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Izvleček

Izbira razmika med piloti je eden od pomembnih 
dejavnikov, ki jih je treba upoštevati pri načrtovanju 
pilotov povezanih s temeljno blazino. V prispevku so bili 
na podlagi numeričnih analiz s programskim orodjem 
PLAXIS, zasnovanim po metodi 2D in 3D končnih 
elementov, modelirani piloti povezani s temeljno blazino z 
različnimi konfiguracijami razmika pilotov ter temeljeni 
na glinenih tleh. Učinek dimenzije je bil preverjen s 
primerjavo rezultatov analiz 2D in 3D modeliranja. 
Primerjali in interpretirali smo rezultate modelov 
z različnimi razmiki med piloti. Skladno z rezultati 
dvodimenzionalnih in tridimenzionalnih analiz, so se na 
splošno skupni pomiki ter strižne in volumske specifične 
deformacije zmanjševale pri povečanju razmikov med 
piloti (s/D). V primeru s ≥ 6D, kot mejne vrednosti, 
ni prišlo do bistvene spremembe v zgoraj navedenih 
količinah (ostale so konstantne) ali pa so se le nekoliko 
zmanjšale. Ugotovljeno je bilo, da je bila vrednost najve-
čjega posedka v 3D analizah večja kot pri 2D analizah. 
Menimo, da je učinek dimenzije povzročil razlike v 
rezultatih, dobljenih v 2D in 3D analizah.

DVO IN TRODIMENZIONALNE 
ANALIZE UČINKA RAZMIKA 
MED PILOTI POVEZANIMI S 
TEMELJNO BLAZINO
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Abstract

One of the important factors that have to be considered in 
the design of piled-raft foundations is the selection of the 
spacing between the piles. In this study, a piled-raft foun-
dation having different pile-spacing configurations and 
resting on clayey soil was modeled using PLAXIS nume-
rical packages based on the 2D and 3D finite-element 
methods. The dimension effect is examined by comparing 
the 2D modeling analysis with the 3D modeling analysis. 
The results of the models with different pile spacings 
were compared and interpreted. As a general trend in 
accordance with the results of the two- and three-dimen-
sional analyses, the total displacements, shear strains 
and volumetric strains decreased as the pile spacings 
(s/D) increased. In the case of s ≥ 6D as a threshold value 
there was no significant change in the aforementioned 
quantities (they remain constant) or decreased slightly. 
The maximum settlement was found to be greater in the 
3D analyses than in the 2D analyses. It is thought that 
the dimension effect caused the differences in the results 
obtained with the 2D and 3D analyses.
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1 INTRODUCTION

In engineering computations, in addition to safety, 
economical designs are also of great concern. This 
particular case is realized especially when the loads 
coming from the superstructure are of the order of 
greater magnitudes where the foundation system design 
requires economy next to safety. In many cases, piles 
are used in groups to transmit the structural loads to 
the soil. A pile cap is constructed on the group of piles. 
The pile cap can be well above the ground or in contact 
with the surface. The design principle of pile groups also 
applies to piled rafts [1]. Piled-raft systems are of impor-
tance for such cases where the base pressure beneath the 
footing is shared by the raft and the pile. Based on this 
fact, piled-raft systems, where the interactions among 
the pile, the raft and the soil are taken into consider-
ation, are becoming more frequently used. 

Piles may be installed under a raft for the purpose of 
reducing settlements [2]. Piled-raft foundations also 
contribute to avoiding differential settlements [3]. In 
addition, they reduce the magnitude of the internal 
stress and the bending moments in the raft. However, 
the biggest drawback is to model the interactions among 
the pile, the raft and the soil. In these cases, it is better 
to model with numerical methods, such as the finite-
element method (FEM) [4, 5, 6].

For the settlement calculation of pile groups, there are 
several approaches, including, empirical, analytical and 
numerical methods. These methods can be classified as 
follows:

– Methods based on empirical formulations [7, 8]
– Approaches that take into account soil-structure 

interaction stress superposition [9]
– Methods based on modifying the load-settlement 

curves for individual piles by group-interaction 
factors [10]

– The equivalent raft method based on the assumption 
that the piles are represented by an imaginary raft 
resting at a specific depth [11]

– The pile group and the soil inside the pile group are 
regarded as a block and solved as an individual pile, 
where the rigidity of the pile and the soil is calculated 
and an average value is obtained [12]

– Numerical methods such as the finite-elements 
method (FEM) and the finite-difference method 
(FDM), etc.[13, 14]

1.1  Settlement of piled rafts in cohesionless soils

The settlement of a pile group (Sg) is normally greater 
than the settlement of a single pile (St) at an equal load 
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per pile due to the larger depth of influence of a group 
as compared to that of a single pile (Fig. 1). There is a 
superposition of stresses that are transferred and the pile 
group capacity becomes less than the number of piles 
times the individual pile-load capacity, resulting in an 
increase in the total settlements.

Several investigations relating to the settlement of 
group piles, with widely varying results, have been 
reported in the literature. No general theory to predict 
pile-group settlements in cohesionless soils is available. 
Many empirical and semi-empirical methods with gross 
approximations are available, but they cannot be recom-
mended without reservations [9].

Figure 1. Zone of influences for a pile group and a single pile [9].

The simplest relation for the settlement of group piles 
was given by Vesic (1977) [15] as

S S
B
Dg t

g= ⋅          (1)

where Sg is the group settlement at a load per pile equal 
to that of the single pile, St is the settlement of a single 
pile estimated or determined from a pile-load test, Bg is 
the width of a pile group (smaller dimension) and D is 
the pile diameter.

In addition, empirical equations for elastic settlement 
related to in-situ test results such as the SPT-N value 
and the cone-penetration resistance are available in the 
literature [8, 16].

1.2. Settlement of piled rafts in cohesive soils

The settlement estimation of pile groups in cohesive 
soils is complex. The settlement of piles in cohesive 
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soils primarily consists of the sum of the short-term 
settlement occurring as the load is applied and the 
long-term consolidation settlement occurring gradually 
as the excess pore pressures generated by the loads are 
dissipated. Generally, the short-term settlement results 
from the elastic compression of cohesive soils. This 
component of the settlement constitutes a significant 
portion of the total settlement for partially saturated and 
over-consolidated saturated cohesive soils [9].

Fig.2 shows a simple method that can be used for the 
consolidation settlement estimation of pile groups in 
cohesive soils by assuming the 2:1 stress-distribution 
method.

This approximate method is based on the following 
assumptions:

– The pressure qall is transferred to a 2/3L depth below 
the ground surface. The settlement of the soil above 
this depth is assumed to be small and therefore is 
neglected.

– Then estimate the settlement as if a footing of dimen-
sions with the pressure qall is placed at a 2/3L depth 
below the ground surface. The presence of a pile 
below this depth is disregarded.
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Figure 2. Stress distribution for a settlement estimation for friction piles in clay [9].

According to these assumptions, the consolidation settle-
ment can be calculated from the following relationship:

∆ ∆H C e H L v v v= +( )  ⋅ − ⋅ ′ + ′( ) ′ / / log /1 2 30 σ σ σ  (2)

where ΔH is the consolidation settlement, σv´ is the present 
effective (vertical) overburden pressure at the middle of the 
layer (H-2/3L) (Fig.2), Δσv' is the increased pressure from 
the pile load at the middle of the layer (H-2/3L), C is the 
compression index and e0 is the initial void ratio of the soil.

There are several studies in the literature that focus on 
the effect of pile spacing on the total vertical bearing 
capacity of piled-raft foundation systems. In these stud-
ies, some physical model tests were performed or the 
problem was modeled using various software packages. 
With the aid of these models, the effect of pile spacing 
on the bearing capacity of the piled-raft system has been 
investigated and some recommendations for the design 
are given [9, 17, 18, 19]. However, there is only limited 
research in the literature on the effect of spacing on the 
settlement of piled-raft systems [6, 18, 20]. The main 
purpose of this study is to determine the effect of spac-
ing on the settlement of a piled raft using 2D and 3D 
FEM-based software and to evaluate the findings from 
an engineering point of view. 

Diameter of 
piles, D

Pile cap (raft)

B

Bg
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2 FINITE-ELEMENT MODELING

2.1 Finite-element mesh and boundary conditions

The behavior of the piled raft was examined in terms of 
the effect of the pile spacings by performing 2D and 3D 
numerical analyses. The finite-element package PLAXIS 
was used as a calculation tool. PLAXIS is a software 
program based on the finite-element method that is 
widely used in geotechnical engineering applications to 
analyze soil behavior with soil models [21, 22]. It is used 
in geotechnical application areas such as deep excavation 
and support systems, shallow and deep foundations, 
retaining structures, geotextile-reinforced and non-

Figure 3. a) 2D model used in the analyse 
 b) 3D model used in the analyses.

reinforced filler constructions, soil improvements, as 
well as dam and tunnel designs [23-28]. Figure 3 shows 
typical 2D and 3D FE meshes used in these parametric 
analyses. The piles were taken to be 0.6 m in diameter D 
and 18 m in length Lp. A square raft with a width B of 20 
m (thickness, 1 m) was considered. The pile cap and the 
raft were considered as rigidly connected to each other. 
The raft–soil interface was considered to be rigid within 
a contact zone. Since the mobilization of the friction 
between the bored pile of the rough concrete shell and 
the clayey soil occurs in a short period of time after 
manufacture the interface properties are also assigned 
as rigid. The mesh was assumed to be on a rigid layer 
beyond the boundaries, and the vertical boundaries 
on the left- and right-hand sides were assumed to be 
on rollers to allow the downward movement of the soil 
layers. For the far-field boundaries, the distance of the 
boundary from the edge of the raft was set to 50 m, since 
the observed influence zone based on the finite-element 
analysis including interface was at most 8–10 m. After 
an initial equilibrium, the vertical loading was applied 
on the top of the raft surface. Since the modeling of the 
entire pile-installation process is rather complicated, the 
pile was assumed to be in a stress-free state at the start of 
the analysis. The stress change in the soil during the pile 
installation was therefore not included. 

In the 3D model of the soil and the piled raft, the geom-
etry was divided into 15-node wedge elements. These 
elements were composed of the 6-node triangular faces 
in the workplanes, as generated by the 2D mesh genera-
tion [21, 22].

Choosing a larger number of elements where there is a 
high anticipated stress and/or the possibility of critical 
settlement behavior gives more precise results. Local mesh 
refinement in such zones is preferred, instead of choosing 
an equal mesh size, because it saves computational time. 
A relatively fine mesh was used near the pile–soil and 
raft–soil interfaces, while a coarser mesh was used further 
from the pile and the raft (Fig. 4 and Fig. 5). 

The system of analysis should consist of a geometry that 
is sufficiently large in the x, y and z directions in order 
not to be influenced by the boundary conditions. In this 
context, it was found that by choosing a geometry of 50 
m × 50 m for the 2D, and 50 m × 50 m × 50 m for the 
3D models, the above-mentioned interactions from the 
boundary values were minimized (Fig. 3).

2.2 Constitutive modeling

The over-consolidated clay was considered as the soil 
material and the behavior of this layer was modeled with 
the hardening soil model, which gives more accurate 
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results and simplifies the analysis process. Constant 
(average) values of the material parameters were adopted 
for the soil layer, as stated in the literature [29]. The 
recommended method in the undrained analyses of 
clayey soils is to use the drained shear strength param-
eters [30, 31]. The properties of the soil profile used in 
the analyses are given in Table 1. 

Parameter Value Unit
Soil unit weight above GWL, γunsat 18 kN/m3

Soil unit weight below GWL, γsat 18.5 kN/m3

Secant stiffness, E50 2x104 kN/m2

Tangent oedometer stiffness, Eoed 2x104 kN/m2

Unloading/reloading stiffness, Eur 6x104 kN/m2

Friction angle, ø' 25 deg.
Cohesion, c' 2 kN/m2

Interface reduction factor, Rinter 1.0 -

Table 1. Properties of the soil profile used in the analyses.

The foundation system was modeled as resting on a single 
soil layer. The raft and piles were modeled as isotropic 
linear-elastic materials. The material and behavior prop-
erties for the raft and piles are summarized in Table 2.

Parameter Value Unit
Unit weight, γ 24 kN/m3

Young’s modulus, E 3x107 kN/m2

Poisson’s ratio, ν 0.2 -

Shear modulus, G 1.25x107 kN/m2

Raft thickness, t 1 m
Pile diameter, D 0.6 m

Pile length, L 18 m

Table 2. Material properties of the pile and raft used in the analyses.

2.2.1 Modeling the piled raft with 2D and 3D FEM

The work flow for the analyses is as follows. During the 
initial stage the geometry and the boundary conditions 
were determined. The material properties and the 
constitutive model were determined and assigned to 
each soil and structural element. 2D and 3D meshes 
were generated with the inclusions of local refinements 
(Fig. 4 and Fig. 5). The initial stress state is updated. In 
the modeling, a piled-raft foundation was created in two 
stages: the first excavation of the soil and the second 
piled-raft construction. Then, the pre-determined load 
(100 kN/m2) that acts on the raft was activated in the 
calculation stage.

2.3. Numerical analyses

A series of 2D and 3D numerical analyses on piled rafts 
(PR) were performed for different pile spacings (s=2D, 
s=3D, s=4D, s=6D and s=8D) and configurations, as 

Figure 4. Generated mesh in 2D.

Figure 5. Generated mesh in 2D plan view and 3D utilization.
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shown in Fig.6. The piles were taken to be 0.6 m in diam-
eter (D) and 18 m (floating) in length (Lp). A square raft 
with a width B of 20 m (thickness, 1 m) was considered.

Figure 6. Analyzed cases for s=2D, s=3D, s=4D, s=6D and 
s=8D.

In this study, attention was focused on the undrained 
(short-term) response of a piled raft resting on an 
over-consolidated clay layer. As recommended by the 
literature, the clay was idealized using the drained shear 
strength parameters, c' and ϕ' (Table 1). Constant values 
of the drained Young’s modulus and the drained shear 
strength parameters were adopted for the soil layer. 
For the structural components, the pile was based on a 
typical reinforced concrete pile and modeled with a solid 
section. The raft was assigned general concrete material 
parameters. Table 2 summarizes the material parameters 
used in the analyses. The loads transmitted from the 
superstructure were modeled as a uniformly distributed 
loading (i.e., uniform loading) and the load was assumed 
to be 1.5-times the load on the area of 20 m × 20 m 
(base pressure of 100 kPa) (Fig. 6). All the analyses were 
carried out under undrained conditions.

In this study, the 2D and 3D analyses of a piled-raft 
system under a vertical load were performed with 
respect to the short term. Their behaviors were exam-
ined and compared in accordance with 2D and 3D 
analyses. The raft in the piled-raft system was considered 
to be in contact with soil in the analyses. In this study 
five different piled-raft foundations were analyzed in 
plane strain (2D) and three dimensions (3D), which 
makes a total of 10 cases (Fig.6). 

3 COMPUTED RESULTS AND DISCUSSION

3.1 Analyses of the 2D models 

In the 2D modeling of the piled raft after the determina-
tion of the geometry, initial stress and superstructure 
loads consecutively, the outputs for the total deforma-
tions, shear strains, and volumetric strains were investi-
gated. Each output representing the spacing between the 

piles s=2D, s=3D, s=4D, s=6D and s=8D was analyzed. 
The outputs for s=6D are reflected in Fig.7.

Figure 7. The output for s=6D a) total vertical displacement for 
piled-raft system, b) shear strains, c) volumetric strains.

s

s20m
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(c) 
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The maximum vertical displacement for the 2D calcula-
tions was calculated as 18.31 mm, representing the axial 
spacing s=2D. The minimum vertical displacement was 
found to be 11.44 mm, representing the axial spacing 
s=8D. The shear strains were calculated to be in the 
range 1.71–3.20 % and they reach a maximum at the 
raft edges and fade near the pile shaft. The maximum 
value for the shear strains was calculated to be 3.20 
%, representing s=3D. The highest volumetric strains 
were calculated to locate near the pile-raft connection 
locations. The maximum volumetric strain value was 
calculated to be 0.024 % for the axial spacing of s=8D. 
Values between 0.015 % and 0.024 % were obtained at 
the pile tip location level.

3.2 Analyses of the 3D models

In the 3D modeling of the piled raft after the determina-
tion of the geometry, initial stress and superstructure 
loads, consecutively, the outputs for the total deforma-
tions, shear strains, and volumetric strains are investi-
gated. Each output representing the spacing between the 
piles s=2D, s=3D, s=4D, s=6D and s=8D was analyzed. 
The outputs for s=6D are reflected in Fig. 8 to Fig. 9.

For the 3D calculations, the maximum vertical displace-
ment was observed in the s=2D model as 20.77 mm. 
The minimum vertical displacement was encountered 
for s=6D as 17.7 mm. Vertical displacements at the piled 
section varied between 8 mm and 17 mm. The settle-
ments were at their minimum value in the piled region, 
while they were greater in the zones near the edge of the 
raft (Fig. 8).

Figure 9. Volumetric strains and shear strains for s=6D in 3×3 
piled-raft foundation.

Figure 8. Total vertical displacements for s=6D in 3×3 piled-raft foundation and cross-section. 
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The magnitude of the shear strains in the system varied 
in the range 0.82–0.58 %. The maximum values were 
encountered around the pile-raft connection region. The 
maximum volumetric strain value reached 0.152 % for 
the s=2D axial spacing model. Values ranging between 
0.152 % and 0.127 % were obtained at the zone around 
the pile tip (Fig. 9).

3.3. Comparison of results for the 2D and 3D model-
ing analyses

The effect of the pile spacing for the piled-raft founda-
tion systems resting on clayey soil was investigated using 
2D and 3D finite-element methods and a comparison 
was made based on the results. The variations of the 
settlement, shear strains and volumetric strains with 
respect to the pile spacing are presented in Fig. 10, Fig. 
11 and Fig. 12, respectively.

The results taken from the 3D analyses reflect greater 
values for the average vertical displacements than the 2D 
analyses. It is clear from the 3D analyses (Fig. 10) that 
beyond the spacing value of s=6D the vertical displace-
ments remained constant; however, in the 2D analyses 
this was not the case, where the spacing increased and 
the vertical displacements dramatically decreased.

Figure 10. Variation of settlement (vertical displacement) with 
respect to the pile spacing.

Figure 11. Distribution of shear strains with respect to spacing. 

The volumetric strains decreased up to a specific value 
(s=4D), and beyond this value they remained steadier.

In the 2D analyses all the values for the raft, pile, soil, 
structural components and loads were defined for a unit 
depth. However, in the 3D analyses these parameters 
were defined in three dimensions, which give a more 
realistic identification and calculation. It is, therefore, 
believed that the 3D analyses give more realistic results 
than the 2D analyses. Moreover, the load-deformation 
behavior for the piled raft can be easily analyzed in detail 
in the 3D models; however, the effect of the third dimen-
sion cannot be analyzed with 2D models.

4 CONCLUSIONS AND RECOMMENDATIONS

A series of 2D and 3D elasto-plastic finite-element 
analyses were conducted to investigate the behavior of a 
square piled raft of 20 m × 20 m subjected to a vertical 
loading of 100 kPa. In this study, the pile positions on the 
raft were varied, and the effects of the pile spacings were 
examined. As expected, the development of the settle-
ments and the pile loads for the piled raft was dependent 

As for the shear strain, the results show that in the 3D 
analyses the values remained almost constant for the 
spacing s ≥ 4D. The shear strain values reached their 
maximum value in the 2D analysis at a spacing of s=3D, 
and beyond this value (s≥3D) they decreased linearly 
(Fig. 11).

In the 3D analyses, the volumetric strains were recorded 
as seven-times greater than in the 2D analyses (Fig. 12). Figure 12. Volumetric strains vs. pile spacing.
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on the pile–soil interface and the pile spacing.

In this study, the effect of the spacing of the piles in 
piled-raft systems resting on clayey soil was investigated 
by means of a literature survey, 2D and 3D FEM analyses 
and these results were obtained:

– The major parameters that define the load-settlement 
behavior are geometrical properties such as the area 
of the piled region/area of the raft, or the pile group 
dimension/raft dimension, the pile spacing, and the 
pile length. Various researchers recommend opti-
mum values for these parameters.

– It is more realistic and convenient to utilize 3D FEM 
analysis to design the piled raft due to using the 
original dimensions of the soil and the structural 
elements in the calculation stage. 

– The shear strains reached their maximum value at 
the edge of the raft and dissipated at the lower eleva-
tions of the other piles. 

– The volumetric and shear strains remained steady 
beyond a specific value of the spacing (s=4D) 

– The settlements reduced dramatically beyond a 
certain spacing value (s=6D) in the 2D analysis. 
However, they were reduced and remained constant 
in the 3D analyses to a specific spacing value (s=6D) 
and remained constant beyond that value.

– The vertical-displacement and the volumetric-strain 
results were greater in the (3D) analyses than in the 
2D analyses.

– It is considered that the differences of the results 
obtained from 2D and 3D analysis come from the 
dimension effect and the analysis type.
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