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Interactive Aerodynamic Design of Supertall Buildings

BEEEAMEHAE AR

Abstract

In order to maximize the benefit of early stage wind tunnel tests, the authors of this paper
have developed tools which enable dynamic wind tunnel testing workshops that allow rapid
optimization of building aerodynamics and structural performance. They allow derivation of
meaningful performance information within minutes of wind tunnel data acquisition and
rapid modifications can be made to the structural properties of the building and to the wind
tunnel model geometry to allow responsive re-testing. This makes the full integration between

Stefano Cammelli Volker Buttgereit

architecture and supertall building aerodynamics a reality, enabling the generation of building

envelopes specifically tuned to optimize the performance of the lateral-stability system to wind
loading excitation. This paper presents case studies which show the development of this process.

Keywords: Aerodynamics, Wind tunnel testing, HFFB, dynamics, mode shape,

structural frequency.
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George Keliris & Mike Sefton

Introduction

As modern tall and supertall buildings

(often of non-orthodox architectural forms)
are becoming taller and more slender they
also become more sensitive to dynamic
wind-induced excitation, especially in the
cross-wind direction which is often driven by
vortex-shedding excitation. The importance
of such cross-wind excitation and its intimate
relation to the architectural form of a tall
building is well known [Shimada et al. (1989),
Hayashida and Iwasa (1990), Dutton and
Isyumov (1990), Miyashita et al. (1993), Kareem
etal. (1999), Tamura et al. (2011)] and has now
also been considered in the current draft of
the new Chinese Building Code (GB 50009-
201x). Itis however difficult to intuitively
predict the impact of building form on vortex-
shedding, and so lateral wind loading and
wind-induced accelerations, which are often
critical factors for the structural efficiency

of a tower, cannot always be appropriately
considered and addressed.
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In the last decade, technical developments
in the design and construction of high-
frequency force balance (HFFB) models have
allowed compound wind tunnel model /
balance frequencies in the excess of 100Hz
to be achieved even for supertall and very
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slender buildings. At typical frequency scales of the order of 1:100,

the stiffness of these models made testing speeds in the excess of
Reynolds number ~2x105 possible, while still retaining a very good
separation from the full-scale structural frequencies of the tall building
at the design wind speeds of interest.

Working together, the authors of this paper have carried out wind
tunnel testing in the early stages of several tall buildings projects.
This has enabled the risk in terms of wind forces and dynamics to be
managed early on, but it has tended to be based on the approach of
checking predetermined architectural forms for critical problems.

This work has shown to the team that it would be much more
advantageous in terms of design progression to be able to run a series
of interactive tests early in the design process and within a workshop
environment where results can be produced almost in real time and, in
reaction to this data, designs altered and re-tested. Ideally this would
be carried out in a fashion similar to wind environment testing where
the architect and other members of the design team can be directly
involved.

The ultimate aim is to help define a process that ensures a better
integration between the architectural form and the resulting
structural design, which in turn allows for the shape of the tower to
be developed on the basis of reducing the demand on the structure
and therefore saving material by aerodynamically optimising the
building form. In order to make such workshops possible, the authors
of this paper have trialled a number of analysis tools and procedures
to help make the data from such testing reliable and useful. Presented
in this paper are a number of projects which have followed such a
workshop approach and some initial details of an experimental and
fully interactive workshop which has been carried out.

Building Blocks To Interactive Testing

Al Khozama Centre - Riyadh

This proposed development, located in the Middle East, included a
400m tall building with 42 office floors in the lower portion, a luxury
hotel occupying the next 20 levels and a tower-top spa (see Figure 1).

The structural stability of the tower was to be provided by three
reinforced concrete shear cores disposed at 120 degrees to each
other. These were connected rigidly up their height via five double-
height steel coupling trusses at plant levels, which make the three
cores behave more like a braced framed system rather than three
individual cantilevers. The rotational symmetry of the design led to
an omnidirectional fundamental translational mode with a period
of 11.8s and a torsional period sitting at 7s for ultimate limit state
(ULS) calculations. These respectively reduced to 10.8s and 6.5s for
the serviceability conditions (SLS). For the wind tunnel test post-
processing, a damping of 1.5% was used for ULS and a figure of 1% was
selected for SLS.

It was clear that the main and driving mechanism of wind excitation
was alternate vortex-shedding from two of the three structural mega
cores that protruded beyond the facade cladding line. The edges of
these two cores were almost perfectly facing the most critical wind
sector (see Figure 2a which shows the directional variation of the site-
specific design wind speed at a reference height of 400m for the 50-
and 10-yr return period wind events). Vortex-shedding was in this case
mainly governing the strength design at the 50-yr return period design
wind speeds, as well as the wind-induced peak accelerations at the
relatively more frequent 10-yr return period winds. Wind tunnel testing
was engaged very early on in the design process, but in the traditional

Figure 1. Al Khozama Tower (Source: Foster + Partners)
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Figure 2a. Original core plan (Source: BMT Fluid Mechanics)
Hl. FEROEFE (FHEIE: BIT Fluid Mechanics)

approach was primarily used as a tool to check the accelerations in the
tower and to establish the applied wind loads for structural design.

A post testing review of the initial results suggested that rotating

the tower by approximately 30° counter-clock wise would reduce

the vortex-shedding excitation (see Figure 2b). This new orientation
aligned one of the three structural mega cores towards the most
critical wind sector which allowed the form to create enough
disturbances in the flow to significantly reduce the strength of the flow
separation (and associated vortex-shedding) now happening much
more downstream where the two other mega structural cores were
now located.

Initial tests showed that the level of reduction achieved in the peak
cross-wind base overturning moment (‘My'load component, see
Figure 3) and wind-induced peak acceleration were respectively

~30% and ~20%. The achieved ~20% reduction in wind-induced

peak acceleration was able to bring the level of wind-induced peak
acceleration within the criteria (15-milli-g for the 10-yr return period
wind events) set for the highest occupied level of the tower (a
luxurious spa). It should be noted that in order to achieve the same
level of occupant comfort with the initial tower orientation, an increase
of ~15% of the first mode frequency would have been required.

This re-test of the tower was carried out a few weeks after the
original testing, but it was an example to the authors of this paper of
something that could have been picked up if the original testing had
been carried out in a more interactive manner.

Although the development of this design was not continued, it

was evident to the team that further improvements in the wind
performance of this tower could be gained by slight modifications

to its form, with particular emphasis on the prominence of the
structural cores and the open top section of the tower. With this in
mind, and based on the collective knowledge that the structural and
wind engineers had on this tower, as the idea of interactive testing
developed it was clear that the team could use this tower as the basis
to undertake a workshop test day to trial the interactive testing process
as described later in this paper.

Istanbul Tower

The site in the Levent district of Istanbul was particularly long and
narrow, of which architects Foster + Partners were keen to make the
best use. The proposed tower was to be in the order of 250m tall,

but no more than 22m wide due to the site constraints. With this
level of slenderness, the wind-induced dynamic excitation could be
critical for the structural design of the building. However, with the site

Figure 2b. Rotated core plan (Source: BMT Fluid Mechanics)
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Figure 3. Normalised peak dynamic wind base overturning moments for the original
tower orientation (grey curve) and the final tower orientation (blue curve) (Source: BMT
Fluid Mechanics)
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Figure 4. Istanbul Tower: initial forms tested (Source: Buro Happold)

E4. FHZARAE: MR (FAEE: Buro Happold)

being in a high seismic zone, it was found that the earthquake design
forces drove the stress design, but overall stiffness to control wind-
induced occupant comfort was the main design driver. Thus, the wind
tunnel investigations were primarily focused on wind-induced peak
accelerations.

The wind tunnel testing for this project was ultimately carried out

in four stages. In the first stage, a number of single and twin tower
arrangements were initially conceptualised by the architect. In

order to de-risk the project from the very start (concept stage) wind
tunnel testing was conducted on each of these to explore, from

an aerodynamic point of view, the merits and flaws of the different
architectural solutions. Three very different basic shapes (see Figure

4) were tested (in isolated condition) and analysed on-line in the

wind tunnel. In traditional manner the structural properties of mass
distribution, natural frequency and mode shape were analysed in
advance of the wind tunnel testing. For each of the three schemes the
fundamental period was in the range of ~9-10s. Following the wind
tunnel testing and data processing of the original designs, the twin-
tower scheme was chosen to be investigated further and progressed in
more detail.

In the next stage of wind tunnel testing a number of geometrical
variations were made to the twin-tower scheme, including different
spacing between the two towers as well as different vertical spacing
between the sky-bridges (see Figure 5). These changes were tested and
re-analysed on-line to try to aerodynamically reduce the wind-induced
accelerations. These were also fully coupled with specifically tuned
adjustments introduced by the structural engineers in the structural
system. It was found that, as the response of the structure was vortex-
controlled, a careful re-shaping of the corners of the towers was able to
improve the level of wind-induced accelerations by ~30%.

At this stage the design was being further developed and a number
of different corner solutions were prepared by the architect: two of
these were selected for a third phase of wind tunnel testing (see
Figure 6). Again, these two newly developed shapes were tested and
analysed in conjunction with permutations of two potential structural
solutions, which included a fully eccentrically braced steel solution and
a reinforced concrete one.

The final scheme was then subsequently tested with an accurate
representation of the surrounding area. The performance finally
achieved by the twin tower scheme, with regard to wind-induced
acceleration at the highest occupied level, was ~15milli-g (10-yr return
period winds) for 1.5% structural damping.

This testing process showed the team that the wind tunnel can be
used very effectively as a design tool running in parallel with the early
conceptual architectural scheme and engineering design process.
However, it also highlighted a number of issues that kept wind tunnel
testing apart from being an integral and easily enmeshed part of the

Figure 5. Istanbul Tower: twin tower studies (Source: BMT Fluid Mechanics / Buro Hap-
pold)
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Figure 6. Istanbul Tower: twin tower corner variations (Source: BMT Fluid Mechanics /
Buro Happold)
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process. This was primarily due to the time taken to work through the
testing process which included:

« Confirmation of building form for target model;

« Preparation time for structural data required for assessment of
dynamics and forces;

« Wind tunnel testing time to run all wind angles;
« Time taken for post-processing of wind tunnel results.

It was felt that though useful to test while experimenting with building
form, it would be beneficial to be able to condense the time taken for
this process, which led to the progression of the interactive testing
process.

Interactive Testing To Aerodynamically Optimise Tall Building
Envelopes

The projects presented herein demonstrated to the authors of this
paper that it would be beneficial to use a more interactive approach to
wind tunnel testing to better integrate the architectural and structural
design of tall buildings. In these projects the authors of this paper had
used the wind tunnel testing to bring gradual design improvements,
but this had taken a number of testing sessions over a period of weeks.
The authors of this paper were particularly keen to define a process
that would help optimise the form of the building over a period of one
or two days of interactive wind tunnel testing.

Following the framework very well described by the Davenport wind
loading chain (www.iawe.org/about/Wind_Loading_Chain.pdf), the
wind loading on a building is determined by the combined effects of:

« Wind climate;
« Aerodynamic characteristic of the building shape;
« Structural system / arrangement adopted for the building.

From this it is clear that to enable effective experimental testing to
be carried out rapidly, one would need to be able to not only rapidly
modify the shape of the target model being tested, but combine this
with revised assessments of the structural performance in a short
space of time. Critically one would need to output tunnel test data
within minutes. All of this needed to be carried out with enough
accuracy to differentiate the different performances of the tower.

In order to make this possible, the wind engineers developed a more
streamlined method of post-processing the raw data from the wind
tunnel testing to reduce analysis time and present the critical data of
base forces / moments and accelerations within a matter of minutes.
Similarly, the structural engineers have reviewed the level of detail
required within the structural analysis model and, for this testing, were
able to develop simple analysis models that could be both adapted
and re-run very quickly, but also give comparable analysis results to
more detailed models.

Using the previously described Al Khozama Tower, the wind and
structural engineers carried out a sample interactive test day. A
number of preparations were made for the test day to help it run as
smoothly as follows:

« A base target wind tunnel model was designed and
constructed;

« Appropriate but simple structural analysis models were
prepared;
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« Simple spreadsheets for mass distribution / re-distribution
calculations were prepared;

o Areview of wind climate and identification of most critical wind
directions and criteria were undertaken.

The structural models were set up in such a manner that they could
easily be adapted to mirror a change in form with an appropriate
change in mass distribution or have simple changes in core and / or
stability stiffness made, and they were built to perform quick analyses
and output structural properties (mass distribution, natural frequencies
and mode shapes) essential for the wind tunnel data post-processing.
From reviewing the wind climate and the original tests, a limited
number of critical wind directions were identified and used for testing.

On the test day, a fairly simple process was followed for each set of
explored / tested configuration. The process was identified as follows:

» The wind tunnel test is only focused on the identified / selected
critical wind directions;

« The wind tunnel data is processed using structural properties to
provide peak floor accelerations and base forces and moments
within minutes;

» The output data is quickly reviewed and proposed changes to
the form are considered;

« Physical adjustments to target model are made;

« If required, adjustments to the structural models are also made
in order to produce structural properties fully consistent with
the adjusted architectural form;

« Further wind tunnel tests are carried out on the new target
model geometry.

The use of smoke visualisation was also utilised to help understand the
impact of changes. Using this process a total of 12 variations were able
to be investigated on the test day and led to some recommendations
to optimising the aerodynamic behaviour of the building. Initial
investigations focused mainly on the very top portion of the tower
(related to the spa) and the exposed core sections.

Initial results from the testing showed that the cross-wind excitation
was not particularly sensitive to the shape of the spa or the exposed
core sections. On this basis, focus then turned to the hotel section,
which is the upper portion of the main tower body. A number of
variations were carried out (see Figure 7) which showed that cross-
wind excitation was sensitive to the core shape over this zone and a
number of possible improvements were proposed.

Within the day, it was possible to make a number of conclusions:

« The spa geometry and form was not critical to the cross-wind
performance of the tower;

« The shape of the exposed sections of the core was not critical
to the wind performance of the tower;

» The core shapes in the hotel floors of the tower were critical
and variation of these cores could improve the performance of
the tower by reducing the peak accelerations and cross-wind
forces;

More specifically:

« A mesh facade around the hotel was able to reduce the spectral
energy around the frequency of interest: this reduced the wind-
induced peak accelerations by ~2-3milli-g (10-yr return period
wind events) and cross-wind forces by ~5% (50-yr return period
wind events);

Figure 7. Sample investigations for Al Khozama Tower (Source: BMT Fluid Mechanics /
Buro Happold)
E7. EHEEE#EAEE (FHEIR: BUT Fluid Mechanics / Buro Happold)
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« A variation to core shape at the top of the hotel section was
able to produce a favourable shift in the Strouhal number: this
reduced the wind-induced peak accelerations by ~3-5milli-g
(10-yr return period wind events) and cross-wind forces by ~10-
15% (50-yr return period wind events);

Architectural input would be needed to develop these options further
to make them viable, but the testing clearly gave confidence that the
changes would provide benefits. Without the interactive element to
the tests investigations, changes to the tower form would likely have
been proposed to the shape of the very top of the tower, as well as
other changes that would have been the subject of experienced
assumptions. These may or may not have yielded much design benefit,
and this approach would be seen as an opportunistic approach to
wind engineering, with its findings perhaps only ever verified late in
the design process when changes are more difficult to adopt.

Conclusions

As experienced engineers, the authors of this paper are able to advise
architects and clients on ways to develop and improve the shape of
towers to help their aerodynamic performance. However, this tends
to be in general terms through the use of discontinuities in shape,
tapering forms, introduction of porosity etc. Once a form has been
pre-defined by the architect, it is very difficult without the use of wind
tunnel testing to be specific on ways to improve its aerodynamic
performance in a way that would provide real values of potential
savings to the structure.

Using the interactive process, it is possible to carry out wind tunnels
tests to compare up to ~15-20 variations of the form within a single
day. Importantly, the tests and investigations do not need to be
predetermined: a team of model makers enable additions, subtractions
and changes to be made to the wind tunnel HFFB model, and a flexible
/ easily-adaptable structural analysis model can allow tests to be

timely reactive to the results that are found as the wind tunnel testing
progresses. Since the process has been set up to enable the structural
analysis to be linked with geometrical changes, it is possible to account
for considerable changes in form with reasonable accuracy. It is of
course also possible after the testing day to continue to post-process
the wind tunnel test data for different structural properties. As such,
the authors of this paper are confident they could facilitate interactive
aerodynamic optimisation days that can provide positive changes to
the form of tall buildings during various stages of the design process.
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