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ABSTRACT 

 

The design of pile raft foundation system (PRFS) had already been proved economical solution to 

heavy structure and it is being used in many parts of world successfully including in tallest tower, 

Burj Kalifa. Still a lot of research is being carried out to get a simpler and handy method to design 

pile raft foundation but most of work is being carried out, using uniform piles. In the present study, 

use of piles of different lengths and diameters at critical location was investigated to bring a more 

economical solution so that every pile may be fully utilized up to its full capacity. Plaxis 3D, a FEM 

based specialized software was used to analyze this, a complex problem of soil structure 

interaction. The study was carried out for two types of load on footing as centric load (axial 

Column) and eccentric load (uni axial or biaxial column). Short and thinner piles were replaced 

with longer and thicker piles at some critical location as center of footings, at all corners of footing 

for both cases of loading condition and at edge of footing for eccentric footing. It was observed 

that for centric loading, it is economical to have longer piles at corners and thicker pile at center 

and in case of eccentric load, thicker and longer piles must be provided at compressed edge of 

footing to be more economical. 

 

Keywords: Pile raft, Non uniform piles, centric load, Eccentric Load, FEM 

 

INTRODUCTION 

The recent research of Pile raft foundation proved to be a economical and reliable foundation 

system without compromising the safety of superstructure as advocated by many researchers [1-

4]. A variety of design methods from a simplified approach to very complex method involving 

various soil structure interaction. Most of the studies are based on Finite Element Methods [5-12] 

whereas few studies have been reported with small scale model in laboratory [13-18]. Most of the 

research whether it is based on simplified approach or based on Finite Element Method, uniform 
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piles are added under the raft. In present study, some of short and thinner piles are replaced with 

long and larger diameter piles to observe the effect on load carying capacity of pile raft. Numerical 

models of pile raft foundation were generated through Plaxis 3D, a FEM based specilized software 

dedicated to analyse geotechnical problems. Smaller and thinner piles are replaced with longer 

and thicker piles at various critical location of raft. It was observed that foundation of a structure 

may be more economical if thicker and longer piles are provided at critical locations where 

moment or vertical load is concentrated or assumed to act. By this way all piles may be utilized  

to the maximum of its load carrying capacity. 

 

VARIABLES OF STUDY 

The behaviour of pile raft foundation system (PRFS) was studied by varying the parameters like 

length and diameter of piles and types of loading. Dimension of raft (5.0mx5.0m area and 1.0m 

thick), number of piles (9 no’s) and c/c spacing of piles (s/d=6) were kept constant. Higher 

diameter and long piles were placed under different location and behaviour of pile raft system 

were observed so that optimum arrangement of piles may be estimated. The variables of the study 

are represented in Table 1(a) and a systemic diagrams of arrangements of piles under footing are 

represented in Table 1(b).  

Table 1(a): Variables of study  

Types of 

Piles 

Size of Raft 

(mm) 

Pile dia 

(mm) 

Pile length 

(mm) 

Type of Loading 

Concrete 

Piles 
5000x5000 

300 2000 Point Load at Centre of Raft 

450 4000 

600 
6000 Eccentric point Load on Raft 

8000 

 

Table 1(b): Variables and total cases of study  

Diagrammatic 

representation 

of pile 

arrangement 

Type of 

loading 

Length of 

piles (mm) 

shown as 

 

Length of 

piles (mm) 

shown as 

 

Dia of 

piles(mm) 

shown as 

 

Dia of 

piles(mm) 

shown as 

 

 

Centric point 

load 
2000 -- 300 ---- 

 

Centric point 

load 
2000 

4000 

 

300 

450 

6000 

600 
8000 

Centric point 2000 4000 300 450 
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load 6000 

600 
8000 

 

Eccentric point 

load 
2000 -- 300 --- 

 

Eccentric point 

load 
2000 

4000 

300 

450 

6000 
600 

8000 

 

Eccentric point 

load 
2000 

4000 

300 

450 

6000 

600 
8000 

 

Eccentric point 

load 
2000 

4000 

300 

450 

6000 
600 

8000 

 

NUMERICAL MODELING: 

Previous studies have proved that FEM (Finite Element method) is a suitable tool to analyse the 

pile raft foundation with sufficient accuracy acceptable to civil engineers. The interaction effect of 

soil and structural elements of pile raft make the analysis and design of pile raft foundation system 

very complex. Plaxis 3D, a FEM based software is a reliable tool to analyse this type of geotechnical 

related problems. The elasto plastic Mohr-Coulomb model is most widely used as the first 

approximation of soil behaviour. Five parameters describing this model are Young’s modulus, E’, 

and Poisson’s ratio ν’ for soil elasticity; cohesion, c’, internal friction angle, ø’and dilatancy angle, 

ψ’repersents the soil plasticity. Plasticity is associated with the development of irreversible strains. 

A yield function, f, is introduced as a function of stress and strain in order to evaluate whether or 

not plasticity occurs in a calculation. A yield function is often presented as a surface in principal 

stress space. For stress states represented by points within the yield surface, the behaviour is 

purely elastic and obeys Hooke’s law for isotropic linear elasticity with all strains reversible.  

The raft element is represented by floor element which are structural objects used to model 

horizontal structure in a ground with required flexural rigidity. This is composed of 6 nodes 

triangular plate element with 6 degree of freedom (dof) per node, 3 translational dof and 3 

rotational dof. The element allows plate deflection and bending. 

The pile is represented by embedded pile element. The embedded pile beam can be placed 

arbitrarily in a soil volume. Initially virtual nodes are created in soil volume element from element 

shape function. Then the interface forms a connection beam element and nodes. The interaction 

with soil at the pile skin and at the pile foot is described by means of embedded interface element. 

http://www.euroasiapub.org/
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Material properties of soil and structural elements were listed in table 2 and 3 respectively. 

Table 2: Properties of soil 

S.No. Description ant Units Value 

1 Unit weight (kN/m3) 17.0 

2 Angle of internal friction 32° 

3 Modulus of Elasticity (kN/m2 ) 32000 

4 Coefficient of cohesion (kN/m2 ) 0.0  

5 Poisson ratio 0.25 

6 dilatancy angle, ψ 2.0 

7 Interface Strength Rinter 0.9 

8 Reference stress for stiffness (pref) kN/m2 100 

    

Table 3: Properties of Footing and Piles 

Property [Unit]  Footing/Raft Piles 

Unit weight [kN/m³]  25 25  

Young modulus E [kN/m²]  30000  30000 

Poisson ratio μ [-]  0.2 0.2 

 

RESULT AND DISCUSSION 

Models of pile raft footing system were generated in plaxis 3D. Medium course mesh was 

generated. After calculation of initial stresses, elasto-plastic analysis was performed at control 

nodes and stress points selected at mid of footing. Two more Nodes and stress points are selected 

at the opposite corners of footing. Load settlement curves were obtained for all the cases as 

tabulated in table 1(b). The load carrying capacity of pile raft footing were determined 

corresponding to a settlement 40mm in sand. The load is divided by area of raft (5.0x5.0 m2) to 

get bearing capacity of pile raft foundation. The load response curves of PRFS with 300 mm 

diameter and 2m long piles, obtained from the analysis of Plaxis 3D were represented in Fig. 2 and 

Fig. 3 for centric and eccentric loading respectively.  These are the enlarge view of starting 

portion of total load settlement curve up to a settlement of 50mm. Total load settlement response 

curve were shown inside Fig. 2 & 3 on a small and compressed view.  From the Fig 2 and 3, the 

load carrying capacity were observed as 2650 and 2250 KN for centric and eccentric loading. 
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Fig.2 Load settlement response for centric 

loading 

 Fig.3 Load settlement response for eccentric 

loading 

 

ANALYSIS OF PILE RAFT FOOTING WITH CENTRIC POINT LOAD 

In order to achieve most economical arrangements of piles, PRFS was analysed for different 

arrangements of piles under centric point load condition (i) Longer piles were placed at corners 

and (ii) Longer pile was placed at centre (iii) Larger diameter piles are placed at corners (iv) 

Larger diameter piles was placed at centre under point load. 

(i) Longer piles at corners: 

In case of uniform pile arrangement, nine piles of 2m length and 0.3m diameters are used to find 

load carrying capacity of PRFS. To observe the effect of longer piles at corners, the length of piles 

at four corners were increased to 4, 6, and 8m. The remaining parameters were kept constant as 

in case of uniform pile arrangement. The load response curve for 4, 6 and 8m piles at corners and 

2m long piles on other places, obtained from Plaxis 3d were represented in Fig 4. It was observed 

from figure 4 that load carrying capacity of PRFS were 2960, 4275 and 5240 kN repectively.The 

ultimate bearing capacity of pile raft footing system were obtained by dividing load carrying 

capacity be area of footing i.e. 25 m2. The BC obtained for PRFS with 2, 4, 6 and 8m piles at four 

corners and 2m piles at other remaining places were 102.4, 118.4, 171.0 and 209.6 kN/m2 

respectively. It showed that as the length of corner piles was increased, load carrying capacity / 

Bearing Capacity of PRFS also increased significantly.  
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Fig.4 Load settlement response for centric loading longer piles at corners 

 

To measure the variation in load carrying capacity of PRFS in terms of dimensionless number BCR 

was taken as a parameter which represent the ratio of load carrying capacity with piles arranged 

in question to the load carrying capacity of PRFS with uniform piles at all places. BCR obtained 

from for pile length as 4, 6 and 8m at corners and 2m piles at other places were 1.16, 1.67 and 2.05 

respectively.   

(ii) Longer pile was placed at centre 

To observe the efficiency of PRFS if longer pile was placed at centre i.e. under the point load, piles 

of 4m, 6m and 8m are placed under load and analysed with Plaxis 3D software. It was the load 

settlement curves obtained for 4m, 6m and 8m long piles at centre were compiled and represented 

in Fig. 5. The load carrying capacity obtained from curves were 2825, 4710 and 5750 KN for 4, 6 

and 8m long piles respectively. In terms of ultimate bearing capacity these are 113.0, 188.4 and 

230 kN/m2 respectively. 

 

 

Fig.5 Load settlement response for centric loading longer piles at centre 

 

Gain in bearing capacity with length of piles in terms of BCR were 1.10, 1.84 and 2.25 for 4m, 6m 

http://www.euroasiapub.org/
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and 8m piles were placed at centre directly under point load respectively. A comparative 

representation of BCR in both cases that longer piles were placed at corners and longer pile was 

placed at centre is shown in Fig. 6. 

 

 

Fig.6 BCR vs length of piles arranged at corner or centre 

 

It was observed from figure 6 that BCR i.e. gain in load carrying capacity was increased more when 

longer piles were placed at centre i.e. directly under the load. It may be concluded that in case of 

centric point load at mid of footing, placing longer pile at under the load is more efficient and more 

economical when longer piles were placed at corners or when uniform length of piles are placed 

at all places. 

(iii & iv) Larger diameter piles are placed at corners and centre 

To observe the effect and efficiency of diameter of piles, larger diameter piles were placed at all 

corners and piles of 0.3m diameter piles were placed at other remaining locations. The diameter 

of piles at corners were increased to 0.45 and 0.6m and analysis was performed using Plaxis 3D. 

The load settlement response received were represented in Fig. 7. Again larger diameter piles as 

0.45m and 0.6m diameter piles were placed at the centre of footing i.e. directly under the load. The 

load settlement response curve was shown in Fig. 8. 

 

 

 

Fig.7 Load settlement response for centric loading Fig.8 Load settlement response for centric 
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larger diameter piles at corner loading larger diameter piles at centre 

 

From Figures 7 & 8, the load carrying capacity of PRFS with larger diameter piles of 0.45m and 

0.6m were placed at corners and remaining piles of 0.3m are placed at other remaining locations 

were found to be 3740 and 7610 kN respectively. If these were divided by footing area ultimate 

bearing capacity of 149.76 and 304.4 kN/m2 were found. In other case when larger diameter piles 

of 0.45m and 0.6m were placed at centre of footing, load carrying capacity of PRFS were observed 

to be 3320 and 5440 kN and in terms of ultimate bearing capacity the values were 132.8 and 217.6 

kN/m2.  

 

 

Fig.9 BCR vs diameter of piles arranged at corner or centre 

 

To observe the gain in bearing capacity for different arrangements of pile in PRFS, BCR were 

calculated as 1.46 and 2.97 when piles with 0.45m and 0.6m diameter piles are placed at corners. 

In case of 0.45m and 0.6m diameter piles was placed under load, BCR obtained were as 1.30 and 

2.125 respectively. These are shown in Figure 9. 

It was observed from figure 9 that BCR i.e. gain in load carrying capacity was increased more when 

larger diameter piles were placed at corner. It may be concluded that in case of centric point load 

at mid of footing, placing of larger diameter pile at four corners is more efficient and more 

economical than when larger diameter piles were placed at centre or when uniform length piles 

are placed at all places. If pile arrangements are compared in terms of their length and diameter, 

it may be determined from figure 6 and 9 that increasing diameter of corner piles is the most 

efficient and economical arrangement among all in consideration. 

 

ANALYSIS OF PILE RAFT FOOTING WITH ECCENTRIC POINT LOAD 

In order to achieve most economical arrangements of piles, PRFS was analysed for different 

arrangements of piles under eccentric point load condition (i) Longer piles were placed at corners, 

at compressed edge and at centre (ii) Larger diameter piles are placed at corners, at compressed 

edge and centre under point load. 

(i) Longer piles were placed at corners, at compressed edge and at centre 

To observe the effect of longer piles at corners, the length of piles at four corners was increased to 

4, 6, and 8m. The remaining parameters were kept constant as in case of uniform pile arrangement. 

http://www.euroasiapub.org/
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The load response curve for 4, 6 and 8m piles at corners and 2m long piles on other places, 

obtained from Plaxis 3D were represented in Fig 10. It was observed from figure 10 that load 

carrying capacity of PRFS with 2, 4, 6 and 8 m long piles at corners were 2230, 2960, 4275 and 

5190 kN repectively.The ultimate bearing capacity of pile raft footing system were obtained by 

dividing load carrying capacity be area of footing i.e. 25 m2. The BC obtained for PRFS with 2, 4, 6 

and 8m piles at four corners and 2m piles at other remaining places were 89.2, 114.8, 170.4 and 

207.6 kN/m2 respectively. It showed that as the length of corner piles were increased, load 

carrying capacity / Bearing Capacity of PRFS increased significantly. 

 

 
 

Fig.10 Load settlement response for eccentric 

loading longer piles at corner 

Fig.11 Load settlement response for eccentric 

loading longer piles at edge 

 

Fig.12 Load settlement response for eccentric loading longer piles at centre 

 

Gain in bearing capacity with different length of piles in terms of BCR were found to be 1.29, 1.91 

and 2.33 for 4m, 6m and 8m piles when placed at all corners of footing respectively.  

Load settlement response of PRFS with longer piles at the edge towards the load side was shown 

in Figure 11. The load carrying capacity obtained from curves were 4180, 8050 and 11650kN for 

4, 6 and 8m long piles placed at compressed side edge of footing respectively. In terms of ultimate 

bearing capacity these are 167.2, 322.0 and 466.0 kN/m2 respectively. Gain in bearing capacity 

with different length of piles in terms of BCR were found to be 1.87, 3.61 and 5.22 for 4m, 6m and 

8m piles when placed at compressed side of footing respectively. 
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Load settlement response of PRFS with longer piles at centre was shown in Figure 12. The load 

carrying capacity obtained from curves were 3180, 5810 and 8120 kN for 4, 6 and 8m long piles 

placed at centre of footing respectively. In terms of ultimate bearing capacity these are 127.2, 232.4 

and 324.8 kN/m2 respectively. Gain in bearing capacity with different length of piles in terms of 

BCR were found to be 1.43, 2.61 and 3.64 for 4m, 6m and 8m piles when placed at centre of footing 

respectively. 

 

Fig.13 BCR vs length of piles arranged at corner, edge or centre 

 

The gain in load carrying capacity in term of BCR for all three cases as (i) longer piles are  placed 

at corner, (ii) longer piles are placed at compressed side of edge and (iii) longer piles placed at the 

centre of footing was represented in figure 13. 

It was observed from figure 13 that BCR i.e. gain in load carrying capacity was increased more 

when larger diameter piles were placed at edge. It may be concluded that in case of eccentric point 

load, placing of longer pile at the compressed side edge are more efficient and more economical 

when longer piles were placed at centre or at all corners of footing.  

 

(ii) Larger diameter piles are placed at corners, at compressed edge and centre under point 

load. 

To observe the effect and efficiency of diameter of piles, larger diameter piles were placed at all 

corners and piles of 0.3m diameters piles were placed at other remaining locations. The diameter 

of piles at corners were increased to 0.45 and 0.6m and analysis was performed using Plaxis 3D. 

The load settlement response was represented in Fig. 14. To observe the effect of large diameter 

piles at the compressed side edge, three larger diameter piles are placed at one edge of footing. 

Load settlement curve may be viewed at Figure 15.  Again larger diameter piles as 0.45m and 

0.6m diameter piles were placed at the centre of footing i.e. directly under the load. The load 

settlement response curve was shown in Fig. 16. 
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Fig.14 Load settlement response for eccentric 

loading larger diameter piles at corner 

Fig.15 Load settlement response for eccentric 

loading larger diameter piles at edge 

 

From Figures 14, 15 & 16, the load carrying capacity of PRFS with larger diameter piles of 0.45m 

and 0.6m were placed at corners were found to be 4125 and 5825 kN respectively. If these were 

divided by footing area, ultimate bearing capacity of 165 and 233 kN/m2 were found. In other case 

when larger diameter piles of 0.45m and 0.6m were placed at edge of footing of footing, load 

carrying capacity of PRFS were observed to be 4525 and 6880 kN and in terms of ultimate bearing 

capacity the values were 181 and 274 kN/m2. When larger diameter pile was placed at the centre 

of footing, load carrying capacity were found to be 3725 and 5050 kN for 0.45m and 0.6m long 

piles placed at centre respectively. In terms of bearing capacity it may be calculated as 149 and 

202 kN/m2. 

 

 

Fig.16 Load settlement response for eccentric loading larger diameter piles at corner 

 

To observe the gain in bearing capacity for different arrangements of pile in PRFS, BCR were 

calculated as 1.85 and 2.61 when piles with 0.45m and 0.6m diameter piles are placed at corners. 

When 0.45m and 0.6m piles were placed at the compressed side edge, BCR were found to be 2.03 

and 3.07 respectively. In case of 0.45m and 0.6m diameter piles was placed under load, BCR 

obtained were as 1.67 and 2.26 respectively. BCR for various cases were represented in figure 17. 
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Fig.17 BCR vs diameter of piles arranged at corner, edge or centre 

 

It was observed from figure 17 that BCR i.e. gain in load carrying capacity was increased more 

when larger diameter piles were placed at edge. It may be concluded that in case of eccentric point 

load, placing of larger diameter pile at the compressed side edge is more efficient and more 

economical than other option of arrangement of piles as large diameter piles were placed at centre 

or at all corners of footing.  

 

CONCLUSION 

A series of numerical models were analysed by varying length and diameter of few piles. The 

location of longer and larger diameter piles were also varied so that best arrangement of different 

piles may be determined for centric and eccentric load conditions. In order to economise the cost 

of sub structure, following conclusions may be drawn:  

1 Use of uniform Piles in a piled-raft (all piles having same shape, length, diameter and 

roughness) is not a economical solution as some piles are overstressed and most of them 

are not utilised to their full capacity.  

2 In case of centric load on piled-raft footing, a longer pile may be placed at centre of footing 

i.e. directly under the column and some of thicker piles (piles having large diameter) must 

be placed at the corners of footing. Short and thinner piles may be placed on other 

locations. Bearing capacity of PRFS increases by 10% to 125%  if length of pile at centre 

increases from 2m to 8m.  The bearing capacity is expected to increase by 46% to 197% 

if corners piles are replaced by 0.45m  to 0.6m diameter piles. 

3 In case of eccentric loading conditions, i.e. uniaxial or biaxial column, longer and thicker 

piles must be used at edge (which has large compression) of piled-raft footings and at 

remaining locations relatively shorter and thinner piles may be used. Bearing capacity of 

PRFS increases by 87% to 422%  if length of pile at compressed edge increases from 2m 

to 8m.  On the other hand the bearing capacity is expected to increase by 103% to 207% 

if edge piles are of the diameters in the range of 0.45m  to 0.6m. 
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