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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 empirical 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 considered. Pile groups in a soft clay/silt 

are modelled using PLAXIS 3D Foundation in conjunction with a soil model than 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: Pile group, stiffness efficiency, numerical modelling, pile interaction. 

 

 

 



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 (ηg) term is a convenient 

gauge of the extent of pile-to-pile interaction within the group under working conditions. The value of ηg is defined as 

follows by Butterfield and Douglas [1]: 

ηg = kg/[N ks]            (1) 

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 composite 

continuum including the boundary element method [2], the finite element method [3] and methods based on mobilizable 

strength design principles [4]. 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 also to be modelled. In contrast, appropriate 

empirical approaches can allow the designer to assess the effects of various variables and also to obtain a preliminary 

estimate of ηg quite quickly.  

Early approaches developed for the prediction of ηg, however, incorporated simplifying assumptions such as a linear elastic 

(LE) soil medium [1,5-6], which leads to an over-estimate of the extent of pile interaction and can considerably 

underestimate the value of ηg [7]. Fleming et al. [5] proposed the following approach based on linear elasticity: 

ηg ≈ N-e             (2) 

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

Castelli and Maugeri [8] later improved upon the simplified approach proposed by Fleming et al. [5] by recognising the 

importance of considering soil nonlinearity and thus used hyperbolic load transfer functions to model a more realistic 

nonlinear pile-soil-pile interaction according to: 

ηg = [D/Dg]
ε            (3) 

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 [7] developed Eq. 4 as the best fit to ηg values derived from nine published case 

histories with single pile and pile group data: 

η 	 	
/ .

            (4) 

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 efficiency and 

there remains a need for a simple approach capable of incorporating additional variables without sacrificing 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 stiffness of the lower and upper layers (E2/E1). Expressions for ηg 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 programme 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 ~ 

1.0m, 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 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=250mm 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/hour) 

was carried out using Kentledge dead weight as shown in Fig. 1. 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 [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 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, φ’, 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 Foundation.  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 stiffness, E, and the corresponding confining stresses, p, as follows: 

	
          (5) 

where E = Young’s modulus, pref = reference stress for stiffness Eref and m = an exponent for stress-level dependency of 

stiffness. According to Schanz et al. [12], 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 [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, ψ [9]. The value of K0 was obtained using 

the relationship K0 = (1 – sinφ’)OCRsinφ’ [13].  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. 2 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, p’0 = 30kPa. The secant shear stiffness values, Gsec, in Fig. 2 

(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 reasonable match can be seen 

in Fig. 3. 

A value of E50
ref for the fill material, corresponding to a reference pressure of 30kPa, was chosen based on the soil stiffness 

employed by McCabe and Lehane [3] in OASYS SAFE. 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. [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: 

tanφ’inter = Rinter tanφ’soil           (6) 

Einter = R2
interEsoil            (7) 

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 neighbouring piles cannot be 

captured, in the case of the aforementioned 5-pile group, radial total stress measurements during and after group installation 

indicated that equalised values at the centre pile shaft were only marginally 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 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 [17]. These were measured in ring shear interface tests with a concrete interface. Values of δ 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-

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 [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 determined 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.  

(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, ν, 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 (α) is defined by Poulos [19] as: 

α = 
Sij

Sii
             (8) 

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 the present 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 α calculated.   

 

4.3. Stages of analysis – rigid cap pile groups 

For the case of the rigidly-capped pile groups, a slightly different procedure was followed: 

(i) - (iii)  Similar procedure to that described in section 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 illustrated 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 282mm 

where Deq =2B/π0.5. A pile-to-pile spacing of s/Deq = 2.8 was adopted in the analyses. 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. 7 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. 

 

5.2. Interaction factors 

The present (HS) model has also been employed to compare 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 α against s/D or 

s/Deq in Fig. 8. The variation in predictions of α with load level determined by PLAXIS is captured by the shaded region in 

Fig. 8 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. 

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 agreement 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 determined 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 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 section 3. The material and 

geometrical parameters serve as default values to be varied during the parametric study. Since only pile settlement 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 efficiency are 

not general enough to take account of various factors influencing the value of ηg. Thus PLAXIS 3-D is used to obtain 

predictions of ηg 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 sections 6.4-6.7.  

It is recognised that nonlinear pile interaction factors (and thus ηg) vary with load level, thus a commonly employed FOS of 

2.5 was maintained throughout the parametric study. This FOS was chosen out of conservatism 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 (K) should be defined for a soil with stress-dependent stiffness. In the present study, the 

value of K 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 (E50
ref) 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 K between 1000 (representing a stiff soil) and ∞ (representing a very 

soft soil) only had an appreciable effect on pile interaction for unusually slender piles (i.e. L/D≥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 section 7.2. 

 

6.3. Effect of group configuration 



In the present study, 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 in Fig. 10 for a 16-pile group. In Fig. 11, 

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 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 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 ηg to predictions 

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 ηg thus simulating a pile group situated in an infinite soil mass.  

The effect of soil stiffness nonlinearity on predictions of ηg 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 published pile group case 

histories) provided by McCabe and Lehane [7] is also included in Fig. 13b which is represented 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 ηg using the HS model in PLAXIS have been compared to existing nonlinear analyses and 

empirical methods [8,25]. 

From the results presented in Figs. 13a-13c, the authors have arrived at the following conclusions: 

(i) Predictions of ηg 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 ηg 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 ηg compared to the nonlinear HS model. 

(iii) From Fig. 13c, it is evident that existing nonlinear predictions of ηg documented by Comodromos and Bareka [25], 

using the finite difference code FLAC3D [26] are slightly lower than field data while 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 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. 

(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 & Lehane [7] in Belfast and to the database of stiffness efficiencies documented by the 

same authors. The measured field data documented by McCabe and Lehane [7] plots 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 ηg 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 ηg for all values of L/D. In Fig. 14, a variation in the value of L/D was carried out ranging between 21 

and 100 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 section 5.2). 

From Fig. 14, it can be seen that for a value of K determined as ≈3000 according to the approach set out in section 6.1, the 

HS model in PLAXIS predicts a slight decrease in the value of ηg 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 ηg with increasing L/D is consistent with the findings of Comodromos and Bareka [25] from nonlinear finite 

difference analyses as shown in Fig.14 (K≈4000), although those authors document a slightly greater decrease in ηg with an 

increase in L/D from 25 to 50. Furthermore, numerous authors have documented a similar decrease in ηg with increasing 

L/D for incompressible pile groups from LE analyses [21,6]. 

 

6.6. Effect of E2/E1 

From LE analyses, numerous authors have documented a significant dependence of the value of ηg on the compressibility of 

the soil bearing stratum [6,28-29]. Thus PLAXIS 3-D was used to obtain predictions of ηg 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 stiffnesses have been multiplied by a factor of E2/E1.  

In Figs. 15 and 16, 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 predictions 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 ηg. 

 

6.7. Effect of h/L 

The effect of the depth to a stiff bearing stratum on the value of ηg has also been investigated. A stiff bearing stratum has 

again been included in the soil model as described in section 6.6 with a value of h/L ranging between 1.1 and 3. A value of 

h/L=1 is not taken into account here since it has already been considered in section 6.6. The presence of a stiff stratum at 

the base of the piles (as in section 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 ηg becomes less significant.  

Predictions of the variation in the value of ηg 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 ηg 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 dependent 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 ηg 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 determined 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 both the HS model in PLAXIS and existing LE predictions, 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. 

 

7. Formulation of new FE-based approach 

7.1. 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. 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 

 

7.2. 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. As mentioned in section 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 ηg 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 database of field data. 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: 

η 	 η 	
/

           (9) 

where	 0.83
.

 

Fig. 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, ηpred/ηcalc has been plotted against s/D for a 4-pile 

and 16-pile group where ηcalc is the value of ηg calculated using Eq. 9 and ηpred is the value of ηg predicted directly by 

PLAXIS.  The ratio ηpred/ηcalc falls no more than approximately 2% from unity in this figure. 

 

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 ηf in Eq. 9 and is defined in Eq. 10 as follows: 

η 	 	η 	            (10) 

where 0.147
.

ln  

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 5 as shown in Fig. 17. It must 

therefore be conceded that Eq. 10 may over-estimate the value of ηg 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 ηg 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 Figs. 

21a-21c 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 ηf 

defined in Eq. 9. The modified equation takes account for the value of E2/E1 and is defined as follows: 

η 	 	η 	 	            (11) 

where 	0.112 ln 0.112 



Although the exponent C varies slightly depending on the group size, N, it is not dependent on the value of L/D. Figs. 22a-

22c illustrate the fit between PLAXIS results and the results provided by Eq. 11 when all variables are 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 section 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 efficiencies 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 predictions of ηg obtained 

using the present equations i.e. Eqs. 9 – 11. In calculating values of ηg, each case history was categorised as a case (i), (ii) 

or (iii) as defined in section 7.1. 

Predictions of ηg 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: 

(i) Predictions of ηg determined using the present approach show good agreement to measured field data where the 

coefficient of determination (calculated as R2 =0.94 for the clay data) is significantly higher than the corresponding 

values calculated for existing empirical approaches in Figs. 23b-23d. Future published case histories may allow the 

expressions to be tested over a broader range of the primary influencing variables in Table 4. 

(ii) 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 various clay types described in Table 4.  

(iii) It can be seen from Figs. 23a and 23b that although the database of measured values of ηg presented in Table 4 

consists primarily of friction pile groups, the present approach provides improved agreement with end-bearing field 

data compared to the approach by McCabe and Lehane [7]. 

(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 form of the equations 9-11 

developed 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 4 database extend beyond the N=196 scope of the 

equations developed, the effect of N on ηg is much reduced beyond N=196. 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 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 existing approaches developed by Fleming et al. [5], 



Castelli and Maugeri [8] and McCabe and Lehane [7]. The authors have come to the following conclusions arising from the 

study: 

(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 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 × n piles with m/n ≤ 10 to avoid over-conservative 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. 

(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 [7]. 

(v) Although the adopted parameters in the present paper 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 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. 
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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 

Over-Consolidation Ratio (OCR) 1.1 to 2.0 

Friction Angle (o) 33 ± 1 

 

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 

γsat (kN/m3) 18.5 17.5 16.5 20 

γunsat (kN/m3) 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 0.5 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 

 

Table 3 Pile/soil parameters adopted in the numerical analyses represented in Figs. 11a-11c 

 Reference Analysis s/D L/D K FOS 

LE 

Poulos & Davis [6] PIGLET 3 25 1000 n/a 

Fleming et al. [5] PIGLET - - - - 

Present study PLAXIS 3 25 3000 n/a 

Nonlinear 

Comodromos & Bareka [25] FLAC 3D 3 25 4000 2.5 

Castelli & Maugeri [8] Empirical 3 - - - 

Present study PLAXIS 3 25 3000 2.5 

 

 

 



Table 4 Database of measured values of ηg. 

Reference Soil Conditions Pile Type N s/D L/D E2/E1 h/L ηmeas Case 

McCabe & 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 & 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 & 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 & concrete 239 2.9 34 ~2.5 1 0.094 iii 

Feagin [45] Medium Dense Sand Driven timber & concrete 186 2.8 36 ~4 1 0.197 iii 

       

 
 

 

 

 

 

 

 

 



 

Fig. 1 Load test arrangement 

 

 

 

Fig. 2 HS predictions of triaxial stiffness 
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Fig. 3 HS predictions of triaxial behaviour 

 

 

 

Fig. 4 Comparison between corrected vane strengths and predicted undrained shear strength profiles 
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Fig. 5 Illustration of pile/soil parameters 

 

 

Fig. 6 Finite element mesh for 16-pile group 

 



 

Fig. 7 Predicted and measured load-displacement responses of the single pile (S) and centre pile (C) of the 5-pile group  

 

 

Fig. 8 Comparison of measured and predicted interaction factors 

 

 

Fig. 9 Illustration of the term Dg (adapted from [8]) 
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Fig. 10 Example of a variation in group configuration for a 16-pile group 

 

 

 

 

Fig. 11 Influence of a variation in group configuration (m/n) on PLAXIS predictions of ηg; 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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Fig. 13a Comparison of LE predictions of ηg against the number of piles in the group 

 

 

 

 

Fig. 13b Comparison between LE and nonlinear predictions of ηg against the number of piles in the group 
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Fig. 13c Comparison of nonlinear predictions of ηg against the number of piles in the group 

 

 

 

Fig. 14 Comparison of existing approaches for estimating the variation in ηg with an increasing value of L/D 
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Fig. 15 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. 16 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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Fig. 17 Predictions ηg with increasing value of E2/E1 determined by PLAXIS; N=36 piles; L/D=21; s/D=3 
 
 
 

 

Fig. 18 Comparison of predictions determined by the HS model to existing predictions; s/D=3; L/D=25 
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Fig. 19 Comparison between PLAXIS results and fitted results using Eq. 9 for a variation in the value of N and L/D 

 

 

 

 

Fig. 20 Variation in ηpred/ηcalc with S/D 
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Fig. 21a Comparison between PLAXIS results and fitted results using Eq. 10 for a variation in the value of 
h/L; L/D =21 

 

 

 

Fig. 21b Comparison between PLAXIS results and fitted results using Eq. 10 for a variation in the value of 
h/L; L/D =50 
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Fig. 21c 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. 22a Comparison between PLAXIS results and fitted results using Eq. 11 for a variation in the value of 
E2/E1; L/D =21 
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Fig. 22b Comparison between PLAXIS results and fitted results using Eq. 11 for a variation in the value of 
E2/E1; L/D =50 

 

 

 

Fig. 22c 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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Fig. 23a Comparison of predicted values of ηg using present approach to measured values. Value of R2 = 0.94 

 

 

 

Fig. 23b Comparison of predicted values of ηg using approach by McCabe and Lehane [7] to measured values. 
Value of R2 = 0.84 
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Fig. 23c Comparison of predicted values of ηg using approach by Castelli and Maugeri [8] to measured values. Value of R2 
= -0.05 

 
 

 
Fig. 23d Comparison of predicted values of ηg using approach by Fleming et al. [5] to measured values. Value of R2 = -

1.33   
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