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Equivalent Static Wind Loads on Buildings: New Model
Xinzhong Chen1 and Ahsan Kareem2

Abstract: In current design practice, spatiotemporally varying wind loads on buildings are modeled as equivalent static wind lo
loading description serves as pivotal information for estimating response under the combined action of wind and other loads.
presents a framework for evaluating the equivalent static wind load for any given peak response of buildings with uncoupled
in the three primary directions. A new description of the background loading based on the gust loading envelope/peak dynamic
presented. The resonant loading is expressed in terms of the inertial load following the respective fundamental structural
equivalent static wind loading for the total peak response is then expressed as a linear combination of the background an
components. Following this framework, closed-form formulations using an analytical wind loading model are presented.
response factors and the equivalent static wind loads for various alongwind response components at different building ele
discussed in detail highlighting the advantages of the proposed equivalent static loading. The potential high-frequency forc
technique for ascertaining the equivalent static loading on buildings is also revisited. A commentary is presented to highlight t
mode shape correction, uncertainty in the modeling of wind loads, and contributions of higher modes to background respons
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Introduction

In current design practice, spatiotemporally varying wind lo
on buildings are modeled as equivalent static wind lo
(ESWLs). This loading description serves as pivotal informa
for estimating the response under the combined action of
and other loads, through a simple static analysis procedu
ensure structural safety and serviceability. The traditional
response factor(GRF) approach(Davenport 1967) is widely used
in most current building design codes and standards for the a
wind response that results in a load distribution similar to
mean wind load(e.g., Zhou and Kareem 2001). Similar GRF
concepts have been adopted for the acrosswind and torsion
sponse components(Piccardo and Solari 2000; Kareem and Z
2003). The GRF approach is simple to use in the building de
process, however, the GRFs may vary over a wide range fo
ferent response components of a structure and may have s
cantly different values for structures with similar geometric p
file and associated wind load characteristics but diffe
structural systems. For the acrosswind and torsional respo
which are typically characterized by low values of mean w
loading and associated response, particularly, in the cases o
metric buildings, the corresponding GRFs may not have the
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physical meaning as the traditional GRF for the alongwind
sponse.

Similar to the GRF approach, an ESWL description base
the peak dynamic pressure/wind load(including the mean load)
has been adopted in some building design codes, such as th
Eurocode (ENV-1991) (CEN 1994), ASCE7-02, and the ne
Australian/New Zealand Standards(Holmes 2002a). This forma
describes the ESWL as the peak dynamic load multiplied
constant coefficient referred to as dynamic response factor(DRF)
(Holmes 2002a). The DRF was defined as the ratio of the p
dynamic response(including the mean, background, and reso
components) to the response caused by the peak dynamic
that includes the mean and the background load effects bu
cludes the reduction effects due to the loss of correlation in
loading. In Repetto and Solari(2004), an identical ESWL distr
bution for all response components was suggested utilizi
polynomial expansion determined on the premise that the E
results in accurate estimates of a limited number of presel
peak responses.

Taking advantage of the spectral descriptions of wind l
and their effects on buildings, separation of the dynamic resp
(excluding the mean component) and the associated ESWL in
background(quasi-static) and resonant components provide
more efficient response prediction framework and a physi
more meaningful description of loading[Davenport 1985
Kasperski 1992; Holmes and Kasperski 1996; Holmes 20
Isyumov 1999; Zhou et al. 2000; Zhou and Kareem 2001; C
and Kareem 2000; 2001, Kareem and Chen 2004; Piccard
Solari 2002]. The resonant ESWL(RESWL) can be expressed
terms of the inertial load in each structural mode, which dep
on the mass distribution and mode shape(e.g., Davenport 1985).
The background ESWL(BESWL) depends on the external wi
load characteristics. Kasperski(1992) proposed a load-respon
correlation(LRC) approach for determining BESWL that resu
in different spatial load distributions for different response c

ponents. The LRC approach provides a most probable load distri-
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bution for a desired peak response component, which has
experimentally confirmed by Tamura et al.(2002). When the
background response is less important in comparison with
resonant component, which is the case in a flexible building
proximate description of the BESWL may be utilized. In Bo
and Peterka(1989) and Zhou and Kareem(2001), the BESWL for
any building response was approximated by the mean wind
distribution multiplied by the gust response factor for the b
ground base bending moment. In this case, as the backg
response is often approximated by the respective fundam
mode response, the BESWL can also be given in terms o
modal inertial load similar to the RESWL(Chen and Kareem
2001).

Once the RESWL in each structural mode and the BES
have been determined, the corresponding peak resonant and
ground responses are calculated using a static analysis. The
then combined using the complete quadratic combination(CQC)
approach or the square root of the sum of squares(SRSS) ap-
proach for the total peak response(excluding the mean comp
nent). Alternatively, an ESWL for the total peak response ca
expressed as a linear combination of the background and res
loading components. An approach for combining the backgr
and uncoupled multimodal inertial loads was presented in Ho
(2002b). Chen and Kareem(2001) proposed an analysis fram
work that combines the background and coupled multimoda
ertial loads. This scheme has been applied to long-span br
with multimode coupled buffeting responses, and can also b
lized for tall buildings with three-dimensional(3D) mode shape
and closely spaced fundamental mode frequencies(Kareem and
Chen 2004). It is important to note that the ESWL for the to
peak response cannot be determined by combining the
ground and resonant loading components using CQC or S
approaches, although a similar scheme has been suggested
erature(e.g., Holmes and Kasperski 1996). Alternatively, when
both the background and resonant response are approxima
the fundamental mode response, the ESWL for the total
response can be described in terms of inertial load involving
background and resonant components.

In this paper, an analysis framework is presented for eva
ing the ESWL for any given peak response component of w
excited buildings with uncoupled responses in the three pri
directions. A new description of the BESWL is presented b
on the gust loading envelope(peak dynamic loading without th
mean component). The RESWL is given in terms of the inert
load in each fundamental mode. The ESWL for the total p
response is then expressed as a linear combination of the BE
and RESWL. Based on this framework, closed-form formulat
using an analytical wind loading model are presented. The
response factors and the ESWLs for various alongwind resp
components at different building elevations are discussed in
highlighting the advantages of the proposed ESWL descrip
The high-frequency force balance(HFFB) technique is also revi
ited in the context of determining the equivalent static loadin
buildings. Finally, a commentary is provided regarding m
shape correction and uncertainty in the modeling of wind load
well as contributions of higher modes to background respon

General Formulations

A wind-excited building with one-dimensional uncoupled m
shapes in two orthogonal translational and rotational directio

a given wind speed and direction is considered(Fig. 1). The wind
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loads per unit height at elevationz above the ground have me

components ofP̄xszd, P̄yszd, and P̄uszd, and fluctuating compo
nents ofPxsz,td, Pysz,td, andPusz,td, in two translational axesx
andy and about the vertical axisz. Discussion here is focused
the response with one-dimensional influence functions in
three primary directions. The uncoupled class of response
three primary directions permits discussion of wind loading
building response in each direction independently. Without lo
generality, the following discussion will focus on translatio
response in thex direction at a given wind speed and orientat
formulations in other directions are immediate.

For a specific response of interest(displacement, bending m
ment, shear force, and member forces) at a building elevationz0,
Rsz0,td, the mean(static) and background components can
calculated by the static and quasi-static analysis. The res
component can be analyzed using modal analysis involving
the fundamental mode. The mean response and root mean
(RMS) background and resonant responses are expressed

R̄=E
0

H

P̄xszdmxszddz s1d

sRb
=ÎE

0

H E
0

H

mxsz1dmxsz2dRPxx
sz1,z2ddz1dz2 s2d

sRr
=

E
0

H

mszdQxszdmxszddz

E
0

H

mszdQx
2szddz

Î p

4j1
f1SQx

sf1d s3d

SQx
sfd =E

0

H E
0

H

Qxsz1dQxsz2dSPxx
sz1,z2, fddz1dz2 s4d

where H=building height; mxszd=influence function indicatin
the responseRsz0,td under unit load acting at the heightz in x
direction; Qxszd=fundamental mode shape; f1 and
j1=fundamental frequency and damping ratio(including aerody
namic damping), respectively; mszd=mass per unit heigh
RPxx

sz1,z2d and SPxx
sz1,z2, fd=covariance and cross power sp

tral density (XPSD) between Pxsz1,td and Pxsz2,td;
SQx

sfd=power spectral density(PSD) of the generalized mod
force.

It is noted that background response analysis using influ

Fig. 1. Coordinate system and wind orientation
functions implicitly includes the contributions of all structural

004
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modes, thus it provides a more accurate estimate of respo
comparison with modal analysis involving only the fundame
mode.

Peak dynamic response(excluding the mean response), Rmax,
is obtained by combining the background and resonant co
nents:

Rmax= Îgb
2sRb

2 + gr
2sRr

2 s5d

wheregb and gr =peak factors for the background and reson
responses,respectively, typically ranging in value between 3
4.

Following the LRC approach, the BESWL for peak ba
ground response,Rb max=gbsRb

, is given by:

FeRb
szd =

gb

sRb

E
0

H

mxsz1dRPxx
sz,z1ddz1 s6d

which depends on the influence function of the response u
consideration and thus the BESWL has a different spatial d
bution for different response components. The LRC approac
sults in a most probable load distribution for a given peak b
ground response. However, since in this approach each res
component corresponds to a different spatial load distribu
this feature may limit its potential application to design stand
or practice. An approximate modeling of the BESWL based
the LRC approach has been presented in Holmes(1996) by elimi-
nating the influence of the influence function of the respons

For the purpose of a pragmatic modeling of the BESWL,
proposed here to express the BESWL as the gust loading
lope (GLE), Febx8 szd, multiplied by a background factor,Bz,

FeRb
szd = BzFebx8 szd = BzgbÎRPx

szd s7d

Bz = sRb
/sRb

8 ; sRb
8 =E

0

H

mxszdFebx8 szddz/gb s8d

whereRPx
szd=RPxx

sz,zd; gbsRb
8 =peak background response un

the loading envelope that does not include the effect due to lo
spatial correlation in wind load over the building height;Bz rep-
resents the reduction effect with respect to the responseRsz0,td
due to loss of correlation of wind loading. In cases where
wind loads are fully correlated, i.e.,RPxx

sz1,z2d=ÎRPx
sz1dRPx

sz2d,
Bz reduces to unity and the BESWLs based on the LRC and
approaches converge to the gust loading envelope,Febx8 szd.

The RESWL for the peak resonant response,Rr max=grsRr
, is

given in terms of the inertial load distribution:

Ferxszd =
grmszdQxszd

E
0

H

mszdQx
2szddz

Î p

4j1
f1SQx

sf1d s9d

which can also be expressed in terms of distributing the peak
bending moment or base shear force over the building h
following the inertial load distribution. When torsional respo
is under consideration, the RESWL is obtained by distributing
base torque over the building height.

The ESWL for the total peak dynamic response,Rmax, can be
provided as a linear combination of the background and res
loads (Boggs and Peterka 1989; Chen and Kareem 2000, 2
Holmes 2002b):

2 2 2 2
FeRszd = fgbsRb
BzFebx8 szd + grsRr

Ferxszdg/ÎgbsRb
+ gr sRr

s10d

JOURNAL
e

It is obvious from Eq.(10) that any peak response can
expressed as a linear combination of the static response und
gust loading envelope,Febx8 szd, and the modal inertial loa
Ferxszd. The combination/weighting factors vary for the respo
component under consideration, which may be simplified thr
a parametric study for a range of response components for p
tial application to building codes and standards. For the
response including the mean component, the ESWL shou

given asP̄xszd±FeRszd.

Closed-Form Formulation

In the following, closed-form formulations based on an assu
analytical loading model are presented for the response i
translational direction,x, which can be extended conveniently
the response components in the other two directions.

The mass per unit height,mszd, the first mode shape,Qxszd,
and the influence function of the responseRsz0,td, mxszd, are ex
pressed as

mszd = m0S1 − l
z

H
D ; Qxszd = S z

H
Db

s11d

mxszd = 5m0Sz− z0

H
Db0

szù z0d

0 sz, z0d
6 s12d

wherem0=the mass per unit height at the bottom of the build
l=a constant parameters0ølø1d; and b=mode shape exp
nent ranging between 1.0 and 1.5 for typical buildings;m0 and
b0=constant parameters. For the top displacement,Yxstd, m0= i0,
z0=0, andb0=b8 (where i0 is the deflection at the top of t
building under a unit load at that point;b8=a constant param
eter); for the bending moment at elevationz0, Mxsz0,td, m0=H
and b0=1; and for the shear force at elevationz0, Fxsz0,td, m0

=1, andb0=0.
The XPSD and covariance of wind load per unit height

assumed as

SPxx
sz1,z2, fd =

SPsfd
H2 Sz1

H
DaSz2

H
Da

expS−
kzf

UH
uz1 − z2uD s13d

RPxx
sz1,z2d =

sPb

2

H2 Sz1

H
DaSz2

H
Da

expS−
uz1 − z2u

Lx
z D s14d

where sPb

2 =e0
f8SPsfddf<e0

`SPsfddfsf8ø f1d; SPsfd=PSD of wind
load at the building top normalized byH2; UH=mean wind spee
at the building top;a=wind load profile coefficient;Lx

z=integra
length scale of the fluctuating wind load; andkz=decay factor in
the vertical direction. It should be noted that Eqs.(13) and (14)
can be obtained by fitting the XPSD and covariance of w
loading, separately.

Accordingly, the RMS background and resonant compon
of Rsz0,td are given by

sRb
= m0FbSa,b0,

z0DBzSa,b0,
z0DsPb

s15d

H H
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sRr
= m0FrSb,b0,

z0

H
D uJzsa,b, f1du

s1 + a + bd
Î p

4j1
f1SPsf1d s16d

where the functions Fbsa ,b0,z0/Hd, Frsb ,b0,z0/Hd,
Bzsa ,b0,z0/Hd, and uJzsa ,b0, fdu are defined in Appendix A.

Bzsa ,b0,z0/Hd and uJzsa ,b , fdu are the background factor a
joint acceptance function, respectively, that represent the loa
duction effects due to the loss of vertical spatial correlatio
wind loads. As illustrated in Fig. 2 forBzsa ,b0,0d with a=0.1,
0.2, 0.3 and 0.35, andb0=0, 1, and 2(indicated by solid lines),
the background factor is insensitive to the parametera, and can
be approximated by(indicated by squares in Fig. 2)

BzSa,b0,
z0

H
D <

1

Î1 + sH − z0d/Lx
z/s2.5 +b0d

s17d

Similarly, the joint acceptance function can be given by

uJzsa,b, fdu <
1

Î1 + kzfH/UH/s2.5 +bd
s18d

The background factor in Holmes(1994) is conservatively ap
proximated by setting the influence function parameterb0=1:

Bz =
1

Î1 + sH − z0d/Lx
z/3.5

s19d

It is noted that bothBz anduJzu become unity when wind load
are fully correlated over the building height, i.e.,H /Lx

z→0 and
kzfH /UH→0, and decrease with the decrease in the
correlation/coherence. For the responses induced by the loc
wind load effects such as shear force and bending mome
higher elevations near the building top, i.e.,z0 is close toH, these
reduction effects are less significant in comparison with the
sponses resulting from the integrated wind load effects actin
the entire building height such as the base shear force, base
ing moment and top displacement.

The BESWL based on the GLE approach for peak respo
gbsRb

, is expressed as

FeRb
szd = BzFebx8 szd = Bz

gbsPb

H
S z

H
Da

s20d

Fig. 2. Background factorBzsa ,b0,0d
and the RESWL is expressed as

1428 / JOURNAL OF STRUCTURAL ENGINEERING © ASCE / OCTOBER 2
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Ferxszd =
s2b + 1ds2b + 2d

fs2b + 2d − ls2b + 1dg
uJzsa,b, fdu
s1 + a + bd

gr

H

3Î p

4j1
f1SPsf1dS1 − l

z

H
DS z

H
Db

s21d

Application to the Alongwind Response

In order to highlight the advantage of the ESWL based on
external wind loading and modal inertial loads in compar
with that based on the traditional GRF approach, the follow
discussion is focused on the alongwind response, i.e., th
sponse in the translational direction,x, under wind at zero ang
of incidence. Utilizing strip theory, the alongwind drag force
be related to the wind fluctuations in the alongwind direct
Assuming that the mean wind speed varies according to
power law as

Uszd = UHS z

H
Da

s22d

and assuming that the drag coefficient, aerodynamic admit
function and standard deviation turbulence are uniform ove
building height, the mean wind load per unit height is given

P̄xszd =
qH

H
S z

H
D2a

s23d

and the XPSD and covariance of wind load per unit heigh
given in Eqs.(13) and (14) with Lx

z=Lu
z (whereLu

z is the turbu
lence integral length scale), and

SPsfd = 4qH
2 Iu

2Su
*sfduxDsfdu2uJysfdu2 s24d

sPb

2 =E
0

f8
4qH

2 Iu
2Su

*sfduxDsfdu2uJysfdu2df s25d

whereqH=0.5rUH
2 CDBH; r=air density;B=building width; CD

=drag coefficient;Su
*sfd=Su0sfd /su0

2 =normalized PSD of win
fluctuation with respect to its mean square valuesu0

2

=e0
`Su0sfddf; Iu=su0/UH=turbulence intensity at the top of t

building; uxDsfdu2=aerodynamic admittance function; a
uJysfdu2= joint acceptance in the horizontal direction given by

uJysfdu2 =
1

B2E
0

BE
0

B

expS−
kyf

UH
uy1 − y2uDdy1dy2

=
2

ly
S1 −

1

ly
+

1

ly
e−lyD s26d

andly=kyfB/UH; andky=decay factor in horizontal direction.
Accordingly, the mean response ofRsz0,td is expressed as

R̄= qHm0F̄Sa,b0,
z0

H
D s27d

where F̄sa ,b0,z0/Hd is given in Appendix A. The backgroun
and resonant responses are given in Eqs.(15) and (16).

Detailed expressions for the top displacement, bending
ment and shear force at a given elevationz0 are presented
closed-form in Appendix B. An alternative closed-form solu
of the same wind load effects has been presented in Piccard
Solari (2002) using a different approach. The background

resonant GRFs(BGRF and RGRF) for any response component

004
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at any building elevation can be calculated as the ratio of the
background and resonant components with respect to its
value. For example, the BGRF and RGRF for the top disp
ment(z0=0 andb0=b8), base bending moment(z0=0 andb0=1)
and base shear force(z0=0 andb0=0) are given by the followin
general expressions:

Gb =
gbsRb

R̄
=

s1 + 2a + b0d
s1 + a + b0d

2gbIu

Î1 + H/Lu
z/s2.5 +b0d

3ÎE
0

f1

Su
*sfduxDsfdu2uJysfdu2df s28d

Gr =
grsRr

R̄
=

fsb + b0 + 2d − lsb + b0 + 1dg
sb + b0 + 2dsb + b0 + 1d

3
s2b + 2ds2b + 1d

fs2b + 2d − ls2b + 1dg
s1 + 2a + b0d
s1 + a + bd

3
2grIu

Î1 + kzf1H/UH/s2.5 +bd

3Î p

4j1
f1Su

*sf1duxDsf1du2uJysf1du2 s29d

In order to highlight the dependence of GRF on the resp
under consideration, Fig. 3(a) shows the ratio of BGRFs for to

Fig. 3. Comparison of the background gust response factors:(a) base
shear force, base bending moment and top displacement;(b) shea
forces at different elevations; and(c) bending moments at differe
elevations
displacement(b8=b0=1.5 as an example) and base shear to the

JOURNAL
BGRF for base bending moment. Figs. 3(b and c) compare
BGRFs for shear and bending moment at different elevat
respectively, normalized by the BGRF for base shear and
bending moment, respectively. Fig. 4 shows the correspon
comparison results for the RGRFs.

It is noted that the differences among the BGRFs for
bending moment, base shear, and top displacement are ma
and are within 5%. Their influence on total peak responses
become less significant when the resonant components a
cluded. However, the BGRFs for shear force and bending
ment increase markedly with increasing elevation. This is du
the rapidly increasing value of the equivalent loads for respo
at higher elevations as compared to the mean load. It is ob
that using the BGRF-based equivalent loading associated
either base bending moment, base shear or top displacemen
follows a distribution similar to the mean wind load, will rema
ably underestimate the background responses at higher elev

On the other hand, as indicated in Fig. 4(a), the RGRF for th
base shear force is remarkably different from those for the
bending moment and the top displacement. As shown in Figs(b
and c), the variations in RGRFs with elevation may be signific
This is due to the fact that the actual equivalent load distribu
in terms of the inertial load may significantly deviate from
mean load distribution. Again, using the RGRF based equiv
load associated with the base bending moment or base sh
top displacement will introduce noteworthy errors in predic

Fig. 4. Comparison of the resonant gust response factors:(a) base
shear force, base bending moment and top displacement;(b) shea
forces at different elevations; and(c) bending moments at differe
elevations
other resonant responses at different elevations. The dependence
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of GRF on the response has also been discussed in Sola
Repetto(2002) based on a different approach.

Fig. 5 presents BESWLs based on the LRC approach. Fig(a)
provides BESWLs for base shear force(z0=0 andb0=0), base
bending moment(z0=0 andb0=1) and top displacement(z0=0
andb8 is chosen asb8=b0=1.5 as an example). Figs. 5(b and c)
show those for shear force and bending moment at differen
evations. The gust loading envelope is also shown that des
the envelope of the BESWL distribution. The differences in
background loads correspond to the reduction effects for diff
response components resulting from the loss of correlatio
wind loads over the building height. As indicated by the l
distributions for shear force and bending moment atz0=0.8H
with zùz0 in Figs. 5(b and c), the background loads associa
with highly correlated localized wind load effects are close to
gust loading envelope. As suggested in Fig. 5(d), with an increas
in wind load correlation that corresponds to the decrease i
rameterH /Lx

z, the BESWLs based on the LRC approach are c
to the gust loading envelope.

As expected, while LRC approach based BESWLs provi
physically meaningful load distribution, the dependence of
spatial distribution on the response being considered may
clude this load description for possible adoption by a build
code or standard. On the other hand, the load distributions

Fig. 5. Background equivalent static wind load distributions ba
on the load-response-correlation approach:(a) base shear force a
bending moment and top displacement;(b) shear forces at differe
elevations;(c) bending moments at different elevations; and(d) base
bending moment with different turbulence scales
on the GLE approach proposed in this study are similar to the
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gust loading envelope for all response components which
scaled by the background factor as indicated by Fig. 6. Th
similar to the traditional GRF approach, but the load distribu
depends on the external fluctuating load rather than the
load. In addition, the background factor,Bz, has a clearer physic
meaning than the BGRF,Gb.

The advantage of expressing the RESWL in terms of
inertial loading is that it obviously leads to a single load distr
tion for all responses. However, significantly different GRFs
RESWLs are required for different response components
the traditional GRF approach is utilized with a load distribu
similar to the mean load. The ESWL for total peak response b
on external wind loads and modal inertial loads is particu
suited for the acrosswind and torsional responses in whic
mean wind loads and responses are generally small which re
the ESWL based on the traditional GRF approach less appro
for practical applications.

Equivalent Static Wind Loads Based on the
High-Frequency Force Balance Technique

The HFFB technique has been widely utilized for estimating
generalized modal forces on buildings with uncoupled m

Fig. 6. Background equivalent static wind load distributions ba
on the gust loading envelope approach:(a) base shear force, bendi
moment, and top displacement;(b) shear forces at differe
elevations;(c) bending moments at different elevations; and(d) base
bending moment with different turbulence scales
shapes. In this technique, base forces are measured on geometri-
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he
cally scaled, light-weight, stiff building models(e.g., Kareem an
Cermark 1979; Tschanz and Davenport 1983; Reinhold and
reem 1986; Boggs and Peterka 1989). The estimated generaliz
modal force is then utilized to obtain dynamic response for a
range of structural characteristics. In the following, the evalua
of the ESWL based on HFFB measurements is discussed in
of mode shape correction and the inherent uncertainty asso
with the lack of information concerning spatiotemporal distr
tion of wind loads on the building surface.

For buildings with translational mode shapes varying non
early over the building height, mode shape corrections are ne
in estimating the generalized modal forces using the mea
base bending moments. Considering wind loads and respo
the translational direction,x, the mode shape correction factor
the generalized modal force is defined as

hQx
=Î SQx

sf1d

SMx
sf1d/H2 s30d

which depends on the statistical features of the wind load, w
SMx

=PSD of the base bending moment on the stiff build
model.

Accordingly, the resonant response given in Eq.(3) can be
rewritten as

sRr
= hQx

E
0

H

mszdQxszdmxszddz

HE
0

H

mszdQx
2szddz

Î p

4j1
f1SMx

sf1d s31d

Obviously, only the mode shape correction factor for the ge
alized modal force is needed when the actual building dyn
features are used in the response analysis.

However, when the actual building response with a nonli
mode shape is directly evaluated from a “stick” aeroelastic b
ing model with a linear mode shape, mode shape correction
tors for each individual response are required(Zhou and Kareem
2003). Based on Eq.(31), the response of a building with a no
linear mode shape,sRr

, can be expressed in terms of the respo
of a virtual building,sRr

0 , with identical geometrical features w
the exception of a linear mode shape experiencing the same
conditions, and a correction factor,hR,

sRr
= hRsRr

0 ; hR = h0RhQ s32d

h0R =

E
0

H

mszdQxszdmxszddz

E
0

H

mszdS z

H
Dmxszddz

E
0

H

mszdS z

H
D2

dz

E
0

H

mszdQx
2szddz

s33d

sRr

0 =

E
0

H

mszdS z

H
Dmxszddz

E
0

H

mszdS z

H
Dzdz

Î p

4j1
f1SMx

sf1d s34d

whereh0R=correction factor which depends only on building
namics and can be evaluated accurately for a given building

A host of studies concerning the mode shape correction f
based on wind tunnel studies or analytical models have bee

ported in Vickery et al.(1985), Boggs and Peterka(1989), Xu and

JOURNAL
Kwok (1993), and Zhou et al.(2002), among others. Formulatio
based on analytical models in the literature are often restrict
two limiting cases of the correlation level of wind loading alo
the building height, i.e., fully coherent and zero coherent. U
the analytical model presented in this study with the closed-
expression for joint acceptance, the influence of wind load c
ence can be explicitly described by the parameterkzf1H /UH.
Thus, the mode shape correction can be better quantified
example,hQx

can be expressed as

hQx
=

s2 + ad
s1 + a + bd

Î 1 + kzf1H/UH/3.5

1 + kzf1H/UH/s2.5 +bd
s35d

andh0R is given in terms of the building dynamics as

h0R =
fsb + b0 + 2d − lsb + b0 + 1dg

sb + b0 + 1dsb + b0 + 2d
sb0 + 2dsb0 + 3d

fsb0 + 3d − lsb0 + 2dg

3
s4 − 3ld

12

s2b + 1ds2b + 2d
fs2b + 2d − ls2b + 1dg

s36d

whereb0=b8, 1, 0 for top displacement, base bending mom
and base shear force, respectively. A similar expression fo
mode shape correction factor for the generalized modal force
given in Marukawa et al.(1990).

Fig. 7 shows mode shape correction factors for the genera
modal force, top displacement, base bending moment, and
shear force. It is noted that mode shape correction factor
different responses have different magnitudes, but each ha
same level of uncertainty as that implied in the correction fa
for the generalized modal force,hQx

. Since only the measur
base bending moment does not provide sufficient inform
concerning the spatiotemporal variations of wind loads on
building surface, the mode shape correction procedure has t
on an empirical formulation or on a presumed analytical w
loading model. Therefore, this procedure introduces uncert
in the predicted wind loads and the attendant responses due
potential of inappropriate modeling of the actual wind loads
accurate estimation of the mode shape correction factor bec
a more challenging task for buildings with complex geome
and 3D coupled mode shapes as well as for cases in whic
mean wind directions are not normal to a building face.

By distributing the peak base bending moment response
the building height following the inertial load distribution t

Fig. 7. Mode shape correction factors
RESWL can be expressed as
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Ferxszd =
grmszdQxszd

E
0

H

mszdQxszdzdz

sMxrs0d s37d

where sMxrs0d is given in Eqs.(32)–(34) with Rr =Mxrs0d and
mxszd=z.

Accordingly, the peak response of any given resonant resp
Rsz0,td can be calculated by a static analysis using the RES
Obviously, the correction factors for these responses actually
not be explicitly addressed while utilizing the RESWL, which
already incorporated through the corrected base bending mo
and the associated RESWL.

A similar expression of the RESWL in terms of the base s
force distributed along the building height is widely utilized
describing the equivalent static earthquake load in building c
[e.g.,ASCE 7-02(2002)]. However, the format based on the b
bending moment response is becoming increasingly popu
describing wind loads on buildings(e.g., Zhou and Karee
2001). As demonstrated in previous studies and is reconfirm
Fig. 7, the mode shape correction factor for the base ben
moment,hMx

, is rather insensitive to the mode shape parameb
and is very close to unity(e.g., Zhou et al. 2002). While the
empirical formulation ofhMx

is provided in some building cod
and standards, in practice,hMx

may even be approximated
unity for the simplicity necessary for design standards. How
it is worth mentioning that the base bending moment-b
RESWL itself does not provide a superior estimate of the eq
lent loading or response as compared to the RESWL base
base shear or other responses. This approach exhibits the
level of uncertainty as that implied in the estimate of the ge
alized modal force which manifests from the lack of informa
concerning spatiotemporal distribution of wind loading availa
from measured base bending moments.

Following the general expression for the background resp
in terms of the influence function[Eq. (2)], the background re
sponse is actually not influenced by the mode shape rath
depends on the influence function. As the background respo
not amplified by building dynamics, the background shear f
and bending moment can be directly measured through forc
ances using a stationary aerodynamic building model or us
stick aeroelastic building model. However, other response
ponents such as displacement have to be estimated based o
sured base forces with appropriate correction factors. Assu
that the analytical loading model presented in this study is v
the RMS background response ofRsz0,td can be expressed
terms of the base bending moment as

sRb
=

m0FbSa,b0,
z0

H
DBzSa,b0,

z0

H
D

HFbsa,1,0dBzsa,1,0d
sMxbs0d s38d

For example, following Eq.(38), the RMS background top di
placement is given by

sYxb
=

i0
H

s2 + ad
s1 + a + b8d

Î 1 + H/Lx
z/3.5

1 + H/Lx
z/s2.5 +b8d

sMxbs0d s39d

and the expression for the base shear can be given by seti0
=1 andb8=0 in the preceding formulation, wheresMxbs0d=RMS
background base bending moment.

Comparing Eq.(39) to Eq.(35), it is obvious that the influenc
z
of coefficientsa, b8, and H /Lx on the background response is
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t

e

a-

similar to the coefficientsa, b, and kzf1H /UH involved in the
mode shape correction factor for the generalized modal forc

It is noted that when both the base bending moment,Mxstd,
and base shear force,Fxstd, are measured using a stationary bu
ing model, and the analytical loading model is applicable,
parameters ofkz, Lx

z, and SPsfd can be identified by fitting th
measured data. Subsequently, the distribution of external
loads can be quantified completely, and any response and a
ated ESWL including the background and resonant compo
can be determined based on the model.

Unless an analytical model is applicable or certain ass
tions are made, predictions of the background response
BESWL remain a challenging task with the information restri
to the measured base bending moments. Correlation facto
background responses have been addressed in literature us
analytical model for the two limiting cases with an implicit
sumption that neglects the contribution of higher modes(Boggs
and Peterka 1989; Zhou et al. 2002). As discussed earlier, b
neglecting higher-mode contributions to the background resp
the background response analysis, mode shape correctio
BESWL can be estimated readily using the formulations ak
the resonant components utilizing base bending moment me
ment. Assuming that the BESWL is similar to the mean wind
distribution, the background response can also be estimated
the measurement of base bending moment.

To address the contributions of higher building modes to
background response, the ratio of the response based on th
damental modal response with respect to one obtained by em
ing the influence function is calculated following the analyt
model:

sRb
8

sRb

= FrSb,b0,
z0

H
D Fbsa,b,0d

FbSa,b0,
z0

H
D

Bzsa,b,0d

BzSa,b0,
z0

H
D s40d

Whenz0=0, it reduces to

sRb
8

sRb

=
fsb + b0 + 2d − lsb + b0 + 1dg

sb + b0 + 1dsb + b0 + 2d
s2b + 1ds2b + 2d

fs2b + 2d − ls2b + 1dg

3
s1 + a + b0d
s1 + a + bd

Î1 + H/Lx
z/s2.5 +b0d

1 + H/Lx
z/s2.5 +bd

s41d

whereb0=b8, 1 and 0 represent for the top displacement,
bending moment, and base shear force, respectively. It is
that b=b0 leads tosRb

8 /sRb
=1, indicating that for buildings wit

linear mode shapes, the base bending moment calculated
fundamental modal response is actually the same as that fro
influence function. The same conclusion applies to the top
placement when its influence function is approximated as pr
tional to the fundamental mode shape.

Fig. 8 suggests that the fundamental modal response pro
a good approximation of the base bending moment and top
placement, but remarkably underestimates the base shear
The higher-mode contributions become more significant for b
ground response in the cases of relatively stiffer buildings.

Concluding Remarks

A framework for evaluating the equivalent static wind load
any peak response component of buildings with uncouple

sponses in three primary directions was presented. The equivalent
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static wind load was expressed as a linear combination o
background and resonant loads. The background and res
components of loading were derived using the concept of
loading envelope and the distribution of inertial loads in the
damental structural modes in each direction. The proposed
ground load based on the GLE offered a very simplified
description in comparison with the load-response-correlation
proach whose spatial distribution exhibits dependence on th
sponse component of interest. It also provided a physically m
meaningful and efficacious description of the loading
compared to the gust response factor approach.

Closed-form formulations were presented based on an an
cal wind loading model. The gust response factors for var
alongwind response components at various building eleva
were presented in closed-form and compared to highligh
variations inthe gust response factors for different response
ponents. It was pointed out that using the equivalent static
load associated with base bending moment, base shear,
displacement that followed a distribution similar to the m

Fig. 8. Contributions of higher modes to the background respo
wind load may introduce noteworthy errors in the estimation of

0 0
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t

other responses at all elevations. The proposed equivalent
wind load in terms of the external fluctuating wind load and
ertial load provided a convenient and meaningful load descri
for potential applications to building codes and standards.

Formulations for mode shape correction factors needed i
HFFB technique or stick aeroelastic building model tests
presented based on an analytical loading model. These for
tions offered a clear relationship to the spatial coherence ch
teristics of wind loads and promised to provide a more acc
estimate when compared to the formulations given in litera
which relied on the two limiting cases of the correlation level
wind loading. It was emphasized that mode shape correction
tors for different response components have varying magni
but exhibit the same level of uncertainty as implied in the est
tion of the generalized modal force. This was attributed to
lack of information concerning the spatiotemporal distributio
wind loading knowing only the measured base bending mom
When the concept of equivalent static wind loading in term
the base bending moment distributed over the building heigh
employed, following the inertial load distribution, only the mo
shape correction for the base bending moment explicitly app
in the estimated response. This format is becoming increas
popular in describing wind loads on buildings. However, it
pointed out that this format does not provide a superior esti
of the equivalent loading or response as compared to the p
dure based on the base shear or other responses regard
uncertainty of estimation when only limited loading informat
is available. The approximation of background response b
fundamental modal response often used in literature may si
cantly underestimate the base shear response.
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Appendix I. Functions Used in the Background and Resonant Responses

F̄Sa,b0,
z0

H
D =

1

H
E

z0

H Sz− z0

H
Db0S z

H
D2a

dz s42d

FbSa,b0,
z0

H
D =

1

H
E

z0

H Sz1 − z0

H
Db0Sz1

H
Da

dz1 s43d

FrSb,b0,
z0

H
D = SE

z0

H

mszdS z

H
DbSz− z0

H
Db0

dzDYSE
0

H

mszdS z

H
D2b

dzD s44d

Bz
2Sa,b0,

z0

H
D =

E
z0

H E
z0

H Sz1 − z0

H
Db0Sz2 − z0

H
Db0Sz1

H
DaSz2

H
Da

expS−
uz1 − z2u

Lx
z Ddz1dz2

E
z

H E
z

H Sz1 − z0

H
Db0Sz2 − z0

H
Db0Sz1

H
DaSz2

H
Da

dz1dz2

s45d
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uJzsa,b, fdu2 =
s1 + a + bd2

H2 E
0

H E
0

H Sz1

H
Da+bSz2

H
Da+b

expS−
kzf uz1 − z2u

UH
Ddz1dz2 s46d
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Appendix II. Displacement, Bending, and Shear
Force Responses

Based on the analytical model for the fluctuating wind load,
background and resonant components of the top displace
Yxstd, bending moment, and shear force at a building elevatioz0

above the ground,Mxsz0,td and Fxsz0,td, can be expressed
follows:

sYxb
= i0Fbsa,b8,0dBzsa,b8,0dsPb

s47d

sMxbsz0d = HFbSa,1,
z0

H
DBzSa,1,

z0

H
DsPb

s48d

sFxbsz0d = Fbsa,0,z0/HdBzSa,0,
z0

H
DsPb

s49d

sYxr
= i0Frsb,b8,0d

uJzsa,b, f1du
s1 + a + bd

Î p

4j1
f1SPsf1d s50d

sMxrsz0d = HFrSb,1,
z0

H
D uJzsa,b, f1du

s1 + a + bd
Î p

4j1
f1SPsf1d s51d

sFxrsz0d = FrSb,0,
z0

H
D uJzsa,b, f1du

s1 + a + bd
Î p

4j1
f1SPsf1d s52d

where

Fbsa,b8,0d =
1

s1 + a + b8d
s53d

FbSa,1,
z0

H
D = F 1

a + 2
−

1

a + 1
Sz0

H
D

+
1

sa + 2dsa + 1dSz0

H
Da+2G s54d

FbSa,0,
z0

H
D =

1

sa + 1dF1 −Sz0

H
Da+1G s55d

BzSa,b0,
z0

H
D <

1

Î1 + sH − z0d/Lu
z/s2.5 +b0d

sb0 = b8,1,0d s56d

Frsb,b8,0d =
fsb + b8 + 2d − lsb + b8 + 1dg

sb + b8 + 1dsb + b8 + 2d

3
s2b + 1ds2b + 2d

s57d

fs2b + 2d − ls2b + 1dg
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FrSb,1,
z0

H
D = 3 sb + 1d − sb + 2dSz0

H
D + Sz0

H
Db+2

sb + 1dsb + 2d

− l

sb + 2d − sb + 3dSz0

H
D + Sz0

H
Db+3

sb + 2dsb + 3d
4

3
s2b + 1ds2b + 2d

fs2b + 2d − ls2b + 1dg
s58d

FrSb,0,
z0

H
D = 31 −Sz0

H
Db+1

b + 1
− l

1 −Sz0

H
Db+2

b + 2
4

3
s2b + 1ds2b + 2d

fs2b + 2d − ls2b + 1dg
s59d

uJzsa,b, f1du <
1

Î1 + kzf1H/UH/s2.5 +bd
s60d

i0 =
1

m0Hs2pf1d2

sb + b8 + 1dsb + b8 + 2d
fsb + b8 + 2d − lsb + b8 + 1dg

s61d

When the wind direction aligns with the translational axix,
the mean response in the same direction(alongwind response) is
expressed as

Ȳx = qHi0F̄sa,b8,0d =
qHi0

2a + b8 + 1
s62d

M̄xsz0d = qHHF̄Sa,1,
z0

H
D = qHHF 1

2a + 2
−

1

2a + 1
Sz0

H
D

+
1

s2a + 1ds2a + 2dSz0

H
D2a+2G

s63d

F̄xsz0d = qHF̄Sa,0,
z0

H
D =

qH

2a + 1
F1 −Sz0

H
D2a+1G s64d
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