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ABSTRACT 
 
Two computer programs, GARP and NAPRA, used for the analysis of piled raft foundations are briefly 
introduced and the basis of each program is described. The programs are compared first for the 
analysis of a simple problem involving a rectangular raft with a relatively small number of piles, and 
reasonable agreement is found between the computed behaviour from both programs. The programs 
are then used for the settlement assessment of the Burj Khalifa Tower in Dubai. The assessment of 
the geotechnical parameters is described and then the same parameters are employed in each 
program. The computed values of average and differential settlements for the piled raft from GARP 
and NAPRA are found to agree well, and to be in reasonable agreement with measured data on 
settlements taken near the end of construction of the tower.  
 
Keywords: analysis, case history, footings and foundations, piles, rafts, settlement. 
 
1 INTRODUCTION 
 
Many different methods of analysis have been devised to predict the behaviour of piled raft 
foundations (for example, Hemsley, 2000), and these range from simple hand based methods up to 
more complex approaches.  
 
Despite the availability of a considerable number of analysis methods, there appears to have been 
relatively little effort made to compare the results of alternative methods. Accordingly, in this paper, 
attention is focussed on two methods in which the raft is modelled as a plate and the piles are 
considered as interacting springs. The computer codes implementing these methods are described 
very briefly and then comparisons are made between the results of the two methods for two cases: 
 

1. A simple hypothetical case involving a rectangular piled raft in an elastic soil layer; 
2. The Burj Khalifa, currently the world’s tallest building, which is founded on a piled raft. In this 

case, comparisons are made not only between the two methods, but also with available 
measurements of foundation settlements. 

 
The main objective of the paper is to critically review and compare the two analyses so that a greater 
level of confidence can be developed when applying the programs in practice. 
.  
2 REVIEW OF TWO ALTERNATIVE COMPUTER ANALYSES 
 
2.1 Program GARP 
 
The computer program GARP (Geotechnical Analysis of Raft with Piles, Small and Poulos, 2007) 
uses a simplified boundary element analysis to compute the behaviour of a piled raft when subjected 
to applied uniform or concentrated vertical loading, moment loading, and free-field vertical soil 
movements. The raft is represented by a thin elastic plate and is discretized via the finite element 
method, using 8- noded elements. The soil is modelled as a layered elastic continuum, and the piles 
are represented by elastic–plastic or hyperbolic springs, which can interact with each other and with 
the raft. Pile–pile interactions are incorporated via interaction factors (Poulos and Davis, 1980). 
Simplifying approximations are utilized for the raft-pile and pile-raft interactions. Beneath the raft, 
limiting values of contact pressure in compression and tension can be specified so that some 
allowance can be made for nonlinear raft behaviour. The output of GARP includes the settlement at all 
nodes of the raft; the transverse, longitudinal, and twisting bending moments at each Gauss point in 
the raft; the contact pressures below the raft; and the vertical loads on each pile.  
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2.2 Program NAPRA 
 
The computer program NAPRA (Non linear Analysis of Piled Rafts, Russo 1998) computes the 
behaviour of a raft subjected to any combination of vertical, distributed or concentrated loading and 
moment loading. The raft is modelled as a two-dimensional elastic body using thin plate theory via the 
finite element method, using a 4- or 9-noded rectangular element. The piles and the soil are modelled 
as interacting linear or non-linear springs. The interaction between the raft and the soil (the piles) is 
purely vertical; accordingly, only the axial stiffness of the springs is required.  
 
The soil is assumed to be a layered elastic continuum. The Boussinesq solution for a rectangular 
uniformly loaded area at the surface of an elastic half-space is used to calculate the soil 
displacements due to the contact pressure developed at the raft-soil interface. A layered soil profile is 
solved by means of the Steinbrenner approximation, in which the stress distribution within an elastic 
layer is identical with the Boussinesq distribution for an homogeneous half-space. The interaction 
factor method models pile to pile interaction and a separate boundary element (BEM) analysis gives 
the two-pile interaction factors at various spacings. Interaction between axially loaded piles beneath 
the raft and the raft elements is accounted for via pile-soil interaction factors computed from the 
separate BEM analysis. The reciprocal theorem is used to ensure that the soil-pile interaction factor is 
equal to the pile-soil interaction factor.  
 
A stepwise incremental procedure is used to simulate the non-linear load-settlement relationship of a 
single pile. The diagonal terms of the pile-soil flexibility matrix are updated at each step, and the nodal 
reaction vector is computed at each step to check for tensile forces between raft and soil; an iterative 
procedure is used to make them equal to zero if they are negative. The program outputs the 
distribution of the nodal displacements of the raft and the pile-soil system, the load sharing among the 
piles in the group and the soil, and the raft bending moments for each load increment.  
 
3 COMPARISON OF SOLUTIONS FOR SIMPLE CASES 
 
GARP and NAPRA have been compared for the prediction of displacements, raft bending moments 
and pile loads by analysing the hypothetical problem of the piled raft shown in Figure1. Point loads 
V1=1 MN have been applied on the raft above six piles and point loads V2=2 MN have been applied 
above the three central piles. The stiffness of a single pile and the pile-pile interaction factors have 
been calculated by using NAPRA. In NAPRA analysis the same number of elements has been 
adopted in the mesh although 9-noded elements are used, in contrast to the 8-noded elements used 
in GARP. 
 
Results of non-linear analysis for the piled raft are reported in Figures 2 and 3 for the case of h=20m. 
The difference in the displacements is about 6%, while the bending moments from GARP are about 
86% of the values found from NAPRA. Computed pile loads from GARP are all lower than the values 
from NAPRA, and there is also some difference in the location of the largest pile load (the corner pile 
in GARP, but the centre pile in NAPRA). The total load carried by piles in the GARP analysis is 5125 
kN (43% of external load) while in the NAPRA analysis it is 5639 kN (47% of external load). 
 
It can be concluded that both programs give comparable results, but that some of the simplifying 
assumptions employed in each program give rise to differences in detail. Most of the difference in 
settlements is likely to be due to the differences in the method of calculation of the stiffness of the raft; 
for the computation of soil layer settlements, GARP uses an averaging approach for the layer moduli, 
while NAPRA uses the Boussinesq/Steinbrenner approach. The difference in plate element types may 
also contribute to the differences.  
 
4 APPLICATION TO THE BURJ KHALIFA TOWER, DUBAI 
 
4.1 Foundation layout  
 
The Burj Khalifa project in Dubai, United Arab Emirates (UAE), comprises a 160 storey high-rise 
tower, with a podium development around the base of the tower, which is located on a 42000 m

2
 site, 

and is now the world’s tallest building. The tower is founded on a 3.7m thick raft supported on 194 
bored piles, 1.5 m in diameter, extending 47.5m below the base of the raft; podium structures are 
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founded on a 0.65 m thick raft (increased to 1m at column locations) supported on 750 bored piles, 0.9 
m in diameter, extending 30-35 m below the base of the raft. A foundation plan is shown in Figure 4.  
 

 
Figure1. Simple problem adopted for the comparison 
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Figure 2. Piled raft foundation, settlements                 Figure 3. Piled raft foundation, bending moments 
 
 
 
4.2 Ground investigation and site characterization 
 

The investigations involved the drilling of 32 boreholes to a maximum depth of about 90 m below 
ground level and 1 borehole to a depth of 140 m under the tower footprint. The investigations revealed 
seven main strata; the ground conditions at the site comprise a horizontally stratified subsurface 
profile which is complex and variable in terms of the strata thickness due to the nature of deposition 
and the prevalent hot arid climatic conditions. A detailed description of the ground conditions is given 
by Poulos and Bunce (2008). 
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Figure 4. Plan view of the Khalifa Tower foundation system 

 
4.3 Geotechnical model 
 

The key parameters for the assessment of the settlement behaviour of the Khalifa Tower piled raft 
foundation system are the values of the Young’s modulus of the strata for both raft and pile behaviour 
under static loading. In a non-linear analysis, the values of ultimate skin friction of the piles, the 
ultimate end-bearing resistance of the piles, and the ultimate bearing capacity of the raft would also be 
required, but in this paper, only linear elastic analyses have been used.   
 
The values of Young’s modulus used in these programs were derived on the following basis: 
 

1. Relative values of stiffness for each of the layers in the geotechnical model were assessed 
from available in-situ test data. The average relative ratios of Young’s modulus were derived 
from various sources (Poulos and Bunce (2008), using stratum 3b as the reference layer. 
These values are shown in Table 1. 

2. Using these relative values of Young’s modulus, the actual values of Young’s modulus were 
interpreted  by fitting measured and calculated settlement behaviour of test piles, taking into 
account the interaction between the test piles and the surrounding reaction piles.  

 
The process and results are described in detail by Abagnara et al. (2012), and the average modulus 
value derived for the reference stratum 3b is shown in Table 2. Also shown in this table is the 
considerably larger (and incorrect) value of Young’s modulus that would be obtained if the measured 
and calculated settlements of the test piles were fitted without taking into account the interaction 
between the test pile and the reaction piles. In the GARP and NAPRA analyses described below, for 
the assessment of the average and differential settlements, the value of E3b of 900 MPa was adopted. 
 
4.4 Procedure for Foundation Settlement Analyses 
 
The mesh adopted for the NAPRA analyses is shown in Figure 5, and in this mesh, the columns and 
were spaced 1.7 m apart. Preliminary analyses indicated that using a finer mesh than this produced 
no change in the results. The actual shape of the raft was modelled by adopting a piecewise 
approximation. A similar mesh was used for the GARP analyses. Only long-term conditions were 
considered, with an average load per pile of 23.21 MN being applied as a point load on each of the 
194 piles. This load corresponds to a uniformly distributed load on the tower raft of about 1250 kPa.  
 
Figure 6 shows the computed profile of settlement along Wing C (from the edge) from both analyses, 
and reveals that they are almost identical. Thus, in this case, for the same input, each program gives 
very similar results. It seems clear that, for the load level considered in the analyses, the influence of 
the raft is less significant in this case than in the simple case considered earlier in this paper. 
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Table 1:  Relative Values of Young’s Modulus Used in Pile Load Test Interpretation 

Stratum  
 

Description Thickness m Young’s Modulus, Relative 
to Value for Layer 3b 

2 
3a 
3b 
4 
5a 
5b 
6 

Calcarenite/calcareous sandstone 
Calcarenite/calcareous sandstone 

“ 
Gypsiferous sandstone 

Calcisiltite 
Calcareous sandstone 

Calcareous/conglomeritic strata 

2.9-10.7 
10.5-21.4 
(3a+3b) 
1.7-7.7 

39.2-46.8 
(5a+5b) 

31 

2.3 
0.6 
1.0 
0.8 
0.7 
0.8 
0.7 

 
 
Table 2:  Values of Young’s Modulus (E3b) of Stratum 3b Adopted for Foundation Analyses  

Case 
Young’s Modulus of Stratum 3b (E3b)  MPa 

Reaction pile interaction considered 900 

Reaction pile interaction ignored 1200 

 
 

 
 

Figure 5. Model adopted in NAPRA analyses 
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Figure 6. Calculated settlements along wing C from NAPRA and GARP 
 

4.5 Comparisons between Calculated and Measured Settlement 
 
Detailed settlement measurements were only available up to February 2008, before the end of 
construction and well before the commissioning and occupation of the building in January 2010. 
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Anectodal evidence however indicated that the additional settlements between February 2008 and 
January 2010 were relatively small, and of the order of 1-2mm.  
 
Figure 7 compares the latest available measured profile of settlement in February 2008 with the 
calculated long-term settlement profiles from GARP and NAPRA. The computed settlement 
magnitudes are in reasonable agreement with the measured values, bearing in mind that the 
computed values are for long-term conditions while the measured values are only values towards the 
end of construction and thus include only the dead load-induced settlements. There are some 
differences in the settlement distributions across Wing C, and Abagnara et al. (2012) show that these 
differences can be reduced by taking more careful account of the effects of superstructure stiffness, 
which was not considered in the present analyses. 
 

0

10

20

30

40

50

60

0 10 20 30 40 50 60 70

Distance along wing cross section from the edge [m]

S
e
tt
le

m
e
n
t 
w

 [
m

m
]

GARP AV 23210 kN NAPRA AV 23210 kN Measured (18 Feb 2008)

 

 

Figure 7.  Measured and Computed Settlement Profiles along Wing C 
 

5 CONCLUSIONS 
 

1. Two computer programs for the analysis of piled raft foundations, GARP and NAPRA, have 
been described, and have been compared for the analysis of a simple problem. They have 
been found to give reasonably similar results, and the differences that do exist are considered 
to be due largely to the different means by which the programs compute soil behaviour and 
interactions. 

 
2. GARP and NAPRA have been used to calculate the settlement of the Khalifa Tower and give 

very similar results for the same input. The computed settlement profiles agree tolerably well 
with the measured profile. 

 
3. The ground stiffness or modulus is a key factor in the prediction of foundation settlements. If 

this is to be derived from pile load test data, the test interpretation should take into account 
interaction effects with the reaction system, otherwise the ground stiffness will be over-
estimated and the foundation settlements under-predicted.  Thus, as has been found in many 
previous cases, the method of analysis may be a less significant factor in the prediction of 
piled raft settlements than the geotechnical parameters selected for the analysis. 
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