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ABSTRACT: Pile design is an inexact science. For the proposed mega-tall Dubai Creek Tower, the central
core foundation comprises large, high-strength reinforced concrete barrettes. Conventional design
methodologies require conservative empirical ground parameter choices that may lead to overly-conservative
design, impacting construction time and cost. For tall buildings in the Middle East, designers have taken note
of the challenge of meeting tight construction timelines, but not being able to gain more efficiency from the
ground. This led to several advances in the selection of ground parameters and requirements for ground
investigation and full-scale testing as reported for the Burj Khalifa and Nakheel Tall Tower, for instance. In
this paper the use of full-scale load testing is described to show the importance of measuring small strain
modulus and understanding the ranges of strain that a foundation is likely to operate under during loading, to
enable designers to make bolder choices of ground parameters. The focus is placed on mass Young’s
Modulus and skin friction. A case study is presented on the use of a world-record-breaking configuration of
multi-layer O-cell testing on full-scale barrettes, leading to advancement in the understanding of the loadbearing capability of the very weak and weak rocks underlying Dubai.
1 INTRODUCTION
According to the Council for Tall Buildings and
Urban Habitat (CTBUH) classification, tall buildings
range from 200 to 300 m in height, super-tall from
300 to 600 m and mega-tall greater than 600 m. The
design of mega-tall buildings presents new challenges
to structural and geotechnical engineers as one moves
into a different complex design space where
traditional procedures may not meet design demands.
Such structures present design considerations of a
new magnitude and complexity such as large vertical
and horizontal loads and moments along with more
intricate load sharing within the foundation system;
the influence of the cyclic nature of wind and
earthquake loads on foundation capacity; soilstructure interaction for all loading scenarios; the
dynamic response of the structure to wind and
earthquake loads; settlements and creep effects; the
structural capacity of components and the long-term
response and capacity of the ground. For the iconic,
mega-tall Dubai Creek Tower, located in Dubai,
UAE, the central core of this observation tower was
designed to be founded on high-strength reinforced
concrete barrettes. When completed, the Dubai Creek
Tower will complement the Burj Khalifa in reaching
new heights.

Pile design is an inexact science, despite being an
extensive topic of research. To ensure that design
assumptions adequately represent site conditions,
full-scale in situ testing is often done. Conventional
wisdom for “normal” design in Dubai often suggests
that piles founded in the weak and very weak
sedimentary rocks in Dubai assume a design skin
friction of around 250 kPa to 400 kPa, only at very
deep depths (e.g. Poulos & Bunce 2008). This
assumption would have required founding depths for
the Dubai Creek Tower in the order of 100 m and
using an excessively large pile cap to transfer the
load. To reach a depth of around 100 m would not
only have led to very long construction times, but
there would also only have been a handful of
contractors world-wide able to install piles or
barrettes to such depths and even fewer who have
come close to attempting similar depths. In the last 20
years, however, iconic projects such as the Emirates
Twin Towers (a tall building duo), the Burj Khalifa
and the Nakheel Tall Tower Projects (both mega-tall
skyscrapers), started challenging conventional
wisdom using sophisticated laboratory and full-scale
testing. The Dubai Creek Tower project is no
different and will contribute a further body of
knowledge to the advancement of data and design of
mega-tall structures in the UAE and elsewhere.
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As is the purpose of science, every discovery builds
on the next. In this paper the use of Osterberg Cell (Ocell) testing is described that led to the advancement
of understanding of pile design parameters, in
particular the mass Young’s modulus and pile/soil
skin friction, used in the design of deep foundations
for mega-tall structures in Dubai.
2 THE DUBAI CREEK TOWER
The proposed Dubai Creek Tower is a mega-tall
structure designed by world-renowned architect and
engineer Santiago Calatrava and is currently under
construction. Upon completion, the Dubai Creek
Tower will complement Dubai’s Burj Khalifa in
taking us to new heights. It was conceived primarily
as an observation tower and it will be at the centre of
a new development, the Dubai Creek Harbour, located immediately by the Creek in Dubai. When complete, it will join the Burj Khalifa and other tall buildings as a landmark of Dubai. Setting it apart will be
its extremely high slenderness and it being cablestayed.
3 IT IS ALL ABOUT SPEED
When deciding which parameters for design should
receive effort for accuracy and precision, it is useful
to understand what drives the design of the Dubai
Creek Tower. Although there would have been many
other drivers as well, the most significant driver is
schedule. As with any commercial development, the
earning potential and status of the Dubai Creek Tower
depends to a large extent on how quick the tower
could be opened to the public.
Once the choice of speed of construction was
made, the philosophy for design from a foundation
perspective is to find such solutions where installation
can be done in the quickest possible time. It also begs
the question of how to gain most out of the load bearing capabilities of the ground profile to ensure that
whatever foundation is implemented carries the load
safely, but also efficiently, to avoid installing grossly
over-designed elements that take significant time to
implement. Through the experience with iconic projects that tested the bounds of available knowledge,
designers have observed that available mass Young’s
modulus and skin friction may be significantly higher
than often anticipated in conventional design (e.g.
Poulos & Bunce 2008, Haberfield et al. 2008). Limitations to advancement have in the past been limits of
capacity of test equipment and understanding of the
magnitudes of small strain mass modulus. When it is
understood that the foundation of a project such as the
Dubai Creek Tower might reach depths of 75 m below ground, mobilising a ground mass possibly 2 to 3

times this size and depth, efficiencies gained from
strain-related behaviour can be taken very seriously
in the effort to ensure realistic design parameter
choices. For the Dubai Creek Tower project, the hypothesis was that on mass, the mobilised ground may
interact at much higher moduli and therefore achieve
much higher strength than normally assumed, as load
is spread and carried across a large body of material.
This paper explores the importance of the choice of
small strain mass modulus. It also explores whether
any modulus assumptions that are larger than what
people are normally used to, is because the modulus
values relate to lower strain reaction being achieved
or whether normal under-estimation has to do with ignorance about the real magnitude of small strain modulus in very weak and weak rocks in Dubai.
4 GROUND CONDITIONS
Dubai geology was mostly formed by the deposition
of marine sediments associated with sea level changes
during the Quaternary and Pleistocene periods, with
young rocks classified as sandstone, calcarenite and
calcisiltite being commonly found. A comprehensive
summary of Dubai’s geotechnical conditions can be
found in Poulos (2009). At the Dubai Creek Tower
site, an extensive geotechnical investigation comprising 68 No. boreholes of various depths and various in
situ and laboratory tests were specified.
In broad terms (see Table 1), the stratigraphy comprises a superficial layer of sand, followed by a thin
layer of sandstone and alternate layers of calcisiltite,
conglomerate and conglomeratic calcisiltite. At approximately -115 mDMD, materials become finer
grained, with successive layers of siltstone and claystone. Water table measured during drilling activities
was found to range between +1.96 m to -0.22 m
DMD, with ground surface at the time being at
+5mDMD and bottom of pile cap located at
-14 mDMD.
Table 1. General stratigraphy
Stratigraphy
Loose to medium dense gravelly,
silty sand
Very weak, calcareous
sandstone.
Weak, conglomeratic calcisiltite
and calcisiltite
interbedded with conglomerate
Weak siltstone
Weak claystone
*DMD = Dubai Mean Datum
** Unconfined Compressive Strength
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Base depth
(mDMD)*

UCS**
(MPa)

-12

N/A

-15

6.2

-115

4.6

-140
-150

3.4
5.6
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5 ESTIMATING GROUND PARAMETERS
For the Dubai Creek Tower project, the design strategy required complex geotechnical modelling using
finite element methods to evaluate the intricacies of
complex soil-structure interaction expected between
the various elements of the proposed structure. Finite
element modelling requires good knowledge of geotechnical parameters to enable calibration of modelling design results. Estimating sensible design parameters requires specific ground investigation (GI),
but it is essential also to learn from prior experience
and improve again of those interpretations.
For the Dubai Creek Tower project, the team considered data from a range of sources around Dubai.
The hypothesis was that, if the geological units were
similar, a database could be constructed of parameters
across a wide range of sites to make predictions and
then test hypotheses specifically on site. Data from
the nearby Dubai Creek Harbour Phase One development, the Emirates Twin Towers, the Burj Khalifa
and the Nakheel Tall Tower sites were considered
(Wojtowitz & Vorster 2017). The relevance of these
sites are as follows: (a) The Dubai Creek Harbour
Phase One development is a good example of conventional GI and parameter interpretation, using known
empirical methods for loads smaller than 30 MN/pile.
(b) the Emirates Twin Towers project is a good example of high-end geotechnical design and conventional GI supported by full-scale testing for a tall
structure, 52 floors and 355 m above ground level
(Poulos & Davids 2005, Poulos 2009). It is also a site
where the unexpected high ground resistance resulted
in some of the full-scale testing not having been able
to reach full capacity. (c) The Burj Khalifa, current
tallest building in the world at 828 m, utilising highend GI and design for the piled raft foundation with
circular piles, full-scale testing and improvement on
ground resistance parameters (Poulos & Bunce
2008); and (d) the Nakheel Tall Tower (NTT) (Haberfield et al. 2008), which was going to be the next tallest at over a 1000 m tall, but was not completed,
founded on rectangular reinforced concrete barrettes.
The NTT project contributed greatly to improve on
parameter magnitude selection, allowing more foundation efficiencies. Table 2 shows a summary of typical design values used for each of these sources.
6 THE DUBAI CREEK TOWER FOUNDATION
Due to the high magnitude of load and the a relatively
small footprint available for the foundation structure,
the Dubai Creek Tower stem structure had to be
founded on a deep foundation system such as a piled
raft or piled foundation. Despite the installation of a
piled raft foundation system for the Burj Khalifa (current tallest building in the world), the local authorities
did not allow a piled raft system for the Dubai Creek

Tower. A “piled” foundation, where 100 % of the
load is carried by the “piles” was opted for.
Two options were considered to carry an estimated
maximum load of 103 MN/pile, namely high strength
(75 MPa cylinder strength) reinforced concrete circular piles and rectangular barrettes. In the case of large
diameter reinforced concrete piles, the piles typically
needed to be in the order of 2.5 m diameter. For rectangular reinforced concrete barrettes of 2.8 m x
1.5 m dimension, the length of the foundation system
could be reduced considerably to an estimated length
of 58 m (installed to a depth of 75 m below ground
level). In theory a circular pile element would have
reached the same resistance if it were around 2.8 m in
diameter, but there had been no availability globally
of such a size rig that could be ready in time. This
answer depended heavily on the concrete strength of
the foundation element, achieving a high mass ground
modulus and high allowable skin friction in the very
weak and weak rocks that the foundation would have
been founded in. This could only be proven through
full-scale load testing.
Table 2. Summary of typical Young’s Modulus and skin frictions used for recent mega-tall projects for calcisiltite rock
Ranges of Young’s
Ranges of
Project
skin friction
Modulus (MPa)
(kPa)
Drained: 250-450MPa
250 to
Burj Khalifa
Undrained: 310-560MPa 350kPa
Nakheel Tall
8z/9.1z/12.5z,
Tower
where z =
800/1500/3000
Lower/Best Esdepth (m)
timate/Upper
Note: For full parameter selections in various stratigraphy refer
to Poulos (2009), Haberfield (2013)

7 THE FULL-SCALE LOAD SYSTEM
For the magnitude of load to be tested (it was aimed
at testing around 2.5 times the expected maximum
loads of the barrettes, namely approximately
260 MN), normal kentledge systems would not have
been able to provide the necessary resistance. To
evaluate the load bearing capacity of the proposed
Dubai Creek Tower foundations, reinforced concrete
test barrettes were installed. A system of three (3 No.)
mechanically excavated barrettes with dimensions of
1.2 m x 2.8 m were constructed to depths varying between 40 and 80 m to confirm the skin friction, modulus and end-bearing of the proposed barrette foundation.
Two sets of O-Cells were cast into each test barrette. The O-Cells are located above the toe of the barrettes and at selected depths in the bottom half of the
barrettes. The location of the O-cells was determined
on a conservative estimate of shaft friction and base
resistance to allow optimum testing of the barrettes.
The test barrettes were instrumented with Linear Variable Displacement Transducers (LVDTs), strain
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gauges, fiber optic sensors with Brillouin Optical
Time-Domain Reflectometry (BOTDR) to gain nearcontinuous strain and temperature measurement, 'telltale' extensometers, levelling surveys and compression meters. Ducts were provided within the barrettes
to facilitate base drilling and cross-hole pile integrity
testing. Each set of O-cells had a maximum combined
capacity of 120 MN. In the end a world-record breaking 360 MN load had been applied across a complete
test barrette. A schematic representation of one of the
load tests is shown in Figure 1.

From the back-analyses of the O-cell test data of
the bottom arrangement of the test barrettes, an estimation was made of the mobilised mass ground modulus and skin friction occurring during different load
stages of the test barrettes for the calcisiltite layer in
particular. The data from the bottom section of the installation proved most useful since most movement
occurred here. The back-analyses estimated representative mass secant Young’s Moduli, Es, depicting
the compressibility of the barrette section during a
Figure 2: Modulus with depth measured using pressuremeter, UCM and P-S suspension testing. Choices
of Upper, Best and Lower Bounds also shown specific load cycle. The development of Es with every
load cycle depicted the degradation of the mass
Young’s modulus as the barrette is loaded and strain
on the barrette/ground interface increases. The backanalyses of mass Young’s modulus was done using
the single pile elastic settlement method proposed by
Das (1995). Even though this is an elastic method, the
validity of utilising this method relates to the specific
capture of specific load case and doesn’t intend to describe complete ground behaviour per se.

Figure 1: Schematic representation of one of the load tests
(GW = Groundwater level)

8 ESTIMATING GROUND MODULUS
Ground investigation data from the P-S Suspension
Logging, Pressuremeter testing and derivations from
UCS values led to a range of possible moduli to be
used in design as is shown in Figure 2. To be able to
come to a more efficient and appropriate design requires understanding of the behaviour of the barrette
during loading. Like the approach used for the
Nakheel Tall Tower, it was opted to test the design
for Young’s moduli ranging from a lower bound of
0.1 E0, to an Upper Bound Estimation of 0.7 E0 and a
Best Estimate of 0.2 E0. These ranges, however, only
make sense if the anticipated behaviour of the foundation system related closely to these bounds. During
the design of the Nakheel Tall Tower, Haberfield
(2013) and later Poulos & Badelow (2015) found that
a best estimate model for design for the tower was
well represented by the choice of moduli at a value of
0.2 E0.

Figure 2. Modulus with depth measured using pressuremeter,
UCM and P-S suspension testing. Choices of Upper, Best and
Lower Bounds also shown

To create a visual representation of the progressive
development of modulus against small strain Young’s
Modulus, E0, the relationship of Es/E0 as proposed by
Rollins et al. (1998) was used (Eq. 1).
!
!"
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Where G is shear modulus, G0 is small strain shear
modulus, Es is mass Young’s modulus, E0 is the mass
Young’s modulus at small strains and g is shear strain
in percent.
Equation 1 was intended for use in gravel materials
but provides a useful visualization of modulus degradation with increased loading in the absence of actual
strain measurement in the ground. The back-analysed
Es-values are shown in Table 2 and the relationship,
Es/E0, is shown in relation to the value of E0 derived
from G0 estimated from shear wave velocity data
measured through P-S Suspension Testing (Figure 3).
From the P-S Suspension testing it was established
that G0 for the calcisiltite rock into which the test barrettes were installed, is 2.17 GPa, Poisson’s Value (n)
is 0.37, resulting in E0 of 5.94 GPa.
As may be expected for a stiff system such as the
very weak and weak rocks in this ground profile,
rapid modulus degradation is observed as loading
progresses. For the pile loading ranges of the Dubai
Creek Tower foundation, typically ranging between
44MN and 84MN during Best Estimate conditions (as
shown through finite element modelling), this outcome is especially pleasing as it confirms the notion
of using 0.2E0 as a best estimate design value as indicated by Haberfield (2013) and Poulos and Badelow
(2015) for the NTT.

TB1

Es/Eo

Rollins et al. (1998)

0.6

Mair (1993)
Mair (1993)

0.4

Typical Foundations

TB2a

Table 2. Back-calculated mass Young’s Moduli and Skin Friction from full-scale barrette testing
Test Barrette TB1
Load (MN)
20
Barrette Move- 0.9
ment (mm)
Estimated mo2.201
bilised Es, GPa
(Das, 1995)
0.37
E/E0
350
Mobilised skin
friction (kPa)
Test Barrette TB2a
Applied O-cell 20
Force (kN)
Barrette move- 1.2
ment (mm)
Estimated
4.269
Modulus, GPa
(Das, 1995)
E/E0
0.82
Mobilised skin 200
friction (kPa)

40
2.5

60
5

80
10

1.627

1.092

0.639

0.27

0.18

0.11

700

925

1120

40

60

80

1.7

5.1

10

1.863

0.954

0.607

0.36
500

0.18
850

0.12
990

9 ESTIMATING SKIN FRICTION
The results of peak and mobilised skin friction values
across the three full-scale barrette tests are reported in
Figure 4 and values are extracted in Table 2 against
applied load.

1
0.8

values that are higher than anticipated in normal design.

Mobilised Skin Friction (kPa)
0

200

400

600

800

1000

1200

0

0.2
-10

0

0.00001

0.001

0.1

-20

10

Elevation DMD (m)

Shear Strain (%)

Figure 3. Test barrette data indicating modulus degradation

It is also interesting to note that the development of
loading falls across and even beyond typical shear
strains developed for foundations as proposed by
Mair (1993); approximately 0.03% to 0.1% Shear
Strain. To therefore achieve significantly higher values of Es to allow efficient design, is the fundamental
point of difference and can only be estimated well by
measurement of G0. Even though the measured values
are well-described by the best estimate values of
0.2 E0 and Upper and Lower Bounds of 0.1 E0 and
0.7 E0 respectively, the magnitudes of Es measured
and used in the design provides a key to being able to
design an efficient foundation and made a real difference in the Dubai Creek Tower design by allowing

-30
-40

-50
-60
-70

-80
-90

-100
TB1 (Partially Mobilised)
TB2 (Partially Mobilised)
TB3 (Partially Mobilised)
Lower Bound
Upper Bound

TB1 (Peak - Measured)
TB2 (Peak - Measured)
TB3 (Peak Measured)
Best Estimate

Figure 4. Back-calculated skin friction values for test barrettes
and choices lower Bound, Best Estimate and Upper Bound skin
friction (kPa)
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The scatter in results is because full skin friction is
not reached consistently across the length of the barrettes at every point during testing. In fact, even in
loading the barrettes to a world-record breaking
360 MN combined load, ultimate capacity of the barrettes could not be achieved.
The data for mobilised skin friction in compression in the full-scale test barrettes show skin friction
mobilised up to 1200 kPa (without ultimate capacity
yet being reached). Taken as the “peak” achievable
skin friction, since a true peak couldn’t be measured,
it was agreed to apply a safe value of 600 kPa as the
best estimate design value, while a value of around
200kPa seemed reasonable as a bound for the lower
end of data observed. The latter also conforms to
lower values measured in the Constant Normal Stiffness (CNS) testing, conducted in the laboratory.
To define the choice of skin friction in tension, full
scale, cyclic tension pile testing was conducted. This
testing falls outside the scope of the current paper.
10 CONCLUSION
Design of mega-tall structures requires that efficient
choices be made of ground parameters to enable
meeting the demands of stringent construction schedules and efficient foundation systems. By using heavy
O-cell testing and applying world-record-breaking
loads applied to the system, better confidence was attained to enable utilising higher than normal values
for mass Young’s Modulus and barrette/soil skin friction. This paper further showed the effectiveness of
strain-based choices of parameters, such as Young’s
Modulus and the importance of estimating small
strain shear modulus as a fundamental design parameter. Building on the legacies of previous mega-tall
structure studies, the data gathered for the Dubai
Creek Tower enhances the available dataset of ground
conditions and engineering properties in Dubai.
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