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The performance of piled raft foundations 
Le comportement des dalles pilotées 

J.L. Justo, A. Jaramillo, M. Vázquez, E. Justo & M.T. Pérez 
Department of Continuum Mechanics, University of Seville, Spain 

ABSTRACT 
The structure of a copper concentrate store is founded on a reinforced concrete raft supported by 697 piles. The piles are fitted on a
dense sand layer, but there are clay layers of medium consistency along the shaft and below the support soil. Owing to this, the piles
are subject to negative skin friction, the raft has suffered important settlements, the structure has been damaged and the operation of
the upper conveyor belt has experienced problems. A 3-D finite element (FE) calculation has permitted calculation of the
displacements and stresses in the piles, raft and structure.  

RÉSUMÉ
La structure d’un magasin de minéral est fondée sur une dalle en béton armée supportée  par des pieux. Les pieux  sont encastrés dans
une couche de sable dense, mais il y a des couches d’argile de consistance moyenne au long du fût et dessous la couche portante. Pour
cette raison les pieux ont subi frottement négatif, les tassements de la dalle ont été importants, et la bande transporteuse  et la structure
ont souffert des dégâts. Un calcul par éléments finis (FE) à trois dimensions a permis obtenir les déplacements et les efforts dans les
pieux, la dalle et la structure. 
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1 INTRODUCTION 

The structure of a copper concentrate store is made up of a 135 
m long and 9.5 m high frontal wall, braced by 15 transverse 
walls 30 m long, 8 m high placed 7.5 to 15.0 m apart. This way, 
the concentrate store is divided into cells for separate mineral 
storage. At the roof, the mineral is transported through a precise 
system of continuous belts and finally dumped into the cells. 
The structure is covered by a light sheet. It is founded on an 80 
cm-thick, reinforced concrete raft, supported by 697 piles. The 
diameter of most piles is 650 mm and their length 16 m, but, 
below the transverse walls, the piles are 16.5 m long with a 750 
mm diameter. The concentrate leans against the longitudinal 
wall.  
 The structure is located in the Guadalquivir Basin. The 
water level is 1.80 m deep. The following Quaternary deposits, 
underlain by Miocene clays, appear from top to bottom in the 
geological profile: 
 Medium dense sand (S1) from 0 to 4.5 m. 
 Clay of medium stiffness (C1) from 4.5 to 8.5 m. 
 Medium dense sand (S2a) from 8.5 to 13.5 m. 
 Dense sand from (S2b) 13.5 to 19.5 m. 
 Clay of medium stiffness (C2) from 19.5 to 26.0 m. 
 Silt of medium stiffness (silt) from 26 to 27.5 m. 
 Gravel (G1) from 27.5 to 31 m. 
 Stiff clay (C3) from 31 to 33 m. 
 Therefore, the piles are fitted on a dense sand layer, but 
there are clay layers of medium consistency along the shaft and 
below the support layer. The raft has suffered important 
settlements that have affected the conveyor belt guides in the 
upper mineral loading system. These settlements have occurred 
in the lower clay layer, and the negative skin friction acting on 
the piles is due to the settlement of the upper clay layer under 
the raft pressure. A 3-D FE calculation has been used to try and 
explain the displacements suffered by the structure. 

2 SITE INVESTIGATION 

A thorough site investigation was carried out, with boreholes, 
laboratory and in situ tests, including piezocones. 

3 PILED-RAFT CALCULATION METHODS 

Poulos (2001) has presented a good summary of piled raft 
calculation methods. Prakoso and Kulhawy (2001) have 
presented the use of approximate plain strain methods to treat 3-
D problems. Zhang and Small (2000) present the elastic analysis 
of off-ground capped pile group systems subjected to both 
vertical and horizontal loads; the analysis combines finite 
elements to model the cap and piles with finite layer theory to 
model the soil. Small and Liu (2008) present a true 3-D elastic 
analysis to study the consolidation of a piled raft foundation 
under vertical loading. 
 Several authors have carried out successful 3-D FE 
calculations with the ABAQUS program. This program uses the 
Drucker-Prager cap model, which is not very adequate in soils 
[Maharaj and Ghandi, 2004; Reul and Randolph. 2004; 
Katzenbach et al., 2007 ]. De Sanctis and Mandolini use the 
same program for the undrained behaviour of clay; then the 
Tresca model is used. The four studies are for vertical loading 
alone. 

4 SOIL MODEL 

A Mohr-Coulomb (Plaxis, 2007), non-associated, perfect-
plasticity model, with a plastic potential function defined by the 
dilatancy angle , has been used in this study. The parameters 
introduced in the calculations, and obtained from the laboratory 
and in situ tests, are shown in Table 1. 
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Table 1. Effective stress parameters of Mohr-Coulomb model 

Acronym 
(kN/m3)

kx & kz

(m/day) 
ky

(m/day) 
 E

(kPa) 
c'

(kPa) 
’

(º) (º) 
S1 18.9* 0,86 0,86 0.35 14800 1,25 33,8 3,8 
C1 18.3 0,001 0,00 0.35 2450 11,80 20,0 0,0 
S2a 20.0 112,00 8,60 0.30 21000 1,25 34,8 4,8 
S2b 20.0 5,70 0,86 0.30 55200 0,00 37,5 7,5 
C2 18.0 0,095 0,00 0.35 2349 6,10 27,6 0,0 
Silt 21.4 5,90 0,00 0.35 7686 0,00 32,0 2,0 
G1 22.0 95,00 0,86 0.35 29400 0,00 35,0 5,0 
C3 18.8 0,00 0,00 0.20 11800 12,00 26,0 0,0 

* sat = 20.0 kN/m3. The y direction is the vertical direction (see Figure 1) 

5 FINITE ELEMENT SIMULATION 

A 3-D FE simulation including the walls, the slab and piles 
has been carried out, using the version 2, Plaxis 3-D 
Foundation program (Plaxis, 2007). Horizontal and vertical 
loads are included in the model. 
 The walls have been modelled as thin vertical (two-
dimensional) structures with a significant flexural rigidity 
(bending stiffness). Walls are composed of 8-node 
quadrilateral plate elements with six degrees of freedom per 
node: three translational degrees of freedom (ux, uy and uz)
and three rotational degrees of freedom ( x, y and z).
 The floors are structural objects used to model thin 
horizontal (two-dimensional) structures with a significant 
flexural rigidity (bending stiffness). Floors are composed of 
6-node quadrilateral plate elements with six degrees of 
freedom per node: three translational degrees of freedom (ux,
uy and uz) and three rotational degrees of freedom ( x, y and 

z). Element stiffness matrices are numerically integrated 
from the 3 Gaussian integration points (stress points). The 
element allows for plate deflections due to shearing as well as 
bending. In addition, the element can change length when an 
axial force is applied.

The soil is simulated using 15-node three dimensional 
elements that follow the Mohr-Coulomb model. The failure of 
the whole pile raft has been studied using the Phi-c reduction 
method. 
 The structure is calculated under its self-weight, and the 
loads transmitted by the roof and mineral. A 15 m wide
module, between two adjacent transverse walls has been 
calculated (Fig. 1). The transverse walls are symmetry planes. 
Even so, there are 91 piles in the module. 
 In the first phase, it has been necessary to combine the 
piles into 28 virtual solid piles, so that the total base and the 
perimeter are maintained. This reduction allows calculation of 
the factor of safety for the piled raft, but not for the shear 
forces and bending moments in the slab.  
  In the second phase it has been possible to introduce the 
91 individual solid piles in the calculation, selecting small 
clusters (with a maximum of 25 piles, corresponding to the 
limitation imposed by Plaxis program) to perform the 
calculation. However, the computer is at its limit of 
performance, and the calculation is very slow. 
 In the third phase, embedded piles have been used.
Embedded piles are composed of beam elements that can be 
placed in any direction in the soil (irrespective from the 
alignment of soil volume elements) and interact with the soil 
by means of special interface elements. Although an 
embedded pile does not occupy volume, a particular volume 
around the pile (elastic zone) is assumed in which plastic soil 
behaviour is excluded. The size of this zone is based on the 
(equivalent) pile diameter according to the corresponding 
embedded pile material data set. The behaviour of this pile is 
relatively similar to the solid pile, but its skin friction and 
point resistance are introduced in the calculation. 

Fig. 1.  Module for FE calculation. 

 Very fine mesh has been used, generating 8560 elements 
and 30026 nodes. The whole model is shown in Figure 2. The 
results presented below correspond to this type of element, 
unless otherwise stated. 

Drainage, for symmetry, can only happen through the 
frontal wall and rear planes.  

6 CALCULATION PHASES 

The calculation phases applied to the model are summarised 
in Table 2. 
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Fig. 2.  Mineral store model 

Table 2. Calculation phases 
Calculation phase Duration 

(days) 
smax 

(mm)
1. Construction 365 96 
2. Load 1 (65% of maximum loading) 1 127 
3. First damage 912 257 
4. Consolidation with load 1 549 258 
5. Application of load 2  252 
6. Consolidation with load 2 186 225 
7. Application of load 3  215 
8. Consolidation with load 3 2887 209 

 Construction lasted one year. The store was designed to 
accumulate mineral inside the cells against the inner face of 
the longitudinal wall. As all the cells are not loaded 
simultaneously and the settlement is produced in a 
consolidation process, it has been assumed that the cell 
chosen for calculation was loaded at the beginning (Figure 3) 
with 65% of its maximum load.  

Fig. 3. Load 1 (65% of maximum load) 

 Two and a half years (913 days) after construction, 
malfunction of the conveyor belts were discovered, caused by
misalignment of the guides. However, the loading was not 
changed until 549 days later, when the maximum load was 
lowered to 75 to 83% (load 2). As damage continued, 186 
days later it was decided not to lean the mineral against the 

wall (load 3). This loading has been maintained during about 
eight years (2887 days).  

7 RESULTS 

Figure 4 shows the raft settlements obtained in the FE 
calculation below the frontal wall (A) and at the other end of 
the calculation module (B).  

Fig. 4. Settlements, in the module axis, in the southern (A) and 
northern (B) extremes of raft. 

 Settlements below the frontal wall are always larger, due 
to the earth pressure on the frontal wall. Table 2 shows the 
maxima settlements in the piled raft reached in each 
calculation phase. The maximum settlement during 
construction is 96 mm. The application of load 1 produces a 
sudden undrained settlement that increases the total vertical 
displacement to 127 mm. When the conveyor belt 
malfunction appears, the maximum settlement was 257 mm. 
Consolidation during 549 more days produces only 1 mm 
settlement, because the drainage path is very long. The 
reduction to load 2 produces 6 mm heave that increases 
during consolidation. The final reduction to load 3 produces a 
further reduction in the maximum settlement. At the end of 
consolidation with load 1, a maximum differential settlement 
of 6 cm, between the northern and southern bounds, has been 
calculated. A similar differential settlement is calculated 
when the conveyor belt malfunction appears. 
 The consolidation produced during the mineral loading in 
the upper clay (C1) has generated negative skin friction on the 
piles.  Figure 5 shows the skin friction developed along the 
shaft in the different calculation phases. After the second 
calculation phase and during consolidation of the upper clay 
layer there is loading transfer from the upper sand (S1) to the 
medium sand and dense sand below. In the simulations made 
with the solid pile it has not been possible to appreciate the 
skin friction developed along the shaft, because the pile 
model does not present this possibility. 
 With respect to the structure, the bending moments 
obtained with solid piles, both in the raft and in the piles, are 
too high and concentrated where pile and slab fit, with no 
redistribution in the raft surface. With embedded piles, the 
bending moment’s distribution is more uniform. The factor of 
safety for the bearing capacity of the most loaded pile is only 
1.2. However, in a piled raft,  individual piles may be loaded 
beyond the design value (Katzenbach et al., 2007). The failure 
of the whole pile raft has been studied using the Phi-c 
reduction method (Plaxis, 2007), and the factor of safety 
obtained in this  calculation was 7 after application of load 
1. Notwithstanding, as stated above, the settlements are not 
allowable: malfunctioning of the conveyor belt and cracks  in 
the frontal wall have appeared. 
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Fig. 5. Skin friction developed along the shaft in the different calculation phases 

8 CONCLUSIONS 

A 3-D FE simulation, based upon a Mohr-Coulomb soil 
model, has allowed study of the consolidation of a piled-raft, 
subject to structural and mineral load. The settlement of an 
upper clay layer generates negative skin friction upon the pile, 
and the settlement of a lower clay stratum, placed below the 
supporting layer has produced important settlements. 
  The use of solid pile elements give acceptable evaluation 
of the settlements, but the bending moments obtained where 
pile and raft fit are too great.  It has been possible to carry out 
calculations with 91 piles below the raft, dividing the raft into 
small clusters with no more than 25 piles below, but the 
calculation program is at its functional limit. The calculation 
process has suffered irregularities and excessive calculation 
time. 
 More consistent results and shorter calculation times have 
been reached with embedded pile elements, as described 
above. This type of element has allowed study of the
consolidation of the lower clay and the negative skin friction 
produced by consolidation of the upper clay layer. 
 In a piled raft some individual piles may have safety 
factors lower than indicated in the Codes. The important item 
is the safety factor of the whole pile raft. 
 The solution that is being studied is an underpinning 
formed by a single line of jet-grouting columns, reinforced 
with a steel tube in the upper meter length. 
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