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quasi-static calculation of the wind loads. Pressure coefficients, which are

derived from wind tunnel measurements, and a design wind speed, are used to
compute the wind loading. The codes of practice give the pressure coefficients and the
guidelines of deriving the design wind speed from factors, which are specific to the site
namely basic wind speed, topography, ground roughness and height above ground. The
concept of design wind speed is simple but it overlooks the resonant vibrations caused by
the wind. The paper discusses a procedure of incorporating the time and spa tial variations
of the wind pressure distribution in the computation of the response of rectangular
cladding panels to wind loads. The panel is subdivided into several portions. For each
portion, the Davenport spectrum for wind velocity and the Shinozuka procedure for
generating stationary random processes with specified spectral density are used to
generate a random function, which simulates the fluctuating wind velocity at that portion.
For the purpose of simulating the spatial variations in the wind pressure distribution on
the cladding panel, the random functions differ from portion to portion. The correlation of
the wind velocities at two different portions on the panel is described with the help of a
correlation matrix. The finite element method is used to formulate the equations of motion,
which are finally solved using the Newmark numerical integration procedure. Analysis of
various cladding panels using both procedures showed that the maximum displacement
obtained by the dynamic procedure is more than twice the maximum displacement
obtained by the quasi-static procedure. The results of the analysis indicate that there is a
need to base the design and analysis of cladding panels on a dynamic procedure. The
results also indicate that to assess the performance of existing cladding panels, one should
use a dynamic analysis because the quasi-static static analysis can lead to wrong
conclusions.

i -' Y he analysis and subsequent design of cladding panels is traditionally based on

Keywords: mean square value, wind spectrum, cross correlation, correlation matrix,
numerical integration

with Eurocode 1: Part 2.4 the wind pressure acting

INTRODUCTION on a surface is obtained from :
Wind_ loading is the main force, which‘a‘?ls on W, A Eef c,(2)-c, R
cladding panels. Therefore accurate prediction of 2
the performance of such panels to wind action 4.
depends very much on the mathematical model
used to describe the wind forces. we = Wind pressure acting on the surface
P = air density

Currently the codes of practice give guidelines of
computing the wind pressure if the terrain
roughness, topography and height above ground of
the site are known. For example in accordance

vref = reference wind velocity

ce(z) = exposure coefficient accounting for the
terrain and height above ground

z = reference height

Cp = pressure coefficient
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It is to be noted that the wind pressure given by
Equation [1] is static. However, wind is known to
vary randomly both in space and in time. Therefore
Equation [ 1] can not give a realistic estimate of the
response of the cladding panels to wind loading
because it does not cover the vibrations, which can
be caused by the wind.

The paper discusses an analytical procedure of
predicting realistically the performance of cladding
panels to wind loading. The analysis is done in the
time domain and it is based on generated random
series, which simulates the wind velocity.

The panel is subdivided into several portions.
Using the Davenport spectrum (Davenport 1961)
of wind velocity fluctuations, the Shinozuka
procedure (Shinozuka 1971) of generating
stationary random processes with specified
spectrum 1s used to generate a random time
function, which represents the fluctuating wind
velocity at each portion. The random functions
vary from portion to portion in order to simulate
the spatial variations of the wind velocity.

THE AERODYNAMIC FORCES ON THE
CLADDING PANEL

The wind forces on the cladding panel can be
expressed in the most general form as:

F=Fp+F, 2)
where Fp = Drag force component of the wind
action

F, = Self excited forces that arise from Aero
elastic phenomenon

In this study the self-excited forces were neglected.
The drag force is given by (August ef al. 1986):

Fgcr)=%-p-cn-A-[5+l{r)—ﬁ<rJJ2+CM-P;,-,-p-f»R(r)

(3)
where: p = density of air, A = Area of the cladding
panel, V- = Volume of air participating in the
motion of the panel, v = mean wind velocity, v(¢)
= fluctuating component of the wind velocity,
w(t) = velocity of the panel due to wind
action, v, (t) = relative velocity (;+ v(t)-w(1)),

v, (t) = relative acceleration, C), = drag coefficient
and Cy = virtual mass coefficient .

Taking into account the small density of air and
the volume of air participating in the motion of the
panel, the second term of Equation [3] has been
neglected in this study. Furthermore, one can
assume that (v(t) = w(t))<< v (Sockel, 1984).
With these assumptions, Equation [3] takes the
form:

FD(1)=%-,0-CB'A-§2+A';J-C;,-G«L(!)uA-p-C“-i-f‘.(l)
(4)

where C,, = Drag coefficient for the mean

wind velocity

C, = Drag coefficient for the fluctuating
component of the wind velocity
C,  =Coefficient for the aerodynamic damping

force

Neglecting the aerodynamic damping force the
aerodynamic force on the panel becomes:

FD(I)zé-p-CD-A-FE +4-p-Ch-7-¥(t) (5)

Equation [5] indicates the following:

* The time histories of the wind velocity are
among the essential inputs in the analysis of
structures under wind action.

It is convenient to separate the wind velocity
into two components, namely a mean wind
velocity and deviations of the actual wind
velocity from the mean. Various researchers
have made this has observation. For example
according to (Simiu ef al. 1986) the wind
velocity can be expressed as:

V)=v +v(1) (6)

where V(1) = the wind velocity, ¥ = mean

velocity and v(t)= deviations from the mean

* Since the wind velocity is random both in
space and time, the basis of the input data for
the wind velocity can only be the statistical
characteristics of wind because it is not
possible to get a single time history, which can
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reproduce the spatial and temporal variations
in the wind velocity.

WIND CHARACTERISTICS

The statistical characteristics of the wind velocity,
which form a basis for the dynamic analysis of
cladding panels under wind loading are the mean,
the mean square value, the auto correlation
function, the power spectral density (power
spectrum), and cross correlation function.

THE MEAN WIND VELOCITY

The mean wind speed is the basis of static analysis
and design of structures. It varies with the height
as represented by the mean wind velocity profile.
According to Davenport et al 1988),
(Rauscheweyh 1982) and (Zuranski 198 1) the
mean wind velocity profile can be represented by
the following empirical power law.

f—z=[—z—] )
Vio 10

where v,= mean wind velocity at a Height z m
above the ground.

Vo =reference wind velocity at a height of
10 m above the ground in a free field

z = height above ground in meters

o= roughness coefficient (o = 0.16 for
open country, a = 0.28 for woods, villages
and towns, o = 0.40 for city centres)
(Davenport et al. 1988).

It is to be noted that the parameters o in Equation
[7] depend on the roughness of the terrain. Thus
the wind velocity profile for an open country is
different from the wind velocity profile for the
central areas of big cities, where there are many
windbreaks. The reference velocity is usually
defined for a 10-minute-mean value and a return
period of 50 years (Rauscheweyh 1982).

Figure [1] shows a vertical profile of mean wind
speed for parts of Dar Es Salaam with many wind
breaks e.g. the city centre. The figure is based on a
basic wind speed of 27m/s, which is reported in
(Lwambuka 1991).

THE MEAN SQUARE VALUE

In the study of wind effects on structures the wind
can be treated as a stationary random process
(Davenport 1961). Therefore, the mean square
value of the velocity fluctuations can be
approximated by the time average (William 1988):

s T
2 _Lra
Y= T'([v ()dt (8)

THE POWER SPECTRAL DENSITY

The power spectral density describes the frequency
composition of a random variable. According to
(William 1988) the power spectral density of a
random variable x(?) is defined as the mean-square
response of an ideal narrow-band filter to x(?),
divided by the bandwidth 4f of the filter in the
limit as 4f —0 at the frequency f{Hz). Thus, the
power spectral density of the wind velocity
fluctuations can be defined as:
(3 lim L ¥
v(f) A v (11)
From Equation [11] it follows that the mean
square value of the wind velocity fluctuations is
equal to the sum of the power spectral components
over the entire frequency range i.e.:

vE=[8,(/)df (12)
0
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» /
2
/
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Figure 1: Profile of the Mean Wind Speed
for Parts of Dar es Salaam with Many
Wind Breaks
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Various spectra for the wind velocity fluctuations
have been proposed in the literature (Davenport
1961), (Simiu et al. 1986), Peil et al. 1997),
Kaimal et al. 1972) and (Harris 1971). The present

work has used Davenport Spectrum (Davenport
1961)

K'F]O 4'.1'2

S()= ; (13)

(l +x° )5
Where f= frequency

vio = velocity at standard reference height
of 10m

K= drag coefficient referred to mean
velocity at 10m

.- 12007

Vo

THE CROSS CORRELATION FUNCTION

The spatial variations of the wind velocity at two
different points i and j on the panel can be

described by the cross correlation function, which
is defined as:

T
1
Ry =£,i'né}—£v,-(t)-vj(!+f)dr (14)

Where

vi , v;= Fluctuating component of the wind
velocity at points i and j respectively

T = delay (William 1988), (Rauscheweyh
1982):

According to (Davenport 1993) and (Saul et al.
1976) the cross correlation of wind velocity
fluctuations can be expressed as a function of
separation, 4r, of the two points j and i. When
expressed as a function of separation it takes on
the form (Davenport 1993):

Ar

Lu

R,vi=e (15)

in which Ar = Separation, and Lu = Length scale
describing the spatial extent of the wind gust.

According to (Davenport 1993) Lu = 30m-60m
approximately.

ANALYSIS OF THE STRUCTURAL
RESPONSE OF CLADDING PANEL TO
WIND LOADING

In this study the Finite Element Method (FEM)
was used to analyse the response of cladding
panels to wind loading. The analysis involved the
following steps:

* Subdividing the cladding panel into several
rectangular elements

e Generation of artificial wind velocity histories,
which have the spectral and cross-correlation

properties of the natural wind, at the centre of
each element.

e Determination of the aerodynamic wind
pressure on the panel

¢ Formulation of the equations of motion of the
cladding panel

e Solving the equations of motion using the
Newmark step-by-step numerical integration
procedure to get the structural response.

GENERATION OF TIME HISTORIES OF
WIND VELOCITY FLUCTUATIONS

Using the Shinozuka procedure (Shinozuka 1971),
time histories of the wind velocity fluctuations
were generated in three steps namely:

* Generation of N uncorrelated processes
Y={Y\() Y>(1)....Y{1)....... Yn(t) }, where Nis
the number of elements, which will be used to
analyse the cladding panel and ¥;(1) represents

the time history of the wind acting at the centre
of element i,

Determination of the target correlation matrix
for the cladding panel

* Transforming the uncorrelated processes to
correlated processes
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GENERATION OF UNCORRELATED
PROCESSES YAT)

Each process Yi(1) is simulated by the substitution
M

Y, (1) = A cos2afyt + @) (16)
k

where

i = indicates centre of element i of the
finite element model of the cladding panel

Yi(1) = Random process representing the
wind velocity.

1 = time.

M = Number of intervals into which the

frequency range of the wind velocity
spectrum has been divided.

k = the number of a frequency interval.

/i = the value of the frequency in the

centroid of interval k in cycles/second as
illustrated in Figure 2 below.

Ai = Amplitude of the harmonic
component with the frequency 7, .

@, = random phase angles, uniformly
distributed between 0 and 2.

From the requirement that the statistical properties
of the random processes Y(7) should be equal to
those of the natural wind, the spectrum of the
natural wind together the definitions of the mean
square value of the wind velocity fluctuations in
the frequency domain and in the time domain, are
used to compute the unknown amplitudes A4,

In the time domain the mean square value is given

As (1)

Figure 2:The Wind Spectrum as Applied in the
Simulation of Time Histories

by Equation [4] as:

yE =2 [qucus(wuw,u] di (17)

T
But Ay cos(2af l +¢,4) and
Ap cos(27f gt + ;) are independent for a#p.
Therefore
2 Lim
Y= cos’ (2t + @y ) di = ==
i TIZA* 2+ 0u Z

(18)

In the frequency domain the mean square value is
given by Equation [12] as:

L= B0 M
Y,.szs,.(f)qf:ZS,.(ﬁ)-Af (19)
0 k

From Equations [18] and [19] one gets the
following expression for calculation the
amplitudes A4; of the harmonics present in the
wind.

S

k

M

Zs (fi)-&f (20)

From Equation [20] it follows:

A =2-8,(fi)- & (21)

GENERATION OF CORRELATED

PROCESSES ¥(T)

The uncorrelated processes ¥(#) are transformed to

correlated processes w(1) by a linear
transformation:
v()=HeX(1) (22)
Where

) = i) vi)..vi)..vw) =

Correlated wind velocity fluctuations

Y1) = (Y1) Yxu)..Yi(1)..Ys1)" = The
uncorrelated processes generated above

H=an N x N transformation matrix

The elements of matrix H are obtained with the
help of Equations [14] and [15]:
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Using Equation [14] the correlation matrix of the
wind velocities at different points on the panel is
given by:

7

Lim -I—
T T

Hy YT 4 di

1%
R = L:’m—]y-vrrﬂ'
r-.oTu -

or

T
R= H-|Limt y-¥l.a |-H2*
r-.nTn

(23)
Since the processes Y(1) arc independent it follows
-
| .

that Ryy= Lim—[Y-¥" .dt is a diagonal matrix

T0T 0
and its (i,i) value is the variance of the i* process
Yi(1). This variance is given by Equations [10] and
[19] i.e.

ow

M
ol =¥ = [S,()df =Y. S,(fi)- o
k

0

(24)

Since the same spectrum S,(f) was used to generate
the processes Y1) (i = /... N) it follows that

2

= 2 2 2 2
O, =0, ™0, Sy essansis =0, =constant=o, where

1

o! is the variance of the wind velocity

fluctuations. Therefore the correlation matrix of
the correlated wind velocity fluctuation v(z) takes
the form:

R-ol H.I.U (25)

The elements of the transformation matrix ff are
obtained from the requirement that the matrix
should be equal to the cross correlation matrix of
the natural wind, which is given by Equation [15]
L.

rfl),
R(ij)= e lu
Where

R(ij) = cross correlation of the wind
velocities at points i and j on the panel

(26)

r,; = distance between the two points

Lu = Length scale as defined in Equation
[15]. (In this study a value of Lu = 45m
was used)

For convenience purposes a triangular matrix is
chosen for the transformation matrix. In that case
the clements of the matrix are easily obtained
recursively.

Figure 3 shows a time history of the generated
wind. In the said figure, a mean velocity of 30m/s
has been added to the generated wind velocity
fluctuations. The spectrum of the generated wind
is compared with the spectrum of the natural wind
in Figure 4.

Figure 4 shows that the spectrum of the generated
time history is very close to the spectrum of the

Velocity [mvs)

't

10°

0 200 400

600

800 1000 1200

time [sec)

Figure 3: Time History of Generated Wind
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Figure 4: Spectrum of the Generated Wind is compared
with the Spectrum of Natural Wind

natural wind. Therefore it can be used without a lot
of reservations in the time domain analysis of
cladding panels under wind loading.

DETERMINATION OF THE
AERODYNAMIC WIND PRESSURE ON
THE PANEL

The wind pressure is obtained from Equation [5]
as:

P(;):%-p-co-Fz+p-CL-\7-v(£) @7)

whereby P(t) is the total wind pressure on the
panel. Equation [27] can be written as:

P()=F+ p(t) (28)

=2

where E:%-p-cp-v is the mean wind

pressure and p(t)=p-v-Cp-v(r) is the
_ 1 -
fluctuating wind pressure. From p = 5" p-Cpy-v

one can derive the following expression for the
fluctuating wind pressure:

oy p C, ~
pt)y=p-v-Cp -v(r)=2-$.?f.p(,)k
Z'E'Za'v(‘) (30)
WV

where zﬂ=c—” is defined as aerodynamic
D

magnification function (Rauscheweyh 1982).

According (Sockel 1984) y, =1 when determining

local wind effects. On these grounds a value of
Z,=1 was used in this study to obtain the

following expressions for the wind pressure on the
cladding panel:

-p-C,-v% and p(t)=2-Z.v(1) (30)
Vv

b | —

E:

Where C, = pressure coefficient obtainable from

the codes of practice, v is the mean wind speed
appropriate to the region where the panel is, v(¢)is

the fluctuating component of the wind velocity that
was generated as described above.

FORMULATION OF THE EQUATIONS OF
MOTION OF THE CLADDING PANEL

Formulation of the equations of motion was based
on the Hamilton’s principle, which may be stated

as (Link 1986)
i t2
fé'(l'li +l'I"—I—lk)dr+j-c)Wncdt=0 (31)

Ul N

where T1'= Strain energy of the system
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IT° = potential energy of conservative
external forces (in this study wind load).

IT* = Total kinetic energy of the system

W.c= work done by non conservative
forces (in this study only damping force)

¢ =variation taken during a specified
time interval,

Expressing IT', T1°, IT* and W, in terms of the
appropriate structural properties gives:

n*:%u,’-x-u:
n=-y’.p
ﬂ":%U,T-M.U,

W,.=UT.F, (32)

where U, = Vector of the nodal

displacements at time t
K = Stiffness matrix of the cladding pane
M = Mass matrix of the cladding panel

P = Vector of the equivalent nodal wind
loads

Fp = Vector of damping forces
Substituting Equation [32] into Equation[31] gives
)

f{&(% u,” ku, —%U,TMUf -U,"Pj+w,fpa}dr =0
1

(33)
The variation in Equation[33] and the subsequent
partial integration of _l'(,}r " M-U, -at leads to

MU, +F,+KU, =P (34)

In this study the damping forces were assumed to
be proportional to the velocity of the panel. With
this assumption Equation [34] takes the final form

MU, +CU, +KU, =P, (35)

where C is a damping matrix, which was assumed
to be equal to the Rayleigh damping. The Rayleigh
damping has the form (Klaus-J rgen 1986):

C=kiM + kK (306)

where k; and k, are constants, which are
determined by two consecutive natural
frequencies, whose damping ratios are known,
They were computed by solving the following
simultaneous cquations:

k| +k2f0,—3 = 2' !)J 'ﬂ)'.-

ki +kyw? =2-D; o, (37)

with @ two consecutive natural

frequencies

sy =

D; D; = Damping ratios of the natural
modes / and .

The damping ratios used in this study were
obtained from [20].

SOLUTION OF THE EQUATIONS OF
MOTION OF THE CLADDING PANEL

The Newmark numerical integration procedure
was used to solve the equations of motions. The
procedure is based on the cquations of motion at
time +Ar and following finite difference
relationships:

Ugsary =U, +U, -m+[({}.5~ﬂ)-Uf +,3-umm]-m3

(38)
Uean =Uy +[1-8), 00,y | 80 (39

where
At = time step

U. Unvay = vector of the nodal
displacements at time ¢ and at time ¢+ A
Ul ’ U; ¥ UH.\r ‘Urb.\r

acceleration vectors at time ¢ and at time
+ A

5, B
The equations of motion at time r+ A are given
by:
MU”I“ e CUH.\.- +KU,,, =P,

velocity  and

= interpolation parameters

(40)

+Ar
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The accuracy and stability of the Newmark's
method depends on the selected time step (Ar) as
well as on the interpolation parameters (6. ). The
method 1s unconditionally stable if (Klaus-J rgen
1986)

,5211 and f<025(5+05) (@1

Furthermore the time step At should be small
enough 1o cnsure that the response in all modes.
which significantly contribute to the total
structural response, is calculated accurately. In this
study the following values were selected:

. =025 and Ar =0.025s.

Aa=05

To obtain the displacements, velocities and
accclerations at ume 1+ A, Equations [38] and
[39] were used to express U, ,, and U, ,, interms
of the known displacements, velocities and
accelerations at time ¢ and the unknown
displacement U, 4.

From Equation [38]

o l : 1 : I "
{ 1+ :ﬂ_.&f_s(U“M “L')——Eur —[‘).,_,_l} /

B 2p
(42)
or
U,y =W, n -U,)-bU, -b,U, (43)
h by ' B s and
where = = =—,
) par 1 BAI
1
by =| —-1
(557

Equation[42] is substituted into Equation[39] to
get

o S S . i g
o=t 1P
(44)

or
Uny = bJ(Una.r -Uy)- b-tU, —bsg; (45)

B )
where b =—— h =[-—l] and
Y MRV

Equations [43] and [45] arc now substituted into
Equation [40] to give the following sct of
cquations:

(M-t + C-by + KUy y = By + MR, + AU, 5,0, )+
(b, + b0, b0, (46)

Equation[46] is solved simultancously to get the
displacements at time 7+ A which arc finally
substituted into Equation [43] and [45] to get
respectively U, , and U,, ., .Theinitial conditions

arc normally assumed to be stationary 1.c.

U,r=|| - U;:n = Ur:n =0

NUMERICAL EXAMPLE

For the purposc of illustrating the difference
between results obtained by the static analysis and
those obtained by the dynamic procedure, a simply
supported panel of size 3m x 0.9m with a
thickness of 5 mm will be analysed. The
parameters for the analysis are summarised in
Table 1.

Figurc 5 shows the results of the quasi-static
analysis, which is based on the code of practice
Eurocode I: Part 2.4. The figure shows that the
maximum displacement at the centre of the pancl
is around Gmn.

Assuming stationary initial conditions, an artificial
wind that was gencrated as discussed above was
used to determine the dynamic response of the
panel to wind loading. The dynamic analysis was
performed for a total period of 60 seconds. The
results of the dynamic analysis are shown in
Figures 6 and 7. Figure 6 shows the time history of
the displacement at the centre of the panel for
various damping ratios while Figure 7 shows the
deformed shape of a panel with a damping ratio of
0.1 % at various moments.

Figures 6 and 7 illustrate the following:

(i) The initial response of the panel to the wind
loading is erratic and it is considerably higher

Uhandisi Journal Vol. 26, No. 2, December 2003
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Table 1: Parameters for the Numerical Example

Material Youngs Modulus of Elasticity =205 kN/mm’
properties Poisson's Ratio =03
Density = 78.5 kN/m’
Damping Ratio =0.1%
Wind Mean Wind Velocity =30 m's
Characteristics | Density of air =1.25 kg/m’
Pressure CoefTicient ( a- ) =0.8
Wind Velocity at height of 10m =30 m/s
(Vin)
Drag coefficient ( ) =0.005
Variance of Velocity Fluctuations =27.0 [m's]

STATIC ANALYSIS: DEFORMATION OF THE PANEL

Maximum Displacament = 5827 mm

Displacement [mm)]

o0

x-coortinate [m] z-coordinate [m]

STATIC ANALYSIS DEFORMATION IN THE MIDDLE

A1 ™
/ N

N

= 5827 mn

w
N

Displacemen! [mm)
= -

Clispl.

| —]
—

=]
|

02 04 08 08 B
-Coordinae [m]

o

Figure 5: Static Response due to mean wind pressure

than the static response. For the damping ratios
0f0.1%, 0.5% and 1% the maximum response
is respectively 13.97mm, 13.16mm and 13.04
mm. Compared with the maximum
displacement of 5.827 mm, which was
obtained from the quasi static analysis, the
maximum dynamic response is more than
twice the maximum displacement given by the
quasi static procedure.

(i1) In Figure 6 it is observed that the duration of

the erratic behaviour depends on the damping
present in the system. If the damping ratio is
0.1 % or less the panel behaves erratically for
more than 60 sec but if the damping ratio is
1% the panel behaves erratically for only 10
sec.

(111))The damping has no effect on the mean

response of the panel to wind loading and has
very little effects on the maximum response. It
is seen in Figure 6 that the maximum response

of a panel with a damping ratio of 0.1% is
13.97mm and the maximum response of a
panel with a damping ratio of 1% is 13.04.
Thus, the damping ratio increased ten times
but the reduction in the maximum response is
less than 1 mm.

CONCLUSIONS

The following conclusions are drawn based on the
numerical results obtained from the numerical
example:

1. The imual displacements of cladding panels to
wind loading are erratic and considerably
larger than the displacements given by the
quasi-static analysis. After a short period,
which is determined by the damping in the
system, they become fairly consistent with the
fluctuating wind load and their magnitudes are
very close to the mean values.
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Figure 6: The Influence of the Damping on the Response of the Panel to Wind Load

2,

The mean value of the dynamic response is
very close to the response obtained from the
quasi-static analysis.

The design of sensitive cladding panels such as
glass and assessment of the structural integrity

of existing cladding panels should be based on
a dynamic analysis because the quasi-static
analysis can not reproduce the initial response,
which is large and erratic.
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Figure7: Dynamic Response: Shape of the Panel at Various Times due to Wind Force (time

is measured from the moment when the wind hit the panel)

4. Since a mathematical model is used to
simulate the fluctuating wind velocity and
pressure in this study, using real measured data
of wind velocity and wind pressure will
provide more accurate dynamic response of
cladding panels to wind loading.

5. The study can be extended to cover various
factors, which can lead to a non-linear
behaviour such as large deflections of the
panels and gaps, which may be between
adjacent panels.

NOMENCLATURE
A = Area of the cladding panel in [m?]
A = Amplitude of the harmonic component

with the frequency 7, in [m/s]

C, = Drag coefficient for the mean wind
velocity in [-]
Cb = Drag coefficient for the fluctuating

component of the wind velocity in [-]
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C,,  =Coefficient for the aerodynamic damping ~ »(®) = [vi(1) va(t)...v(1).. .vN(t)]T = Correlated
force in [-] wind velocity fluctuations in [m/s]
ce(z) = exposure coefficient accounting for the ~ Var = Volume of air participating in the motion
terrain and height above ground in [-] of the panel in [m’]
E,, = pressure coefficient in [-] v, (t) =relative velocity in [m/s]
. _ : .. 2
¢ = pressure coefficient in [-] v, (t) =relative acceleration in [m/s’]
F. = Selfexcited forces that arise from Aero ~ Vrr = reference wind velocity
elastic phenomenon in [N] Y(t) = Random process representing the wind
Fp = Drag force component of the wind ""?100“3’ in [m/s]
action in [N] Y = (Y1) Vo). Y()..Yu®) = The
Fp = Vector of damping forces in [N] uncorrelated processes in [m/s]
Cy = virtual mass coefficient .[-] a = roughness coefficient
i = the value of the frequency in the centroid p = interpolation parameter
of interval & in [cycles/second) ) = interpolation parameter
H =an N x N transformation matrix [-] At = time step in [sec.]
K = Stiffness matrix of the cladding panein ~ Ar = Separation in [m]
™M . .
[RM] ) @,  =random phase angles in [rad], uniformly
ki = Lengiipesle in [m] distributed between 0 and 27
o = Mass matrix of the cladding panel in K =drag coefficient referred to mean velocity
(ke] o
at 10min [-]
P = Vector of the equivalent nodal wind . o
loads in [N] q P = air density in [kg/m’]
RGy) = cross Acorre.lation of the wind velocities at REFERENCES
points i/ and j on the panel
r,; = distance between the two points 1. Augusti, G., Bormi, C., Marradi, L. and
r ¢ , Spinelli, P.: On the time domain analysis of
Ui "~ VecFor of the nodal displacements at wind response of structures, Journal of Wind
time £ in [m] Engineering and Industrial Aerodynamics, 23,
U,  =Vectorofthenodal velocities at time £ in 449-463, 1986
[m/s] 2. Clough, R.W., and Penzien, J. 1993 Dynamics
) ) ) of Structures 2nd Edition McGraw-Hill, New
U, = Vector of the nodal accelerations at time York.
. 2
tin [m/s’] 3. Davenport, A.G.: Spectrum of Horizontal
v = mean wind velocity in [m/s] Gustiness near the Ground in Strong Winds,
v, = mean wind velocity at a Height z m Quart. J.R. Met. Soc. Vol 87, 194-21, 1961
above the ground in [m/s] 4. Davenport A.G. and Novak, M. Vibration of
a _ £ the wind Structures Induced by Wind. In Cyril M.
W) = fluctuating component of the win Harris: Shock and Vibration Handbook Third
velocity in [m/s] Edition McGraw-Hill Hamburg, New York,
Toronto 1988
68 Uhandisi Journal Vol. 26, No. 2, December 2003



Prediction of The Response of Rectangular Cladding Panels To Wind Loading in the Time Domain

10.

11.

12.

Davenport A.G: The response of slender
structures to Wind, Proceedings of the NATO
Advanced Study Institute at Waldbronn,
Germany, Wind Climate in Cities, 1993.

Eurocode 1: Basis of design and actions on
structures. Part 2.4: Wind actions

. Hams, LR. The Nature of Wind, The Modern

Structures:

and

Design  of  Wind-Sensitive
Construction  Industry  Research
Information Association, London. 1971.

Kaimal J.C., Wyngaard CJ., Izumi. Y. and
Cote R.O.: Spectral Characteristics of Surface
Layer Turbulence, Quart. J.R. Met. Soc, 98,
563-589, 1972

Klaus-Jirgen  Bathe:  Finite-Elemente-
Methoden, Springer-Verlag, Berlin, Tokyo
Heidelberg, New York, 1986

Link, M: Finite Elemente in der Statik und
Dynamik, B.G.Teubner, Stuttgart, 1989

Lwambuka, L. Evaluation of Wind Data
Records to Predict Extreme Wind Speeds in
Tanzania, Proceedings of the 13th WFEO
General Assembly and Intemational Congress

on Alleviation of Natural Disasters Arusha
1991

Peil, U. Telljohann, G: Dynamisches Verhalten
h her Bauwerke inb igem Wind, Stahlbau 66,
Hefi(3), 99-109,1997.

13.

15.

19,

20.

. Simiu, E. Scanlan, RH. Wind effects

. Sockel,

Rauscheweyh, H., Dynamische Windwirkung
an Bauwerken Bauverlag, Wiesbaden, Berlin,
1982.

- Saul E.W , Jayachandran, P. and Peyrot, A H.:

Response 10 Stochastic Wind of N-Degree Tall
Buildings. Joumnal of the Structural Division
ASCE Vol. 102(ST5), 1059-1075, 1976.

Shinozuka, M.: Simulation of Multivariate and
Multidimensional Random Processes; The
Journal of the Acoustical Society of America,
49, 357-367,1971

on
Structures. John Wiley & Sons, New York
Chichester, Singapore, 1986

H: Aerodvnamik der Bauwerke,
Vieweg&Sohn, Braunschweig, Wiesbaden,
1984

. T. von Karman: Progress in the Statistical

Theory of Turbulence, Proceedings of the Nat.
Acad. Of Sciences, 530-539, Washington D.C.
1948.

William T. Thomson, Theory of Vibrations
with Applications 3rd Edition, Prentice Hall
Englewood Cliffs New Jersey 1988.

Zuranski, JA, Windeinflusse auf
Baukonstruktionen 2, Auflage

Verlagsgesellschaft Rudolf Miiller Kéln-

Braunsfeld 1981.

Uhandisi Journal Vol. 26, No. 2, December 2003

69



