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ABSTRACT: This paper discusses some of the challenges in designing foundations for high-rise buildings. It 

sets out the principles of a limit state design approach to design a pile or piled raft foundation system, which 

involves three sets of analyses: 

1. An overall stability geotechnical analysis.  

2. A geotechnical serviceability analysis.  

3. An analysis to obtain foundation loads, moments and shears for structural design of the foundation 

system. 

The importance of appropriate parameter selection and load testing is emphasized.  

The approach is illustrated via its application to high-rise buildings in Dubai, Korea and Saudi Arabia.  

 
1 INTRODUCTION 

The last two decades have seen a remarkable in-
crease in the rate of construction of “super-tall” 
buildings in excess of 300m in height. Fig. 1 shows 
the significant growth in the number of such build-
ings either constructed (to 2010) or projected 
(2015 and beyond). A large number of these build-
ings are in the Middle East or in China. Dubai has 
now the tallest building in the world, the Burj 
Khalifa, which is 828m in height, while in Jeddah 
Saudi Arabia, the Kingdom Tower is currently un-
der construction and will eventually exceed 1000m 
in height. 

Super-tall buildings are presenting new chal-
lenges to engineers, particularly in relation to 
structural and geotechnical design. Many of the 
traditional design methods cannot be applied with 
any confidence since they require extrapolation 
well beyond the realms of prior experience, and 
accordingly, structural and geotechnical designers 
are being forced to utilize more sophisticated 
methods of analysis and design. In particular, ge-
otechnical engineers involved in the design of 
foundations for super-tall buildings are leaving be-
hind empirical methods and are increasingly em-
ploying state-of-the art methods.   

This paper will summarize, relatively briefly, 
some of the challenges that face designers of foun-
dations for very tall buildings, primarily from a 
geotechnical viewpoint. Some characteristic fea-
tures of such buildings will be reviewed and then 
the options for foundation systems will be dis-
cussed. The process and tools for foundation de-
sign will be described and then three case histories 
will be presented, briefly, to illustrate how some of 
these challenges have been addressed. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Total number of buildings in excess of 300m tall 

(after CTBUH, 2011) 

2 CHARACTERISTICS OF TALL BUILDINGS 

There are a number of characteristics of tall build-

ings that can have a significant influence on foun-

dation design, including the following: 

• The building weight, and thus the vertical load 

to be supported by the foundation, can be sub-

stantial. Moreover, the building weight in-

creases non-linearly with height, and so both 

ultimate bearing capacity and settlement need 

to be considered carefully.  

• High-rise buildings are often surrounded by 

low-rise podium structures which are subjected 

to much smaller loadings. Thus, differential 

settlements between the high- and low-rise por-

tions need to be controlled. 

• The lateral forces imposed by wind loading, 

and the consequent moments on the foundation 

system, can be very high. These moments can 

impose increased vertical loads on the founda-

tion, especially on the outer piles within the 
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foundation system. The structural design of the 

piles needs to take account of these increased 

loads that act in conjunction with the lateral 

forces and moments. 

• The wind-induced lateral loads and moments 

are cyclic in nature. Thus, consideration needs 

to be given to the influence of cyclic vertical 

and lateral loading on the foundation system, as 

cyclic loading has the potential to degrade 

foundation capacity and cause increased set-

tlements. 

• Seismic action will induce additional lateral 

forces in the structure and also induce lateral 

motions in the ground supporting the structure. 

Thus, additional lateral forces and moments 

can be induced in the foundation system via 

two mechanisms: 

 Inertial forces and moments developed by 

the lateral excitation of the structure; 

 Kinematic forces and moments induced in 

the foundation piles by the action of ground 

movements acting against the piles. 

• The wind-induced and seismically-induced 

loads are dynamic in nature, and as such, their 

potential to give rise to resonance within the 

structure needs to be assessed. The risk of dy-

namic resonance depends on a number of fac-

tors, including the predominant period of the 

dynamic loading, the natural period of the 

structure, and the stiffness and damping of the 

foundation system.  

3 FOUNDATION OPTIONS 

The common foundation options include the fol-

lowing: 

1. Raft or mat foundations; 

2. Compensated raft foundations; 

3. Piled foundations; 

4. Piled raft foundations; 

5. Compensated piled raft foundations. 

   The majority of recent high rise buildings are 

founded on the latter three foundation types. In 

particular, piled raft foundations have been used 

increasingly. Within a piled raft foundation, it may 

be possible for the number of piles to be reduced 

significantly (as compared with a fully piled sys-

tem) by considering the contribution of the raft to 

the overall foundation capacity. In such cases, the 

piles provide the majority of the foundation stiff-

ness while the raft provides a reserve of load ca-

pacity. In situations where a raft foundation alone 

might be used, but does not satisfy the design re-

quirements (in particular the total and differential 

settlement requirements), it may be possible to en-

hance the performance of the raft by the addition 

of piles. In such cases, the use of a limited number 

of piles, strategically located, may improve both 

the ultimate load capacity and the settlement and 

differential settlement performance of the raft and 

may allow the design requirements to be met. It 

has also been found that the performance of a piled 

raft foundation can be optimized by selecting suit-

able locations for the piles below the raft. In gen-

eral, the piles should be concentrated in the most 

heavily loaded areas, while the number of piles can 

be reduced, or even eliminated, in less heavily 

loaded areas (Horikoshi and Randolph, 1998). 

4 THE DESIGN PROCESS 

There are commonly three broad stages employed 

in foundation design: 

1. A preliminary design stage, which provides an 

initial basis for the development of foundation 

concepts and costing. 

2. A detailed design stage, in which the selected 

foundation concept is analysed and progressive 

refinements are made to the layout and details 

of the foundation system. This stage is desira-

bly undertaken collaboratively with the struc-

tural designer, as the structure and the founda-

tion act as an interactive system. 

3. A final design phase, in which both the analysis 

and the parameters employed in the analysis are 

finalized. 

   It should be noted that the geotechnical pa-

rameters used for each stage may change as more 

knowledge of the ground conditions, and the re-

sults of in-situ and laboratory testing, become 

available. The parameters for the final design stage 

should ideally incorporate the results of foundation 

load tests. 

5 DESIGN ISSUES 

The following issues will generally need to be ad-

dressed in the design of foundations for high-rise 

buildings: 

1. Ultimate capacity of the foundation under verti-

cal, lateral and moment loading combinations. 

2. The influence of the cyclic nature of wind, 

earthquakes and wave loadings (if appropriate) 

on foundation capacity and movements. 

3. Overall settlements. 
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4. Differential settlements, both within the high-

rise footprint, and between high-rise and low-

rise areas. 

5. Possible effects of externally-imposed ground 

movements on the foundation system, for ex-

ample, movements arising from excavations for 

pile caps or adjacent facilities. 

6. Dynamic response of the structure-foundation 

system to wind-induced (and, if appropriate, 

wave) forces. 

7. Earthquake effects, including the response of 

the structure-foundation system to earthquake 

excitation, and the possibility of liquefaction in 

the soil surrounding and/or supporting the 

foundation. 

8. Structural design of the foundation system, in-

cluding the load-sharing among the various 

components of the system (for example, the 

piles and the supporting raft), and the distribu-

tion of loads within the piles. For this, and most 

other components of design, it is essential that 

there be close cooperation and interaction be-

tween the geotechnical designers and the struc-

tural designers. 

The analyses required to examine the above 

design issues range from hand calculation methods 

for preliminary design to detailed three dimen-

sional finite element analyses for final design. 

However, the latter analyses should always be 

checked for reasonableness by comparison with 

simpler methods and with available prior experi-

ence. 

6 DESIGN ANALYSES 

6.1 Ultimate Limit State 

There is an increasing trend for limit state design 
principles to be adopted in foundation design, for 
example, in the Eurocode 7 requirements and those 
of the Australian Piling Code AS2159-2009. In 
terms of limit state design using a load and re-
sistance factor design approach (LRFD), the design 
criteria for the ultimate limit state are as follows: 

 
Rs* ≥ S*               (1)
     
Rg* ≥ S*               (2) 
 
where Rs* = design structural strength = φs. Rus,  

Rg* = design geotechnical strength =  
φg. Rug,   

Rus = ultimate structural strength,  
Rug=ultimate strength (geotechnical capaci-
ty),  

       φs = structural reduction factor,  

φg= reduction factor for geotechnical strength, 
and  
S* = design action effect (factored load com-
binations). 

The above criteria are applied to the entire 
foundation system, while the structural strength 
criterion (Eq. 1) is also applied to each individual 
pile. It is not considered to be good practice to ap-
ply the geotechnical criterion (Eq. 2) to each indi-
vidual pile within the group, as this can lead to 
considerable over-design. Rs* and Rg* can be ob-
tained from the estimated ultimate structural and 
geotechnical capacities, multiplied by appropriate 
reduction factors.  

The structural and geotechnical reduction fac-
tors are often specified in national codes or stand-
ards. The selection of suitable values of φg requires 
engineering judgment and should take into account 
a number of factors that may influence the founda-
tion performance. As an example, the Australian 
Piling Code AS2159-2009 specifies an approach 
involving a subjective risk assessment, with lower 
values of φgbeing associated with greater levels of 
uncertainty and higher values being relevant when 
ground conditions are reasonably well-known and 
a significant amount of load testing is to be carried 
out (see Section 6.6).  

If any of the design requirements are not satis-

fied, then the design will need to be modified ac-

cordingly to increase the strength of the overall 

system or of those components of the system that 

do not satisfy the criteria. 

6.1.1 Cyclic Loading 

In addition to the normal design criteria, as ex-
pressed by Eqs. 1 and 2, it is suggested that an ad-
ditional criterion be imposed for the whole founda-
tion of a tall building to cope with the effects of 
repetitive loading from wind and/or wave action, 
as follows: 
 
ηRgs* ≥Sc*               (3) 
 
where, Rgs* = design geotechnical shaft capacity, 

Sc* = maximum amplitude of wind loading, 
  η  = a reduction factor. 
This criterion attempts to avoid the full mobili-

zation of shaft friction along the piles, thus reduc-
ing the risk that cyclic loading will lead to a degra-
dation of shaft capacity. In most cases, it is 
suggested that η can be taken as 0.5, while Sc* can 
be obtained from computer analyses which give 
the cyclic component of load on each pile, for var-
ious wind loading cases. 
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6.2 Serviceability 

The design criteria for the serviceability limit state 
are as follows: 

 
ρmax≤ρall                (4) 
θmax≤θall                  (5) 
 
where ρmax  = maximum computed settlement of 
foundation, ρall  = allowable foundation settle-
ment, θmax = maximum computed local angular ro-
tation and θall   = allowable angular rotation. 
   For the serviceability analysis, the best-
estimate (unfactored) values of foundation re-
sistances and stiffnesses are employed and the ser-
viceability limit state (SLS) loads are applied. The 
design will be satisfactory if the computed deflec-
tions and rotations are within the specified allowa-
ble limits (Eqs. 4 and 5). 

Values of ρall and θall depend on the nature of 
the structure and the supporting soil. Table 1 sets 
out some suggested criteria from work reported by 
Zhang and Ng (2006). This table also includes val-
ues of intolerable settlements and angular distor-
tions. The figures quoted in Table 1 are for deep 
foundations, but Zhang and Ng also consider al-
lowable settlements and angular distortions for 
shallow foundations, different types of structure, 
different soil types, and different building usage. 
Criteria specifically for very tall buildings do not 
appear to have been set, but it should be noted that 
it may be unrealistic to impose very stringent crite-
ria on very tall buildings on clay deposits, as they 
may not be achievable. In addition, experience 
with tall buildings in Frankfurt suggests that total 
settlements well in excess of 100mm can be toler-
ated without any apparent impairment of func-
tion.It should also be noted that the allowable an-
gular rotation, and the overall allowable building 
tilt, reduce with increasing building height, both 
from a functional and a visual viewpoint.  

Table 1.Suggested Serviceability Criteria for Structures 

(Zhang and Ng, 2006) 

Quantity Value Comments 

Limiting Toler-

able Settlement  

mm 

106  Based on 52 cases of 

deep foundations.  

Observed Intol-

erable Settlement  

mm 

349  Based on 52 cases of 

deep foundations. 

Limiting Toler-

able Angular 

Distortion  rad 

1/500 Based on 57 cases of 

deep foundations.  

Limiting Tol- 1/250  From 2002 Chi-

erable Angular 

Distortion  

rad 

 

(H<24m) 

to 

1/1000 

(H>100m) 

nese Code. H = 

building height 

Observed In-

tolerable An-

gular Distor-

tion  rad 

1/125 Based on 57 cases 

of deep founda-

tions.  

6.3 Dynamic Loading 

Issues related to dynamic wind loading are gener-
ally dealt with by the structural engineer, with ge-
otechnical input being limited to an assessment of 
the stiffness and damping characteristics of the 
foundation system. However, the following general 
principles of design can be applied to dynamic 
loadings: 

• The natural frequency of the foundation system 

should be greater than that of the structure it 

supports, to avoid potential resonance phenome-

na. The natural frequency depends primarily on 

the stiffness of the foundation system and its 

mass, although damping characteristics may also 

have some influence. 

• The amplitude of dynamic motions of the struc-

ture-foundation system should be within tolera-

ble limits. The amplitude will depend on the 

stiffness and damping characteristics of both the 

foundation and the structure. 

The dynamic stiffness and damping of the 

foundation system can be estimated via solutions 

and analyses such as those provided by Gazetas 

(1983, 1991). For high-rise structures, the first 

natural period is relatively large, and so dynamic 

effects on stiffness may be relatively small, while 

the radiation damping may also be small, espe-

cially for rotational modes of excitation. Thus, 

damping may arise primarily from internal damp-

ing of the soil. Higher modes of vibration may then 

become more significant. 

6.4 Earthquake Loading 

Soil deposits at a site subjected to an earthquake 
may experience the following effects: 

• Increases in pore pressure; 

• Time-dependent vertical ground movements 

during and after the earthquake; 

• Time-dependent lateral ground movements dur-

ing and after the earthquake. 

In foundation design, consideration must there-
fore be given to possible reductions in soil strength 
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arising from the build-up of excess pore pressures 
during and after the earthquake. In extreme cases, 
the generation of pore pressures may lead to lique-
faction in relatively loose sandy and silty soils. 

As a consequence of the earthquake-induced 
ground movements, piles and other deep founda-
tions will be subjected to two sources of additional 
lateral loading: 
a. Inertial loadings – these are forces that are in-

duced in the piles because of the accelerations 

generated within the structure by the earth-

quake.  Consideration is generally confined to 

lateral inertial forces and moments, which are 

assumed to be applied at the pile heads.  

b. Kinematic loadings – these are forces and 

bending moments that are induced in the piles 

because of the ground movements that result 

from the earthquake. Such movements will in-

teract with the piles and, because of the differ-

ence in stiffness of the piles and the moving 

soil, lateral stresses will be developed between 

the pile and the soil, resulting in the develop-

ment of shear forces and bending moments in 

the piles. These actions will be time-dependent 

and need to be considered in the structural de-

sign of the piles. 

Thus, in addition to the usual design considera-
tions for static loading, the above factors of 
strength reduction, inertial loadings, and kinematic 
loadings, need to be incorporated into the design 
process. 

With respect to the strength and stiffness of 
soils, consideration should also be given to the ef-
fects of the rapid rate of loading that occurs during 
a seismic event. In addition to generating an un-
drained response in finer grained soils, loading rate 
effects tend to increase both the strength and stiff-
ness of such soils. 

Appropriate assessment of the geotechnical pa-
rameters for earthquake response is a critical com-
ponent of geotechnical design for seismic actions, 
as it is for other types of imposed loadings. Refer-
ence can be made to sources such as Kramer 
(1996) who discusses such issues as the effects of 
strain, cyclic loading and loading rate on soil stiff-
ness and damping. 

6.5 Structural Design and Soil-Structure 
Interaction 

6.5.1  Factoring of Resistances 

When considering soil-structure interaction to ob-
tain foundation actions for structural design (for 
example, the bending moments in the raft of a 
piled raft foundation system), the most critical re-
sponse may not occur when the pile and raft ca-
pacities are factored downwards. For example, at a 

pile location where there is not a column, load act-
ing, the negative moment may be larger if the pile 
capacity is factored up.  

For this reason, in the structural design of the 
raft and the piles, the results of the ULS overall 
stability analysis are not considered to be relevant, 
because the loads that can be sustained by the piles 
would then be artificially reduced by the geotech-
nical reduction factor. Consequently, it is sug-
gested that the most rational approach is one in 
which a separate ULS analysis is carried out using 
the various ULS load combinations but in which 
the unfactored

6.5.2 Stiffening Effect of Superstructure 

 resistances of the foundation com-
ponents are employed. The consequent computed 
foundation actions (i.e. pile forces and, if appropri-
ate, raft moments and shears) are then multiplied 
by a structural action factor (for example 1.5) to 
obtain the values for structural design. 

It is common in geotechnical design to analyse a 

raft or piled raft without considering the stiffening 

effect of any structure that is supported by the raft. 

Methods of incorporating the stiffness of a struc-

ture into a raft analysis have been examined by 

several authors including Lee and Brown (1972), 

Poulos (1975) and Brown and Yu (1986). Zhang 

and Small (1994) analysed 3-dimensional framed 

buildings on raft foundations, and demonstrated 

that the larger the relative stiffness of the building 

frame, the smaller the differential deflections in the 

raft. Such approaches can be extended to piled raft 

foundations. 

GusmaoFilho and Guimaraes (1997) have 

looked at construction sequence and have noted 

that the loads in columns reach a maximum (or 

minimum) value as more stories are added to the 

building, leading to the idea of the building reach-

ing a “limit stiffness”. 

It may be concluded that the stiffness of a 

structure will influence the calculated settlements 

and differential settlements of a raft or piled raft 

foundation, but this depends on the stiffness of the 

structure relative to the raft. For buildings with 

rigid shear walls, the stiffening effect on the raft 

will be significant. However, for flexible light 

framed structures, the effect of the structure on a 

thick raft, will be small. 

When undertaking a piled raft analysis, it may 

be convenient to represent the stiffness of the 

structure by using thicker raft elements at locations 

where are walls and larger columns. While not 

providing any information on the structural behav-

iour, such an approach can provide a more realistic 

assessment of differential settlements within the 

footprint of a structure (Russo et al, 2013). 
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A convenient approach to foundation-structure 

interaction is for the piles to be represented by 

springs, the stiffness of which is computed by the 

geotechnical engineer and which include the im-

portant effects of interaction among the piles and 

the raft. Such interaction can significantly reduce 

the axial and lateral stiffness of piles within a 

group, as compared with the values for an isolated 

single pile. In this way, a more reliable analysis 

can be undertaken to compute not only the struc-

tural forces, but also the pile loads, the raft mo-

ments and the distribution of settlement within the 

foundation system. 
 

6.5.3 Estimation of Pile Load Distribution 

In checking the structural loads within the piles in 

a piled raft system, it is essential to give proper 

consideration to the flexibility of the raft. Making 

the common assumption that the raft is rigid can 

lead to very misleading outcomes, as it tends to 

over-estimate the loads in the outer piles within the 

system. In addition, consideration of the super-

structure stiffness in a piled raft analysis can also 

have a significant influence on the computed dis-

tribution of axial pile loads. 

6.6 Summary of Design Analysis Process 

A summary of the analyses that are recommended 

to be carried out for building foundation design is 

given in Table 2. These analyses involve various 

combinations of factored/unfactored geotechnical 

strengths and Ultimate Limit State (ULS) or Ser-

viceability Limit State (SLS) loadings. 

The assessment of the geotechnical reduction 

factor φg is an important part of the design process. 

Procedures are described in various codes and 

standards, for example Eurocode 7, and Standards 

Australia Piling Code (AS2159-2009). Various at-

tempts have also been made to rationalise the se-

lection of φg based on probabilistic methods and 

the achievement of a target reliability index. 

 In practice, a series of factors need to be con-

sidered in making an assessment of φg, such as the 

following (in AS2159-2009): 

• The geological complexity of the site; 

• The extent of ground investigation; 

• The amount and quality of geotechnical 

data; 

• Experience with similar foundations in 

similar geological conditions; 

• The method of assessment of geotechnical 

parameters for design; 

• The design method adopted; 

• The method of utilizing the results of in-situ 

test data and pile installation data; 

• The level of construction control; 

• The level of performance monitoring of the 

supported structure during and after con-

struction. 

φg can typically range between 0.4 for con-

servative designs involving little or no pile testing 

and uncertain ground conditions, to 0.8 for cases in 

which a significant amount of testing is carried out 

and the ground conditions and design parameters 

have been carefully assessed. 

Table 2.  Summary of Design Analyses 

Case Purpose Factor ap-

plied to ge-

otechnical 

strength pa-

rameters 

Load case 

i 

Geotech-

nical design 

capacity 

φg ULS 

ii 

Structural 

design ca-

pacity 

1.0 ULS 

iii 
Serviceabil-

ity 
1.0 SLS 

 

7 DESIGN TOOLS 

7.1 Preliminary Design 

For preliminary design, use can make use of 

spreadsheets, MATHCAD sheets or simple hand or 

computer methods which are based on reliable but 

simplified methods. It can often be convenient to 

simplify the proposed foundation system into an 

equivalent pier and then examine the overall stabil-

ity and settlement of this pier. For the ultimate 

limit state, the bearing capacity under vertical load-

ing can be estimated from the classical approach in 

which the lesser of the following two values is 

adopted: 

1. The sum of the ultimate capacities of the 

piles plus the net area of the raft (if in con-

tact with the soil); 

2. The capacity of the equivalent pier contain-

ing the piles and the soil between them, 

plus the capacity of the portions of the raft 

outside the equivalent pier. 
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For assessment of the average

 P = applied load 

 foundation set-
tlement under working or serviceability loads, the 
elastic solutions for the settlement and proportion 
of base load of a vertically loaded pier (Poulos, 
1994) can be used, provided that the geotechnical 
profile can be simplified to a soil layer overlying a 
stiffer layer. Figs. 2a and 2b reproduce these solu-
tions, from which simplified load-settlement 
curves for an equivalent pier containing different 
numbers of piles can be estimated, using the pro-
cedure described by Poulos and Davis, 1980). In 
these figures, the symbol definition is as follows: 

 Es = Young’s modulus of soil 
Epe = Young’s modulus of equivalent pier 
(pile + soil) 

 de = diameter of equivalent pier 
 Is = settlement influence factor 
 Pb = load on base of equivalent pier. 

 

 

 

 

 

 

 

 

 
Fig. 2a  Settlement of equivalent pier in soil layer 

(Poulos, 1994).   S = P.Is / de.Es 

 

 

 

 

 

 

 
 

Fig. 2b.Proportion of base load for equivalent pier 

(Poulos, 1994). 

 

An alternative approach can be adopted, using 
the “PDR” approach described by Poulos (2001). 
In this approach, the simplified equations devel-
oped by Randolph (1994) can be used to obtain an 
approximate estimate of the relationship between 
average settlement and the number of piles, and 
between the ultimate load capacity and the number 
of piles. From these relationships, a first estimate 
can be made of the number of piles, of a particular 
length and diameter, to satisfy the design require-
ments. 

The load – settlement curves for a raft with 

various numbers of piles can be computed with the 

aid of a spreadsheet or a mathematical program 

such as MATHCAD. In this way, it is simple to 

compute the relationship between the number of 

piles and the average settlement of the foundation. 

Such calculations provide a rapid means of assess-

ing whether the design philosophies for creep pil-

ing or full pile capacity utilization are likely to be 

feasible. 
It should be recognised that such simplified 

methods cannot readily consider the effects of lat-
eral and moment loading, which can have a signif-
icant effect on foundation design. Such loadings 
are generally dealt with during the detailed and fi-
nal phases of design. 

7.2  Detailed and Final Design 

For the detailed and final design stages, more re-

fined techniques are generally required than for 

preliminary design. The programs(s) used should 

ideally have the capabilities listed below. 

 
1. For overall stability, the program should be able 

to consider: 
• Non-homogeneous and layered soil pro-

files; 
• Non-linearity of pile and, if appropriate, 

raft behaviour; 
• Geotechnical and structural failure of the 

piles (and the raft); 
• Vertical, lateral and moment loading (in 

both lateral directions), and torsion; 
• Piles having different characteristics 

within the same group. 
2. For serviceability analysis, the above character-

istics are also desirable, and in addition, the 
program should have the ability to consider: 

• Pile-pile interaction, and if appropriate, raft-
pile and pile-raft interaction; 

• Flexibility of the raft or pile cap; 
• Some means by which the stiffness of the 

supported structure can be taken into ac-
count. 

There do not appear to be any commercially 

available software packages that have all of the 
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above desirable characteristics, other than three-

dimensional finite element packages such as 

PLAXIS 3D or ABAQUS, or the finite difference 

program FLAC3D. The pile group analysis pro-

grams REPUTE, PIGLET and DEFPIG have some 

of the requirements, but fall short of a number of 

critical aspects, particularly in their inability to in-

clude raft-soil contact and raft flexibility. 

8 GROUND INVESTIGATION AND CHAR-

ACTERIZATION 

The assessment of a geotechnical model and the 

associated parameters for foundation design should 

first involve a review the geology of the site to 

identify any geological features that may influence 

the design and performance of the foundations. A 

desk study is usually the first step, followed by site 

visits to observe the topography and any rock or 

soil exposures. Local experience, coupled with a 

detailed site investigation program, is then re-

quired. The site investigation is likely to include a 

comprehensive borehole drilling and in-situ testing 

program, together with a suite of laboratory tests to 

characterize strength and stiffness properties of the 

subsurface conditions. Based on the findings of the 

site investigation, the geotechnical model and as-

sociated design parameters are developed for the 

site, and then used in the foundation design proc-

ess. 

   The in-situ and laboratory tests are desirably 

supplemented with a program of instrumented ver-

tical and lateral load testing of prototype piles (e.g. 

bi-directional load cell (Osterberg Cell) tests) to al-

low calibration of the foundation design parame-

ters and hence to better predictthe foundation per-

formance under loading. Completing the load tests 

on prototype piles prior to final design can provide 

confirmation of performance (i.e. pile construction, 

pile performance, ground behaviour and proper-

ties) or else may provide data for modifying the 

design prior to construction. 

 

9 ASSESSMENT OF GEOTECHNICAL DE-

SIGN PARAMETERS 

9.1 Key Parameters 

For contemporary foundation systems that incorpo-

rate both piles and a raft, the following parameters 

require assessment: 
• The ultimate skin friction for piles in the 

various strata along the pile. 

• The ultimate end bearing resistance for the 
founding stratum. 

• The ultimate lateral pile-soil pressure for 
the various strata along the piles 

• The ultimate bearing capacity of the raft. 
• The stiffness of the soil strata supporting 

the piles, in the vertical direction. 
• The stiffness of the soil strata supporting 

the piles, in the horizontal direction. 
• The stiffness of the soil strata supporting 

the raft. 
It should be noted that the soil stiffness values are 

not unique values but will vary, depending on 

whether long-term drained values are required (for 

long-term settlement estimates) or short-term 

undrained values are required (for dynamic re-

sponse to wind and seismic forces). For dynamic 

response of the structure-foundation system, an es-

timate of the internal damping of the soil is also 

required, as it may provide the main source of 

damping. Moreover, the soil stiffness values will 

generally vary with applied stress or strain level, 

and will tend to decrease as either the stress or 

strain level increases. 

9.2 Methods of Parameter Assessment 

The following techniques are used for geotechnical 

parameter assessment: 

1. Empirical correlations – these are useful for 

preliminary design, and as a check on pa-

rameters assessed from other methods. 

2. Laboratory testing, including triaxial and 

stress path testing, resonant column testing, 

and constant normal stiffness testing. 

3. In-situ testing, including various forms of 

penetration testing, pressuremeter testing, di-

latometer testing, and geophysical testing. 

4. Load testing, generally of pile foundations at 

or near prototype scale. For large diameter 

piles or for barrettes, it is increasingly com-

mon to employ bi-directional testing to avoid 

the need for substantial reaction systems. 

9.3 Geophysical Testing 

Geophysical testing is becoming more widely used 

in geotechnical investigations. At least three major 

advantages accrue by use of such methods: 

1. Ground conditions between boreholes can 
be inferred. 

2. Depths to bedrock or a firm bearing stra-
tum can be estimated. 
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3. Shear wave velocities in the various layers 
within the ground profile can be measured, 
and tomographic images developed to por-
tray both vertical and lateral inhomogene-
ity. 

4. From the measured shear wave velocity, 
vs, the small-strain shear modulus, Gmax, 
can be obtained as follows: 

Gmax = ρvs
2
              (6) 

whereρ = mass density of soil. 

For application to routine design, allowance must 
be made for the reduction in the shear modulus be-
cause of the relatively large strain levels that are 
relevant to foundations under normal serviceability 
conditions. As an example, Poulos et al (2001) 
have suggested the reduction factors shown in Fig. 
3 for the case where Gmax/ su = 500 (su = undrained 
shear strength). This figure indicates that: 

• The secant modulus for axial loading may be 
about 20-40% of the small-strain value for a 
practical range of factors of safety; 

• The secant modulus for lateral loading is 
smaller than that for axial loading, typically 
by about 30% for comparable factors of 
safety. 

An important outcome of the strain-
dependence of soil stiffness is that the operative 
soil modulus below the foundation system will 
tend to increase with depth, even within a homo-
geneous soil mass. When modelling a foundation 
system using a soil model that does not incorporate 
the stress- or strain–dependency of soil stiffness, it 
is still possible to make approximate allowance for 
the increase in stiffness with increasing depth be-
low the foundation by using a modulus that in-
creases with depth. From approximate calculations 
using the Boussinesq theory to compute the distri-
bution of vertical stress with depth below a loaded 
foundation, it is possible to derive a relationship 
between the ratio of the modulus to the small strain 
value, as a function of relative depth and relative 
stress level. Such a relationship is shown in Fig. 4 
for a circular foundation, together with a simplified 
recommendation for use in design. This may be 
used as an approximate means of developing a 
more realistic ground model for foundation design 
purposes. When applied to pile groups, the diame-
ter can be taken as the equivalent diameter of the 
pile group, and the depth is taken from the level of 
the pile tips. 

 

 

Fig. 3 Example of ratio of secant shear modulus to 

small-strain value (Poulos et al, 2001) 

 

Fig. 4.Ratio of operative modulus to small-strain modu-

lus versus relative depth below a circular founda-

tion.Note: p/pu = ratio of applied pressure to ultimate 

pressure. 

Haberfield (2013) has demonstrated that, when 

allowance is made for strain level effects, modulus 

values derived from geophysical tests can correlate 

well with those from pressuremeter tests. He shows 

an example in which a reduction factor of 0.2 has 

been applied to the small-strain modulus values 

along the pile, derived from cross-hole seismic test 

results. The modulus values so derived were found 

to be consistent with values obtained from subse-

quent pile load tests. 
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10 TYPICAL HIGH-RISE FOUNDATION 

SETTLEMENTS 

It can be useful to review the settlement perfor-
mance of some high-rise buildings in order to gain 
some appreciation of the settlements that might be 
expected from two foundation types founded on 
various deposits. Poulos (2012) summarizes details 
of the foundation settlements of some tall struc-
tures founded on raft or piled raft foundations, 
based on documented case histories in Hemsley 
(2000), Katzenbach et al (1998), and from the au-
thor’s own experiences. The average foundation 
width in these cases ranges from about 40m to 
100m. The results are presented in terms of the set-
tlement per unit applied pressure, and it can be 
seen that this value decreases as the stiffness of the 
founding material increases. Typically, recorded 
foundation settlements have been as follows: 

• between 25 and 45mm/MPa on limestone;  
 

• between 30 and 66mm/MPa on weak rock; 
 

• between 80 and 130mm/MPa on dense 
sand; 
 

• between 220 and 310mm/MPa on stiff clay. 

Some of the buildings supported by piled rafts 
in stiff Frankfurt clay have settled more than 
100mm, and despite this apparently excessive set-
tlement, the performance of the structures appears 
to be quite satisfactory. It may therefore be con-
cluded that the tolerable settlement for tall struc-
tures can be well in excess of the conventional de-
sign values of 50-65mm. A more critical issue for 
such structures may be overall tilt, and differential 
settlement between the high-rise and low-rise por-
tions of a project. 
 

11 CASE HISTORIES 

11.1  The Burj Khalifa, Dubai 

The Burj Khalifa project in Dubai comprised the 
construction of a 160 storey high rise tower, with a 
podium development around the base of the tower, 
including a 4-6 storey garage. The Burj Khalifa 
Tower (originally denoted as the Burj Dubai prior 
to completion and opening) is currently the world’s 
tallest building at 828m. It is founded on a 3.7m 
thick raft supported on 196 bored piles, 1.5 m in 
diameter, extending approximately 47.5 m below 
the base of the raft. Fig. 5 shows the completed 
tower.  

   The key challenges in this case were to under-
take an economical foundation design for the 
world’s tallest building, where the founding condi-
tions were relatively weak rock and where signifi-
cant wind loadings were to be resisted. The foun-
dation design was undertaken by Hyder Consulting 
UK, with peer review by Coffey Geosciences. The 
final design involved the use of advanced three 
dimensional finite element analyses. A detailed de-
scription of this case is given by Poulos and Bunce 
(2008). 

The geotechnical investigation was carried out 
in four phases and involved the drilling of 33 bore-
holes, with SPT testing, pressuremeter testing and 
geophysical testing being undertaken. 
 

 

 
Fig. 5 The Burj Khalifa 

 
The ground conditions comprised a horizon-

tally stratified subsurface profile which was com-
plex and highly variable, due to the nature of depo-
sition and the prevalent hot arid climatic 
conditions. Medium dense to very loose granular 
silty sands (Marine Deposits) were underlain by 
successions of very weak to weak sandstone inter-
bedded with very weakly cemented sand, gypsifer-
ous fine grained sandstone/siltstone and weak to 
moderately weak conglomerate/calcisiltite.  

Groundwater levels were generally high across 
the site and excavations were likely to encounter 
groundwater at approximately +0.0m DMD (ap-
proximately 2.5m below ground level). The ground 
conditions encountered in the investigation were 
consistent with the available geological informa-
tion. 

The ground profile and derived geotechnical de-
sign parameters assessed from the investigation 
data are described by Poulos and Bunce (2008). 
The values of ultimate shaft friction selected 
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ranged between 250 kPa and 400 kPa, the drained 
modulus values between 40 MPa and 450 MPa, 
and the ultimate pile end bearing capacity was 
taken as 2.7 MPa. 

Two programs of static load testing were un-
dertaken for the Burj Khalifa project: 

• Static load tests on seven trial piles prior to 
foundation construction. 

• Static load tests on eight works piles, car-
ried out during the foundation construction 
phase (i.e. on about 1% of the total number 
of piles constructed). 

In addition, dynamic pile testing was carried 
out on 10 of the works piles for the tower and 31 of 
the 750 piles for the podium, i.e. on about 5% of 
the total works piles. Sonic integrity testing was al-
so carried out on a number of the works piles.  

Both the preliminary test piling program and 
the tests on the works piles provided very positive 
and encouraging information on the capacity and 
stiffness of the piles. The measured pile head stiff-
ness values were well in excess of those predicted, 
and those expected on the basis of the experience 
with the nearby Emirates Towers. The capacity of 
the piles also appeared to be in excess of that pre-
dicted, and none of the tests appeared to have fully 
mobilized the available geotechnical resistance. 
The works piles performed even better than the 
preliminary trial piles, and demonstrated almost 
linear load-settlement behaviour up to the maxi-
mum test load of 1.5 times working load.  

The settlements measured during construction 
were consistent with, but comfortably smaller than, 
those predicted (between 70 and 80mm), with a 
maximum settlement of about 44mm being meas-
ured. Overall, the performance of the piled raft 
foundation system exceeded expectations. 

As with other high-rise projects, the Burj 
Khalifa involved close interaction between the 
structural and geotechnical designers in designing 
piled raft foundations for this complex and signifi-
cant high-rise structure. Such interaction has some 
major benefits in avoiding over-simplification of 
geotechnical matters by the structural engineer, 
and over-simplification of structural matters by the 
geotechnical engineer, thus promoting more effec-
tive and economical foundation and structural de-
signs. 

11.2  Incheon 151 Tower, South Korea 

A 151 storeysuper high-rise building project is 
currently under design,to be located in reclaimed 
land constructed on soft marine clay in Songdo, 
South Korea. This building is illustrated in Fig. 6, 
and is described in detail by Badelow et al (2009) 
and Abdelrazaq et al (2011). 

The challenges in this case relate to a very tall 
building, sensitive to differential settlements, 

which is to be constructed on a reclaimed site with 
very complex geological conditions. 
 
 
 

 

Fig. 6  Incheon 151 Tower (artist’s impression) 

 

The site lies entirely within an area of 
reclamation, and comprises approximately 8m of 
loose sand and sandy silt, over approximately 20m 
of soft to firm marine silty clay. These deposits are 
underlain by approximately 2m of medium dense 
to dense silty sand, which overlie residual soil and 
a profile of weathered rock and less weathered 
(“soft”) rock. 

A fractured zone was identified on the site, and 
the depth to bedrock also varied significantly. 
Hence, the footprint of the tower was divided into 
eight zones which were considered to be 
representative of the variation of ground 
conditions, with different geotechnical models 
being developed for each zone. Appropriate 
geotechnical parameters were selected for the 
various strata based on the available field and 
laboratory test data, together with experience of 
similar soils on adjacent sites. One of the critical 
design issues for the tower foundation was the 
performance of the soft silty clay under lateral and 
vertical loading, and hence careful consideration 
was given to the selection of parameters for this 
stratum.  

The foundation comprised a concrete raft 5.5m 
thick with 172 piles, 2.5m in diameter, with the 
number and layout of piles and the pile size being 
obtained from a series of trial analyses through col-
laboration between the geotechnical and structural 
designers. The piles were founded a minimum of 2 
diameters into the “soft” rock, or below a mini-
mum toes level of El -50m, whichever was deeper. 
The use of a suite of commercially available and 
in-house computer programs allowed the detailed 
analysis of the large group of piles to be under-
taken, incorporating pile-soil-pile interaction ef-
fects, varying pile lengths and varying ground con-
ditions in the foundation design.  During final 
design, an independent finite element analysis was 
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used to include the effect of soil-structure interac-
tion and to include the impact of the foundation 
system on the overall behaviour of the tower. 

The overall settlement of the foundation sys-
tem was estimated during all three stages of design, 
using the available data at that stage, and relevant 
calculation techniques. The predicted settlements 
ranged from 75mm from a simple equivalent pier 
analysis to 56mm from a PLAXIS 3D finite ele-
ment analysis. 

A total of five pile load tests were undertaken, 
four on vertically loaded piles via the Osterberg 
cell(O-cell) procedure, and one on a laterally load-
ed pile jacked against one of the vertically loaded 
test piles. For the vertical pile test, two levels of O-
cells were installed in each pile, one at the pile tip 
and another at between the weathered rock layer 
and the soft rock layer.  

The vertical test piles were loaded up to a max-
imum one way load of 150MN in about 30 incre-
mental stages, in accordance with ASTM recom-
mended procedures. The lateral pile load test was 
performed after excavation of about 8m of the up-
per soil, to simulate a similar ground condition as 
for the tower foundation. The lateral test pile was 
subjected to a maximum lateral load of 2.7MN.  

 
Table 3.  Summary of Vertical Pile Test Results 

 

Strata Quantity Design  

Value 

Av. Msd. 

Value 

Soft Rock 

Ult. End Bear-

ing(MPa) 
12.0 24.3 

Ult. Fric-

tion(kPa) 
700 1533 

Weath-

ered Rock 

Ult. Friction 

(kPa) 
500 708 

 
Table 3 summarizes the results of the vertical 

pile load tests and indicates that the actual perfor-
mance, under both vertical and lateral loads, was 
superior to that predicted initially, thus providing 
scope for the development of a more cost-effective 
design.  
   Presently the tower site is fully reclaimed and 
fenced, and enabling works are being planned. 

11.3  Tower on Karstic Limestone, Saudi Arabia 

The identification of cavities in karstic limestone 
often creates a sense of anxiety among foundation 
designers, who may then proceed to take extreme 
measures to overcome the perceived dangers and 
high risks associated with the proximity of cavities 
to a foundation system. 

For a high-rise project in Jeddah Saudi Arabia, in-
volving a tower over 390-m high, potentially 
karstic conditions were identified in some parts of 
the site. Fig. 7 shows an architectural rendering of 
the tower. The key challenges in this project were 
to assess whether the adverse effects on foundation 
performance of cavities within the limestone would 
be within acceptable limits, or whether special 
treatment would be required to provide an ade-
quate foundation system. A more complete de-
scription of this case is given by Poulos et al 
(2013). 

All the available boreholes indicated the pres-
ence of coastal coralline limestone (coral reef de-
posits) which contained fresh shells and was typi-
cally cavernous in nature. Above these limestone 
deposits was a surficial soil layer which consisted 
mainly of aeolian sands and gravels that were de-
posited in Holocene times. 

Originally, 12 boreholes were drilled to depths 
of between 40 and 75m, and subsequently, two 
deeper boreholes were drilled to 100 m. The bore-
hole data showed that the soil profile consisted 
mainly of coralline limestone deposits that were 
highly fractured, and could contain cavities. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 7 Architectural rendering of tower in Jeddah, Saudi 

Arabia 

The quantitative data from which engineering 
properties could be estimated was relatively lim-
ited, and included the following: 
 

• Unconfined compression test (UCS); 

• Shear wave velocity data; 

• Pressuremeter testing; 

• SPT data in the weaker strata. 

A pile load test was also undertaken subsequently. 

A piled raft foundation system was developed 
for this tower, as it was considered that such a sys-
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tem would allow the raft to redistribute load to 
other piles in the group if cavities caused a reduc-
tion of capacity or stiffness in some piles within 
the group. 
   The basement of the building was to be located 

at shallow depth above the water table, and the raft 

beneath the tower was 5.5m thick. It was to be 

supported on 145 bored piles 1.5 m in diameter, 

extending to a depth of 40m below the raft.  

At the detailed design stage, analyses indicated that 
the maximum settlement was approximately 56 
mm. The initial analyses assumed that no signifi-
cant cavities existed below the pile toes. If cavities 
were to be found during construction, then it would 
be necessary to re-assess the performance of the 
foundation system and make provision for grouting 
of the cavities if this was deemed to be necessary. 
Thus, subsequent to the foundation design, a fur-
ther series of analyses was undertaken to investi-
gate the possible effects of random cavities on the 
settlements and also on the raft bending moments 
and pile loads. For these analyses, the commer-
cially-available program PLAXIS 3D was used. 

    From this post-design investigation of the 
piled raft foundation system, the following results 
were obtained for the maximum computed settle-
ment: 

• With no cavities:    56mm 

• With a single 3m wide, 2m deep cavity near 

the base of the piles:    58mm 

• With 5 cavities within the footprint, having di-

ameters ranging between 2 and 5m, and located 

near the pile toes:     74mm. 
Some minor tilting also occurred because the 

cavities were not symmetrically located below the 
foundation footprint.  

In the worst case considered, the maximum 
bending moments in the raft were increased by on-
ly about 13% due to the presence of the cavities, 
while the computed axial pile loads were largely 
unaffected. 

It was thus demonstrated that the consequences 
of cavities, while not insignificant, may not be as 
serious as might be feared, because of the inherent 
redundancy of the piled raft foundation system. 
The analyses undertaken were insufficient to ena-
ble a quantitative assessment of risk to be assessed, 
but they did enable a good appreciation to be 
gained of the sensitivity of the computed founda-
tion response to the presence of random cavities. 
Clearly, using a redundant piled raft foundation 
system may not only reduce the risks associated 
with building high-rise towers on karstic lime-
stone, but may also provide a much more econom-
ical foundation than using deep foundation piles in 
an attempt to carry foundation loads through the 
karstic zones. 

12 CONCLUSIONS 

This paper has set out the following three-stage 
process for the design of high-rise building founda-
tions.  

1. A preliminary design stage, which provides 
an initial basis for the development of foun-
dation concepts and costing. 

2. A detailed design stage, in which the se-
lected foundation concept is analysed and 
progressive refinements are made to the lay-
out and details of the foundation system. 
This stage is desirably undertaken collabora-
tively with the structural designer, as the 
structure and the foundation act as an inter-
active system. 

3. A final design phase, in which both the 
analysis and the parameters employed in the 
analysis are finalized. 

It is emphasized that the geotechnical parame-
ters used for each stage may change as more de-
tailed knowledge of the ground conditions, and the 
results of in-situ and laboratory testing, become 
available. The parameters for the final design stage 
should desirably incorporate the results of founda-
tion load tests. 

The application of the design principles has 
been illustrated via three projects, each of which 
has presented a different challenge to the founda-
tion designers: 

1. The Burj Khalifa in Dubai – the world’s tall-
est building, founded on a layered deposit of 
relatively weak rock. 

2. The Incheon 151 Tower in Incheon, South 
Korea- a settlement sensitive building on re-
claimed land, with variable geotechnical 
conditions across the site. 

3. A high rise tower in Jeddah, Saudi Arabia – 
karstic conditions were present and it was 
necessary to assess the sensitivity of per-
formance to the possible presence of cavities 
in the supporting ground. 

The value of pile load testing, in conjunction 
with advanced methods of analysis and design, has 
been emphasized, as has the importance of con-
structive interaction between the structural and ge-
otechnical designers. 
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