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Overview of Procedures for Evaluating the Effect of Wind on Tall
Buildings
M. Franco”
N. Isyumov’

Wind-building interaction is governed by a number of factors"’, some of which are
related to the nature of wind, and others by geometrical, structural and dynamical
parameters of the building. A case-study is presented in which wind action upon a
155 m tall concrete building is analyzed using several approaches :
-two simplified code-based random analyses in which only the fundamental
mode of vibration is considered;
- a deterministic analysis in the time domain, in which 20 synthetic wind
excitation functions are applied to a complete mathematical model of the
structure;
- an experimental wind-tunnel study on a stiff 1:400 physical model, followed
by an analysis on two mathematical structural models
The resuits of these analyses are compared.,
The experimental information obtained is also briefly discussed in terms of:
- local wind pressures and suctions, useful for the design of cladding and
fenestration;
- wind conditions at ground level, needed to assess the suitability of the

outdoor areas.

1. Introduction.

The process of wind-building interaction is a classical problem of random
vibrations. Wind velocities at points on the surface of the structure vary with time,
fluctuating around mean values; they are defined by a number of parameters:

- geographical and topographical situation;
- ground roughness;

- power spectrum of the wind;

- spatial correlation of gusts;

- probabilistic distribution of velocities .

The power spectrum S(n) defines the power of gusts as a function of their
frequency n and of the mean velocity V,, at 10 m height on open terrain; it can be
represented by universal functions whose shapes vary slightly from author to author;
one of the best known is Davenport’s expression:

n-S(n) x’ 1200n

= , with x=—
KVi  (1+x3)" Vi

The spatial correlation of velocity fluctuations (gusts) at two points on the
surface of the building is best represented by a coherence function which varies from
+1 to ~1. Perfect correlation corresponds to the value +1, random correlation to zero
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and antiphasal correlation to -1. Coherence is given as a function of the frequency n
of the particular gust considered and of the distance Ar between the two points by:

nAr
1/Coh(n,A Z) =exp[—C v )

10
where C is an experimental coefficient. For vertical correlation, C =7.

The probabilistic distribution of velocities is gaussian:

1 I (Vv-V):
exp——"— —

216 L, P 20’

where V is the mean velocity and o is the standard deviation of the velocity V. It can
be shown that:

P(V)= dv

o’=TS(nydn

Wind pressures p, on the other hand, depend on air density p, on wind
velocity V and on the shape of the building, the latter being represented by an
aerodynamical coefficient C,:

l 2
p=-2"pV -C,.

The coefficient C, is determined experimentally by means of wind tunnel
tests on a reduced model; codes provide values of C, for a number of simple building
shapes.

The response of the building depends on its mass distribution, vibration
modes (the first or fundamental mode being strongly dominant) and damping.

Once all the wind parameters, as well as the structural and dynamical ones, are
known, a random analysis can be performed. The maximum response, in terms either
of displacements, accelerations or member forces, will be of the type:

p=u+k, o,

where T is the maximum probable value of the response of interest, | is its mean
value, K, is a peak coefficient (of the order of 3.5) and o is the standard deviation of
the response. The above equation can be written:

p=p-C,,
where C_ is called the gust factor. Once the mean response is determined using a
static analysis of the structure submitted to mean pressures, approximate peak values
can be found by multiplying mean values by C_. The gust factor is usually determined
for the amplitude of oscillation of the top of the building, and is thereafter applied to
all the other values of displacements and member forces. This is in fact an
approximation because C, may vary along the structure and is not necessarily the
same for all member forces. However, for practical engineering purposes, using a
single overall value of C_, determined as above, provides in most cases a sufficiently

good approximation.



2. Simplified random analysis.
Assuming a shape for the power spectrum and values for the spatial

correlation constants (both vertical, horizontal and along-wind), it is possible to
perform a simplified random analysis of a building of uniform geometry and mass
distribution in which only the first mode of vibration of the structure is considered.
The National Building Code of Canada® provides graphs (and the corresponding
analytical functions) that enable to find the gust factor C_ as a function of the

fundamental period T, and of the structural damping & (% of critical). A totally

analytical alternative method proposed by Solari* | in which also the total uniformly
distributed mass of the building is taken into account, leads to the determination of
C, and of the maximum acceleration & of the top of the building. Both methods can

be easily programmed for use on a small pocket calculator, such as an HP-42/S.

3. Deterministic analysis in the time domain. “Synthetic wind”.

It has been shown® that a “synthetic wind” can be created in the time domain,
starting from an assumed function of the wind power spectrum and from experimental
values of the spatial distribution coefficients. The pressure at each point of the
structure will then be the sum of a constant (mean) one with 48% of the total peak
value, plus a fluctuating one. The latter is supposed to be formed by 11 harmonic
functions, one of which resonant, whose amplitudes are consistent with the power
spectrum. The spatial distribution of the fluctuating pressures is simplified through the
use of the concept of “gust size”. The phase angles of the 11 harmonics are defined
by random numbers; for each set of these phase angles a particular “synthetic wind” is
defined. Usually 20 different sets are considered, and a statistical analysis of the
results is then performed. The duration of the wind is of about 60 min.

The structure can be defined quite realistically; it can be computer-modeled by
frame elements as well as by shell and solid ones; elastic foundations can be
introduced; as many modes as deemed necessary can be used, as well as modal
damping; second order effects can be considered; for each “synthetic wind” a time
history for every joint displacement and acceleration (linear or angular in both cases),
and for every member force, is produced. Gust factors C, are found to vary from

member to member, in some cases substantially.

4, Wind tunnel model analysis.
The wind response of a building can be determined experimentally by tunnel

tests in a turbulent boundary layer flow simulating natural wind acting on a scale
mode! in which the shape and the approximate dynamical properties are represented® ;
in this case the model is an aeroelastic one. Usually only the first mode of vibration is
modeled, concentrating the elasticity and damping at the base of the structure. More
refined results can be achieved in special cases by modeling more than one degree of
freedom; the Sears Tower, for instance, was modeled with 21 d.o.f at the Boundary
Layer Wind Tunnel Laboratory of the University of Western Ontario (Canada).
Aerocelastic models, however, are quite expensive and therefore wind tunnel
tests are usually performed on a stiff (aerodynamical) model, in which a great number
of pressure taps is installed. The model is mounted on a circular basis corresponding




to a ~ 500 m radius on which the surrounding landscape is modeled with precision;
the far-off upwind terrain is modeled for each particular wind direction according to
its actual roughness. Tests are performed for all wind azimuths, with angle increments
of 10° as follows:
4.1, At each tap and for every wind direction the time history of the pressure during
about 60 min is recorded. Integration of the simuitaneous pressures upon the surface
of the building provides the time histories of wind forces, including torsion.
4.2. These forces are then applied to a mathematical model derived from the
following data:
4.2.1.The first 9 vibration modes (eigenvectors) and the corresponding periods
(eigenvalues); these are computed using a complete model of the building
(SAP-90, STRAP or other programs are used); second order effects shouid be
taken into account.
4.2.2. Mass distribution (including torsional) along the height of the building.
4.3. A statistical treatment of the output is then performed and the following results
are obtained:
4.3.1. Standard deviation of the linear accelerations oy, G,y in the principal
directions as well as of the torsional acceleration G, .
43.2. Assuming a peak factor k,=3.8 maximum_accelerations are then
obtained for each wind direction: d,d , ,d,, . The acceleration at the outmost
comer #,, is also evaluated. All accelerations are computed for the
uppermost occupied floor and are significant for the assessment of comfort at
that level.
4.3.3. Mean deflections and the corresponding standard deviation for both the
X and Y directions and for torque are obtained. Maximum_ and minimum
values are then computed assuming a peak factor 3.8.
43.4. Maximum and minimum base moments Myand M,, and_torque
moment M, are likewise computed for each wind direction, starting from
mean values, standard deviation and peak factor 3.8.
4.3.5. Equivalent static wind forces f,, and f, distributed along the height of
the building as well as distributed torque moments m,, are statistically
computed, in such a way that with a small number of weighted combinations
of these values all worst cases are safely covered” .

It is common practice in engineering to base the design of a tall
building on the independent action of wind loads estimated along particular
directions of the building. Unfortunately, this convenient assumption is an
oversimplification as for any particular wind direction the building is expected
to experience simultaneously acting forces in the along and across-wind
directions, as well as a torsional moment.

For members governed only by wind induced forces in one particular
direction, extreme member forces or load effects can be obtained using the
respective independently acting x and y lateral forces and the torque about the
vertical axis. Generally, however, the wind induced stresses or load effects for
a particular member resuit from a combination of the wind forces in the two




sway directions and the wind induced torque. Typically the maximum load
effect for member i can be expressed as:
Emﬂ: :(CYI M}' +C‘i M‘ i CTi IVIT )

where F, = the maximum load effect or stress for member i due to

max

wind action,
M, .M ,M; =the wind induced moments due to x, y and T forces.

Ci1CysCq, = the influence coeflicients which relate the stress or
force effect for member J to the wind induced moments
M,,M, and M, respectively.
Using available test data it is still convenient to evaluate F,  from the
maximum values of the independent acting wind forces. The peak value of the
stress or load effect in such a case can be expressed as.
K. =¢]C,M,+C, M, +C; M,
where ¢ is a load combination or “joint action factor” which allows for the
reduced likelihood of the simultaneous occurrence of maximum x, y and
torsional effects. The magnitude of this joint action factor can be estimated
from the available test data using the following expression:
#(R)

I, M, (R)|+ |C., |9, (R)] +]C., M, (R)

where ¥ (R) is the actual member force or stress for member i for return
period R and where the denominator is the value of K, estimated from the

combination of the independently acting maximum values of R?ly,lfflx and MT

for the same return period.

The introduction of the load combination factor ¢ resuits in significant
simplifications in the load cases which must be considered for design.
Typically, the design would be based on the independent action of effective
static wind loads acting in particular directions of the building. In view of the
importance of the dynamic response these directions are taken to coincide with
the orthogonal principal axes of the building. A combined load case with an
appropriately selected joint action factor would be examined. Based on
existing information, joint action factors of about .80 to .85 and about .70 to
.75 would be appropriate for load cases involving the action of two or three
independent wind loads respectively, as follows:

Load Cases “Load Combination” Factors
X Force Y Force Torsion
X Loads 1 0 0
Y Loads 0 1 0
Torsion 0 0 1
X +Y Loads 0.85 0.85 0
X + Torsion 0.85 0 0.85
Y + Torsion 0 0.85 0.85
X + Y + Torsion 0.75 0.75 0.75




4.4. Finally, the above load combinations are statically applied to the complete
mathematical mode! (SAP, STRAP, TQS or other), in which the entire structure is
modeled as precisely as possible; the analysis will be performed taking into account
physical and geometrical nonlinearities. All worst-case member forces will then be
available for design purposes. The program may be one that automatically performs
reinforcement calculations and outputs constructional drawings for the entire
structure.

5. A case-study: the North Tower of the Centro Empresarial Nacoes Unidas
(S.Paule).”

We will now analyze the North Tower of CENU using the different

approaches described above.
5.1. The structure. This reinforced concrete tower (fig.1, 2 and 3) is 154.30 m tall
above ground and has a total height, measured from the top of the foundations, of
174.05 m. It consists of a central core and a peripheral “tube” formed by stiff facade
columns (1.24 m x 1.24 m from the foundation to the first floor and 1.24 mx 0.90 m
above the first floor) braced by 0.60 m wide x 0.80 m high beams (in the lower floors
the height is limited to 0.60 m for architectural reasons). Lateral forces are efficiently
resisted by the combined effect of the core plus the “tube”. The foundation consists of
a great central raft supporting the core, plus isolated direct foundations for the
peripheral columns. The soil is a stiff clay with an allowable compression stress of 100
kN/m? for gravity loads, which can be increased (according to the Brasilian
Foundations Code) to 130 kN/m? for the combined effect of gravity loads + wind
loads. An important setback exists in the fagade from the 28th. floor up.

Initially the structure was modeled and processed using the SAP-90
PLUS® program both for gravity and for lateral wind loads as per the Brazilian Wind
Code NB-599°. A dynamic analysis considering P-A effects determined the
following first, second and third natural periods:

Direction YY (along the simmetry axis): T, =645s

Direction XX (perpendicular to dir. YY): T,=634s

Direction ZZ (torsion along vertical axis): T,=4.10s

These periods varied slightly in later analyses, owing to small modifications
introduced in the structural design.

The top displacements due to mean code wind ( V,, =25m/ s) were found to

be:
wind dir. XX: f (X mean = 7:04Cm
wind dir YY: vy menn = 361
™ Centro Empresarial Nagdes Unidas - North Tower.
Developer: Tishman Speyer-Método-Funcefl
Archilect: Botti/Rubin
Structural design: 1. Kassoy & M. Franco
Foundations: Consultrix
IIEVAC: MIIA
Contractor: AKYO



5.2. Simplified random analyses.

5.2.1. National Building Code of Canada method.

- total height:
a) - direction XX calculations

- width (assumed constant), dir. XX wind;

- period:
- damping:
- basic mean wind velocity

- terrain roughness type:
- computed gust factor:

- computed dynamic displacement:
b) - direction Y'Y calculations

- width (assumed constant), dir. YY wind:

- period:
- computed gust factor:
- computed dynamic displacement:

- 5.2.2. Solari’s method.

- total mass of the building:
a) - direction XX calculations
- computed gust factor:

- computed dynamic displacement:

b) - direction YY caiculations
- computed gust factor:

- computed dynamic displacement:

5.3. “Synthetic wind” analysis.
a) direction XX calculations
- computed gust factor:

- computed dynamic displacement:

b) direction Y'Y calculations
- computed gust factor:

- computed dynamic displacement:

5.4. Wind tunnel model analysis.

The wind study of CENU’S North Tower was made by the Boundary Layer
Wind Tunnel Laboratory of the University of Western Ontario, Canada,’®. The
methodology was the one described in § 4. The model was built of plexiglass and 473
pressure taps were installed. Fig. 4 shows the model and in fig 5. the immediate
environment can be seen, mounted on a circular basis corresponding to a 500 m
radius. Figs. 6, 7 and 8 show the model in the tunnel; upstream terrain roughness
corresponds respectively to open country (exposure A, fig.6), suburban area
(exposure B, fig.7) and urban (exposure C, fig.8). The purpose of the study is mainly

to determine, for several return periods:

H=174.05m
W=5431m
T=6.34
£=2%
V,,=25m/s
B

C_=2.20

W=6491m
T=645s
C_ =215

fyv g =261x2.15=20.7cm

M=985x 10° kg

C, =205
fix gin = 7-64x2.05=15.7cm

C,=2.04
fyy ain =9-61x2.04=19.6cm

C,=2.09
fyx i = 7-64x2.09=16.0cm

C, =211
=961x2.11=20.3cm

fYY.dln




a) local pressures and suctions_on exterior surfaces; these findings are being used in
the design of the facades’ cladding and fenestration (see fig 9, in which worst-case
suctions in kPa are shown for the west fagade).
b) wind velocities at ground floor level around the building in order to assess comfort
conditions (see fig.10, in which week exceedances at 16 hot-wire anemometers
located at the ground floor are shown and compared to comfort criteria; probes 2 and
6 show conditions roughly corresponding to open country).
¢) maximum corner acceleration at the uppermost floor. It was found to be of 16
millig for a return period of 50 years, which is quite acceptable in terms of motion
perception.
d) overall structure loads and responses; this part of the study is the one that will be
discussed in some detail, as follows.
541 DPressure coefficients. Maximum, minimum and mean pressure
coefficients were determined for all azimuths at each of the 473 pressure taps.
Fig.11 shows the results for taps 1 to 48.
5.4.2. Forces in the X. Y_and torsional directions were determined by
integrating the simuitaneously acting pressures at ail locations.
5.4.3. Dynamic properties of the structure were determined using the SAP-90
PLUS program. Fig.12 shows the structural SAP model used. The following
data were computed:
- mass distribution (including torsional)
- the first 9 natural vibration modes (modes 1, 4 and 7 correspond to YY
direction; modes 2, 5 and 8, to XX direction; modes 3, 6 and 9 are torsional.
- the 9 corresponding natural periods.
5.4.4. Base moments and torque (see results for dir.YY in fig.13) are then
calculated using the forces of §5.4.2. in conjunction with the dynamic
properties of §5.4.3
5.4.5. Effective statically acting X, Y and @ (torsional) wind loads (see resuits
for dir YY in fig.14) are estimated for a return period of 50 years assuming a
2% damping.
5.4.6. Final static analyses. The static equivalent forces X, Y and @ of §5.4.5.
are applied to two structural models:
a) SAP model (fig.12) with the 7 load combinations of §4.3.5.
b) TQS model (fig.15) with the same 7 load combinations, but considering +
or - signs, which amounts to a total of 20 cases.

TQS! is an integrated program which, after computing worst-case member
forces for all the load combinations defined, automatically calculates and details
member reinforcement and produces constructional drawings for the entire structure.
The results of models a) and b) are quite similar; small differences are due to the fact
that the TQS model incorporates some minor design adjustments due to architectural
changes.

Displacements of the top, computed with the TQS program are:

fyx.am =12.4cm

fyy.an =16.0cm



6. Conclusions.
It was shown that wind tunnel testing provides rich and important information
which is useful in a number of aspects of tall building design.
6.1. Local pressures and suctions. This information is of great importance for the
design of cladding and fenestration, which otherwise would be dimensioned using
code coefficients which are generally conservative (and therefore againts economy)
but which do not cover local “hot spots” where particularly intense pressures or
suctions may occur.
6.2. Wind conditions at ground level. It is a known fact that in the proximity of a
tall building great wind velocities may occur, resulting in discomfort or even, in
extreme cases, danger to pedestrians. The assessment of wind conditions at ground
level is therefore important to verify the suitability for the proposed uses of various
outdoor areas.
6.3. Maximum acceleration at the uppermost occupied floor. It is needed to assess
occupant comfort.
6.4. Structural design. This is the most important application of wind tunnel testing;
an accurate and safe structural dynamic analysis can be performed by integrating
simultaneous pressures at a great number of points on the surface of the building and
by defining 2 set of equivalent static forces whose combinations cover all the worst-
case situations. Important steel savings can be achieved, as compared with the results
obtained by simplified procedures. The example of CENU illustrates well this fact.
The horizontal displacements in cm, in the XX and Y'Y directions, computed
by the methods discussed above are respectively:

Direction Mean Random Analysis  “Synthetic  Experim. Anal.
wind NBCC SOLARI wind” SAP-90 TQS

XX 7.64 16.8 15.7 16.0 12.5 12.4

YY 9.61 20.7 19.6 20.3 15.6 16.0

The simplified random analyses following the NBCC and the Solari methods
combined with the Brazilian Code mean wind yield quite similar results, with
differences of about 7%.

The “synthetic wind” approach, although based on a totally different
methodology, also starting from the Brazilian Code mean wind, arrives at
approximately the same results as the previous ones, within a 5% margin.

The experimental model analysis approach, which takes into account the actual
terrain roughness and the real spatial correlation of gustiness, is of course the most
precise one. Displacement values computed by this method are about 12 % smaller
than those obtained by the “synthetic wind” approach, and about 23 % smaller than
those calculated by the National Building Code of Canada. Similar reductions occur in
computed member forces. Significant reinforcement savings, in the order of up to 7%
in some floors, were obtained using this refined approach.
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Fig. 1 - CENU - North Tower - Elevations
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Fig. 2 - CENU - North Tower - Typical Hloor plan
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Fig. 3 - Sign convention used in the study of instantaneous structural wind
loads




Fig. 4 - View of pressure model

Fig. 5 - View of pressure model and proximity



Fig. 6 - View of pressure mode! with exposure A

Fig. 7 - View of pressure model with exposure B




Fig. 8 - View of pressure model with exposure C
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