedient means of 

predicting pile group settlement while also taking account of pile-soil-pile interaction 

directly. Mylonakis and Gazetas (1998) demonstrated that the ‘reinforcing’ effects of 

a second receiver pile can be readily incorporated into this approach.  
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 Load-transfer methods in conjunction with IFM have been primarily based on the 

theory of linear elasticity. More recently, however, a limited number of studies have 

applied IFM to a nonlinear load-transfer approach for the extension of a nonlinear 

analysis of a single pile to the analysis of a pile group. While this is a logical 

progression in analytical modelling of pile groups, the validity of applying the 

principle of superposition is relatively unknown and requires further validation before 

being adopted by any further studies within a nonlinear framework. 

 FE and BE analyses of the entire pile-soil continuum are the most rigorous forms of 

pile group analysis. These methods can consider pile-soil-pile interaction explicitly in 

addition to other important pile/soil variables such as pile-soil slip, group reinforcing 

effects. That said, inclusion of pile installation effects in a parametric study would 

still require some form of simplifying assumptions. 

 The drawback of continuum analyses is that they can become computationally 

expensive if large groups with non-standard geometries are to be taken into account in 

addition to the various pile/soil variables mentioned. 

2.8.2 Pile installation effects 

 A review of numerical methods was conducted in order to identify the most suitable 

approach to consider installation effects in the present study; CEM was chosen for 

this purpose since it is more readily applicable to long-term stress changes than SPM. 

 In addition, a review of experimental investigations into pile installation was also 

undertaken with a view to compiling data to validate the modelling that will be 

undertaken in this thesis. 

2.8.3 Measures of piled foundation serviceability 

 While a limited number of studies have developed empirical formulae for the 

estimation of the absolute settlement performance, these are based on a number of 

simplifying assumptions and further field data is required to validate their form. 

 Angular distortion was identified as a superior measure of settlement performance 

than total differential settlement from a review of studies that have considered the 

influence of various settlement characteristics on damage to ordinary buildings. 

 To the author’s knowledge, no numerical studies have been undertaken in the 

literature to extend knowledge on the angular distortion of piled foundations. 
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CHAPTER 3 

FINITE ELEMENT PRELIMINARIES 

3.1 Introduction 

In this chapter the details of the FE modelling conducted throughout this thesis is presented. 

The FE modelling was carried out using the software package PLAXIS 3-D Foundation, 

Version 2.2 and PLAXIS 2-D 2010 (Brinkgreve 2007). A number of constitutive models 

have been employed in this research ranging from the basic linear elastic model to more 

sophisticated models such as MIT-S1. The adopted material and geometrical parameters 

discussed in this chapter serve as default values to be varied during parametric studies 

conducted later in this thesis. The following are discussed in detail in the subsequent sections: 

 The particulars of each constitutive model employed in this research. Inherent in this 

description are the advantages and disadvantages associated with the assumed 

constitutive laws.  

 Details of the FE modelling including dimensions of the computational domain, initial 

boundary conditions and the mesh sizes adopted for the various analyses. 

 The default pile/soil parameters for a number of a well-documented geotechnical test 

sites analyzed later in the thesis. 

 The definition of interaction factors and how the IFM is implemented in the present 

work. 

 The adopted method for modelling both single pile and pile group installation effects. 

3.2 Description of material models 

3.2.1 Linear elastic 

The linear elastic soil model is the most basic soil model available in the PLAXIS 

commercial package. This model describes isotropic linear elastic behaviour and is based on 
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Hooke’s law but also serves as the basis for a number of other soil models. Hooke’s law can 

be defined as: 
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where     
  is the effective stress rate in the x-direction,     

  is the effective stress rate in the y-

direction,     
  is the effective stress rate in the z-direction,     

  is the shear stress rate acting 

on the x-plane in the y-direction,     
  is the shear stress rate acting on the y-plane in the z-

direction,     
  is the shear stress rate acting on the z-plane in the x-direction,     

  is the 

effective strain rate in the x-direction,     
  is the effective strain rate in the y-direction,     

  is 

the effective strain rate in the z-direction,     
  is the shear strain rate acting on the x-plane in 

the y-direction,     
  is the shear strain rate acting on the y-plane in the z-direction and     

  is 

the shear strain rate acting on the z-plane in the x-direction. 

Two input parameters are required, namely the effective Young’s modulus, E’, and the 

effective Poisson’s ratio, ν’. The three other stiffness moduli are defined as follows: 
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              (3-4) 

where G is the shear modulus, K is the bulk modulus, Eoed is the oedometer modulus and the 

superscript (′), denoting effective stress, has been dropped for clarity. A value of νu=0.5 leads 

to completely incompressible behaviour, where νu is the Poisson’s ratio in undrained 

conditions. This leads to singularity of the stiffness matrix however, and thus a value of 0.495 

is used in modelling practice.  

3.2.2 Hardening Soil Model 

The main advantage of the Hardening Soil (HS) model over an elastic perfectly-plastic model 

is that the yield surface is not fixed in principal state but instead can expand due to plastic 
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straining (Brinkgreve 2007). The HS model is an improvement on the Duncan-Chang 

hyperbolic model in that the theory of plasticity is used as opposed to the theory of elasticity.  

The yield function, f, for this model can be defined as follows: 

            (3-6) 

where    is a function of stress and    is a function of plastic strains and are defined as 

follows: 
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where q is the deviatoric stress (defined as σ1- σ3), ε1
p
 is the plastic deviatoric strain in 

primary triaxial loading, εv 
p
 is the plastic volumetric strain, qa is the asymptotic value of the 

shear strength, E50 is the secant stiffness in triaxial loading and Eur is the elastic unload-reload 

stiffness in triaxial conditions. It can be seen that Eq. 3-7 corresponds to the well-known 

Duncan-Chang hyperbolic model. During plastic straining (i.e. f=0),      . The plastic 

deviatoric strains can thus be obtained as follows: 
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In addition, the model accounts for elastic deviatoric strains as follows: 

   
  

  

   
     (3-10) 

where ε1
e
 is the elastic deviatoric strain in primary triaxial loading. 

One of the main features of the HS model is its ability to capture the stress dependency of soil 

stiffness. The parameter ‘m’ controls the relationship between soil stiffness, E, and the 

corresponding confining stresses, p, as follows: 
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where E is the Young’s modulus, p
ref

 is the reference stress for the stiffness E
ref

, m is an 

exponent for stress-level dependency of stiffness, c’ is the cohesion and φ’ is the friction 

angle. 

The main difference between the HS model and the Duncan-Chang hyperbolic model is the 

introduction of a yield cap which introduces two types of hardening: shear hardening and 
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isotropic compression hardening. While shear hardening models irreversible strains due to 

primary deviatoric loading, compression hardening models irreversible strains in primary 

compression oedometer and isotropic loading. The function describing the yield cap surface, 

f.
c
, is defined as follows: 

   
   

  
      

      (3-11) 

where α is a model parameter and relates to the coefficient of lateral earth pressure for 

normally-consolidated soil, K0
NC

, p is the mean effective stress, pp is the isotropic 

preconsolidation pressure (which determines the size of the cap) and    is a measure of 

deviatoric stresses defined as: 

                  with   
       

       
    (3-12) 

where σ1 is the major principal stress, σ2 is the intermediate principal stress and σ3 is the 

minor principal stress. 

In addition, the following hardening law relates plastic volumetric cap strain,   
  

 to the 

evolution of pp: 
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where p
ref

 is the reference pressure and β is a cap parameter which is related to     
   

and thus 

is not used as a direct input parameter.  

The yield cap surface thus takes the shape of an ellipse where pp controls the magnitude of the 

cap and α determines the aspect ratio. The rate of volumetric cap strains (plastic volumetric 

strain in isotropic compression) therefore defined as: 

       
  

  
            (3-14) 

where ∂λ is a scalar controlling the magnitude of plastic strains and ∂g/∂σ is the derivative of 

the plastic potential function g(σ). Because normality is assumed the derivative of the plastic 

potential is equal to the derivative of the yield function i.e. ∂g/∂σ=∂f/∂σ (see Fig. 3-1). Thus  

       
   

  
          (3-15) 

During plastic straining, f
 c
=0 and using Eq. 3-8, λ can be defined as follows: 

  
 

  
 

  

     
    

                 (3-16) 
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The relationship between the rates of plastic strain is thus defined as follows in this model: 

   
                     (3-17) 

where ψm is the mobilised dilatancy angle. The Hardening Soil model with small-strain 

stiffness is a further advancement on the original HS model in that small-strain stiffness is 

accounted for through the use of a small-strain stiffness overlay formulation. However, this 

model was not considered for the purpose of this research since soil strains occurring at 

typical working loads on piles exceed small-strain values (Ozbrud 2010). Since these 

additional small-strain parameters would also require calibration and validation, the HS 

model was adopted henceforth as a more expedient model for the consideration of pile group 

settlement performance. 

3.2.3 Modified Cam-Clay (MCC) 

The MCC model (Roscoe and Burland 1968) was developed as a modification to the original 

Cam-Clay (CC) model (Roscoe and Schofield 1963). The yield function is derived from work 

consideration. The MCC model differed from its predecessor in its assumption that the rate of 

internal work, dW
p

int, is dissipated by not only deviatoric plastic strains but also volumetric 

plastic strains. 

CC  →                  
        

 
                                             (3-18) 

MCC  →        
         

  
 
      

  
 
                              (3-19) 

where M is the slope of the critical state line in q-p space, dεq
p
 is the rate of plastic deviatoric 

strain and dεq
p
 is the rate of plastic volumetric strain. 

Thus for MCC, the following can be considered as a dilatancy expression: 

   
 

   
  

     
 

   
                                                     (3-20) 

where ηq is the stress ratio defined as q/p. According to Eq. 3-20 above, dilation occurs for ηq 

> M whereas contraction occurs for ηq < M. Assuming an associated flow rule (see Fig. 3-1): 

   
 

   
  

  

  
                                                      (3-21) 
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Fig. 3-1 Associated flow rule 

 

Combining Eqs. 3-20 and 3-21, the expression can be integrated to give the following: 

        
  

 
                                                (3-22) 

The yield function can thus be written as follows: 

               
  

 
                                   (3-23) 

The yield function described by Eq. 3-23 is an ellipse and is illustrated in Fig. 3-2. 

 

Fig. 3-2 MCC yield surface 
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3.2.4 MIT-S1 

The MIT-S1 constitutive model was employed in this research to consider the post-failure 

strain-softening behaviour of low OCR soils during pile installation (additional information is 

provided in Chapter 7). This model was developed by Pestana (1994) to describe the effective 

stress-strain-strength behaviour of freshly-deposited soils (i.e. uncemented). A full 

description of the model is provided in Pestana (1994) and Pestana and Whittle (1999); 

therefore only the salient features of the model are referred to herein. 

The MIT-E3 effective stress model formed the basis for MIT-S1. A number of improvements 

are associated with the latter: 

 The Matsuoka-Nakai (M-N; Matsuoka and Nakai 1974) generalization  of parameters 

to non-triaxial conditions. 

 An improved model for the variation of Poisson’s ratio. 

 The inclusion of a limiting compression curve (LCC) for sands. 

 State-dependent shear strength of sandy soils. 

 The ability to capture the transition from contractant to dilatant behaviour of soils. 

The MIT-S1 separates the critical state failure criterion, when the soil is sheared to large 

strains, from the yield function which controls the plastic response during shearing. The 

critical state conditions are represented by the Matsuoka-Nakai (1974) surface and are 

considered to be essentially independent of stress history and density (Pestana 1994). The 

criterion can be defined as follows: 

    

  
 

        
 

        
          (3-24) 

where                                         ,             are the invariants of stress 

of the effective stress tensor, σ’, and ϕ’c is the friction angle in triaxial compression. For the 

generalization to non-triaxial conditions, Pestana (1994) re-wrote the expression given in Eq. 

3-24 thus giving the following form: 

      
     

  
 

 
    ,    

  
         

          
   (3-25) 

where η = s/p’ is the stress ratio tensor, s is the deviatoric stress tensor, “:” identifies the 

tensor scalar product and J3η is the third invariant of η. One of the most important features of 

the M-N criterion is that it predicts the same friction angles in triaxial compression and 
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extension. Although the Mohr-Coulomb failure criterion (employed in the HS model) also 

predicts equal friction angles in triaxial compression and extension, the two criteria differ for 

intermediate loading angles with M-N predicting higher friction angles in plane strain 

shearing. 

The yield surface associated with MIT-S1 is described by Pestana and Whittle (1999) as a 

distorted lemniscate which has been defined as follows: 

                        
  

  
 
 

                   (3-26) 

                              (3-27) 

where p’ is the mean effective stress, α’ (scalar parameter) and b (second order tensor) define 

the size and orientation of the yield surface, respectively, c is a parameter that controls the 

aperture of the yield surface near the origin and m is a material parameter which controls the 

shape of the yield surface. 

The parameter c generalizes the maximum friction angle occurring to non-triaxial conditions 

using the M-N surface as follows: 

     
     

  
 

 
        (3-28) 

  
 =

        

         
           (3-29) 

3.2.5 Summary 

A summary of the model features relevant to this research is presented in Table 3-1 for each 

constitutive model discussed in the preceding sections. In addition, the role each model plays 

is summarized in Table 3-2. The LE soil model is used for initial validation to existing LE 

analyses also developed within a LE framework. The HS model was adopted for the analyses 

investigating both absolute and differential pile group settlement performance for a number 

of reasons (Ozbrud 2010): 

 The HS model is suitable for considering serviceability limit states; single pile and 

pile group loading (and two-pile interaction) induce strain levels in the vicinity of the 

loaded pile(s) that vary typically in the range of 0.1% to 1% (Ozbrud 2010). 

 The HS model correctly reproduces strong soil nonlinearity. 
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 Unlike MCC which is only applicable to clays, the HS model is suitable for most 

soils; therefore while the parameters employed in this research are representative of 

clays, the findings may be equally applicable to sands. 

 While the Hardening Soil model with small-strain stiffness is a further advancement 

on the HS model, these additional parameters require calibration and validation; 

moreover, since the working loads exceed small-strain values, the author deemed the 

HS model to be adequate. 

Table 3-1 Summary of soil model features (for clays) 

Model 
No. material 

parameters 

Soil 

nonlinearity 

Volumetric 

hardening 

Strain-

softening 
Anisotropy 

LE 2     

HS 9 √ √   

MCC 4 √ √   

MIT-S1 13 √ √ √ √ 

 

In the case of pile installation in clays, however, strain levels in the vicinity of the pile far 

exceed 1% bringing the soil beyond peak failure (Ozbrud 2010). For the purpose of 

examining the influence of single pile installation effects, the MIT-S1 model was adopted as 

a user-defined soil model (UDSM) since it can take into account (i) post-peak strain softening 

and (ii) evolving anisotropy. While a number of models are suitable for this application, the 

MIT-S1 model was chosen because it has been successfully used by other researchers for 

similar applications. 

However, the investigation of group effects using MIT-S1 as a UDSM proved too 

computationally intensive due to the large amount of deformations associated with the 

analyses. In light of this the MCC model was adopted for the consideration of group effects 

since it better describes critical state conditions than the HS model. 

Table 3-2 Use of soil models in this research 

Model 

Validation to 

previous LE 

work 

Pile 

‘interactive’ 

displacements 

Single pile 

load-

displacement 

Pile group 

load-

displacement 

Single pile 

installation 

effects 

Group 

installation 

effects 

LE √ √     

HS  √ √ √   

MCC     √ √ 

MIT-S1     √  
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3.3 FE modelling details: pile group analysis 

3.3.1 PLAXIS 2-D elements 

15-node triangular elements (as shown in Fig. 3-3a) were used for the soil layers and volume 

clusters in the 2-D modelling conducted in this thesis. ‘Floors’, or plates, in PLAXIS 2-D are 

line elements with 3 degrees of freedom per node i.e. two translational degrees of freedom 

and one rotational degree of freedom. When plates are used in conjunction with 15-node soil 

elements then each plate comprises 5 nodes as shown in Fig. 3-3b.  

(a) 

 

(b) 

 

Fig. 3-3 (a) 15-node volume elements and (b) 5 node plate elements 

In addition, interfaces are also used in this thesis. These are composed of interface elements. 

The connection between interface elements and 15-node soil elements is illustrated in Fig. 3-

4. It should also be noted that in the finite element formulation the coordinates of each node 

pair are identical; therefore the interface has zero thickness. 



3-11 

 

 

Fig. 3-4 Connection between interface and soil elements 

3.3.2 PLAXIS 3-D Foundation elements 

For the 3-D finite element modelling, 15-node ‘wedge’ elements were used in this study for 

soil layers and other volume clusters. These comprise 6-node triangular faces in the 

horizontal direction and 8-node quadrilateral faces in the vertical direction (see Fig. 3-5). 

Beam elements (used later in Chapter 9) consist of 3-node line elements with 6 degrees of 

freedom per node including three translational degrees of freedom and three rotational 

degrees of freedom. In PLAXIS 3-D Foundation, ‘floors’ are 6-node triangular plate 

elements, also with 6 degrees of freedom per node. In addition, the interfaces consist of 16-

node interface elements which comprise 8 pairs of nodes in order to coincide with the vertical 

face of the wedge element shown in Fig. 3-5. Similar to PLAXIS 2-D, the node pairs of the 

interface elements have identical coordinates and therefore do not have a finite thickness. 

 

Fig. 3-5 Illustration of PLAXIS 3D Foundation ‘wedge elements’  
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As mentioned, the structural elements, such as beam elements and plate elements, have both 

translational and rotational degrees of freedom. When these elements are connected together, 

they will use the same degrees of freedom; therefore a rigid connection is imposed. 

3.3.3 FE model parameters 

The pile/soil parameters considered in this research are illustrated in Fig. 3-6. The default pile 

length (L) and diameter (D) are 6.0 m and 0.282m, respectively, (the diameter gives an 

equivalent pile area to that of a square pile of width 0.25 m), corresponding to those tested by 

McCabe and Lehane (2006); these were chosen on the basis that measured data reported in 

that study has been used to validate portions of this research. All piles modeled in this thesis 

are driven piles and have a circular cross-section. However, the findings of this research are 

compared to data from a range of pile types later in this work. It is acknowledged that these 

piles are relatively short compared to typical piles used in practice. Nevertheless, it will be 

seen later in Chapter 5 that the normalized pile length (L/D) of 21 is much more in keeping 

with values seen in practice. 

E1 is the stiffness of the upper layer, E2 is the stiffness of the lower layer, and the boundary 

between them occurs at a depth h below ground level, where h is greater than or equal to L. 

The depth below ground level to the bottom mesh boundary, H, was chosen as 3L so that the 

lower mesh extremity had no effect on the FE output.  Likewise, the lateral boundaries of the 

FE model for each analysis were located at a distance such that no influence was recorded on 

output. In all analyses, a value of h/L = 3 was maintained unless specified. 
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Fig. 3-6 Illustration of pile/soil parameters 

Other features of the model are shown in Fig. 3-7 (the illustration is for a ‘rigidly’-capped 16-

pile group). Quarter-symmetry was exploited to reduce the number of elements used in the 

mesh and associated computational time which varied with group size; a maximum of 

~110,000 elements was required for a 196-pile group (the largest pile group considered in 

this thesis). In all analyses, the mesh was refined in zones of high stresses near the piles. 

Coarse, medium and fine meshes were examined to confirm mesh convergence for all 

analyses. 
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Fig. 3-7 Finite element mesh for 16-pile group (quarter symmetry) 

3.3.4 Interaction factors 

The interaction factor (α) is defined by Poulos (1968) as: 

    
   

   
     (3-30) 

where Sii is the settlement of pile i when loaded alone (by load Pi), i.e. the single pile case, 

and Sij is the additional settlement of pile i due to load Pj acting on nearby pile j. 

The value of Sij for a pile pair in Eq. 3-30 can be calculated using Approaches I and II as 

mentioned in Chapter 2 Section 2.3 and are detailed below.  

Approach I – Sij is determined, assuming pile i is not loaded (Fig. 2-2a), for each value of s/D 

and the corresponding value of αij is calculated. In this case the relative shear stress at the 

pile-soil interface of pile i is insignificant and therefore there is no soil modulus degradation 

at pile i. 

Approach II - Sij is determined, assuming pile i is loaded (Fig. 2-2b), for each value of s/D 

and the corresponding value of αij is calculated. Due to the large shear strains at the pile-soil 

interface for pile i, soil modulus degradation occurs in the vicinity of piles i and j as shown in 

Fig. 2-2b. 
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The 2-pile interaction factors used in the present study were obtained from PLAXIS FE 

output according to the following procedure: 

(i)  Interface elements are assigned in the soil model to allow for pile-soil slip. 

(ii) Initial stresses are generated by the K0 procedure, a special calculation method 

available in PLAXIS.    

(iii) The concrete pile installation was reflected by changing appropriate elements to a 

linear elastic material with a Young’s modulus of 30 GPa and a Poisson’s ratio, ν, of 

0.15. 

(iv) Pile i was loaded alone by placing a compressive uniform distributed load along the 

top surface of the pile material and recording Sii. There is no pile j in this scenario. 

(v) In the case of Approach I, pile j was loaded and Sij recorded. In the case of Approach 

II, piles i and j were loaded and Sij recorded.  Pi and Pj will always be equal. 

3.3.5 Superposition of 2-pile interaction factors to predict full pile group behaviour  

The calculation of the settlement, Si, of a pile i within a group of N piles by the IFM may be 

obtained by using the formula below (Poulos 2006):  

             
   

   
     (3-31) 

where Pj = load on pile j; S1 = settlement of single pile per unit load (=Sii/Pi); αij = interaction 

factor for pile i due to a loaded pile j within the group, corresponding to the centre-to-centre 

spacing between piles i and j; N = number of piles in the group. The values of αij used in Eq. 

3-31 above are obtained by incorporating PLAXIS output into Eq. 3-30.  

Calculation of Si for non-capped pile groups is relatively straightforward because the pile 

head load is known; Sij contributions are merely summed. Calculation of the settlement of a 

rigidly-capped group (i.e. for the case of equal settlement of all piles) is considerably more 

involved; the pile displacements are equated forming N simultaneous equations and can thus 

be solved for the unknown loads Pj from which the overall settlement of the group may be 

derived. A simple algorithm was developed in Mathematica for this purpose, the code for 

which is provided in Appendix III. 
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3.3.6 ‘Direct’ analyses 

The term ‘direct analysis’ is used to refer to a continuum analysis of an entire pile group. 

Rigid pile groups and non-capped (representing infinitely flexible) pile groups were 

considered.  

For rigid pile groups, the following analysis procedure was followed: 

(i)-(iii) These steps are the same as the corresponding steps in the Section 3.3.2. 

(iv) Excavation of soil to a depth of 0.5 m below the pile heads. For a free-standing pile 

group in PLAXIS, it is necessary to excavate the soil below the pile cap so that it does 

not come into contact with the ground surface. To ensure that the excavation of the 

soil in stage (iv) did not induce changes to the initial stresses in the soil, a dummy 

material was employed to a height of 0.5m above the soil profile with weight density 

γ=0 kN/m
3
. 

(v) Installation of the pile cap (modelled as a ‘floor’ in PLAXIS) along the top of the pile 

group. The same properties employed for the concrete pile in (iii) were used for the 

cap. 

(vi) Pile group loading by placing a compressive uniform distributed load along the top 

surface of the pile cap.  

(vii)  Recording of the pile cap displacement (SD) versus pile head load (zeroed at the start 

of loading); SD corresponds to the overall group settlement for rigidly-capped pile 

groups and the settlement of a central pile for non-capped groups. 

The term rigid pile group is used somewhat loosely to denote a pile group connected to a stiff 

pile cap since it is acknowledged that in general, the pile cap may undergo slight deformation 

for larger pile group sizes. However, sufficient cap rigidity was confirmed by checking the 

differential settlement between corner and centre group piles. 

The stages used in the analyses of flexible pile groups are similar to the stages for 2-pile 

interaction factors described in section 3.3.2. 

3.3.7 Applicability of IFM to piled rafts 

In practice, piled rafts are commonly used in conjunction with larger pile groups. The IFM is 

strictly not applicable to situations where the pile cap is in contact with the ground. However, 
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given that the majority of piled rafts are designed ignoring any contribution from raft-soil 

interaction (Horikoshi and Randolph 1998), the analyses presented in this thesis will be of 

interest to geotechnical designers. Moreover, a reliance on the contribution of the raft-soil 

resistance can lead to unconservative design in situations where the occurrence of ground 

surface settlement and/or scour by water current is possible. 

3.3.8 Definition of pile cap flexibility 

A goal of this study is to relate angular distortion to pile cap flexibility. Various analytical 

expressions that have been developed to describe the flexibility of a pile cap. The form of 

these expressions have their origin in plate bending theory, such as the expression given in 

Eq. 3-32 (Timoshenko and Woinowsky-Krieger 1959): 

  
    

 

       
  

      (3-32) 

where Ep is the Young’s Modulus of the plate; tp is the thickness of the plate and νp is the 

Poisson’s ratio of the plate. 

Brown (1975) provided a more appropriate expression for the rigidity of a raft by 

incorporating the influence of the interaction between the raft and underlying soil defined as 

follows: 

   
       

      
  

      
      (3-33) 

where Kr is the relative raft-soil stiffness; Er is the Young’s modulus of the raft; Br is the 

width of the raft; Lr is the length of the raft; tr is the thickness of the raft; νs is the Poisson’s 

ratio of the soil and Es is the Young’s Modulus of the soil. 

These approaches, however, do not take into account the influence of the piles on the rigidity 

of the pile cap. The definition of pile cap flexibility by Cheung et al. (1988), shown in Eq. 3-

34 has been adopted in the present study: 

   
    

 

       
  

  

      
     (3-34) 

where Ec is the Young’s modulus of the cap; tc is the thickness of the cap; νc is the Poisson’s 

ratio of the cap; ws is the settlement of a single pile under the same average load; s is the pile-

to-pile spacing and Pave is the average load per pile in the group. Cheung et al. (1988) 

reported that, in general, pile caps are designed with logKr >1. However, a number of well-
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documented pile foundation case histories have been examined as part of this research to 

identify a suitable range for logKr , from which limits of -1.5 (Thorburn et al. 1983) and 1.5 

(McCabe and Lehane 2006) were identified. In light of this, a relatively broad spectrum of Kr 

values has been considered in the present study, i.e. |logKr|≤4, although caps with |logKr|≤2 

are of primary interest. 

3.4 Details of the driven pile installation – 2-D FE modelling 

3.4.1 Cylindrical cavity expansion 

Pile installation causes important changes to the strength and stiffness of the surrounding soil. 

These stress changes influence not only the behaviour of the pile upon loading but also may 

influence the behaviour of neighbouring piles. The lateral regime of effective stresses 

surrounding a pile after installation and subsequent consolidation are of most interest in this 

research. The cavity expansion method (CEM) has been used extensively throughout the 

literature for this purpose. In this paper, predictions of pile installation-induced changes in the 

soil are obtained using CEM in PLAXIS 2D. Numerical analyses must begin with a finite 

cavity radius to avoid the development of infinite circumferential strain while the final cavity 

radius, af, should be selected in accordance with the conservation of volume defined as 

follows: 

   
    

             (3-35) 

where a0 is the initial radius of the cavity; and R is the radius of the pile. 

Carter et al. (1979) noted that in most cases it is sufficient to double the size cavity in order to 

reach pressures within 6% of the limiting pressure, plim defined by Gibson & Anderson 

(1961) as: 

 

              
 

        
      (3-36) 

where p0 is the original in-situ horizontal total stress; su is the undrained shear strength of the 

soil, E is the Young’s Modulus of the soil; and ν is the Poisson’s ratio. 

In the literature to date, predictions of installation and equilibrium stresses at the pile shaft 

evaluated by the CEM are limited to the consideration of lateral deformations and do not take 
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into account vertical deformations due to pile installation. However, Ni et al. (2010) made 

use of transparent soil and particle image velocimetry (PIV) to study the 3-D movement of 

clay during pushed-in pile penetration; Fig. 3-8a illustrates the accumulated displacement 

vectors after pile installation documented by those authors. The measured movement of the 

soil for a normalized radial distance of r/R<1 could not be shown and thus a value of r/R=2 

represents the lower bound limit for the measurements. At r/R=2, the value of z/R varied from 

2 (at the pile base) to approximately 1 mid-way up the shaft where z is the prescribed vertical 

displacements. On the basis of these findings, both vertical and radial displacements are 

imposed simultaneously in this study to simulate more realistic soil movement after pile 

installation (see Fig. 3-8b). The extent of vertical deformations are considered by imposing a 

value of z/R (which is varied in the present work) where a value of z/R=0 replicates a 

traditional CEM analysis. This is the first study, to the author’s knowledge, to consider the 

influence of imposed vertical displacements simultaneously with the expansion of the cavity. 

 

Fig. 3-8a Accumulated displacement vectors after pile penetration from L=0R to L=10R (Ni 

et al. 2010) 
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Fig. 3-8b Illustration of prescribed displacements in PLAXIS 

 

The stages used in the simulation of pile installation are defined as follows:  

(i) Initial stress generation by the K0 procedure, a special calculation method available in 

PLAXIS. 

(ii) Installation of ‘dummy material’ over the entire pile length to a radial extent, a0.  

(iii) Application of a prescribed radial displacement from the initial radius, a0, to a final 

radius, af (corresponding to the pile radius, R), while simultaneously prescribing a 

vertical displacement z at the pile-soil interface to obtain the chosen value of z/R. 

(iv) Pore pressure equalisation to establish the long-term stress changes in the ground 

caused by pile installation. 

In all analyses, the FE mesh was refined in zones of high stresses near the pile as shown in 

Fig. 3-9; also shown is the mesh deformation for a value of z/R chosen equal to 2. The 

elements used have already been described in Section 3.3.1. Progressive mesh refinement 

was used to ensure convergence for all analyses. The depth of the pile was chosen equal to 5 

m; similarly the depth of the FE model was chosen equal to 7 m. Roller supports were used at 

the bottom boundary to allow lateral movement while the lateral boundaries of the model 

were fixed.  
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Fig. 3-9 Deformed FE mesh 

3.4.2 Volumetric Tunnel expansion 

To date, pile group installation effects have not been considered within a numerical 

framework in the literature for two main reasons: (1) 2-D analyses are not capable of 

modelling additional group piles in discrete locations (an annular ring is generated instead) 

and thus CEM analyses are not applicable and (2) although 3-D FE analyses are capable of 

considering pile groups, in PLAXIS, these are based on small strain theory and do not 

accommodate large deformations. 

In this thesis, a new simplified method has been adopted in order to consider group 

installation effects. This analysis involves the expansion of a tunnel in conjunction with a 

plane strain model in PLAXIS 2-D. This method is referred to as volumetric tunnel expansion 

(VTE) henceforth because it uses the tunnel designer in PLAXIS distinguishing it from the 

conventional analyses involving the expansion of a cylinder of soil using an axi-symmetric 

model.  

Using this method, Fig. 3-10 is now considered as a plan view of a 9-pile group at a particular 

elevation in the soil as opposed to the conventional elevation view (half-symmetry was 

employed). Therefore in these analyses the z-direction is no longer considered vertical but on 

the horizontal plane normal to the x-direction. In order to have symmetry in the x and z 

directions, a value of lateral earth pressure, K, equal to 1 was used to ensure σ’xx=σ’zz. A non-

zero unit weight of the soil, however, will now create a gradient of stress in the (now 
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horizontal) z-direction; therefore a zero unit weight was used in these analyses. Instead, the 

horizontal effective stresses at a particular depth are generated by using a surcharge in the z-

direction as shown in Fig. 3-10.  

 

Fig. 3-10 Volumetric tunnel expansion model 

The stages used in the simulation of pile group installation by this method are defined as 

follows:  

(i) Initial stress generation by the K0 procedure. 

(ii) Installation of ‘dummy material’ over pile area with radius a0.  

(iii) Application of volumetric strain (undrained conditions) to the pile areas simultaneously 

until a radius af is reached. 

(iv) Pore pressure equalisation to establish the long-term stress changes surrounding the pile 

group. 

It is conceded that in practice all piles within a group are not installed concurrently but in a 

sequence usually beginning at the centre of the group and moving radially outwards, or 

beginning at one corner and progressing towards the opposite corner. The time taken to 

install a typical pile, however, is generally substantially less than the time taken for 

significant pore pressure dissipation to occur in low permeability soils; thus this 

simplification is not believed to have an appreciable influence on results. 
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3.5 Parameter selection and validation 

3.5.1 Introduction 

In order to ensure that the findings of this research are not specific to a certain soil type, a 

number of different soil profiles have been considered. In this section, the calibration and 

validation of the aforementioned constitutive models used in this thesis to these test sites is 

presented. The commercially-available HS model was deemed appropriate for single pile and 

pile group loading. In the case of pile installation, however, strain levels in the vicinity of the 

pile far exceed 1% bringing the soil beyond peak failure. For the purpose of examining the 

influence of single pile installation effects, the MIT-S1 model was adopted as a user-defined 

soil model since it can take into account (i) post-peak strain softening and (ii) evolving 

anisotropy. However, the MCC model was adopted for the consideration of group effects 

since it better describes critical state conditions than the HS model and the MIT-S1 proved 

too computationally-intensive. 

3.5.2 Belfast 

3.5.2.1 General site description 

Driven single pile and pile group load test data from the programme reported by McCabe and 

Lehane (2006) at Belfast, Northern Ireland are modelled in this thesis for the purpose of 

validating the adopted soil parameters for the Belfast test site. The Belfast soil profile 

consists of a layer of made ground which extends to a depth of ~1.0 m, a layer of silty sand 

from 1.0m to 1.7m, and a lightly overconsolidated soft estuarine silt (locally known as 

sleech) to a depth of 8.5 m. The summary properties of the sleech are given in Table 3-3. A 

stratum of medium dense sand exists at 8.5 m below ground level and the water table was 

found at approx. 1.4 m below ground level (with a small tidal variation). Since relatively 

short piles form the basis of the following parametric studies, the influence of the 

aforementioned stiff crust at Belfast is slightly more pronounced. However, it is rare that a 

site will consist of a uniform normally-consolidated soil deposit and, indeed, will often 

consist of much deeper deposits of high OCR soils. Therefore the combination of relatively 

short piles with a stiff crust is not considered to have an appreciable impact on the findings of 

this thesis. 
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Table 3-3 Typical properties of the Belfast sleech 

Clay Fraction (%) 20 ± 10 

Fines Content (%) 90 ± 5 

Water Content (%) 60 ± 10 

Plasticity Index (%) 35 ± 5 

Organic Content (%) 11 ± 1 

Peak Vane Strength (kPa) 22 ± 2 

Over-Consolidation Ratio (OCR) 1.1 to 2.0 

Friction Angle (
o
) 33 ± 1 

 

3.5.2.2 Pile load test details 

Precast square concrete piles with a width, B, of 250mm were driven to a depth of 6.0 m at 

the Belfast site. The piles were installed using a 5 tonne hydraulic hammer with a drop height 

of 0.45 m. The group piles were arranged with a centre pile surrounded by four corner piles at 

a spacing-to-width (s/B) ratio of 3.0. Purpose-built load cells were positioned at the heads of 

all piles. Maintained-load compression testing on both the single and 5-pile group (with a 

threshold creep rate of 0.024 mm/hour) was carried out using Kentledge dead weight as 

shown in Fig. 3-11. The rigid steel pile cap consisted of two orthogonal layers of six steel I-

sections positioned between 1.8 m square steel plates. The piles were loaded to failure almost 

3 months after installation in increments of 5%-15% of the estimated ultimate load for a 

single pile, by which time over 90% of the excess pore pressures generated during installation 

had dissipated (McCabe and Lehane 2006). 

 

Fig. 3-11 Load test arrangement 
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3.5.2.3 HS parameters 

The basic soil properties used for the constitutive model were derived from laboratory tests 

reported by Lehane (2003) and McCabe and Lehane (2006) and are included in Table 3-4.  

Overconsolidation ratios (OCR) of 1.2 and 2 were selected as the average values encountered 

in the sleech and silty sand, respectively (McCabe 2002). A pre-overburden pressure (POP) 

of 15 kPa was chosen for the fill material to represent a total drop in vertical effective stress 

due to fluctuating ground levels and erosion of material. A friction angle, φ’, of 33° was 

selected for the fill material, the silty sand and the sleech based on the triaxial tests 

documented by McCabe (2002). 

Table 3-4 Belfast soil parameters used in HS model 

 Fill Silty sand Sleech Lower sand 

Depth (m) 0.0-1.0 1.0-1.7 1.7-8.5 8.5-12.0 

γsat (kN/m
3
) 18.5 17.5 16.5 20 

γunsat (kN/m
3
) 18.5 17.5 16 20 

OCR  - 2 1.2 2 

POP (kPa) 15 - - - 

φ’ (° ) 33 33 33 40 

Ψ (° ) 0 0 0 0 

K0  0.46 0.66 0.5 0.46 

m  0.5 0.75 1.0 0.5 

*
E’oed

ref 
(MPa)

 
25 12 6.5 75 

*
E’50

ref 
(MPa) 25 12 6.5 75 

E’ur
ref 

(MPa) 75 36 19.5 225 

pref (kPa) 30 30 30 30 

c’ (kPa) 1.0 1.0 1.0 1.0 

ky (m/day) 1.0 2.6*10
-5

 2.6*10
-5

 8.64 

kx (m/day) 1.0 2.6*10
-5

 5.2*10
-5

 8.64 

Rinter  0.9 0.9 0.55 1.0 

*
E50

ref
 set equal to Eoed

ref
 in the absence of an appropriate reference 

According to Schanz et al. (1999), a value of m=1 should be selected to simulate a stress-

dependency of soil stiffness typical in soft clays and has thus been selected for the sleech. A 

value of m=0.5 for the fill material has been documented as being typical for hard soils 

(Schanz et al. 1999) while an intermediate value of 0.75 was chosen for the silty sand.  
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A value of zero was chosen as a realistic value for the dilatancy angle of the soil, ψ 

(Brinkgreve 2007). The value of K0 was obtained using the relationship K0 = (1 – 

sinφ’)OCR
sinφ’

 (Mayne and Kulhawy 1982).  The Young’s modulus at half the maximum 

deviator stress, E50
ref

, for the sleech was selected by calibrating  predicted stress-strain curves 

in triaxial compression using the ‘Soil Test’ facility in PLAXIS in Fig. 3-12 to the measured 

(test ‘T16’) curves documented by McCabe (2002) where pref  was set equal to the initial 

mean effective stress at the beginning of undrained shearing, p’0 = 30kPa. The secant shear 

stiffness values, Gsec, in Fig. 3-12 (calculated from Esec with ν = 0.5 for undrained conditions) 

have been normalised by p’0. The stress history of the sleech was modelled as normal 

consolidation (K0=0.5) with subsequent swelling to the current in-situ overconsolidation ratio 

of 1.2 (which was representative of the average value in the sleech encountered by the piles); 

a satisfactory match can be seen in Fig. 3-13 where M is the slope of the critical state line. 

 

Fig. 3-12 HS predictions of triaxial stiffness 
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Fig. 3-13 HS predictions of triaxial behaviour 

A value of E50
ref

 for the fill material, corresponding to a reference pressure of 30kPa, was 

chosen based on the soil stiffness employed in McCabe and Lehane (2006). The default 

setting of Eur
ref

 = 3*E50
ref

, where Eur
ref

 is the unloading-reloading soil stiffness, was 

maintained for the fill, silty sand and sleech material while a value of 1 kPa for the cohesion 

of the fill and sleech was used for numerical stability (e.g. (Killeen and McCabe 2010). It is 

recognised that the permeabilities, k, of the sleech reduce with increasing stress levels so 

average values at in situ stress levels are presented in Table 3-4.  

In order to simulate the reduction in strength of the soil at the pile-soil interface arising from 

pile installation, PLAXIS allows for the input of the interface strength reduction factor, Rinter, 

such that: 

tanφ’inter = Rinter tanφ’soil    (3-37) 

Einter = R
2

interEsoil          (3-38) 

The database of interface strength reduction factors documented by Potyondy (1961) and 

Tiwari et al. (2010) guided the selection of an appropriate value of Rinter for the fill material 

(chosen as Rinter = 0.9). The selection of appropriate values of Rinter for the silty sand and 

sleech were aided by site-specific operational interface friction angles, δ, documented by 

Strick van Linschoten (2004). These were measured in ring shear interface tests with a soil-

concrete interface. Values of δ equal to 31° and 18.5°±3° were measured for the silty sand 

and sleech respectively, corresponding to Rinter values of 0.9 and 0.55.  A values of Rinter=1 
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was arbitrarily chosen for the medium dense sand. A ‘non-porous’ linear elastic model was 

chosen to represent the concrete pile material with a Young’s modulus, E = 30 GPa and 

Poisson’s ratio, ν = 0.15.  

Since the input parameters in the present soil model have been defined in terms of effective 

stress, it is necessary to check that the present soil model accurately predicts the undrained 

shear strength profile at the Kinnegar test site which was measured by in-situ shear vane 

testing. Correction factors for undrained strength reported by Bjerrum (1972) have been 

applied to the measured shear vane strengths documented by McCabe (2002) in Fig. 3-14. It 

can be seen that predictions of the undrained shear profile determined by the HS model, 

although illustrating a slightly different gradient with depth, show good agreement with vane 

strengths reported by McCabe (2002) below a depth of 4m. It can be seen that there is a lack 

of data to verify this trend at shallower depths; however, fill material extends to ~2 m and the 

reduced strength and stiffness nearer the ground surface ensures that the overall pile 

behaviour will be governed by the deeper soil properties.w 

 

Fig. 3-14 Comparison between corrected vane strengths and predicted undrained shear 

strength profiles 

3.5.2.4 Load-displacement results 

For the purpose of validating the assumed parameters described in the previous section, 

predictions of the load-displacement behaviour of a single pile and pile group have been 
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282mm where Deq =2B/π
0.5

.
 
A pile-to-pile spacing of s/Deq = 2.8 was adopted in the analyses. 

For these preliminary validation analyses, pile installation was modelled as ‘wished-in-place’, 

i.e. a neutral mean effective stress profile after installation and consolidation; it will be shown 

later in Chapter 7, however, that this assumption is not unreasonable for a low OCR clay. 

PLAXIS 3-D Foundation was used to simulate the single pile field test (S) for the partially-

drained loading believed to have occurred in the test.  

This was carried out by increasing the pile head load in a ramp over a 6 hour consolidation 

phase (i.e. the duration of the single pile load test). PLAXIS then incrementally increases the 

load directly in proportion with time passed. The partially-drained analysis appears to predict 

the initial measured stiffness of the single pile, its nonlinearity and the pile load at 15mm 

displacement very well.  

The load-displacement response of the centre pile of the 5-pile group (C) has also been 

plotted with that simulated by a partially-drained analysis in PLAXIS 3-D where the duration 

of the 5-pile group load test in this case was 12 hours. It can be seen from Fig. 3-15 that 

PLAXIS 3-D under-predicts the stiffness of the centre pile slightly but the nonlinear load-

displacement response and load at 15mm displacement are captured well. Since the overall 

pile group response is largely governed by the response of the corner piles, the author does 

not consider the under-prediction of the centre pile stiffness to have an appreciable influence 

on pile group analyses conducted later in this thesis.  

 

Fig. 3-15 Predicted and measured load-displacement responses of the single pile (S) and 

centre pile (C) of the 5-pile group  
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3.5.2.5 Two-pile interaction factor results 

The HS model has also been employed to compare predictions of two-pile interaction factors 

(using Approach I) to a range of field data and existing prediction methods; the results of the 

analyses have been plotted in the traditional form of α against s/D or s/Deq in Fig. 3-16. The 

variation in predictions of α with load level determined by PLAXIS is captured by the shaded 

region in Fig. 3-16 where the upper and lower bounds represents a load level corresponding 

to a factor of safety (FOS) on single pile capacity of 1.5 and 4.0, respectively where the pile 

capacity was defined nominally at a pile head displacement of 0.1D.  

 

Fig. 3-16 Comparison of measured and predicted interaction factors  

Most importantly, PLAXIS predictions and the measured data at the Belfast test site show 

significant agreement. Although comparisons with the data reported by Cooke (1974) and 

Caputo and Viggiani (1984) are only indicative (since different soil and pile properties as 

well as load levels will lead to differences in interaction factors), PLAXIS results also show 

good agreement to the measured field data for a value of s/Deq=3, the pile spacing on which 

much of this work is based. From Fig. 3-16, it can also be seen that predictions determined by 

the present analyses and the 2-D nonlinear FE analyses documented by Jardine et al. (1986) 

show much improved agreement to field data than the predictions determined using the 

PIGLET computer program (Randolph 2003) and the approach documented by Chen et al. 

(2011) where the soil is idealised as a LE medium. The method employed by Chen et al. 

(2011) differs from conventional approaches in that a more rigorous approach to consider 

pile-soil interaction is proposed using the fictitious pile-extended half-space model. 



3-31 

 

In general, it can be seen from Figs. 3-15 and 3-16 that PLAXIS results compare well to the 

measured field data documented by McCabe and Lehane (2006), particularly at a normalized 

pile spacing of s/D=3, thus affirming the present selection of material parameters and soil 

model. 

3.5.3 San Francisco Young Bay Mud 

3.5.3.1 General site description 

Field data from the pile installation research reported by Pestana et al. (2002) and Hunt et al. 

(2002) is also modelled in this research. The project site is located at Islais Creek on the San 

Francisco Peninsula in California. The site exploration for this project consisted of two 

seismic cone penetration (SCPTu) tests and eight borings. The ground profile consists of a 

layer of fill which extends to a depth of approximately 3.5 m, a deep deposit comprising two 

layers of Young Bay Mud (YBM) from 3.5 m – 31 m which are separated by a stiffer and 

significantly more permeable layer at a depth of approximately 15.5 m – 17.5 m. YBM is a 

soft, moderately sensitive marine clay and its properties have been the subject of much 

investigation at UC Berkeley over the past couple of decades. The summary properties of the 

YBM are given in Table 3-5 (Hunt et al. 2002). A stratum of stiff sand exists at 31 m below 

ground level and piezometer measurements give an approximate ground water table at a 

depth of 2.1 m. 

 

Table 3-5 Typical index properties of the San Francisco Young Bay Mud at Islais Creek 

Depth 

(m) 

Index properties (%) Specific 

gravity 

Gs 

Organic 

content 

(%)* 

Clay 

fraction 

(% <2 μm) 

Coarse 

fraction 

(% >74 μm) 

Average 

w (%) 

Average 

γt 

(kN/m3) 
LL PL PI 

8.5 98 39 59 2.75 4.5 50 1.5 92.2 14.3 

12.8 86 34 52 2.71 4.5 45 1.7 79.8 15.1 

23.8 76 32 44 2.66 4.5 48 0.6 63.4 16.2 

 

3.5.3.2 Modified Cam-Clay  

In PLAXIS, the MCC soil model requires five input parameters, listed in Table 3-6 together 

with their physical meaning. The MCC parameters at a depth of 12.4 m were chosen for the 

purpose of undertaking the parametric study on the influence of pile group installations in 

Section 7.6. 
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Table 3-6 MCC parameters for San Francisco YBM at a depth of 12.8 m at Islais Creek 

Parameter Physical meaning  

λ Gradient of the virgin isotropic compression line in e-ln p' space 0.42 

κ Mean gradient of the swelling and recompression line in e-ln p' space 0.044 

M Value of the stress ratio q/p' at the critical state condition 1.54 

μur Poisson’s ratio 0.25 

e0 Initial void ratio 2.07 

 

Commonly used relations were used to develop MCC parameters from the one dimensional 

consolidation tests, as opposed to the isotropic consolidation tests that form the basis of the 

model. Thus, Cc and Cr reported by Hunt (2000) were used to determine λ, and κ from: 

                (3-39) 

                                  (3-40) 

where a value of 1.4 was chosen in Eq. 3-40 to account for the variation in K0 during 

unloading. A value for the soil permeability, k, of 10
-7

 m/min was again selected. 

Fig. 3-17a shows the plot used to calibrate the MCC model versus laboratory consolidated 

undrained triaxial tests at the depth of 12.4 m. As MCC could not match the strain-softening 

behaviour of YBM, a value of M was targeted at the peak deviator stress for the test. A value 

of OCR=1 was adopted for this simulation. 
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Fig. 3-17a MCC calibrated predictions vs. measured stress paths in triaxial compression for 

12.4 m depth 

As shown on Figs. 3-17b and 3-17c, the selected MCC parameters lead to satisfactory 

approximations of the failure stresses and strains up to an axial strain of 5%, but fail to 

capture post-peak decreases in deviatoric stress and increases in pore pressure.  

 

Fig. 3-17b MCC calibrated predictions vs. measured stress-strain curves in triaxial 

compression for 12.4 m depth 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

0 20 40 60 80 100 

q
 (

k
P

a
) 

p' (kPa) 

12.4m 

MCC 

0 

10 

20 

30 

40 

50 

60 

70 

0 5 10 15 20 

q
 (

k
P

a
) 

εa (%) 

12.4m 

MCC 



3-34 

 

 

Fig. 3-17c MCC calibrated predictions vs. measured pore pressure in triaxial compression for 

12.4 m depth 

3.5.3.3 MIT-S1  

The MIT-S1 model requires the input of 13 soil parameters for clays which can be obtained 

from standard laboratory tests (Pestana and Whittle 1999). The MIT-S1 parameters adopted 

in the present study are presented in Table 3-7 for depths of 8.5, 12.8 and 23.8 m together 

with their physical meaning.  

The MIT-S1 parameters (defined in Table 3-7) are related and should therefore be calibrated 

in a certain order to best isolate the influence of each (Kullingsjö 2007): 

 1-D compression test, CRS, will yield ρc 

 1-D compression test, triaxial, will yield K0,NC 

 1-D unloading test, triaxial, will yield μ’0 and ω 

 Bender element test, seismic CPT, will yield Cb 

 1-D unloading CRS will yield D and r 

 1-D reloading CRS will yield h 

 Stress paths from CK0UC and CK0UE at OCR=1 will yield φ’m, φ’cs and m 

 Stress strain relation from DSS test will yield ωs 

 Stress paths and stress-strain relation in CK0UE will yield ψ 
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Fig. 3-18 Map of YBM site locations used in the calibration of the MIT-S1 model. Source: 

Google maps 

While the MIT-S1 parameters were calibrated in the order outlined above, they are discussed 

hereafter in the order they are presented in Table 3-5. Although the parameters presented in 

this section are intended to be a representation of the Islais Creek test site, insufficient data 

for the calibration of certain model parameters to this particular site necessitated that the data 

reported by Hunt (2000) were supplemented with data from alternative nearby test sites as 

illustrated in Fig. 3-18. 

Table 3-7 MIT-S1 parameters for San Francisco YBM 

Parameter Physical meaning 
YBM 

BBC 
8.5 m  12.8 m 23.8 m  

ρc Compressibility of normally consolidated (NC) clay 0.275 0.283 0.268 0.178 

D 
Nonlinear volumetric swelling behaviour 

0.03 0.03 0.03 0.04 

r 0.8 0.8 0.8 0.85 

h Irrecoverable plastic strains 10 10 10 6 

K0,NC K0 for NC clay 0.62 0.62 0.62 0.49 

μ'0 Poisson’s ratio at load reversal 0.2 0.2 0.2 0.24 

ω Nonlinearity in Poisson’s ratio; 1-D unloading stress 

path 

2 2 2 1 

φ'cs Critical state friction angle in triaxial compression 35° 35° 35° 33.5° 

φ'm Apex angle of bounding surface 43 43 43 46° 

m Shape of bounding surface 1.3 1.3 1.3 0.8 

ψ Rate of evolution of anisotropy due to stress history 10 10 10 15 

ωs Small strain nonlinearity in shear 6 6 6 8 

Cb Small strain elastic compressibility (at load reversal) 150 250 250 450 

e0 Initial void ratio 2.46 2.07 1.71 1.0 
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Compression coefficients, ρc, for YBM were calculated from the slope of the normal 

compression line (NCL) in a double logarithmic void ratio-effective stress space from 

oedometer tests reported by Hunt (2000) for depths of ~8.5, ~12.8 and ~23.8 m, respectively. 

The parameters D and r describe the hysteretic volume response. Values of D were selected 

by measuring the slope of the unloading curve at an overconsolidation ratio (OCR) ≥ 10 

while a values of r were selected from curve-fitting to the unloading stress-strain behaviour in 

a standard oedometer test documented by Hunt (2000) as shown in Fig. 3-19. The parameter 

h controls the amount of normalised irrecoverable plastic strain observed in unload-reload 

cycles and was again selected by curve-fitting to the oedometer test data reported by Hunt 

(2000). The fit between measured data and calibrated predictions is shown in Fig. 3-19 for all 

three depths. 

 

Fig. 3-19 Determination of parameters ρc, D, r and h from measured 1-D loading and 

unloading in constant rate of strain oedometer tests 

 

The parameters μ’0 and ω describe the Poisson’s ratio immediately after load reversal and the 

nonlinear variation in elastic Poisson’s ratio during unloading, respectively. These parameters 

can be obtained by curve-fitting to measured stress paths during 1-D swelling. Since 

measured data of stress paths in 1-D swelling were not available in the literature, the variation 

in K0 with OCR documented by Stewart and Hussein (1993) was employed instead for the 

calibration of μ’0 and ω (see Fig. 3-20). 
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Fig. 3-20 Determination of parameters μ’0 and ω 

Fig. 3-21 shows plots used to calibrate the parameters φ’m, φ’cs and m versus laboratory 

consolidated undrained triaxial tests (Hunt 2000) at the three instrumentation depths 

consolidated to (i) approximately pre-pile in-situ stresses (σ) and (ii) approximately three 

times the pre-pile in-situ mean effective stress (3σ). The parameter m controls the distortion 

of the bounding surface, φ’m controls the opening angle around the isotropic axis at large 

OCR and φ’cs is the critical state friction angle. Reference was made to the undrained triaxial 

compression tests reported by Hunt (2000) for the selection of φ’cs. Pairs of values of φ’m and 

m were calibrated by curve-fitting to the measured stress paths presented in Fig. 3-21.  

 

Fig. 3-21 MIT-S1 calibrated predictions vs. measured stress paths in triaxial compression 

 

0 

0.5 

1 

1.5 

2 

2.5 

3 

1 10 

K
0
 

OCR 

Stewart & Hussein (1993) MIT-S1 

0 

50 

100 

150 

200 

250 

300 

0 50 100 150 200 250 300 350 400 450 

q
 (

k
P

a
) 

p' (kPa) 

MIT-S1 NC 

7.75m; σ 

12.4m; σ 

23.25m; σ 

8.5m; 3σ 

12.8m; 3σ 

23.8m; 3σ 



3-38 

 

The parameter ψ controls the amount of rotational hardening and is best calibrated to CK0UE 

measured stress paths (Pestana and Whittle 1999). To the authors’ knowledge, there are no 

CK0UE measured stress paths for YBM documented in the literature. Instead, the authors 

employed measured CK0UE stress-strain curves documented by Duncan (1965) for the 

purpose of refining the value of ψ for YBM as shown in Fig. 3-22. 

 

Fig. 3-22 Calibration of ψ to measured stress-strain curves 

Small strain non-linearity in shear is controlled by the parameter ωs and was chosen by curve-

fitting to the shear modulus degradation curves reported by Hunt (2000) in Fig. 3-23. These 

data are also supplemented with data reported by Stewart and Hussein (1993) (the shaded 

area denotes the variation in these measured values) and Sitar and Salgado (1994). 

 

Fig. 3-23 Determination of small strain non-linearity in shear 
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The parameter Cb controls the small strain elastic shear and bulk modulus and was obtained 

using the following closed-form equation (Kullingsjö 2007): 

   
 

   
  
    

     
  

 

   
  

     

      
    (3-41) 

where Gmax and p’ are the small-strain shear modulus and mean effective stress, respectively, 

and are given in atmospheres and e is the void ratio. Values of Cb were obtained from Gmax 

values reported by Hunt (2000) and Stewart and Hussein (1993) from seismic cone tests and 

are plotted against the corresponding mean effective stress, p’, in Fig. 3-24. The values of Cb 

adopted in the present study were chosen based on a best-fit line to the measured data (also 

shown on Fig. 3-24). A value of 10
-7

 m/min was chosen for the soil permeability, k, for all 

three depths based on the consolidation tests reported by Hunt (2000). 

 

Fig. 3-24 Determination of parameter Cb from data reported in the literature 
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compression documented by Hunt (2000). In Fig. 3-25, it can be seen that MIT-S1 

predictions agree well with measured data consolidated to both pre-pile in-situ stresses and to 

three times pre-pile in-situ stresses. Similarly, the MIT-S1 predictions appear to be in good 

agreement to measured pore pressures in Fig. 3-26. Thus from Figs. 3-25 and 3-26, the 
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YBM at the Islais test site. 
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Fig. 3-25 MIT-S1 calibrated predictions vs. measured stress-strain curves in triaxial 

compression 

 

Fig. 3-26 MIT-S1 calibrated predictions vs. measured pore pressures in triaxial compression 

3.5.4 Boston Blue Clay (BBC) 

While the majority of the parametric analyses of pile group settlement in this thesis are based 

on the aforementioned Belfast soil profile, an alternative soil type (Boston Blue Clay, BBC) 

has also been employed to assess the wider applicability of the findings of the present 

research. Reference was made to Altabaa and Whittle (2001), Konstantakos et al. (2005) and 

Ladd et al. (1999) for the selection of the HS parameters listed in Table 3-8. 
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Table 3-8 BBC soil parameters used in HS model 

 BBC 

Depth (m) 0-12 

Sat weight density γsat (kN/m
3
) 18.5 

Unsat. Weight density γunsat (kN/m
3
) 18 

Horiz. Permeability kx (m/day) 5*10
-5

 

Vert. permeability ky (m/day) - 

Friction angle, φ’ (° ) 33.4 

Dilatancy angle, Ψ (° ) 0 

Cohesion, c’ (kPa) 1.0 

Pre-overburden pressure, POP (kPa) - 

Overconsolidation ratio, OCR 2 

Coefficient of lateral earth pressure, K 0.48 

Tangent oedometric stiffness, 
*
E’oed

ref 
(Mpa) 30 

Secant stiffness in drained triaxial test, E’50
ref 

(Mpa) 30 

Unloading/reloading stiffness, E’ur
ref 

(Mpa) 90 

Reference pressure for stiffness, pref (kPa) 100 

Power for stress-level dependency of stiffness, m 1 

Interface strength reduction factor, Rinter 0.6 

3.6 Summary 

In this chapter, a review of each model used in this thesis has been discussed ranging from 

the more basic LE soil model to the advanced MIT-S1 model in PLAXIS. In addition, the 

details of the finite element modelling used later in this thesis have also been presented 

including parameter selection and validation. The adopted material and geometrical 

parameters discussed in this chapter serve as default values to be varied during parametric 

studies conducted later in this thesis. The main findings of the chapter may be summarised as 

follows: 

 The LE soil model is used for initial calibration to existing LE analyses also 

developed within a LE framework. The commercially-available HS model was 

deemed appropriate for single pile and pile group loading. In the case of pile 

installation, however, strain levels in the vicinity of the pile far exceed 1% bringing 

the soil beyond peak failure. For the purpose of examining the influence of single pile 

installation effects, the MIT-S1 model was adopted as a user-defined soil model since 

it can take into account (i) post-peak strain softening and (ii) evolving anisotropy. 
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However, the MCC model was adopted for the consideration of group effects since it 

better describes critical state conditions than the HS model and the MIT-S1 proved 

too computationally-intensive. 

 Details of the FE modelling were presented including the method of determining 

interaction factors and overall group settlements using IFM and direct analyses. 

 Parameter selection and validation was presented for three test sites, namely Belfast in 

Northern Ireland, Islais Creek in San Francisco and Boston Blue Clay.  

 In the course of the validation for the Belfast test site, it was shown that the 

assumption of a neutral lateral stress regime after pile installation and consolidation 

was a reasonable preliminary assumption for a low OCR clay. 

 The adopted material and geometrical parameters discussed serve as default values to 

be varied during parametric studies conducted later in this thesis. 
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CHAPTER 4 

SCOPE OF RESEARCH AND PRELIMINARY VALIDATIONS 

4.1 Overview of research 

The development of simplified approaches for the consideration of both the absolute and 

differential settlement performance of pile groups is described over the next five technical 

chapters of this thesis. A schematic overview of the work presented later in this thesis and 

how it links together is illustrated in Fig. 4-1; the following is a description of the work 

undertaken: 

 On the absolute settlement performance front, an empirical method for the prediction 

of pile group stiffness efficiency, based entirely on finite element output, is first 

developed in Chapter 5.  

 In Chapter 6, the development of a more detailed approach begins with an extensive 

numerical investigation of the suitability of nonlinear interaction factors for pile group 

settlement prediction.  

 Based on the findings of Chapter 6, a numerical study of single pile and pile group 

installation effects is presented in Chapter 7 using a number of different constitutive 

models.  

 The development of a semi-empirical approach (analytical in large parts) is 

documented in Chapter 8 which incorporates the findings of both Chapters 6 and 7.  

 Differential pile group settlement performance is then examined in Chapter 9. Trends 

from rigorous FE analyses were employed to correlate predictions of the absolute pile 

group stiffness efficiency, which can be obtained using the approaches developed in 

Chapter 5 and/or Chapter 8, to predictions of the differential settlement performance 

for a given pile cap rigidity.  

In this chapter, the range of pile/soil parameters considered in the parametric analyses 

conducted later in this thesis is first presented. In addition, PLAXIS predictions using 

primarily a LE soil model are compared to existing predictions and measured data in the 

literature for the purpose of preliminary validations. These preliminary validations were 
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undertaken to ensure that the adopted FE model parameters and stages of analysis in this 

thesis are comparable to standard modeling procedures employed in the literature.  

 

Fig. 4-1 Overview of Chapters 5-9 

4.2 Scope of the numerical analyses 

4.2.1 Geometric parameters 

The following outlines the scope of the geometric parameters considered in this thesis: 

 The influence of variables that have formed the basis of previous approaches for the 

estimation of pile group serviceability such as group geometry (Dg/D; defined in Fig. 

4-2a), a composite term which indirectly accounts for the pile spacing-to-diameter 

ratio (s/D), and group size, N are also considered herein. Due to the large number of 

elements associated with volume piles in PLAXIS, a group size of N=196 was the 

limiting value for this work.  

 The influence of additional normalised variables on group settlement performance are 

also considered such as: pile length-to-diameter ratio (L/D); the relative depth below 

ground level of a stiffer layer beneath the pile base (h/L); pile group configuration 

(m/n) where m and n are the number of piles along adjacent sides of a rectangular pile 
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group configuration (see Fig. 4-2b); and the pile cap overhang ratio (B/s) where B is 

the shortest distance between the edge of the cap and the centre of the outer piles and 

s is the spacing between piles (see Fig. 4-3).  

 The piles in the group have been labelled alphabetically starting from the centre pile 

of each group moving outwards as shown in Fig. 4-3 for a 9-pile group; thus pile a is 

the centre pile for each group while pile c, pile f, pile j, etc. are the corner piles for 

group sizes of 3
2
, 5

2
, 7

2
 etc., respectively.  

 A value of h/L=3 was used as a basis for the majority of the subsequent analyses 

which have been documented as representing a pile group in an infinitely deep soil 

mass; certain scenarios with h/L<3 are also considered. 

The conclusions drawn in this thesis pertain to all combinations of parameter values 

presented in Tables 4-1. While example graphs are shown for particular cases throughout this 

thesis, the conclusions made apply to the entire range unless stated otherwise.  

 

Table 4-1a Range of parameters considered in 

Chapter 5 

N L/D E2/E1 h/L m/n 

4 21 1 1 1 

9 50 5 1.1 2.25 

16 100 10 1.2 4 

25  30 1.5 9 

36  50 2 36 

64   3  

81     

100     

196     
 

Table 4-1b Additional parameters 

considered in Chapter 6-9 

OCR B/s s/D Soil type 

1 0 2 Belfast 

1.5 0.5 3 BBC 

2  5 YBM 

4    
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(a) 

 

(b)

 

Fig. 4-2 Illustration of the term (a) Dg (adapted from Castelli and Maugeri 2002) and (b) m/n 

 

Fig. 4-3 Pile group geometry and labels for a 9-pile group 

4.2.2 Constitutive models and parameters 

 The constitutive models used in this research range from a basic linear elastic model 

to the more sophisticated MIT-S1 model, although the HS model has been used in the 

majority of the analyses in this thesis. A description of each model and the role each 

model plays in this work has already been discussed in Section 3.2. 

D

D
g
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 The soil parameters considered include the overconsolidation ratio (OCR), the relative 

stiffness of the lower and upper layers (E2/E1) having a boundary at depth h and soil 

type. 

4.2.3 Modelling procedures 

 It is recognised that nonlinear pile group settlement performance varies with load 

level. Unfortunately, there is little consensus in the literature on the most common 

actual working load levels in practice. In light of this, load levels in this research were 

adopted in order to err on the side of conservatism: a FOS of 2.5 was adopted for the 

consideration of absolute pile group settlement performance since nonlinear pile-to-

pile interaction is greatest at lower load levels; a FOS of 1.35, corresponding to 

serviceability limit state recommended by Eurocode 7, was employed for differential 

settlement performance since predictions using a FOS of 2.5 may be considered 

unsafe in comparison. This required the calculation of the ultimate resistance of an 

equivalent single pile for each pile group analysis in this thesis. 

 Since pile loading in practice typically occurs after either full consolidation, or at least 

after sufficient dissipation of excess pore pressures, drained analyses are used 

henceforth, except in Chapter 7 which involves the consideration of both undrained 

pile installation and subsequent consolidation. 

 Finally, the term ‘rigid pile groups’ is used loosely in this study since it is realistic to 

assume that slight deformation of the pile cap may occur, particularly for large group 

sizes. 

4.3 Initial validation exercises: absolute settlement performance 

When considering the serviceability of groups of closely-spaced piles, the stiffness efficiency 

(ηg) term is a convenient gauge of the extent of pile-to-pile interaction within the group under 

working conditions. In order to build confidence on the modelling procedures to be adopted 

later in this thesis, predictions of ηg obtained using PLAXIS are compared with existing 

predictions and field data (Fleming et al. 2009; Poulos and Davis 1980). The value of ηg has 

already been defined in Eq. 2-15. It is well established that group size has a significant impact 

on pile group stiffness efficiency; therefore ηg has been plotted against N in the subsequent 

figures. For the sake of clarity, figures considering group size have been arbitrarily truncated 

at N=40. In Fig. 4-4, a LE soil model in PLAXIS is used to compare predictions to existing 
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approaches in the literature. The PLAXIS LE soil properties were chosen to represent the 

initial linear stiffness values of the HS parameters; these were selected by calibration to the 

initial load-displacement response of a single pile. Details of the pile/soil parameters adopted 

in the numerical analyses represented in this section are summarised in Table 4-2. Due to the 

soil type adopted in the analyses in this section (i.e. Belfast sleech), the relative pile-soil 

stiffness (λ) is slightly different to those adopted in the approaches listed in Table 4-2; 

however, previous LE investigations have shown that these differences will not lead to an 

appreciable influence on pile-to-pile interaction e.g. Poulos (1968).  

In addition, a constant soil stiffness profile with depth has been employed in these LE 

analyses. A common value of e = 0.55 has been adopted for the empirical approach proposed 

by Fleming et al. (2009) in Fig. 4-4. It can be seen that predictions of ηg using a LE soil 

model in PLAXIS agree very well with results using PIGLET which have been documented 

by Poulos and Davis (1980) while showing satisfactory agreement to predictions determined 

by the empirical approach derived by Fleming et al. (2009). Therefore, the stages of analysis 

and modelling procedures adopted appear to be appropriate. 

 

Table 4-2 Pile/soil parameters adopted in the numerical analyses represented in Figs. 4-1-

4-3 

 Reference Analysis s/D L/D λ FOS 

LE 

Poulos & Davis (1980) PIGLET 3 25 1000 n/a 

Fleming et al. (2009) PIGLET - - - - 

Present study PLAXIS 3 25 3000 n/a 

Nonlinear 

Comodromos & Bareka 

(2009) 
FLAC 3D 3 25 4000 2.5 

Castelli & Maugeri 

(2002) 
Empirical 3 - - - 

Present study PLAXIS 3 25 3000 2.5 
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Fig. 4-4 Comparison of LE predictions of ηg against the number of piles in the group 

 

The effect of soil stiffness nonlinearity on predictions of ηg has also been investigated in Fig. 

4-5. In this figure, PLAXIS predictions using (i) a LE soil model with a linear stiffness 

profile (ii) a LE soil model with a ‘Gibson’ profile and (iii) the HS soil model have been 

compared. In addition, a ‘best-fit’ trendline from a database of stiffness efficiency field data 

(from nine published pile group case histories) provided by McCabe and Lehane (2006) is 

also included in Fig. 4-5 which is represented by a dotted line and described by Eq. 2-18 in 

Chapter 2. Since the database consisted mainly of pile group sizes ranging between 4 and 9 

piles (with the exception of two case histories), Eq. 2-18 is represented only for a value of N 

ranging between 4 and 9. From Fig. 4-5, predictions of ηg using a Gibson soil profile with a 

LE soil model in PLAXIS showed improved agreement to both the field data point and 

trendline compared to a linear stiffness profile. It is clear that the HS model shows further 

improved agreement to the field data which is attributable to soil stiffness nonlinearity. 
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Fig. 4-5 Comparison between LE and nonlinear predictions of ηg against the number of piles 

in the group 

 

In Fig. 4-6, predictions of ηg using the HS model in PLAXIS have been compared to existing 

nonlinear analyses and empirical methods (Castelli and Maugeri 2002; Comodromos and 

Bareka 2009). It is evident that existing nonlinear predictions of ηg documented by 

Comodromos and Bareka (2009), based upon the finite difference code FLAC
3D 

(Itasca 

Consulting Group Inc 2000) appear to be a lot lower than field data largely due to the adopted 

FOS. Predictions documented by Castelli and Maugeri (2002) are significantly greater than 

present predictions; the exponent of 0.15 in the approach documented by Castelli and 

Maugeri (2002) worked well for a limited database of case histories, not all of which were 

friction pile groups. Thus the over-prediction of ηg compared to field data for this approach 

might be attributable to the influence of end-bearing pile groups in the database. 
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Fig. 4-6 Comparison of nonlinear predictions of ηg against the number of piles in the group 

 

PLAXIS results using the HS model appear to show good agreement with both the stiffness 

efficiency reported for the load test carried out by McCabe & Lehane (2006) in Belfast and to 

the database of stiffness efficiencies documented by the same authors. Based on the findings 

of this section, it is appropriate to use the output from the HS model in conjunction with the 

adopted FE modelling procedures as the basis for a new simplified empirical approach. 

Moreover, the range of parameters illustrated in Fig. 4-1a will be considered in the 

development of this approach in Chapter 5. 

4.4 Initial validation exercises: Differential settlement performance 

For the purpose of validating the present FE modelling of differential settlement performance 

predictions, PLAXIS output using a LE soil model has been compared to analytical 

predictions by Cheung et al. (1988). Cheung et al. (1988) investigated both the load-sharing 

and differential settlement within a pile group where the pile cap stiffness, Kr, was also 

varied. Therefore, this framework has also been adopted here for the purpose of providing 

context on present results. Subscripts in Figs. 4-7 and 4-8 refer to the pile location as shown 

in Fig. 4-3. 
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A two-layered profile having constant soil stiffness with depth (refer to Guo et al. (1987) for 

full details) is the basis of the predictions in Figs. 4-7 and 4-8. The pile-soil properties 

adopted in the present analyses in Figs. 4-7 and 4-8 were thus chosen to correspond to the 

properties adopted by Guo et al. (1987). Fig. 4-7 investigates the variation in the load-sharing 

within a pile group with a variation in logKr where Kr is the rigidity of the pile cap and has 

been defined in Section 3.3.6.  In Fig. 4-7a, the variation in Pa/Pave has been plotted versus 

logKr where Pa is the load corresponding to pile a (see Fig. 4-3) and Pave is the average load 

per pile in the group. Similarly, the load-sharing at piles b and c has also been considered in 

Figs. 4-7b and 4-7c, respectively. It can be seen that results using the LE soil model in 

PLAXIS are more in keeping with the LE predictions documented by Cheung et al. (1988) 

rather than Poulos (1968). Differences can be attributed to the fact that the method by Cheung 

et al. (1988) does not consider the cap-pile-soil continuum directly. Present predictions 

support the findings of Cheung et al. (1988) that pile groups with a flexible pile cap (logKr ≤ -

2) do not necessarily impose equal load on all piles.  

 

Fig. 4-7a Comparison of pile a load sharing to existing LE predictions; s/D=3, N=9 
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Fig. 4-7b Comparison of pile b load sharing to existing LE predictions; s/D=3, N=9 

 

Fig. 4-7c Comparison of pile c load sharing to existing LE predictions; s/D=3, N=9 

 

In Fig. 4-8, normalised differential settlement, Δ/ws, has been plotted versus logKr for the 

same analyses where Δ is the differential settlement between two adjacent piles in the group. 

It can again be seen that results using the LE soil model in PLAXIS agree well with results by 

Cheung et al. (1988). It is also notable, however, that the method of interaction factors 

(Poulos 1968, also included in the figure) can significantly under-estimate the differential 

settlement of flexible pile groups due to the assumption of equivalent pile head loads; 

however, it has been shown in Fig. 4-6 that this is not necessarily the case. Interestingly, the 
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predictions for flexible pile group settlement documented by Poulos (1968) may still provide 

a suitable upper-bound estimate for higher pile cap rigidities 0≤logKr ≤1.5. 

 

 

Fig. 4-8 Comparison of normalised differential settlement predictions; s/D=3, N=9 

4.5 Summary 

In this chapter, an overview of this research has been presented in addition to the scope and 

initial validation of the present numerical analyses. The findings of the chapter may be 

summarised as follows: 

 Predictions of ηg using a LE soil model in PLAXIS agree well with existing LE 

predictions documented in the literature which verified the stages of analysis and 

modelling procedures employed in this chapter. 

 While predictions of ηg using a Gibson soil profile with a LE soil model in PLAXIS 

showed improved agreement to both the field data point and trendline compared to a 

linear stiffness profile, the HS model showed a further improvement in this 

agreement. 

 When compared to existing nonlinear predictions documented in the literature, the 

present HS predictions showed better agreement to the field data and thus is suitable 

for the development of a simplified empirical approach in the following chapter. 
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 On the differential settlement performance front, present LE predictions showed good 

agreement to existing predictions of both pile group load sharing and differential 

settlement documented by Cheung et al. (1988) for a variation in pile cap rigidity. 

 Present predictions of differential settlement did not compare as well to those 

documented by Poulos and Davis (1980); this can be attributed to the assumption 

adopted by Poulos and Davis (1980) that a flexible pile cap imposes equal loads on all 

pile. 

 In general, however, present predictions using a LE soil model showed very good 

agreement to existing predictions and field data; the adopted modelling procedures 

will therefore form the basis of the parametric studies presented later in this thesis. 
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CHAPTER 5 

A FINITE ELEMENT-BASED APPROACH FOR PREDICTIONS OF 

PILE GROUP STIFFNESS EFFICIENCY 

5.1 Introduction 

Simplified empirical approaches, such as those presented in Section 2.6.1, can be used to give 

a preliminary estimate of the absolute settlement performance of a pile group and can also 

allow the effects of certain variables to be assessed. However, these empirical methods tend 

to be over-simplified; there are important variables other than pile group size and pile spacing 

that influence stiffness efficiency but are not considered. The need for a simple approach 

capable of incorporating additional variables but without sacrificing the stress-dependency of 

soil stiffness is addressed in this chapter using the HS model in conjunction with the Belfast 

test site (see Section 3.5.2 for soil profile and properties). The validity of this new approach is 

appraised against a database of published friction and end-bearing pile group case histories in 

clays. 

The work presented in this chapter is largely based on the following journal article (see 

Appendix I): 

Sheil, B.B. & McCabe, B.A. (2013) A finite element based empirical approach for 

predictions of rigid pile group stiffness efficiency. ACTA Geotechnica, 9:469-484.  

5.2 Parametric study 

5.2.1 Effect of pile spacing 

A commonly-employed pile spacing-to-diameter ratio (s/D) of 3 was adopted throughout the 

parametric study, in the interests of managing the number of analyses to be performed. 

However, the plan density of soil replacement with piles is considered indirectly in the 

composite term Dg/D (as used by Castelli and Maugeri, 2002) which captures variations in 

both pile diameter and spacing, where Dg is the equivalent diameter of the plan area of the 

pile group and D is the diameter of single pile as shown in Fig. 4-2a. This assumption is 

shown to be appropriate in Section 5.3.2. 



5-2 

 

5.2.2  Effect of group configuration 

The variation in ηg for various group configurations of m × n piles is investigated, where m is 

the number of piles along a row and n is the number of piles along a column as shown 

previously in Fig. 4-2 for a 16-pile group. In Fig. 5-1, PLAXIS predictions of ηg have been 

plotted against m/n for group sizes (N) of 4, 16 and 36 piles having L/D=25. It can be seen 

that the effect of group configuration on ηg is relatively insignificant for values of m/n ≤ 10. 

The effect of group configuration has not been considered further in the subsequent 

parametric analyses; a conventional square pile group formation (m/n = 1) is used hereafter.  

 

Fig. 5-1 Influence of a variation in group configuration (m/n) on PLAXIS predictions of ηg; 

s/D=3; L/D=25 

5.2.3 Effect of L/D 

A drawback of the simple empirical approaches developed by Castelli and Maugeri (2002) 

and McCabe and Lehane (2006) is that the effect of the value of L/D on stiffness efficiency is 

not taken into consideration. Similarly, Butterfield and Douglas (1981) averaged values of ηg 

for all values of L/D and thus neglected the L/D effect. Even from traditional LE analyses, the 

value of L/D has been shown to have an important influence on pile-to-pile interaction, e.g. 

Poulos (1968). 

In Fig. 5-2, HS model results are shown where the value of L/D was varied between 21 and 

100; results by Comodromos and Bareka (2009) have also been superimposed on the figure; 

this graph has also been truncated at N=40 for the sake of clarity. In this study, the value of 

L/D was varied by modifying the diameter of the piles instead of length of the piles so as to 

maintain the same soil properties over the length of the piles. From Fig. 5-2, it can be seen 
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that the HS model in PLAXIS predicts a slight decrease in the value of ηg with an increase in 

L/D.  

 

Fig. 5-2 Comparison of existing approaches for estimating the variation in ηg with an 

increasing value of L/D 

The results by Comodromos and Bareka (2009) plot higher than the results of this study due 

to the FOS=1. However, the reduction in ηg with increasing L/D trends from the FE 

modelling are consistent with the findings of Comodromos and Bareka (2009) from nonlinear 

finite difference analyses as shown in Fig. 5-2, although those authors predict larger 

differences. Moreover, similar patterns of ηg reduction with increasing L/D for 

incompressible pile groups have been reported from LE analyses (Caputo and Viggiani 1984; 

Poulos and Davis 1980). 

5.2.4 Effect of E2/E1 

The literature documents many examples of a reduction in pile interaction due to the presence 

of a stiffer stratum beneath the base of a pile group. This can be attributed to an increased 

contribution of the base resistance; it is now common knowledge that interaction between 

pile bases is significantly less than pile shafts. Therefore, in this thesis end-bearing pile 

groups represent pile groups that are founded on a stiff stratum with a value of E2/E1 >2. 

PLAXIS was used to obtain predictions of ηg for values of E2/E1 ranging between 1 and 50. 

For the purpose of this subset of analyses, a second stratum has been included in the soil 

model such that the boundary between the two strata occurs at the level of the pile bases (at 

h/L=1). The soil properties of the lower bearing stratum are identical to those adopted for the 

soft clay except that the soil stiffnesses have been multiplied by a factor of E2/E1.  

0 

0.2 

0.4 

0.6 

0.8 

1 

0 10 20 30 40 

η
g
 

N 

PLAXIS HS; L/D=21 

PLAXIS HS; L/D=50 

PLAXIS HS; L/D=100 

Comodromos & Bareka (2009); L/D=25 

Comodromos & Bareka (2009); L/D=50 



5-4 

 

In Figs. 5-3 and 5-4, typical predictions of the variation of ηg with an increasing value of 

E2/E1 determined by both the HS model and a LE soil model have been plotted for a 9-pile 

and 25-pile group, respectively. The LE soil model in PLAXIS appears to show good 

agreement to the LE predictions documented by El Sharnouby and Novak (1990), Poulos and 

Davis (1980) and Southcott and Small (1996) for both group sizes. From both the LE and 

nonlinear results in Figs. 5-3 and 5-4, it can be seen that a reduction in the compressibility of 

the bearing stratum has the effect of increasing the value of ηg. 

 

Fig. 5-3 Comparison of existing approaches for estimating the variation in ηg with an 

increasing value of E2/E1; N=9; L/D=25; s/D=3; h/L=1 

 

Fig. 5-4 Comparison of existing approaches for estimating the variation in ηg with an 

increasing value of E2/E1; N=25; L/D=25; s/D=3; h/L=1 
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5.2.5 Effect of h/L 

The effect of the depth to a stiff bearing stratum on the value of ηg has also been investigated. 

The second bearing stratum has again been included in the soil model as described in Section 

5.2.4; h/L was varied between 1 and 3.  

The effect of h/L has been considered in two steps. First, predictions of the variation in the 

value of ηg with both h/L and E2/E1 determined by the HS model in PLAXIS are presented in 

Fig. 5-5 (N=36 was chosen arbitrarily). The results suggest that the effect of an increasing 

value of E2/E1 greater than 5 has little influence on ηg for a value of h/L = 1.1 or higher. It 

may be seen that for the case of h/L ≥ 1.1, ηg remains constant for 10< E2/E1 ≤50.  

In the second step, a value of E2/E1=10 has been maintained; the variation in ηg with h/L 

determined by the HS model in PLAXIS is shown in Fig. 5-12 for N=4, N=16, N=36 and 

N=64. Predictions determined by LE analyses (i.e. the charts by Poulos and Davis (1980) and 

Butterfield and Douglas (1981), where values were averaged over the range of L/D) have also 

been plotted in Fig. 5-6 for comparison. It can be seen that PLAXIS predictions compare 

relatively well to the existing predictions also presented. Moreover, it can be seen that the 

value of ηg reduces with an increasing depth to a stiff bearing stratum beneath the pile group 

but levels off at a value of h/L≈2. 

 

Fig. 5-5 Predictions ηg with increasing value of E2/E1 determined by PLAXIS; N=36 piles; 

L/D=21; s/D=3 
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Fig. 5-6 Comparison of predictions determined by the HS model to existing predictions; 

s/D=3; L/D=25; E2/E1=10 

5.3 Formulation of new FE-based approach 

5.3.1 Pile group scenarios 

An approach has been developed based on results from the advanced HS model in PLAXIS 

which have been presented in the previous sections. The following equations were derived 

from matching curves using EXCEL to PLAXIS output. For the formulation of this approach, 

an equation was developed for the prediction of pile group stiffness efficiency for three 

different scenarios defined as follows: 

(i) Pile group in infinitely deep soil mass 

(ii) Pile group in a finite soil mass 

(iii) Pile group end-bearing on a stiff soil stratum 

5.3.2 Pile groups in infinitely deep soil mass (h/L ≥ 3) 

The first case considered is a floating pile group in an infinitely deep soil mass, in which case 

the effect of a stiff soil stratum beneath the pile group can be ignored. The equations 

developed in herein are modifications of the form of the expression for ηg in McCabe and 

Lehane (2006), which was defined in Eq. 2-18. As previously mentioned, variations in pile 
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spacing and diameter are captured by the composite Dg/D term. Eq. 5-1 was developed in 

order to provide a best fit to results obtained using the advanced HS model in PLAXIS 3-D 

Foundation. The resulting expression for ηg (which now captures the effect of L/D in a 

modified exponent term A), is defined as follows where ηf is used to denote the value of ηg 

for a floating pile group in an infinitely deep soil mass: 

        
      

 

   
     (5-1) 

where            
      

 

Fig. 5-7 confirms that Eq. 5-2 provides an excellent fit to results obtained using the HS model 

in PLAXIS (although N=196 was the limiting group size for this work, only the N=40 case is 

presented in Fig. 5-7 for clarity). 

 

Fig. 5-7 Comparison between PLAXIS results and fitted results using Eq. 5-1 for a variation 

in the value of N and L/D 

 

As previously mentioned, all PLAXIS output from which the empirical formulations were 

derived were based upon a spacing of s/D=3. It was necessary, however, to verify that that 

the Dg/D term also adequately captures a variation in s/D. In Fig 5-8, ηpred/ηcalc has been 

plotted against s/D where ηcalc is the value of ηg calculated using Eq. 5-1 and ηpred is the value 

of ηg predicted directly by PLAXIS. Two group sizes were arbitrarily chosen for these checks 

i.e. N=4 and N=16. For each spacing (and group size), the value of Dg/D was calculated and 

used in Eq. 5-1 for the calculation of ηcalc. The ratio ηpred/ηcalc falls no more than 

approximately 2% from unity in this figure. It can therefore be deduced that Eq. 5-1 matches 
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PLAXIS output very well for both the range of adopted s/D values and an increase in group 

size, and also that the Dg/D term adequately captures both pile spacing and the number of 

piles. 

 

Fig. 5-8 Variation in ηpred/ηcalc with s/D 

5.3.3 Pile groups in a finite soil mass (1 < h/L < 3) 

The expression developed for the stiffness efficiency of a pile group in a finite soil mass is a 

modification of the expression for ηf in Eq. 5-1 and is defined in Eq. 5-2 as follows: 

           
 

 
  
 
 

     (5-2) 

where             
      

     

The expression considers the effect of h/L, L/D and N. The influence of E2/E1, however, is not 

considered here since the value of E2/E1 has little effect on stiffness efficiency beyond a value 

approximately equal to E2/E1 =5 as shown in Fig. 5-5. Eq. 5-2 may therefore over-estimate 

the value of ηg if E2/E1 < 5, in which case the value of ηg should be obtained using Eq. 5-1 in 

order to provide a more conservative estimate. Results obtained using the HS model have 

been compared to those provided by Eq. 5-2 in Figs. 5-9a - 5-9c where the value of h/L is 

varied between 1 and 3 in order to verify Eq. 5-2 against PLAXIS output. Results appear to 

agree well for values of L/D ranging between 21 and 100.  
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Fig. 5-9a Comparison between PLAXIS results and fitted results using Eq. 5-2 for a variation 

in the value of h/L; L/D =21 

 

Fig. 5-9b Comparison between PLAXIS results and fitted results using Eq. 5-2 for a variation 

in the value of h/L; L/D =50 
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Fig. 5-9c Comparison between PLAXIS results and fitted results using Eq. 5-2 for a variation 

in the value of h/L; L/D =100 

5.3.4 Pile groups end-bearing on a stiff soil stratum (h/L = 1) 

The expression for the stiffness efficiency of a pile group end-bearing on a stiff soil stratum is 

also a modification of ηf defined in Eq. 5-1. The modified equation takes account of the value 

of E2/E1 and is defined as follows: 

           
  

  
 
 

     (5-3) 

where                   

Although the exponent C varies slightly depending on the group size, N, it is not dependent 

on the value of L/D. Figs. 5-10a – 5-10c illustrate the fit between PLAXIS results and the 

results provided by Eq. 5-3 when all variables are considered. Results show good agreement 

in all three figures. 

Therefore for all three cases presented in Sections 5.3.2 to 5.3.4, Eqs. 5-1 – 5-3 can be 

considered as a sufficiently accurate representation of the results predicted by PLAXIS 3-D 

Foundation.  
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Fig. 5-10a Comparison between PLAXIS results and fitted results using Eq. 5-3 for a 

variation in the value of E2/E1; L/D =21 

 

Fig. 5-10b Comparison between PLAXIS results and fitted results using Eq. 5-3 for a 

variation in the value of E2/E1; L/D =50 

 

Fig. 5-10c Comparison between PLAXIS results and fitted results using Eq. 5-3 for a 

variation in the value of E2/E1; L/D =100 
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5.4 Comparison of present approach to field data 

A database has been compiled of measured stiffness efficiencies of pile groups fixed to a 

rigid pile cap, mainly obtained from Mandolini et al. (2005) and supplemented with two other 

case histories in Table 5-1. Where full load-displacement curves were available, stiffness 

efficiencies were chosen that represent a FOS of 2.5 on capacity (defined as the load required 

to generate a pile head displacement of 0.1D). While the findings of this work are based 

solely on driven piles, it can be seen that the data presented in Tale 5-1 represents a range of 

pile types. The measured field data were compared to predictions of ηg obtained using the 

new equations i.e. Eqs. 5-1 – 5-3 in Fig. 5-11a. In calculating values of ηg, each case history 

was categorised as a case (i), (ii) or (iii) as defined in Section 5.3.1. 

Table 5-1 Database of measured values of ηg. 

Reference Soil Conditions Pile Type N s/D L/D E2/E1 h/L ηmeas Case 

McCabe & Lehane (2006) Soft organic clayey silt Driven concrete 5 2.5 21 - 1.4 0.48   ii 

Goosens and Van Impe (1991) Medium stiff clay DCIS concrete 697 4 26 - - 0.017 i 

Thorburn et al. (1983) Soft very silty clay Driven concrete 55 7.1 27 - - 0.15 i 

Thorburn et al. (1983) Soft very silty clay Driven concrete 97 7.1 107 - - 0.184 i 

O'Neill et al. (1982) Very stiff clay Driven steel pipe 4 3 48 2 1 0.78 iii 

Bartolomey et al. (1981) Soft plastic clay Unspecified 464 4.1 32 - - 0.122 i 

Bartolomey et al. (1981) Tough plastic clay Unspecified 6 1.8 15.5 - - 0.23 i 

Bartolomey et al. (1981) Tough plastic clay Bored 9 3 39 - - 0.6 i 

Cooke et al. (1981) London clay Cast-in-situ 351 3.5 29 - - 0.044 i 

Trofimenkov (1977) Stiff silty clay Driven concrete 7 6 14 - - 0.426 i 

Trofimenkov (1977) Stiff silty clay Driven concrete 9 3 30 - - 0.52 i 

Brand et al. (1972) Soft sensitive marine clay Driven timber 4 5 40 5 1.4 0.89 ii 

Brand et al. (1972) Soft sensitive marine clay Driven timber 4 4 40 5 1.4 1 ii 

Brand et al. (1972) Soft sensitive marine clay Driven timber 4 3 40 5 1.4 0.5 ii 

Brand et al. (1972) Soft sensitive marine clay Driven timber 4 2.5 40 5 1.4 0.6 ii 

Brand et al. (1972) Soft sensitive marine clay Driven timber 4 2 40 5 1.4 0.4 ii 

Komornik et al. (1972) Organic clay Driven concrete 61 8.1 28 2 1.6 0.368 ii 

Koizumi & Ito (1967) Organic silty clay Driven steel 9 3 19 2 2.2 0.42 ii 

Vargas (1948) Stiff plastic clay Cast-in-situ 317 3.5 23 2.5 1 0.05 iii 

Vargas (1948) Stiff plastic clay Cast-in-situ 143 3.5 29 2.5 1 0.12 iii 

Tejchman et al. (2001) Sand Driven concrete 264 3.5 27 - - 0.066 i 

Tejchman et al. (2001) Medium sand Driven concrete 72 4.5 44 - - 0.311 i 

Tejchman et al. (2001) Medium sand Bored concrete 292 5.4 26.5 5 - 0.164 i 

Caputo et al. (1991) Silty sand Bored concrete 241 2.9 21 2 1 0.13 iii 

Briaud et al. (1989) Medium dense sand Driven steel 5 3 33.5 - - 0.6 i 

Bartolomey et al. (1981) Shingle Unspecified 192 3.3 52.5 - - 0.42 i 

Koerner & Partos (1974) Medium dense sand Driven concrete 132 6.9 19 5 2.3 0.1 ii 

Vargas (1948) Medium clayey sand Cast-in-situ 205 3.5 29 3 1 0.19 iii 

Feagin (1948) Medium Dense Sand Driven timber & concrete 239 2.9 34 ~2.5 1 0.094 iii 

Feagin (1948) Medium Dense Sand Driven timber & concrete 186 2.8 36 ~4 1 0.197 iii 

  

Max  697 7.1 107 5 - 0.89  
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Min 4 2 14 - 1 0.017  

  

Average 136 4 33.7 3.6 1.3 0.34  

  

Standard dev. 167 1.6 16.8 1.4 0.4 0.26  

 

Predictions of ηg determined using the approaches by McCabe and Lehane (2006) (Fig. 5-

11b), Castelli and Maugeri (2002) (Fig. 5-11c) and Fleming et al. (2009) (Fig. 5-11d) have 

also been included for reference. It is clear that: 

(i) Predictions of ηg determined using the present approach show good agreement to 

measured field data where the coefficient of determination (calculated as R
2
 =0.94 for the 

clay data) is significantly higher than the corresponding values calculated for existing 

empirical approaches in Figs. 5-11b - 5-11d.  

(ii) Although it is recognised that the parametric study in this chapter  is carried out by 

modifying a default set of soft clay parameters and does not take into account relative 

pile-soil stiffness, the equations developed appear to show satisfactory agreement with 

measured data associated with various clay types described in Table 5-1.  

(iii) It can be seen from Figs. 5-11a and 5-11b that although the database of measured values 

of ηg presented in Table 5-1 consists primarily of friction pile groups, the present 

approach also provides improved agreement with end-bearing field data compared to the 

approach by McCabe and Lehane (2006). 

(iv) Although it is not theoretically justifiable to apply this method to piles in sands (as 

potential densification during installation and dilation, for example, have not been 

considered), data from pile groups in sand are also included as the match is remarkably 

good. This suggests that the geometrical factors captured in the forms of Eqs. 5-1 to 5-3 

have a significant bearing on the stiffness efficiency of pile groups in sands. 

(v) It should be noted that although some of the N values in the Table 5-1 database extend 

beyond the N=196 scope of the equations developed, the effect of N on ηg is much 

reduced beyond N=196 (see Fig. 5-7 for example). The database otherwise provides a 

good spread of parameter values across the ranges for which the empirical equations 

were developed, although further cases to test their validity (and possibly extend their 

range) will be useful. 
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Fig. 5-11a Comparison of predicted values of ηg using present approach to measured values 

 

 

Fig. 5-11b Comparison of predicted values of ηg using approach by McCabe and Lehane 

(2006) to measured values. 
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Fig. 5-11c Comparison of predicted values of ηg using approach by Castelli and Maugeri 

(2002) to measured values. Value of R
2
 = -0.05 

 

 

Fig. 5-11d Comparison of predicted values of ηg using approach by Fleming et al. (2009) to 

measured values. Value of R
2
 = -1.33   

5.5 Summary 

In this chapter, a numerical study on rigid pile group stiffness efficiency has been presented 

and an approach derived from results of drained analyses using the advanced nonlinear 
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Hardening Soil model in PLAXIS 3-D Foundation. The formulae allow for an input of a 

range of parameters that have not been considered in existing approaches developed by 

Fleming et al. (2009), Castelli and Maugeri (2002) and McCabe and Lehane (2006). The 

main points of the chapter have been summarised as follows: 

(i) Although pile installation is not explicitly modelled in PLAXIS, the present equations 

derived from results using the HS model were shown to be a significant improvement on 

existing empirical methods for predicting rigid pile group stiffness efficiency of up to 

196 piles based upon a database provided. 

(ii) A conventional square pile group configuration was used as the basis of the parametric 

study. It is recommended, however, that the application of the new approach should be 

limited to groups of m × n piles with m/n ≤ 10 to avoid over-conservative estimates of 

pile group stiffness efficiency. Similarly, while it is believed the adopted FOS of 2.5 

represents a commonly-employed load level in pile group design, the application of the 

present approach to lower FOS values will provide slightly conservative predictions. 

(iii) It is acknowledged that while the variability of the parameter E2/E1 in the present 

database is limited, the range of stiffness efficiencies represented, however, is quite 

broad.  

(iv) Even though the database of measured values of ηg, against which the current approach 

was appraised, consisted primarily of friction pile groups, it has been shown that the 

present approach provides improved agreement with end-bearing field data compared to 

the approach by McCabe and Lehane (2006). 

(v) Although the adopted parameters in this chapter are representative of soft clay, 

predictions of ηg obtained using the present approach show good agreement to a database 

of field data for a range of clay types.  

(vi) The ability of the empirical equations to predict the stiffness efficiency of pile groups in 

sand well is likely to be an indication that pile group geometry has a large bearing on 

stiffness efficiency and that the equations developed capture the influence of geometry 

very well. 
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CHAPTER 6 

PILE GROUP SETTLEMENT ESTIMATION: THE SUITABILITY OF 

NONLINEAR INTERACTION FACTORS 

6.1 Introduction 

The previous chapter documented the development of a finite element-based empirical approach for 

pile group settlement, which performed very well when appraised against a database of measured pile 

group data. While simplified analytical approaches, like empirical approaches, are amenable to quick 

settlement estimates by the designer, they have the advantage of being grounded in theory rather than 

being based on observed behaviour. The next three chapters describe the development of a complete 

approach for the prediction of the nonlinear behavior of pile groups under vertical load, which is 

substantially analytical but with some semi-empirical elements. This ‘complete’ approach must 

therefore account for: (i) pile-to-pile interaction effects within a nonlinear framework, (ii) both single 

pile and pile group installation effects and (iii) a method for incorporating these within a unified 

framework while also accounting for pile-soil slip and soil nonlinearity; Chapters 7 and 8 address steps 

(ii) and (iii), respectively.  

Arguably the greatest challenge in applying analytical approaches to pile group behaviour is step (i) 

mentioned above, which is the focus of this chapter. The ‘interaction factor method’ (IFM), attributed 

to Poulos (1968) has been adopted for this purpose; IFM remains one of the simplest means of 

estimating load interaction among group piles. This method involves the consideration of a pair of 

piles (a ‘load source’ pile and a ‘load receiver’ pile) initially; the interactive displacements experienced 

by the receiver pile originating from the loaded source pile are computed. If this exercise is performed 

at different pile spacings as appropriate, superposition may then be used to calculate the total 

interactive displacements induced by each pile in the group on all other piles. As mentioned in Chapter 

2, alternatives for calculating the two-pile interactive displacements feature in the literature; the 

receiver pile may be load-free (Approach I) or loaded (Approach II). 

The literature review documented many examples, based on linear elastic (LE) analyses, of the 

successful application of IFM to groups with relatively small pile numbers which has been discussed 

in detail in Chapter 2. Although the principle of superposition is not strictly valid in nonlinear 

engineering problems, Leung et al. (2010) noted that while the load-displacement response of an 

individual pile is essentially nonlinear, the interaction effects between piles remain largely elastic. 
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However, it is clear that much of the justification for the applicability of nonlinear IFM presented in 

Chapter 2 has come from very small pile groups and the influence of various pile/soil parameters on 

the successful application of nonlinear IFM is unknown.  

The purpose of this chapter is to explore, using FE analysis, the suitability of the IFM for the 

estimation of the nonlinear settlement of pile groups of significant size for various pile/soil parameters; 

The HS model has again been employed for this purpose. The primary focus is on the accuracy of IFM 

using Approach I since this is the more widely-accepted approach. However, Approach II has never 

been considered within a nonlinear framework so this study affords the opportunity to compare both 

approaches. The analysis presented has two components: 

(i) A parametric study aimed at reducing the number of variables considered in the subsequent 

settlement analyses in Sections 6.4 and 6.5, thereby reducing the computational time 

associated with the study. This involves a comparison of the soil modulus regimes 

predicted between (a) a pile pair and (b) piles along a cross-section within a group. An 

investigation of the modulus regimes was chosen since (i) pile behavior is largely governed 

by the modulus at the pile-soil interface and (ii) the modulus is also a useful guide to the 

stress regime. The following potential influences upon this comparison were considered: 

pile cap fixity conditions (rigidly-capped and non-capped groups are examined as extremes 

to the full spectrum of flexibility), soil type and the pile length-to-diameter (L/D) ratio; 

these are subsequently shown to be relatively insignificant and are therefore excluded from 

settlement analyses. 

(ii) Group settlements determined by (a) two-pile interaction factors with appropriate 

superposition and (b) direct analyses of complete groups are compared. Variables included 

pile spacing, load factor, number of piles and pile base stiffness. 

The HS soil parameters for Belfast have again been selected as the default parameters. In the course of 

the parametric study however, variations in some of the parameters have meant that the scope of the 

study is broader than merely soft clays. A limited number of analyses are carried out based on 

parameters for stiff Boston Blue Clay as an alternative clay type. 
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6.2 Influence of soil nonlinearity on pile-soil-pile interaction 

6.2.1 Elastic interactive displacements  

PLAXIS load-displacement responses for a pile pair, using both LE and HS models, are compared in 

Fig. 6-1 for a single loaded pile j and a ‘load free’ pile i at s=3D, i.e. using Approach I. The curves 

annotated ‘Pj-sjj’ relate load to displacement on pile j; whereas those annotated ‘Pj-sij’ relate the load on 

pile j to the displacement of pile i. In the LE analysis, the Young’s modulus of the soil was chosen 

based on the initial stiffness of the nonlinear load-displacement response of the loaded pile. Since the 

HS model predicts linearly increasing soil stiffness with depth (i.e. a Gibson soil), a similar profile 

with depth was adopted in the LE soil model.  

It can be seen from Fig. 6-1 that pile displacement determined by the HS model and the LE soil model 

are almost identical for pile i which further supports the theory that pile-to-pile interaction is 

essentially a linear phenomenon (Chow 1986; Leung et al. 2010; Mandolini et al. 2005; Randolph 

1994). This theory is used as a basis to assess the applicability of the IFM to nonlinear analyses in the 

proceeding sections. 

 

Fig. 6-1 Predictions of load-displacement response of loaded and ‘non loaded’ piles; s/D=3, h/L=3 
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literature. These differences are examined here, using the HS constitutive model. In Fig 6-2, predicted 

values of αij using both Approach I and Approach II are plotted against s/D or s/Deq, with the field data 
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a proportion of single pile capacity) equal to 0.4 has been adopted in Fig. 6-2. The interaction factors 

presented in Fig. 6-2 form the basis for corresponding settlement predictions later in this Chapter. 

 

 

Fig. 6-2 Comparison of interaction factor predictions determined using Approaches I and II 

 

In Fig. 6-3, the percentage difference in two-pile interaction factor predictions (∆α) between 

Approaches I and II has been plotted against LF (defined as applied load as a proportion of single pile 

capacity) values ranging between 0 and 0.67 and for a range of s/D values. The pile capacity was 

defined nominally at a pile head displacement of 0.1D. In this thesis, ∆α is defined as: 

     
      

   
                  (5-1) 

where αI  and αII are the interaction factors calculated using Approaches I and II, respectively (the ij 

subscript has been dropped for clarity). From Fig. 6-3, it can be seen that, although the value of ∆α is 

relatively insignificant for a LF of 0.25, an increase in the load level to the higher LF values of 0.4 and 

0.67 results in a notable difference in interaction factor predictions. This divergence in αI and αII 

predictions may lead to a significant difference in settlement estimation when combined with the IFM 

for larger group sizes.  
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Fig. 6-3 Variation in Δα with LF 

6.3 Evaluation of IFM approaches – modulus study 

6.3.1 Overview 

The primary goal of this chapter is to compare sIFM and sD values derived from FE analyses where sIFM 

and sD are group settlements determined by IFM and direct analyses, respectively. However, a 

comprehensive comparison which considers appropriate ranges of all other important pile group 

variables would be prohibitive from a computational viewpoint. For example, the computational time 

required to gather all data for the N=196 group represented by a single datapoint in Figs. 6-10 - 6-12 

later in this chapter is approximately 40 hours for the 1.6 GHz quad core i7 processor used. In this 

preliminary study, variables are considered which were ultimately eliminated from the parametric 

study presented in Sections 6.4 and 6.5. These variables include pile cap fixity conditions, soil type 

and the pile length-to-diameter (L/D); their respective ranges are listed in Table 6-1a while the 

parameters considered in the settlement analyses presented later in this chapter are presented in Table 

6-1b. 
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Fixed 50 1 BBC 
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In this preliminary parametric study, the variation of Young’s modulus between piles is used as a 

measure of the intervening stress fields. E is used to denote the modulus of the soil at a particular 

radial distance r from the centre pile of the group while E0 is used to denote the far-field soil modulus. 

PLAXIS provides an output of the current value of E for the entire computational domain (i.e. the 

entire soil mass). Pivot tables in EXCEL were used to obtain the distribution of E through various 

cross-sections of the pile group by applying limits to horizontal coordinates x and y; furthermore, it 

also allows the user to obtain an average value over the depth of interest (i.e. the pile length) by 

specifying limits to the vertical coordinate, z. Values of E0 represent values of E at a sufficiently large 

distance away from the pile group to be considered ‘undisturbed’. 

 Representative profiles of the following variations of E/E0 with radius are considered:  

(i) between a pile pair and  

(ii) between piles along a cross-section within a conventional √N × √N square pile group (see Fig. 6-4). 

Results for a N=25 group are presented here. This group size was chosen for illustrative purposes; 

however similar trends were observed for alternative group sizes. 

 

 
 

Fig. 6-4 Cross-section of 25-pile group 

 

In these analyses, an average soil modulus (obtained from FE output) between ground level and L=6.0 

m was considered since the current pile/soil parameters are representative of friction piles; the average 

soil modulus is compared to that at different depths in Fig 6-5. In this context, it is the agreement 

between the IFM and direct predictions at the interface of the soil-receiver pile that is of interest, since 

it is well established that soil properties at the pile-soil interface govern pile behavior, e.g. Lee et al. 

(2002). 
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Fig. 6-5 Comparison of average group distribution of E/E0 to distribution at various depths; LF=0.4 

6.3.2 Influence of pile cap conditions 

The distribution of E/E0 has been plotted against r/R in Fig. 6-6 for groups with a rigid cap and no cap 

for a typical value of LF=0.4 and for a spacing between group piles of (s/D)g=3. In addition, the 

variation in E/E0 predicted between just two piles (these are highlighted by shading) using Approaches 

I and II ((s/D)IFM=3) have also been superimposed on Fig. 6-6. It can be seen that the conditions 

imposed at the pile head have little influence on the soil modulus regime existing within the group 

determined by the direct analyses. In light of this, the non-capped groups were adopted as the basis for 

the parametric study in the following sections for computational savings. It is also significant that the 

predictions of E/E0 at the soil-receiver pile interface match very well with those of Approach I, while 

Approach II produces lower E/E0 values.  It can also be seen that the soil modulus between piles in the 

direct analyses exceeds the far-field value; this can be attributed to the increased mean effective stress 

(p’) between piles, similar to that documented by Reul (2004) for a free-standing pile group. As 

mentioned, however, it is the conditions at the pile interface that are of interest in this study. 
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Fig. 6-6 Comparison of predicted variations in E/E0 for L/D=21; LF=0.4, N=25, (s/D)g=3, (s/D)IFM=3 

6.3.3 Influence of pile length 

The dimensionless expression for the pile slenderness ratio documented by Mylonakis and Gazetas 

(1998) considers both the relative pile-soil stiffness and pile length. However, such an expression is 

not convenient to use where the soil stiffness varies with stress level. Therefore, in this study the 

authors have adopted the pile length-to-diameter (L/D) ratio as a more expedient means of considering 

pile slenderness. The influence of the pile length-to-diameter (L/D) ratio can be observed by 

comparing Figs. 6-6 and 6-7; in the latter, L/D has been increased to 50 by reducing the default pile 

diameter. The applied load was modified to correspond to a value of LF=0.4. It can be seen that the 

distribution of E/E0 is largely unchanged. However, because it is agreement at the interface of the 

‘receiver pile’ that is sought from these comparisons, as mentioned, it is clear that Approach I remains 

the preferred IFM approach where Approach II predicts significantly lower values of E/E0. 

 

Fig. 6-7 Comparison of predicted variations in E/E0 for L/D=50; LF=0.4, N=25, (s/D)g=3, (s/D)IFM=3 
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6.3.4 Influence of δ/φ’ (Rinter) 

The value of Rinter in the clay layer has been maintained at 0.55 in Section 6.3. Although these values 

are common for pile-clay interfaces, the possibility of zero strength reduction at the interface, i.e. 

Rinter=1, has been considered in Fig. 6-8. It can be seen that a variation in the value of Rinter 

corresponds to only minor differences in the FE output. The author has chosen not to examine the 

influence of this parameter hereafter. 

 

Fig. 6-8 Comparison of predicted variations in E/E0 for Rinter=1; LF=0.4, N=25, (s/D)g=3, (s/D)IFM=3 

 

6.3.5 Influence of soil type 

As a check that the findings of the present study are not unique to the particular soil properties 

adopted, the effect of a completely different soil profile has been considered on the group modulus 

distribution. In Fig. 6-9, the analyses are based upon the HS parameters of the well-documented BBC 

(see Section 3.5.3). The conclusions drawn from the BBC profile are very similar to the previous 

results for the same geometric parameters in Fig. 6-6. Thus it can be deduced that the soil type 

considered in the analyses is of secondary importance when compared to group geometry and is 

therefore not considered in Sections 6.4 and 6.5. 
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Fig. 6-9 Comparison of predicted variations in E/E0 for BBC; LF=0.4, N=25, (s/D)g=3, (s/D)IFM=3 

6.4 Rigidly-capped group validation  

In this section, PLAXIS 3-D is used to determine the suitability of IFM in conjunction with 

superposition for predicting the settlement of rigidly-capped (square) pile groups. A uniformly-

distributed load (representing an average LF per pile of 0.4) was applied to the surface of the pile cap 

in the direct analysis; sIFM and sD are used to denote settlement predictions determined using IFM and 

by direct analyses, respectively (more details given in Section 3.3). The variation in sIFM/sD with the 

number of piles in the group has been plotted in Fig. 6-10 where a value of sIFM/sD =1 indicates perfect 

agreement between results. Subscripts I and II are used for sIFM to differentiate between settlements 

predicted using Approaches I and II. 

 

Fig. 6-10 Comparison between settlement predictions determined by IFM and a direct analysis for 

rigidly-capped groups; h/L=3, s/D=3 
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It can be seen that IFM settlement predictions determined using Approach I (sIFM(I)) agree well with 

direct predictions (sD) where the entire group is modelled, with a maximum difference of about ~6%. 

In contrast, predictions determined using Approach II (sIFM(II)) fall significantly below sD and appear to 

diverge with N to ~11%. For the sake of computational efficiency, the validation of IFM while 

considering the influence of various pile/soil parameters is hereafter restricted to non-capped groups.  

6.5 Non-capped group validation 

6.5.1 Superposition of nonlinear interaction factors (h/L=3) 

PLAXIS 3-D is used to determine the ability of the IFM in conjunction with superposition to predict 

the settlement of non-capped pile groups. A load of 25 kN (representing a LF of 0.4) was applied to 

the head of each pile in the direct analysis. The variation in sIFM/sD with N (up to N=196) has again 

been plotted in Fig. 6-11 for s/D values of 2 (Fig 6-11a), 3 (Fig 6-11b) and 5 (Fig 6-11c).  

In all cases, sIFM(I)/sD values lie between 0.9 and 1.1, while sIFM(II)/sD values fall significantly below 1 

and reduce with N. In Fig. 6-11d, the suitability of Approach I is further evaluated further by varying 

LF (s/D=3). Although sIFM(I)/sD deviates most from unity at LF=0.67, the deviation does not exceed 

10%. In any event, a value of LF=0.4 is deemed to be more suitable serviceability criterion for piles in 

practice. 

 

Fig. 6-11a Comparison between settlement predictions determined by IFM and a direct analysis for 

s/D=2 
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Fig. 6-11b Comparison between settlement predictions determined by IFM and a direct analysis for 

s/D=3 

 

Fig. 6-11c Comparison between settlement predictions determined by IFM and a direct analysis for 

s/D=5 

 

Fig. 6-11d Influence of load level on accuracy of Approach I; s/D=3 
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6.5.2 Group ‘reinforcing’ effects (h/L=1) 

El Sharnouby and Novak (1990) compared predictions of the settlement performance of rigidly-capped 

pile groups determined by the IFM (Poulos and Davis 1980) with those from a continuum analysis 

based on the stiffness method and Mindlin’s equation (Mindlin 1936). The authors report that 

predictions agree well for floating pile groups but for a value of E2/E1=10, those authors documented 

an over-prediction of rigid pile group settlement by the IFM of 28%, 49% and 64% for a N=9, N=25 

and N=100 pile groups, respectively, which they attributed to the reinforcing effects of intervening 

piles. 

Therefore for group sizes up to N=196, sIFM/sD was determined for values of E2/E1 ranging from 1 to 

50. For the purpose of these analyses, a stiff bearing stratum has been accommodated in the soil model 

at h/L=1. The soil properties of the stiff bearing stratum are otherwise similar to those adopted for the 

soft clay except that the soil stiffnesses have been multiplied by a factor of E2/E1 and are presented in 

Table 6-2. In addition to this, the applied loads were modified for the purpose of maintaining a value 

of LF=0.4. 

 

Table 6-2 Stiff bearing stratum properties 

Parameter E1 
 E2 

E2/E1 = 10 30 50 

φ’ (° ) 33  33 33 33 

Ψ (° ) 0  0 0 0 

c’ (kPa) 1.0  1.0 1.0 1.0 

POP (kPa) 0  0 0 0 

OCR 1.2  1.2 1.2 1.2 

K 0.5  0.5 0.5 0.5 

E’50
ref

 (MPa) 6.5  65 195 325 

E’oed
ref 

(MPa) 6.5  65 195 325 

E’ur
ref 

(MPa) 19.5  195 585 975 

pref (kPa) 30  30 30 30 

m 1  1 1 1 

 

It can be seen from Figs. 6-12a - 6-12c that although there appears to be a slight divergence in sIFM/sD 

from unity for large group sizes, the divergence is not nearly as pronounced as that reported by El 

Sharnouby and Novak (1990). A maximum difference of ~20% was observed for the combination of 
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N=196 and E2/E1=50. This divergence can be attributed to the failure of two pile interaction factors 

(using either approach) to replicate the increase in E/E0 (due to an increase in p’) beneath the base of 

the pile group as shown in Fig. 6-13 where E/E0 represents the average distribution over a depth of 2.0 

m beneath the base of the piles. Moreover, it is now common knowledge that interaction between pile 

bases is significantly less than interaction between pile shafts (see for example Randolph and Wroth 

1979); this leads to significantly reduced pile group settlement predicted by a direct analysis. 

 

 

Fig. 6-12a Comparison between settlement predictions determined by IFM and a direct analysis for 

EB/ES=10 

 

Fig. 6-12b Comparison between settlement predictions determined by IFM and a direct analysis for 

EB/ES=30 
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Fig. 6-12c Comparison between settlement predictions determined by IFM and a direct analysis for 

EB/ES=50 

 

Fig. 6-13 Comparison of predicted variations in E/E0 directly beneath the pile base; LF=0.4, N=25, 

(s/D)g=3, (s/D)IFM=3, EB/ES=50 

6.6 Summary 

This chapter has presented a numerical study on the applicability of nonlinear interaction factors to the 

settlement estimation of pile groups to be incorporated into an analytical approach later in Chapter 8. 

The main points from this chapter may be summarized as follows: 

(i) Predictions of the soil modulus at the pile-soil interface of a designated receiver pile determined 

using Approaches I and II were compared to those predicted by a continuum analysis. Results 

show that for the range of parameters considered, Approach I showed satisfactory agreement to 
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that predicted within groups. Approach II, however, consistently under-predicted the soil 

modulus at the pile-soil interface of the receiver pile. 

(ii) ‘Rigidly-capped’ pile group settlements determined by the IFM using Approach I agree well 

with direct predictions for values of N ranging between 4 and 196. In contrast, predictions 

determined by Approach II tend to be strongly unconservative. 

(iii) Flexible pile group settlements determined by the IFM using Approach I and direct analyses 

agree well for values of s/D ranging between 2 and 5 thus substantiating the findings of the 

modulus study. Although an increase in load level slightly reduces the accuracy of Approach I, 

predictions remain within 10% of direct group predictions.  

(iv) In addition, it is shown that for a value of E2/E1 =50 the IFM over-predicts pile settlement by a 

maximum of 20% compared to a direct analysis for groups of up to 196 piles, significantly less 

than the divergence reported by El Sharnouby and Novak (1990) for small rigid pile groups 

(~64% for a 100-pile group). This is attributed to the increase in E/E0 below the pile bases which 

cannot be accounted for using the IFM.  

(v) The present findings suggest that predictions determined by the IFM provide sufficient 

agreement to guide predictions of the settlement of groups of up to 200 piles when using 

Approach I thus implying the possibility of saving considerable time and computing 

requirements in practice. 
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CHAPTER 7 

A NUMERICAL STUDY OF SINGLE PILE AND PILE GROUP 

INSTALLATION EFFECTS IN CLAY 

7.1 Introduction 

In addition to pile-soil-pile interaction, another important consideration in the development of 

an analytical approach is pile installation. Over the last several decades, numerous 

investigators have endeavoured to provide a more complete understanding of the processes 

associated with soil disturbance during pile installation and subsequent consolidation in clays. 

The cavity expansion method (CEM) (e.g. Gibson and Anderson 1961; Vesic 1972; Carter et 

al. 1979) and strain path method (SPM) (Baligh 1985) have been to the forefront of the 

mathematical approaches used to model pile installation. SPM provides predictions of soil 

strains by means of known velocities of an ideal fluid flowing around a stationary pile; the 

uncoupling of soil deformations and strains from the shearing resistance of the soil greatly 

simplifies the problem of deep penetration. CEM involves the expansion of a finite cylinder 

of soil radially outwards in order to replicate the effects of pile installation. A complete 

description of both of these approaches has been presented in Chapter 2 Section 2.6. 

As mentioned in that chapter, SPM has the advantage over CEM that 2-dimensional large-

strain deformation can be taken into account. Azzouz et al. (1988) and Azzouz et al. (1990) 

reported that while neither CEM or SPM consistently provided accurate predictions of 

installation stresses, good agreement was obtained between predictions evaluated by SPM, in 

conjunction with the MIT-E3 effective stress model (Whittle and Kavvadas 1994), and 

measurements of the radial total stress measured during installation of a model pile in Empire 

Clay. Moreover, Jardine (1985) and Bond (1989) documented that the 2D soil displacement 

field captured by SPM was necessary to adequately capture the friction fatigue observed 

using the Imperial College Pile (ICP). Coupled consolidation analyses, however, require the 

SPM to be paired with FE analyses for the consolidation process; this involves interpolation 

of stresses, pore pressures and hardening parameters from the SPM mesh to the FE mesh and 

does not lend itself easily to parametric studies (Perri 2007). Moreover, numerous 

investigators have shown that linear consolidation theory results in a significant over-

estimation of pile capacity (Kavaddas 1982; Randolph et al. 1979; Whittle 1987) and in order 
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to obtain more reliable predictions of pile capacity, coupled consolidations analyses using a 

nonlinear constitutive model are required.  

In light of these drawbacks, CEM provides a more versatile tool for conducting parametric 

studies of both short-term and long-term pile installation effects and for this reason has been 

adopted as a basis for the present study. CEM analyses can be divided into two categories, 

namely spherical CEM and cylindrical CEM, which can be used for the investigation of 

installation effects below the pile base and surrounding the pile shaft, respectively. 

Installation effects below the base of the pile are outside the scope of this research since it has 

been well-documented that pile base interaction is significantly smaller than pile shaft 

interaction; henceforth CEM refers to the expansion of a cylindrical cavity. 

In this chapter, a comprehensive numerical study on single pile and pile group installation 

effects in clay is presented using PLAXIS. The advanced MIT-S1 constitutive model is 

employed to investigate the effects associated with the installation of a single pile using an 

adaptation of the traditional cylindrical CEM analysis where vertical displacements are 

imposed simultaneously with standard expansion of the cavity. A short parametric study is 

conducted to investigate the influence of a number of pile/soil parameters on long-term 

stresses set up in the soil after pile installation and subsequent consolidation of excess pore 

pressures.  

The MIT-S1 model was employed in PLAXIS as a ‘user-defined soil model’ (UDSM) i.e. as 

a subroutine; group installation effects proved too computationally-intensive for a UDSM. 

The well-documented MCC model was instead employed for the consideration of group 

effects because (i) it is available in the PLAXIS commercial package and therefore was 

capable of modeling more computationally-intensive analyses, and (ii) it is capable of 

describing both peak state and critical state. To date, no numerical investigations have been 

conducted on the installation effects of piles in groups since CEM cannot be applied to these 

analyses without simplifying the group to an equivalent pier. A new simplified method is 

therefore proposed to consider group installation effects over-and-above those associated 

with an equivalent single pile involving the volumetric expansion of tunnels within a plane-

strain framework.  
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7.2 Details of instrumentation and pile installation in San Francisco 

Data from the pile installation programme at Islais Creek in San Francisco, California 

documented by Hunt (2000) was used to appraise the present simplified method for 

predicting single pile installation effects in this Chapter. The pile used in the project was a 

610 mm diameter, 12.7 mm thick and 36.6 m long closed-ended steel pipe pile. The pile was 

driven by a Delmag D 30-32 diesel hammer and penetrated both Young Bay Mud (YBM) 

layers and into an underlying stiff sand layer. Field measurement at the Islais Creek project 

included pore pressure, lateral deflection and shear-wave velocity as a function of radial 

distance from the pile. The project consisted of a total of 10 boreholes as shown in Fig. 7-1. 

 

Fig. 7-1 Borehole layout relative to pile location 

 

Instrumentation included pneumatic piezometers which were installed at depths of 8.5 m and 

12.8 m at three nominal distances from the pile-soil interface, labelled B-1, B-2 and B-3, and 

three inclinometer casings with single piezometers below each, at a depth of 23.8 m and 

labelled B-4, B-5 and B-6. Nominal distances are approximately 0.90D, 1.90D and 3.39D for 

B-1, B-2 and B-3, respectively, and 1.24D, 2.13D and 3.61D for B-4, B-5 and B-6, 

respectively. 

7.3 Comparison between CEM and SPM predictions 

7.3.1 Overview 

As seen in section 3.4.1, the study of clay movement during pile installation reported by Ni et 

al. (2010) was used as justification for simultaneously imposing vertical (z) displacements 

with the radial expansion (R) of a cylindrical cavity in this study (see Fig. 3-5a); this was 

aimed at reproducing a more realistic displacement field upon pile installation. However, 

before comparing predictions using the present approach to measured field data, the merit in 
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varying the value of z/R is assessed by comparing results to existing predictions documented 

in the literature using SPM. Unfortunately SPM predictions for YBM are not available in the 

literature; SPM predictions using the MIT-S1 constitutive model have, however, been 

documented by Perri (2007) and, more recently, Niarchos (2012) using parameters calibrated 

to the well-known Boston Blue Clay (BBC). Therefore, for the purpose of comparing 

predictions using the present approach to SPM predictions in this section, the properties of 

BBC documented by those authors (and listed in Table 3-6) have been adopted. 

7.3.2 Stresses near pile tip 

In this section, the proximity to the pile tip is quantified by z/R. In Fig. 7-2a CEM predictions 

(z/R=2 is the limiting value for this study
1
) of the variation in σ’rr/σ’v0 with depth in a 

normally-consolidated (NC) clay have been compared to SPM predictions for a value of r/R 

= 2 and 6 which have been obtained by interpolating between contour lines documented by 

Perri (2007) where σ’rr is the radial effective stress, σ’v0 is the in-situ vertical effective stress, 

r is the radial distance from the centre of the pile and R is the radius of the pile.  

It can be seen that CEM predictions agree well to SPM predictions for values of z/R>0 and 

are consistent with the trend shown by SPM predictions. For a value of z/R=0, however, 

CEM predictions appear to significantly over-predict the value of σ’rr/σ’v0. From the 

illustration of the simple pile in Fig. 2-7, it can be seen that the SPM analysis at point o does 

not correspond to full cavity expansion while there is also an obvious vertical component. 

Thus a ‘corrected’ CEM analysis was carried out where the cavity was expanded to 

correspond to only 0.6R (taken from Fig. 2-7) while also adopting a value of z/R =1 and is 

denoted in Fig. 7-2a by hollow symbols. The ‘corrected’ results show much improved 

agreement to the SPM results at the pile tip. 

                                                           
1
 This was the largest value of z/R that could be used with MIT-S1 as a UDSM. 
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Fig. 7-2a Variation in σ’rr/σ’v0 with depth after installation; OCR=1 

 

These findings also largely hold for the variation of σ’zz/σ’v0 and Δu/σ’v0 with depth presented 

in Figs. 7-2b and 7-2c, respectively, where σ’zz is the vertical effective stress and Δu is the 

excess pore pressure.  

 

Fig. 7-2b Variation in σ’zz/σ’v0 with depth after installation; OCR=1 
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Fig. 7-2c Variation in Δu/σ’v0 with depth after installation; OCR=1 

 

7.3.3 Stresses along pile shaft 

In Figs. 7-3a – 7-3d, predictions of the installation stresses around the pile shaft documented 

by Perri (2007) have been compared to CEM predictions for a value of z/R=0 (i.e. a 

traditional CEM analysis) and z/R=2. Predictions of the lateral variation of normalised radial 

effective stress, σ’rr/σ’v0, and normalised shear stress τ/σ’v0 are plotted in Figs. 7-3a and 7-3b, 

respectively. It can be seen that by imposing vertical and radial displacements concurrently, 

there is slightly more improved agreement between CEM and SPM results.  

 

Fig. 7-3a Variation in σ’rr/σ’v0 after installation; OCR=1 
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Fig. 7-3b Variation in τ/σ’v0 after installation; OCR=1 

Predictions of the coefficient of lateral earth pressure, K, have also been compared to 

predictions documented by Perri (2007) in Fig. 7-3c. It is clear that for the case of z/R=2, 

there is significantly improved agreement to SPM predictions nearer the pile, i.e. r/R<6. In 

Fig. 7-3d, the variation in normalised excess pore pressures, Δu/σ’v0, have been compared to 

SPM predictions. In contrast to the previous results, an increase in z/R from 0 to 2 has little 

influence on the value of Δu/σ’v0 for 1< r/R < 5 although improved agreement is achieved for 

10< r/R < 30. 

 

Fig. 7-3c Variation in K after installation; OCR=1 
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Fig. 7-3d Variation in Δu/σ’v0 after installation; OCR=1 

 

Although Perri (2007) documented that SPM predictions reach ‘residual’ or constant values 

at values of z/R≈8, a value of z/R=2 shows satisfactory agreement to the SPM predictions 

presented in this section. For the comparison of the present model to field data in the 

following section, the author proceeds with a value of z/R=2 which represents a better 

description of the 2-dimensional displacement field after installation of a driven pile in clay 

(Ni et al. 2010; see Fig. 3-5a). 

7.4 Comparison of CEM predictions to measured data 

7.4.1 Pore pressures 

In this section, the parameters for YBM outlined in section 3.5.2 have been reverted to for the 

comparison to field data. While Hunt (2000) reported an OCR of between 1.2 and 1.4, a value 

of OCR=1.2 was adopted for the three depths in this section; given the uncertainty in the 

determination of OCR from consolidation tests, this was not considered an unreasonable 

assumption (Hunt 2000). In Figs. 7-4a - 7-4c, pore pressures estimated using the MIT-S1 

model in PLAXIS (using a value of z/R=2) have been compared to measured data 

documented by Hunt (2000) at depths of 8.5 m, 12.8 m and 23.8 m, respectively, at the Islais 

Creek test site.  
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Fig. 7-4a Generated pore pressures at 8.5 m depth 

 

Fig. 7-4b Generated pore pressures at 12.8 m depth 

 

Fig. 7-4c Generated pore pressures at 23.8 m depth 
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Measured values of pore pressures are shown on the plot with circles at the normalised radial 

distances corresponding to the base of the inclinometer casings in addition to associated error 

bars corresponding to the uncertainty in the location of the piezometers (Hunt 2000). For the 

23.8 m depth, Hunt (2000) corrected the normalised radial distances to the measured pore 

pressures by back-calculating the lateral deformations using CEM and these have also been 

presented in Fig 6-4c. 

It can be seen from Figs. 7-4a – 7-4c that, in general, CEM predictions with z/R=2 and in 

conjunction with the MIT-S1 model provide good agreement to measured data for all three 

depths. 

7.4.2 Deformations 

Fig. 7-5 presents a comparison between predicted and measured deformations for the analysis 

at a depth of 12.8 m. Measured values reported by Hunt (2000) of radial displacement at the 

end of pile installation and after consolidation (i.e. 678 days) are shown with the 

corresponding return deflections after consolidation; return deflections are defined herein as 

the difference between soil displacements immediately after installation and final 

displacements after full consolidation. 

 

Fig. 7-5 Radial displacements from pile installation and subsequent consolidation 

 

 

Agreement between predicted and measured values is good immediately after pile installation 

at all three locations represented on the plot. It is obvious however that the MIT-S1 model in 
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PLAXIS under-predicts the return deflection after the subsequent consolidation of excess 

pore pressures. 

7.4.3 Mean effective stress 

The well-known relationship defined in Eq. 7-1 has been employed to convert variations in 

shear wave velocities to variations in shear modulus where Vs is the current shear wave 

velocity, Vs0 is the far-field (undisturbed) shear wave velocity, G is the current soil shear 

modulus, G0 is the far-field (undisturbed) soil shear modulus. 

 

  
  

  

   
 
  

  
      (7-1) 

where ρ is the current soil density and ρ0 is the far-field (undisturbed) soil density. It is 

obvious that a variation in Vs will have a significantly larger difference than a variation in ρ; 

thus the variation in ρ of the soil has been neglected (ρ/ρ0 assumed equal to 1). Furthermore, 

the shear modulus of the soil can be related to the mean effective stress (which can be 

obtained from FE output) according to the following relationship: 

  

   
  

 

  
 
 

      (7-2) 

where p’ is the current mean effective stress in the soil, p’0 is the far-field mean effective 

stress and η is an exponent ranging between 0.5 (typical of sands) and 1 (typical of clays) 

(Schanz et al. 1999); a value of η = 1 has been adopted in the present study. Thus the 

following relationship has been adopted to relate predictions of p’ using the MIT-S1 model in 

PLAXIS to measured variations in Vs documented by Hunt (2000): 

  

   
   

  

   
 
 
           (7-3) 

 

Fig. 7-6 presents a comparison of measured mean effective stress variations with correlated 

variations determined from the predicted stress changes due to cavity expansion at a depth of 

12.8 m for measurements in B-5 (r/R=4.6) and B-6 (r/R=7.3) (see Fig. 7-1). Although 

measurements closer to the pile were also available, CEM predictions close to the pile shaft 

are less reliable. It can be seen that the MIT-S1 model predicts the trends with degree of pore 

pressure dissipation at both radial locations remarkably well. For a value of r/R=4.6, 

however, it is clear that MIT-S1 predictions under-predict the increase in mean effective 

stress following full dissipation of excess pore pressures. 
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Fig. 7-6 Variations in normalised shear wave velocity with pore pressure dissipation 

7.5 Long-term stress changes around a single pile 

7.5.1 Influence of pore pressure dissipation 

While total stress analyses provide an insight into the processes associated with pile 

installation, pile loading typically occurs over the duration of a construction project, allowing 

excess pore pressures to dissipate either fully or to a sufficiently high degree. Long-term 

radial effective stress σ’rr is an important consideration since it governs the axial response 

and capacity of the pile, while long-term mean effective stress, p’, can be used to relate 

variations in soil stiffness. Input parameters from Table 2 for a depth of 12.8 m were used for 

a detailed analysis of cavity expansion and subsequent consolidation processes modelled with 

the MIT-S1 model in PLAXIS. 

Figs. 7-7a – 7-7c present lateral variations in normalised installation soil stresses Δu/σ’v0, 

σ’rr/σ’rr0 and p’/p’0, respectively, at various degrees of pore pressure dissipation at the pile 

face where σ’rr0 is the far-field radial effective stress. It can be seen from Fig. 7-7c that values 

of p’ are restored to approximately pre-pile values while in Fig. 7-7b there is an increase in 

the value of σ’rr/σ’rr0 in the soil nearer the pile face at 100% consolidation. 
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Fig. 7-7a Variations in Δu/σ’v0 with pore pressure dissipation at pile face; OCR=1 

 

Fig. 7-7b Variations in σ’rr/σ’rr0 with pore pressure dissipation at pile face; OCR=1 

 

Fig. 7-7c Variations in p’/p’0 with pore pressure dissipation at pile face; OCR=1 
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While the trends presented in Fig. 7-7a are quite ‘well-behaved’, significant numerical 

oscillations can be seen in Figs. 7-7b and 6-7c after various degrees of consolidation. 

Niarchos (2012) also documented significant numerical oscillations using the MIT-S1 model 

when implemented within the FE software package ABAQUS. Those authors noted, 

however, that the numerical oscillations had no specific pattern in space and are accentuated 

by increasing mesh refinement. Having investigated the influence of a number of modelling 

parameters on the numerical noise of the FE output, those authors concluded that the 

numerical noise could be attributed to the implementation of the constitutive model within 

the FE code. Significantly, the authors reported that reliable conclusions could still be drawn 

from the numerical results.  

7.5.2 Influence of OCR 

In Figs. 7-8a and 7-8b the influence of OCR on the lateral distribution of p’/p’0 and σ’rr/σ’rr0, 

respectively, after consolidation have been plotted. An increase in OCR results in an increase 

in both normalised stresses in the zone of soil surrounding the pile which is consistent with 

numerous findings documented in the literature.  

 

Fig. 7-8a Influence of OCR on lateral distribution of p’/p’0 after consolidation 
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Fig. 7-8b Influence of OCR on lateral distribution of σ’rr/σ’rr0 after consolidation 

 

7.5.3 Influence of soil type 

In addition, the influence of soil type on long-term stresses around a single pile has also been 

considered in Figs. 7-9a and 7-9b. Predictions of the lateral distribution of σ’rr/σ’rr0 and p’/p’0 

using YBM parameters have been compared to predictions using the BBC parameters listed 

in Table 3-6. For σ’rr/σ’rr0, while values agree well for a value of OCR=1, BBC predictions 

plot slightly higher than YBM for a value of OCR=2. It can be seen while there is still some 

numerical noise present in the results both sets of predictions appear to agree for p’/p’0 for 

both a value of OCR=1 and 2. 

 

Fig. 7-9a Influence of soil type on lateral distribution of σ’rr/σ’rr0 after consolidation 
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Fig. 7-9b Influence of soil type on lateral distribution of p’/p’0 after consolidation 

 

7.5.4 Influence of constitutive model 

As mentioned previously, and presented in the following section, the MCC soil model has 

been adopted for the purpose of evaluating pile group installation effects. Prior to pile group 

analysis, the results of single pile long-term stresses evaluated using CEM in conjunction 

with the MCC and MIT-S1 have been compared in Fig. 7-10. It can be seen that the 

numerical noise is eliminated when using the MCC model which is available within the 

commercial version of PLAXIS. The MCC model appears to predict higher values of p’/p’0 

in the region 1 < r/R < ~7. However, for predictions of group installation effects in the 

subsequent sections, only the influence on neighbouring group piles will be investigated. For 

practical pile spacings (i.e. r/R > ~5), it can be seen that both models are in relatively good 

agreement. Therefore an investigation of group installation effects using MCC is not deemed 

unreasonable. 
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Fig. 7-10 Influence of constitutive model on lateral distribution of p’/p’0 after consolidation 

7.6 Pile group installation effects 

7.6.1 Comparison of single pile predictions 

In this study, the MIT-S1 constitutive model was employed as a user-defined dynamic link 

library (dll) which limited its use to more routine analyses. It was therefore not feasible to 

consider group effects with this model and the extensively-employed MCC constitutive 

model was adopted for this purpose. 

In order to consider the influence of piles installed in a group, the VTE method outlined in 

section 3.4.2 has been adopted. In Figs. 7-11a and 7-11b, predictions of single pile 

installation stresses after pile installation and after consolidation evaluated using VTE have 

been compared to traditional CEM predictions (with z/R=0). Measured data documented by 

Hunt (2000) and data from a single pile installed in Belfast estuarine silt reported by McCabe 

et al. (2008) has also been included in Fig. 7-11a; although comparison to the latter is only 

indicative since different soil parameters have been adopted. Both sets of data show good 

agreement. It can be seen that the simplification of the problem by eliminating the depth 

component in the VTE method results in higher predictions of pore pressures compared to 

CEM although both methods predict similar trends. Surprisingly, predictions evaluated by 

VTE show better agreement to field data at values of r/R >8.  
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Fig. 7-11a Comparison of single pile pore pressure predictions 

 

In contrast, however, predictions of p’/p’0 after pile installation evaluated by both approaches 

show surprisingly good agreement in Fig. 7-11b. After consolidation, however, there are 

increased differences in the predictions evaluated by both approaches. From the results 

presented in Figs. 7-11a and 7-11b, it appears that installation predictions can be reliably 

predicted using VTE while predictions after consolidation are slightly over-estimated in the 

region of soil closer to the pile. This can be attributed to the omission of the vertical 

component when using VTE, resulting in significant increases in radial effective stress. 

 

Fig. 7-11b Comparison of mean effective stress predictions 
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sections have been normalised by the effects associated with a single pile; therefore only 

additional group effects over-and-above the effects of a single pile are considered. 

7.6.2 Group effects after installation 

The conventional √N × √N square formation of N piles has been adopted as the basis of the 

pile group study. The pile diameters used in this section are consistent with those used in the 

previous sections. In Fig. 7-12, contours of excess pore pressures surrounding a group with 

N=9 (3
2
) piles after installation has been plotted. It is clear from the shape of the contours 

shown in Fig. 7-12 that the pore pressures surrounding a group cannot be adequately captured 

by an equivalent 2-D analysis. 

 

Fig. 7-12 Illustration of pore pressures surrounding 9-pile group after installation; s/D=3, 

OCR=1 
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Fig. 7-13 Configuration and cross-section taken of 9-pile group 

 

A cross-section was taken through the group as shown for N=9 group in Fig. 7-13 to examine 

the lateral distribution of soil stresses. In Fig. 7-14a, the lateral distribution of excess pore 

pressures surrounding a single pile have been compared to that existing within a group with 

N=9, 25 and 49 for a pile spacing-to-diameter (s/D) ratio of 3. The origin of single pile 

predictions has been located at the centre of each group; therefore it is only the agreement 

between the group and single pile predictions in the vicinity of the centre pile that is sought 

from these comparisons. 

 

Fig. 7-14a Comparison between single pile and pile group pore pressure distributions after 

installation; s/D=3, OCR=1 

 

For the sake of clarity and to isolate the effect of the additional group pile installations better, 

the group distributions have been normalized by the single pile predictions and have been re-

plotted in Fig. 7-14b on a log-log scale where ΔuG is the excess pore pressure distribution 

within the groups, ΔuS is the excess pore pressure distribution surrounding an equivalent 

single pile and a value of ΔuG/ΔuS=1 indicates zero group effects. Measured excess pore 
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pressures of a model 5-pile group in estuarine reported by McCabe et al. (2008) have been 

normalized by a full scale single pile installed at the same site (McCabe and Lehane 2006) 

and have been plotted on Fig. 7-14b for comparison. In addition, measurements reported by 

O’Neill et al. (1982a) in a stiff overconsolidated clay are included. It can be seen that present 

predictions and measured data show good agreement for 1≤ r/R ≥15. In addition, it is clear 

that group effects do not cause an appreciable increase in excess pore pressures at the centre 

group pile. Moreover, McCabe and Lehane (2006) noted that excess pore pressures generated 

in the vicinity of a given pile in a group due to a neighbouring installation are restricted by 

the fact that the soil is at the critical state condition and the installation of an additional group 

results only in an accumulation of excess pore pressures beyond the “plastic zone”. 

 

Fig. 7-14b Influence of group effects on pore pressures after installation; s/D=3, OCR=1 

 

In Fig. 7-14c, the radial effective stress surrounding the centre group pile, σ’rrG, has also been 

normalised by the radial effective stress surrounding an equivalent single pile, σ’rrS, and is 

plotted against normalized radial distance. In contrast to Fig. 7-14a, however, it is clear that 

group effects cause a significant increase in the radial effective stress in the vicinity of the 

centre group pile. Moreover, these effects are more pronounced with increasing N. Similarly, 

an increase in p’G/p’S in the vicinity of the centre pile is also evident in Fig. 7-14d which also 

increases with increasing group size where p’G is the mean effective stress distribution within 

the group and p’S is the mean effective stress distribution surrounding an equivalent single 

pile.  
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Fig. 7-14c Influence of group effects on radial effective stress after installation; s/D=3, 

OCR=1 

 

Fig. 7-14d Influence of group effects on mean effective stress after installation; s/D=3, 

OCR=1 

 

The findings presented in this section give a useful, albeit simplified, insight into the 

processes associated with the installation of piles within a group. Stresses after consolidation, 

however, dictate pile group behaviour since pile loading typically occurs after a significant 

degree of excess pore pressure dissipation. In the following section only the variation in 

p’G/p’S is considered since it was not possible to present all analyses. 

7.6.3 Group effects after consolidation 

In Fig. 7-15a, the variation in p’G/p’S is plotted after consolidation for values of N between 9 

and 49. It can be seen that although an increase in p’G/p’S was evident immediately after 

installation (see Fig. 7-14d), remarkably, these effects diminish after consolidation to the 
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point where the stresses immediately surrounding the centre pile in the group are the same as 

that surrounding a single pile. This is consistent with the findings of the study conducted by 

McCabe (2002) where the author noted that the group effects associated with the installation 

of a 5-pile group in soft clay compared to an equivalent single pile were transient. Those 

authors suggest that the installation of additional group piles have little effect after 

consolidation since the soil near the pile-soil interface of a single pile has already reached 

critical state after installation. Intuitively, outside the perimeter of the pile group, the 

normalized radial distance at which group effects no longer have an influence increases with 

increasing N. 

 

Fig. 7-15a Influence of group effects on mean effective stress after consolidation; s/D=3, 

OCR=1 

 

In Fig. 7-15b, the influence of the pile spacing-to-diameter (s/D) ratio on the extent of group 

effects is investigated where s/D has been varied from a value of 3 to 5 representing common 

pile spacings used in practice. It can be seen that the value of s/D has little influence on group 

effects experienced in the vicinity of the centre group pile although an increase in the value of 

s/D results in a larger zone surrounding the centre pile which experiences little to no group 

effects. 
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Fig. 7-15b Influence of s/D on group effects after consolidation; N=9, OCR=1 

 

In Fig. 7-15c, the influence of the overconsolidation ratio (OCR) on group effects has also 

been considered where the value of OCR was varied from 1 to 4 while a value of K=1 was 

maintained as mentioned in section 3.4.2. It can be seen, however, that the value of OCR also 

has little influence on the extent of group effects determined by this method. 

 

Fig. 7-15c Influence of OCR on group effects after consolidation; N=9, s/D=3 
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consider the more computationally-intensive investigation of additional group effects. The 

following is a summary of the main findings of the chapter: 

(i) A variation on the traditional CEM method was adopted where vertical displacements 

were imposed concurrently with the expansion of the cylindrical cavity with a limiting value 

of z/R=2. CEM predictions of installation stresses and pore pressures by this method were 

shown to agree well with previously documented SPM predictions using the same 

constitutive model in BBC for corresponding values of z/R near the pile tip. 

(ii) The limiting value of z/R=2 in this study showed improved agreement on the traditional 

CEM method to lateral variations in installation stresses along the pile shaft evaluated by 

SPM analyses. 

(iii) It is acknowledged that installation predictions are heavily dependent on the assumed 

constitutive relations (Kavaddas 1982); nevertheless, predictions of soil stresses and excess 

pore pressures after pile installation and during subsequent dissipation of these pore pressures 

evaluated by the present method in conjunction with the MIT-S1 model showed good 

agreement to measured data documented by Hunt (2000) in San Francisco YBM. 

(iv) The well-known MCC clay model was adopted to consider the influence of group 

effects since the parametric study with MIT-S1 as a user-defined soil model was not feasible. 

Comparisons between the MCC and MIT-S1 models showed good agreement for practical 

pile spacings; therefore the MCC model was deemed suitable for the investigation of group 

installation effects over-and-above those owing to each pile’s own installation. 

(v) A new simplified method using the expansion of tunnels within a plane-strain 

framework was proposed for the consideration of group installation effects. Comparisons of 

single pile predictions between this method and traditional CEM analyses (with z/R=0) 

showed good agreement after installation over the range of interest; significant differences 

were noted after consolidation, however, owing to the omission of the depth component 

associated with VTE analyses. 

(vi) It was shown that group effects have little influence on the maximum excess pore 

pressures generated after pile installation (near the centre of a group) using this method, 

which supports the findings of McCabe and Lehane (2006) and McCabe et al. (2008). In 

contrast, however, significant increases in both radial effective stress and mean effective 

stress were noted in the vicinity near the centre pile of a group with N=9, 25 and 49. 
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(vii) After consolidation, all group effects diminished, supporting the findings of McCabe 

(2002) who noted that the additional group effects of a 5-pile group (over and above a single 

pile) were transient. 
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CHAPTER 8 

A SIMPLIFIED APPROACH FOR THE PREDICTION OF SINGLE 

PILE AND PILE GROUP BEHAVIOUR IN CLAY  

8.1 Introduction 

This chapter describes the theoretical framework adopted for the development of the present 

analytical approach in combination with previous developments in Chapters 6 and 7. The 

load transfer (t-z) method forms the basis of the present approach. This method was first 

proposed by Seed and Reese (1957) and has since been considered by numerous investigators 

to describe the linear elastic (LE) load-displacement relationship of a single pile (Armaleh 

and Desai 1987; Coyle and Reese 1966; Kraft Jr et al. 1981). These methods were later 

advanced by Mylonakis and Gazetas (1998) to take account of the ‘reinforcing’ effects of a 

pile on the soil continuum for the prediction of two-pile interaction factors. More recently, 

other investigators realised the importance of considering the nonlinearity of soil stiffness 

which has been discussed in detail in Chapter 2. 

While those approaches have each advanced simplified single pile and pile group analysis, 

there are various limitations associated with each. One such limitation is the assumption of 

pre-failure perfect pile-soil bonding. Even at low load levels, the development of slippage at 

the contact between pile and soil (defined herein as ‘partial slip’) is a likely phenomenon 

(Chau and Yang 2005; Lee et al. 2002). Trochanis et al. (1991a, 1991b) also reported the 

importance of pile-soil slip with regard to the load-displacement response of a single 

vertically loaded pile and two-pile interaction factors. Similarly, Perri (2007) noted that one 

of the main differences between a simple shear test and the soil surrounding an axially loaded 

pile is the possibility of slip occurring between the pile and the adjacent soil element. 

Furthermore, while Mylonakis and Gazetas (1998) considered pile ‘reinforcing’ effects in a 

LE soil medium, a similar approach has not been implemented in recent nonlinear analytical 

models nor have the effects of soil disturbance arising from pile installation been considered 

explicitly. 

In this chapter, the t-z method is employed to describe the nonlinear behaviour of a single 

pile and is used to obtain simplified predictions of pile group behaviour by considering the 

interaction between two-piles in conjunction with the Interaction Factor Method (IFM). 
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Using this approach the shear stress, τ, is related to the soil displacement, z, at the pile-soil 

interface using the soil spring reaction, k. This method has been developed and implemented 

in spreadsheet format using Microsoft EXCEL. Partial slip is considered using a new 

simplified approach which is an adaptation of the bond degradation model first proposed by 

Gens and Nova (1993). Using this method the degradation of bonds, due to particle re-

orientation and the remoulding of the structure to an eventual residual state within the clay 

shear band surrounding the pile, is related to the amount of slip at the pile-soil interface. Full 

pile-soil slip occurring at limiting shear stress is considered using the ‘initial stress technique’ 

similar to the approach employed by Shen and Teh (2002) for the analysis of downdrag 

forces in pile groups. 

Although undrained conditions are assumed, in contrast to the α-method of pile capacity 

design first proposed by Tomlinson (1957), pile installation effects and interface strength 

reduction are uncoupled and considered explicitly in this study. The predictions of the 

permanent change in mean effective stress around an installed pile obtained from Chapter 7 

have been adopted herein to relate long-term stress changes to changes in both the strength 

and stiffness of the surrounding soil. In addition, the ‘reinforcing’ effects of a second, 

‘receiver’, pile on the free-field soil settlement is considered using a nonlinear iterative 

approach where the relative pile-soil settlement along the pile shaft is related to the soil 

spring stiffness. The present approach is validated against four well-documented pile group 

case histories and compared to predictions determined using the FE-based approach 

developed in Chapter 5. 

8.2 Soil nonlinearity 

The relationship proposed by Randolph and Wroth (1978) has been employed to predict the 

degradation of shear stress  in the ground surrounding a pile defined as follows: 

     
 

 
      (8-1) 

where τi is the shear stress in the soil at the pile-soil interface, τ is the shear stress in the soil 

at a radial distance r from the pile’s vertical axis of symmetry and R is the pile radius or 

equivalent pile radius (if non-circular). 

The vertical displacements of the soil at a particular point surrounding the pile are then 

obtained by integrating the shear strains (γ) from that location outwards to a value of r = rm: 
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      (8-2) 

where γ = τ / Gsec, Gsec is the secant shear modulus and τ is the shear stress. The value of rm, 

defined by Randolph and Wroth (1978) as the radius at which the shear stress in the soil 

becomes negligible; since this approach was implemented in spreadsheet format, there were 

no restrictions on the selection of rm and so, a conservative value equal to 200R was chosen. 

Soil displacements at the pile-soil interface are thus obtained by integrating the shear strains 

from a distance rm to a distance R. 

For the nonlinear predictions, the relationship proposed by Lee and Salgado (1999) was 

adopted defined as: 

            
 

  
 

 

  
  

   
 
 

    (8-3) 

where G0 is the small-strain shear modulus, f and g are empirical curve fitting parameters, p’ 

is the mean effective stress which has a far field value of p0’, n is a constant whose value 

ranges between 0.5 and 1 depending on shear strain level, τ is the shear stress at a particular 

radial distance, r, from the pile and τf is the shear stress at failure. For pile loading in clays, 

undrained conditions are assumed, therefore the shear stress at failure can be defined as: 

     
  

 
      (8-4) 

where su is the undrained shear strength of the soil. 

At the pile-soil interface, however, the shear strength between pile and soil is often 

substantially less than the shear strength of the soil mass. In this study, reference is made to 

the databases reported by Potyondy (1961) and Tiwari et al. (2010) for the selection of an 

interface strength reduction factor, Rinter, such that: 

                                    (8-5) 

where su,i is the undrained shear strength at the pile-soil interface and su,soil is the undrained 

shear strength of the soil mass. 

The base load-displacement relationship is calculated using the hyperbolic model proposed 

by Guo and Randolph (1997) defined as: 

   
         

     

 

      
  
   

 
     (8-6) 
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where wB is the pile base settlement; PB is the pile base load; νs is the Poisson’s ratio of the 

soil; GiB is the shear modulus at the pile base; ω is the pile base shape and depth factor which 

is often set equal to 1 (Armaleh and Desai 1987; Randolph and Wroth 1978); PBu is the 

limiting base load; and RfB is a parameter that determines the extent of soil nonlinearity. 

8.3 Pile-soil slip 

8.3.1 Shear bands in clay 

Shear bands have been used to describe the zone of soil around the pile that experiences 

plastic deformations during pile loading. Numerous studies have reported that for clays, the 

soil within the shear band undergoes significant particle re-orientation and becomes 

remoulded into a residual state (Dudoignon et al. 2001). While research on shear bands in 

sands has identified significant correlations between shear band thicknesses, ts, and the mean 

grain size, d50, (e.g. Roscoe (1970), Uesegi et al. (1988), Tatsuoka et al. (1990), Harris et al. 

(1995) and Oda et al. (2004)), shear band thicknesses in clays cannot be correlated to grain 

size so readily (Chakraborty et al. 2013). Furthermore, Thakur et al. (2007) reported that 

shear banding at higher strain rates is more pronounced than at lower strain rates. While 

values of ts for clays reported in the literature vary from 1.4 mm – 20 mm (Moore and Rowe 

1988), Vardoulakis (2002) recommended a value of ts = 200d50; this value has been adopted 

in the present study and the adopted d50 values are quoted later in this chapter.  

8.3.2 Partial slip 

In this study, ‘partial slip’ occurring at working stresses (τi < τf) is differentiated from ‘full 

slip’ when τi = τf. As mentioned, while most numerical methods can now account for partial 

pile-soil slip by introducing interface elements into the model, existing simplified analytical 

methods have assumed ‘pre-failure’ perfect pile-soil bonding i.e. no partial slip. 

In this section, a new simplified approach is proposed to consider partial pile-soil slip at the 

interface by considering the bond degradation within the aforementioned shear band 

surrounding the pile-soil interface. Bond degradation occurs when the inter-particle bonds are 

progressively destroyed by inter-particle shear and normal displacements. The bond 

degradation model was first proposed by Gens and Nova (1993) where the amount of particle 

bonding is described with a scalar state variable χ, which is changing (ultimately to zero) due 

to bond degradation and is defined as:  
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dχ = −ξ · χ · (|dεv 
p
| + ξd · |dεd 

p
|)     (8-7) 

where dχ is the change in bonding; ξ is the absolute rate of bond degradation; ξd is the relative 

rate of bond degradation; dεv 
p
 is the rate of plastic volumetric straining and dεd 

p
 is the rate of 

plastic deviatoric straining. 

This logic was adopted in the rotational hardening elasto-plastic S-CLAY1S model described 

by Koskinen et al. (2002) to describe destructuration with progressive plastic straining.  

The rate of plastic volumetric strain, dεv 
p
, is defined as: 

dεv 
p
 = dε11 

p
 + dε22 

p
 + dε33 

p
     (8-8) 

while the rate of plastic deviatoric strain, dεd 
p
, is defined as: 

dεd 
p
 = dε11 

p
 – dε33 

p
     (8-9) 

During pile loading it is assumed that dε11 
p
 >> dε33 

p
, dε22 

p
; thus for the case of simple shear 

Eq. 8-7 reduces to: 

dχ ≈ -2· |dγ
p
| ·ξ · χ · (1+ ξd)     (8-10) 

where dγ
p

 is the rate of plastic shear strain and γ
p
 is defined herein as: 

     
 

    
 

 

  
      (8-11) 

The current amount of bonding can thus be deduced by using the following equation: 

χ = χ0 + dχ         (8-12) 

where χ0 is the initial amount of bonding and can be determined from the soil sensitivity, Sr, 

as follows (Yin and Karstunen 2008): 

χ0 = Sr -1          (8-13) 

where Sr can be calculated as the ratio of the undisturbed value of su to the residual value of 

su. There is currently little guidance in the literature on appropriate values of ξ and ξd for 

different soil types. Values of ξ and ξd have been reported by Yin and Karstunen (2008) as 

being typically in the relatively narrow range of 8 to 12 and 0.2 to 0.3, respectively; in the 

present study values of 10 and 0.25 have been chosen for ξ and ξd, respectively. Further 

studies on bond degradation are required to investigate the dependence of bond degradation 

rates on χ0. 
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A limiting relative shear displacement (γcrit) between pile and soil of 5mm has been assumed 

by numerous authors in the literature, e.g. Jeong et al. (1997), Lee et al. (2002), Lee et al. 

(2009) and, most recently, Lam et al. (2013). In these studies, once the relative shear 

displacement at the pile-soil interface reaches γcrit, the shear stiffness at the pile-soil interface 

becomes zero. In this study, γcrit has been chosen to correspond to complete bond degradation 

i.e. χ = 0. In addition, the magnitude of partial slip between pile and soil has been assumed to 

be linearly related to the strength of the bond between them and the following relationship is 

proposed for the determination of wslip: 

             
   

  
             (8-14) 

The magnitude of wslip predicted by the present approach for a Belfast clay has been plotted in 

Fig. 8-1 and compared to FE predictions determined using the HS model in PLAXIS 2-D 

where the scale of the x-axis has been set at γcrit (= 5 mm) for context.  However, agreement 

between the two approaches is not sought since FE predictions determined by PLAXIS 

depend simply on a ‘virtual’ interface thickness while the present approach now implicitly 

accounts for the influence of soil type (including soil sensitivity, bond degradation 

parameters and shear modulus degradation characteristics).  

 

Fig. 8-1 Comparison of partial slip predicted by PLAXIS and present approach 

8.3.3 Full slip  

Shen and Teh (2002) employed an ‘initial stress technique’ in order to consider ‘full slip’ in 

the case of downdrag forces on pile groups and this method has also been adopted here. This 
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involves an iterative procedure where a limiting value of τf,i is imposed on the shear stresses 

at the pile shaft, τi, and excess soil shear stresses are redistributed to areas along the piles 

shaft where τi < τf,i. This usually involves redistributing stresses further down the pile where 

τf,i is higher due to higher confining stresses. 

8.4 Pile installation effects 

8.4.1 Single pile effects 

Permanent changes to the effective stress regime in the soil due to pile installation are 

difficult to consider in any analytical approach due to the high 2-dimensional gradients, large 

deformations and complex soil behaviour associated with soil disturbance effects (Baligh 

1985).  In Chapter 7, a comprehensive study of pile installation effects in clay was conducted 

using a variation on the traditional cavity expansion method (CEM) where vertical 

displacements were imposed concurrently with the expansion of the cavity using the strain-

softening MIT-S1 constitutive model. Arising from that study, Fig. 8-2 presents a simplified 

method of considering the influence of pile installation. The trends are representative of the 

lateral variation in mean effective stress after pile installation and subsequent consolidation 

around a single pile for an overconsolidation ratio (OCR) ranging between 1 and 4.  

 

Fig. 8-2 FE predictions of mean effective stress distribution after consolidation derived from 

the results of Chapter 7 
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Numerous authors have represented undrained shear strength by the normalised value (su/p’), 

where p’ is current mean effective stress e.g. Henkel and Sowa (1963), Akai and Adachi 

(1965) and Amerasinghe and Parry (1975). Thus in the present study, the undrained shear 

strength of soil in the vicinity of a single pile after consolidation is modified as follows: 

              
     

   
     (8-15) 

where su(r) is the undrained strength at a particular radial distance from the pile, su,0 is the 

undisturbed (far-field) undrained shear strength and the variation of p’/p’0 with normalised 

radial distance is obtained from Fig. 8-2. Similarly, the influence of pile installation on soil 

stiffness can also be considered by incorporating the variation of p’/p’0 into Eq. 8-3. 

8.4.2 Pile group effects 

The influence of additional group pile installations over-and-above the effects of single pile 

installation was also investigated in Chapter 7 using VTE. It was noted that while group 

effects were noticeable immediately after pile installation, the effects were transient and 

negligible after full dissipation of excess pore pressures. Thus for the extension of the present 

approach to pile group behaviour, it was deemed unnecessary to consider additional effects of 

neighbouring group pile installations. 

8.5 Concrete modulus degradation 

While elastic pile compression has been adopted by numerous authors in the literature and 

can be considered acceptable for low load levels, longer piles with higher applied loads can, 

however, exhibit noticeable plastic deformation (Wang et al. 2012). Thus the nonlinear 

Hognestad model (Hognestad 1951; Hognestad et al. 1955) was adopted in the present study 

to describe the stress-strain relationship of the concrete pile as follows: 

    
     

  

  
  

  

  
 
 

                                         

           
     

      
 
 

                     

    (7-16) 

where σc and εc are the current stress and strain of concrete, respectively; fc and ε0 are the 

peak stress and corresponding strain, respectively; and εcu is the ultimate strain of the 

concrete (see Fig. 8-3). Since strains in the range εc ≤ ε0 are under consideration, the Young’s 

modulus of the concrete can be obtained using the expression: 
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              (7-17) 

In this study, typical values of 30 MPa and 0.002 for fc and ε0, respectively, have been 

adopted. 

 

Fig. 8-3 Hognestad model (after Wang et al. 2012) 

8.6 Iterative process for a single loaded pile: segment-by-segment method  

The stress-dependency of soil stiffness is taken into account using the segment-by-segment 

method (SSM) proposed by Ghazavi (2002). In order to consider an increasing soil stiffness 

profile with depth, the pile is divided into n segments with length h as shown in Fig. 8-4. The 

adopted approach is illustrated in Fig. 8-5 and can be defined as follows: 

1. A value of pile base load, PB1, is selected. 

2. The pile base settlement, wB1, is obtained from the hyperbolic relationship defined in 

Eq. 8-6. 

3. From PB1 the settlement at the top of segment n, (w11)n1, is calculated as: 

(w11)n1 = wB1 + wc       (8-18) 

where wc is the pile compression and can be calculated as: 

    
                

 
  

 

  
     (8-19) 

where (P11)n1 and (P11)n2 are the forces at the top and bottom, respectively, of segment 

n of pile 1 due to its own externally applied load. 

4. The settlement at the midpoint of segment n is then used to obtain the corresponding 

local shear stress for segment n, τn,r=R, from Eqs. 8-1 – 8-3. 

5. The value of (P11)n1 is then calculated as: 

(P11)n1 = PB1 + 2πR(τn,r=R).h            (8-20) 

6. Steps 3-5 are repeated for segments n-1 to 1 where (P11)j1 = (P11)(j-1)2. 
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7. The values of PT1 and wT1 are obtained. 

8. Additional iterations are required to refine the variation in pile compression with 

depth. 

 

Fig. 8-4 Illustration of single pile notation 

 

Fig. 8-5 Illustration of iterative process for a single loaded pile 
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8.7 Extension to group behaviour 

8.7.1 Pile shaft ‘interactive’ displacements 

For the extension of this method to the analysis of a pile group, the Interaction Factor Method 

(IFM) has been adopted. In Chapter 6, a study on the appropriate use of two-pile nonlinear 

interaction factors in pile group analysis was conducted. Two different methods for the 

prediction of two-pile interaction factors were identified, namely Approach I where the 

‘receiver’ pile is non-loaded and Approach II where the receiver pile is loaded. Approach I 

was deemed the most appropriate method for the settlement estimation of pile groups where 

the two-pile interaction factor, α is defined as: 

  
   

   
      (8-21) 

where w11 is the settlement of pile 1 under its own load and w21 is the settlement of a non-

loaded pile 2 placed within the displacement field of the loaded pile 1 at a spacing of s/D. 

While the IFM worked well for floating pile groups, it was noted that the settlement of end-

bearing pile groups can be significantly over-predicted by IFM when compared to full 

continuum analyses. On this basis, the present method for single pile behaviour is extended to 

that of a pile group using Approach I where predominantly end-bearing pile groups are not 

considered henceforth.  

The ‘interactive’ displacements of the non-loaded pile 2 due to the loaded pile 1 are obtained 

using Eq. 8-2 where the shear strains are now integrated from the location of the receiver pile 

to the radius rm. This process is a fundamental approach to the consideration of pile-to-pile 

interaction and has been well-documented in the literature by Randolph and Wroth (1979) 

and other co-workers; this has therefore not been discussed in more detail here. 

8.7.2 Pile base ‘interactive’ displacements 

In addition to pile shaft interaction, a displacement field is also generated beneath the pile 

base. In this study, interaction between pile shafts and pile bases is assumed to be uncoupled; 

this is a common approach for the analysis of single piles and pile groups (Randolph and 

Wroth 1978; Randolph and Wroth 1979). Additional pile base ‘interactive’ displacements are 

determined using the solution for a rigid punch on an elastic half-space proposed by 

Randolph and Wroth (1979) defined as: 

          
 

 
 
 

 
     (8-22) 
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where (w21)B is the additional interactive base displacements due to the base displacements of 

a nearby loaded pile 1 i.e. wB1. The total displacements at the base of the receiver pile can 

then be obtained as follows: 

                      (8-23) 

where (w22)B is the displacement at the base of pile 2 due to the imposed vertical load within 

the pile and wB2 is the total base settlement of the receiver pile. 

8.7.3 Receiver pile ‘reinforcing’ effects 

A non-loaded ‘receiver’ pile placed within the displacement field of the source pile will not 

exactly follow the free-field soil settlement due to the stiffness of the soil and interaction with 

the surrounding soil (Mylonakis and Gazetas 1998). Mylonakis and Gazetas (1998) originally 

identified the ‘reinforcing’ effects of a non-loaded ‘receiver’ pile on free-field displacements 

(Ur,z) while Ghazavi (2002) later extended this approach to account for a layered soil profile 

using the ‘segment by segment method’ (SSM).  

In this study, the SSM has been adopted in a similar manner to that adopted for the analysis 

of a single pile described in Section 8.6 in order to take account of soil stiffness nonlinearity. 

Both piles are divided into an equal number of segments with equal thickness h where each 

layer is assumed to have the same soil properties (see Fig. 8-6), although it is also possible to 

consider a lateral variation in soil properties in a spreadsheet format. Each segment is then 

analysed as a full pile with the length of the pile being equal to the thickness of the soil layer 

(Ghazavi 2002). 
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Fig. 8-6 Illustration of single pile and receiver pile notation 

 

In the present study, while interaction effects are assumed to be uncoupled, pile shaft 

resistance and the load-displacement relationship at the pile base are coupled, thus a ‘trial and 

error’ approach must be adopted as follows: 

1. A vertical load is applied at the head of the ‘source’ pile and the variation of w11 with 

depth is calculated using the approach outlined in Section 8.6. 

2. The free-field soil settlement at the location of the non-loaded pile (at r = r2) and 

depth z (i.e. Us(z)) can be calculated by integrating the shear strains from a distance rm 

to a distance r2 using Eq. 8-2, where r2 is the radial distance to the location of the 

receiver pile. 

3. An arbitrary value close to PB1 is chosen for the force at the base of the receiver pile, 

PB2. 

4. The value of (w22)B is calculated using the hyperbolic relationship defined by Eq. 8-6. 

5. The value of wB2 can then be obtained using Eqs. 8-20 and 8-21. 
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6. The compression of segment n under PB2 is calculated using Eq. 8-19 and (w21)n1 can 

be determined. 

7. With the soil spring reaction, kz, being dependent on the relative pile-soil settlement, 

w21(z) – Us(r,z), the vertical equilibrium of each pile segment can be expressed as 

follows (Mylonakis and Gazetas 1998): 

    
        

                        (8-24) 

where Us(r,z) has been obtained in step 2; w21(z) – Us(r,z) is the relative pile-soil 

settlement; Ep is the Young’s modulus of the pile; Ap is the cross-sectional area of the 

pile;  kz is the nonlinear soil spring stiffness defined as: 

k = δ.Gsec     (8-25) 

where     
  

      
 and Gsec is obtained from the nonlinear relationship in Eq. 8-3. 

8. The value of (P21)n1 can be obtained as follows: 

                       
        

       (8-26) 

9. Steps 5-7 are repeated for segments n-1 to 1 where (P21)j1 = (P21)(j-1)2 

10. The force and settlement at the head of the receiver pile, PT2 and wT2, respectively, are 

calculated using the iterative process above.  

11. Using the present method, since the receiver is non-loaded, if the computed value of 

PT2 = 0 then the corresponding computed value of wT2 is correct. If PT2 ≠ 0 the 

assumed value of PB2 must be refined in the next trial which is carried out using the 

Goal Seek function in EXCEL. 

8.8 Validation 

8.8.1 Case I: FE analyses of a single pile at Hutton 

Jardine and Potts (1988) described the FE analysis of a single pile and 8-pile group at the 

well-documented Hutton tension leg platforms which were carried out in parallel with the 

field monitoring program at the same site (Jardine et al. 1988). Results of the site 

investigation were supplemented with measured data for Magnus clay from a nearby site; the 

properties of Magnus clay were deemed to represent a suitable basis for the estimation of 
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other nearby low plasticity tills (Jardine and Hight 1986). Only the analysis of the single pile 

is considered in the present study since the eccentric tension loading of the 8-pile group also 

induced moment rotation which is outside the scope of this thesis. The FE analysis was 

carried out using the Modified Cam-Clay model to simulate the Hutton clay while the Mohr-

Coulomb model was deemed sufficient to model intermediate sand lenses. The steel pile was 

modelled as a solid elastic cylinder with a diameter, D, of 1.83 m and an equivalent Young’s 

modulus of 28 GPa in order to simulate the steel pipe pile. 

Values of the initial elastic shear modulus G0 were obtained from the vertical profile of 

small-strain Young’s modulus reported by Jardine (1985) for Magnus clay (using ν = 0.5 for 

undrained conditions). Values of f and g equal to 0.9 and 0.6, respectively, were chosen by 

calibrating predictions to measured shear modulus degradation curves in triaxial compression 

documented by Jardine and Potts (1988) (see Fig. 8-7) where values of Gsec were again 

calculated from Esec with ν = 0.5. The variation in su with depth was obtained from Jardine 

and Potts (1988) and Tetlow et al. (1983) which varied in the range 200 ± 50 kPa.  

  

Fig. 8-7 Calibration of shear modulus degradation parameters for Hutton clay 

 

In this study, reference was made to the database of interface strength reduction factors 

documented by Potyondy (1961) from which a value of Rinter = 0.3 was chosen for the clay-

smooth steel interface in undrained conditions. Values of OCR with depth were chosen based 
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on those documented for the Magnus clay site by Jardine (1985) and Jardine and Potts (1993) 

which were typically 10 ± 5 for depths between 0 m to 20 m, 3 ± 1 for depths between 20 m 

to 40 m and was approximately equal to 1 for depths greater than 40 m; these values were 

subsequently used to derive the corresponding distribution of mean effective stress due to pile 

installation effects from Fig. 8-2. The predictions of p’/p’0 for OCR=4 were used here.  

A value of Sr = 2.6 was calculated based on the measured undrained shear strengths in triaxial 

compression on reconstituted Magnus clay reported by Jardine and Potts (1993). A value of 

d50 of 7.5×10
-4

 mm was selected based on physical measurements of Magnus clay (Nadeau 

1985); the thickness of the shear band, ts, surrounding the pile was then calculated as 200d50. 

The shear strain within the shear band was employed to obtain the magnitude of partial slip at 

the interface of the piles. 

In Figs. 8-8a – 8-8c, predictions of load-transfer relationships determined by the present 

approach for a depth of 16 m, 28 m, and 47 m, respectively, have been compared to nonlinear 

FE predictions documented by Jardine and Potts (1988) where the value of z was calculated 

as the pile head settlement less elastic tension lengthening of the pile from the pile head to the 

level of interest. It can be seen for all three depths, both sets of predictions show good 

agreement.  

 

Fig. 8-8a Comparison between predicted single pile t-z curves determined in this study and 

FE analyses for 16 m depth in Hutton clay 
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Fig. 8-8b Comparison between predicted single pile t-z curves determined in this study and 

FE analyses for 28 m depth in Hutton clay 

 

Fig. 8-8c Comparison between predicted single pile t-z curves determined in this study and 

FE analyses for 47 m depth in Hutton clay 

 

Since the pile was loaded in tension, the load-displacement characteristics at the pile base are 

not considered. In Fig. 8-9, predictions of the single pile load-displacement relationship 

determined by this approach and FE analyses have been compared where results also show 

good agreement. 
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Fig. 8-9 Comparison between predicted single pile load-displacement behaviour determined 

by this study and FE analyses in Hutton clay 

 

8.8.2 Case II: single pile and 5-pile group load tests in soft estuarine silt 

The pile load test programme documented by McCabe (2002) and McCabe and Lehane 

(2006) consisted of a single pile and 5-pile group installed in soft Belfast clay known locally 

as ‘sleech’. Precast square concrete piles with an equivalent diameter, Deq, of 0.282 m were 

driven to a depth of 6 m. The group piles were arranged with a centre pile surrounded by four 

corner piles at a spacing-to-diameter (s/Deq) ratio of 2.8.  

The initial elastic shear modulus, G0, was chosen equal to 10 MPa and relatively constant 

with depth based on seismic cone tests on the Belfast sleech (McCabe 2002). The parameters 

f and g were back-calculated as 1.0 and 0.3, respectively, from curve-fitting Eq. 8-3 to the 

measured shear modulus degradation curve in triaxial compression documented by McCabe 

(2002) (Fig. 8-10) where the secant shear stiffness values, Gsec, have been normalised by the 

initial mean effective stress at the beginning of undrained shearing, p’0 (=30 kPa). Values of 

su were chosen based on the undrained shear strength profile reported in McCabe and Lehane 

(2006) where su values were 20 ± 2 kPa.  
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Fig. 8-10 Calibration of shear modulus degradation parameters for Belfast sleech 

 

A value of Rinter = 0.55 was adopted for the site-specific interface strength reduction for a 

sleech-concrete interface based on the interface friction coefficients documented by Strick 

van Linschoten (2004). Values of OCR were chosen based on the values reported by McCabe 

(2002) and Lehane (2003) which decreases from a value of 2 at a depth of 2 m to 1.2 at a 

depths of ~3 m to 6 m.  

Values of Sr for the Belfast test site were reported by McCabe (2002) to vary between a value 

of 2 and 3. An average value of d50 equal to 0.015 mm was deduced from the values reported 

by Lehane (2003) for depths ranging between 3.3 m to 6.65 m leading to a value of ts = 3 

mm.  

Predictions of t-z curves determined by the present approach have been compared to 

measured data curves at 3.25 m and 5.23 m levels in Figs. 8-11a – 8-11b, respectively, where 

the value of z was calculated as the pile head settlement less compression shortening of the 

pile from the pile head to the level of interest. It can be seen that good agreement is observed 

between predictions and measured data in Figs. 8-11a. Discrepancies between predictions and 

measurements in Fig. 8-11b at 5.25m are believed to be related to anomalous measurements 

when considered in light of site investigations published in the literature (Crooks and Graham 
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1976; Lehane 2003; McCabe 2002) i.e. SI data indicates no decreases in strength or stiffness 

in the soil that may explain this difference. 

 

Fig. 8-11a Comparison between measured and predicted single pile t-z curves for 3.25 m 

depth in Belfast sleech 

 

Fig. 8-11b Comparison between measured and predicted single pile t-z curves for 5.25 m 

depth in Belfast sleech 

 

An ultimate pile base load, PBu, of 9 kN was chosen based on the measured load-

displacement response at the pile base reported by McCabe (2002) while the value of Gbu was 

chosen as 15 MPa (Lehane 2003; McCabe 2002). A default value of 0.9 was again chosen for 

Rfb where the agreement between the predicted and measured data is shown in Fig. 8-12.  
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Fig. 8-12 Comparison between measured and predicted single pile load-displacement 

relationships in Belfast sleech 

 

In addition, the analysis of the single pile was extended to that of a 5-pile group using the 

IFM approach outlined in Section 8.7. The predicted load-displacement of the 5-pile group by 

this method have been compared to the measured load-displacement response documented by 

McCabe (2002) in Fig. 8-13. It can be seen from Figs. 8-12 – 8-13, that results determined by 

this approach show good agreement to the measured load-displacement response for both a 

single pile and 5-pile group in Belfast sleech in addition to traditional two-pile interaction 

factors. 

 

Fig. 8-13 Comparison between measured and predicted 5-pile group load-displacement 

relationships in Belfast sleech 
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8.8.3 Case III: single pile and 9-pile group load tests in stiff overconsolidated clay 

O’Neill et al. (1982b) reported the results of a series of tests carried out on single piles and 

pile groups in stiff overconsolidated Houston clay. Nine of the piles were installed in a 3×3 

group formation with a value of s/D = 3 and were connected to a rigid pile cap. The single 

piles were located at a distance of 3.7 m either side of the pile group. In addition, a 4-pile 

sub-group was also loaded and is also considered. All piles had an external diameter of 274 

mm, wall thickness of 9.3 mm and were driven to a depth of 13.1 m below ground level. 

The Young’s modulus of the steel pile was taken as Ep = 210 GPa. Values of G0 were 

obtained from Chow (1986) and Kraft et al. (1981) where values increased approximately 

linearly from 47.9 MPa at the ground surface to 151 MPa at the base of the piles. Shear 

modulus degradation parameters were determined by calibrating predictions to the measured 

stress-strain curve in UU triaxial compression documented by Dunnavant and O’Neill (1989) 

whence values of f and g equal to 0.95 and 0.35, respectively, were selected (see Fig. 8-14). 

 

Fig. 8-14 Calibration of shear modulus degradation parameters for Houston clay 

 

The profile of su with depth was obtained from O’Neill et al. (1981) and Dunnavant and 

O’Neill (1989) which varied with depth from a value of ~50 kPa at the ground surface to 

~200 kPa near the base of the piles.  A value of Rinter = 0.3 was again chosen for the clay-steel 
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interface (Potyondy 1961). The OCR profile was obtained from O’Neill et al. (1981) which 

varied from values of up to 8 at shallow depths to ~4 at depths > 9 m.  

Dunnavant and O’Neill (1989) reported values of d50 ranging between 1×10
-2

 mm and 7×10
-2

 

mm. There was little guidance in the literature on the sensitivity of the clay at this test site; 

Heydinger and O’Neill (1986), however, described the test site as “insensitive” and so a value 

of Sr = 1 has been adopted. A value of Sr = 1 in the present approach (i.e. a value of χ0 = 0) 

indicates that the value of wslip is ill-defined, i.e. no partial pile-soil slip. It can be seen that  

Predictions of t-z curves for depths of 1 m – 2.5 m, 4 m – 7 m, 9 m and 10 m – 12 m 

determined by the present approach are compared to the measured data documented by 

O’Neill et al. (1982b) in Figs. 8-15a – 8-15d, respectively. It can be seen that while the 

present analytical method is capable of capturing the nonlinearity of the load-displacement 

response in Fig. 8-15a, it is not capable of capturing the post-failure strain-softening which is 

evident in this figure. However, the behaviour of the pile post-failure is only of secondary 

interest and is therefore considered to have a negligible influence of the findings of this 

chapter. Although it can be seen that the stiffness of the load-displacement response is 

significantly over-predicted in Fig. 8-15d compared to the measured data, these comparisons 

represent discrete locations along the depth of the pile and therefore may not necessarily have 

a significant influence on the overall pile response.  

 

Fig. 8-15a Comparison between measured and predicted single pile t-z curves for 1 m – 2.5 

m depths in Houston clay 
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Fig. 8-15b Comparison between measured and predicted single pile t-z curves for 4 m - 7 m 

depths in Houston clay 

 

Fig. 8-15c Comparison between measured and predicted single pile t-z curves for 9 m depth 

in Houston clay 
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Fig. 8-15d Comparison between measured and predicted single pile t-z curves for 10 m - 12 

m depths in Houston clay 

The ultimate end bearing capacity PBu was taken as 130 kN (Castelli and Maugeri 2002) 

while the initial soil stiffness at the pile base GiB was taken as 150 MPa based on the shear 

modulus profiles documented by Chow (1986) and Kraft et al. (1981). A default value of Rfb 

= 0.9 was chosen. A comparison between the measured and predicted load-displacement 

response for a single pile is illustrated in Fig. 8-16. In Fig. 8-17, the analysis of the single pile 

was extended to a 9-pile group and 4-pile group where predictions have again been compared 

to measured data documented by O’Neill et al. (1982b). It can be seen that for both the single 

pile in Fig. 8-16 and the 4-pile and 9-pile groups in Fig. 8-17, predictions show good 

agreement to the measured data.  

 

Fig. 8-16 Comparison between measured and predicted single pile load-displacement 

relationships in Houston clay 
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Fig. 8-17 Comparison between measured and predicted pile group load-displacement 

relationships in Houston clay 

 

8.8.4 Case IV: Single pile and 4-pile group in soft Bangkok clay 

The full-scale load tests of a single pile and a 4-pile group, with a value of s/D=2.5, 

documented by Brand et al. (1972) has also been predicted here. All piles had a diameter of 

150 mm and length of 6 m and were made of teak. The Young’s modulus of the teak piles 

was taken as 10 GPa based on typical values for timber piles documented by the American 

Forest and Paper Association (2005). Values of elastic shear modulus, G0, for Bangkok clay 

were obtained from seismic CPT results documented by Shibuya and Tamrakar (2002) which 

varied between 12.5 ± 2 MPa from a depth of 2 m to ~10 m. Shear modulus degradation 

parameters were determined by calibrating present predictions to shear modulus degradation 

curves documented by Shibuya and Tamrakar (2002) where values of f and g equal to 0.95 

and 0.45, respectively, were selected (see Fig. 8-18). 
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Fig. 8-18 Calibration of shear modulus degradation parameters for Bangkok clay 

 

The profile of su with depth was obtained from measured field vane values reported by Moh 

et al. (1969) which varied in the range 15 ± 5 kPa between depths of 2 m  to 10 m. A value of 

d50 of ~0.002 mm was chosen based on the grain size distribution documented by Tanaka et 

al. (2001) for Bangkok clay. Brand et al. (1972) reported an average value of Sr of 4 over the 

depth of interest. A value of Rinter = 0.5 was chosen for the timber-clay interface (Potyondy 

1961). The vertical OCR profile was taken from Brand et al. (1972) and Moh et al. (1969). 

No information was given on the measured load-displacement at the base of the single pile 

load tests. The value of PBu was therefore estimated as Nc.su.Ab for undrained conditions 

(Janbu 1976) where Nc is the bearing capacity factor, taken as 9, the value of su at the pile 

base was taken as 10 kPa (Moh et al. 1969) and Ab is the area of the pile base. A value of 12.5 

MPa was selected for Gib (Tanaka et al. 2001) while a default value of Rfb was chosen as 0.9. 

Single pile and pile group load-displacement predictions have been compared to measured 

data documented by Brand et al. (1972) in Figs. 8-19. It can be seen that good agreement to 

the measured data is obtained using the present approach. 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.1 1 10 

G
/G

0
 

Axial Strain (%) 

Shibuya & Tamrakar (2002) 

Lee & Salgado; f=0.95, g=0.45 



8-28 

 

 

Fig. 8-19 Comparison between measured and predicted single pile and pile group load-

displacement relationships in Bangkok clay 

8.9 Comparisons to FE-based approach 

Measured values of the pile group stiffness efficiency have been calculated from the 

measured load-displacement responses of the case histories presented in the previous section 

and have been re-plotted in Fig. 8-20 for Belfast (Fig. 8-20a), Houston (Fig. 8-20b) and 

Bangkok (Fig. 8-20c) clay. In addition, predictions determined using the FE-based approach 

(presented in Chapter 5) are compared to predictions using the simplified analytical approach 

(documented in this chapter) have also been superimposed on the graph. A single datapoint is 

used to represent predictions determined using the FE-based approach since this corresponds 

to a FOS of 2.5 on single pile capacity only. 

From Figs. 8-20a – 8-20c, it can be seen that, in general, both approaches give good 

predictions of pile group stiffness efficiency when compared to the measured data. The 

advantage of the more comprehensive analytical approach is apparent where the variation in 

stiffness efficiency with load level can be attained; the predicted trends show good agreement 

to the field data. 
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Fig. 8-20a Comparison of FE-based and simplified analytical predictions of η to measured 

data in Belfast 

 

 

Fig. 8-20b Comparison of FE-based and simplified analytical predictions of η to measured 

data in Houston 
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Fig. 8-20c Comparison of FE-based and simplified analytical predictions of η to measured 

data in Bangkok 

8.10 Summary 

In this chapter, a simplified approach based on the t-z method has been presented to describe 

the nonlinear behaviour of a single pile where the interaction between two-piles in 

conjunction with the IFM (based on the findings of Chapter 6) has been employed to extend 

the approach to the analysis of pile groups. The conclusions that can be drawn from the study 

are as follows: 

(i) Partial slip was considered using a new simplified approach which is an adaptation of 

the bond degradation model first proposed by Gens and Nova (1993). Using this 

method the degradation of bonds, due to particle re-orientation and the remoulding of 

the structure to eventually a residual state within the clay shear band surrounding the 

pile, is related to the amount of slip at the pile-soil interface. Results determined by the 

present method showed good agreement to FE predictions which depend on a virtual 

interface thickness. 

(ii) Full pile-soil slip occurring at limiting shear stress is considered using the ‘initial stress 

technique’ similar to the approach employed by Shen and Teh (2002) for the analysis of 

downdrag forces in pile groups. 
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Chapter 7 using a modified version of CEM. These predictions were used to relate 

installation effects to changes in soil strength and stiffness. 

(iv) In addition, the ‘reinforcing’ effects of a second, ‘receiver’, pile on the free-field soil 

settlement was considered using a nonlinear iterative approach where the relative pile-

soil settlement along the pile shaft is related to the soil spring stiffness. 

(v) Through comparisons with previously published field test data and numerical 

simulations, the results indicate that the proposed approach provides a sufficiently 

accurate representation of pile behaviour while conserving considerable computing 

requirements. 

(vi) In addition, predictions determined using the FE-based approach developed in Chapter 

5 showed good agreement to the simplified analytical approach developed in this 

Chapter. 
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CHAPTER 9 

NUMERICAL MODELLING OF PILE FOUNDATION ANGULAR 

DISTORTION 

9.1 Introduction 

The previous chapters have considered the absolute settlement performance of a pile group 

foundation only. However, on the serviceability front, designers are increasingly considering 

differential settlements as well as maximum settlements in a foundation system. While 

maximum settlements of foundation systems have received ample treatment in the literature, 

differential settlements have received less attention. 

Where investigations of differential settlement have been reported, they relate to piled raft 

foundations in the main, e.g. Hirokoshi & Randolph (1998), Prakoso & Kulhawy (2001), 

Reul and Randolph (2004) and Cho et al. (2012). A number of these studies found that 

optimizing the design of a piled raft foundation involves locating piles near the centre of the 

foundation in order to minimise total differential settlements. In addition, parametric analyses 

conducted by those authors identified the ratio of the pile group width to the pile raft width, 

group size, raft-soil stiffness ratio and the applied load configuration as having the greatest 

impact on differential settlements whereas pile length was deemed less influential. 

While those studies considered the magnitude of differential settlements occurring across a 

piled raft, Skempton and MacDonald (1956) identified angular distortion (β) as the most 

influential settlement characteristic causing cracking of buildings, defined as the ratio of the 

differential settlement to the horizontal distance between measurement stations. A selection 

of the limits for β documented in the literature has already been presented in Table 2-1 

through observations of damage to buildings founded on both clay and fill.  

While the extent of angular distortion likely to cause building damage is now relatively well 

established, there remains a considerable lack of information in the literature on the rigidity 

of piled foundations required to comply with these limits. Moreover, in cases where angular 

distortion levels are relatively low, there is potential for considerable savings in foundation 

construction by optimizing the design of the pile cap, particularly for larger group sizes. In 

this chapter, the HS model has been employed in an extensive parametric study of the angular 
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distortion of pile group foundations; the Belfast soil HS parameters have been used for this 

purpose. Numerical results are appraised in the context of aforementioned limits for angular 

distortion. In addition, results from the parametric study are validated by comparing to 

measured differential settlement characteristics from buildings and full-scale pile groups 

documented in the literature. The numerical data is then formulated into fully-normalised 

trends which are intended to provide design engineers with a useful resource for estimating 

the angular distortion of piled foundations. 

As mentioned in chapter 2, angular distortion is defined as follows: 

  
 

 
      (9-1) 

where δ is the differential settlement and l is the horizontal distance between ‘measuring 

stations’ which were chosen by Skempton and MacDonald (1956) as the locations of the 

footings supporting the building (see Fig. 9-1). Therefore the locations of the pile heads were 

used as the ‘measuring stations’ in this study. 

 

Fig. 9-1 Definition of settlement characteristics (adapted from Skempton and MacDonald 

1956) 

In general, the value of β is very small and for convenience, the inverse of β (β
-1

) is plotted in 

the subsequent sections which can be considered as a form of ‘angular rigidity’. The values of 

β
-1

 presented subsequently correspond to the minimum values for each (square) group unless 

specified otherwise; these occurred between the corner pile and next inner pile along the 

diagonal in almost all cases. 

As mentioned in Section 3.3.8 the value of logKr has been shown to range between -1.5 

(Thorburn et al. 1983) and 1.5 (McCabe and Lehane 2006). In light of this, a relatively broad 

spectrum of Kr values has been considered in the present study, i.e. |logKr|≤4, although caps 

with |logKr|≤2 are of primary interest. 
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9.1.1 Adopted pile cap conditions  

As mentioned, the majority of studies that have investigated the differential settlement of 

piled foundations have considered piled rafts whereas the contribution provided by cap-soil 

interaction has received much less attention. In Fig. 9-2, the variation of β
-1

 of a free-standing 

group has been compared to a similar group where the cap is in contact with the soil surface 

(i.e. a piled raft). Similar stages were used for the analysis of a piled raft as those set out in 

for a pile group in chapter 3, although the dummy layer was not required and was thus not 

included in the model; all other model parameters were similar. In addition, the same average 

load per pile was applied to the piled raft as was applied to the free-standing group (i.e. 

FS=1.35 on single pile capacity). 

 

Fig. 9-2 Influence of cap-soil interaction & cap geometry on β
-1 

From Fig. 9-2, cap-soil interaction surprisingly has little influence on the value of β
-1

 required 

by Eurocode 7 for a value of B/s=0. It can be seen that increasing the value of B/s from 0 to 

0.5 has a significant influence on β
-1

 where the curves for the two foundation types diverge 

significantly. From these findings, it is clear that a value of B/s=0.5 is more appropriate for 

maintaining acceptable values of β
-1

, particularly for free-standing pile groups. Since there is 

little guidance in the literature on commonly-employed cap over-hang distances, a free-

standing pile group in conjunction with a value of B/s=0 has been adopted henceforth. 
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Although this is not a commonly-employed cap geometry, it is advantageous in that it errs on 

the side of conservatism and is also consistent with the modelling of Cheung et al. (1988). 

9.2 Parametric study 

9.2.1 Influence of adopted soil profile 

As a check that the findings of the present study are not unique to the particular soil 

properties adopted, results determined using a completely different soil profile have been 

presented in Fig. 9-3 where only free-standing groups are presented henceforth. The analyses 

are based upon the HS parameters of the well-documented Boston Blue Clay (BBC; see 

Table 3-3) and have been compared to previous results using parameters based on the Belfast 

site. It is clear that while soil type has a minor influence on β
-1

, the difference is consistent 

over the spectrum of Kr values considered. 

 

Fig. 9-3 Influence of soil type on β
-1

; N=9, s/D=3 

9.2.2 Influence of constitutive model 

The influence of the stress-dependency of soil stiffness has been investigated in Fig. 9-4 in 

which results using the HS model have been compared to results determined using a LE soil 

model with a constant vertical stiffness profile. The properties of the LE soil model were 

chosen based on the equivalent small-strain stiffness values of the HS properties calibrated 

using the initial stiffness of the single pile load-displacement response (more details given in 

chapter 3).  
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Fig. 9-4 Influence of soil nonlinearity on β
-1

; N=9, s/D=3 

In Fig. 9-4, β
-1

 has been plotted against logKr using both soil models. The minimum value of 

β
-1

 was calculated between the corner pile and next inner pile (i.e. pile c and pile a, 

respectively, for a group with N=9). It is clear that the consideration of the stress-dependency 

of soil stiffness has a significant influence on β
-1

. A number of studies have testified to the 

validity of LE analysis in situations such as displacement interaction between adjacent piles, 

e.g. Mandolini et al. (2005), Leung et al. (2010). However, this study shows that LE analyses 

provide unconservative predictions of β
-1

. 

9.2.3 Influence of load level 

In Fig. 9-5, the influence of load level on β
-1

 has been investigated where results using a FS 

of 2.5, representing a more traditional FS for pile groups used in chapter 4, have been 

compared to the nonlinear results presented in the previous section (where a value of FS=1.35 

was used). In order to remain within acceptable limits set out by Eurocode 7, values of logKr 

of approx. -1 and -0.3 are required for a FS of 2.5 and 1.35, respectively. It is therefore 

obvious that an underestimation of the load level experienced by a piled foundation also leads 

to unconservative predictions of β
-1
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Fig. 9-5 Influence of load level on β
-1

; N=9, s/D=3 

9.2.4 Influence of N 

To investigate the effect of increasing the size of the group, N, predictions determined for 3
2
, 

5
2 

and 9
2
 groups have been compared in this section. Intuitively, the increase in N causes a 

reduction in β
-1

 as shown in Fig. 9-9; the required values of logKr to remain within the 

acceptable limits set out in the Eurocodes for a 3
2
 pile and 9

2
 pile group are significantly 

different.  

 

Fig. 9-9 Influence of group size on β
-1

; s/D=3 
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the group for a value of logKr equal to 2 where a is the location of the centre pile and o is the 

location of the corner pile. The distribution confirms that the minimum values of β
-1

 occurred 

between the corner and next inner pile for each group size. 

 

Fig. 9-10 Direction of cross-section taken through groups 

 

Fig. 9-11 Distribution of β
-1

for logKr=2 

9.2.5 Influence of s/D 

The influence of the pile spacing-to-diameter (s/D) on the settlement performance of piled 

foundations has been widely investigated in the literature; its influence on β
-1

 is investigated 

in Fig. 9-12 by varying the value of s/D from 2 to 5 where a 9-pile (Fig. 9-12a) and a 25-pile 

(Fig. 9-12b) group have been chosen for illustrative purposes. It is clear that a reduction in 

s/D from a value of 5 to 2 has an adverse effect on β
-1

, to the point where the corresponding 

values of logKr needed for compliance with the Eurocode limit differ by almost an order of 

magnitude. From Fig. 9-12, however, although values of Kr are plotted in log-scale, relatively 
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similar results for β
-1

 were observed for a group with D=0.3m (s=0.9m) and D=0.6m 

(s=1.8m). 

 

Fig. 9-12a Influence of s/D on β
-1

for N=9 

 

Fig. 9-12b Influence of s/D on β
-1

for N=25 

9.2.6 Influence of group configuration 

The influence of group geometry has also been taken into account where the value of m/n has 

been varied between 1 and 9 where m and n are defined in Fig. 4-2. The location of the 

minimum values of β
-1

 for the different group configurations was not obvious when m≠n and 

thus pile cap deformation contours were used for this purpose. Fig. 9-14 depicts the contours 

for a cap with m/n=2 (quarter-symmetry); it can be seen that the contours become closer near 

the corner of the pile cap indicating the location of the minimum value of β
-1
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Fig. 9-14 Pile cap deformation contours; logKr=0, m/n=2, N=36 

From Fig. 9-15, surprisingly an increase in the value of m/n does not have an influence on the 

required cap rigidity recommended by Eurocode 7. Square groups (i.e. m/n=1) appear to 

exhibit a broader range of angular rigidities while oblong configurations reach lower 

maximum values of β
-1

 with increasing m/n. 

 

Fig. 9-15 Influence of group configuration on β
-1

; N=36, s/D=3 

9.2.7 Influence of L/D 

The influence of pile slenderness was investigated by varying the diameter of the piles while 

maintaining a value of s/D=3. In Fig. 9-16, the variation in β
-1

 has been plotted for values of 

L/D equal to 20 and 50. In comparison to the influence of the parameters considered 

previously, it can be seen that the increase in L/D corresponds to a marginal reduction in β
-1
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Fig. 9-16 Influence of L/D on β
-1

; N=9, s/D=3
 

9.2.8 Influence of E2/E1 

For the purpose of investigating the influence of varying E2/E1, a stiff bearing stratum has 

been included in the soil model where a value of h/L=1 was adopted. The soil properties of 

the stiff bearing stratum are identical to those adopted for the soft clay except that the soil 

stiffness parameters have been multiplied by a factor of E2/E1 similar to that employed in 

Chapter 4. Fig. 9-17a and 9-17b presents the results of these analyses for values of E2/E1 

ranging from a value of 1 to 30 for N=9 and N=81, respectively. As expected, an increase in 

the stiffness of the bearing stratum at the base of the piles increases the angular rigidity of the 

group; to the point where both group sizes founded on a stratum with E2/E1=30 have angular 

rigidity that is acceptable according to Eurocode 7 regardless of the stiffness of the pile cap 

although it is recognised that this is also dependant on the adopted value of L/D. From these 

results, it is clear that piled foundations founded on stiffer stratum have significant scope for 

refining the design of the pile caps. 
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Fig. 9-17a Influence of E2/E1 on β
-1

 for N=9 

 

Fig. 9-17b Influence of E2/E1 on β
-1

 for N=81 

9.2.9 Influence of the supported superstructure 

Rethati (1961) noted that the influence of the rigidity of the supported superstructure should 

be taken into account when considering the angular distortion of a piled foundation. 

However, Grant et al. (1974) documented little influence of the number of storeys and width 

of a building on the ratio of maximum angular distortion to the maximum settlement of the 

building.  

In the most generalized form, the supported superstructure may be idealized as a three-

dimensional frame similar to that employed in a number of soil-foundation-structure studies 

reported in the literature, e.g. Cai et al. (2000) and Dutta & Roy (2002) (see Fig. 9-18). The 

framed structure is composed of three-noded line (beam) elements. The cross-sectional 

1 

2 

3 

4 

5 

6 

7 

-4 -3 -2 -1 0 1 2 3 4 

L
o

g
 β

-1
 

Log Kr 

E2/E1=1 

E2/E1=10 

E2/E1=30 

Skempton & MacDonald (1956) 

Eurocode limit 

1 

2 

3 

4 

5 

6 

7 

-4 -3 -2 -1 0 1 2 3 4 

L
o

g
 β

-1
 

Log Kr 

E2/E1=1 

E2/E1=10 

E2/E1=30 

Skempton & MacDonald (1956) 

Eurocode limit 



9-12 
 

dimensions of the beams and girders were arbitrarily chosen as 0.3m x 0.3m respectively with 

a (concrete) Young’s Modulus of 30 GPa. The height of the columns was chosen as 2.5m 

representing a typical height of 1 storey; the parameter n has been used to represent the 

number of storeys. An illustration of the frame in the model is provided in Fig. 9-18 for an 

N=9 group.  

 

Fig. 9-18 Illustration of n=1 frame in FE model (half-symmetry) for N=9 

 

Fig. 9-19 presents the results of the variation in β
-1

 with logKr for n ranging between 0 and 5. 

The additional rigidity of the superstructure improves the angular rigidity of the group in 

keeping with the findings of Rethati (1961). It is clear that the additional rigidity provided by 

the supported superstructure should be taken into account for further optimization of the pile 

cap design. It is noticeable, however, that the effect of n on β
-1

 decreases with increasing n 

over the range of interest i.e. |logKr|≤2. 



9-13 
 

 

Fig. 9-19 Influence of supported structure on β
-1

; N=9 

9.2.10 Group optimization 

A common feature of the aforementioned studies on the differential settlement of piled rafts 

was the consideration of the ‘optimized’ design. These optimized designs were aimed at 

reducing differential settlement but did not consider angular distortion/rigidity. The 

parametric analyses presented herein identified a number of variables that have the effect of 

increasing angular rigidity. Table 8-1 presents the parameters, and their respective ranges, 

considered in the previous parametric analyses. 

For a pre-determined building footprint, it is clear that it is more advantageous to use longer 

piles with fewer pile numbers; reducing the number of piles benefits angular rigidity two-fold 

in that the pile-to-pile spacing may also then be increased. The study also identified the 

effectiveness of founding a pile group on a stiff stratum. If these are not sufficient (or 

feasible), the effect of reducing the length of the outer perimeter of piles has been 

investigated since the lowest values of β
-1

 occurred near the corner pile in most cases. This is 

shown in Fig. 9-20 where Lo is the length of the outer perimeter of piles. The distribution of 

β
-1

 for a standard group (i.e. Lo/L=1) has been compared to that within an optimized group 

with a values of Lo/L of 0.5 and 0.75 in Fig. 9-21a and 9-21b for values of logKr equal to 0 

and 2, respectively. The load applied to the optimized groups was adjusted in order to 

maintain the same average FS per pile within the group. It is clear that reducing the lengths of 

piles in the outer ring is also effective in increasing β
-1

 within the groups. 
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Fig. 9-20 Illustration of group with Lo/L=0.75 

 

Fig. 9-21a Influence of Lo/L on β
-1

 distribution in optimized groups; N=81, logKr=0 

 

Fig. 9-21b Influence of Lo/L on β
-1

 distribution in optimized groups; N=81, logKr=2 
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9.3 Comparison to measured data 

9.3.1 Databases 

For the purpose of putting some practical context on predictions of differential group 

settlement using the present model, PLAXIS results presented previously have been 

compared to three databases documented in the literature. The databases compiled by 

Skempton and MacDonald (1956), and later extended with additional information by Grant et 

al. (1974), documented measured settlement characteristics of buildings. Those databases 

consisted of both isolated footings and rafts in clay; data in sand has also been included by 

way of comparison. The third database considered was that compiled by Mandolini (2005) of 

the settlement characteristics of a number of large-scale pile foundation case histories. Those 

foundations ranged in size from 4-pile to as large as 6,000-pile groups. The PLAXIS data 

presented in this section is derived from the parametric studies in the preceding sections. 

Table 3 documents the range of variables present in the PLAXIS data used in the following 

sections. 

9.3.2 Maximum differential settlement 

Maximum differential settlements have been the subject of a number of numerical studies 

(associated with piled rafts) and have also featured in all three of the aforementioned 

databases. In Fig. 9-22a, PLAXIS results have been compared to measured field data where 

the average settlement of the foundation, ρave, is plotted against the maximum differential 

settlement of the foundation, Δmax. In general, output from PLAXIS appears to agree well 

with the measured data presented in the figure. Moreover, there appears to be a relatively 

linear trend in the relationship between the two measures of settlement.   
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M:Mandolini et al. (2005); S: Skempton and MacDonald (1956); P: PLAXIS results 

Fig. 9-22a Comparison of numerical results with field data for ρave Vs Δmax 

The data has been re-plotted in Fig. 9-22b using normalised parameters Δ/ws and ηave, where 

ws is the settlement of a single pile with the same average head load per pile in a group and 

ηave is the average stiffness efficiency of the group defined as ws/ρave. Unfortunately 

information on ws was not provided in the Skempton and MacDonald (1956) and Grant et al. 

(1974) databases. The ‘normalisation’ of parameters, however, does not appear to improve 

the scatter in the results when compared to Fig. 9-22a; PLAXIS output plots slightly higher 

than the measured data. This can be attributed to the fact that the majority of the numerical 

analyses are based on a value of N=9 which was adopted out of conservatism due to the lack 

of information provided with the databases of measured data. 

 

Fig. 9-22b Comparison of numerical results with field data for ηave Vs Δmax/ws 
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9.3.3 Angular distortion 

Grant et al. (1974) presented a relationship between ρave and β which has been compared to 

PLAXIS data in Fig. 9-23. Both the numerical and measured data show a slight decrease in 

ρmax with an increase in β
-1

, as expected. The lack of exactness in the agreement between 

measured and numerical data can be attributed to: 

 The measure for overall foundation settlement (ρave) which is not normalised and is 

thus influenced by a range of pile/soil parameters and 

 The conservatism inherent in the numerical data arising from the parameters that 

formed the basis of the parametric study discussed in section 8.3. 

 

 

 

G: additional data documented by Grant et al. (1974) 

Fig. 9-23 Comparison of numerical results with field data for ρave Vs β
-1 

9.4 Fully normalised trends from numerical results 

The results presented in the previous case have been extended to the case of fully normalised 

trends (i.e. ηave versus β
-1

) since η and β
-1

 are superior measures of pile foundation settlement 

performance.  

In Fig. 9-24a, the variation of β
-1

 with ηave determined using PLAXIS output has been plotted 

for a range of values of logKr for Belfast clay with B/s=0 and a FS=1.35. Therefore only 

variation in geometric parameters was considered in these plots, allowing a like-with-like 

comparison. Best fit lines through the data have also been superimposed on the figure for 
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each value of logKr (with the exception of logKr=-2 which was omitted for clarity). The limit 

set out in Eurocode 7 has also been superimposed on the figure. When all the data is brough 

together, it can be seen that a value of at least logKr=0 is required to maintain the level of 

angular rigidity above the Eurocode limit. The findings presented in Fig. 9-24a, which 

include the results with a variation in n from 0 to 5, support the study by Grant et al. (1974) 

who documented that the number of storeys had an insignificant influence on relationships 

between angular distortion and settlement performance. 

From Fig. 9-24a, however, it can be seen that data within the logKr≤-2 and logKr=0 

categories are on the same line and therefore have been combined in Fig. 9-24b. Values of R
2
 

of 0.88 for logKr≤0 indicates strong evidence of a relationship between foundation stiffness 

efficiency and angular rigidity. 

 

Fig. 9-24a Variation in β
-1

 with ηave 

In order to obtain an estimate of β
-1

 for a pile group foundation, the trends presented in Fig. 9-

24b can be used in conjunction with an approach capable of obtaining an estimate of ηave for 

the group. The simplified finite element-based approach documented in chapter 4, which was 

developed using a similar framework to the present study, is a compatible way to estimate 

ηave. 
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Fig. 9-24b Variation in β
-1

 with ηave re-plotted 

9.5 Summary 

In this chapter, a numerical study of angular rigidity has been presented in this chapter using 

the HS model; a number of consistent trends featured in the study thus allowing the following 

conclusions to be drawn: 

(a) The majority of studies on the subject of differential pile foundation settlement to date 

have considered overall differential settlements. Reports on damage to buildings, 

however, have identified angular distortion, β, as the most influential settlement 

characteristic in the serviceability of the supported superstructures. 

(b) A number of studies have attempted to reinforce the continued use of LE analyses in 

appropriate situations such as ‘interactive’ pile displacements. However, this study 

shows that stress-dependent soil stiffness has an important influence on predictions of 

angular rigidity, β
-1

, when the group is modelled as a continuum; LE analyses provide 

unconservative predictions. 

(c) Pile foundations may be optimised for angular rigidity where reducing the length of 

the outer perimeter of piles was shown to be very effective in increasing the 

distribution of angular rigidity within the group. 

(d) Obvious trends between group settlement performance (i.e. average stiffness 

efficiency) and angular rigidity were documented thus providing design engineers 

with a practical resource for the estimation of pile foundation angular distortion. 
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CHAPTER 10 

CONCLUSIONS 

10.1 Findings of research 

In the course of this research, preliminary exercises were undertaken for the purpose of 

identifying aspects of existing methods of pile group analysis which have scope for further 

improvements. Subsequently, the development of separate ‘empirical’ and ‘semi-empirical’ 

approaches for the prediction of the absolute settlement performance of a free-standing pile 

group in clay was presented. The term empirical was used to denote an approach developed 

solely from FE output whereas the semi-empirical approach is predominantly analytical, but 

draws upon the output from rigorous FE analyses in places. 

In addition, a number of trends have been derived from rigorous FE analyses for the 

consideration of the differential group settlement performance. A number of advanced 

constitutive models were employed in PLAXIS 2-D and PLAXIS 3-D Foundation in the 

course of these numerical exercises. The findings are detailed in the subsequent sections of 

this chapter. 

10.1.1 Absolute pile group settlement performance 

A set of simplified formulae were derived from curve-fitting to finite element output from 

PLAXIS in Chapter 5 where over 600 pile group systems in total were analyzed. The 

formulae allow for an input of a range of parameters that have not been considered in existing 

approaches developed by Fleming et al. (2009), Castelli and Maugeri (2002) and McCabe 

and Lehane (2006); these include the pile length-to-diameter ratio, the relative stiffness of the 

bearing stratum and the relative distance from the bearing stratum to the pile bases.  

In addition, a simplified approach based on the t-z method has been presented in Chapters 6, 

7 and 8 to describe the nonlinear behaviour of both a single pile and friction pile groups and 

was implemented in spreadsheet format using Microsoft EXCEL.  

The following conclusions have been deduced following the research undertaken on the 

absolute settlement performance of pile group foundations in addition to the development of 

the present design methods. 
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10.1.1.1 FE analyses & the development of a FE-based approach 

(i) Predictions of two-pile interaction factors determined by the present nonlinear 

Hardening Soil model showed significantly improved agreement to field data compared 

to traditional linear elastic predictions. 

(ii) Predictions of pile interaction factors and pile group settlement determined using the 

Hardening Soil model in PLAXIS showed very good agreement to field data. 

(iii) The FE-based equations were shown to be a significant improvement on existing 

empirical methods for predicting rigid pile group stiffness efficiency of up to 196 piles 

based upon a database of 29 case histories. 

(iv) Although the adopted parameters in the present study are representative of soft clay, the 

ability of the empirical equations to predict the stiffness efficiency of pile groups in a 

range of clay types and sand reasonably well is likely to be an indication that pile group 

geometry is important and that the equations developed capture the influence of 

geometry very well. 

10.1.1.2 The Interaction Factor Method (IFM) 

(v) Due to soil nonlinearity, it was shown that the loading conditions of the receiver pile 

have an important influence on predictions of two-pile interaction factors; two-pile 

interaction factors predicted by Approach I were noticeably greater than corresponding 

predictions using Approach II. 

(vi) Approaches I and II were appraised by comparing predictions of the soil modulus at the 

interface of a ‘receiver’ pile to that predicted by a direct analysis of the entire group; it 

was shown that Approach I provided superior predictions for both free-headed and 

rigidly-capped pile groups. 

(vii) Comparisons of group settlement predictions determined using IFM and direct analyses 

of the entire group provided further validation that most accurate predictions are 

obtained when the receiver pile is non-loaded, i.e. Approach I. 

(viii) The present findings suggest that predictions determined by IFM provide sufficient 

agreement to guide predictions of the settlement of groups of up to 200 piles when 

using Approach I implying the possibility of saving considerable time and computing 

requirements in practice. 

(ix) Moreover, the FE-based approach (Chapter 5) requires a total of 6 pile group 

parameters while the simplified analytical approach (Chapter 8) requires a total of 12 

pile/soil parameters. In contrast to a number of advanced constitutive models now 
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available, all parameters associated with the present approaches have a physical 

meaning and are readily obtained from standard field/lab tests. 

10.1.1.3 Pile installation effects 

(x) A modified cavity expansion method was adopted by imposing vertical deformations 

simultaneous to the expansion of the cavity to better capture the displacement field 

generated during pile installation; predictions of installation stresses and pore pressures 

were shown to agree well with previously documented Strain Path Method predictions 

using the same constitutive model in Boston Blue Clay for corresponding values of z/R 

near the pile tip.  

(xi) Predictions of soil stresses and excess pore pressures after pile installation and during 

subsequent dissipation of pore pressures showed good agreement to measured data in 

San Francisco Young Bay Mud. 

(xii) Group installation effects were considered using a novel simplified method involving 

the expansion of tunnels within a plane-strain framework; it was shown that while 

group installation effects (over-and-above those owing to each pile’s own installation) 

increase radial and mean effective stress immediately after pile installation, these 

increases dissipate with consolidation to the point where negligible differences are 

noticeable after near 100% consolidation. 

10.1.1.4 Development of a simplified analytical approach 

(xiii) For the consideration of pile-soil slip, the degradation of bonds, due to particle re-

orientation and the remoulding of the structure to eventually a residual state within the 

clay shear band surrounding the pile, is related to the amount of slip at the pile-soil 

interface. Results determined by the present method showed good agreement to FE 

predictions which depend on an arbitrary virtual interface thickness. 

(xiv) Through comparisons with four previously published single pile and pile group field 

tests, the results indicate that the semi-empirical approach provides a sufficiently 

accurate representation of pile behaviour while conserving considerable computing 

requirements. 

(xv) Moreover, comparisons between predictions of stiffness efficiency using the present 

FE-based approach and analytical approach showed good agreement although the 

former pertains to a specific load level. 

(xvi) The present design methods have been shown to provide significantly improved 

agreement to measured field data compared to previously documented approaches 
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while alleviating the considerable computational expense associated with continuum 

analyses.  

10.1.2 Differential pile group settlement performance 

Angular distortion was considered as a measure of the differential settlement performance of 

piled foundations in Chapter 9; this measure was deemed superior to overall differential 

settlement when considering damage to the supported superstructure. In the course of the FE 

analyses of angular distortion, the stiffness provided by the supported superstructure was also 

taken into account. The author has arrived at the following conclusions based on the research 

on angular distortion: 

(i) A number of studies have attempted to reinforce the continued use of LE analyses in 

appropriate situations such as ‘interactive’ pile displacements. However, this research 

shows that stress-dependent soil stiffness has an important influence on predictions of 

angular rigidity, β
-1

, when the group is modelled as a continuum; LE analyses provide 

unconservative predictions. 

(ii) Pile foundations may be optimised for angular rigidity where reducing the length of the 

outer perimeter of piles was shown to be very effective in increasing the distribution of 

angular rigidity within the group. 

(iii) During the course of the parametric analyses, FE predictions of pile group angular 

distortion were compared to the limits recommended in Eurocode 7; the results served 

to highlight the possibility of refining the pile cap toward more economical design 

while safely remaining within the Eurocode limits. 

(iv) Obvious trends between group settlement performance (i.e. average stiffness efficiency) 

and angular rigidity were documented thus providing design engineers with a practical 

resource for the estimation of pile foundation angular distortion. 

(v) These trends were developed using a similar approach to that employed in the 

development of the FE-based equations documented in Chapter 5. Therefore, the FE-

based equations are compatible with these trends and may be used to obtain both the 

stiffness efficiency and angular distortion of a pile group foundation. 

10.2 Recommendations for future research 

The following outlines a number of suggestions for possible future developments and 

applications of the simplified approaches developed in this thesis: 



10-5 

 

(i) A numerical study on the applicability of IFM to nonlinear problems was presented in 

this thesis. Although satisfactory agreement was obtained when compared to continuum 

analyses for friction pile groups, predictions of pile group settlement determined by 

IFM were still slightly over-predicted for end-bearing pile groups. Future studies using 

IFM should develop an approach that is capable of incorporating the increased 

stiffening effect associated with end-bearing pile groups. This could be carried out by 

adopting empirical reduction factors derived from comparisons between IFM 

predictions and continuum predictions of end-bearing pile groups for various pile/soil 

parameters. Alternatively, interaction factors could be back-analyzed from continuum 

group settlement predictions (or field data) with different group sizes etc; there would 

therefore be different interaction factors for a particular pile spacing depending on the 

stiffness of the bearing stratum and the number of piles in the group amongst other 

parameters. 

(ii) Single pile installation (and consolidation) predictions in clay were obtained using the 

MIT-S1 model in the PLAXIS 2D FE package using a modified version of the cavity 

expansion method while group effects were considered using the Modified Cam-Clay 

and the volumetric expansion of tunnels in a plane-strain model. A simplified model 

relating OCR to stress changes with radial distance after installation was developed for 

the consideration of pile installation effects in the present simplified analytical 

approach. For the consideration of installation effects in routine FE simulations, a 

similar model could be adopted to modify the stress regime around the pile after 

installation. 

(iii) There remains a considerable lack of measured data on the installation effects 

associated with pile groups. In order to further validate the tunnel expansion method 

proposed in this thesis, future pile group field tests should record variations in pore 

pressures and total stresses in the vicinity of the pile group compared to those for a 

single pile at the same site. 

(iv) Partial pile-soil slip was accounted for in the semi-empirical approach using a concept 

based on the degradation of bonds within the shear band surrounding the pile. 

Predictions of slip using this approach were validated against ‘virtual’ FE predictions. 

Measured data of the extent of slip at the pile-soil interface under working conditions 

(i.e. pre-yielding) is required to further validate the present predictions. 
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Abstract This paper presents a finite element parametric

study of several variables that affect the stiffness efficiency

of rigidly capped pile groups with a view to developing a

solution for preliminary design purposes. Previous empir-

ical solutions from linear elastic work had identified a

significant dependence of stiffness efficiency on pile group

size and group spacing, and in this study, the effect of the

pile length-to-diameter ratio, the compressibility of a stiff

bearing stratum beneath the pile group and the depth below

ground level to the stiff bearing stratum are also consid-

ered. Pile groups in a soft clay/silt are modelled using

PLAXIS 3D Foundation in conjunction with a soil model

that captures the stress dependency of soil stiffness. The

trends from the soft soil study have been formulated into a

set of equations which can be used to predict the stiffness

efficiency of pile groups. This new approach captures more

variables than previous simpler empirical prediction

methods and performs better when applied to a database of

29 published pile group case histories.

Keywords Numerical modelling � Pile group �
Pile interaction � Stiffness efficiency

1 Introduction

The escalating demand for large-scale structures has placed

increased demands upon geotechnical practitioners in that

there is now as much design focus on the serviceability

limit state of foundations as on the ultimate limit state in

pile design. When considering the serviceability of groups

of closely spaced piles, the stiffness efficiency (gg) term is

a convenient gauge of the extent of pile-to-pile interaction

within the group under working conditions. The value of gg

is defined as follows by Butterfield and Douglas [1]:

gg ¼ kg

�
N ks½ � ð1Þ

where kg is the stiffness of the pile group, ks is the stiffness

of an equivalent single pile, and N is the number of piles in

the group.

Numerous rigorous methods have been employed in the

literature that consider the pile–soil system as one com-

posite continuum including the boundary element method

[2], the finite element method [3] and methods based on

mobilisable strength design principles [4]. These methods

can become both computationally intensive and time-con-

suming if nonlinear pile–soil–pile interaction and large

groups with non-standard geometries are also to be mod-

elled. In contrast, appropriate empirical approaches can

allow the designer to assess the effects of various variables

and also to obtain a preliminary estimate of gg quite quickly.

Early approaches developed for the prediction of gg,

however, incorporated simplifying assumptions such as a

linear elastic (LE) soil medium [1, 5, 6], which leads to an

overestimate of the extent of pile interaction and can

considerably underestimate the value of gg [7]. Fleming

et al. [5] proposed the following approach based on linear

elasticity:

gg � N�e ð2Þ

where the exponent, e, typically ranged between 0.5 and

0.6.

Castelli and Maugeri [8] later improved upon the sim-

plified approach proposed by Fleming et al. [5] by rec-

ognising the importance of considering soil nonlinearity
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and thus used hyperbolic load transfer functions to model a

more realistic nonlinear pile–soil–pile interaction accord-

ing to:

gg ¼ D=Dg

h ie
ð3Þ

where Dg = equivalent diameter of the plan area of the pile

group; D = diameter of the pile (or equivalent diameter for

a square pile), and an exponent of e = 0.15 was derived

from a limited database of case histories.

More recently, McCabe and Lehane [7] developed Eq.

(4) as the best fit to gg values derived from nine published

case histories with single pile and pile group data:

gg ¼
Dg

�
D

� �0:66

N
ð4Þ

Further field data are required to validate the form of

Eq. (4).

However, there are important variables other than pile

group size and pile spacing that influence stiffness effi-

ciency, and there remains a need for a simple approach

capable of incorporating additional variables without sac-

rificing the stress dependency of soil stiffness from the

process. In this study, additional normalised variables

considered include the effect of the pile length-to-diameter

ratio (L/D), the relative depth below ground level of a

stiffer layer beneath the pile base (h/L) and the relative

stiffnesses of the lower and upper layers (E2/E1). Expres-

sions for gg are derived from curve fitting to the output

from FE analyses of pile groups in soft soil. PLAXIS 3-D

Foundation version 2.2 [9], was used in conjunction with

the commercially available hardening soil (HS) model, and

data from McCabe and Lehane [7] were used to provide

initial calibration for the model. The validity of this new

approach is appraised against a database of published

friction and end-bearing pile group case histories in clays.

2 Belfast pile test programme

2.1 General site description

Single pile and pile group load test data from the pro-

gramme reported by McCabe and Lehane [7] at Belfast,

Northern Ireland, are modelled in this paper. The Belfast

soil profile consists of a layer of made ground which

extends to a depth of *1.0 m, a layer of silty sand from 1.0

to 1.7 m and a lightly overconsolidated soft estuarine silt

(locally known as sleech) to a depth of 8.5 m. The sum-

mary properties of the sleech are given in Table 1. A

stratum of medium dense sand exists at 8.5 m below

ground level, and the water table was found at approx.

1.4 m below ground level (with a small tidal variation).

2.2 Pile load test details

Precast concrete piles, B = 250 mm wide, were driven to a

depth of 6.0 m at the Belfast site. The piles were installed

using a 5-tonne hydraulic hammer with a drop height of

0.45 m. The group piles were arranged with a centre pile

surrounded by four corner piles at a spacing-to-width (s/

B) ratio of 3.0. Purpose-built load cells were positioned at

the heads of all piles. Maintained-load compression testing

on both the single and 5-pile group (with a threshold creep

rate of 0.024 mm/h) was carried out using Kentledge dead

weight as shown in Fig. 1. The rigid steel pile cap con-

sisted of two orthogonal layers of six steel I-sections

positioned between 1.8-m square steel plates. The piles

were loaded to failure almost 3 months after installation in

increments of 5–15 % of the estimated ultimate load for a

single pile, by which time over 90 % of the excess pore

pressures generated during installation had dissipated [7].

3 Soil model for parametric study

3.1 Belfast general soil parameters

The basic soil properties used for the constitutive model

were derived from laboratory tests reported by Lehane [10]

and McCabe and Lehane [7] and are included in Table 2.

Overconsolidation ratios (OCR) of 1.2 and 2 were selected

Table 1 Typical properties of the Belfast sleech

Clay fraction (%) 20 ± 10

Fines content (%) 90 ± 5

Water content (%) 60 ± 10

Plasticity index (%) 35 ± 5

Organic content (%) 11 ± 1

Peak vane strength (kPa) 22 ± 2

Overconsolidation ratio (OCR) 1.1–2.0

Friction angle (�) 33 ± 1

Fig. 1 Load test arrangement
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as the average values encountered in the sleech and silty

sand, respectively [11]. A pre-overburden pressure (POP)

of 15 kPa was chosen for the fill material to represent a

total drop in vertical effective stress due to fluctuating

ground levels and erosion of material. A high friction

angle, u0, of 33� was selected for the fill material, the silty

sand and the sleech based on the triaxial tests documented

by McCabe [11].

3.2 Hardening soil model and parameters

The hardening soil (HS) model was chosen to model the

behaviour of the fill and sleech in PLAXIS 3-D Founda-

tion. The main advantage of the HS model over an elastic

perfectly plastic model is that the yield surface is not fixed

in principal state but instead can expand due to plastic

straining [9]. The HS model is an improvement on the

Duncan–Chang hyperbolic model in that the theory of

plasticity is used as opposed to the theory of elasticity. It

also includes soil dilatancy and a yield cap although creep

behaviour is not considered.

One of the main features of the HS model is its ability to

capture the stress dependency of soil stiffness. The

parameter ‘m’ controls the relationship between soil stiff-

ness, E, and the corresponding confining stresses, p, as

follows:

E

Eref

¼ c0 cos u0 þ p sin u0

c0 cos u0 þ pref sin u0

� �m

ð5Þ

where E = Young’s modulus, pref = reference stress for

stiffness Eref and m = an exponent for stress-level depen-

dency of stiffness. According to Schanz et al. [12], a value

of m = 1 should be selected to simulate a stress depen-

dency of soil stiffness typical in soft clays and has thus

been selected for the sleech. A value of m = 0.5 for the fill

material has been documented as being typical for hard

soils [12], while an intermediate value of 0.75 was chosen

for the silty sand.

A value of zero was chosen as a realistic value for the

dilatancy angle of the soil, w [9]. The value of K0 was

obtained using the relationship K0 ¼ 1� sin u0ð ÞOCRsin u0

[13]. The Young’s modulus at half the maximum deviator

stress, Eref
50 , for the sleech was selected by calibrating pre-

dicted stress–strain curves in triaxial compression using the

‘Soil Test’ facility in PLAXIS to the measured curves

documented by McCabe [11] where pref was set equal to

the initial mean effective stress at the beginning of

undrained shearing, p00 = 30 kPa (Fig. 2). The secant shear

stiffness values, Gsec, in Fig. 2 (calculated from Esec with

m = 0.5 for undrained conditions) have been normalised by

p00. The stress history of the sleech was modelled as normal

consolidation (K0 = 0.5) with subsequent swelling to the

current in situ overconsolidation ratio of 1.2 (which was

representative of the average value in the sleech encoun-

tered by the piles); a reasonable match can be seen in

Fig. 3.

A value of Eref
50 for the fill material, corresponding to a

reference pressure of 30 kPa, was chosen based on the soil

stiffness employed by McCabe and Lehane [3] in OASYS

SAFE. The default setting of Eref
ur ¼ 3� Eref

50 , where Eref
ur is

the unloading–reloading soil stiffness, was maintained for

the fill, silty sand and sleech material, while a value of

Table 2 Belfast soil parameters used in HS model

Fill Silty sand Sleech Lower sand

Depth (m) 0.0–1.0 1.0–1.7 1.7–8.5 8.5–12.0

csat (kN/m3) 18.5 17.5 16.5 20

cunsat (kN/m3) 18.5 17.5 16 20

OCR 1.0 2 1.2 2

POP (kPa) 15 0 0 0

u0 (�) 33 33 33 40

W (�) 0 0 0 0

K0 0.46 0.66 0.5 0.46

m 0.5 0.5 1.0 0.5

E0ref
oed (MPa)a 25 12 6.5 75

E0ref
50 (MPa)a 25 12 6.5 75

E0ref
ur (MPa) 75 36 19.5 225

pref (kPa) 30 30 30 30

c0 (kPa) 1.0 1.0 1.0 1.0

ky (m/day) 1.0 2.6 9 10-5 2.6 9 10-5 8.64

kx (m/day) 1.0 2.6 9 10-5 5.2 9 10-5 8.64

Rinter 0.9 0.9 0.55 1.0

a Eref
50 set equal to Eref

oed in the absence of an appropriate reference
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1 kPa for the cohesion of the fill and sleech was used for

numerical stability (e.g. [14]). It is recognised by the

authors that the permeabilities, k, of the sleech reduce with

increasing stress levels so average values at in situ stress

levels are presented in Table 2.

In order to simulate the reduction in strength of the soil

at the pile–soil interface arising from pile installation,

PLAXIS allows for the input of the interface strength

reduction factor, Rinter, such that:

tan u0inter ¼ Rinter tan u0soil ð6Þ

Einter ¼ R2
interEsoil ð7Þ

Although the present FE analyses are limited to ‘wished-in-

place’ pile installation, the reduction in soil strength and

stiffness at the interface arising from the installation of

each individual pile is considered in the interface strength

reduction factor, Rinter. It is acknowledged that while the

potential additional effects due to the driving of neigh-

bouring piles cannot be captured, in the case of the

aforementioned 5-pile group, radial total stress measure-

ments during and after group installation indicated that

equalised values at the centre pile shaft were only mar-

ginally lower than those on a single pile [7].

The database of interface strength reduction factors

documented by Potyondy [15] and Tiwari et al. [16] guided

the selection of an appropriate value of Rinter for the fill

material (chosen as Rinter = 0.9). The selection of appro-

priate values of Rinter for the silty sand and sleech was

aided by site-specific operational interface friction angles,

d, documented by Strick van Linschoten [17]. These were

measured in ring shear interface tests with a concrete

interface. Values of d equal to 31� and 18.5� ± 3� were

reported for the silty sand and sleech, respectively,

corresponding to Rinter values of 0.9 and 0.55. A non-por-

ous linear elastic model was chosen to represent the con-

crete pile material with a Young’s modulus, E = 30 GPa

and Poisson’s ratio, m = 0.15.

Since the input parameters in the present soil model

have been defined in terms of effective stress, it is neces-

sary to check that the present soil model accurately predicts

the undrained shear strength profile at the Kinnegar test site

which was measured by in situ shear vane testing. Cor-

rection factors for undrained strength reported by Bjerrum

[18] have been applied to the measured shear vane

strengths documented by McCabe [11] in Fig. 4. It can be

seen that predictions of the undrained shear profile deter-

mined by the HS model, although illustrating a slightly

different gradient with depth, show reasonable agreement

with vane strengths reported by McCabe [11].

4 Finite element modelling

4.1 Stages of analysis: single pile

The stages used in the analysis of a single pile are defined

as follows:

(i) Inclusion of interface elements in the soil model to

allow for pile–soil slip.

(ii) Initial stress generation by the K0 procedure, a special

calculation method available in PLAXIS.
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(iii) Installation of the concrete pile reflected by changing

appropriate elements to a linear elastic material with a

Young’s modulus of 30 GPa and a Poisson’s ratio, m,

of 0.15.

(iv) Pile loading by placing a compressive uniform

distributed load along the top surface of the pile

material.

(v) Recording of the pile head displacement versus pile

head load relative to the start of loading.

4.2 Stages of analysis: two-pile interaction factors

The interaction factor (a) is defined by Poulos [19] as:

a ¼ Sij

Sii

ð8Þ

where Sij is the additional settlement of pile i due to a

nearby loaded pile j and Sii is the settlement of pile i under

its own load. For the calculation of interaction factors in

this paper, the settlement of a single pile under its own load

was first determined by PLAXIS analyses. A non-loaded

(i.e., no external pile head load applied) pile was then

incorporated within the settlement field of a loaded pile at a

number of different pile spacing-to-diameter ratios (s/D).

The ‘interactive’ settlement of the non-loaded pile due to

the presence of the neighbouring loaded pile was then

recorded for each value of s/D and the corresponding value

of a calculated.

4.3 Stages of analysis: pile groups with rigid caps

For the case of the pile groups with rigid caps, a slightly

different procedure was followed:

(i)–(iii) Similar procedure to that described in Sect. 4.1.

(iv) Excavation of soil to a depth of 0.5 m below the

pile heads.

(v) Installation of the pile cap (modelled as a ‘floor’

in PLAXIS) along the top of the pile group.

Floors in PLAXIS are composed of 6-node

triangular plate elements. The depth of the pile

cap was arbitrarily chosen as 0.4 m with the same

properties employed for the concrete pile.

(vi) Pile group loading by placing a compressive uniform

distributed load along the top surface of the pile cap.

(vii) Recording of the pile cap displacement versus

pile head load relative to the start of loading.

4.4 Finite element model parameters

The pile/soil parameters referred to in the study are illus-

trated in Fig. 5 where E1 is the stiffness of the upper layer,

E2 is the stiffness of the lower layer, and the boundary

between them occurs at a depth h below ground level,

where h is greater than or equal to the pile length L. The

depth below ground level to the bottom mesh boundary, H,

was chosen as 3L so that the bottom mesh boundary had no

effect on the output. Likewise, the lateral boundaries of the

FE model for each analysis were located at a distance such

that no influence was recorded on output results.

Other features of the model are shown in Fig. 6 (for a

16-pile group). Symmetry was exploited to reduce the

number of elements used in the mesh and associated

computational time. In all analyses, the mesh was refined in

zones of high stresses near the piles. Coarse, medium and

fine meshes were used to check mesh convergence for all

analyses, but fine meshes were ultimately used. In the

present study, only free-standing pile groups are modelled,

so the pile cap does not come into contact with the ground

surface.

5 Validation of soil model

5.1 Load displacement results

In the analyses, the square piles of width B were modelled

as circular piles with an equivalent diameter, Deq, of

282 mm where Deq = 2B/p0.5. A pile-to-pile spacing of s/

Deq = 2.8 was adopted in the analyses. PLAXIS 3-D

Fig. 5 Illustration of pile/soil parameters
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Foundation was used to simulate the single pile field test

(S) for the partially drained loading believed to have

occurred in the test. This was carried out by increasing the

pile head load in a ramp over a 6-h consolidation phase (i.e.

the duration of the single pile load test). PLAXIS then

incrementally increases the load directly in proportion with

time passed. The partially drained analysis appears to

predict the initial measured stiffness of the single pile, its

nonlinearity and the pile load at 15 mm displacement very

well.

The load–displacement response of the centre pile of the

5-pile group (C) has also been plotted with that simulated

by a partially drained analysis in PLAXIS 3-D where the

duration of the 5-pile group load test in this case was 12 h.

It can be seen from Fig. 7 that PLAXIS 3-D under-predicts

the stiffness of the centre pile slightly but the nonlinear

load–displacement response and load at 15 mm displace-

ment are captured well.

5.2 Interaction factors

The present (HS) model has also been employed to com-

pare predictions of two-pile interaction factors to a range of

field data and existing prediction methods; the results of the

analyses have been plotted in the traditional form of a
against s/D or s/Deq in Fig. 8. The variation in predictions

of a with load level determined by PLAXIS is captured by

the shaded region in Fig. 8 where the upper and lower

bounds represent a load level corresponding to a factor of

safety (FOS) on single pile capacity of 1.5 and 4.0,

respectively, where the pile capacity was defined nominally

at a pile head displacement of 0.1D. Although comparisons

with the data reported by Cooke [20] and Caputo and

Viggiani [21] are only indicative (since different soil and

pile properties as well as load levels will lead to differences

in interaction factors), PLAXIS results show good agree-

ment to the measured field data beyond a value of

s/Deq = 2.5. More importantly, the agreement between

PLAXIS predictions and the measured data at the Belfast

test site show significant agreement.

From Fig. 8, it can also be seen that predictions deter-

mined by the present analyses and the 2-D nonlinear FE

analyses documented by Jardine et al. [22] show much

improved agreement to field data than the predictions

determined using the PIGLET computer program [23] and

the approach documented by Chen et al. [24] where the soil

is idealised as a LE medium. The method employed by

Chen et al. [24] differs from conventional approaches in

that a more rigorous approach to consider pile–soil

Fig. 6 Finite element mesh for 16-pile group
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interaction is proposed using the fictitious pile-extended

half-space model.

It can be seen from Figs. 7 and 8 that PLAXIS results

compare well to the measured field data documented by

McCabe and Lehane [7], thus affirming the selection of

material parameters and soil model outlined in Sect. 3. The

material and geometrical parameters serve as default values to

be varied during the parametric study. Since only pile settle-

ment after full completion of pore pressure dissipation is of

interest in the subsequent analyses, fully drained analyses are

used for the remaining analyses presented in this paper.

6 Stiffness efficiency of rigid pile groups

6.1 Overview

As already mentioned, existing empirical approaches and

charts for the prediction of rigid pile group stiffness effi-

ciency are not general enough to take account of various

factors influencing the value of gg. Thus, PLAXIS 3-D is

used to obtain predictions of gg for parameters already

considered in existing empirical approaches such as N and

Dg/D [5, 7, 8] in addition to the parameters L/D, E2/E1 and

h/L and are presented in Sects. 6.4–6.7.

It is recognised that nonlinear pile interaction factors

(and thus gg) vary with load level; thus, a commonly

employed FOS of 2.5 was maintained throughout the

parametric study. This FOS was conservatively chosen

since pile-to-pile interaction was shown in Fig. 8 to

decrease with increasing load level. There is currently little

guidance in the literature on how the relative pile–soil

stiffness (R) should be defined for a soil with stress-

dependent stiffness. In the present study, the value of R is

defined as the ratio of the Young’s modulus of the pile (30

GPa) to the average secant stiffness of the soil in drained

triaxial compression Eref
50

� �
at a reference pressure of

pref = 30 kPa. The soil properties in the present parametric

study are restricted to those of a soft clay; thus, the effect of

the relative pile–soil stiffness is not taken into account.

From LE analyses [6], however, a variation in the value of

R between 1,000 (representing a stiff soil) and ? (repre-

senting a very soft soil) only had an appreciable effect on

pile interaction for unusually slender piles (i.e. L/D C 100).

The term ‘rigid pile groups’ is used loosely in the present

paper since it is realistic to assume that slight deformation

of the pile cap may occur, particularly for large group sizes.

6.2 Effect of pile spacing

A commonly employed pile spacing-to-diameter ratio

(s/D) of 3 was also adopted throughout the parametric

study, in the interests of managing the number of analyses

to be performed. However, the plan density of soil

replacement with piles is considered indirectly in the

composite term Dg/D (as used by [7]) which captures

variations in both pile diameter and spacing, where Dg is the

equivalent diameter of the plan area of the pile group and

D is the diameter of single pile as shown in Fig. 9. This

assumption is shown to be appropriate in Sect. 7.2.

6.3 Effect of group configuration

In the present study, the variation in gg for various group

configurations of m 9 n piles is investigated, where m is

the number of piles along a row and n is the number of

piles along a column as shown in Fig. 10 for a 16-pile

group. In Fig. 11, PLAXIS predictions of gg have been

plotted against m/n for group sizes (N) of 4, 16 and 36 piles

having L/D = 25. It can be seen that the effect of group

configuration on gg is relatively insignificant for values of

m/n B 10. The authors have therefore not considered the

effect of group configuration further in the subsequent

parametric analyses where a conventional square pile

group formation (m/n = 1) is used henceforth, erring very

marginally on the side of conservatism. Larger groups are

developed by placing an extra square of piles around each

previous group as shown in Fig. 12.

6.4 Effect of group size

It is well established that group size has a significant

impact on pile group stiffness efficiency and has been

considered in many existing empirical approaches. Due to

the large number of elements associated with volume piles

in PLAXIS, a group size of N = 196 was the limiting value

for this work. Details of the pile/soil parameters adopted in

D

D
g

Fig. 9 Illustration of the term Dg (adapted from [8])
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the numerical analyses represented in this section are

summarised in Table 3.

As a calibration exercise, the LE soil model in PLAXIS

has first been used to compare predictions of gg to pre-

dictions obtained from existing empirical approaches and

charts based on LE theory [5, 6] (shown in Fig. 13a). A

value of e = 0.55 has been adopted for the empirical

approach proposed by Fleming et al. [5] in Fig. 13a. The

soil properties adopted in the LE soil model are similar to

those employed in the HS model. In addition, a constant

soil stiffness profile with depth has been employed in these

LE analyses. A value of h/L = 3 was adopted such that the

effect of a stiff bearing stratum below the pile group has no

effect on the value of gg, thus simulating a pile group sit-

uated in an infinite soil mass.

The effect of soil stiffness nonlinearity on predictions of

gg has also been investigated in Fig. 13b. Since the HS

model predicts a linearly increasing soil stiffness with

depth (i.e. a ‘Gibson’ profile), LE predictions with a similar

Gibson profile have also been plotted for comparison. A

database of stiffness efficiency field data (from nine pub-

lished pile group case histories) provided by McCabe and

Lehane [7] is also included in Fig. 13b which is repre-

sented by a dotted line and described by Eq. (4). Since the

database consisted mainly of pile group sizes ranging

between 4 and 9 piles (with the exception of two case

histories), Eq. (4) is represented only for a value of

N ranging between 4 and 9.

In Fig. 13c, predictions of gg using the HS model in

PLAXIS have been compared to existing nonlinear analy-

ses and empirical methods [8, 25].

From the results presented in Fig. 13a–c, the authors

have arrived at the following conclusions:

(i) Predictions of gg using a LE soil model in PLAXIS

appear to agree well with the empirical approach

derived by Fleming et al. [5] and results using

PIGLET which have been documented by Poulos

and Davis [6].

(ii) Although predictions of gg using a Gibson soil profile

with a LE soil model in PLAXIS showed improved

agreement to field data compared to a linear profile in

Fig. 13b, it is clear that the assumption of a LE soil

medium under-predicts the value of gg compared to

the nonlinear HS model.

(iii) From Fig. 13c, it is evident that existing nonlinear

predictions of gg documented by Comodromos and

Bareka [25], using the finite difference code FLAC3D

[26], are slightly lower than field data, while

Fig. 10 Example of a variation in group configuration for a 16-pile group
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Fig. 11 Influence of a variation in group configuration (m/n) on

PLAXIS predictions of gg; s/D = 3; L/D = 25

Fig. 12 Example of pile group configurations for up to 16 piles,

larger groups modelled by adding squares to the periphery
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predictions documented by Castelli and Maugeri [8]

are significantly greater. The exponent of 0.15 in the

approach documented by Castelli and Maugeri [8] was

derived from a limited database of case histories, not

all of which were friction pile groups. Thus, the

overprediction of gg compared to field data for this

approach might be attributable to the influence of end-

bearing pile groups in the database.

(iv) PLAXIS results using the HS model appear to show

good agreement with both the stiffness efficiency of

the load test carried out by McCabe and Lehane [7] in

Belfast and the database of stiffness efficiencies

documented by the same authors. The measured field

data documented by McCabe and Lehane [7] plot

slightly lower than predictions determined by the HS

model due to the difference in adopted group

configurations. Moreover, the HS model in PLAXIS

can be considered as a marked improvement on

existing approaches for the prediction of gg for

rigidly-capped pile groups.

6.5 Effect of L/D

A drawback of the simple empirical approaches developed

by Castelli and Maugeri [8] and McCabe and Lehane [7] is

that the effect of the value of L/D on stiffness efficiency is

not taken into consideration, while Butterfield and Douglas

[1] averaged values of gg for all values of L/D. In Fig. 14,

the effect of varying L/D between 21 and 100 was inves-

tigated using the HS model in PLAXIS and plotted along

with the results by Comodromos and Bareka [25]. Poulos

[27] noted, however, that the reduction in the ‘near-pile’

soil stiffness results in reduced pile-to-pile interaction;

therefore, in the present analyses, the value of L/D was

varied by modifying the diameter of the piles instead of

length of the piles so as to maintain the same average value

of Rinter over the length of the piles. A value of h/L = 3

was, again, maintained representing a pile group in an

infinitely deep soil mass. The corresponding load levels for
each value of L/D were calculated as a FOS of 2.5 against

the ultimate capacity of a single pile (defined in Sect. 5.2).

From Fig. 14, it can be seen that for a value of

R determined as &3,000 according to the approach set out

in Sect. 6.1, the HS model in PLAXIS predicts a slight

decrease in the value of gg with an increase in

L/D. Although the results by Comodromos and Bareka [25]

plot higher than the results of the present study due to the

FOS adopted by those authors, the reduction in gg with

increasing L/D is consistent with the findings of Como-

dromos and Bareka [25] from nonlinear finite difference

analyses as shown in Fig. 14 (R & 4,000), although those

authors document a slightly greater decrease in gg with an

increase in L/D from 25 to 50. Furthermore, numerous

Table 3 Pile/soil parameters adopted in the numerical analyses

represented in Fig. 11a–c

Reference Analysis s/D L/D R FOS

LE Poulos and Davis

[6]

PIGLET 3 25 1000 n/a

Fleming et al. [5] PIGLET – – – –

Present study PLAXIS 3 25 3,000 n/a

Nonlinear Comodromos

and Bareka [25]

FLAC 3D 3 25 4,000 2.5

Castelli and

Maugeri [8]

Empirical 3 – – –

Present study PLAXIS 3 25 3,000 2.5
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Fig. 13 a Comparison of LE predictions of gg against the number of

piles in the group. b Comparison between LE and nonlinear

predictions of gg against the number of piles in the group.

c Comparison of nonlinear predictions of gg against the number of

piles in the group
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authors have documented a similar decrease in gg with

increasing L/D for incompressible pile groups from LE

analyses [6, 21].

6.6 Effect of E2/E1

From LE analyses, numerous authors have documented a

significant dependence of the value of gg on the com-

pressibility of the soil bearing stratum [6, 28, 29]. Thus,

PLAXIS 3-D was used to obtain predictions of gg for

values of E2/E1 ranging between 1 and 50. For the purpose

of these analyses, a stiff bearing stratum has been included

in the soil model where a value of h/L = 1 was adopted.

The soil properties of the stiff bearing stratum are identical

to those adopted for the soft clay except that the soil

stiffness has been multiplied by a factor of E2/E1.

In Figs. 15 and 16, typical predictions of the variation of

gg with an increasing value of E2/E1 determined by both

the HS model and a LE soil model have been plotted for a

9-pile and 25-pile group, respectively. The LE soil model

in PLAXIS appears to show good agreement to the pre-

dictions documented by El Sharnouby and Novak [28],

Poulos and Davis [6] and Southcott and Small [29], also

idealising the soil as a LE medium for both the 9-pile and

25-pile group. From both the LE and nonlinear results in

Figs. 15 and 16, it can be seen that a reduction in the

compressibility of the bearing stratum has the effect of

increasing the value of gg.

6.7 Effect of h/L

The effect of the depth to a stiff bearing stratum on the

value of gg has also been investigated. A stiff bearing

stratum has again been included in the soil model as

described in Sect. 6.6 with the value of h/L now ranging

between 1.1 and 3. A value of h/L = 1 has already been

considered in Sect. 6.6. The presence of a stiff stratum at

the base of the piles (as in Sect. 6.6) has the effect of

reducing pile settlement. As the depth from the base of the

piles to the stiff stratum increases, however, its effect on

the value of gg becomes less significant.

Predictions of the variation in the value of gg with

h/L and E2/E1 determined by the HS model in PLAXIS

shown in Fig. 17, however, suggest that the effect of an

increasing value of E2/E1 greater than 5 has little influence

on gg for a value of h/L = 1.1 or higher. It may be seen that

for the case of a stiff soil stratum beneath the base of a rigid

pile group, the value of E2/E1 is relatively insignificant

beyond a value E2/E1 & 10. This is consistent for various

pile group sizes and configurations and is thus not depen-

dent on the particular group formation employed in the

present study. A value of E2/E1 = 10 has thus been

maintained in these analyses.

The variation in gg with h/L determined by the HS

model in PLAXIS is shown in Fig. 18 for a 4-, 16-, 36- and

64-pile group with an L/D ratio of 25. Predictions deter-

mined by LE analyses (i.e., the charts by Poulos and Davis

[6] and Butterfield and Douglas [1], where values were

averaged over the range of L/D) have also been plotted in

Fig. 18 for comparison. From predictions determined by
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both the HS model in PLAXIS and existing LE predictions,

it can be seen that the value of gg reduces with an

increasing depth to a stiff bearing stratum beneath the pile

group but levels off at a value of h/L & 2.

7 Formulation of new FE-based approach

7.1 Pile group scenarios

An empirical approach has been developed based on results

from the advanced HS model in PLAXIS which have been

presented in the previous sections. For the formulation of

this approach, an equation was developed for the prediction

of pile group stiffness efficiency for three different sce-

narios defined as follows:

(i) Pile group in infinitely deep soil mass

(ii) Pile group in a finite soil mass

(iii) Pile group end-bearing on a stiff soil stratum

7.2 Pile groups in infinitely deep soil mass (h/L C 3)

The first case considered is a floating pile group in an

infinitely deep soil mass, in which case the effect of a stiff

soil stratum beneath the pile group can be ignored. As

mentioned in Sect. 6.4, a value of h/L = 3 was deemed

sufficient to represent a pile group in an infinitely deep soil

layer. The equations developed in the present paper are

modifications of the form of the expression for gg in

McCabe and Lehane [7], defined in Eq. (4). As previously

mentioned, variations in pile spacing and diameter are

captured by the Dg/D term. Eq. (4) was modified in order to

provide a best fit to results obtained using the advanced HS

model in PLAXIS 3-D Foundation, rather than to a data-

base of field data. The resulting expression for gg (which

now captures the effect of L/D in a modified exponent term

A) is defined as follows where gf is used to denote the value

of gg for a floating pile group in an infinitely deep soil

mass:

gg ¼ gf ¼
Dg

�
D

� �A

N þ 1
ð9Þ

where A ¼ 0:83 L=Dð Þ�0:071:

Figure 19 confirms that Eq. (9) provides an excellent fit

to results obtained using the HS model in PLAXIS

(although N = 196 was the limiting number for this work,

only N = 100 is presented in Fig. 19 for clarity).

As previously mentioned, all PLAXIS output from

which the empirical formulations were derived used a

spacing of s/D = 3. However, Fig. 20 illustrates that

Eq. (9) matches PLAXIS output very well for a range of

s/D values and justifies the use of Dg/D as a composite

measure of spacing and number of piles. In Fig. 20,

gplax

�
gEq:9 has been plotted against s/D for a 4-pile and 16-

pile group where gEq.9 is the value of gg calculated using

Eq. (9) and gplax is the value of gg predicted directly by

PLAXIS. The ratio gplax

�
gEq:9 falls no more than approx-

imately 2 % from unity in this figure.
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Fig. 17 Predictions gg with increasing value of E2/E1 determined by

PLAXIS; N = 36 piles; L/D = 21; s/D = 3
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7.3 Pile groups in a finite soil mass (1 \ h/L \ 3)

The expression developed for the stiffness efficiency of a

pile group in a finite soil mass is a modification of the

expression for gf in Eq. (9) and is defined in Eq. (10) as

follows:

gg ¼ gf þ B
1

h=L

� �6

ð10Þ

where B ¼ 0:147 L=Dð Þ�0:272� ln N.
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Fig. 21 a Comparison between PLAXIS results and fitted results

using Eq. (10) for a variation in the value of h/L; L/D = 21.

b Comparison between PLAXIS results and fitted results using

Eq. (10) for a variation in the value of h/L; L/D = 50. c Comparison

between PLAXIS results and fitted results using Eq. (10) for a

variation in the value of h/L; L/D = 100
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Fig. 22 a Comparison between PLAXIS results and fitted results

using Eq. (11) for a variation in the value of E2/E1; L/D = 21.

b Comparison between PLAXIS results and fitted results using

Eq. (11) for a variation in the value of E2/E1; L/D = 50. c Comparison

between PLAXIS results and fitted results using Eq. (11) for a

variation in the value of E2/E1; L/D = 100
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The expression considers the effect of h/L, L/D and N.

The influence of E2/E1, however, is not considered here

since the value of E2/E1 has little effect on stiffness effi-

ciency beyond a value approximately equal to 5 as shown

in Fig. 17. It must therefore be conceded that Eq. (10) may

overestimate the value of gg if the value of E2/E1 is less

than 5 and it is recommended that for a value of E2/E1 of 5

or less, the value of gg should be obtained using Eq. (9) in

order to provide a more conservative estimate. Results

obtained using the HS model have been compared to those

provided by Eq. (10) in Fig. 21a–c where the value of

h/L is varied between 1 and 2.5 in order to again check the

self-consistency of the method when all variables are

brought together. Results appear to agree well for values of

L/D ranging between 21 and 100.

7.4 Pile groups end-bearing on a stiff soil stratum

(h/L = 1)

The expression for the stiffness efficiency of a pile group

end-bearing on a stiff soil stratum is also a modification of

gf defined in Eq. (9). The modified equation takes account

for the value of E2/E1 and is defined as follows:

gg ¼ gf �
E2

E1

� �C

ð11Þ

where C ¼ 0:112 ln N � 0:112.

Although the exponent C varies slightly depending on

the group size, N, it is not dependent on the value of

L/D. Fig. 22a–c illustrate the fit between PLAXIS results

and the results provided by Eq. (11) when all variables are

Table 4 Database of measured values of gg

Reference Soil conditions Pile type N s/D L/D E2/E1 h/L gmeas Case

McCabe and Lehane [7] Soft organic clayey silt Driven concrete 5 2.5 21 – 1.4 0.48 ii

Tejchman et al. [31] Sand Driven concrete 264 3.5 27 – – 0.066 i

Tejchman et al. [31] Medium sand Driven concrete 72 4.5 44 – – 0.311 i

Tejchman et al. [31] Medium sand Bored concrete 292 5.4 26.5 5 – 0.164 i

Caputo et al. [32] Silty sand Bored concrete 241 2.9 21 2 1 0.13 iii

Goosens and Van Impe [33] Medium stiff clay DCIS concrete 697 4 26 – – 0.017 i

Briaud et al. [34] Medium dense sand Driven steel 5 3 33.5 – – 0.6 i

Thorburn et al. [35] Soft very silty clay Driven concrete 55 7.1 27 – – 0.15 i

Thorburn et al. [35] Soft very silty clay Driven concrete 97 7.1 107 – – 0.184 i

O’Neill et al. [36] Very stiff clay Driven steel pipe 4 3 48 2 1 0.78 iii

Bartolomey et al. [37] Soft plastic clay Unspecified 464 4.1 32 – – 0.122 i

Bartolomey et al. [[37] Shingle Unspecified 192 3.3 52.5 – – 0.42 i

Bartolomey et al. [[37] Tough plastic clay Unspecified 6 1.8 15.5 – – 0.23 i

Bartolomey et al. [[37] Tough plastic clay Bored 9 3 39 – – 0.6 i

Cooke et al. [38] London clay Cast in situ 351 3.5 29 – – 0.044 i

Trofimenkov [39] Stiff silty clay Driven concrete 7 6 14 – – 0.426 i

Trofimenkov [39] Stiff silty clay Driven concrete 9 3 30 – – 0.52 i

Koerner and Partos [40] Medium dense sand Driven concrete 132 6.9 19 5 2.3 0.1 ii

Brand et al. [41] Soft sensitive marine clay Driven timber 4 5 40 5 1.4 0.89 ii

Brand et al. [41] Soft sensitive marine clay Driven timber 4 4 40 5 1.4 1 ii

Brand et al. [41] Soft sensitive marine clay Driven timber 4 3 40 5 1.4 0.5 ii

Brand et al. [41] Soft sensitive marine clay Driven timber 4 2.5 40 5 1.4 0.6 ii

Brand et al. [41] Soft sensitive marine clay Driven timber 4 2 40 5 1.4 0.4 ii

Komornik et al. [42] Organic clay Driven concrete 61 8.1 28 2 1.6 0.368 ii

Koizumi and Ito [43] Organic silty clay Driven steel 9 3 19 2 2.2 0.42 ii

Vargas [44] Stiff plastic clay Cast in situ 317 3.5 23 2.5 1 0.05 iii

Vargas [44] Stiff plastic clay Cast in situ 143 3.5 29 2.5 1 0.12 iii

Vargas [44] Medium clayey sand Cast in situ 205 3.5 29 3 1 0.19 iii

Feagin [45] Medium dense sand Driven timber and concrete 239 2.9 34 *2.5 1 0.094 iii

Feagin [45] Medium dense sand Driven timber and concrete 186 2.8 36 *4 1 0.197 iii
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brought together. Results show good agreement with a

variation in the values of E2/E1, L/D and N.

Therefore, for all three cases presented in Sect. 7.2–7.4,

Eqs. (9)–(11) can be considered as a sufficiently accurate

representation of the results predicted by PLAXIS 3-D

Foundation.

8 Comparison of present approach to field data

A database has been compiled of measured stiffness effi-

ciencies of pile groups fixed to a rigid pile cap, obtained

from Mandolini et al. [30] and supplemented with other

case histories in Table 4. Where full load–displacement

curves were available, stiffness efficiencies represent a FOS

of 2.5. The measured field data were compared to predic-

tions of gg obtained using the present equations, i.e., Eqs.

(9)–(11). In calculating values of gg, each case history was

categorised as a case (i), (ii) or (iii) as defined in Sect. 7.1.

Predictions of gg obtained from the present equations

were then plotted against the documented measured values

in Fig. 23a, while the approaches by McCabe and Lehane

[7] (Fig. 23b), Castelli and Maugeri [8] (Fig. 23c) and

Fleming et al. [5] (Fig. 23d) have also been included for

reference. It is clear that:

(1) Predictions of gg determined using the present

approach show good agreement to measured field

data where the coefficient of determination (calcu-

lated as R2 = 0.94 for the clay data) is significantly

higher than the corresponding values calculated for

existing empirical approaches in Fig. 23b–d. Future

published case histories may allow the expressions to

be tested over a broader range of the primary

influencing variables in Table 4.

(2) Although it is recognised by the authors that the

parametric study in the present paper is developed

from the starting point of soft clay parameters and

does not take into account relative pile–soil stiffness,

the equations developed appear to show satisfactory

agreement with measured data associated with vari-

ous clay types described in Table 4.

(3) It can be seen from Fig. 23a that although the

database of measured values of gg presented in

Table 4 consists primarily of friction pile groups, the
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Fig. 23 a Comparison of predicted values of gg using present

approach to measured values. Value of R2 = 0.94. b Comparison of

predicted values of gg using approach by McCabe and Lehane [7] to

measured values. Value of R2 = 0.84. c Comparison of predicted

values of gg using approach by Castelli and Maugeri [8] to measured

values. Value of R2 = -0.05. d Comparison of predicted values of gg

using approach by Fleming et al. [5] to measured values. Value of

R2 = -1.33
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present approach provides improved agreement with

end-bearing field data compared to the approach by

McCabe and Lehane [7] (Fig. 23b).

(4) Although it is not theoretically justifiable to apply this

method to piles in sands (as potential densification

during installation and dilation, for example, have not

been considered), data from pile groups in sand are

also included as the match is remarkably good. This

suggests that the geometrical factors captured in the

form of the Eqs. (9)–(11) developed have a significant

bearing on the stiffness efficiency of pile groups in

sands.

(5) It should be noted that although some of the N values in

the Table 4 database extend beyond the N = 196 scope

of the equations developed, the effect of N on gg is

much reduced beyond N = 196. The database other-

wise provides a good spread of parameter values across

the ranges for which the empirical equations were

developed, although further cases to test their validity

(and possibly extent their range) will be useful.

9 Conclusions

A numerical study on rigid pile group stiffness efficiency

has been presented and an approach derived from results of

drained analyses using the advanced nonlinear Hardening

Soil model in PLAXIS 3-D Foundation. The formulae

allow for an input of a range of parameters that have not

been considered in approaches developed by other authors.

The following conclusions have emerged from this study:

(1) Although pile installation is not explicitly modelled in

PLAXIS, the present equations derived from results

using the HS model were shown to be a significant

improvement on existing empirical methods for

predicting rigid pile group stiffness efficiency of up

to 196 piles based upon a database provided.

(2) A conventional square pile group configuration was

used as the basis of the present parametric study in

order to err on the side of conservatism. The authors

recommend, however, that the application of present

approach should be limited to groups of m 9 n piles

with m/n B 10 to avoid overconservative estimates of

pile group stiffness efficiency. Similarly, while the

authors believe the adopted FOS of 2.5 represents a

commonly employed load level in pile group design,

the application of the present approach to lower FOS

values will provide conservative predictions.

(3) It is acknowledged that while the variability of the

parameter E2/E1 in the present database is limited, the

range of stiffness efficiencies represented, however, is

quite broad.

(4) Even though the database of measured values of gg,

against which the current approach was appraised,

consisted primarily of friction pile groups, it has been

shown that the present approach provides improved

agreement with end-bearing field data compared to

the approach by McCabe and Lehane [7].

(5) Although the adopted parameters in the present paper

are representative of soft clay, predictions of gg

obtained using the present approach show good

agreement to a database of field data for a range of

clay types.

(6) The ability of the empirical equations to predict the

stiffness efficiency of pile groups in sand reasonably

well is likely to be an indication that pile group

geometry is important and that the equations devel-

oped capture the influence of geometry very well.
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1 Pile Group Settlement Estimation: Suitability of Nonlinear
2 Interaction Factors
3 Bryan A. McCabe1 and Brian B. Sheil2

4 Abstract: In this paper, predictions of pile settlement determined by appropriate superposition of two-pile interaction factors are compared
5 with those computed from continuum analysis. Afinite-element package is used in conjunctionwith the nonlinearHardening Soilmodel and the
6 pile group sizes studied are larger than in previous research. The study is presented in two phases: (1) examination of the modulus variation
7 within the group allowing the elimination of some variables, and (2) comparison of pile settlement predictions in the context of the significant
8 variables. The research shows that predictions using the former approach match the continuum analyses very closely for friction piles and rea-
9 sonably well for end-bearing piles, and show potential for reducing computational time and effort in such problems. The paper also distin-

10 guishes between alternative definitions of interaction factor and shows that most accurate predictions arise from interaction factors
11 calculated when only one of the two piles is loaded. DOI: 10.1061/(ASCE)GM.1943-5622.0000395. © 2014 American Society of
12 Civil Engineers.

13 Author keywords: Pile groups; Settlement; Nonlinear; Superposition; Interaction factor.

14 Introduction

15 Various methods have been used to predict pile group behavior,
16 including the boundary element method (e.g., Basile 2003; Suleiman
17 and White 2006), the FEM (e.g., Comodromos and Bareka 2009)
18 and more recently, methods based on mobilizable strength design
19 principles (e.g., Shen and Teh 2002; Klar and Leung 2009). Although
20 these continuum methods consider the unified response of the pile-
21 soil system, they can become computationally intensive if soil stiffness
22 nonlinearity, a large number of piles, and/or nonuniform geometries
23 are also to be modeled. The interaction factor method (IFM), at-
24 tributed to Poulos (1968), remains one of the simplest means of
25 estimating load interaction among group piles. This method involves
26 the consideration of a pair of piles (a load source and a load receiver
27 pile) initially. The interactive displacements experienced by the re-
28 ceiver pile originating from the loaded source pile are computed. If this
29 exercise is performed for the various pile spacings relevant to a group
30 configuration, superposition may then be used to calculate the total
31 interactive displacements induced by each pile in the group on all
32 other piles. The literature features two alternatives for calculating
33 the two-pile interactive displacement: the receiver pile may be load-
34 free [henceforth referred to as Approach I; see Fig. 1(a)] or loaded
35 [henceforth referred to as Approach II; see Fig. 1(b)].
36 The literature documents many examples, based on linear elastic
37 (LE) analyses, of the successful application of IFM to groups with
38 relatively small pile numbers. Lee (1993) used Approach II IFM to
39 extrapolate the results of a simplified single-pile analysis to pile

40groups of up to 16 piles, and results compared well to boundary
41element predictions (Butterfield and Banerjee 1971). Similarly,
42Poulos (1988) used modified Approach II interaction factors to
43predict the responses of groups of four, five, and nine piles docu-
44mented by O’Neill et al. (1981) with satisfactory results. Themodified
45interaction factors accounted for a reduced near-pile soil modulus
46in an attempt to simulate the degradation of soil modulus with stress
47in the vicinity of a loaded pile.
48Although the principle of superposition is not strictly valid in
49nonlinear engineering problems, Leung et al. (2010) noted that
50whereas the load-displacement response of an individual pile is
51essentially nonlinear, the interaction effects between piles remain
52largely elastic. Jardine and Potts (1988) applied interaction factors
53derived from Approach I–type nonlinear analyses documented by
54Jardine et al. (1986) to an eight-pile group with satisfactory agreement
55tomeasuredfield data. These results were further verified byGanendra
56(1994) using a nonlinear 3D analysis in conjunction with Fourier
57series aided FEM (FSAFEM). Furthermore, Zhang et al. (2010)
58applied Approach I IFM to the nine-pile group load test documented
59by Koizumi and Ito (1967), also with satisfactory agreement.
60However, it is clear thatmuch of the justification for the applicability
61of nonlinear IFM has come from very small pile groups, and the
62influence of various pile-soil parameters on the successful appli-
63cation of nonlinear IFM is unknown.
64In addition, some authors suggest that the use of interaction fac-
65tors based solely on the spacing of any pair of piles in a group may
66overlook the potential reinforcing effects of intervening piles (Basile
672003; El Sharnouby andNovak 1990;Mylonakis and Gazetas 1998;
68Southcott and Small 1996). El Sharnouby and Novak (1990) com-
69pared predictions of stiffness efficiency (i.e., the ratio of the set-
70tlement of a single pile to that of a group pile at the same load per
71pile) of rigidly capped pile groups determined by using (Poulos and
72Davis 1980) interaction factors with those from a continuum analysis
73based on the stiffness method andMindlin’s equation (Mindlin 1936).
74The authors report that predictions agree well for floating pile groups
75but diverge as the soil stiffness beneath the pile base increases, par-
76ticularly for larger group sizes. They attribute this to the failure of the
77IFM to account for the reinforcing effects of intervening piles,
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78 although the study was limited to small pile groups considered within
79 a LE framework.
80 The purpose of this paper is to explore, using FE analysis, the
81 suitability of the IFM for estimating the nonlinear settlement of pile
82 groups of significant size for various pile/soil parameters. The authors
83 used PLAXIS 3D Foundation 2.2 in conjunction with the Hardening
84 Soil (HS)model for this purpose. The primary focus is on the accuracy
85 of IFM using Approach I because this is the more widely accepted
86 approach. However, to the authors’ knowledge, Approach II has never
87 been considered within a nonlinear framework, so this paper affords
88 the opportunity to compare both approaches. The analysis presented
89 has two components:
90 • A parametric study aimed at reducing the number of variables is
91 considered in the subsequent settlement analyses, thereby reducing
92 the computational time associated with the study. This involves
93 comparing the soil modulus regimes predicted between (1) a pile
94 pair and (2) piles along a cross sectionwithin a group. Themodulus
95 regimes provide a measure of the stress fields between piles. The
96 authors considered the following potential influences on this
97 comparison: pile cap fixity conditions (rigidly capped and non-
98 capped groups are examined as extremes to the full spectrum of cap
99 flexibility), soil type, and the pile length-to-diameter (L=D) ratio.
100 These are subsequently shown tobe relatively insignificant and are
101 therefore excluded from settlement analyses.
102 • Group settlements determined by (1) two-pile interaction factors
103 with appropriate superposition, and (2) direct analyses of com-
104 plete groups are compared. Variables included pile spacing, load
105 factor, number of piles, and pile base stiffness.
106 The default HS soil parameters used pertain to the soft clay/silt
107 at the well-publicized geotechnical test bed at Belfast, Northern
108 Ireland. However, in the course of the parametric study, variations
109 in some of the parameters have meant that the scope of the study is
110 broader than merely soft clays. In addition, a limited number of
111 analyses are carried out based on parameters for stiff Boston Blue
112 Clay (BBC) as an alternative clay type.

113 Details of Finite-Element Modeling

114 Details of Finite-Element Parametric Study

115 Fig. 2 illustrates the pile/soil parameters considered in the study.
116 The default pile length (L) and diameter (D) are 6.0 m and 0.282 m,
117 respectively (the diameter gives an equivalent pile area to that of

118a square pile of width 0.25 m), corresponding to those tested by
119McCabe and Lehane (2006). E1 is the stiffness of the upper layer,
120E2 is the stiffness of the lower layer, and the boundary between
121them is located at a depth h below ground level (h$ L). In sub-
122sequent analyses, a value of h=L5 3 was maintained, except in one
123analysis, where h=L5 1 was used. The depth below ground level
124to the bottom mesh boundary, H, was chosen as 3L so that the lower
125mesh extremity had no effect on the finite-element output. Likewise,
126the lateral (roller) boundaries of the finite-element model for
127each analysis were located at a distance 25D from the outer row of
128piles so that no influence was recorded on output.
129Fig. 3 shows other features of the model (the illustration is for
130a noncapped 16-pile group). The study used 15-node wedge ele-
131ments, comprising six-node triangular elements in the horizontal
132direction and eight-node quadrilateral elements in the vertical

Fig. 1. (a) Approach I; (b) Approach II

Fig. 2. Pile-soil parameters

© ASCE 04014051-2 Int. J. Geomech.



133 direction. Symmetrywas exploited to reduce the number of elements
134 used in the mesh and associated computational time, which varied
135 with group size with a maximum of∼90,000 elements for a 196-pile
136 group (the limiting size for this study). In all analyses, the mesh was
137 refined in zones of high stresses near the piles. Coarse, medium, and
138 finemesheswere used to confirmmesh convergence for all analyses.

139 Interaction Factors

140 Poulos (1968) defined the interaction factor (a) as

aij ¼ Sij
Sii

(1)

141 where Sii 5 settlement of pile i when loaded alone (by load Pi), i.e., a
142 single pile; and Sij 5 additional settlement of pile i caused by load Pj
143 acting on nearby pile j.
144 The value of Sij for a pile pair in Eq. (1) can be calculated using
145 Approaches I and II as detailed in the following sections.
146 • Approach I: For each value of s=D, Sij is determined, assuming
147 pile i is not loaded [Fig. 1(a)], and the corresponding value of aij
148 is calculated. In this case, the relative shear stress at the pile-soil
149 interface of pile i is relatively small, and therefore there is no soil
150 modulus degradation at pile i.
151 • Approach II: For each value of s=D, Sij is determined, assuming
152 pile i is loaded [Fig. 1(b)], and the corresponding value of aij
153 is calculated. Because of the large shear strains at the pile-soil
154 interface for pile i, soil modulus degradation occurs in the vicin-
155 ity of piles i and j, as shown in Fig. 1(b).

156The two-pile interaction factors used in the current study were
157obtained from PLAXIS finite-element output according to the fol-
158lowing procedure. Stages 1–4 are common to Approaches I and II:
1591. Interface elements are assigned in the soil model to allow for
160pile-soil slip.
1612. Initial stresses are generated by the K0 procedure, a special
162calculation method available in PLAXIS.
1633. The concrete pile installation was reflected by changing ap-
164propriate elements to a linear elastic material with a Young’s
165modulus of 30 GPa and a Poisson’s ratio, n, of 0.15.
1664. Pile i was loaded by placing a compressive uniformly distrib-
167uted load along the top surface of the pilematerial and recording
168Sii. Because only the settlement of a single pile under its own
169load is required, there is no pile j in this scenario.
1705. Both piles i and j are now considered. In the case of Approach I,
171pile j was loaded and Sij recorded. In the case of Approach II,
172piles i and j were loaded and Sij recorded. Loads Pi and Pj will
173always be equal.

174Superposition of Two-Pile Interaction Factors to
175Predict Full Pile Group Behavior

176The calculation of the settlement, Si, of a pile i within a group of N
177piles by the IFM may be obtained using the following formula
178(Poulos 2006):

Si ¼ Pj5N

j51

�
PjS1aij

�
(2)

179wherePj 5 load on pile j; S1 5 settlement of single pile per unit load
180(5 Sii=Pi); aij 5 interaction factor for pile i due to a loaded pile j
181within the group, corresponding to the center-to-center spacing be-
182tween piles i and j; N 5 number of piles in the group. The values
183of aij used in Eq. (2) are obtained by incorporating PLAXIS output
184into Eq. (1). The settlement analyses presented later in this paper
185use the term sIFM to represent the value of Si for a central pile (the
186center pile if N is odd; one of four equal central piles if N is even).
187Calculation of Si for noncapped pile groups is relatively
188straightforward because the pile head load is known; individual Sij
189contributions are merely summed. Calculation of the settlement of
190a rigidly capped group (i.e., for the case of equal settlement of all
191piles) is considerably more involved; the pile displacements are
192equated, forming N simultaneous equations and can thus be solved
193for the unknown loads Pj from which the overall settlement of the
194group may be derived. A simple algorithm was developed in Math-
195ematica 8.0 for this purpose. The code is provided in the Appendix.

196Direct Analyses

197The term direct analysis is used here to describe analyses in which
198pile groups were modeled as a continuum. Rigid pile groups and
199noncapped (representing infinitely flexible) pile groups were
200considered.
201For rigid pile groups the following analysis procedure was
202followed:
2031–3. These steps are the same as the corresponding steps used
204to determine the interaction factor.
2054. Soil is excavated to a depth of 0.5 m below the pile heads. For
206a free-standing pile group in PLAXIS, it is necessary to ex-
207cavate the soil below the pile cap so it does not come into
208contact with the ground surface. To ensure that the excavation
209of the soil in Stage 4 does not induce changes to the initial
210stresses in the soil, a dummy material was used to a height of
2110.5 m above the soil profile with weight density g5 0 kN=m3,
212as shown in Fig. 2.

Fig. 3. Finite-element mesh for a 16-pile group
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213 5. The pile cap is installed (modeled as a floor in PLAXIS) along
214 the top of the pile group. Floors in PLAXIS are composed of
215 six-noded triangular plate elements. The same properties used
216 for the concrete pile in Step 3 were used for the cap.
217 6. Pile group loading is achieved by placing a compressive uni-
218 form distributed load along the top surface of the pile cap.
219 7. Pile cap displacement SD (SD denotes settlement determined
220 by a direct analysis) is recorded versus pile head load (zeroed
221 at the start of loading); SD corresponds to the overall group
222 settlement for rigidly capped pile groups and the settlement of
223 the central pile for noncapped groups.
224 The term rigid pile group is used somewhat loosely to denote a
225 pile group connected to a stiff pile cap, because it is acknowledged
226 that in general, the pile cap may undergo slight deformation for
227 larger pile group sizes. However, substantial cap rigidity was con-
228 firmed by checking the differential settlement between corner and
229 center group piles.
230 The stages used in the analyses of flexible pile groups are similar
231 to the stages for two-pile interaction factors described earlier.

232 Applicability to Piled Rafts

233 In practice, piled rafts are commonly used in conjunction with larger
234 pile groups. The IFM is strictly not applicable to situations in which
235 the pile cap is in contact with the ground. However, given that most
236 piled rafts are designed ignoring any contribution from raft-soil in-
237 teraction (Horikoshi and Randolph 1998), the analyses presented

238herein will be of interest to geotechnical designers. Moreover, a
239reliance on the contribution of the raft-soil resistance can lead to
240unsafe design in situations where the occurrence of ground surface
241settlement and/or scour by water current, for example, is possible.

242Constitutive Model and Parameters

243Hardening Soil Model

244The nonlinear hardening soil (HS) model, adopted to model the
245behavior of both the fill and the sleech, has the advantage (over an
246elastic perfectly plastic model) that the yield surface is not fixed in
247principal state but instead can expand because of plastic straining
248(Brinkgreve 2007). The HS model is an improvement on the Duncan-
249Chang hyperbolic model in that the theory of plasticity is used as
250opposed to the theory of elasticity. It also incorporates soil dilatancy
251and a yield cap, although creep behavior is not considered. Further
252details are available elsewhere (e.g., Schanz et al. 1999; Sheil and
253McCabe 2013).

254Belfast Soil Parameters

255Most analyses reported in this paper are based on the stratigraphy at
256a heavily researched soft clay/silt geotechnical test bed in Belfast,
257Northern Ireland. The stratigraphy consists of a layer of made ground
258that extends to a depth of ∼1:0 m, a layer of silty sand from 1.0 to
2591.7 m, and a lightly overconsolidated soft estuarine silt (locally known
260as sleech) to a depth of 8.5 m. A stratum of medium dense sand exists
261at 8.5 m below ground level and the water table was found at ap-
262proximately 1.4 m below ground level (with a small tidal variation).
263The summary properties of the sleech given in Table 1 are based on
264laboratory tests quoted in Lehane (2003) and McCabe and Lehane
265(2006). Table 2 gives the interpreted HS parameters. Sheil and
266McCabe (2013) have successfully predicted the behavior of a float-
267ing single pile and five-pile group at the site [documented byMcCabe
268and Lehane (2006)] using these parameters. Table 3 lists variations
269on the values of E2 (defined in Fig. 2) shown in Table 2, required in
270simulations where E2=E1 . 1. Further details on the development

Table 1. Typical Properties of the Belfast Sleech

Property Value

Clay fraction (percentage) 206 10
Fines content (percentage) 906 5
Water content (percentage) 606 10
Plasticity index (percentage) 356 5
Organic content (percentage) 116 1
Peak vane strength (kPa) 226 2
OCR 1.1–2.0
Friction angle (degrees) 336 1

Note: OCR 5 overconsolidation ratio.

Table 2. Belfast Soil Parameters Used in Hardening Soil (HS) Model

Parameter Fill Silty sand Sleech Lower sand BBC

Depth (m) 0.0–1.0 1.0–1.7 1.7–8.5 8.5–12.0 0–12
Saturated weight density gsat (kN=m

3) — 17.5 16.5 20 18.5
Unsaturated weight density gunsat (kN=m

3) 18.5 17.5 16 20 18
Horizontal permeability kx (m=day) 1.0 2:63 1025 5:23 1025 8.64 53 1025

Vertical permeability ky (m=day) 1.0 2:63 1025 2:63 1025 8.64 —

Friction angle, w9 (degrees) 33 33 33 40 33.4
Dilatancy angle, C (degrees) 0 0 0 0 0
Cohesion, c9 (kPa) 1.0 1.0 1.0 1.0 1.0
POP (kPa) 15 — — — —

OCR — 2 1.2 2 2
Coefficient of lateral earth pressure, K 0.46 0.66 0.5 0.46 0.48
Tangent oedometric stiffness, E9refoed (MPa)a 25 12 6.5 75 30
Secant stiffness in drained triaxial test, E9ref50 (MPa) 25 12 6.5 75 30
Unloading/reloading stiffness, E9refur (MPa) 75 36 19.5 225 90
Reference pressure for stiffness, pref (kPa) 30 30 30 30 100
Power for stress-level dependency of stiffness, m 0.5 0.5 1.0 0.5 1
Interface strength reduction factor, Rinter 0.9 0.9 0.55 — 0.6

Note: OCR 5 overconsolidation ratio; POP 5 pre-overburden pressure.
aEref

oed set equal to Eref
50 in the absence of an appropriate reference.
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271 and validation of the HS model parameters are provided in Sheil and
272 McCabe (2013).

273 Boston Blue Clay Soil Parameters

274 Althoughmost of the parametric analyses in the subsequent sections
275 are based on the aforementioned Belfast soil profile, the authors also
276 considered an alternative soil type (BBC) to assess the wider ap-
277 plicability of the findings of the current study. Reference is made to
278 Altabba and Whittle (2002), Konstantakos et al. (2005) and Ladd
279 et al. (1999) for the selection of the HS parameters listed in Table 2.

280 Influence of Soil Nonlinearity on
281 Pile-Soil-Pile Interaction

282 Elastic Interactive Displacements

283 Fig. 4 compares PLAXIS load-displacement responses for a pile
284 pair, using both LE and HS models, for a single loaded pile j and
285 a load-free pile i at S5 3D, i.e., using Approach I [Fig. 1(a)]. The
286 curves annotated Pj-Sjj relate load to displacement on pile j, whereas
287 those annotated Pj-Sij relate the load on pile j to the displacement of
288 pile i. In the LE analysis, the Young’s modulus of the soil was chosen
289 based on the initial stiffness of the nonlinear load-displacement re-
290 sponse of the loaded pile. Because the HS model predicts linearly
291 increasing soil stiffness with depth (i.e., a Gibson soil), a similar
292 profile with depth was adopted in the LE soil model.
293 As Fig. 4 shows, pile displacement determined by the HS model
294 and the LE soil model are almost identical for pile i, which further
295 supports the theory that pile-to-pile interaction is essentially a linear
296 phenomenon (Chow 1986; Leung et al. 2010; Mandolini et al. 2005;
297 Randolph 1994). This theory is used as a basis to assess the appli-
298 cability of the IFM to nonlinear analyses in the proceeding sections.

299 Differences in Two-Pile Interaction Factors for
300 Approaches I and II

301 For LE analyses, predictions of aij using Approaches I and II will
302 yield the same result. In the case of nonlinear analyses, potential
303 differences between Approaches I and II have not been explored
304 in the literature. These differences are examined here, using the HS
305 constitutive model. In Fig. 5, predicted values of aij using Ap-
306 proaches I and II are plotted against s=D or s=Deq, with the results
307 of alternative prediction methods and field data included for com-
308 parison. Fig. 5 adopts a value of LF (defined as applied load as

309a proportion of single-pile capacity) equal to 0.4; the pile capacity
310was defined nominally at a pile head displacement of 0:1D.
311AsFig. 5 shows, the newPLAXIS analyses and the curve from the
3122D nonlinear FE analyses documented by Jardine et al. (1986) show
313much improved agreement to field data than the predictions deter-
314mined using the PIGLET computer program (Randolph 2003) and
315the approach documented by Chen et al. (2011), where the soil is
316idealized as a LE medium. The method used by Chen et al. (2011)
317differs from conventional approaches in that a more rigorous ap-
318proach to consider pile-soil interaction is proposed using the ficti-
319tious pile-extended half-space model. Although comparisons with
320the data reported by Cooke (1974) and Caputo and Viggiani (1984)
321are only indicative (because different soil and pile properties as well
322as load levels will lead to differences in interaction factors), PLAXIS
323results show good agreement to the measured field data beyond
324a value of s=Deq 5 2:5. The interaction factors presented in Fig. 5
325form the basis for corresponding settlement predictions later in the
326paper.
327Fig. 6 plots the percentage difference in two-pile interaction
328factor predictions (Da) between Approaches I and II against LF
329values ranging between 0 and 0.67 and for a range of s=D values.
330In this paper, Da is defined as

Da ¼
�
aII2aI

aII

�
� 100 (3)

331where aI and aII are the interaction factors calculated using Ap-
332proaches I and II, respectively (the ij subscript has been dropped for
333clarity). As Fig. 6 shows, although the value of Da is relatively
334insignificant for a LF of 0.25, an increase in the load level to the
335higher LF values of 0.4 and 0.67 results in a notable difference in
336interaction factor predictions. This divergence in aI and aII pre-
337dictions may lead to a significant difference in settlement estima-
338tion when combined with the IFM for larger group sizes.

339Evaluation of IFM Approaches: Modulus Study

340Overview

341The primary goal of this paper is to compare SIFM [i.e., Si in Eq. (2),
342for a central group pile] and corresponding SD values (direct
343analysis) derived from finite-element modeling. However, a com-
344prehensive comparison that considers appropriate ranges of all other

Table 3. Stiff Bearing Stratum Properties

Parameter E1

E2

E2=E1 5 10 E2=E1 5 30 E2=E1 5 50

w9 (degrees) 33 33 33 33
C (degrees) 0 0 0 0
c9 (kPa) 1.0 1.0 1.0 1.0
POP (kPa) 0 0 0 0
OCR 1.2 1.2 1.2 1.2
K 0.5 0.5 0.5 0.5
E9refoed (MPa) 6.5 65 195 325
E9ref50 (MPa) 6.5 65 195 325
E9refur (MPa)a 19.5 195 585 975
pref (kPa) 30 30 30 30
m 1 1 1 1

Note: OCR 5 overconsolidation ratio; POP 5 pre-overburden pressure.
aIt is assumed E9refur 5 33E9ref50 (Brinkgreve 2007).

Fig. 4. Predictions of load-displacement response of loaded and
nonloaded piles; s=D5 3, h=L5 3
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345 important pile group variables would be prohibitive from a com-
346 putational viewpoint. For example, the computational time required
347 to gather all data for the N5 196 group represented by a single data
348 point in the settlement analyses is approximately 40 h for the 1.6-
349 GHz quad core i7 processor used. This preliminary study considers
350 variables that were ultimately eliminated from the parametric study
351 presented later. These variables include pile cap fixity conditions, soil
352 type, and pile L=D ratio.
353 This preliminary parametric study uses the variation of Young’s
354 modulus between piles as a measure of the intervening stress fields.
355 The term E is used to denote the modulus of the soil at a particular
356 radial distance r from the center pile of the group, whereas E0 is
357 used to denote the far-field soil modulus. Representative profiles of
358 the following variations of E=E0 with radius are considered: (1)
359 between a pile pair, and (2) between piles along a cross section
360 within a conventional

ffiffiffiffi
N

p
3

ffiffiffiffi
N

p
square pile group (see Fig. 7).

361 Results for an N5 25 group are presented here. This group size was
362 chosen for illustrative purposes; however, similar trends were
363 observed for alternative group sizes.
364 In these analyses, an average soil modulus between ground level
365 and L5 6:0 m was considered because the current pile-soil param-
366 eters are representative of friction piles. Fig. 8 compares the average
367 soil modulus with the soil modulus at different depths. In this con-
368 text, the agreement between the IFM and direct predictions at the
369 interface of the soil-receiver pile is of interest, because it is well
370 established that soil properties at the pile-soil interface govern pile
371 behavior (e.g., Lee et al. 2002).

Fig. 5. Comparison of interaction factor predictions determined using Approaches I and II

Fig. 6. Variation in Da with LF

Fig. 7. Cross section of 25-pile group

Fig. 8. Comparison of average group distribution of E=E0 to distri-
bution at various depths; LF5 0:4

© ASCE 04014051-6 Int. J. Geomech.



372 Influence of Pile Cap Conditions

373 Fig. 9 plots the distribution of E=E0 against r=R for groups with
374 a rigid cap and no cap for a typical value of LF5 0:4 and for a
375 spacing between group piles of ðs=DÞg 5 3. In addition, the var-
376 iation in E=E0 predicted between just two piles (these are high-
377 lighted by shading) using Approaches I and II ½ðs=DÞIFM 5 3� have
378 also been superimposed on Fig. 9. As the figure illustrates, the
379 conditions imposed at the pile head have little influence on the soil
380 modulus regime existing within the group determined by the direct
381 analyses. In light of this, the authors adopt the noncapped groups
382 as the basis for the parametric study in the following sections for
383 computational savings. It is also significant that the predictions of
384 E=E0 at the soil-receiver pile interface match very well with those
385 of Approach I, whereas Approach II produces lower E=E0 values. It
386 can also be seen that the soil modulus between piles in the direct
387 analyses exceeds the far-field value. This can be attributed to the
388 increased mean effective stress ( p9) between piles, similar to that
389 documented by Reul (2004) for a free-standing pile group. As
390 mentioned, however, the conditions at the pile interface are of in-
391 terest in this study.

392 Influence of Pile Length

393 The dimensionless expression for the pile slenderness ratio docu-
394 mented byMylonakis andGazetas (1998) considers both the relative
395 pile-soil stiffness and pile length. However, such an expression is not
396 convenient to use where the soil stiffness varies with stress level.
397 Therefore, in this study, the authors have adopted the pile L=D ratio
398 as a more expedient means of considering pile slenderness. The
399 influence ofL=D can be observed by comparing Figs. 9 and 10. In the
400 latter, L=D has been increased to 50 by reducing the default pile
401 diameter. As the figure shows, the distribution of E=E0 is largely
402 unchanged, where Approach I remains the preferred IFM approach.

403 Influence of d /w9 (Rinter )
404 The value of Rinter in the clay layer was maintained at 0.55 in the
405 previous sections. Although this value is common for pile-clay
406 interfaces, the possibility of zero strength reduction at the in-
407 terface, i.e.,Rinter 5 1, is considered in Fig. 11. As the figure shows,
408 the influence of Rinter on the results is negligible. The authors have
409 chosen not to examine the influence of this parameter hereafter.

410 Influence of Soil Type

411 As a check that the findings of the current study are not unique to
412 the particular soil properties adopted, a completely different soil

413profile has been considered on the group modulus distribution. In
414Fig. 12, the analyses are based on the HS parameters of the well-
415documented BBC, described earlier. The conclusions drawn from
416the BBC profile are very similar to the previous results for the same
417geometric parameters in Fig. 9. Thus, it can be deduced that the soil
418type considered in the analyses is of secondary importance when
419compared with group geometry and is therefore not considered in
420subsequent sections.

Fig. 9.Comparison of predicted variations in E=E0; LF5 0:4,N5 25,
ðs=DÞg 5 3, ðs=DÞIFM 5 3

Fig. 10. Comparison of predicted variations in E=E0 for L=D5 50;
LF5 0:4, N5 25, ðs=DÞg 5 3, ðs=DÞIFM 5 3

Fig. 11. Comparison of predicted variations in E=E0 for Rinter 5 1;
LF5 0:4, N5 25, ðs=DÞg 5 3, ðs=DÞIFM 5 3

Fig. 12. Comparison of predicted variations in E=E0 for BBC; LF
5 0:4, N5 25, ðs=DÞg 5 3, ðs=DÞIFM 5 3
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421 Rigidly Capped Group Validation

422 The authors used PLAXIS to determine the suitability of IFM in
423 conjunction with superposition for predicting the settlement of
424 rigidly capped (square) pile groups. A uniformly distributed load
425 (representing an average LF per pile of 0.4) was applied to the
426 surface of the pile cap in the direct analysis. The variation in
427 SIFM=SD (defined earlier) with the number of piles in the group is
428 plotted in Fig. 13, where a value of SIFM=SD 5 1 indicates perfect
429 agreement between results. Subscripts I and II are used for SIFM
430 to differentiate between settlements predicted using Approaches I
431 and II.
432 It can be seen that IFM settlement predictions determined using
433 Approach I (SIFMðIÞ) agree well with direct predictions (SD), where
434 the entire group is modeled, with a maximum difference of ∼6%.
435 In contrast, predictions determined using Approach II (SIFMðIIÞ) fall
436 significantly below SD and appear to diverge with N to ∼11%. For
437 the sake of computational efficiency, the validation of IFM while
438 considering the influence of various pile/soil parameters is hereafter
439 restricted to noncapped groups.

440 Noncapped Group Validation

441 SuperpositionofNonlinear InteractionFactors (h / L5 3)
442 PLAXIS is used to determine the ability of the IFM in conjunction
443 with superposition to predict the settlement of noncapped pile groups.
444 The authors applied a load of 25 kN (representing a LF of 0.4) to the
445 head of each pile in the direct analysis. The variation in SIFM=SD
446 with N (up to N5 196) is again plotted in Fig. 14 for s=D values of
447 2 [Fig. 14(a)], 3 [Fig. 14(b)], and 5 [Fig. 14(c)].
448 In all cases, SIFMðIÞ=SD values lie between 0.9 and 1.1, whereas
449 SIFMðIIÞ=SD values fall significantly below 1 and reduce with N. In
450 Fig. 14(d), the suitability of Approach I is evaluated further by varying
451 LF (s=D5 3). Although SIFMðIÞ=SD deviates most from unity at
452 LF5 0:67, the deviation does not exceed 10%. In any event, a value
453 of LF5 0:4 is deemed to be more suitable serviceability criterion
454 for piles in practice.

455 Group Reinforcing Effects (h / L5 1)
456 El Sharnouby and Novak (1990) compared predictions of the set-
457 tlement performance of rigidly capped pile groups determined by the
458 IFM (Poulos and Davis 1980) with those from a continuum analy-
459 sis based on the stiffness method and Mindlin’s equation (Mindlin
460 1936). The authors report that predictions agree well for floating pile

Fig. 13. Comparison of settlement predictions determined by IFM
and a direct analysis for rigidly capped groups; h=L5 3, s=D5 3

Fig. 14. Comparison of settlement predictions determined by IFM and
a direct analysis for (a) s=D5 2; (b) s=D5 3; (c) s=D5 5; (d) influence
of load level on accuracy of Approach I; s=D5 3

© ASCE 04014051-8 Int. J. Geomech.



461 groups but for a value of E2=E1 5 10, those authors documented an
462 overprediction of rigid pile group settlement by the IFM of 28, 49,
463 and 64% forN5 9, 25, and 100 pile groups, respectively,which they
464 attributed to the reinforcing effects of intervening piles.
465 Therefore, for group sizes up to N5 196, SIFM=SD was deter-
466 mined for values of E2=E1 ranging from 1 to 50. For the purpose of
467 these analyses, a stiff bearing stratum was accommodated in the soil
468 model at h=L5 1. The soil properties of the stiff bearing stratum are
469 otherwise similar to those adopted for the soft clay, except that the
470 soil stiffnesses have been multiplied by a factor of E2=E1 and are
471 presented in Table 3.

472As Figs. 15(a–c) illustrate, although there appears to be a slight
473divergence in SIFM=SD from unity for large group sizes, the
474divergence is not nearly as pronounced as that reported by El
475Sharnouby and Novak (1990). Amaximum difference of∼20%was
476observed for the combination of N5 196 and E2=E1 5 50. This
477divergence can be attributed to the failure of two-pile interaction
478factors (using either approach) to replicate the increase in E=E0 (due
479to an increase in p9) beneath the base of the pile group as shown in
480Fig. 16, where E=E0 represents the average distribution over
481a depth of 2.0 m beneath the base of the piles. Moreover, it is now
482common knowledge that interaction between pile bases is signifi-
483cantly less than interaction between pile shafts (see, for example,
484Randolph andWroth 1979). This leads to significantly reduced pile
485group settlement predicted by a direct analysis.

486Conclusions

487A numerical study on the applicability of nonlinear interaction fac-
488tors to pile group settlement analysis has been presented using
489PLAXIS in conjunction with the advanced nonlinear hardening
490soil (HS) model representing ground conditions at a soft clay/silt
491site. The authors conclude the following:
4921. Predictions of the soil modulus at the pile-soil interface of a
493designated receiver pile determined using Approaches I and II
494were compared with those predicted by a continuum analysis.
495Results show that for the range of parameters considered,
496Approach I showed satisfactory agreement to that predicted
497within groups. Approach II, however, consistently underpre-
498dicted the soil modulus at the pile-soil interface of the receiver
499pile.
5002. Rigidly capped pile group settlements determined by the IFM
501using Approach I agree well with direct predictions for values
502of N ranging between 4 and 196. In contrast, predictions de-
503termined by Approach II tend to be strongly unreliable.
5043. Flexible pile group settlements determined by the IFM using
505Approach I and direct analyses agree well for values of s=D
506ranging between 2 and 5, thus substantiating the findings of
507the modulus study. Although an increase in load level slightly
508reduces the accuracy of Approach I, predictions remain within
50910% of direct group predictions.
5104. In addition, the authors show that for a value of E2=E1 5 50,
511the IFM overpredicts pile settlement by a maximum of 20%
512compared with a direct analysis for groups of up to 196 piles,

Fig. 15. Comparison of settlement predictions determined by IFM and
a direct analysis for (a) EB=ES 5 10; (b) EB=ES 5 30; (c) EB=ES 5 50

Fig. 16. Comparison of predicted variations in E=E0 directly beneath
the pile base; LF5 0:4, N5 25, ðs=DÞg 5 3, ðs=DÞIFM 5 3
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513 significantly less than the divergence reported by El Sharnouby
514 and Novak (1990) for small rigid pile groups (∼64% for a
515 100-pile group). Differences in both cases are attributed to
516 the increase in E=E0 below the pile bases, which cannot be
517 accounted for using the IFM.
518 5. The present findings suggest that predictions determined by
519 the IFM provide sufficient agreement to guide predictions of
520 the settlement of groups of up to 200 piles when using Ap-
521 proach I, thus implying the possibility of saving considerable
522 time and computing requirements in practice.

523 Appendix. Mathematica IFM Code

524 ClearAll[“Global�p”] (p1 Clear all variables, local and globalp)
525 SetDirectory[“C:\\file_location”]; (pfile directoryp)
526 intimport5 Import[“matrix_filename.csv”]; (pImport interaction
527 matrixp)
528 int_matrix 5 intimport;
529 n 5 100; (pnumber of pilesp)
530 delta 5 Table[d,{z,n}]; (pdisplacement vectorp)
531 loads 5 Table[p[z],{z,n}]; (pload vectorp)
532 flattened 5 Flatten[{loads,d}];
533 pave 5 Sum[p[z],{z,n}]/n;
534 Solve[delta55loads.int_matrix &&pave5521,flattened]
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APPENDIX III 

MATHEMATICA IFM CODE 

ClearAll["Global`*"]        (*Clear all variables, 

local and global*) 

SetDirectory["C:\\file_location"];    (*file directory*) 

intimport=Import["matrix_filename.csv"];     (*Import interaction 

matrix*) 

int_matrix=intimport; 

n=100;       (*number of piles*) 

delta=Table[d,{z,n}];     (*displacement vector*) 

loads=Table[p[z],{z,n}];    (*load vector*) 

flattened=Flatten[{loads,d}];     

pave=Sum[p[z],{z,n}]/n;                    

Solve[delta==loads.int_matrix &&pave==21,flattened] 
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