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

In current design practice, spatiotemporally varying wind loads  Similar to the GRF approach, an ESWL description based on
on buildings are modeled as equivalent static wind loads the peak dynamic pressure/wind logdcluding the mean load
(ESWLS. This loading description serves as pivotal information Nas been adopted in some building design codes, such as the draft

for estimating the response under the combined action of wind EUrocode(ENV-1993) (CEN 1999, ASCE7-02, and the new
Australian/New Zealand Standar@dolmes 2002a This format

and other loads, through a simple static analysis procedure, tooI ibes th h K d ic load tinlied b
ensure structural safety and serviceability. The traditional gust cc?ﬁg:emetsc;e?ﬂEgr\ll:”r-e?(jrrte;tgi\i dyxgﬁnr?écre(sjgonr:; ft'p IeF) ya
f R D 196Yyis widel : : R
response actolG .F). approa.lcl‘( avenport 196yis widely used (Holmes 2002a The DRF was defined as the ratio of the peak
in most current building design codes and standards for the along- . . .
. : o .y dynamic responsg@ncluding the mean, background, and resonant
wind response that results in a load distribution similar to the .
ind load 7h d K 2001Similar GRF componentsto the response caused by the peak dynamic load
mean wind load(e.g., Zhou and Kareem 20p1Similar that includes the mean and the background load effects but ex-

concepts have been adopted for the acrosswind and torsional "€Zludes the reduction effects due to the loss of correlation in wind

sponse componen(@iccardp arjd Solari 200,0; Kareem _and Zhgu loading. In Repetto and Solaf2004), an identical ESWL distri-
2003. The GRF approach is simple to use in the building design v yion for all response components was suggested utilizing a
process, however, the GRFs may vary over a wide range for dif- 541y nomial expansion determined on the premise that the ESWL
ferent response components of a structure and may have signifiyesyits in accurate estimates of a limited number of preselected
cantly different values for structures with similar geometric pro- peak responses.
file and associated wind load characteristics but different  Taking advantage of the spectral descriptions of wind loads
structural systems. For the acrosswind and torsional responsesand their effects on buildings, separation of the dynamic response
which are typically characterized by low values of mean wind (excluding the mean compongrind the associated ESWL into
loading and associated response, particularly, in the cases of sympackground(quasi-statig and resonant components provides a
metric buildings, the corresponding GRFs may not have the samemore efficient response prediction framework and a physically
more meaningful description of loadingDavenport 1985;
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bution for a desired peak response component, which has been Ay
experimentally confirmed by Tamura et g2002. When the
background response is less important in comparison with the
resonant component, which is the case in a flexible building, ap-
proximate description of the BESWL may be utilized. In Boggs APy
and Peterk&1989 and Zhou and Kareeig2001), the BESWL for f"\
any building response was approximated by the mean wind load -
distribution multiplied by the gust response factor for the back- PG X
ground base bending moment. In this case, as the background Px

response is often approximated by the respective fundamental U

mode response, the BESWL can also be given in terms of the
modal inertial load similar to the RESW{Chen and Kareem Fig. 1. Coordinate system and wind orientation
2002D.

Once the RESWL in each structural mode and the BESWL
have been determined, the corresponding peak resonant and back- o .
ground responses are calculated using a static analysis. These aFQadS per unit height at elevatianabove the ground have mean
then combined using the complete quadratic combinai@@C) components ofP,(z), P,(z), and Py(2), and fluctuating compo-
approach or the square root of the sum of squaBiRSS ap- nents ofP,(z,1), Py(z,t), andPy(z,t), in two translational axes
proach for the total peak respon@(c]uding the mean compo- andy and about the vertical axis Discussion here is focused on
nenp_ A|ternative|y, an ESWL for the total peak response can be the response with one-dimensional influence functions in the
expressed as a linear combination of the background and resonarfhree primary directions. The uncoupled class of response in the
|Oading Components_ An approach for Combining the background three primary directions pel’mits discussion of wind |0ading and
and uncoupled multimodal inertial loads was presented in Holmes building response in each direction independently. Without loss of
(2002h. Chen and Kareen2001) proposed an analysis frame- generality, the following discussion will focus on translational
work that combines the background and coupled multimodal in- response in th& direction at a given wind speed and orientation;
ertial loads. This scheme has been applied to long-span bridgedormulations in other directions are immediate.
with multimode coupled buffeting responses, and can also be uti-  For a specific response of intergdtsplacement, bending mo-
lized for tall buildings with three-dimensiong8D) mode shapes ~ ment, shear force, and member forcasa building elevatior,,
and closely spaced fundamental mode frequendieseem and  R(Z,t), the mean(statio and background components can be
Chen 2004 It is important to note that the ESWL for the total calculated by the static and quasi-static analysis. The resonant
peak response cannot be determined by combining the back-Component can be analyzed using modal analysis involving only
ground and resonant loading components using CQC or SRSShe fundamental mode. The mean response and root mean square
approaches, although a similar scheme has been suggested in litRMS) background and resonant responses are expressed as
erature(e.g., Holmes and Kasperski 199&lternatively, when "
both the background and resonant response are approximated by R= f
the fundamental mode response, the ESWL for the total peak
response can be described in terms of inertial load involving both
background and resonant components.

In this paper, an analysis framework is presented for evaluat- HoH
ing the ESWL for any given peak response component of wind- OR, = \/f f P2 x(Z)Rp (71,2,)dzd2, 2
excited buildings with uncoupled responses in the three primary 0 -0
directions. A new description of the BESWL is presented based

P,(2p,(2)dz (1)
0

on the gust loading envelogpeak dynamic loading without the H

mean componehnt The RESWL is given in terms of the inertial f M(2)O,(2)p,(2)dz

load in each fundamental mode. The ESWL for the total peak o = 22 | T ¢ So.(f1) ®)
response is then expressed as a linear combination of the BESWL Ry H , 4g, TR

and RESWL. Based on this framework, closed-form formulations fo m(2)O5(2)dz

using an analytical wind loading model are presented. The gust
response factors and the ESWLs for various alongwind response
components at different building elevations are discussed in detail H rH
highlighting the advantages of the proposed ESWL description. S, () :f f 04(2)04(2)Ss, (21,2, F)dzdz 4
The high-frequency force balan@dFFB) technique is also revis- 00
ited in the context of determining the equivalent static loading on \here H=building height; w,(z)=influence function indicating
buildings. Finally, a commentary is provided regarding mode the responsé(z,,t) under unit load acting at the heightin x
shape correction and uncertainty in the modeling of wind loads asgjrection; ©,(z)=fundamental mode  shape; f, and
well as contributions of higher modes to background response. ¢, =fundamental frequency and damping ratiiocluding aerody-
namic damping respectively; m(z =mass per unit height;
Re (z1,2) and S (7,2, f)=covariance and cross power spec-
General Formulations tral  density (XPSD) between P,(z,t) and Py(z,1);
SQX(f):power spectral densityPSD) of the generalized modal
A wind-excited building with one-dimensional uncoupled mode force.
shapes in two orthogonal translational and rotational directions at It is noted that background response analysis using influence
a given wind speed and direction is consideéid. 1). The wind functions implicitly includes the contributions of all structural
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modes, thus it provides a more accurate estimate of response in It is obvious from Eq.(10) that any peak response can be
comparison with modal analysis involving only the fundamental expressed as a linear combination of the static response under the

mode. gust loading envelopeF,,(z), and the modal inertial load,
Peak dynamic respongexcluding the mean respons®,,., Fex(2). The combination/weighting factors vary for the response
is obtained by combining the background and resonant compo-component under consideration, which may be simplified through
nents: a parametric study for a range of response components for poten-
tial application to building codes and standards. For the peak
Rinax= \9§0§b+9r202R, (5) response including the mean component, the ESWL should be

whereg, and g,=peak factors for the background and resonant 91Ven asP,(2)+Fer(2).

responses,respectively, typically ranging in value between 3 and
4.
Following the LRC approach, the BESWL for peak back- Closed-Form Formulation
ground responsey, max=9bOR, is given by:
In the following, closed-form formulations based on an assumed
O H analytical loading model are presented for the response in the
Fer (2 = g J ux(z)Re (22)d2y (6) translational directionx, which can be extended conveniently to
b= 0 the response components in the other two directions.

which depends on the influence function of the response under The mass per unit heightn(z), the first mode shape,(2),
consideration and thus the BESWL has a different spatial distri- and the influence function of the resporiR@,,t), j.(2), are ex-
bution for different response components. The LRC approach re-pressed as
sults in a most probable load distribution for a given peak back-
ground response. However, since in this approach each response 7 7\B
component corresponds to a different spatial load distribution, m(z):mo(l—)\—); 0,2 = (—) (11
this feature may limit its potential application to design standards H H
or practice. An approximate modeling of the BESWL based on
the LRC approach has been presented in Holfh896) by elimi-

nating the influence of the influence function of the response. " (Z‘Zo)ﬁo (2= 7))
For the purpose of a pragmatic modeling of the BESWL, it is Py (2) = o H (12
proposed here to express the BESWL as the gust loading enve- 0 (z<z)

lope (GLE), F;,(2), multiplied by a background factoB,,
wheremy=the mass per unit height at the bottom of the building;

Fer (2) = BFip2) = Bgp\Rp (2) (7) A=a constant parametéd<\<1); and B=mode shape expo-

§ nent ranging between 1.0 and 1.5 for typical buildingg;and

H Bo=constant parameters. For the top displacem¥éyit), wo=io,
B,=og/oh:  ob = 2F.. (2)dZ 8 2,=0, andB,=p" (wherei, is the deflection at the top of the
2T RTR R fo i 2Fend D070, ® building under a unit load at that poin’=a constant param-

. eten; for the bending moment at elevatiag, M,(z,,t), po=H
whereRp (2)=Rp _(2,2); gbaRb:peak background response under .4 Bo=1; and for the shear force at elevatiag F,(Zy:t), o
the loading envelope that does not include the effect due to loss of=1  andg,=0.

spatial correlation in wind load over the building heigBt; rep- The XPSD and covariance of wind load per unit height are
resents the reduction effect with respect to the resp&izgt) assumed as
due to loss of correlation of wind loading. In cases where the
wind loads are fully correlated, i.eRp (21,2 = \Rp (21)Rp (22), N N
B, reduces to unity and the BESWLs based on the LRC and GLE S (z02,,F) = Self) (ﬂ) (2_2) exp(— Q|Zl_ 22|) (13)
approaches converge to the gust loading envelBpg(z). “ H? \H/ \H Uy
The RESWL for the peak resonant resporfigya=9:0r , IS
given in terms of the inertial load distribution:

2
RGIEANEAN _|21_22|)
Ferx(z)zw\/%fl%x(fl) 9) Reo(22) = HZ(H) (H) eXp< L2 (a4

1
fo m(2)05(2)dz where o, = [ Su(f)df~ [5S()df(' <1); S:(f)=PSD of wind
load at the building top normalized By?; U,=mean wind speed

which can also be expressed in terms of distributing the peak baseat the building top=wind load profile coefficientlZ=integral
bending moment or base shear force over the building heightlength scale of the fluctuating wind load; akg-decay factor in
following the inertial load distribution. When torsional response the vertical direction. It should be noted that E¢k3) and (14)
is under consideration, the RESWL is obtained by distributing the can be obtained by fitting the XPSD and covariance of wind
base torque over the building height. loading, separately.

The ESWL for the total peak dynamic responBg,,, can be Accordingly, the RMS background and resonant components
provided as a linear combination of the background and resonantof R(z,,t) are given by
loads (Boggs and Peterka 1989; Chen and Kareem 2000, 2001;
Holmes 2002k

op, = MoFb<<¥:BOIZﬁO)Bz(aaBo,E)UPb (15

Fer2) = [0s0R BFep(? + 00r Ferd 21\ Gh0R + Gfok (10 H
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§ : Application to the Alongwind Response
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8 : In order to highlight the advantage of the ESWL based on the
@ 0-40 > 4 6 8 10 external wind loading and modal inertial loads in comparison

H/LZ with that based on the traditional GRF approach, the following
X discussion is focused on the alongwind response, i.e., the re-

sponse in the translational direction,under wind at zero angle

of incidence. Utilizing strip theory, the alongwind drag force can

be related to the wind fluctuations in the alongwind direction.

Assuming that the mean wind speed varies according to the

I, B, f power law as
ORr = HOFr(&Bm%)JﬁTB_Fé))' \/ %lflsp(fl) (16)

where the functions Fy(a,Bo,2/H), F.(B,Bo.Z/H), ) - ) )

B,(«,Bo, 2o/ H), and|d,(a, By, f)| are defined in Appendix A. and assuming that the dra}g _coefﬂuent, aerodynar_nlc admittance
B,(at,Bo,2/H) and|J,(a, B, )| are the background factor and fUI’?Ct.IOI’l an_d standard dewapon turbulence_ are_unlf_orm_ over the

joint acceptance function, respectively, that represent the load re-Puilding height, the mean wind load per unit height is given by

duction effects due to the loss of vertical spatial correlation in — auf 2\

wind loads. As illustrated in Fig. 2 foB,(a,Bg,0) with «=0.1, Py(2) = ﬁ(ﬁ) (23

0.2, 0.3 and 0.35, anfly=0, 1, and 2(indicated by solid lines

the background factor is insensitive to the parameteand can and the XPSD and covariance of wind load per unit height are

Fig. 2. Background factoB,(«a,Bg,0)

U@ = uH<§)a 22)

be approximated byindicated by squares in Fig) 2 given in Eqgs.(13) and (14) with Li=L? (whereL? is the turbu-
lence integral length scaleand
Bz(a,so,é) ~— = 17) Se(f) = a3 138, [xo ()9, (29
H/ V14 (H=2)/LY(2.5+B0)
. .. . . f!
Similarly, the joint acceptance function can be given by Uéb:f 4QE||ﬁsu(f)|XD(f)|2|Jy(f)|2df (25)
0
|9,(c, B, )| = — L (18 where gy =0.5UZCpBH; p=air density;B=building width; Cp,
V1 +kfH/UL/(2.5+B) =drag coefficient;S(f)=S,(f)/0%,=normalized PSD of wind
The background factor in Holmg&994 is conservatively ap- ~ fluctuation ~with respect to its mean square valu,
proximated by setting the influence function param@gs 1: =/oSu(fdf; 1,20,/ Uy =turbulence intensity at the top of the
building; |xp(f)|>=aerodynamic admittance function; and
1 |Jy(f)|2:joint acceptance in the horizontal direction given by

B,= - (19
V1+(H-2)/LY3.5

o L(° % o
|~]y(f)| = B2 exp - U ly1 = Y| |dy;dy,
It is noted that bottB, and|J,| become unity when wind loads 0-Jo H

are fully correlated over the building height, i.&1/L;—0 and 2( 1 1 )

k,fH/Uy—0, and decrease with the decrease in the load =—|l-—+—€

A Ay A (26)

correlation/coherence. For the responses induced by the localized y yoy
wind load effects such as shear force and bending moment atand\,=k,fB/U,; andk,=decay factor in horizontal direction.

higher elevations near the building top, i&.js close toH, these Accordingly, the mean response Rfz,,t) is expressed as
reduction effects are less significant in comparison with the re-

. . . . —_ ZO
sponses resulting from the integrated wind load effects acting on R= QHMOE(OLvBOv_) 27
the entire building height such as the base shear force, base bend- H

ing moment and top displacement.
The BESWL based on the GLE approach for peak response,
IOR, is expressed as

where F(a,Bq,2/H) is given in Appendix A. The background
and resonant responses are given in E4S) and(16).

Detailed expressions for the top displacement, bending mo-
ment and shear force at a given elevatipnare presented in
Fon (=Bl (2)=B gbon(E)a (20) closed-form in Appendix B. An alternative closed-form solution

R zeb z H of the same wind load effects has been presented in Piccardo and
Solari (2002 using a different approach. The background and

and the RESWL is expressed as resonant GRF$BGRF and RGRIJ-for any response component

1428 / JOURNAL OF STRUCTURAL ENGINEERING © ASCE / OCTOBER 2004



0.8

0.6

zo/H

0.4

0.2

L 1R 14 16 08 4 12 14 18
(b) bF (2)' 7bF (0) (¢) bz “bM (0)

Fig. 3. Comparison of the background gust response factayfiase
shear force, base bending moment and top displacenti®nshear
forces at different elevations; arid) bending moments at different
elevations
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Fig. 4. Comparison of the resonant gust response factajsbase
shear force, base bending moment and top displacer(i@nshear
forces at different elevations; anid) bending moments at different
elevations

at any building elevation can be calculated as the ratio of the peak

background and resonant components with respect to its mea
value. For example, the BGRF and RGRF for the top displace-

ment(z,=0 andBy=B’), base bending mome(#,=0 andB,=1)
and base shear for¢e,=0 andp,=0) are given by the following
general expressions:
_90R, _(1+20+By) 29yl

R (I+a+Bo) V1+H/L%(2.5+B)

b

f1
X \/ f S(Hlxo(HI3,(F)[2df (28)
0

_ 99 _[(B+Bo*t2 - NB+PBo+ D]

"R (B+Bot2(B+Be+1)
(2B+2)(2+1)  (1+20+Bo
[(28+2) -N2B+1)] (1+a+p)
" 29,1,
V1 +k,fiH/UL/(2.5 +B)

X \/1flsz(fl)|XD(f1)|2|Jy(f1)|2 (29
48

'BGRF for base bending moment. Figstb3and ¢ compare

BGRFs for shear and bending moment at different elevations,
respectively, normalized by the BGRF for base shear and base
bending moment, respectively. Fig. 4 shows the corresponding
comparison results for the RGRFs.

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

On the other hand, as indicated in Figay} the RGRF for the
base shear force is remarkably different from those for the base
bending moment and the top displacement. As shown in Figs. 4
and 9, the variations in RGRFs with elevation may be significant.
This is due to the fact that the actual equivalent load distribution
in terms of the inertial load may significantly deviate from the
mean load distribution. Again, using the RGRF based equivalent

In order to highlight the dependence of GRF on the responseload associated with the base bending moment or base shear or

under consideration, Fig.(& shows the ratio of BGRFs for top

displacementB’=B,=1.5 as an exampleand base shear to the

top displacement will introduce noteworthy errors in predicting
other resonant responses at different elevations. The dependence
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Fig. 6. Background equivalent static wind load distributions based
on the gust loading envelope approa@):base shear force, bending
moment, and top displacementp) shear forces at different
elevationsjyc) bending moments at different elevations; @dybase
bending moment with different turbulence scales

Fig. 5. Background equivalent static wind load distributions based
on the load-response-correlation approae@h:base shear force and
bending moment and top displaceme(iily shear forces at different
elevationsjc) bending moments at different elevations; gdgbase
bending moment with different turbulence scales

of GRF on the response has also been discussed in Solari angust loading envelope for all response components which are
Repetto(2002 based on a different approach. scaled by the background factor as indicated by Fig. 6. This is

Fig. 5 presents BESWLs based on the LRC approach. Fiy. 5 similar to the traditional GRF approach, but the load distribution
provides BESWLs for base shear forg=0 and,=0), base depends on the external fluctuating load rather than the mean
bending momentz,=0 andB,=1) and top displacemer(iz,=0 load. In addition, the background fact@,, has a clearer physical
andp’ is chosen ag’'=B,=1.5 as an exampleFigs. §b and ¢ meaning than the BGRI&G,,.
show those for shear force and bending moment at different el- The advantage of expressing the RESWL in terms of the
evations. The gust loading envelope is also shown that describedgnertial loading is that it obviously leads to a single load distribu-
the envelope of the BESWL distribution. The differences in the tion for all responses. However, significantly different GRFs and
background loads correspond to the reduction effects for different RESWLs are required for different response components when
response components resulting from the loss of correlation inthe traditional GRF approach is utilized with a load distribution
wind loads over the building height. As indicated by the load similar to the mean load. The ESWL for total peak response based
distributions for shear force and bending momentzzat0.8H on external wind loads and modal inertial loads is particularly
with z=z, in Figs. b and 9, the background loads associated suited for the acrosswind and torsional responses in which the
with highly correlated localized wind load effects are close to the mean wind loads and responses are generally small which renders
gust loading envelope. As suggested in Figl)5with an increase ~ the ESWL based on the traditional GRF approach less appropriate
in wind load correlation that corresponds to the decrease in pa-for practical applications.
rameterH/LZ, the BESWLs based on the LRC approach are close
to the gust loading envelope.

As expected, while LRC approach based BESWLs provide a Equivalent Static Wind Loads Based on the
physically meaningful load distribution, the dependence of their High-Frequency Force Balance Technique
spatial distribution on the response being considered may pre-
clude this load description for possible adoption by a building The HFFB technique has been widely utilized for estimating the
code or standard. On the other hand, the load distributions basedyeneralized modal forces on buildings with uncoupled mode
on the GLE approach proposed in this study are similar to the shapes. In this technique, base forces are measured on geometri-
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cally scaled, light-weight, stiff building mode{s.g., Kareem and
Cermark 1979; Tschanz and Davenport 1983; Reinhold and Ka-
reem 1986; Boggs and Peterka 198Bhe estimated generalized
modal force is then utilized to obtain dynamic response for a wide
range of structural characteristics. In the following, the evaluation

of the ESWL based on HFFB measurements is discussed in light
of mode shape correction and the inherent uncertainty associated

with the lack of information concerning spatiotemporal distribu-
tion of wind loads on the building surface.
For buildings with translational mode shapes varying nonlin-

early over the building height, mode shape corrections are needed
in estimating the generalized modal forces using the measured
base bending moments. Considering wind loads and response in

the translational directiorx, the mode shape correction factor for
the generalized modal force is defined as

S
S, (F/H?

which depends on the statistical features of the wind load, where
Su,=PSD of the base bending moment on the stiff building
model.

Accordingly, the resonant response given in [E8). can be

f
0

OR =M,
Hf
0

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

However, when the actual building response with a nonlinear
mode shape is directly evaluated from a “stick” aeroelastic build-
ing model with a linear mode shape, mode shape correction fac-
tors for each individual response are requigdou and Kareem
2003. Based on Eq(31), the response of a building with a non-
linear mode shapegRr, can be expressed in terms of the response
of a virtual building,crg , with identical geometrical features with

Mg, = (30

X

mM(2)0,(2)(2)dz
g
4g;

Suf) (3D

m(2)0%(2)dz

KT /U =5
z1 H

__KLHU =15
z 1 H

Mode shape correction factors

Fig. 7. Mode shape correction factors

Kwok (1993, and Zhou et al(2002, among others. Formulations
based on analytical models in the literature are often restricted to
two limiting cases of the correlation level of wind loading along
the building height, i.e., fully coherent and zero coherent. Using
the analytical model presented in this study with the closed-form
expression for joint acceptance, the influence of wind load coher-
ence can be explicitly described by the parametdgrH/Uy.
Thus, the mode shape correction can be better quantified. For
example,nQX can be expressed as

(2+0a)
(1+a+p)

1+k,f1H/U4/3.5
1 +k,fiH/UL/(2.5+B)

no, =

X

(35
andmgg is given in terms of the building dynamics as

_[B+Bo+2-AB+Bo+ D] (Bo+2(Bo+3
TRT T B+ B+ DB +Bo+2)  [(Bo+3) - NBo+2)]
(4-3\) (2B+1)(2B+2)
12 [(ZB+2)—)\(28+1)]

whereBy=B’, 1, 0 for top displacement, base bending moment

(36)

the exception of a linear mode shape experiencing the same wing@nd base shear force, respectively. A similar expression for the

conditions, and a correction factafg,

URr:ﬂRU%r§ MR = MoRNQ (32
H H 7 2
f m(Z)@x(Z)p,X(Z)de m(z)(ﬁ) dz
Mor = OH . OH (33
J m(z)(—)MX(z)dzf m(2)0%(2)dz
0 H 0
H z
f m(Z)(—)ux(Z)dz
0 H o
OR = g 4_€1f13le(f1) (34

a z
m(z)| — |zdz
J, me)
wherergg=correction factor which depends only on building dy-
namics and can be evaluated accurately for a given building.
A host of studies concerning the mode shape correction factor

mode shape correction factor for the generalized modal force was
given in Marukawa et al(1990.

Fig. 7 shows mode shape correction factors for the generalized
modal force, top displacement, base bending moment, and base
shear force. It is noted that mode shape correction factors for
different responses have different magnitudes, but each has the
same level of uncertainty as that implied in the correction factor
for the generalized modal force;Qx. Since only the measured
base bending moment does not provide sufficient information
concerning the spatiotemporal variations of wind loads on the
building surface, the mode shape correction procedure has to rely
on an empirical formulation or on a presumed analytical wind
loading model. Therefore, this procedure introduces uncertainty
in the predicted wind loads and the attendant responses due to the
potential of inappropriate modeling of the actual wind loads. An
accurate estimation of the mode shape correction factor becomes
a more challenging task for buildings with complex geometries
and 3D coupled mode shapes as well as for cases in which the
mean wind directions are not normal to a building face.

By distributing the peak base bending moment response along

based on wind tunnel studies or analytical models have been rethe building height following the inertial load distribution the

ported in Vickery et al(1985, Boggs and Peterkd 989, Xu and

RESWL can be expressed as
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F o) = 20

L

where oy (o) is given in Egs.(32<34) with R=M,,(0) and
2=z

Accordingly, the peak response of any given resonant respons
R(z,,t) can be calculated by a static analysis using the RESWL.
Obviously, the correction factors for these responses actually nee

(37

TMy,(0)

m(2)0,(2)zdz

similar to the coefficientsx, B, andk,f;H/U, involved in the
mode shape correction factor for the generalized modal force.

It is noted that when both the base bending momhit),
and base shear forck,(t), are measured using a stationary build-
ing model, and the analytical loading model is applicable, the
parameters ok,, L, and Sp(f) can be identified by fitting the
measured data. Subsequently, the distribution of external wind

8oads can be quantified completely, and any response and associ-

ted ESWL including the background and resonant components
an be determined based on the model.

not be gxplicitly addressed while utilizing the RESWL,. which is Unless an analytical model is applicable or certain assump-
already incorporated through the corrected base bending momen s are made, predictions of the background response and

and the ?SSOCiated .RES\ho' . fthe b h BESW.L remain a challenging task with the information restricted
A similar expression of the RESWL in terms of the base shear y, 1o measured base bending moments. Correlation factors for

force .di.stributed al.ong the bgilding height is widgly u.tili.zed for background responses have been addressed in literature using an
describing the equivalent static earthquake load in building COdesanalytical model for the two limiting cases with an implicit as-

[e.g.,ASCE /-022002). Howgver, the format basgd on the basg sumption that neglects the contribution of higher mo@#&sggs
bendmg moment response Is _be_commg increasingly popular in 4 ‘peterka 1989; Zhou et al. 2002s discussed earlier, by
describing wind loads on bw_ldmgee.g._, Zhou'and Ka_reem . neglecting higher-mode contributions to the background response,
290]). As demonstrated in previous studies and is reconflrmed'ln the background response analysis, mode shape correction and
Fig. 7, the mode r?ha_pe correction rl:actor for rt]he base bendinggegyyi can be estimated readily using the formulations akin to
mom_ent,nMX, Is rather ms_ensmve to the mode shape p?‘fa”ﬁ*tef the resonant components utilizing base bending moment measure-
and is very close to unitye.g., Zhou et al. 2002 While the ment. Assuming that the BESWL is similar to the mean wind load

empirical formulation ofny, is provided in some building codes iqyinytion, the background response can also be estimated from
and standards, in practice,, may even be approximated as o measurement of base bending moment

unity for the simplicity necessary for design standards. However, - 15 4qqress the contributions of higher building modes to the
it is worth mentioning that the base bending moment-based background response, the ratio of the response based on the fun-

RESWL i_tself does not provide a superior estimate of the equiva- 4o mental modal response with respect to one obtained by employ-
lent loading or response as compa'red to the RESWI,‘ based Oring the influence function is calculated following the analytical
base shear or other responses. This approach exhibits the samg dql-

level of uncertainty as that implied in the estimate of the gener-
alized modal force which manifests from the lack of information A
concerning spatiotemporal distribution of wind loading available —b= Fr(B,BO,Z—())
from measured base bending moments. OR, H
Following the general expression for the background response
in terms of the influence functiofEq. (2)], the background re-
sponse is actually not influenced by the mode shape rather it
depends on the influence function. As the background response is
not amplified by building dynamics, the background shear force
and bending moment can be directly measured through force bal-
ances using a stationary aerodynamic building model or using a
stick aeroelastic building model. However, other response com-
ponents such as displacement have to be estimated based on mea-
sured base forces with appropriate correction factors. Assuming
that the analytical loading model presented in this study is valid
the RMS background response Bfz,,t) can be expressed in
terms of the base bending moment as

qub(a,Bo,ﬁ)Bz(a,Bo,ﬁ)

b~ HFy(,1,0By(ct,1,0)

Fb(OL,B,O) BZ(OL,B,O)

Fb(OL’BO’ZﬁO) BZ<0L’ BO’ S)

Whenz,=0, it reduces to

(40)

R, _[(B+Bo+2 ~MB+Bo+D] (2B +1)(2B+2)
or,  (B+Bo+D(B+Bo+2) [(2B+2)~N(2B+D)]

(1+a+By [1+H/LY(2.5+Bp)
(I+a+B) V 1+H/LY(2.5+B)

whereBy=p’, 1 and 0 represent for the top displacement, base
' bending moment, and base shear force, respectively. It is noted
that =B, leads toop /chb:l, indicating that for buildings with
linear mode shapes, the base bending moment calculated in the
fundamental modal response is actually the same as that from the
influence function. The same conclusion applies to the top dis-
placement when its influence function is approximated as propor-
tional to the fundamental mode shape.

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

(41)

OR O'be(o) (38)
For example, following Eq(38), the RMS background top dis-

placement is given by

_i_o (2+a)
P60 T H(L+a+p)

\/ 1+H/LY3.5
1+HILY(2.5+p") M

(39

and the expression for the base shear can be given by sgjting
=1 andB’=0 in the preceding formulation, whetg, o =RMS
background base bending moment. A framework for evaluating the equivalent static wind load for
Comparing Eq(39) to Eq.(35), it is obvious that the influence  any peak response component of buildings with uncoupled re-
of coefficientsa, B’, and H/LZ on the background response is sponses in three primary directions was presented. The equivalent

Concluding Remarks
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other responses at all elevations. The proposed equivalent static
wind load in terms of the external fluctuating wind load and in-
ertial load provided a convenient and meaningful load description
for potential applications to building codes and standards.
Formulations for mode shape correction factors needed in the
HFFB technique or stick aeroelastic building model tests were
presented based on an analytical loading model. These formula-
tions offered a clear relationship to the spatial coherence charac-
teristics of wind loads and promised to provide a more accurate
estimate when compared to the formulations given in literature
which relied on the two limiting cases of the correlation levels of
wind loading. It was emphasized that mode shape correction fac-
B ) tors for different response components have varying magnitudes
but exhibit the same level of uncertainty as implied in the estima-
tion of the generalized modal force. This was attributed to the
lack of information concerning the spatiotemporal distribution of
wind loading knowing only the measured base bending moment.
static wind load was expressed as a linear combination of thewhen the concept of equivalent static wind loading in terms of
background and resonant loads. The background and resonanthe base bending moment distributed over the building height was
components of loading were derived using the concept of gustemployed, following the inertial load distribution, only the mode
loading envelope and the distribution of inertial loads in the fun- shape correction for the base bending moment explicitly appeared
damental structural modes in each direction. The proposed back4n the estimated response. This format is becoming increasingly
ground load based on the GLE offered a very simplified load popular in describing wind loads on buildings. However, it was
description in comparison with the load-response-correlation ap- pointed out that this format does not provide a superior estimate
proach whose spatial distribution exhibits dependence on the re-of the equivalent loading or response as compared to the proce-
sponse component of interest. It also provided a physically more-dure based on the base shear or other responses regarding the
meaningful and efficacious description of the loading as uncertainty of estimation when only limited loading information
compared to the gust response factor approach. is available. The approximation of background response by the
Closed-form formulations were presented based on an analyti-fundamental modal response often used in literature may signifi-
cal wind loading model. The gust response factors for various cantly underestimate the base shear response.
alongwind response components at various building elevations
were presented in closed-form and compared to highlight the
variations inthe gust response factors for different response com-
ponents. It was pointed out that using the equivalent static wind Acknowledgment
load associated with base bending moment, base shear, or top
displacement that followed a distribution similar to the mean The support for this work was provided in part by NSF Grant No.
wind load may introduce noteworthy errors in the estimation of CMS 00-85019. This support is gratefully acknowledged.
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Fig. 8. Contributions of higher modes to the background responses

Appendix |. Functions Used in the Background and Resonant Responses
H _ B 2a
E(G,BO,E>:EJ <ﬂ> 0<5> dz 42)
H/ H H H
Zy
o\ %Poy )=l H H) ¢4
e
H B/5— Bo H 28
Q) L e z
Fr(B:BO:H) —(L) m(z)(H) ( m ) dz)/(J0 m(z)(H) dz) (44)

I e A e e e
2\ Juty\ H H H/ \H Lz )
Bg(a,ﬁo, ): T 5 5 - -

[ (o B e

3 Yz

H
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L+a+p)? (M [z 2" kflz - 2|
|Jz<a,s,f>|2:%jo fo o) 5] e —Tz dzdz, (46)

Appendix Il. Displacement, Bending, and Shear Z 7, \P*2
Force Responses ( % Bry-@+ m(ﬁ) " (ﬁ)
F, B,l,—) =
Based on the analytical model for the fluctuating wind load, the H B+1(E+2)
background and resonant components of the top displacement Z 7 \P*3
Y,(t), bending moment, and shear force at a building elevagjon B+2-(B+ 3)(ﬁ> + (ﬁ)
b th dM,(zp,t d F,(zy,1), b d -\
?O”(())\\/;S: e groundM(z,,t) and F,(z,,t), can be expressed as B+2(B+3
2B +1)(2B+2)
oy, =loFp(a,B',00B,(a, B, 0)ap, (47) [(28 +2) - \(2B + 1)] (58
% p+1 % p+2
Gbe(ZO):HFb<a,1,zﬁO)Bz<a,l,zﬁo>0pb (48) Z l-(g) 1-(ﬁ)
F’(B’O’ﬁ>_ pr1 N pe2
2B+ 1)(2B+2
TF (2 = Fb(oc,O,ZO/H)BZ<oc,O,ZﬁO>0pb (49) X [(2(8 E . _)()\ (Bz . +)1)] (59
. , B i) [ 13,(ce, B, F1)| = = (60)
oy, =ioF(B.B ,0)m 4_§1flSP(fl) (50 V1 +kfiH/U/(2.5 +B)
. 1 B+ +H(B+B +2
2o\ |3, B, 1) lo= , — ; (61)
Ol tz0) = HFf(B’lﬂ>m Vg S 6D MH@mt2[(B+ B +2) - AB + B+ D]

When the wind direction aligns with the translational axjs
the mean response in the same directi@iongwind responges

_ 2\ [, B, )| | expressed as
O-Fxr(zo) - Fr(B'O‘ H) (1 fa+ B) 4§lflsP(fl) (52)

Y =g Fla g 0= o
where Y= GuioF (B, 0) = 20+B'+1 €2
Fy(c .02 — (53 Mz =aHFl w1 2] =qul 1L (&
(1+a+p’) e e v A e ) v
1 A 2at+2
o) [ 11 ‘aaale) |
Flo,l=|=| —-——|= 20+ 1)(2a+2)\H
b(a H [(x+2 a+1\H ( o )
1 a+2 (63)
S
(a+2)(a+D\H =Y E( oz°>— oW L <20>2a+1 64
X(ZO)_qH Qa, 1H _20(_‘_1 H ( )
ZO 1 (20)0(+1
Fola,0,=|=—F—|1-|— 55
b("‘ H) ((x+l)|: H 59
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