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Abstract

Wind loads on structures under the buffeting action of wind gusts have traditionally been

treated by the ‘‘gust loading factor’’ (GLF) method in most major codes and standards around

the world. In this scheme, the equivalent-static wind loading used for design is equal to the

mean wind force multiplied by the GLF. Although the traditional GLF method ensures an

accurate estimation of the displacement response, it may fall short in providing a reliable

estimate of other response components. To overcome this shortcoming, a more consistent

procedure for determining design loads on tall structures is proposed. This paper highlights an

alternative model, in which the GLF is based on the base bending moment rather than the

displacement. The expected extreme base moment is computed by multiplying the mean base

moment by the proposed GLF. The base moment is then distributed to each floor in terms of

the floor load in a format that is very similar to the one used to distribute the base shear in

earthquake engineering practice. In addition, a simple relationship between the proposed base

moment GLF and the traditional GLF is derived, which makes it convenient to employ the

proposed approach while utilizing the existing background information. Numerical examples

are presented to demonstrate the efficacy of the proposed procedure in light of the traditional

approach. This paper also extends the new framework for the formulation of wind load effects

in the acrosswind and torsional directions along the ‘‘GLF’’ format that has generally been

used for the alongwind response. A 3D GLF concept is advanced, which draws upon a

database of aerodynamic wind loads on typical tall buildings, a mode shape correction

procedure and a more realistic formulation of the equivalent-static wind loads and their

effects. A numerical example is presented to demonstrate the efficacy of the proposed

procedure in light of the traditional approach. It is envisaged that the proposed formulation

will be most appropriate for inclusion in codes and standards.
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1. Background

The diversity of structures that are sensitive to the effects of wind and the
increasing need to improve the performance of constructed facilities have placed a
growing importance on the problem of wind effects on structures. Wind loads on
structures under the buffeting action of wind gusts have traditionally been treated by
the ‘‘gust loading factor’’ (GLF) method in most major codes and standards around
the world originally proposed in [1]. In this scheme, the equivalent-static wind
loading used for design is equal to the mean wind force multiplied by the GLF. The
GLF accounts for the dynamics of wind fluctuations and any load amplification
introduced by the building dynamics. Since its introduction, several formulations of
the GLF have been advanced, details can be found in [2–6]. Because of its simplicity,
the GLF method has received a widespread acceptance around the world and is
employed in wind loading codes and standards in almost all major countries (e.g.,
Australian; Canada; USA; Japan; Europe [7,16,31,39,40]). It should be pointed out
that the AS1170.2-89 [7] and the ACI Standard [8] apply the GLF to the base
bending moment (BBM); however, the GLF is based on the traditional definition.
Despite its simplicity and many advantages, it is noted that the current GLF-based

formulation has two shortcomings. The first limitation specifically concerns the use
of this format for analyzing relatively long, tall and flexible structures. It is worth
noting that relatively stiffer structures may also be affected by the potential
inaccuracy in the distribution of the background loading component. Although the
gust factor was originally defined for any load effect, it is actually based on
the displacement response, i.e., the gust factor is essentially the ratio between the
extreme and the mean displacement response and referred to as DGLF in
the subsequent discussion. The DGLF is used indiscriminately for any response
component in practice, which may yield inaccurate estimates. Because only the
fluctuating and mean displacement responses in the first mode are included in
the derivation, the gust factor is constant for a given structure. When a constant gust
factor, i.e., independent of height is used for estimating the extreme equivalent wind
loading, its distribution is the same as that of the mean wind loading. This
contradicts the common understanding of the equivalent wind loads on tall, long and
flexible structures. For this type of structures, the resonant response is the dominant
one. Therefore, the distribution of the equivalent wind loads should depend on the
structural mass distribution and mode shape. Zhou et al. [9] have noted that the
GLF method provides an accurate assessment of the structural displacement, but
results in less accurate estimation of other response quantities, such as, the base
shear force. Second, the GLF method is not valid if either the mean wind force or the
mean response is zero, an observation that has been made by others as well. For
example, in the case of a cantilever bridge with an asymmetrical first mode shape, the
DGLF cannot be defined since the mean displacement response in the first mode is
equal to zero [10].
Using the influence functions, Davenport [11] and Drybre and Hansen [12] have

developed revised GLF concept and procedure, which are based on the response
related to the influence function, but not limited to the displacement. Holmes [3]
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presents a detailed treatment of GLF for a range of applications. These
developments have resulted in a definite improvement since these procedures would
ensure an accurate estimation of the response involved. However, the response-
specific GLF also has shortcomings since each response component requires a
separate GLF and in the case of zero mean response, this approach fails like the
conventional one. More recently, Chen and Kareem [13] have proposed an
equivalent-static load representation that linearly combines the background and
resonant loads. These loading components are derived using the concept of gust
loading envelope and the distribution of inertial loads. The proposed background
load based on the gust loading envelope offers a very simplified load description in
comparison with the load-response-correlation approach [14] whose spatial
distribution exhibits dependence on the response component of interest. It also
provides a physically more meaningful and efficacious description of the loading as
compared to the gust response factor approach.
This paper highlights an alternative format, in which the GLF is based on the

BBM rather than the displacement [15]. The expected extreme base moment is
computed by multiplying the mean base moment by the new GLF. The base moment
is then distributed to each floor in terms of the floor load in a format that is very
similar to the one used to distribute the base shear in earthquake analysis practice. In
addition, a simple relationship between the new base moment GLF and the
traditional GLF is derived, which makes it convenient to employ the new approach
while utilizing the existing background information. A numerical example is
presented to demonstrate the efficacy of the proposed procedure in light of the
traditional approach.
In this paper, the new framework has been extended to formulate wind load effects

in the acrosswind and torsional directions along the ‘‘GLF’’ format, which has
generally been used for the alongwind response. In order to overcome the barriers to
the adaptation of the gust loading approach for the acrosswind and torsional
directions, the proposed scheme draws upon a database of aerodynamic wind loads
on typical tall buildings, a mode shape correction procedure and a more realistic
formulation of the equivalent-static wind loads and their effects on structures.
A numerical example is presented to illustrate the convenience and effectiveness of
the proposed procedure in design. It is envisaged that the proposed formulation will
be most appropriate for inclusion in codes and standards.

2. Displacement gust loading factor (DGLF)

For the sake of comparison and completeness, the traditional DGLF approach is
briefly outlined here [1]. In the DGLF approach, the peak load is given by

#PðzÞ ¼ G � %PðzÞ; ð1Þ

where G is the gust factor, which takes into account the dynamics of gusts and the
structure; and %PðzÞ the mean wind force.
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In the DGLF approach, G is evaluated in terms of the displacement response

GY ¼ #YðzÞ= %YðzÞ; ð2Þ

where GY is the DGLF; %Y the mean displacement; and #Y the expected extreme
displacement response. For a stationary process, GY is given by

GY ¼ 1þ gYsY ðzÞ= %YðzÞ ¼ 1þ 2gY IH

ffiffiffiffiffiffiffiffiffiffiffiffiffi
B þ R

p
ð3Þ

in which gY is the displacement peak factor; sY the root mean square (RMS)
displacement; B and R the background and resonant response factors, respectively;
and IH ¼ su= %UH the turbulent intensity evaluated at the top of the structure. The
mean wind load is given by

%PðzÞ ¼ 1=2rCDW %U2H ðz=HÞ2a ð4Þ

in which r is the air density; CD the drag coefficient; W the width of the structure
normal to the oncoming wind; %UðzÞ ¼ %UH ðz=HÞa the mean wind velocity at height z

above the ground, where %UH is the mean wind velocity evaluated at the top height of
the structure, H; and a the exponent of the mean wind velocity profile.
Alternatively, (3) can be expressed in terms of peak factors associated with the

background and resonant response as given in ASCE 7-98 [16]

GY ¼ 1þ 2IH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2u � B þ g2R � R

q
; ð5Þ

where gu is the wind velocity peak factor; gR the resonant peak factor. For a
Gaussian process gR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 lnðf1TÞ

p
þ 0:5772=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 lnðf1TÞ

p
in which T is the observa-

tion time, and f1 the natural frequency of the first mode; and R ¼ SE=z where S is
the size reduction factor, E the gust energy factor, and z the critical damping ratio of
the first mode.
All traditional formulations of the DGLF are based on preceding expressions, but

differ in their modeling of turbulence and structural models. These details have led to
variations in the prediction of gust factors derived from different DGLF
formulations [17]. The coefficients B; E and S are provided graphically in some
codes or in a closed form in others (e.g., [1,4,6,18]).
Eq. (5) can be rewritten in terms of mean, background and resonant components,

as

GY ¼ 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G2YB þ G2YR

q
; ð6Þ

where GYB and GYR are the background and resonant components of the DGLF,
respectively.
Usually, the mean structural displacement can be approximated well by the first

mode mean displacement response

%YðzÞ ¼ %P�1 =k�1 � j1ðzÞ; ð7Þ

where %P�1 ¼
RH

0
%PðzÞj1ðzÞ dz; k�1 ¼ ð2pf1Þ

2m�
1 and m�

1 ¼
RH

0
mðzÞj21ðzÞ dz are the

generalized load, stiffness and mass of the first mode, respectively; the fundamental
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mode shape can be approximated by

j1ðzÞ ¼ cðz=HÞb ð8Þ

in which c and b are constants; and the mass is assumed to be linearly distributed as

mðzÞ ¼ m0ð1� lðz=HÞÞ ð9Þ

in which l is the mass reduction factor.
The fluctuating displacement can also be approximated with that in the first mode

sY ðzÞ ¼
Z

N

0

Sx1 ðf Þ df
� �1=2

�j1ðzÞ; ð10Þ

where Sx1 ðf Þ is the PSD of the fluctuating generalized displacement, which can be
computed following the approach given by Davenport [1] as shown in Fig. 1(a)

Sx1 ðf Þ ¼
Z

N

0

Suðf Þ � wðb; f Þ � Hdðf Þj j2 df ; ð11Þ

where Suðf Þ is the PSD of the fluctuating wind velocity; w the aerodynamic
admittance function (not in the strict sense, similar to the mechanical admittance)
that relates the wind velocity PSD to the PSD of the resulting fluctuating wind force,
S *P�

1
ðf Þ: Using strip and quasi-steady theories and considering the wind structure in

terms of vertical and horizontal correlations while ignoring the correlation between
wind pressures on windward and leeward surfaces, the following relationship can be
obtained:

S *P�
1
ðf Þ ¼ wðb; f Þ � Suðf Þ; ð12Þ
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Fig. 1. Probablistic-dynamics-based approaches to gust loading: (a) DGLF model; and (b) MGLF

model [15].
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where

wðb; f Þ ¼
ðrCDWH %UH Þ2

ð1þ aþ bÞ2
� JX ðf Þj j2� JZða; b; f Þj j2 ð13Þ

and

JX ðf Þj j2¼
1

W 2

Z W

0

Z W

0

RX ðx1; x2; f Þ dx1 dx2; ð14Þ

JZða;b; f Þj j2¼
ð1þ aþ bÞ2

H2

Z H

0

Z H

0

z1

H

� 	aþb z2

H

� 	aþb
RZðz1; z2; f Þ dz1 dz2 ð15Þ

are the joint acceptance functions in the horizontal and vertical directions,
respectively; RX ðx1;x2; f Þ ¼ exp ð�ðCX f = %UðhÞÞ x1 � x2j jÞ and RZðz1; z2; f Þ ¼
expð�ðCZf = %UðhÞÞ z1 � z2j jÞ are the horizontal and vertical coherence functions of
the fluctuating wind pressures, respectively; CX ; CZ the exponential decay
coefficients; and h the reference height. Note that based upon the formulation in
Fig. 1(a), the aerodynamic admittance is a function of not only the turbulence
characteristics and the architectural shape, but also the mode shape. The mechanical
admittance function for the first mode displacement response is

Hdðf Þj j2¼ H1ðf Þj j2=k�21 ð16Þ

in which

H1ðf Þj j2¼
1

½1� ðf =f1Þ
2	2 þ ð2zf =f1Þ

2
: ð17Þ

Using (3) and (10), the fluctuating component of the DGLF can be computed by

sY ðzÞ= %YðzÞ ¼
Z

N

0

S *P�
1
ðf Þ H1ðf Þj j2 df

� �1=2
= %P�1 ; ð18Þ

which shows that the DGLF is independent of the mass.
To facilitate engineering computation, (18) is usually treated by dividing the

integration into the background and resonant portions. The background and
resonant components of the DGLF can be expressed, respectively, by

GYB ¼ 2guIH

ffiffiffiffi
B

p
; ð19Þ

GYR ¼ 2gRIH

ffiffiffiffi
R

p
; ð20Þ

where B ¼
R
N

0 kðb; f ÞS�u ðf Þ df and R ¼ SE=z are the background and resonant
response factors, respectively; kðb; f Þ ¼ ð2þ 2aÞ=ð1þ aþ bÞ


 �2� JX ðf Þj j2 JZða;b; f Þj j2;
which fulfills the function of the aerodynamic admittance; S ¼ kðb; f1Þ the size
reduction factor; E ¼ ðpf1=4ÞS�u ðf1Þ the gust energy factor; S�u ðf Þ the normalized
wind velocity spectrum with respect to the mean square fluctuating wind velocity, s2u;
and IH ¼ su= %UH the turbulent intensity evaluated at the top of the structure. Most
codes and standards use a linear mode shape assumption, or b ¼ 1; the DGLF
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components are then

GYB ¼ 2guIH 0
2þ 2a
2þ a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ
N

0

JX ðf Þj j2 JZða; 1; f Þj j2S�u ðf Þ df

s
; ð21Þ

GYR ¼ 2gRIH

2þ 2a
2þ a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JX ðf1Þj j2 JZða; 1; f1Þj j2�

pf1

4z
S�u ðf1Þ

s
: ð22Þ

3. Moment-based gust loading factor (MGLF)

Unlike the traditional DGLF approach, the new procedure uses a BBM -based
GLF or MGLF, which is defined as

GM ¼ #M= %M; ð23Þ

where GM is the MGLF; %M the mean BBM; and #M the expected extreme BBM
response. Similar to the treatment of the DGLF, when considering a stationary
Gaussian process, the MGLF can be computed by

GM ¼ 1þ gMs *M= %M ð24Þ

in which gM is the peak factor; and s *M the RMS BBM response.
The BBM response includes the effects of turbulence-structure interaction, which

can be captured by the following mode generalized equations of structural motion:

m�
1
.x1ðtÞ þ c�1 ’x1ðtÞ þ k�1 x1ðtÞ ¼ *P�1 ðtÞ; ð25Þ

where m�
1 ; c�1 ; k�1 ; *P�1 and x1 are the generalized mass, damping, stiffness, load and

displacement in the first mode, respectively. Accordingly, quasi-static generalized
wind load; k�1 xðtÞ; can be obtained in terms of the generalized displacement. When
this load is applied statically, the corresponding generalized displacement and any
other response components are identical to those obtained from a complete dynamic
analysis.
Accordingly, referring to (11) and (16), the power spectral density (PSD) of the

generalized equivalent-static wind load is given by

S
*p�1
ðf Þ ¼ k�21 Sx1ðf Þ ¼ S *P�

1
ðf Þ H1ðf Þj j2 ð26Þ

in which the generalized equivalent-static wind load is *P
�
1 ðtÞ ¼

RH

0
*Pðz; tÞj1ðzÞ dz;

where *Pðz; tÞ is the ESWL. Note that symbols used for the externally applied loads
are utilized here for the ESWL and its associations, but are given in boldface to
distinguish them from the externally applied loads.
The ESWL, *Pðz; tÞ; is usually distributed, along the building height, in a manner

which differs from the mean or fluctuating externally applied aerodynamic loads.
Nonetheless, for a linear mode shape, the following relationships are valid for both
the externally applied and the equivalent-static wind loads:

*P�1 ¼ *M=H; ð27Þ
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*P
�
1 ¼ *M=H; ð28Þ

where *M and *M are the fluctuating components of the externally applied and the
induced BBMs, respectively. It is important to distinguish clearly between the
equivalent-static/induced and the aerodynamic/externally applied wind loads. The
former includes any amplification resulting from building dynamics. Substituting
(27) and (28) into (26) leads to

S *Mðf Þ ¼ S *Mðf Þ H1ðf Þj j2: ð29Þ

Eq. (29) is utilized here to present a new probabilistic treatment of buffeting as
highlighted in Fig. 1(b). Two advantages associated with this concept are: (1) it gives
a very concise description of the relationship between the aerodynamic load and the
induced wind load effects, which facilitates convenient evaluation of the ESWL; (2)
in the traditional formulation, the aerodynamic admittance function is difficult to
ascertain from theoretical consideration and therefore has led to significant
variability in the response estimates (e.g., [17,19]). This can be attributed to a
number of reasons including the role of the strip and quasi-steady theories [20]. In
the scheme shown in Fig. 1(a), the aerodynamic admittance is actually the transfer
function between the input turbulence and the generalized wind load. The
generalized wind load is arbitrary in magnitude depending on the normalization
scheme used to define the mode shape, and in this format the aerodynamic
admittance also becomes a function of the mode shape as shown in (13)–(15). This
complicates the verification of the theoretical formulation with experimental
measurements. Whereas, in the new formulation, the aerodynamic admittance
function describes the relationship between the input turbulence and the BBM. The
latter is realistic and can be ascertained conveniently using effective tools, such as the
HFBB technique. Therefore, the existing aerodynamic wind load data can be used to
aid in improving the accuracy of the current model. Availability of additional data
can further refine the predictions based on this model [17,21].
Rewriting (29) in the following non-dimensional form:

s *M= *M ¼
Z

N

0

S *Mðf Þ H1ðf Þj j2 df
� �1=2

= %M: ð30Þ

Substituting (30) into (24) and after some mathematical manipulations, the
MGLF is given by

GM ¼ 1þ 2IH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2uB þ g2RR

q
¼ 1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G2MB þ G2MR

q
; ð31Þ

where GMB ¼ 2IHgu

ffiffiffiffi
B

p
and GMR ¼ 2IHgR

ffiffiffiffi
R

p
are the background and resonant

components of the MGLF, respectively; and B and R are the background and
resonant response factors, respectively. B and R can be conveniently derived
following the expression given under (20).
For code application of the MGLF, B and R can be obtained from graphs or

closed-form expressions like the ones used in the DGLF. However, by employing the
simple relationship between the DGLF and the MGLF, as described later, the effort
required to obtain the MGLF may be significantly reduced.
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In the following section, a detailed derivation of the terms in Eq. (31) is presented
for the sake of completeness and as a reference for comparison with the terms in
DGLF.
The mean BBM on a building is given by

%M ¼
Z H

0

%PðzÞz dz ¼
1=2rCDWU2HH2

2þ 2a
: ð32Þ

The fluctuating BBM response, like the displacement response, is evaluated in
terms of the background and resonant components.
The background base moment can be derived following the expression in [22] by

employing the influence coefficient function iðzÞ ¼ z

#MB

¼ gu

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ
N

0

Z H

0

Z H

0

Z W

0

Z W

0

ðrCDW %UHÞ2
z1

H

� 	a z2

H

� 	a
RZðf ÞRX ðf ÞSuðf Þz1z2 dx1 dx2 dz1 dz2 df

s

¼ gu

IHr %U2HCDWH2

2þ a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ
N

0

S�u ðf Þ JX ðf Þj j2 JZða; 1; f Þj j2 df

s
: ð33Þ

When expressed in a non-dimensional form, the background component of the
MGLF is

GMB ¼
#MB

%M
¼ 2guIH

2þ 2a
2þ a

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ
N

0

S�u ðf Þ JX ðf Þj j2 JZða; 1; f Þj j2 df

s
: ð34Þ

Since an influence function is used in (33), the contributions from the higher
modes and mode coupling, which have been noted to be non-negligible [23], have
been automatically included.
On the other hand, for the resonant component, the equivalent-static wind load is

equal to the inertial force. For a wind-excited structure, only the contribution of the
resonant response in the first mode is typically considered. Using (8)–(13) and
considering a non-linear mode shape and a non-uniform mass distribution, the first
mode extreme resonant displacement is given by

#YRðzÞ ¼ gR

ðIHr %U2HCDW Þ

ð2pf1Þ
2m0

ð1þ 2bÞ ð2þ 2bÞ
ð1þ aþ bÞ ð2þ 2bÞ � lð1þ 2bÞ½ 	




ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JX ðf1Þj j2� JZða;b; f1Þj j2�

pf1

4z
S�u ðf1Þ

s
�

z

H

� 	b
: ð35Þ

Note that the displacement along the height follows the mode shape. The
corresponding ESWL is given by

#PRðzÞ ¼ ð2pf1Þ
2mðzÞ #YRðzÞ ¼ ðgRIHr %U2HCDW Þ

ð1þ 2bÞ ð2þ 2bÞ
ð1þ aþ bÞ ð2þ 2bÞ � lð1þ 2bÞ½ 	




ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JX ðf1Þj j2� JZða;b; f1Þj j2�

pf1

4z
S�u ðf1Þ

s
� 1� l

z

H

� 	 z

H

� 	b
: ð36Þ
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It can be observed that the distribution of the ESWL is related to the mode shape
and the mass distribution. The BBM induced by the load in (20) can be derived by

#MR ¼
Z H

0

#PRðzÞz dz ðgRIHr %U2HCDWH2Þ
ð1þ 2bÞð2þ 2bÞ

ð1þ aþ bÞ ð2þ 2bÞ � lð1þ 2bÞ½ 	



ð3þ bÞ � lð2þ bÞ½ 	
ð3þ bÞð2þ bÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JX ðf1Þj j2� JZða;b; f1Þj j2�

pf1

4z
S�u ðf1Þ

s
: ð37Þ

Rewriting in a non-dimensional form, the resonant component of the MGLF is

GMR ¼
#MR

%M
¼ 2gRIH

ð1þ 2bÞ ð2þ 2bÞ ð2þ 2aÞ
ð1þ aþ bÞ ð2þ 2bÞ � lð1þ 2bÞ½ 	

ð3þ bÞ � lð2þ bÞ½ 	
ð3þ bÞ ð2þ bÞ




ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JX ðf1Þj j2� JZða; b; f1Þj j2�

pf1

4z
S�u ðf1Þ

s
: ð38Þ

4. Relationship between MGLF and DGLF

A comparison between (30) and (18) and the use of the relationships given in (27)
and (28) provides the following relationship:

s *M= %M ¼ sY= %Y: ð39Þ

Substituting (39) into (3) and (24) provides a very meaningful relationship

GM ¼ GY : ð40Þ

This means effectively that the MGLF is numerically equal to the traditional
DGLF, which is prescribed in the current codes and standards for structures with
linear mode shapes. This would aid in using the existing procedures in codes and
standards for the evaluation of MGLF, thus providing a smooth transition from the
currently established procedures to the proposed one.
Nonetheless, it is important to note that the equivalence noted in (40) calls for a

linear structural mode shape. Some structures may exhibit a departure from the
linear mode shape, which has been addressed by several researchers (e.g., [23,24]).
The influence of a non-linear mode shape on the relationship between the MGLF
and the DGLF is treated in the following section.
As shown in the preceding derivation of the MGLF, the background component

of the MGLF is given by (34) which is identical to (21) that describes the background
component of the DGLF. It is noteworthy that this result is consistent with (40). For
the background response H1ðf Þj j ¼ 1; and the background BBM component is
exactly the aerodynamic base moment, irrespective of the structural and turbulence
characteristics as indicated in (26). Nonetheless, a similar relationship between the
resonant components of the MGLF and the DGLF is not that straightforward.
However, using (22) and (38), a deviation factor can be defined to relate the resonant

ARTICLE IN PRESS
A. Kareem, Y. Zhou / J. Wind Eng. Ind. Aerodyn. 91 (2003) 1301–13281310



component based on the two approaches

ZR ¼
GMR

GYR

¼
ð1þ 2bÞ ð2þ 2bÞ ð2þ aÞ

ð1þ aþ bÞ ½ð2þ 2bÞ � lð1þ 2bÞ	



½ð3þ bÞ � lð2þ bÞ	

ð3þ bÞ ð2þ bÞ
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JZða;b; f1Þj j2

JZða; 1; f1Þj j2

s
; ð41Þ

where a is the wind velocity profile exponent; b the mode shape exponent in (8); l the
mass reduction parameter in (9) and JZ is defined in (15). As noted previously, for a
linear mode shape ZR is unity regardless of other parameters.
On the other hand, when the mode shape of the structure is non-linear, the

resonant deviation factor is dependent on both the structural and the turbulence
characteristics. The effect of correlation of the approaching flow defined in (15) is
illustrated in Fig. 2(a). Usually, there is a significant variation in the definition of this
correlation function. However, for the two limiting correlation cases, i.e., CZ ¼ 0
(fully correlated) and CZ-N (zero-correlated), the correlation effect is within 15%
when b ¼ 2:0: In the general range of CZ ¼ 5215; this effect is within 5% for b ¼
0:522:0: Fig. 2(b) shows the effect of a non-linear mode shape on the resonant
response deviation factor. Using CZ ¼ 11:5 [6], the effect of a non-linear mode shape
is within 5% for b ¼ 0:522:0; and the deviation factor is insensitive to the wind
velocity exponent, a: The deviation factor is also insensitive to the mass reduction
factor, l which introduces an error of less than 3% when lp0:5; which is a
reasonable value for most buildings. The effect of a non-uniform mass distribution is
illustrated in Fig. 2(c).
The preceding parameter study shows that the deviation factor is not very sensitive

to the variations in the structural and turbulence characteristics. In other words, for
a wide range of structural and turbulence characteristics, the resonant MGLF
component can be approximated by the resonant DGLF component, resulting
usually in slightly conservative estimates of wind loads and associated responses.

5. Design procedure

For design applications, a simplified procedure for estimating the ESWL utilizing
the MGLF is presented here.

Step 1: Compute the mean wind force at each floor

%Pi ¼ 1
2
r %U2H ðZi=HÞ2a


 �
CDðW � DHiÞ; ð42Þ

where Zi is the height of the ith floor above the ground; and DHi ¼ Zi � Zi�1:
Step 2: Compute the mean BBM

%M ¼
XN

i¼1

%PiZi; ð43Þ

where N is the number of floors of the structure.
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Fig. 2. (a–c) Deviation factor (Eq. 41) for resonant response.
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Step 3: Following the guideline of any current code or standard, obtain B; S and E

and compute the DGLF using a linear mode shape

GMB ¼ GYB ¼ 2guIH

ffiffiffiffi
B

p
; ð44Þ

GMR ¼ GYR ¼ 2gRIH

ffiffiffiffiffiffiffiffiffiffiffi
SE=z

p
; ð45Þ

GM ¼ 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G2MB þ G2MR

q
: ð46Þ

Step 4: Compute the resonant extreme BBM component

#MR ¼ GMR %M: ð47Þ

Step 5: Compute the extreme ESWL at each floor. The resonant component can be
obtained by distributing the BBM to each floor as a fraction of the extreme BBM
according to

#PRi ¼
mijiP
mijiZi

#MR; ð48Þ

where ji ¼ j1ðZiÞ: Note that the distribution of the background ESWL is usually
dependent on the response component under consideration and different from the
mean and inertial components. Nevertheless, the following description serves as a
fairly good approximation [10]:

#PBi ¼ GMB %Pi: ð49Þ

Step 6: Estimate the extreme responses of interest through a simple static analysis.
For example, the extreme displacement response can be computed simply by

#Yi ¼ GM %Yi ð50Þ

and the acceleration at each floor level is given by

#ai ¼ GMR � %Yi � ð2pf1Þ
2: ð51Þ

For other response components involving both the resonant and background
contributions, e.g., the base shear and other internal forces, the resultant value can
be obtained using an SRSS combination rule

#r ¼ %r þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð#rBÞ

2 þ ð#rRÞ
2

q
; ð52Þ

where %r; #rB and #rR are the mean, background and resonant response components
obtained from the static structural analysis by employing the above ESWL
components separately. The resultant wind-induced response can then be combined
with the response under the action of other loads.

5.1. Example

An example building with the following characteristics is used to illustrate
the proposed scheme: H 
 W 
 D ¼ 200
 50
 40m3; f1 ¼ 0:22Hz; z ¼ 0:01;
j1ðzÞ ¼ ðz=HÞb; mðzÞ ¼ m0ð1� lðz=HÞÞ; m0 ¼ 5:5
 105 kg/m; CD ¼ 1:3: The wind
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environment is %U10 ¼ 30 m=s; a ¼ 0:15; su= %U10 ¼ 0:2 and Davenport spectrum,
CX ¼ CZ ¼ 11:5: Four cases are considered here. In Case 1, b ¼ 1:0 and l ¼ 0:0; in
Case 2, b ¼ 1:6 and l ¼ 0:0; in Case 3, b ¼ 1:0 and l ¼ 0:2; and in Case 4, b ¼ 1:6
and l ¼ 0:2:
The mean, background and resonant ESWL components are separately computed

using the DGLF method and the proposed MGLF procedure. These wind-loading
components are plotted in Fig. 3.
The traditional DGLF method usually does not differentiate the cases that have

non-linear mode shapes or non-uniform mass, or both, from the case that has a
linear mode shape and uniform mass, or Case 1. Therefore, in the four cases studied
here, the DGLF method gives the same result. The mean and background ESWL
components obtained using the MGLF procedure are the same as those obtained
using the DGLF approach. However, the resonant component is different. Even for
Case 1, the ESWL given by the MGLF procedure has a linear distribution, which is
clearly different from that given by the traditional method. The latter varies along
the height following a 2a exponent law.
Due to the difference in the distribution of the wind loads, the estimated responses

will be different. A comparison of different GLFs for different response compo-
nents by the two procedures is given in Table 1, which includes also the GLF for
the base shear in which discrepancies in base shear response estimates were observed.
The items in brackets are the ratios between the GLFs obtained by the MGLF
procedure and the corresponding GLFs by the DGLF method. By definition,
the DGLF method results in a uniform gust factor for all responses and here for all
four cases.
For Case 1, the MGLF is, as expected, equal to the DGLF. A non-linear mode

shape (Case 2), or a non-uniform mass (Case 3), or both (Case 4) influences the
MGLF. However, as was exemplified in the preceding parametric study, the effect of
the non-uniform mass is insignificant and the effect of a non-linear mode shape is
2.2% on the resonant MGLF and 0.8% on the resultant MGLF, which are
negligible. For Case 4, the error is slightly reduced compared to Case 2.
The MGLF procedure determines the ESWL in a more realistic manner than

the traditional DGLF method. Therefore, the resulting response estimates
may differ. Using the base shear force as an example, the resonant base shear force
by the MGLF procedure is 15% less than that obtained by the DGLF method
for Case 1, which resulted in a base shear gust factor that was 5.4% less than
the DGLF. For Case 2, the respective errors increase up to 23.2% and 8.3%.
Although this effect is on the conservative side for the base shear force, this
observation does not necessarily apply to other responses. Due to the difference in
the distribution of the wind loading, the deviation in responses estimated by the
DGLF method will depend on the response being estimated and the structural
characteristics. For example, the resonant ESWL on the top floor obtained by the
DGLF method is 33% (350/520 kN) less than the value given by the MGLF
procedure for Case 2.
The base shear GLF is more sensitive to the mode shape and mass distribution

than the MGLF, and it is always different from the DGLF. In light of this
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sensitivity, the proposed procedure was not designed to use a base shear force to
distribute the ESWL to floors, although this approach is used in earthquake
engineering practice.
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Fig. 3. (a–c) Wind loads/effects using DGLF and MGLF. (A) mean wind force; (B) background ESWL

with respect to the BBM response [15]; (C) background ESWL by the DGLF approach; (D) resonant

ESWL by the DGLF approach; (E) resonant ESWL by the MGLF procedure for case 1; (F) resonant

ESWL by MGLF for case 2; (G) resonant ESWL by MGLF for case 3; and (H) resonant ESWL by

MGLF for case 4.
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6. 3D gust loading factors

The last part of the paper advances the concept of 3D GLF for estimating
dynamic load components in three directions [25]. Under the actions of windstorms,
actual tall buildings vibrate simultaneously in alongwind, acrosswind and torsional
directions. In many cases, the wind-induced response due to acrosswind and
torsional excitations is as important as the alongwind in terms of both serviceability
and survivability design of tall buildings. Nevertheless, most current codes and
standards focus only on procedures for the alongwind response, with little guidance
for the other two directions [26,27,41]. Piccardo and Solari [28] reported a 3D closed-
form GLF formulation based on a combination of the quasi-steady theory and
empirical fit to a general acrosswind spectrum utilizing the DGLF framework.
This section provides a framework for the formulation of those wind load effects

along the ‘‘GLF’’ format that has generally been used for the alongwind response.
This approach is based on an extension of the new GLF concept provided in the
preceding sections to the three response components, a database of aerodynamic
wind load on typical tall buildings, a mode shape correction procedure and a more
realistic formulation of the equivalent-static wind loads and their effects. It is
envisaged that the new formulation will be most appropriate for inclusion in codes
and standards and also serves as a convenient format for the interpretation of wind
tunnel test results.
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Table 1

Comparison of gust loading factors

Case DGLF formulation MGLF formulation

All responses Base bending moment Base shear forcea

GB GR G GB GR G GB GR G

1 0.652 0.974 2.172 0.652 0.976 2.174 0.652 0.829 2.055

(1.000)b (1.002) (1.000) (1.000) (0.851) (0.946)

2 0.652 0.974 2.172 0.652 0.953 2.155 0.652 0.748 1.992

(1.000) (0.978) (0.992) (1.000) (0.768) (0.917)

3 0.652 0.974 2.172 0.652 0.976 2.174 0.652 0.845 2.067

(1.000) (1.002) (1.000) (1.000) (0.868) (0.952)

4 0.652 0.974 2.172 0.652 0.959 2.160 0.652 0.763 2.004

(1.000) (0.985) (0.994) (1.000) (0.783) (0.923)

aGLF for base shear G ¼ #Q= %Q where the peak base shear force, #Q; is computed using actual ESWLs,
e.g., Eq. (36) for resonant component; and %Q is the mean base shear force.
b Items in brackets are the ratios between wind load effects obtained by the MGLF formulation and

those by the DGLF formulation. These ratios are also equal to the ratios of GLFs for wind effects of

concern between these two GLF formulations. In the DGLF, the ESWL is determined by (1); while in the

MGLF it is by (48) and (49).
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The proposed 3D GLF is an extension of a new MGLF concept based on the
BBM or base torque response defined as

G ¼ #M= %M0; ð53Þ

where G is the GLF; %M0 the reference mean BBM or base torque, which can be
computed for the sway and torsional modes, respectively, by

%M0
D;L ¼

Z H

0

%PðzÞ � z dz; ð54Þ

%M0
T ¼

Z H

0

%PðzÞ ð0:04BÞ dz; ð55Þ

where %PðzÞ is the mean alongwind load at any height z above the ground; and H and
B the building height and width normal to the oncoming wind, respectively.
Subscripts D, L and T represent the alongwind, acrosswind and torsional directions,
respectively. If not specifically indicated, the given formulation would be applicable
to all three directions. The reference mean base moment in (54) in the acrosswind
and the base torque in (55) are not the actual mean base moments that act on the
building. Usually, for most symmetrical buildings, the mean base moments in the
acrosswind and torsional directions are either very small or zero. The reference mean
torque in (55) corresponds to the overall torsional effect of a partial load with 25%
reduction in any portion of the building, as recommended in the current ASCE 7 [16]
and NBCC [24,29–32].
For convenience, the reference mean base moment in the acrosswind is set equal to

the alongwind mean base moment. #M is the peak BBM or base torque response
which can be expressed as

#M ¼ %M þ g � sM ; ð56Þ

where %M is the mean BBM or base torque; g the peak factor, which is usually around
3–4; and sM ¼ ð

R
N

0 SM ðf Þ df Þ1=2 the RMS of the BBM and base torque response,
and SM ðf Þ the PSD of the fluctuating base moment or torque response. It has been a
general practice to divide the integration term of the fluctuating response into two
portions

sM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2MB þ s2MR

q
ð57Þ

in which sMB and sMR are the background and resonant components of the BBM or
base torque response, respectively. Thus, the 3D GLF in (1) can be expressed in the
form

G ¼ %G þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G2B þ G2R

q
; ð58Þ

where %G; GB and GR are the mean, background and resonant components of the
GLF, respectively, which can be computed by

%G ¼ %M= %M0; ð59Þ
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GB ¼ gB � sMB= %M0; ð60Þ

GR ¼ gR � sMR= %M0; ð61Þ

where gB=gu is the background peak factor or peak factor for the fluctuating wind
velocity as suggested in ASCE 7 [16]. It is important to note that when applying to
the alongwind response, the preceding 3D GLF reduces exactly to the same result as
given in a new GLF model by Zhou and Kareem [15]. This new GLF model has the
advantage of offering an improved GLF format that reflects more accurately the
description of dynamic load effects on structures in comparison with the traditional
GLF approach as used in current codes and standards. For the alongwind response,
the mean component of the GLF is unity; and for the acrosswind and torsional
response of a symmetrical building, it is usually very small or zero. The calculation
for the background and resonant components of the BBM response will be provided
in the following sections based on the background provided in Appendix A.

6.1. Base moments response and mode shape corrections

Most GLF-based approaches involve the generalized wind loading, which has
been observed to be quite sensitive to the mode shape exponent and the aerodynamic
pressure field characteristics (e.g., [33]). These parameters in engineering practice are
either unknown or can only be estimated approximately. For a particular
engineering application, the mode shape correction of the generalized wind load
scheme may introduce significant uncertainty depending on the parameters involved.
On the other hand, it is noted that a BBM-based procedure can notably reduce the
analysis efforts. The PSD of the fluctuating BBM or base torque response can be
evaluated using the following equation:

SM ðf Þ ¼ ZM � SMðf Þ � H1ðf Þj j2; ð62Þ

where ZM is the mode shape correction for the base moments and torque response.
For the background response, both H1ðf Þj j2and ZM are equal to unity. When a
building has an ideal mode shape, i.e., linear in sway modes and uniform in torsional
direction, ZM for the resonant response component is also equal to unity [15,24,34].
In addition, studies have shown that, unlike the procedure based on the generalized
wind load, the mode shape correction ZM for the base moments is relatively
insensitive to the non-ideal mode shape, mass distribution and aerodynamic pressure
field characteristics. For a wide range of involved parameters, the mode shape
correction can be neglected in the base moments-based approach, which results in
acceptable error in the overall wind-induced response estimates [10,24]. It is
noteworthy that the same symbol but expressed in bold is employed in (62) to
distinguish the base moment or base torque response from the externally applied
aerodynamic moment or torque. The former includes the dynamic magnification
effects resulting from wind fluctuations and structural dynamics.
Using (62), the definition of the background response, and the white-noise

excitation assumption, the background and resonant components of the base

ARTICLE IN PRESS
A. Kareem, Y. Zhou / J. Wind Eng. Ind. Aerodyn. 91 (2003) 1301–13281318



moments can be computed, respectively, by

sMB ¼ sM ; ð63Þ

sMR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pf1

4z1
� SMðf1Þ

s
: ð64Þ

6.2. Aerodynamic base moment database

The aerodynamic base moments involve complex fluid-structure interactions,
which can only be determined accurately with wind tunnel tests except for
the alongwind direction, where the strip and quasi-steady theories are usually
assumed. For the acrosswind and torsional directions, there has not been, to
date, any acceptable analytical procedure to determine this information based
on the oncoming velocity fluctuations and building geometry. The base moment
in a non-dimensional form can be obtained from the HFBB [34,35] or
simultaneously monitored surface pressure measurements on scaled building models
(e.g., [36,37]).
An initial aerodynamic base moment database based on the HFBB measure-

ments is developed and reported in detail in Zhou et al. [21]. The data includes
seven rectangular building models, with side ratio (D=B; where D is the depth
of the building section along the oncoming wind direction) from 1/3–3, three aspect
ratios for each building model in two approaching flows, namely, BL1 (a ¼ 0:16)
and BL2 (a ¼ 0:35), corresponding, respectively, to an open and an urban wind
environment. The data are provided and are accessible to the community with
a user-friendly Java-based applet through the world-wide-web (http://www.nd.
edu/Bnathaz). With the expedient HFBB, the existing database can be easily
expanded [21].
In this database, the measured aerodynamic base moments are reduced in the

following non-dimensional formats:

sCM ¼ sM=M 0; ð65Þ

CMðf Þ ¼ f � SMðf Þð Þ=s2M ; ð66Þ

where M 0 is the reference moment or torque in the test, which is defined by
M 0
D ¼ ð1=2r %U2HBH2Þ; M 0

L ¼ ð1=2r %U2HDH2Þ and M 0
T ¼ ð1=2r %U2HBDHÞ for the

alongwind, acrosswind and torsional directions, respectively. The non-dimensional
data can be directly used in the response analysis of buildings. It is important to
note the manner in which the reference moments have been defined in this
database, e.g., the acrosswind moment is non-dimensionalized with respect to D;
which is the acrosswind face dimension. An example of aerodynamic loads
on a square tall building model is given in Fig. 4 for both open country and
urban terrains.
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6.3. Evaluation of the 3D GLF

Given the aerodynamic base moments, the three components of 3D GLF can be
evaluated by substituting (63)–(66) into (59)–(61) as

%G ¼
1 for alongwind;

0 for acrosswind and torsion for symmetric buildings;

(
ð67Þ

GB ¼ gB � sCM � M 0= %M 0; ð68Þ

GR ¼ gR

sCM � M 0

%M 0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p � CM ðf1Þ
4z1

s
: ð69Þ

6.4. Application of 3D GLF in design

Among other advantages, the base moment response-based GLF, as outlined here
exhibits a notable feature that the ESWL on a building can be obtained by
distributing the base moment response to each floor. For the mean and background
components, the ESWLs can be expressed by

%Pi ¼ %M �
2þ 2a

H2
�

zi

H

� 	2a
�DHi; ð70Þ

#PBiD;L ¼ #MBD;L �
2þ 2a

H2
�

zi

H

� 	2a
�DHi; ð71Þ

#PBiT ¼ #MBT �
1þ 2a

H
�

zi

H

� 	2a
�DHi: ð72Þ

For the resonant components, the ESWL in sway modes is given by

#PRiD;L ¼ #MRD;L �
mij1iD;LP
mizij1iD;L

ð73Þ
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and the torsional mode

#PRiT ¼ #MRT �
Iij1iTP

Iij1iT
; ð74Þ

where %P ¼ ESWL; %M ¼ %G � %M 0; #MB ¼ GB � %M 0 and #MR ¼ GR � %M 0 are the mean,
background and resonant base moment components, respectively; zi the elevation of
the ith floor above the ground; DHi ¼ zi � zi�1 the floor height of the ith floor; and
mi; Ii and j1i the mass, mass moment of inertia and first mode shape at the ith floor
height, respectively.

6.5. Load effects

Any wind load effects such as the internal forces in each member, as well as the
overall deflection and acceleration, can be computed expediently through a simple
analysis utilizing these ESWLs. For example, the acceleration response estimated for
serviceability checking procedure can be evaluated using only the resonant ESWL
component

sai ¼
P

#PRi � j1i
gR �

P
mij21i

� j1i: ð75Þ

6.6. Example

An example tall building is used to demonstrate the efficacy of the scheme
presented here. The building is a square steel tall building with size H

W1
 W2 ¼ 200
 40
 40m3 and an average radius of gyration of 18m. The
three fundamental mode frequencies, f1; are 0.2, 0.2 and 0.35Hz in X ; Y and Z

directions, respectively; the mode shapes are all linear or b is equal to 1.0; and there
is no modal coupling. The building density is equal to 250 kg/cum. This building is
located in Exposure A or close to the BL2 test condition of the internet-based
database [21]. In this location (exposure A), the reference 3-second design gust speed,
U10; at a 50-year recurrence interval is 63m/s [10,16], which is equal to 18.9m/s upon
conversion to 1-h mean wind speed with 50-year recurrence interval
(63
 0.30=18.9m/s). For serviceability requirements, 1-h mean wind speed with
10-year recurrence interval is equal to 13.99m/s (63
 0.30
 0.74=13.99). For the
sake of illustration, the first mode critical structural damping ratio, z1; is assumed to
be 0.01 for both survivability and serviceability design as suggested in the ASCE 7-98
standard [16].
Using these aerodynamic data and the procedures provided in this paper, the 3D

GLF and wind load effects are evaluated and the results are presented in Table 2.
This table includes also the GLF, base moments and acceleration response in the
alongwind direction obtained by employing the procedure in ASCE 7-98 [16].
A sampling of floor-level ESWL components are shown in Fig. 5. Only ESWL in
sway modes is provided in Fig. 5 due to the relatively insignificant contribution of
the torsional component for this building.
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Table 2

3D 3GLFs and wind load effects for design

Building and

wind direction (1)

Load

components

(2)

sCM

(3)

Survivability design Serviceability design

Aerodyn. load coef. GLF and base moments (10e6 kNm) Aerodyn. load coef. GLF and Acc. (mg or rad/s2)

f �1
a (4) CM ðf1Þ (5) %G (6) GB (7) GR (8) G (9) %M (10) #M (11) f �1

a (12) CM ðf1Þ (13) GR
b (14) sa (15) Corner

X (16) Y (17)

Dc 1.18d 3.28d 3.86 1.53 5.44 6.39e 9.46e

B D 0.109 0.156 0.048 1.00 0.76 1.64 2.81 1.28 3.61 0.211 0.040 1.50 5.32

D L 0.133 0.156 0.192 0.00 0.93 4.01 4.12 1.28 5.28 0.211 0.073 2.47 8.77

1 T 0.044 0.273 0.059 0.00 4.80 11.93 12.86 0.016 0.21 0.369 0.040 9.83 0.02 3.54f 3.54f

a f �1 ¼ f1B= %UH :
bWhen using procedure in ASCE 7-98, GR ¼ 1:7gRI%zR where I%z is the turbulence intensity at the computation height, %z; and R is a resonance factor.
cBased on ASCE 7-98 procedure (ASCE 2000).
dBy the ASCE 7 code, the GLF and the mean base moment are evaluated in terms of 3-s gust wind speed; while the estimate of the peak base bending

moment is based on 1-h averaging time. All other cases for the GLF, base moments and accelerations using either code procedure or the procedure in this

paper are consistently based on 1-h averaging time [27].
eResultant acceleration.
fAcceleration components due to torsional movement, which is g � saT:
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Generally, for the alongwind load effects, the ASCE [16] code procedure and the
proposed GLF format lead to rather close estimates of BBMs and acceleration
response. This good agreement between the code procedure that is based on closed-
form solutions (e.g., [18]) and the procedure in this paper which utilizes wind tunnel
experimental data, confirms the effectiveness of the proposed 3D GLF-based
analysis scheme. Meanwhile, following the new GLF format [10,15], the proposed
procedure evaluates the ESWL in a more realistic manner in comparison with the
code procedure which provides an ESWL that follows the distribution of the mean
wind force [1]. The more realistic ESWL by the proposed GLF format, as shown in
Fig. 5, will result in more accurate estimates of other wind effects such as shear forces
among others [9,10,15].
In the current ASCE 7 standard [16], wind loads and effects can only be eva-

luated for the alongwind component at each wind direction. However, the scheme
presented herein permits capturing of wind load effects in three directions, which
represent more closely the actual building motion under wind. It is noteworthy that
despite the fact that the total alongwind loading may be dominant in comparison
with the acrosswind load for most relatively rigid buildings since the mean wind
force in the acrosswind is usually very small, the fluctuating acrosswind wind
components may become increasingly important as buildings become more flexible.
The acrosswind aerodynamic force spectra usually exhibits apparent peak in
amplitude in the vicinity of frequencies of interest for design of tall flexible structures
thus may exceed the corresponding alongwind force component. Therefore, the
procedure based solely on the alongwind response analysis, as advocated in the
current ASCE and other standards may fall short in predicting accurately the wind
load effects on flexible structures. Furthermore, the quasi-steady, or background
load effects on intermediate height buildings may be significant in defining design
load effects and should be given due consideration as advanced in the proposed
framework.
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Fig. 5. Floor ESWL components. (A) alongwind mean; (B) alongwind background; (C) alongwind
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Although the mean torsional force is equal to zero in light of the symmetry
of the example building plan and rather uniform unobstructed approach flow,
the large torsional GLF points at the need for improved guidance in codes and
standards to include the contributions from the fluctuating torsional compo-
nents [24,29,30,32].

7. Concluding remarks

This paper highlights developments in the GLF approach for civil engineering
structures from its inception, following the pioneering work of Professor Alan G.
Davenport, to modifications that ensued and outlook for the future offered by the
new format for the 3D GLFs.
The ESWL derived from the traditional DGLF method may deviate from the

actual value, and consequently may lead to unfavorable estimates of some wind-
induced load effects. This paper proposes a new procedure for determining the
ESWL, which employs a BBM-based GLF or MGLF. The expected extreme BBM is
computed by multiplying the mean BBM by the proposed MGLF. The extreme
BBM is then distributed to all floors in a format very similar to the one used in
earthquake engineering to distribute the base shear. In the case of linear structural
mode shape, the proposed MGLF is numerically equal to the traditional DGLF.
A parameter study suggests that for cases in which the mode shape and the mass
distributions depart from linear and uniform, respectively, a tacit assumption of
equivalence between the MGLF and the DGLF would result in slightly conservative
estimates of wind loading and associated response. This would enable the use of the
existing background information concerning DGLF, in codes and standards, in the
proposed procedure.
The proposed MGLF scheme offers several advantages over the DGLF approach.

First, it provides the ESWL in a more realistic manner. This is the most important
proposed feature of the procedure. Second, it uses the existing information, which
permits a smooth transition from the DGLF to the MGLF formulation—a
convincing feature for possible adaptation by codes and standards. Third, it is
formulated in a format that is familiar to most design engineers. Fourth, a new
analysis model, which is based on the BBM, is highlighted. In addition to its
advantage in presenting the ESWL correctly, this model is relatively more
straightforward than the current displacement-based model in ascertaining the
aerodynamic admittance function since the admittance function in this formulation
does not depend on the mode shape [17]. Fifth, the application range has been
extended to accommodate non-linear mode shapes and non-uniform mass
distributions. Sixth, it provides the opportunity for a generalized formulation and
a consistent transition in prediction of response for structures ranging from relatively
rigid to more flexible. Finally, it offers a foundation for the development of a
consistent GLF model for 3D wind effects on tall buildings. The base moment-based
analysis and modeling also offers an attractive format for reducing wind tunnel data
derived from HFBB and aeroelastic balance [38].
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Following the formulation of the new GLF model for the alongwind response,
a 3D GLF format for estimating the alongwind, acrosswind and torsional load
effects is presented. In light of the current code procedure which is based only on the
closed-form alongwind response analysis, the proposed 3D GLF model demon-
strates its advantages in terms of its simple and uniform format and ability to
capture accurately building motions under wind. The proposed approach also
includes the influence of non-ideal mode shapes [9,10] and realistic representation of
the ESWL and other wind load effects on the response, utilizes a newly developed
aerodynamic wind load database [21] and offers venues for appropriately combining
the 3D wind load effects. The proposed 3D GLF model is best suited for codes and
standards as a guide in the preliminary design stages. It also serves as a convenient
format for interpreting wind tunnel test results using HFBB. The range of
application of the proposed model can be conveniently extended with the availability
of more HFBB data.
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Appendix A. Derivation of resonant and background moment components

Using random vibration, modal and spectral analysis methods, the 3D generalized
displacement response of a building excited by wind actions can be computed, in a
matrix notation, by

½Sx� ðf Þ	 ¼ ½Hð2ipf Þ	 ½SP� ðf Þ	½H
�ð2ipf Þ	T; ðA:1Þ

where Sx�ðf Þ
j k

is the spectral density matrix of generalized displacement response,
with usually only those in three fundamental modes are considered; Hð2ipf Þ½ 	 and
H�ð2ipf Þ
� �

the pair of diagonal complex matrix of structural frequency response
function in terms of displcaement; and SP� ðf Þ

� �
the spectral density matrix of

generalized wind forces which can be computed by

½SP�ðf Þ	 ¼
Z H

0

Z H

0

Fðz1Þ½ 	T SPðz1; z2; f Þ½ 	 Fðz2Þ½ 	 dz1 dz2; ðA:2Þ

where z1 and z2 are the dummy space variables; Fðz1Þ½ 	 the mode shape matrix; and
SPðz1; z2; f Þ½ 	 the spectral density matrix of the aerodynamic forces, diagonal
elements are auto-correlations and off-diagonals are cross-correlation of the
aerodynamic forces. From (A.2), to calculate the generalized forces, information
of the correlation structures of the aerodynamic forces on the building surface is
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needed. Usually, this information is either unavailable usless the pressure-type wind
tunnel test is employed, or hard to be proceeded for an actual wind engineering
application due to significant efforts in data processing. On the other hand, a
relationship can be employed to obtain the generalized wind loads by considering
special structural mode shapes. Taking the sway mode as an example, the generalized
wind load has the following relationship with the base moments in terms of PSD
when the building has a linear mode shape in these directions:

SP�ðf ÞD;L ¼ SM ðf ÞD;L=H2; ðA:3Þ

where SP�ðf Þ is the PSD of generalized wind loads in fundamental modes; and SMðf Þ
the PSD of aerodynamic BBMs. A similar relationship exists for the torsional
direction by assuming a uniform mode shape. When buildings really have these kinds
of mode shape, only very limited aerodynamic force information, i.e., the auto- and
cross-correlations of the base moments, are needed to evaluate the wind-induced
response. For buildings with mode shapes other than those assumed, mode shape
corrections can be introduced to account for this departure. Usually, the mode shape
correction depends on both the mode shape and the parameters describing the
aerodynamic pressure field on the building surfaces. Given the mode shape
correction, the PSD of the generalized displacement response can be obtained by
using the base moment information

Sx� ðf Þ ¼ ZP� �
SM ðf Þ=H2

ð2pf1Þ
2 � m�2

1

� H1ðf Þj j2; ðA:4Þ

where ZP� is the mode shape correction for the generalized wind loads; m�
1 ¼RH

0
mðzÞj1ðzÞ dz the generalized mass in the first mode; j1ðzÞ ¼ ðz=HÞb the mode

shape in the first mode; b the mode shape exponent; H1ðf Þj j2¼ f½1� ðf =f1Þ
2	2 þ

ð2z1ðf =f1ÞÞ
2g�1 the structural transfer function in the first mode; and z1 the critical

structural damping ratio. Once the displacement response is available, the ESWL
can be obtained. For example, the resonant ESWL component can be represented in
terms of the inertial force. Using the ESWL, all wind load effects can be estimated
using a simple static analysis. Similar analysis procedures can be developed for the
torsional direction with an appropriate mode shape correction.
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