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Response prediction for axially loaded pile groups in clays using 3D nonlinear 
analysis

Prédiction de la réponse des groupes de pieux dans les argiles sous charges verticales par analyse 
numérique non linéaire tridimensionnelle 

E.M. Comodromos & S.V. Bareka 
Department of Civil Engineering, University of Thessaly,  Greece 

ABSTRACT
The objective of this paper is to quantify the effect of the interaction between the piles of a group under axial loading in clayey soils. 
Three dimensional parametric nonlinear analysis was carried out for various pile group configurations. Reduction factors for estimat-
ing the group bearing capacity are proposed in tabular form while the variation of the stiffness of a group with the settlement level and 
pile arrangements is illustrated. The validity of a proposed relationship for estimating the response of pile groups is also examined.   

RÉSUMÉ
Dans le but de quantifier l’effet de l’interaction entre les pieux d’un groupe dans les argiles sous charge verticale des analyses tridi-
mensionnelles ont été effectuées. Des facteurs réducteurs sont proposés en forme tabulaire permettant l’estimation de la capacité por-
tante des groupes. La variation de la rigidité des groupes en fonction de leurs dispositions ainsi que du niveau des tassements est aussi
présentée. La validité d’une formule déjà proposée pour l’estimation  de la réponse des groupes de pieux a été aussi examinée. 

1 INTRODUCTION 

The objective of this paper is to quantify the effect of the inter-
action between the piles of a group under axial loading in clayey 
soils. Empirical relationships and specific reduction factors in 
tabular form resulting from simplified analyses were proposed 
to quantify the effect to the bearing capacity of pile groups, 
(Poulos and Davis, 1980; Poulos, 1989). However, the precise 
response of axially loaded pile foundations may be significantly 
important in the design of structures to such loads. The response 
of a single pile carrying an axial load can be determined from 
pile tests, while full-scale pile group tests for determining the re-
sponse of a pile group are very rare, due to the extremely high 
cost required. Simplified numerical methods for estimating the 
load-settlement curves have been proposed based on the load-
transfer (t-z) method (Smith 1988, MELT 1993).  The ultimate 
bearing capacity and load-settlement curve for single piles can 
be also derived using the German code DIN 4014 and the 
French code, Fascicule No 62 (MELT 1993).  

Although these approaches are reliable for evaluating the re-
sponse of a single pile it is questionable if reasonably reliable 
simple methods could be applied to assess the response of pile 
groups. Nevertheless, it is commonly accepted that for the same 
mean load, the piles of a pile group exhibit significantly greater 
settlements than an identical single pile. Simplified approach 
providing a methodology for estimating the settlement of a pile 
group by representing a pile group by an equivalent pier was 
proposed by Randolph and Wroth (1978), Horikoshi and 
Randolph (1999). Most of the above methods involve soil pro-
file simplifications and other idealisations rendering them com-
puter cost-effective with the drawback however of limited accu-
racy in many cases.  

Three dimensional finite element analyses (Katzenbach and 
Moormann, 1997) demonstrated a remarkable interaction be-
tween the piles in a group with a 3.0D spacing. When using a 
6.0D spacing the effect of interaction reduces significantly but 
the response of the piles continued to differ from that of the sin-
gle pile. Comodromos et al. (2003) carried out a numerical as-
sessment of the response of an axially loaded pile group based 
on the results of a pile load test. They found that the level of in-
teraction between test pile and reaction piles appearing in pile 
load tests with commonly used spacings of 3 to 4 diameters, is 

very important and affects significantly the load-settlement rela-
tionship. Results of such pile loading tests can be used in nu-
merical back analyses to verify the soil properties and subse-
quently to establish numerically the unaffected by the 
interaction single pile load-displacement response and the 
nonlinear pile group behaviour.  

Furthermore, Comodromos (2004) investigated the effects of 
the interaction to the response of a pile group fixed in a rigid cap 
for various group configurations in a given soil profile. In the 
same paper it is also stated that for the particular soil profile and 
large diameter piles embedded in soft to medium clay with their 
tips resting in very dense sand, the bearing capacity efficiency 
factor varies from 0.70 (3.0D spacing ) to 1.10 (6.0D spacing). It 
was also found that, no matter the number of piles in a group, 
the bearing capacity factor can be considered identical for spac-
ings greater than 4.5D, while in the case of groups with spacing 
less than 3.0D the bearing capacity factor depends also on the 
number of piles. Contrary to the bearing capacity efficiency fac-
tor, which was found not to significantly deviate from unity, the 
interaction proved to affect significantly more the stiffness effi-
ciency factors of the groups analysed. It was revealed that the 
stiffness efficiency factor depends on both the pile arrangement 
and settlement level. From the parametric analyses carried out, 
Comodromos (2004) proposed a relationship allowing the estab-
lishment of approximate load-settlement curve of fixed-head 
pile groups for configurations with an axial distance of 3.0D, as-
suming that the load-settlement curve for a single pile is known. 
The applicability, however, of the proposed formula to any soil 
profile and pile groups of any configuration would be unwise 
without verification and a probable readjustment.  

To investigate the validity and probable needs for readjust-
ment of the aforementioned proposed relationship parametric 
numerical analyses are being carried out for the last 13 months 
at the Civil Engineering Department of the University of Thes-
saly. The scope of this extensive research is to examine and 
quantify the effect of the interaction between the piles of a group 
in both clayey and sandy soils. Parametric numerical analyses 
for clayey soils have been accomplished and the evaluation of 
the results are presented in this paper, while analyses for sandy 
soils are still being carried out.  
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2 PARAMETRIC ANALYSIS – SIMULATION 
PROCEDURE

Table 1: Geotechnical properties of soil types C1, C2, C3 and C4 

C1 C2 C3 C4
Young’s Modulus E (MPa) 5 10 30 40
Poissson’s Ratio, � 0.40 0.35 0.32 0.30
Undrained Shear Strength cu (kPa) 25 50 100 150
Soil – Pile adhesion, ca (kPa) 25 50 72 75
Unit weight � (kN/m3) 20 20 20 20

A parametric analysis was carried out in order to investigate the
consequences of the interaction between the piles of a group 
with rigid cap on both the ultimate bearing capacity and the
stiffness of individual piles and that of the entire pile group. The
piles of the groups are of a diameter of D=1.00 m and a length
of 25 and 50 m. Configurations of 2*3, 3*3 and 5*5 were exam-
ined with axial distances of 2.0D, 3.0D, 4.0D and 5.0D. The ge-
ometry of the mesh was parametrically defined in order to give 
the possibility for geometrical variations when needed. A mesh
generator subroutine has been implemented using the FISH 
built-in programming language providing the possibility of mesh
refinement and geometry variation. The bottom elevation and
the lateral sides of the mesh are taken far enough to avoid any
numerical effect. At the bottom level of the mesh all movements
are restrained while at the lateral external sides any movement
inwards and outwards is prohibited. The number of nodes and
elements depends on the group configuration. Figure 1 illus-
trates the finite difference mesh utilized in the analysis of pile
group configuration 5*5 with 3.0D spacing and pile length
L= 25 m, consisting of 38000 elements and 39956 nodes.

The constitutive model of the interface elements was defined
by a linear Coulomb shear-strength criterion that limits the shear
force acting at an interface node (Eq. 1).
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ICAL RESULTS

Based on the results of the parametric numerical analysis the

3.1 Pile group bearing capacity 

The bearing capacity efficiency factor is defined as the ratio of

where Fsmax = limiting shear force at pile-soil interface;
c� = adhesion between pile and soil and A = contact area

According to Tomlinson (1994) and the German code DIN
4014 (1990) the adhesion between pile and soil can be taken
equal to the soil cohesion for soft clays, while for stiff and hard 
clays a reduction factor is applied. The applied values for ca are
given in Table 1. The interface constitutive model used in the

Figure 2. Components of the interface constituti

Figure 1. Finite difference mesh for a 5*5 pile group, spacing 3D, L=25
m, cross section at y= 0. 

N

Four type of different clayey soil were examined in the pa-
rametric procedure corresponding to soft, medium stiff, stiff 
and very stiff clay, symbolised by C1, C2, C3 and C4, respec-
tively. The elastic perfectly plastic Tresca constitutive law  has
been used to simulate the nonlinear elastoplastic material behav-
iour of the soil. Table 1 summarises the properties of the four
soil types. Pile behaviour was considered as linear elastic with
Poisson’s ratio �= 0.20 and modulus of elasticity �=42000 MPa. 

load-settlement curves for the 36 pile groups layouts given in
Table 2 were established. The findings of the numerical analysis
regarding the influence of a group configuration to the ultimate
capacity load and to the response of the pile group are briefly
presented hereafter.

Numerical analyses were carried out for single pile and pile
groups for all the aforementioned soil types. The simulation se-
quence included an initial step, in which the initial stress condi-
tion was established, followed by a number of loading steps in
order to define the load-settlement curve up to the settlement
level of 10%D. The pile group total load N was applied on the
central pile. To simulate the fact that the piles were fixed in a
rigid pile head, the degrees of freedom of the nodes at the pile 
head corresponding to the directions x-x and y-y were elimi-
nated, while in the z-z direction were considered slave to the
node on which the load was applied.

the ultimate bearing capacity of a pile group to that of the single
pile multiplied by the number of the piles in that group. It is
widely accepted that in clayey soils this factor is lower than
unity. The Canadian Foundation Engineering Manual (1985)
suggest the use of a factor of 70% for clays with strength less 
than 100 kPa (very soft to stiff clays), while application of no 
reduction factors is proposed for clays of higher strength. Co-
modromos (2004) demonstrated that the number of piles in a
group, the spacing between them and their disposition (number
of rows and columns) influenced the bearing capacity efficiency
factor. Table 2 summarises the values derived from the numeri-
cal analysis. As bearing capacity of the single pile and the pile
group was taken the applied load corresponding to a 10%D level 

A ‘ramp loading’ procedure was used to avoid numerical in-
stabilities due to the load high value. Between the piles and the
surrounding soil interface elements were used to simulate the
pile-soil interaction.
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of settlement (DIN 4014, 1990). It can be also observed that for
the same soil type and spacing the reduction increases as the
number of piles increases. Furthermore, for the same group con-
figuration the effect increases when the soil strength decreases.
Finally, for the same soil type and group layout the influence
decreases when spacing increases.
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factor. It is also stated that the stiffness efficiency factor depends
on both the pile arrangement and settlement level, with maxi-
mum interaction influence at low settlement levels. When set-
tlement increases and plastification occurs the influence of the 
interaction gradually decreases, no matter the group configura-
tion. Obviously, when piles spacing decreases and the effect of
interaction increases a higher reduction to the group stiffness is 
observed. Figures 3-5 illustrate the variation of the stiffness effi-
ciency factor for some representative group analyses. The stiff-
ness efficiency factor, RG, can be defined as:

nKRK SGG **=

equation,

(3)

0.0

0.2

0.4

0.6

0.8

d=2Dd=3Dd=4Dd=5D

S
tif

fn
es

s 
E

ffi
ci

en
cy

 F
ac

to

1.0

r

 Settl. 1%D Settl. 3%D Settl. 5%D
Settl. 10%D Allowable Load

0.0

0.2

0.4

0.6

0.8

0
d=2Dd=3Dd=4D

S
tif

fn
es

s 
E

ffi
ci

en
cy

 F
ac

to
r

 Settl. 1%D settleement 3%D Settl. 5%D
Settl. 10%D Allowable Load

1.

25 50 25 50 25 50 25 50
2D
3D 0.73 0.87 1.02
4D
5D
2D 0.51 0.51 0.54 0.85 0.70 0.89
3D 0.64 0.60 0.65 1.00 0.81 1.00 1.00
4D 0.79 0.77 1.05 1.05
5D 0.87 0.78 0.89 1.15 0.97 1.15
2D 0.33 0.54
3D 0.45 0.34 0.45 0.72 1.37 1.55
4D 0.59 0.90
5D

5*
5

2*
3

3*
3

C3 C4C1 C2

Table 2. Bearing Capacity Efficiency Factors for layouts of 2*3, 3*3,

3.2 Pile group stiffness

According to the findings of Comodromos (2004) the effect of
n stiffness is of

a much greater importance than the bearing capacity efficiency

(2)

mG =  the settlement of the pile group and SmLs =
ile settlement under an axial mean load Nm.

iffness of a
pile group for a given mean load Nm, can be then calculated us-
ing

in which KS is the secan
notes the secant stiffness
piles in the group.

epresentative relationships illustrating the variation of
sti

mate bearing capacity) are given in Fig. 3-5.
It

Figure 3. Variation of the stiffness efficiency factor with settlement level
for a 3*3 group, L/D=25 and soil type C1.

Figure 4. Variation of the stiffness efficiency factor with settlement level
for a 3*3 group, L/D=25 and soil type C2.

Figure 5. Variation of the stiffness efficiency factor with settlement level
for a 5*5 group, L/D=50 and soil type C3.

4 ESPONSE PREDICTION FOR PILE GROUPS 

 of the interaction to the
bearing capacity and the stiffness of a pile group is quantified.

ucture the
ed a three-

5*5, in spacings of 2D, 3D, 4D and 5D, L/D = 25 and 50 m, for soil
types C1, C2, C3 and C4.

the interaction between the piles to the foundatio

where S
single p

the

The mean load Nm is defined as the total load of the group 
divided by the number of piles in the group. The st

t stiffness of the single pile, KG de-
of the pile group and n the number of

R
ffness efficiency factor with levels of settlement of 1, 3 5 and

10% as well as to the settlement of the allowable load (equal to
the 50% of the ulti

can be observed that the most affecting factor is the level of
settlement. At low level settlement level of the order of 1 to 3%
of the pile diameter the reduction factor  is of the order of 30%.
The effect decreases in an accelerating rate as settlement level
increases. It must be also mentioned that the influence to the
stiffness efficiency factor amplifies as the number of piles in a 
group increases.

R

In the preceding paragraph the effect

However, in case that for the design of the superstr
precise nonlinear response of the pile group is requir
dimensional analysis is needed. Even though three-dimensional
nonlinear analysis is able to establish the load-settlement curve
for any type of pile group with the appropriate accuracy, it is
recognised that the procedure is extremely computational de-
manding. To overcome this drawback Comodromos (2004) pro-
posed a relationship able to predict the load-settlement curve of
a fixed-head pile group for configurations with an axial distance
of 3.0D, assuming that the load-settlement curve for a single pile
is known, Eq. 4-6.
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t the settlement of the single pile zd for a given mean load Nm
is known, Eq. 6 provides the group settlement zG.
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Figure 6. Comparison between numerically established load-settlement
curves using FLAC3D and those predicted from equations 4-6, for a 3*3
pile group, in a spacing of 3.0D, L/D=25 and soil type C2.

H

Ita

Ka

M

Po

Po

Ra

Sm

To

6

7
Single Pile
Group 3*3
Prediction for Group 3*3

e is able to determine the most appropriate values for
parameters A, B, C, E and F for each different pile group con-
figuration. With the aim of proposing constant acceptable values
for these parameters able to predict the response of any pile
group within bounds of acceptable tolerance Comodromos
(2004)  proposed the use of values A=1.3, B=0.05, C=0.5,
E=0.07 and F=0.5. These values were determined from numeri-
cal experiments of various pile groups limited, however, in a
given soil profile. The validity of the proposed relationship and
the values for the above parameters is now examined for piles in
clayey soils. Figure 6 illustrates the load-settlement curves cal-
culated using FLAC3D (continuous lines), while dashed lines
with the same markers stand for predicted curves using the pro-
posed relationship and the above values for the parameters A, B,
C, E and F. The accuracy provided by the predicted curves can
be considered satisfactory for the necessities of most superstruc-
tures design. Similar results have been taken from the applica-
tion of the methodology to other soil types and group configura-
tions.

here

a= settlement amplification factor; zd = settlement of
the single pile normalised to its diameter; n = total number of

p; nr = number of rows and nc = number of c
group.

Using the settle ent amplification factor Ra and assuming 
tha

(6)

ram using the
Basic language. In the same worksheet the re-
ree dimensional analysis are automatically e

-in FLAC3D FISH language. The subrou-
tin

5 UMMARY AND CONCLUSIONS

The objective of this paper was to estimate the effects of the in-

, 4.0D and
5.0D, L/D= 25 and 50 in soft, medium stiff, stiff and very stiff
clays were examined. The evaluation of the results of this exten-

d the suggestion of re-
duction factors in tabular form for estimating the bearing capac-

eved the use of the
pr
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