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A model is presented for predicting the acrosswind response of isolated
square cross-section buildings to typical atmospheric boundary layers,
over different terrains. Closed-form expressions for the auto- and co-
spectra of the acrosswind force fluctuations are formulated, based on
wind tunnel measurements. A statistical integration scheme is used to
develop a mode-generalized acrosswind spectrum for any desired approach
flow condition, i.e. open country, suburban and urban. A simplified
expression based on random vibration analysis is used to compute the
modal response. The model provides fiexibility in the selection of
appropriate input parameters, broadening the scope of its application and
serving as a useful tool for tailoring the preliminary design of tall buildings.
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It is important to recognize the unsteady nature of wind
loads in the design of buildings to ensure structural safety
and serviceability requirements. The alongwind response of
buildings can be computed using the gust factor approach.!
However, lack of a suitable transfer function between the
velocity fluctuations in the approach flow and the pressure
fluctuations on the faces of a building with separated flow
has prohibited any acceptable formulation, to date, of the
acrosswind response based on a gust factor approach.

Physical modelling of wind-structure interaction in a
boundary layer wind tunnel, therefore, continues to serve
as the practical approach relating structural response and
aerodynamic loading to properties of local wind climates.’
Quantitative description of wind loads would permit the
numerical estimation of a building response at the pre-
liminary design stages, allowing early assessment of the
structural requirements to resist oscillatory response to
ensure occupancy comfort, and assessing the need for
detailed aeroelastic wind tunnel tests. The experimental
measurement of aerodynamic forces on a scale model can
be introduced in lieu of the intractable solution of the
equations of fluid motion around the model.3"®

Reference 4 presents a detailed account of the measure-
ment of total fluctuating loads on a building using surface
pressures. A covariance (statistical) integration procedure
was used to derive the spectra of the acrosswind loads
from the numerical estimates of the auto- and co-spectra
of pressure fluctuations on the building model surface.

The model developed was limited to quasi-static loading
and did not include motion-induced aerodynamic loads.
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Such motion induced loads result from a combination

of negative aerodynamic damping and an increase in the
correlation of the fluctuating pressure on the building
surface. It is a general consensus that in most of the tail
buildings the influence of motion-induced loading is
insignificant for typical design wind speeds. However, for
exceptionally slender, flexible and lightly-damped struc-
tures at high reduced velocities, the quasi-static forcing
function developed in reference 4 may underestimate the
structural response. For these exceptional structures, the
motion-induced aerodynamic loads can easily be incor-
porated through the modification of the building mechan-
ical admittance function using appropriate values of
aerodynamic damping.® On the other hand, in view of the
significance of the motion induced loads, such structures,
which are exceptionally sensitive to wind excitation, are
generally subjected to extensive wind tunnel aeroelastic
model testing. Here, closed form expressions are derived
for the auto- and co-spectra of acrosswind forces at various
levels to develop overall mode-generalized spectra. This
procedure would provide the flexibility of changing the
power law exponent, turbulence intensity, acrosswind
force coefficients, mean wind speed and structural prop-
erties of a building, i.e. mass, stiffness, damping, frequency
and mode shapes, influence coefficients for shear and
moment as the input parameters. In this paper the validity
of some commonly used simplifications in the development
of forcing functions are examined.'®!! Response estimates
are compared with the values obtained from the spectra
derived in reference 9. This procedure can be adopted
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conveniently for desk-top computers in a small design
office.

Development of forcing function

The fluctuating acrosswind force on a building is given by:
Fylz, ) =4pUkCL(z,) A M)

where Cy(z, ) is the random acrosswind force coefficient,
p is air density and Uy, is the wind velocity at the building
height. The power spectral density function of F. Wz, b)
from experimental measurements indicates energy concen-
tration near the vortex shedding frequency and the spectral
bandwidth depends on the geometry of the building and
the approach flow characteristics.” ™3 SF,(z, n) is generally
described by a Gaussian-type expression for slender (very
high aspect ratio) structures, e.g. chimneys.’*”* Such a
Gaussian description best describes the narrow band region
around the Strouhal frequency but fails to adequately
represent the spectral energy at frequencies other than

the Strouhal frequency.

To predict the structural response for non-resonant
conditions, nD|U,, # S, which is generally the case for
buildings, the function used to represent Sr, (z, n) must
be able to describe the spectral contents over the entire
range of frequencies of interest along the height of the
structure. A number of expressions representing filtered
white noise were used to model Sr, (z, n). Due to the
asymmetry of the spectral density function, Sr,(z, n),
about the Strouhal frequency the following two expres-
sions, which are functions of the power law exponent
and turbulent intensity profile of the approach flow and
and the building height, best describe the measured values:

M = an X B8 X (n/ng)*?

= ao X B8 x (n/ng)*°

n<ng

(2

n=ng

-
wernfLf soru (3]

in which n, is shedding frequency = SU(z)/D; ¢ is the
mean square value of fluctuating acrosswind force; S is
the Strouhal number; a is the exponent term in the power
law; B is the bandwidth coefficient = 2Y21(z); and I(z) is
the turbulence intensity at height z.

The above expression is plotted in Figure I along with
the measured spectrum at the mid-height of the building.
The spectrum of the fluctuating overall acrosswind force
in the ith mode is given by:

H H o
SFi(n) = J J. f (Fy(zl’ t) Fy(Zz, I+T) e'iz""f dT)
00O
X ¢;(zy) ¢i(z2) dz, dz, 3)

The term in the brackets is the co-spectrum of the across-
wind force fluctuations at z, and z, locations; ¢;(z,)
is the ith mode shape evaluated at z;; and H is the building
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Figure 1 Predicted and measured normalized reduced spectra of
acrosswind force

height. Equation (3) is rewritten in terms of the normalized
co-spectrum:

HH
Sgfn)= j J. VS, (21, 1) S, (22, 1) Co(zy, 22, n)
00

X ¢;(z1) ¢i(22) dz,dz, 4)

in which Co(zy, 24, #) is the normalized co-spectrum, and
Spy(zl, n) is the lift force spectrum at location z,. Further
rearranging terms in equation (4) leads to the following
expression for the reduced normalized spectrum of the
acrosswind loading in the ith mode:

nSp(m) 1 ff J nSr, (21, ni/nSpy(ZZ, n)
1pU;DHY? H20 : of(z1) 0F(z2)
x Co(z1,24,n) Cp(z1) Cp(22) ¢3(21) 93(22) d21 dz,
(%)

in which:
or(z1)
}oDU},

G (z)=

the acrosswind force coefficient.

The co-spectrum for the acrosswind force is generally
an exponentially decaying function with a peak near the
Strouhal frequency.!®!* The following analytical expres-
sions, as a function of frequency and the separation
distance, are derived to match the measured values in various
boundary layer flows which are characterized by their
power law exponents and the building height:

S o e g
oo (-on(3)
frsa-af-ost-(5))]
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20n (nD nD
X |cos ——-——)—1 . — K F*
1—1T UH Uh
Az Az\"?/nD\/? nD
= Co\|—, F*) exp{—20{— (—) ;. —=2F*
H #H/ \y, U,

in which Az = |z,—z,]and F* = 1.25(1 —a)/10.

The plots for Co(Az/H, n) are given in Figures 2 and 3
for @ = 0.12 and a = 0.34, respectively.

Equations (2) and (6) are substituted in equation (5)
to obtain the spectra of the acrosswind loading for the
linear mode shape. The predicted as well as the experi-
mental spectra are given in Figures 4 and 5 for open
country and urban environments. The measured and the
predicted values are in good agreement, especially in the
frequency range of tall buildings.

An important feature in the model presented here is
the choice of approach flow characteristics and the building
height. This broadens the scope of applications and makes
this model highly useful for tailoring the preliminary
design of an isolated tall building in any desired environ-
ment. In Figure 6 a set of typical spectra, based on equation
(5) for the fundamental mode, are presented for a building
with an aspect ratio of 1:6 in open country, suburban, and
urban flow conditions.

In the following section some commonly used simpli-
fications in the formulation of mode-generalized spectra
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Figure 2 Normalized predicted co-spectra for open country flow
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Figure 3 Normalized predicted co-spectra for urban flow
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are examined. The first such simplification introduces a
pressure correlation length scale in equation (5) to facilitate
evaluation of a two-fold integral by reducing it to single-
fold. The second simplification is a procedure for adjusting
a mode-generalized spectrum from one mode shape to
another without re-evaluating equation (5).

Equation (5) can be simplified on the assumption that
the spanwise correlation of the acrosswind force is small
compared with the building height and that it is frequency

independent:
_nSp(n) J‘ J’ JnSpy(z,, n) [nSp(z,,n)
[1pUhDH]2 H? 027(21) 0f(z2)

X 8(z1—22) NCp(21) Cp(22) 9z 1) $i(z2) dz; dz,
(7N
In equation (7) the co-spectrum is replaced by a function

of separation distance §(z,—z,) A, in which §( ) is a Dirac
delta function and A is the length scale of the spanwise
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Figure 4 Predicted and measured mode-generalized spectra for
open country flow
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Figure 5 Predicted and measured mode-generalized spectra for
urban flow
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Figure 6 Mode-generalized spectra for open country, suburban and
urban flow conditions

acrosswind force. The Dirac delta function is used for
mathematical convenience here, since integration of the
co-spectrum, assumed to be only a function of separation
distance, with respect to height, reduces to a pressure
length scale. This substitution reduces two-fold integration
in equation (5) to the following single integration:

H
nSr,(n) =lJ‘nSFy(z,n)
(3pU;DH]? 1‘120 o (2)

i@ k) dz (8

Acrosswind spectra obtained from the simplified procedure
(equation (8)) and the full-equation approach (equation
(5)) are compared in Figures 4 and 5. The simplified
procedure provides extremely conservative values. In as
much as the co-spectrum is a function of separation dis-
tance and the frequency, the assumption which led to
equation (8) may have oversimplified the procedure.
Methods based on such assumptions should therefore be
viewed carefully.

However, it is important to note that these models may
predict accurately the resonant response of a structure
excited by a narrow band forcing function. Hansen'® has
used a similar approach for predicting the resonant response
of a tall chimney due to vortex shedding. In such a case,
at the resonant frequency the co-spectrum is only a func-
tion of separation distance which justifies the use of
equation (8).

The mode-generalized spectra, i.e. those obtained from
equation (5), can be modified to any desired mode shape
without re-evaluating the two-fold integral. This modifica-
tion also becomes necessary when only a mode-generalized
spectrum is available in a mode shape which differs from

the desired shape, and it is given by:

1 A 5
Sr, @ = [ Sra) V) dz
0
H
C=| ¢*z)dz )
I

in which ¢(z) is the original mode shape; Y(z) is the modi-
fied mode shape, and the second subscript in Sg(7)
represents the mode shape with respect to which the
spectrum has been weighted.

However, it appears that the validity of this simplifica-
tion is influenced by an increase in the nonlinearity of the
mode shape, i.e. departure from linear mode shape. A similar
expression for adjusting the linear mode generalized spectra
to any desired mode shape has been given in reference 15.

In Figure 7, the modified values and that obtained from
the solution of the complete equation (§) are compared for
two different mode shapes. Results show good agreement.
Nevertheless, for most of the building structures the pro-
cedure given in equation (9) can be used to adjust a given
spectrum for any desired mode shape. A commonly
occurring problem in structural dynamics, in which such a
modification becomes necessary, has led to the verification
of the procedure given in equation (9) for which equation
(5) provides a good reference for comparison.

Prediction of response

The acrosswind dynamic response can be computed using
random vibration theory. The mean square response is
given by:

a},(r)(z) = f Sy(r)(z, n) dn (10a)
0

Syn(esm) = L 6} HY ()Sg ) (10b)
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Figure 7 Comparison of predicted and adjusted mode-generalized
spectra
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in which IH,-(r)(n) |is the frequency response function in
the jith mode for rth derivative of displacement response;
r=0,1, 2, 3, represents displacement, velocity, accelera-
tion and jerk components of response. Sr,(n) is given by
equation (5).% If only the fundamental mode of vibration
is of interest then i =1 and the summation of equation
(10) is reduced to a single value. Equation (10) involves a
two-fold integration to evaluate Sg,(n) and a single integral
to compute the mean square value. This integration can
be expeditiously carried out using a Monte Carlo pro-
cedure.'® The integration in equation (10a) can be also
performed using the residue theorem-

t@)=Y HE)) ”niSFi("i) (227"1;')2’
i AQmy)TEm;
in which SF;(n;) is the generalized forcing function in the

ith mode evaluated at the jth frequency; §; is damping ratio
in the ith mode:

H

my = f m(z) 6*(z) dz

0

(11)

the generalized mass in the ith mode; and r denotes the
derivatives of displacement response.

Equation (11) not only eliminates the computational
effort required in integrating equation (10), but also limits
the evaluation of equation (5) to the resonant frequency.
This leads to a very significant reduction in the computa-
tional time for evaluating the acrosswind response and
makes this procedure attractive for microcomputers.

The expected peak value of acrosswind response can be
obtained from theoretical considerations of the probability
of extreme values and is generally expressed as a product
of a peak factor and the rms value for each mode (e.g. peak
factor generally varies between 3 and 4). For structures
with well-separated frequencies, the SRSS (square-root of
sum of squares) method of combining modal maxima gives
acceptable values. In the absence of well-separated fre-
quencies, which is unlikely for typical tall buildings, a more
realistic method of modal combination can be used which is
based on random vibration theory. The procedure of modal

combination is essentially a cross-modal coefficient (normal-

ized response covariance matrix) weighted summation of
modal maxima. This approach, however, requires the
computation of the response covariance matrix.

Example

Consider a square cross-section building with linear mode
shape for which H= 180 m; D= 31 m; natural frequency,
n=0.2 Hz; building density = 192 kg/m?; air density,
p=0.973 kg/m3; and ratio of critical damping, £=0.01.

Equation (10) is used along with the spectra in Figure 6
to obtain estimates of acrosswind response. The predicted
response for a range of wind velocities and corresponding
response estimates given in reference 9 are plotted in
Figure 8. The results indicate excellent agreement and
suggest the proposed model is valid.

The response of the aforementioned building was also
computed assuming a different mode shape, Y = (z/H)S,
in suburban environment (o= 0.25) for comparing results
with the numerical and experimental estimates given by
Kwok,® and Saunders and Melbourne.® Equation (5) was
used for adjusting the mode generalized spectrum to
conform to the new mode shape. The predicted response
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Figure 9 Comparison of predicted and experimental rms
acceleration response

is plotted in Figure 9 and it shows good agreement with
the predicted and experimental estimates given in refer-
ences 8 and 15.

Conclusions

The analytical expression for the acrosswind spectrum
reported here provides a basic formulation of the forcing
function for isolated square cross-section buildings of
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aspect ratio equal or greater than 1:4 for typical design
wind speeds.

The model provides flexibility in the selection of appro-
priate input parameters, broadening the scope of its
application, and providing a useful tool for tailoring the
preliminary design of isolated tall buildings in any desired
flow condition. The response predictions based on the
proposed model offer excellent agreement with earlier
studies.® %15

The study indicates that the mode-generalized spectra
for typical tall buildings can be adjusted for different mode
shapes by a simple transformation.

It is also concluded that the simplification which leads
to the formulation of the acrosswind forcing spectrum,
obtained through the introduction of correlation length
scale, may lead to significant overestimation of the struc-
tural response.
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