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Abstract | B E

A new and almost unprecedented model for skyscrapers is currently being explored within the
Manhattan real estate market: these are the so-called super slender ultra-luxury residential

tall buildings, towers with relatively compact floor plates and very high slenderness ratios. The
commercial and financial success of these structures would have not been possible without the
support of sophisticated engineering, including highly specialized wind engineering studies. This
technical paper will highlight some of the wind engineering challenges associated with both

the design of the lateral stability system and the meeting of serviceability criteria for top-floor
motions on the lower return periods for these super slender tall buildings. Also introduced will be
the challenges faced with the wind engineering of these types of structures and where the future
of wind engineering will need to be if these design trends continue.

Keywords: Wind, and Wind Loads
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Introduction

A new and almost unprecedented model for
tall buildings is currently being explored in
New York City: these are the so-called super
slender ultra-luxury residential tall buildings,
towers with floor plates typically in the region
of 400 m” and slenderness ratios well in excess
of 1:10. Some examples of these structures
include 432 Park Avenue — topped out in
Manhattan in October 2014 (slenderness ratio
of 1:15) and 111 West 57th Street — currently
under construction in Manhattan (slenderness
ratio of 1:23), which will surpass the record
currently held by the Highcliff tower in Hong
Kong (slenderness ratio of 1:20). With almost
180,000 people added to the urban population
each day; approximately 64% of the Asian
population foreseen to be urban by 2050; and
megacities spreading worldwide, this model is
not expected to remain confined to

North America.

Monolithic supertall buildings, with height
between 300 m and 600 m and slenderness
ratios of approximately 1:10, would typically
exhibit a first order mode frequency in the
region of 0.1 Hz; for these structures, the first
order modes would approach the Strouhal
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condition at wind speeds associated with 50-
or 100-yr return period.

The response characteristics for super slender
tall buildings are rather different and aeroelastic
phenomena can become crucial in design.
With slenderness ratios in the region of 1:20
and first order modes sitting at approximately
0.08 Hz, the critical wind speed for vortex
shedding does in fact tend to be much closer
to far more frequent wind events (sometimes
as low as monthly if not weekly events),
posing some interesting challenges in relation
to wind-induced motion and associated
occupant comfort (e.g, if one assumes a 400 m
tall building with 20 m as the smallest size of its
cross-section, a period of the first order mode
of vibration of 12 s and a Strouhal number of
approximately 0.15 — representing an average
between faceted and organic architectural
forms — then the critical wind speed for vortex
shedding - at approximately two-third of

the height of the building — would be in the
range of 10 m/s). At such frequent speeds the
influence of thermal stratification of the free
atmosphere of the boundary layer has the
potential to become more important, and the
associated low levels of turbulence intensities
could promote far more well-correlated and
narrow-band vortex shedding (it is in fact well
known that convective currents are eliminated
by the mechanical stirring of the atmosphere
only for hourly-mean wind speed at 10 m
height greater than 10 m/s, see ESDU Item
82026). Moreover, with “3"being the typical
frequency ratio between the second and first
order modes of vibration, it is not atypical

for the second order modes to dynamically
interact with the vortex shedding at wind
speeds with return periods pertaining to the
Ultimate Limit State design of the building
(e.g.,, 700- or 1,700-yr). Because of this, the peak
dynamic bending moment at the inflection
point of the second order mode could become
of particular interest for the structural designer,
as the floor-by-floor wind loading distribution
typically aimed at maximizing load effects at
foundation level may not be conservative for
the wind-induced structural stresses taking
place at, say, approximately half of the height
of the building (0.5-H). It is also worth noting
that accelerations due to higher modes of
vibration can become more perceptible than
the fundamental ones and at lower levels in
the building.

This technical paper will present the

outcome of an aeroelastic wind tunnel testing
campaign conducted on an idealized super
slender tall building with the specific intent to
investigate the aerodynamic performance of
these novel structures.
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Figure 1. Wind-induced base overturning moment for “Building A” (Source: BMT Fluid Mechanics Ltd. )
B BIAAT NEERMENE (KK BMT Fluid Mechanics BRRAF)

Literature Review

With the exception of one of the keynote
papers presented in 2015 at the 14th
International Conference on Wind Engineering
(Galsworthy et al. 2015), the literature on the
specific subject of super slender buildings is
nearly non-existent. With this in mind, when

it comes to literature review, one is therefore
left with no option but to go back to the
basics. The line-like nature of these structures
makes the pioneering work on wind-excited
oscillations of chimneys of the 60s, 70s and 80s
an attractive starting point when one is trying
to understand the response characteristics and
the aeroelastic phenomena pertaining to super
slender buildings. This inevitably means going
back to the work on stacks, towers and masts
of Kit Scruton at the Aerodynamic Division of
the National Physical Laboratory in Teddington
in the 1960s (Scruton 1963); revisiting the
extensive full-scale measurement campaigns
focused on the investigation of the dynamic
response of chimneys and tower-shaped
structures conducted by Hans Ruschewyh

in the 1970s (Ruschewyh & Hirsh 1975);

and taking of course into consideration the
excellent work on across-wind vibrations

of structures of circular cross-section

conducted by Barry Vickery (e.g., the
mathematical model he co-developed in
the 1980s; Vickery & Basu 1983).

“Slender” Regime

As mentioned in the “Introduction” section,
tall buildings with slenderness ratios of say

up to 1:8 or 1:10 would feature an interaction
between the vortex shedding phenomenon
and the fundamental mode of vibration of the
structure at speeds typically associated with
extreme wind events of 50- to 100-year

return periods.

As an example, Figure 1 shows the different
“sub-components” of the wind-induced base
overturning moment for “Building A" of Figure
2 (a real commercial project in midtown
Manhattan, New York City) generated by an
omnidirectional 50-yr return period wind
speed. The line marked by full diamonds
represents the “mean”loading component;
the ones marked by crosses the maximum/
minimum “peak static”load (that is‘mean”
plus/minus the "quasi-static” component

of the wind load); and the ones marked by
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HTIURNIEENZ A T HE— B St
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Figure 2. Characteristics of “Building A” and “Building B” (Source: BMT Fluid Mechanics Ltd.)
Eo. "EIA" 5§ "EHFB” M= (BR: BMT Fluid Mechanics BRAF])

empty squares the maximum/minimum “peak
dynamic”load for 1% structural damping (that
is “mean”plus/minus the ‘quasi-static’and the
“resonant” component of the wind load). It

is clearly noticeable how the peak dynamic
load around the north-northwest wind sector
— heavily driven by vortex-induced excitation
(mean component numerically zero) —is
approximately 309% greater in magnitude than
the more benign drag-driven along-wind
response taking place around the north-
northeast wind sector.

“Super Slender” Regime

As noted in the “Introduction” section,

the aerodynamic regime of super slender
towers somewhat differs from the one of

more conventional tall buildings. Let's try to
understand why. Figure 3 shows the variation
with return period of the mean-hourly wind
speed at a height of approximately 400 m
within a densely built-up environment (with an
aerodynamic roughness length of z0 = 0.7 m)

BARRBENSN SR E LFHRILSEZ
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NS ERRFRIIZ SEIE 2 BRI
. REFINPEBERRA IR RIEEEN
ERSZZRR1 0TI TR (SRAIGEF BB
25 (SLS) BEABIEMAL, MMMAILUAE]
+0.1 mmAGRALEPIRZE) #ITIEIN (B
4) o RENEREERE —NSIMNAXR
¥, MREASNER T —RIREES
DPERIEREAL. HIPTERRIC N EEHT
WHRFAEHNEREAR TR, BB
NIEBE2 kHz,

FERURIMNS 2 BIRIR AR E T A2 RIS XU
RARRSHIE (IRSINR. RSIRER
RERE-E TR AN E (Bl
0.95H) 13—1t) HTTUE, MNBLER
EESh SRR S8R TR, 1t
AN, EePTR AMSHINR SRR A
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SHEPURANR: ERMITE
MUENREEBMT Fluid MechanicsZ2y 847
F (&E) TeddingtonfJRELAF ZENE

Figure 3. Mean-hourly wind speed at 400 m vs. return period with highlighted critical wind speeds for vortex shedding. (Source: BMT Fluid Mechanics Ltd.)
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for three large mega-cities: Shenzhen (a mega-
city with an extreme wind climate heavily
affected by typhoon events), New York City
(mildly influenced by hurricanes) and London
(primarily affected by large extra-tropical
depressions). Also shown, as horizontal lines,
are the critical wind speeds for vortex shedding
(first as well as second order structural modes)
for both prismatic/faceted and more organic
architectural forms. The resonant behavior in
the fundamental structural mode of vibration
clearly manifests itself — for both types of
architectural shapes — well below the 1-yr
return period wind speeds, whilst the resonant
behavior in the second order mode for the
more prismatic shapes can occur close to

the 50-yr return period winds — for regions
strongly influenced by typhoons or closer to
the Ultimate Limit State speeds — for those with
a wind climate mainly influenced by synoptic
events. Although not explicitly shown in Figure
3, for the more organic forms there is the
potential for the third order modes of vibration
to dynamically interact with vortex shedding

at the Ultimate Limit State speeds in regions
strongly influenced by typhoons.

In order to deepen the understanding of

the aerodynamic behavior of super slender
monolithic buildings, a fictitious building (see
“Building B"in Figure 2) with an aspect ratio of
1:20 was therefore conceived by the authors
of this technical paper and thoroughly studied
in BMT Fluid Mechanics'large boundary layer
facility (http://www.bmtfm.com).

Wind Tunnel Testing

A wind tunnel testing campaign was
conducted with the aim of investigating the
wind-induced response of a super slender
tall building with an aspect ratio of 1:20 (see
"Building B"in Figure 2). The idealized building
was chosen to be 400 m tall with a 20 m x 20
m square cross-section with rounded corners
(radius of curvature of 2 m) and a building
density of approximately 250 kg/m3.

Flow conditioning Wind tunnel tests were
conducted both in smooth flow (Iu < 0.5%)
and - following the analytical model proposed
in the Engineering Sciences Data Unit (ESDU)
[tem 01008 — in turbulent boundary layer flow
(z0=0.7 m,i.e, lu~ 15% over the top third of
the tower).

Aeroelastic Wind Tunnel Technology
Because of the non-linearity associated with
the aerodynamics of super slender structures,
the authors of this technical paper felt that
the most appropriate wind tunnel testing
technique to be chosen and adopted for

this investigative work was the aeroelastic
technique: the aeroelastic modeling technique
allows the wind-structure interaction to be
accurately simulated in the wind tunnel.

Aeroelastic wind tunnel models must be
designed and constructed to behave in the
wind tunnel like the real structure, vibrating
and responding to gust wind loading
excitation as well as to vortex-induced forcing.

These types of models need to be constructed
to accurately match the structural properties

of the real building (that is: mass and stiffness
distribution), and are generally instrumented so
that the structural response of the tall building
to wind loading can be measured in real time
during the experiment.

Another great advantage of full aeroelastic
wind tunnel models, particularly important

in the realm of super slender structures, is that
it enables the contribution to wind loading
coming from higher modes of vibration to

be quantified.

Aeroelastic Wind Tunnel Model

The wind tunnel aeroelastic model designed
and constructed for the wind tunnel testing
was at a geometrical scale of 1:400. The
stiffness of the wind tunnel aeroelastic model
was provided by an internal supporting
tapered lattice brass spine which needed to
replicate the balance between flexural and
shear deformation of the tall building. The
outer cladding of the model was modeled by
making use of 10 shell sections (manufactured
using the Selective Laser Sintering (SLS)
technology, which allowed a model scale
tolerance of +0.1 mm to be achieved) point-
connected to the inner spine (Figure 4). The
base of the model was connected to a High
Frequency Force Balance and the model itself
equipped with a number of low-range high-
resolution accelerometers. The 6-component
High Frequency Force Balance utilized

during the experiments was a custom-made
piezoelectric base balance system with an
inherent stiffness in excess of 2 kHz.

The modal properties of the wind tunnel
model (modal frequencies, modal damping
and modal masses — based on mode shapes
normalized to unity near the top of the
building, i.e,, 0.95-H) were measured during
the model calibration process that took place
ahead of the wind tunnel testing and are
summarized in Figure 5 along-side the full-
scale equivalent. Also, illustrated in Figure 6 are
the measured mode shapes of the wind tunnel
aeroelastic model.

Figure 4. Wind tunnel aeroelastic model. (Source: BMT
Fluid Mechanics Ltd.)
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Aeroelastic Wind Tunnel Test: Results

and Discussion

The wind tunnel tests have been conducted
in BMT Fluid Mechanics'large boundary layer
wind tunnel facility in Teddington (UK). This
facility is a 4.8 m wide x 24 m high x 15

m long closed circuit wind tunnel with an
operating wind speed range of 0.2 m/s to 45
m/s. The tests have been focused on a single
wind direction (normal to one of the four
faces of the building).

The wind tunnel aeroelastic model was
installed such that its across-wind direction was
perfectly aligned with “Mode 1"and “Mode 3"
(respectively first and second order modes).
The results presented within this technical
paper will therefore only be focused on the
across-wind response of the tower, in smooth
as well as boundary layer turbulent flow, taking
into account both fundamental and second
order modes.

Figure 7 and Figure 8 present the normalized
standard deviation modal acceleration (mode
shapes normalized to unity near the top of the
building, at 0.95-H) respectively for first and
second order modes'smooth and turbulent
shear flow. It should be noted that, whilst

both graphs are presented versus the same
normalized top of the building mean wind
speed U/Ucr,1, the normalizing parameters
used in the y-axis are approximately out of an
order of magnitude from each other ((44/13)2):
this makes the response in turbulent flow
around the region of lock-in with the second
order mode (U/Ucr,1 ~ 3) approximately 40%
higher than the one driven by the fundamental
mode at the same speed. Should, as illustrated
in Figure 1, U/Ucr,1 ~1 occur far more frequent
then say once a year, U/Ucr,1 ~3 could —
depending on the type of wind climate - be
potentially of great importance for the Ultimate
Limit State design of the building. More
specifically, the peak overturning moment near
the inflection point of the second order mode
of vibration (approximately 0.5-H) could be
particularly critical and would require a closer
look through the use of non-conventional
influence lines. The criticality of this portion

of the structure could be influenced by the
surrounding buildings, especially if these
would have a height of approximately half of
the one of the super slender tower. It should
also be noted that, at high slenderness ratios,
the shape similarity between the second

order across-wind pressure modes and the
second order structural modes of the building
could influence the structural behavior of the
tower, far more than in conventional buildings
(Cammelli et al, 2016).

Model Scale Full Scale
Mode 1 Mode 3 Mode 1 Mode 3
Frequency [Hz] 13 44 0.08 0.25
Damping [%] 0.5 0.6 0.5 0.5
Modal Mass [kg] 0.165 0.274 10560000 17536000
Mode Desciption st order 2nd order 1st order 2nd order

Figure 5. Modal properties of the wind tunnel aeroelastic model. (Source: BMT Fluid Mechanics Ltd. )

&5. Modal properties of the wind tunnel aeroelastic model. (R:

BMT Fluid Mechanics BRAE)

Figure 6. Measured structural modes of vibration of the wind tunnel aeroelastic model. (Source: BMT Fluid

Mechanics Ltd. )
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Figure 7. Normalized standard deviation modal acceleration (first order mode) for both
smooth and turbulent flow. (Source: BMT Fluid Mechanics Ltd.)

B7. B EEESINRE (F—MRE) - EBRSHR R BMT Fluid
Mechanics BFRAF])

Figure 9. Normalized standard deviation modal acceleration (first order mode)

around the lock-in region (smooth flow). (Source: BMT Fluid Mechanics Ltd. )

E9. YEXEMENA—IREERSMERE (B—MRS) - B8R
(KF: BMT Fluid Mechanics BIRAF])

Another aspect of particular interest
highlighted by both Figure 7 and Figure 8 is the
far less well-defined low and high speeds lock-
in regions exhibited by the turbulent flow case
compared to the smooth flow scenario. Also,
Figure 9, which zooms into Figure 7 (smooth
flow case only), clearly shows the reconstitution
of the gust-excited behavior (U/Ucr,1 > 1.5)
immediately after the lock-in region associated
with the vortex shedding phenomenon (U/
Ucr,1 ~ 1). Figure 9 s of particular interest as, at
the low speeds at which the lock-in takes place,  1.5) &
the neutral condition of the atmosphere is
unlikely to be met and therefore the results of a
laminar flow experiment have the potential to
be of particular value.
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e MXORXENETYAEE S5

The wind-induced acceleration time-histories
measured on the wind tunnel aeroelastic
model were also analyzed making use of the
so-called Random Decrement technique
(Tamura et al. 2000) and the Random
Decrement signatures subsequently treated
using modal identification techniques (Tamura
2005) in order to identify the total damping
of the system undergoing different wind
speeds. The results of this piece of work are
summarized in Figure 10 and Figure 11: the

SERINE ZMEES 2 B RRELAEL
IR A N = A KB S A
21 (CammelliZ A2016) ,

B7MESFR AN A I—TEERIABX
RIELL,
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JTERE ML,

T 1) BERHEXEE
AORE BRI IR A IRIE T (U/Ucr,
BORSABEX AT, EREME
TBEREYRMERZA T, FIREAANEIR S
MR, RitERIRINAZEREIPIEERR

Figure 8. Normalized standard deviation modal acceleration (second order mode) for
both smooth and turbulent flow. (Source: BMT Fluid Mechanics Ltd.)

B8 I EERSINRE (E2MRE) - FBERSHR COR: BMT
Fluid Mechanics BIRAF])

Figure 10. First order mode acceleration peak factor (smooth flow) versus normalized
top of the building wind speed. (Source: BMT Fluid Mechanics Ltd. )
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Figure 11. Total first order mode damping (smooth flow) versus normalized top of the

building wind speed. (Source: BMT Fluid Mechanics Ltd. )
Bi1. E—MRSSEBSIT—HEIMNE (FaR)
BIRAF)

former shows the first order mode acceleration
peak factor whilst the latter the total first
order mode damping, both plotted versus
normalized top of the building mean wind
speed (U/Ucr,1). Of particular interest is the
flexing of both curves around U/Ucr,1 ~1:

the non-Gaussian nature of the non-linear
aeroelastic behavior of the building in this wind
speed region is very well described by the
reduction of the peak factor from ~ 4 (typical
of a Gaussian process) down to ~ 2, and by a
negative aerodynamic damping becoming,

in magnitude, almost as large as the inherent
structural damping. A similar type of behavior
was also previously reported in the literature
(Vickery & Steckley 1993). Figure 12 illustrates
the effect of a turbulent shear flow on the
peak factor: because the relatively high level
of turbulence helps minimize the level of
correlation of the vortex shedding along the
height of the tower, the reduction of the peak
factor when approaching U/Ucr,1 ~ 1 is not as
well-defined as in the smooth flow case.

The Serviceability Limit State design of super
slender towers is no less challenging than

the Ultimate Limit State design. The impact

on humans of very frequent low amplitude
wind-induced motion at structural frequencies
well below 0.1 Hz is still a very active area

of research within the wind engineering
community. In the realm of super slender
buildings, the biggest challenges associated
with the design development of robust and
effective vibration control devices are: space
requirements (space for the installation of
damping devices might be required not only
near the top of the building but potentially also
close to mid-height); space constraints (due

to the incredibly compact floor plates, these
constrains are normally a lot tighter than in less
slender structures); and effectiveness (dampers
in super slender structures might be required
to be effective over a wide range of structural

Figure 12. First order mode acceleration peak factor (smooth and turbulent flow) versus

normalized top of the building wind speed. (Source: BMT Fluid Mechanics Ltd. )

(SRR BMT Fluid Mechanics B12. E—WMEASIIRERERSSA—CETNE (EBER5HR) (&

B BMT Fluid Mechanics BIRAS)

frequencies). When aerodynamic shape
optimizations cannot be adopted, distributed
viscous dampers or active devices can ensure
that specific comfort criteria are met whilst very
effectively dealing with the above challenges.

Concluding Remarks

This technical paper has presented some of the
wind engineering challenges associated with
the design of tall buildings with slenderness
ratios in the region of 1:20, a new and almost
unprecedented model for skyscrapers currently
being explored in New York City.

The importance of both fundamental and
second order mode lock-in was discussed;
considerations on the nature of the
atmosphere during lock-in taking place on a
monthly if not weekly basis were made; the
role of the second order modes of vibration
in relation to the Ultimate Limit State design
of the super-structure was discussed;

and considerations in connection with
Serviceability Limit State design of the building
were made.

Whilst there is no doubt that the commercial
and financial success of super slender buildings
cannot be achieved without the support of
wind engineering, it is the authors’ opinion that
- should the trend of designing super slender
towers continue — in order to technically and
financially de-risk such projects, boundary

layer aeroelastic wind tunnel studies might
need to be brought forward from the Design
Development phase into Schematic Design.
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