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ABSTRACT

An evaluation and comparison of seven of the world's major building codes and standards is conducted
in this study, with specific discussion of their estimations of the alongwind, acrosswind, and torsional
response, where applicable, for a given building. The codes and standards highlighted by this study are
those of the United Sates, Japan, Australia, the United Kingdom, Canada, China, and Europe. In addi-
tion, the response predicted by using the measured power spectra of the alongwind, acrosswind, and tor-
sional responses for several building shapes tested in a wind tunnel are presented, and a comparison
between the response predicted by wind tunnel data and that estimated by some of the standards is con-
ducted. This study serves not only as a comparison of the response estimates by international codes and
standards, but also introduces a new set of wind tunnel data for validation of wind tunnel-based empiri-
cal expressions.

1.0 Introduction

Under the influence of dynamic wind loads, typical high-rise buildings oscillate in the alongwind, across-
wind, and torsional directions. The alongwind motion primarily results from pressure fluctuations on the
windward and leeward faces, which generally follows the fluctuations in the approach flow, at least in the
low frequency range. Therefore, alongwind aerodynamic loads may be quantified analytically utilizing
quasi-steady and strip theories, with dynamic effects customarily represented by a random-vibration-
based “Gust Factor Approach” (Davenport 1967, Vellozzi & Cohen 1968, Vickery 1970, Simiu 1976,
Solari 1982, ESDU 1989, Gurley & Kareem 1993). However, the acrosswind motion is introduced by
pressure fluctuations on the side faces which are influenced by fluctuations in the separated shear layers
and wake dynamics (Kareem 1982). This renders the applicability of strip and quasi-steady theories
rather doubtful. Similarly, the wind-induced torsional effects result from an imbalance in the instanta-
neous pressure distribution on the building surface. These load effects are further amplified in asymmet-
ric buildings as aresult of inertial coupling (Kareem 1985). Due to the complexity of the acrosswind and
torsional responses, physical modeling of fluid-structure interactions remains the only viable means of
obtaining information on wind loads, though recently, research in the area of computational fluid dynam-
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ics is making progress in numericaly generating flow fields around bluff bodies exposed to turbulent
flows (CWE-92 and CWE 96).

Clearly, a disadvantage to physica modeling is the time, cost, and resources required to conduct a wind
tunnel analysis. Furthermore, in the preliminary design stage, a number of building shapes are evaluated
and estimates of their response due to wind are cal cul ated, using the resulting response as a criteriato nar-
row the building shape choices by eliminating those which are aerodynamically unfavorable. Wind tun-
nel testing of al of these models would not be feasible. Thus, major building codes and standards around
the world have begun to develop empirical relationships to produce an estimation procedure to evaluate
the acrosswind and torsional dynamic responses in preliminary design, with the understanding that fur-
ther wind tunnel testing during the final design may be necessary. Thus far, only Japan treats the along-
wind, acrosswind, and torsional responses, while Australia and Canada have addressed both the
alongwind and acrosswind response in their current standards. On the other hand, the United States and
European standards only treat the alongwind direction. Understandably, the development of generalized
eguations for acrosswind and torsional dynamic responses, based on wind tunnel testing, is a valuable
addition to any standard, serving as a cost-effective and time-saving tool in daily design.

It is of interest then, to examine the major international building codes and standards, their treatment of
dynamic effects, and how well those estimates compare with measured data. Such comparisons of the
suggested procedures given by codes and standards with wind tunnel data, for large collections of actual
buildings tested under both isolated conditions and in their actual surroundings, and comparisons with
full-scale data have been reported in the literature by Loh & Isyumov (1985), Ferraro et al (1989), Lee &
Ng (1988), and AlJ (1996), among others. This study presents an examination of seven mgor building
codes and standards: the Australian Standard: Minimum Design Loads on Structures (known as the SAA
Loading Code) (1989), the National Building Code of Canada (1995), the European Prestandard: Euro-
code 1: Basis of Design and Actions on Structures (1995), the British Standard: Loadings for Buildings
(1995), the ASCE Minimum Design Loads for Buildings and Other Structures (1995), the China National
Standard (1987), and the Architectural Institute of Japan (AlJ) Recommendations for Loads on Buildings
(1996). A discussion of their treatment of dynamic effects and comparison of their calculated gust factors
for a sample building is conducted, concluding with an assessment of their ability to predict the aong-
wind, acrosswind, and torsional accelerations at the top of amodel building, when compared to responses
estimated from wind tunnel data. In total, this paper provides a guided tour regarding the usage of the
standards and a critical evaluation of the codes' treatment of dynamic effects.

2.0 Discussion of Existing Standards

2.1 General

Many aspectsinvolved in the estimation of wind loads are held in common by the various codes and stan-
dards. Instead of commenting on them repeatedly, they will be highlighted here. First, all the standards
break the terrain of any given site down into 3 to 5 categories which will affect the wind characteristics at
that location. The design wind speed, associated with one or arange of mean recurrence intervals, used in
analysis by each of the codes is typically the product of the basic wind speed and factors to account for
the geographic location, topographical effects, and surface roughness, etc.
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Wind gustiness introduces dynamic load effects which the codes and standards account for by factoring
up the mean loads by a gust factor. Both time and spatial averaging play an important role in the develop-
ment of gust factors. For avery small size structure, a short duration gust, which completely engulfs the
structure, e.g. a 3-second gust, may be adequate to account for the effects of gustiness, in which case the
gust factor is unity. On the other hand, if the wind averaging interval is higher, e.g. 10 minutes or more,
the averaged wind exhibits less fluctuations, and accordingly the gust factor is greater than unity. This
departure from unity is affected not only by the averaging interval, but also by the site terrain and the size
and dynamic characteristics of the structure.

Furthermore, it should also be noted that while all of the standards reference their wind speed at 10 m
above ground in a flat, open exposure, each uses gusts of different duration. The British and Canadian
standards use the mean hourly wind speed in design, while the European Prestandard, the China National
Standard and the AlJ Recommendations all use a 10 minute mean wind velocity. The ASCE7-95 Stan-
dard references a 3 second gust, as does the Australian Standard, though, in the latter case, thiswind is
later converted to a mean hourly wind for subsequent calculations of dynamic pressure and the gust fac-
tor. As aresult, for any adequate comparison amongst standards, there must be proper adjustment of the
reference velocity.

A gust factor, based on extreme value excursion statistics, representing the most probable or mean
extreme wind velocity value or its resulting load effect, is used for determining equivalent static loadings.
This approach relies on stochastic dynamics theory to trandate the dynamic amplification of loading,
caused by turbulence and the dynamic sensitivity of the structure, into an equivalent static loading. The
maximum expected wind speed or attendant load effects during an interval T may then be expressed as
the summation of the mean value and the RMS value multiplied by a statistically-derived peak factor
(Kareem 1987). For example, the expected maximum mean value of a random variable, X, related to
loading or responseis given by:

Xmax = >_(+ng (1)
X S
G:XTaX=1+ng @)
X X

where g isthe peak factor, s, isthe RMS value of X, and G isthe gust factor. s, represents the area under

the power spectral density of X which can be described in terms of the background and resonant compo-
nents. For example, in the case of response, the background component would represent the response due
to the quasi-steady effects, while the resonant contribution would denote the response resulting from
dynamic amplification, though the relative contribution of each component depends on the dynamic char-
acteristics of the building under consideration. Typically a stiffer building would have major contribu-
tions from the background component, whereas for a more flexible structure, the resonant part would
dominate.

In the formulation of wind loads, typically the quadratic term introduced by the fluctuating component of
wind isignored. Should this term be retained, it would influence the description of the peak factor which
otherwise is derived based on Gaussian assumptions. Detailed treatment of the modeling and contribution
of this quadratic term is given in Kareem, et. a (1997).
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In this study, the peak and RM S accelerations estimated by each standard were found using their most
detailed dynamic procedure. Thus, while al the standards provide a smplified procedure, only detailed
dynamic wind analysis will be discussed herein. Furthermore, an attempt has been made to retain the lan-
guage and notation presented in each standard when discussing their respective methodologies, since ter-
minology varies internationally.

2.2 Australian Standard (1989)

In the Australian Standard (Australian Standard 1989), both an alongwind and acrosswind response may
be found following the determination of the design hourly wind speed (V,), as determined by:

where V is the basic wind speed pulled from regional maps, M(Z, cat) 1S an hourly mean wind speed mul-
tiplier for aterrain category at height, z, M isashielding multiplier, M; is the topographic multiplier for

hourly mean wind speeds, and M; is the structural importance multiplier. The values of each of these
terms may be found in appropriate tables in the standard.

The alongwind response of tall buildings and towers is to be determined by the gust factor approach,
based upon the fundamental mode of vibration, which has an approximately linear mode shape. The use
of the gust factor allows for a quick determination of the peak base overturning moment, found simply by
multiplying the mean base overturning moment by the gust factor (G). The gust factor is defined as:

G = 1+1,/g2B(1+w)’ + (gf SE) 2 @

where:
* risaroughness factor described by:

N
i
<

D
<l
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r=-— (5)
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with g‘%"g, the turbulence intensity, and Mt the topographic multiplier, provided in tables;

* g, isthe peak factor for upwind velocity fluctuation taken as 3.7,

» B isthe background factor which measures the slowly varying background component of the fluctuat-
ing response caused by the lower frequency wind speed variations, described by:
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B = L ®)

1 + 436h” + 64b°
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with h and b being the height and width of the structure, respectively, and L, being the measure of the

_ _ _ oh 605
effective turbulence length, givenby L, = 1000é10ﬂ ;

» wisafactor to account for the quadratic term in the fluctuating component of the wind, given by:

_gsr4/B
W =

4

(")

» g isthe peak factor, the ratio of the expected peak value which occurs once per hour to the standard
deviation of the resonant part of the fluctuating response, given by:

g = ,/2In(3600n,) (8)

with n, being the fundamental frequency in the alongwind direction;

» Sisasizefactor to account for the correlation of pressures over a structure, described by:

S= L ©
& 3.5n,h0e  4n_bo
1+ —— :§,1+ —
e V, e V,, 2

and \7h is the design hourly mean wind speed at the building height, h;

» Eisaspectrum of turbulence in the approaching wind stream, defined as:

0.47N

E=— %
(2+N)

(10)

. . naLh
and N is an effective reduced frequency, — ;

h

» and z isthe structural damping capacity as afunction of the critical damping ratio, tabularized in lieu
of actual estimates.

While the peak and RM S accelerations in the alongwind direction are not specifically given by the stan-
dard, they may be found in the commentary by Holmes, et al (1990). In thisreference, it is assumed that
the peak displacement may be estimated by dividing the peak moment by M;:

x=M _ M (11)
M %r bdh?(2pn,)?
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where r isthe building density, d is the building depth.

The peak moment, M , is determined by multiplying the mean moment, M, by the gust factor, G. This

mean moment is found by summing the moments caused by the forces, Fz, resulting from the mean pres-
sures on the faces of the structure as determined by:

Fz = § Cp oA, (12)

where Fz isthe hourly mean net horizontal force acting on abuilding or structure at height, z, Cpearethe

pressure coefficients for both windward and leeward surfaces, obtained from tables, g, isthe free stream

hourly mean dynamic wind pressure resulting from the design hourly mean wind speed at height z, \7Z

described by q, = 0.6(\72)2x10_3 ; and A, isthe area of the structure at height z.
The peak alongwind acceleration is then given by:
a, = x(2pn,)° (13)

from which the RM S acceleration in the alongwind direction may be found by dividing by the peak fac-
tor.

Unlike many of the other codes considered, the Australian Standard also provides some estimation of
acrosswind effects, with the peak acceleration (a, ) at the top of a building (with nearly constant mass per
unit height) given by:

N

1.5g,q,,b
a, = %(0.76+0.24k) /[(pC;,) vz (14)

(6]

where terms previously not defined are: q,, the hourly mean dynamic wind pressure at the building
height, h, k is the exponent from representation of the fundamental mode shape as y (z) = g%gk, Cisisthe
acrosswind force spectrum coefficient generalized for alinear mode, and m,, is the average mass per unit
height of the structure. The acrosswind force spectrum coefficients for buildings with rectangular cross
section may be taken from actual spectra plotted as a function of non-dimensional frequency provided in
the standard for square shapes (with aspect ratios of 6:1:1 t0 9:1:1 and 3:1:1) and rectangular shapes (with
aspect ratio of 6:2:1 and 6:1:2) for turbulence intensities of 0.12 and 0.20 at 2/3 of the building’s height.
However, should the building of interest not fall within one of the aspect ratios given above, interpolation
between the provided spectrais permitted.

An additional provision is supplied for the combination of alongwind and acrosswind responses, yielding
an expression for scalar structural effects such as axia loads in columns, which sums the load effect of
the mean response in both the alongwind and acrosswind directions with another term involving the sum
of the squares of other related parameters including the gust factor for the alongwind response.
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Commentary: This standard also does an excellent job of explaining what the parametersin each expres-
sion represent and their working units. The expressions and tables are easy to follow, making the calcula-
tion of the gust factor and the corresponding overturing moments and accelerations not incredibly taxing.
Also to the credit of this standard, it does provide a means to estimate the acrosswind response of a struc-
ture using cross-wind force spectrum coefficients generalized for alinear mode; however, the force spec-
trum must be determined from a provided spectra for only a limited number of shapes and aspect ratios.
Asaresult, interpolation must be used if the desired aspect ratio does not correspond to those provided or
nearest shape must be selected to approximate the force spectrum coefficient if the desired shape is not
available. As wind tunnel tests on severa buildings of varying dimension have shown, the spectra can
vary greatly, so the interpolation of a given spectra adds some uncertainty to the acrosswind estimate.
The acrosswind force spectral amplitude is very sensitive to the level of turbulence in the approach flow
and the building aspect ratio, with a summary of wind-tunnel measured data reported in Simiu and Scan-
lan (1996) highlighting thisfact. This sensitivity is particularly important, since various wind tunnel stud-
ies, though apparently having similar approach characteristics, differ in details regarding the variation of
turbulence along the model height. Finally, the Australian Standard is the only one which includes the
contribution of the square of the fluctuating velocity component.

2.3 Architectural Institute of Japan (AlJ) Recommendations (1996)

As true of the other standards considered, the AlJ Recommendations (AlJ Recommendations 1996)
employs the gust factor approach, which, for the purposes of this study, will be determined by Detailed
Procedure 1, in which the resonant response generated by the fluctuating wind force is not negligible.
Once the mean wind pressure is determined, Detailed Procedure |1 may then be used to find the gust fac-
tor, given various assumptions in the estimation of the alongwind response, including that of alinear fun-
damental mode, negligible aerodynamic damping, and a power law representation of the mean wind
speed and turbulence intensity. The gust factor may then be expressed as:

G = 1+, /Bi + R (15)

where g is the peak factor is calculated via:

g = 2Ian+ﬂ@ 2Inv,T+ 1.2 (16)
f f f

2Inv, T

with T being the observation time, which for a 10 second gust is 600 s, and v; defined as the zero-level
crossing rate which is described in the 1993 Recommendations (AlJ Recommendations 1993) as:

Vi = Ny /Bij'Rf (17

inwhich ng isthe natural frequency for the first trandational mode in the alongwind direction, and B; and
Ry are the background excitation and resonance factors, respectively, that, while typically expressed by
multiple integrals, have been estimated by approximate expressions:
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Bf = 1—‘ 1@, k = :, 033, H3 B (18)
{ 1+51(L, o/HB) *(BH)"y | -033,H<B
i b
R, = b F 19
f 4nf3f (19)
with
0.84 4(nol-H DUH)

St and F = (20)

" [1+21(nHoU,)}{1+21(n,BU,,)} 56

{1+71(n L, 2U,)°}

..0.5
Here, L isthe turbulence scale, Ly, = 1003%8 | H isthe building height, B is the building width, S is

the size reduction factor, and ry is the critical damping ratio.
Finally, ry isafactor for the fluctuating wind speed, described by:

3+ 3a
2+a

‘ Iy (21)

where a is the power law exponent for the boundary layer of interest and the turbulence intensity at the
building height, I, may be taken as a tabularized value based on terrain category when the structure’s

height isless than Z,,, defined in the standard, in that terrain category. For cases where the building height
lies somewhere between Z,, and the gradient height (Zs) in that category, the turbulence intensity at the
building height is defined by:

I, = 0.1(Hozg) 2 %% 22)

Tamura et a (1996) provides a method to determine the RM S acceleration of the structure:

_ 2 Ry
sy(2) = (2pn,)~s,(2) B+R (23)

where s, isthe RM S response of the structure, which may be approximated by:

g,CpBH 2
SREl ol berey LR @

where:
» f(x) isthe mode shape;
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» Cpistheaongwind force coefficient, found by appropriate techniques,

» Kisthe moda stiffness;
* b isthe mode exponent;
» Zg, thereference height, is taken as the structure’s height;

» and IR, the turbulence intensity at the reference height, would thus be the turbulence intensity at the
building height.

Peak accelerations are then simply found by multiplying by the appropriate peak factor, taken as:

gy = ./2In(600n,) + 1.2 (25)

Since quasi-steady theory fails to predict the acrosswind and torsional responses, they must be instead
determined from empirical expressions. The acrosswind vibration and its resulting load are estimated
using the data of RM S overturning moments in that direction derived from wind tunnel tests for rectangu-
lar buildings of various aspect ratios up to 6. From this, an expression for the acrosswind RMS accelera-
tion was devel oped:

— Bz
where mis the mass per unit height, zisthe height at which the RMS acceleration is being calculated, gy
is the dynamic wind pressure given by the appropriate formula for the terrain category of interest, C, ' is
the RM S overturning moment coefficient in the acrosswind direction, given by:

C.' = 0.0082(D DB)3—O.071(D rJB)2 +0.22(D =B) (27)
and R_isgiven by:
pF_
R = — 28
L an, ()

where n¢ isthe critical damping ratio for the first translational mode. A computation equation is provided
for the wind force spectrum factor, F| , shown to agree reasonably with those of wind tunnel studies:

2 <
F = é’Nl 4k; (1 + 0.6b)b; (ny mng) Nz 1LDB<3
2,2 2 2 A '
=1 P {1-(nymy)?} " +4b’(n, my) 1 2,DoB3 3
i
i k,»0.85
i 17 (29)
1 k,»0.02
|
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b; relates the band width and ng represents the peak frequencies (i.e. vortex shedding frequencies). These
guantities are described by empirical relationships as functions of the side ratio D/B:

U

ng = 0.12 e FH (30)
{1+0.38(D oB)}
U
N, = —(Di,:;SOBSFH (31)
4
b. = (D oB) L 012 -
4 2 D aB

1.2(D oB)* —1.7(D 8B)” + 21

b, = 0.28(D oB) > (33)

where Uy isthe velocity at the building height.

Upon comparison with full scale data, AlJ has determined that the values produced by Eq. (26) are within
+30 %.

The empirical expression for the torsional response was also based on a set of wind tunnel studies paral-
leling those mentioned above. In this case, the experimental data was collected on the response angle
acceleration, and anon-dimensional expression for this accel eration was introduced which appliesonly to
buildings which have negligible eccentric effects. Following the same assumptions of the acrosswind
analysis, atorsional response angle acceleration may be estimated by:

. = 2r CT'ngA/BDK
! Lr /g

wherer istheair density, r ,, is the building density, L isthe larger of B or D, n, is the natural frequency
for the first torsional mode, n is the critical damping ratio for the first mode, C;' is the RMS torsional
moment coefficient, given by:

(br+2)
U (34)

C; = {0.0066 + 0.015(D oB)%} ", (35)

U" isanon-dimensional design wind speed at reference height (u,, «(n,/BD) ), and K1 and b are reduced
coefficients for response angle acceleration:
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—1.1(D =B) + 0.97

+0.17, [U* £4.5]

|
|
| 2
Kr = | (D oB)” + 0.85(D ©B) + 3.3 -
! (DB) 016 + 235 0005 [6 £ U* £10]
i (DoB)*+0.96(DB)+042 DB
(DB)+38 01, 014, [U* £45]
(DoB)*+51(DoB)+91 DB o

0.44(D =B)? — 0.0064

: A +0.2,[6£U* £10]
(D oB)* —0.26(D oB) + 0.1

|
.I.
!
!
|
|

In comparison with full scale data, the values produced by Eq. (34) are shown to typically overestimate
the measured angular tip acceleration by 30%.

Commentary: The AlJ recommendations are fashioned more as a “teaching code,” providing a detailed
description of the procedure alongside the steps themselves. The code does an excellent job of devel oping
the theory behind the expressions presented and defining their range of validity and should be com-
mended on being the only to provide expressions for both the acrosswind and torsional RMS accelera
tions, however, a methodology for determining the displacements and accelerations for the alongwind
direction needsto be more clearly defined in the current standard with all necessary parameters and meth-
odologies, including the determination of the velocity and pressure at the building height for any cate-
gory. In addition, AlJ should be commended for showing comparisons between the empirical
relationships used in the standard and full scale datato confirm their validity.

2.4 National Building Code of Canada (1995)

As with the standards discussed previously, the National Building Code of Canada (National Building
Code of Canada 1995) defines two separate procedures for the estimation of wind loads on structures - a
simplified or detailed procedure. The detailed analysis is an equivalent procedure based on wind tunnel
test results and should be used for light-weight buildings or those of extreme height, with low frequencies
or suffering from low damping, and proceeds as follows.

Once the reference wind pressure (q) is determined, which provides the static pressure intended to pro-
duce the same load effect as the dynamic resonant response to the actual fluctuating component of the
wind, the peak alongwind acceleration may be determined by:

_ KsF&3.9 ('ja-gceq)('j
% gp/\/ C,b€2+aeDr 2 39

where
» Kisasurface roughness coefficient to account for the terrain roughness;
* bisthefirst mode alongwind critical damping ratio;

Dynamic Wind Effects: A Comparative Study of Provisionsin Codes and Standards with Wind Tunnel DataMarch 15, 2001 11



a isthe boundary layer exponent for a particular terrain;
D isthe structure’ s depth;
r g isthe structure’'s density;

g isthe peak factor which may be taken from figuresin the code or calculated by:

0.577
g, = ~/2InnT + (39)
P J2InnT

with T, the sample time, taken as 3600 s, and n, the average fluctuation rate, given by:

sk
n=n |——— 40
°)/sF +byB (40

where n,, is the fundamental natural frequency and B is the background turbulence factor obtained
from figures in the code or by:

4914DH 1 1
X
B=4 dx (41)
3 0 xH xw{ 244
1+ X011 L XWH g
0 457 120 (1 =X)

where H and W are the structure’ s height and width, respectively.

F isgust energy ratio at the natural frequency, taken from plots or calculated by:

X5

F = — % (42)
(1+x;)

and X, = (1220n,8V,,) (43)

where V is the mean wind speed at the top of the structure;

sissize reduction factor which may be taken from plots provided in the code or calculated by:

s=B 13 1 (44)
3|~ 8nH|. 10nW
1+ 1+
3V, Vi,

refg

reference height for the specific terrain category (values of the exposure factor may also be pulled
from plots provided in the code);

.a
Ccisthe exposure factor, which varies for each category and is proportional to gezio where Z,«isa

and q isthe reference velocity pressure given by:
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q-= cV (45)

where the factor C is a constant depending on the atmospheric pressure and the air temperature and V
isthe reference wind speed.

RM S accelerations may then be found by dividing the peak acceleration by the peak factor.

The dynamic factor (Cg), or gust factor, is defined as:

Cg =1+ gp(s am) (46)
where:
- SFo
(sam) = 2% F (47)

where Cgy is the same exposure factor defined above, simply evaluated at the building height.

Having recognized that, while the primary deflection may be in the alongwind direction, the acrosswind
acceleration significantly affects occupant comfort and serviceability, the Canadian Code provides an
expression for this acceleration at the top of the building based on a variety of wind tunnel studies. In
order to determine the peak acrosswind acceleration, the following formulais provided:

('j

= nwgp«/ DQ

(48)
e g W

where previously undefined terms include:

* n, and byy, the first modal frequency and ratio of critical damping, respectively, in the acrosswind
direction;

* (, acceleration due to gravity, taken as 9.8 m/s%;

» and a,, defined as:

3 V, 33
a, = 78.5x10" H (49)
n,,~WD

RMS accelerations may then be found by dividing by the peak factor, which, for the Canadian Code,
remains unchanged from that calculated in the alongwind direction.

Commentary: A large part of the detailed procedure pulls required values from figures, allowing much
room for human error, especially in the log-log plots, though, for the most part, exact equations are inset
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on each figure for a more precise analysis. However, to the credit of this code, its authors did recognize
the significance of acrosswind response when considering issues of occupant comfort and serviceability
and has provided expressions for the acrosswind acceleration to address this. The expressions for the
alongwind and acrosswind peak acceleration are both compact and conveniently share many of the same
parameters, saving considerable computational effort. The torsional response is neglected, though empir-
ical expressions for the torsional response have been reported by Canadian researchers, but they have not
yet been made part of the code.

2.5 European Prestandard (1995)

Consistent with the other standards considered, the European Prestandard (European Prestandard 1995)
applies quasi-static pressures or forces equivalent to the extreme effects of wind. While two analysis
schemes are presented in the prestandard, only the detailed analysis, corresponding to a dynamic factor
(Cy), i.e. gust factor, greater than 1.2, is described herein.

Annex B in the standard contains the detailed analysis, based on the non-dimensional power spectral den-
sity function (Ry), for buildings that have an uncoupled alongwind fundamental mode, obey alinear elas-

tic assumption, and fit one of the corresponding standardized cases presented. Otherwise, a wind tunnel
analysis must be performed. The annex provides an expression for the RM S acceleration of the building
in the alongwind direction:

2
_ F 1 «(2)r bCVi(Zequ)
my

| (Zegu) ReKy (50)

, X

where:
* F, (2 :thefundamental alongwind mode shape, approximated by:

7
Fi(2) = Z5 (51)

with h being the height of the structure and z is the mode exponent;

r: ar density;
b: building width;
Cy: averaged alongwind force coefficient;

Vin(Zeqw), mean wind velocity at the building’s equivalent height (0.6h), but in general:

Vin(2) = C(9)C(DV, ¢ (52)

where V,« iS the reference velocity and Cy(2), the topography coefficient, is taken as 1 except in the

presence of isolated hills or escarpments, in which case expressions provided in the code must be used,
while C,(2), the roughness coefficient may be calculated from relationships based on the roughness

length (z,) and minimum height for a specific terrain;
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* |\(Zeq), dongwind turbulence intensity at the equivalent height:

1
Ct(zequ)ln(zequ Z,)

¢ my,: dongwind fundamental modal mass per unit length, taken for cantilevered structures with

dlightly varying mass distribution as the average value of the mass per unit length for the upper third of
the structure;

1 (Zequ) = (53)

* R istheresonant response part given by:

2
R = %RN RR, (54)
where d is the logarithmic damping decrement of the alongwind vibration, with acceptable values

given in the code and Ry, the non-dimensional power spectral density function, and Ry, and R;,, the
aerodynamic admittance functions, are given by:

_ 6.8N1,X
Ry = o (55)
(1+10.2Ny ,)
_2h
R = %—iz(l—e2 ) hs0 (56)
2h
R =1 h=0 (57)
4.6N, .h
when: R, = R, setting h = ——Lx (58)
LI(Zequ)
4.6N, .b
andwhen Ry = R, settingh = ——LxZ (59)
LI(Zequ)
n, L
with Ny = MU_) (60)
’ Vm(zequ)

where ny , isthe fundamental natural frequency of the building in the alongwind direction and L(z,)

isthe integral length scale of turbulence which depends upon the minimum height and power law
exponent for the boundary layer of the terrain category in question.

» and Ky isanon-dimensional coefficient approximated by:

_ (2z + 1){(z + 1)[In(z,y, 72,) + 0.5] -1}
(z+1)°IN(2oq, 72,)

where z is the exponent of the mode shape.

X (61)
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The dynamic (gust) factor is then given by:

_ 14201, (Zeq) Q% + RE

(62)
d 1+ 7(1(Zequ))
where:
* g peak factor isgiven by:
g = J2In(nt +-06 (63)
J2In(nt)

wheret isthe averaging time of the reference wind velocity (600 s) and n is the expected frequency:

2.2 2
VoQo + n1, xRx

n= =3 3 (64
QO + I:QX
\/
with v, = m{Zequ) 1 (65)
I-I(Zequ) 1.1180'615
where S = 0.468——0+ 10588~ 0 (66)
eI-I(Zequ)g eI-I(Zequ)g

» and Q, isthe background response part:

2

Q, =

1
67
xeb+h 60'63 €1

1+ 0.9¢
eI-I (Zequ)g

The peak acceleration may be found by multiplying the RM S acceleration by the peak factor.

Commentary: The standard is very thorough and has been based on an extensive series of publications
utilizing close-form expressions for the gust loading factor. However the calculations required to deter-
mine the RM S acceleration in the European Standard involve multiple equations scattered throughout the
text. Since expressions are not confined to a particular section, the procedure becomes tedious at times,
though the procedure can be performed conveniently once programmed into a spreadsheet. In addition, a
shortcoming of this standard isits failure to treat the acrosswind and torsional response.

2.6 British Standard (1995)

Consistent with the other standards considered, the British Standard Part 2's (British Standard 1995)
Standard method uses equivalent static loads to represent the effect of fluctuating loads for buildings not
susceptible to dynamic excitation. The response of mildly dynamic structures may be calculated by the
procedure in Annex C; however, British Standard Part 2 is not suggested for buildings taller than 300 m
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or having calculated dynamic augmentation factors (C,) greater than 0.25. The transition into this regime
indicates a fully dynamic building, for which the method becomes less accurate and generally more con-
servative. In such cases, the response should be determined by other appropriate methods, e.g. those
described in Engineering Sciences Data Units (ESDU 1989). However, for buildings that are at most
mildly dynamic, i.e. C, < 0.25 and H < 300 m, the following simplified expression for the dynamic aug-

mentation factor, the ratio of actual peak deflection to static peak deflection, may be applied:

0.75
Kp(H eh,)

"~ 800log, (H ehy)

(68)

where h, is taken as 0.1 m, H is the building height, and K,=1/(32x), where x is the structural critical
damping ratio. This expression is a curve fit of figures provided in the standard, which were generated
from the full expression for the dynamic augmentation factor. The full expression is afunction of the gust
factor, based on structural size and surrounding terrain, typically afunction of the building’s dimensions
and location.

Once the design pressure is found by multiplying the reference pressure by an external pressure coeffi-
cient and a size effect factor to account for the non-simultaneous action of gusts across the surface, over-
all loads may be found by:

P = 0'85(é Ptront _é Prear) (1 +C;) (69)

whered Py, 1S the horizontal component of surface loads summed over the windward walls and roofs
and P, islikewisefor theleeward walls and roofs.

Commentary: The British Standard is very hands on, straightforward standard that provides a means to
determine the pressures on buildings for a very simplified approach, with no sufficiently detailed proce-
dure provided. The code only applies to a specific group of structures that are not significantly suscepti-
ble to dynamic effects, for which only the alongwind loads are found. Should the target structure exhibit
any wind-sensitive characteristics or not fit one of the prescribed building types, the code is no longer
valid and an appropriate alternative dynamic analysis must be consulted.

2.7 ASCE7-95 Standard

Chapter 6 of the ASCE7 Standard (A SCE Standard 1995) provides a procedure for wind-sensitive struc-
tures, while encouraging wind tunnel testing for structures that deviate significantly from a uniform rect-
angular prism, are highly flexible with low natural frequencies, subject to buffeting by the wake of
upwind structures, or are subjected to accelerated flows caused by channeling or local topographic fea
tures. Once the wind velocity pressure is determined in amanner common to all the standards, taking into
account topographic factors (Chiu and Perry, 1997), application of the gust factor approach may begin.

An expression to determine the gust factor, G, is defined as:
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_1+2gL,JQ% + R

G 70
1+7I, (70
where
* (, the peak factor, istaken as approximately 3.5;
» I istheintensity of turbulence at height z:
116
| = ¢330 (71)

where z isthe equivalent height of the structure taken as 60% of the building height but no lessthan a
minimum value specified in the standard, and c is a constant given in tables in the standard,;

* Qisthe background response:

Q* = L (72)

140 63@1"0.63
094 L

_ 9

whereb and h are the width and height, respectively, of the structureand L, istheintegral length scale
of turbulence at the equivalent height:
L, = 1(ze83)° (73)

with values of | and e provided in appropriate tables.
» and Risthe resonant response factor, described by:

2

R® = %RnRth(O.53+O.47Rd) (74)
_ 7.465N,
h = = (75)
(1+10.302N,)
n,Ls
N, = =% (76)
Vz
1 1 —2h
=——_—=(1l-e for h>0
1 for h=0
(I=h,b,d)
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R =R, setting h
R =Ry setting h
R =Rysetting h = 15.4n,d &V5

where b is the damping ratio and V, mean hourly wind speed at height z described by:

L3 A
Lo Vref (78)

Y2 7 Peggo

where Vref isthe reference wind velocity (3 second gust in open terrain at 10 m) and valuesof a and
b are provided in appropriate tables.
Though the gust factor of ASCE7 issimilar to the dynamic factor in the European Standard, it is clear that

each standard has distinct expressions to determine the parameters involved due to differencesin the
averaging period of the wind. The RM S acceleration is then given by:

0.85f (2)r bhcfx\‘/fI

sg(2) = s ;KR (79)
where previously undefined termsinclude:
e r:dengity of air;
» C the mean alongwind force coefficient;
* f(2): the fundamental mode shape, given by:
- a@o"
f(2 = ero (80)
where X is the mode exponent.
* my: the modal mass, approximated as:
h
m, = gt *(2)dz (81)
0
where n(2) is the mass per unit height of the building;
e andK:
a
K = (1.65) (82)

a+x+1

where values of a are provided in tables in the standard.
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Further information regarding the provisions contained in ASCE7 may be found in Solari & Kareem
(1997), Simiu & Stathopoulos (1997), and Chiu & Perry (1997).

Commentary: The ASCE7 Standard is easy to follow with charts and tables making values readily avail-
able without the extensive use of plots to determine values. The use of closed from expressions for the
gust factor makes this procedure very attractive for implementation on spreadsheets. Since each of the
three procedures only changes the gust factor, leaving the heart of the analysis essentially unchanged, the
authors wisely place these alternative procedures for finding the gust factor in the commentary so not to
confuse the user. The ASCE7 Standard may be criticized, however, like many of the other standards, for
neglecting the acrosswind and torsional response of the structure. Their treatment in the standard has
been omitted due to the lack of consensus among committee members regarding the need for such provi-
sions.

2.8 China National Standard

While the ChinaNational Standard (China National Standard 1987) will not be treated here in full, abrief
discussion of its treatment of its anal ogous dynamic response factor is presented, in light of its application
to aregion witnessing a rapid increase in the number of tall buildings coupled with the frequent threat of
extreme typhoon winds. A simplified expression for the dynamic response factor, b, applied in Chinese
codeisgiven by:

b, = 1+xnj ,om, (83)

where:

» xisthe magnification factor of the wind fluctuation, which depends on the power density spectrum of
wind speed and the properties of the structural vibration. The code applies the empirical equation of
power spectral density suggested by Davenport (1967);

» nisthewind turbulence and correlation factor which accounts for the “turbulence density” and the
gpatial correlation of the wind;

* Ny isthe exposure factor at height z defined as:

_ @ibza
m, Cel 00 (84)

in which the constant C and the power a will vary depending on the terrain category of interest;
* andj 7 isthe mode shape factor of vibration which, for buildings, may be taken as:

. ..0.7
2= of2gEd

where H isthe total height of the building and the values of remaining parameters may be taken from
tables provided in the code.
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3.0 Experimental Procedure

The lack of torsional and acrosswind descriptions in many international codes and standards, including
ASCEY7, has prompted the present research effort to develop such relationships. The research at the Uni-
versity of Notre Dame is based upon wind tunnel testing, conducted previously by the second author. The
bank of response spectra produced by this study gives an insight into the effects of aspect ratio and cross-
section on structural response, especialy in the acrosswind and torsiona directions, from which an
empirical expression for the acrosswind and torsional response may be determined for use in preliminary
design.

3.1 Building Models

Asshown by Fig. 1 below, 9 building cross sections were considered, representing a host of typical build-
ing shapes. Three different rigid balsa wood models of each of the 9 building cross-sections were con-
structed, with heights of 16, 20 and 24 inches, yielding 27 different model buildings of varying aspect
ratio and shape, providing some indication of the influence of these factors on aerodynamic loads
(Kareem 1992). Fig. 2 illustrates some of these models, (the center building with variable cross-section
and openings belongs to the second phase of this study). The light-weight models were then affixed to an
ultra-sensitive force balance and subjected to wind tunnel testing.

01 [e=+| 02 |o=# 03 |lo.e | 04 |o-=
B=4" B=g" B=6" B=g'

05 D= g 06 D = g" 07 |o=# / I:}Qf é= =
B=4" T =

b S

WIND

FIGURE 1. Building cross-sections considered in the study.
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FIGURE 2. Photograph of some of the balsa wood models used in this study.

3.2 Force-Balance Approach/Mode Shape Corrections

A high-frequency force balance may be used for determining the dynamic wind-induced structural loads
from scale models of buildings and structures (e.g. Kareem & Cermak 1979, Tschanz & Davenport 1983,
Reinhold & Kareem 1986 and Boggs & Peterka 1989. These techniques have dramatically reduced both
the time and cost required to obtain estimates of wind loads and structural response levels. The force bal-
ance provides dynamic load information for a specific building geometry and setting which maybe used
to calculate loads and response levels for a wide range of structural characteristics, damping values, and
building masses. The force balance technique has some shortcomings, e.g. only approximate estimates of
the mode-generalized torsional moments are obtained and the lateral loads may be inaccurate if the sway
mode shapes of the structure deviate significantly from alinear mode shape. A second generation of force
bal ances permits overcoming the aforementioned limitations (Reinhold & Kareem 1986).

The aerodynamic loads on buildings may be obtained by mapping and synthesizing the random pressure
fields acting on the building envelope. The structure of random pressure fields through simultaneously
monitored multiple-point realizations of pressure fluctuations and measurement of the local averages of
the space-time random pressure fields by means of spatial and temporal averaging techniques can be
mapped (e.g. Kareem 1989). The pressure-based force measurement scheme does not suffer from the
mode shape restrictions associated with the base-balance approach, as the user is free to introduce any
desired mode shape.

The loads obtained by the force-balance approach or multi-point pressure measurements do not include
motion-induced aerodynamic loads. It is general consensus that in most tall buildings the influence of
motion-induced loading is significant for typical design wind speeds. For exceptionally slender, flexible
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and lightly damped structures, one may resort to aeroelastic models or use special motion-induced force
measurement systems in conjunction with aforce balance.

The force-balance-measured fluctuating base bending moment has a power spectral density given by:
— HH :

where zis the height above the base level, S5(z1,2;f) represents the cross spectral density of the aerody-
namic load per unit height at z;, z, and frequency f, and H is the building height. The mode generalized
force spectrum on the building is given by:

SN = &' & Sz 2N (2)F (2)dz, 0z, (87)

where f (2) is the normalized mode shape (f (H) = 1). It is clear that for alinear mode shape, f (2) = zZ/H,
and the preceding descriptions are related by:

S(f) = Hizaw(f) (89)

Thus, a force-balance provides a convenient measure of the generalized force associated with a linear
mode shape. While this assumption of alinear mode shapeistrue for both the alongwind and acrosswind
directions, in the case of torsional data acquisition, the force-balance provides spectrum consistent with a
uniform mode shape. Therefore, appropriate mode shape corrections are necessary in the case of torsion
and when the sway modes depart from alinear mode shape (Kareem 1984; Vickery et a 1985; Boggs &
Peterka 1989; Katagiri et a 1992).

Following Eq. (87), the correction for the generalized force spectrum can be made by the following:

&Sz N (2))2(F (2,)2dz,dz,
@ @ So(z1, 2D (f (20))°(f (2,))Pdz,dz,

(89)

wherey 2 is the correction factor to adjust a measured spectrum weighted with mode shape (f (zl))b to

the desired mode shape (f (z;))2, and the cross spectral density can be replaced by its normalized

description, i.e. coherence function. In the case of force-balance measurements of lateral and torsional
loads, b = 1 and O, respectively.

In the case of aongwind analysis, quasi-steady and strip theories are typically invoked, permitting the
substitution of the incident velocity cross spectral density, S;(z1,2;f), or its corresponding coherence

Ry(z1,25;1), for Sp(z4,2;f), or its coherence Rp(z;,2;f), in the preceding expressions. In the acrosswind
and torsional directions, Rp(z;,2;1), like R(z;,2;f), can be expressed in exponential form:
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Z,— 2,
R(zy, 2,5f) = expgin‘lu—z‘g. (90)
H

Experimental investigation suggests that the value of C for area-averaged |oads measured at several lev-
els aong the building height varies between 5 and 9 (Kareem 1990). Similar observations have been

reported by Katagiri et al (1992). Analysis shows that correction factor y 2 is not very sensitive to small
changesin C faling within this range.

3.3 Wind Tunnd

Each of the balsa models was tested in a boundary layer wind tunnel with a 10 ft (3 m) x 5 ft (1.5 m)
cross-section, of 60 ft (18 m) length (Kareem 1990). The turbulent boundary layers ssimulated in this
study were generated by the natural action of the surface roughness added on the tunnel floor and the
upstream spires. Two typical boundary layers were simulated in this study, BLI and BLII, similar to the
conditions of open and urban flow environments, respectively. Asillustrated by Fig. 3, in BLI (a=0.16)
there is less variation of the incident mean velocity along the model elevation accompanied by a lower
intensity of turbulence in comparison with BLII (a=0.35). The longitudinal length scale between the
heights of 10 in. (25.4 cm) to 30 in. (76.2 cm) varied from 12 in. (30.5 cm) to 20 in. (50.8 cm). A con-
stant-temperature hot-film was used to map the flow field characteristics in the tunnel.
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FIGURE 3. Boundary layer and turbulenceintensity profiles. (r=1 m, a =0.16 and 0.35, respectively)
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3.4 Data Analysis

The output of the sensitive, multi-component force balance was analyzed, using the FFT, to determine the
gpectral and cross-spectral density functions which were later non-dimensionalized. This analysis was
carried out for all 27 model buildings, in both boundary layers, and at varying angles of wind incidence,

though only the case of g = 0° will be considered here.

A validation of the measured acrosswind spectra was conducted with a model for the acrosswind force on
buildings found in Kareem (1989) based on earlier measurements at a different wind tunnel. The mea-
surements reported here almost agreed perfectly with thismodel. In addition, a confirmation of the results
for the torsional loads was aso conducted by comparing the sensitive force balance results, with those
found by another technique: pneumatic averaging (Kareem 1990). This latter technique measures tor-
sional loads by pneumatically averaging the pressure measurements at five levels on the model face, with
the pressure taps clustered on the model to account for the weighting function needed to introduce the
lever arm for torsional response measurements. Further details may be found in Kareem (1989). Using
this approach, the torsional loads were obtained at the different levels smultaneously and later synthe-
sized to obtain integral loads according to a desired mode shape (a uniform mode shape was considered
for this comparison). The measured, mode generalized spectra were compared to those obtained from the
sensitive high-frequency force balance. As Fig. 4 illustrates, there is good agreement between the two
force measurement approaches, implying the validation of the spatial averaging technique discussed in
Kareem (1990). The minor discrepancy in the high frequency range is not significant for typical design
applications and may be corrected by increasing the number of clusters of tap matrices in the pneumatic
averaging case to account for pressure fluctuations associated with short wavelengths.
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FIGURE 4. Comparison of torsional load spectra utilizing pneumatic averaging and for ce balance techniques.
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3.5 Modeling of Load Spectra

At thetime of analysis, only the spectral plots were available and thus had to be digitized using a software
package, Digimati ¢™ sothat the data points could be fitted with a curve of the following form:

NlCK(1+06bﬁ) (x o) i
Y(X) = 2 : 0 -O0})b; i L (1)
jzl% {1-(xof)7} +4b;(xd) i)

where Y(x) isthe non-dimensionalized spectral density and x is the non-dimensionalized frequency on the
plots, N corresponds to the number of peaks in the spectra, and the remaining parameters are varied to
insure the best possible curve fit. This expression represents a transfer function of a linear damped sys-
tem. The summation is introduced to account for spectral descriptions with double peaks. A similar
expression has been applied by AlJ. By varying the parameters of this equation, accurate curve fits may
be obtained, an example of which is shown in Fig. 5. Note that Fig. 5(a) shows the original non-dimen-

sionalized spectra (solid line) and Fig. 5(b) shows the data points returned by Digimati c™ (circles) and
the resulting curve fit (solid) obtained by Eq. (91). A data base of the empirical curve fits for the along-
wind, acrosswind, and torsional response spectra for each of the 27 buildings tested in both an urban and
suburban terrain has been generated by this approach.
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FIGURE 5. (a) Examplespectraaobtained from wind tunnel study (BL I: solid, BL |1: dashed)
(b) Digitization of BL | spectra and resulting curvefit.
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3.6 Comparison of Codes and Standardswith Wind Tunnel Data

While the resulting data and spectra are too numerous to present here, a comparison of the gust factor
determined by each standard was determined for a sample building shown in Fig. 6, accompanied by its
relevant structural data. Then, a comparison of each standard against wind tunnel data was conducted,
using the RMS accelerations as an indicator. For this comparison, the alongwind, acrosswind, and tor-
siona RMS accelerations determined by each standard, using three reference velocities: 3-second gusts
of 70, 75, 80, and 90 mph, at 10 m above ground in an open terrain, are analyzed versus the response
determined by the wind tunnel data. While the reference velocities used in the example meet all the stan-
dards criteria for terrain conditions and measurement height, a valid comparison can only be made by
adjusting each reference velocity for the appropriate gust duration specified in each standard. Since other
standards may use mean hourly and 10 minute gusts for their reference wind velocities, Table 1 contains
the appropriate reference velocities, adjusted for gust duration, that must be used in the analysis. Using
these adjusted reference velocities and the most detailed dynamic procedure offered by each standard,
estimates of the peak and RMS accelerations were calculated for the alongwind, acrosswind, and tor-
sional directions. Where expressions for the RMS accelerations were lacking, values were obtained
through dividing the peak acceleration by a peak factor. Vauesfor the alongwind response for the British
Standard were not provided, since they must be obtained from another source once the force distribution
on the building is obtained. The China National Code will also be omitted from this comparison since
only general details of its provisions were presented for informative purposes.

A
BUILDING PROPERTIES
B i _
PLAN first mode natural frequency=0.2 Hz (x & y),
0.35 Hz (q)
‘ - first mode crl_t|cal damping r.ayo:0.0l
D mean alongwind force coefficient=1.3

mode exponent=1.0
SIDE.  H building density=12 Ib/ft3 (192.22 kg/m?3)

air density=0.0024 slugs/sec (1.25 kg/m?)
building location=urban

B=100 ft = 30.48 m

D=100 ft = 30.48 m

H=600 ft = 182.22 m

— ¥

FIGURE 6. Model building used for comparison of international standards.
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TABLE 1. Wind Velocitiesat 10 m in Open Terrain for Various Averaging I ntervals

Duration
(Applicable Codes) [mph] || [m/s] || [mph] || [m/s] || [mph] || [m/s] || [mph] || [m/g]
Reference Velocity: 3s | 70.00 | 31.29 | 75.00 | 3353 J80.00 | 3576 |90.00 | 40.23
(ASCE7, Australia)

10 minutes 49.13 | 2196 |5217 | 2352 |56.13 |25.09 |63.20 | 28.25
(AlJ, China, Eurocode)
1 hour 4591 | 2052 §49.22 | 22.00 5246 |23.45 |59.06 | 26.40

(UK, Canada, Australia®)

* Australian codes specifies the design wind as a 3-second gust, while subseguent cal cul ations are done in terms of mean
hourly wind.

The RMS accelerations in al three directions were determined from the wind tunnel data by the follow-

ing expression:
f . S(f
s = [P nX ;) (92)
4x,M

where f, is the natural frequency, X, is the damping ratio, and M,, is the modal mass, each in the n-th
mode of the structure. Sf,) is the one-sided spectral density evaluated at the natural frequency. For the
purposes of this analysis, only the first mode was considered, in which case M; may be estimated as the

total mass (m) of the structure divided by 3 for the acrosswind and alongwind RMS acceleration. In the
analysis of torsiona response, however, this modal mass term must be replaced by the modal mass

moment of inertia determined by: 1—12 Mn(B2 + D2) . In addition, the torsional analysis requires the multi-

plication of the spectral density by a reduction factor to account for the assumption of a constant mode
shape, as discussed previously in section 3.2.

The values of the spectral density were pulled from Fig. 7(a-c), which contains the alongwind, across-
wind and torsional response spectrafor the square building examined in this study simulated in the urban
boundary layer (BL I1). While wind tunnel data was recorded for several incident angles of wind, as Fig.
7 illustrates, only the spectra correspondingto g = 0° isexamined in this study. Both the frequency and
spectral density have been normalized in these plots, and thus must be multiplied by the normalizing
parameters to obtain the required spectral density.
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FIGURE 7. (a) Alongwind; (b) Acrosswind; (c) Torsional response of squar e building (with aspect ratio 6:1:1) as
determined from wind tunnel testingin BL I1.

In order for an adequate comparison with the predictions of codes and standards, the 3 second gust analy-
sis velocities used for this study (70, 75, 80, 90 mph) measured 10 m above ground in an open condition
must be translated to the equivalent velocity which would occur at the building height in the urban expo-
sure of interest, providing Uy applied in the normalization. This was accomplished by using power law
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relationships to bring the analysis velocities (referenced at 10 m » 33 ft) to the gradient height in open
terrain (900 ft) and then translate them down to the building height (600 ft) in the urban terrain.

A
a=1/3
A
a=1/7 BL HT 5 1500 ft
BL HT 3900 ft
H =600 ft

|V —,10m (33 ft) |V
OPEN TERRAIN URBAN TERRAIN

FIGURE 8. Trandlation of analysiswind velocity in open terrain to urban terrain.

AsFig. 8 indicates, a mean hourly wind velocity (Uss ) at 10 m (33 ft) in open terrain, can be projected

to an equivalent velocity at the gradient height, or mean wind velocity, (U) through the following rela-
tionship:

Ussi _ a33 6

U ~ €9009 (93)

This mean wind velocity may then be used to determine the wind speed at the building height in the urban
terrain (Uy), through the following relationship:

Uy _ 6006

: %4
U €15009 54

Finally, since only the Japanese Standard contains an expression for the torsional response of the struc-
ture, the torsional comparison between the standard and wind tunnel data was cross-checked against an
existing empirical relationship developed at the Boundary Layer Wind Tunnel Laboratory at the Univer-
sity of Western Ontario (UWO) (Greig 1980) with complete details given in (Simiu & Scanlan 1996).
The peak angular acceleration is given by:

2gTTr ms

: (95)
r ybdhr?,

d))

where
» grisatorsiona peak factor, taken as 3.8;
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* b, d, and h are the building width, depth, and height, respectively;
* risthedensity of the building;
* T, nsiSthe RMS base torque described by:

0. 00167r L hn%U2 o8 (96)

TrmslU(h)] »
XT
where U(h) isthe wind speed at the top of the building, r isthe density of the air, ny and xt arethe

natural frequency and the damping ratio in the fundamental torsional mode of vibration, respectively,
and

Arlds
L = d| (97)

A1r12

with ds being the elemental length of the building perimeter, |r| being the torque arm of the element ds,
and A isthe cross-sectional area of the building, and

- J_l (98)

T

* ryistheradiusof gyration, which, for arectangular shape with uniform bulk mass per unit volume,

2., 2
may be approximated by rrzn =b 1+2d :

4.0 Discussion

4.1 Gust Factors

As illustrated by Table 2, the gust factors determined from the Australian Code and ASCE7 form the
upper and lower limits, respectively, of the standards examined by this study. This trend is consistent
with the comment made in section 2.1 regarding the variation of the gust factor with the averaging time of
the reference wind speed. Considering that ASCE?7 bases cal culations upon a 3 second gust, it should not
be surprising that thisleads to gust factors close to unity. In the case of the Australian Standard, the use of
mean hourly winds in subsequent calculations requires gust factors greater than unity. For the most part,
the gust factors show only marginal increases with increased velocity, with exception of the Canadian
Standard, whose values begin below the AlJ and Eurocode at low velocities, but markedly increase,
approaching the AlJ standard at high velocities
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TABLE 2. Calculated Gust Factorsfor International Codes & Standards

Code/Standard ASCE7-95 || Australia* || Eurocode || Canada AlJ
Gust Duration 3 sec 3600 sec 600 sec 3600 sec || 600 sec
Vy 1.05 2.95 1.78 2.96 2.20
Reference Vg 1.02 2.87 1.76 2.78 212
Velocity Vo 1.01 2.83 1.71 2.70 2.08
Vi 0.975 2.80 1.72 2.61 2.05
See Table 1 for the reference velocity used for each standard.
* Australian Standard uses mean hourly wind speed for calculation of loads.

4.2 Alongwind Response

As expected, these trends manifested in the gust factor aso trandate to the calculated alongwind RMS

accelerations (Table 3). Fig. 9 displays the RMS accelerations for the alongwind and acrosswind direc-
tions, where applicable. Notice that ASCE7-95 and AlJ most closely match the alongwind RMS acceler-

ation predicted by the wind tunnel data. It is not surprising that the European and ASCE7 results closely

parallel each other, since their procedure for estimating alongwind acceleration response is based on sim-

ilar theoretical considerations. In light of this, the Australian Standard appears to overestimate the RMS

acceleration, while the Canadian Standard begins to deviate from the wind tunnel data at higher veloci-
ties, which may be due to negative aerodynamic damping.

TABLE 3. Comparison of Calculated Peak and RM S Alongwind Accelerations from International Codes &
Standardswith Wind Tunnel Data.

R Win
Vel o?:fity Asg5E7' Australia || Eurocode | Canada AlJ Tunncelal
[mph] Data
Alongwind 20 22.30 31.65 21.78 28.80 19.84 21.59
Peak _ 80 15.76 24.36 15.46 20.19 14.16 15.05
[Arﬁﬁﬁz,it]'on 75 13.70 21.14 1279 | 1649 | 1177 | 1281
70 10.34 18.18 10.45 13.33 9.66 10.71
Alongwind 90 5.90 8.73 6.81 7.68 6.04 6.17
RMS 80 4.16 6.72 4.86 5.39 431 4.30
[Arﬁﬁﬁz,it]' on 75 3.62 5.83 4.03 441 | 358 | 366
70 2.73 5.01 3.30 3.57 294 3.06
*For the wind tunnel data, the alongwind peak acceleration is estimated by multiplying the alongwind RM S accel eration
by the peak factor, assumed to be 3.5.
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FIGURE 9. Comparison of alongwind and acrosswind RM S acceler ations from inter national standardswith wind
tunnel data.

4.3 Acrosswind Response

For the acrosswind direction, most of the standards conservatively estimate the RM S acceleration, as also
shown by Fig. 9. Still, of the codes which provide some estimate, the Australian Standard best matches
the test data without underestimating the RM S acceleration (Table 4). It is important to note that while
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the AlJ estimates lie below all others shown here, the empirical expression typically falls within 30% of
the measured values, according to the standard.

TABLE 4. Comparison of Calculated Peak and RM S Acrosswind Acceler ations from I nternational Codes &
Standardswith Wind Tunnel Data.

Ref
Velocity || Australia || Canada AlJ Data
[mph]

Acrosswind 90 52.63 46.32 | 3853 | 4725
Peak * % * %
Acceler ation 80 38.04 31.24 | 2572 34.37
[milli-g’' 5] 75 32.70 25.19 20.72" | 28.24™"

70 26.82 2003 | 1655 | 21.24"
Acrosswind 90 14.51* 12.32* 11.01 13.50
EMZ . 80 10.49* 8.33* 7.35 9.82

cceeration

[milli-g's] 75 9.02* 6.73* 5.92 8.07

70 7.39* 5.36* 4.73 6.07
*Since only the peak acrosswind acceleration, this value was estimated by dividing the peak
acrosswind acceleration by the peak factor.
**| jkewise, the peak acrosswind accel eration was found by multiplying by the RMS accelera-
tion by the peak factor. For the wind tunnel data, the peak factor was taken as 3.5.

4.4 Torsional Response

In addition, a comparison of the torsional-induced lateral RM S acceleration at the building corner, as pre-
dicted by the AlJ standard and the wind tunnel data, was conducted. Eq. (89) has been used in this study
to adjust for the mode shapes of the measured torsional spectrum. As afurther exercise, the accelerations
computed by the empirical expression developed at UWO are aso presented. As shown in Fig. 10 and
Table 5, the UWO empirical equation gives conservative estimates for the response of this model build-
ing in comparison to the wind tunnel data, while the AlJ estimates are greater than the wind tunnel esti-
mates, with especially at higher wind speeds. However, AlJ 1996 Recommendations states that the
comparison with full scale measurements has confirmed that measured responses are typically smaller
than the estimate in the standard by less than 30%, which may explain its discrepancy with the wind tun-
nel data.

Dynamic Wind Effects: A Comparative Study of Provisionsin Codes and Standards with Wind Tunnel DataMarch 15, 2001 34



[=2]
T

RMS Accelaration [milli—g]

Torsional-Inducad Lateral BMS Acceleration

35

36 ¥
L [mis]

38 34 40 41

FIGURE 10. Comparison of tor sional-induced later al acceleration at cor ner of building
with wind tunnel data.

TABLE 5. Comparison of Calculated Torsional-Induced Lateral Accelerationsat Corner of Building

with Wind Tunnel Data.

Ref Wind
Velocity Tunnel uwo
[mph] AlJ Data Equation

Torsional- 90 8.25 5.05 6.15

Induced L ateral 80 571 | 373 | 439
RMS

Acceler ation 75 4.61 3.07 3.73

[milli-g's] 70 3.73 2.64 3.07

5.0 Conclusion

The use of the gust factor approach in international standards makes it fairly simple to evauate the
response of a structure due to both its mean and fluctuating components, with each standard applying the
gust factor approach uniquely. The validity of the assumptions and applications of this widely-accepted
theory, and its applications in international codes and standards, has been explored, in light of wind tun-
nel data. This study not only validates wind tunnel-based empirical expressions for the acrosswind and
torsional responses, but also provides an additional data base of wind tunnel results for buildings of vari-
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ous aspect ratio and shape, tested in simulated urban and suburban terrain. This data base will soon be
available on the internet for use. From the analyses conducted in this study, the following may be con-
cluded:

(1) Asexpected, the gust factors reflect the differences in gust duration which each standards applies.

(2) The AlJ and ASCE7-95 estimates closely match the alongwind measured RMS acceleration for the
model building tested in awind tunnel.

(3) Of the standards providing procedures to estimate the acrosswind RMS acceleration, the Australian
Standard was closest to the wind tunnel data, while noting that the bounds specified for the estimates in
the AlJ standard also place it within the range of the wind tunnel findings.

(4) The torsional-induced lateral acceleration approximated by AlJ Recommendations, the UWQO’s
empirical relationship, and the wind tunnel data are all quite close, further validating the effectiveness of
wind tunnel-based empirical expressions for the torsional response.
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