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Abstract: Traditionally, wind analysis procedures based on the “gust loading factor” approach and experimental techniques involving
the high frequency base balance and the “stick-type” aeroelastic model test have assumed ideal structural mode shapes, i.e., linear lat
modes and uniform torsional modes. The influence of nonideal mode shapes manifests itself through modifications in the generalized wi
load, the structural displacement, the equivalent static wind [&8WL), and the attendant influence function. This has led to the
introduction of several correction procedures, each focusing on an individual feature of the overall response analysis framework. Th
paper presents a systematic development of correction procedures in terms of correction(@fdote account for nonideal mode
shapes in the formulation of generalized load, analysis of structural response, and the derivation of the ESWL. A parameter study
conducted to examine the significance of CFs in estimating various load effects. It is observed that the influence of a nonideal mode sha
is actually negligible for the displacement response and the base bending moment, but not so for other load effects, e.g., the base st
and the generalized wind load. Although the existing procedures are effective in correcting the intended response component, they sho
not be used indiscriminately for other load effects. This paper also presents a correction procedure for the influence of mode shapes on
ESWLs, a loading format that is very attractive for implementation in codes and standards and design practice as well as for the corre
interpretation of wind tunnel measurements.
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Introduction nonlinear mode shape has been excluded in the GLF-based analy-
] sis procedures given in major codes and standads, AS 1989;

Throughout the development of current analysis procedures suchy j 1993. However, as pointed out by Zhou et &.9998), the

as the “gust loading factor{GLF) method(Davenport 196¥and a4itional GLF is essentially the gust factor for the first mode

experimental techniques involving the high frequency base bal'displacement. The correction for the GLF in this context only

235%32;32)0322;22:“::: Ti):l%earalz rt(;?;?srﬂg drgsoiil dtisnti,fc;(rjriilor reflects the effect of mode shape on the displacement response,
Pes, I.€., which is negligible. However, since the effect of a nonlinear

sion modes, have traditionally been assumed. Correspondingly,
ode shape on other response components may not be as small as

these analysis procedures and experimental techniques work besr{‘;l . . . .
for structures having exactly that ideal mode shape. However,t at on '_che dysplacement, disregarding this effect may lead to
unrealistic estimates of the other response components.

most structures may exhibit a departure from these ideal mode i L ) .
shapes. Correction procedures are thus needed to consider the Vickery's finding (Vickery 1970 was also utilized by several

influence of nonideal mode shapes on the measured or calculatedVestigators in the early development of the HFBB technique.
load effects. In this context, several correction procedures have Ischanz and Davenpo(i983 identified a need to correct the
been developed in the last few decades, each focusing on a partorsional component measured using the HFBB. They suggested
ticular aspect of the overall response analysis framework. an approximate correction based on the base shear component
A correction formula for the GLF was given by Vicke(¥970 measured by the balance. Kare€t®90 compared the torsional
in which the error for the actual mode shape deviating from a loads using an HFBB and multiple-point simultaneous pressure
straight line was found to be within 1-3%. A similar observation measurements and highlighted the need for corrections to HFBB
was made by Tamura et &l1996. In light of this, the effect of a measurements. The HFBB technique uses the measured base
bending or torsional moments on structural models to represent
!postdoctoral Research Associate, Dept. of Civil Engineering and the generalized wind loads acting on the actual building. As this
Geological Science, NatHaz Modeling Laboratory, Univ. of Notre Dame, approach gained greater acceptance, several mode shape correc-
Notre Dame, IN 46556. _ . ~ tion procedures were proposed regarding the generalized wind
Robert M Mor_an Profegsor and Chair, Dept. of Civil Engineering |55q (e.g., Kareem 1984; Kijewski and Kareem 1998; Ho et al.
and Geological Science, Univ. of Notre Dame, Notre Dame, IN 46556 1999. Based on experimental data, Tallin and Ellingwda@s5

3 . . . . .
Professor, Dept. of Bridge Engineering, Tongji Univ., Shang- . .
hai 200092 Peoplep’s Republicgof Chiga. g 9 g suggested a conservative correction fadioF) of 2/3 for the

Note. Associate Editor: James L. Beck. Discussion open until June 1, 9eneralized torsional moment. Similar values have been sug-
2002. Separate discussions must be submitted for individual papers. Togested by Holme$1987 and Xu and Kowk(1993.
extend the closing date by one month, a written request must be filed with  Vickery et al. (1985 noted that the influence of mode shape
the ASCE Managing Editor. The manuscript for this paper was submitted on the base bending moment and the acceleration are different
for review and possible publication on July 7, 2000; approved on March 5 the influence on the generalized wind load. However, no
12, 2001. This paper is part of thkurnal of Engineering Mechanics correction procedure was offered. Recognizing that the general-
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Fig. 1. Mode shape correction schemes

(1989 suggested that the mode shape correction should be ap-Analysis of Wind-Induced Response

plied to actual quantities rather than the generalized quantities.

They introduced a load _correctlon factor, which is essentially re- Arbitrary Nonideal Mode Shapes

lated to the base bending moment. However, because the base o

moment factor is not so sensitive to the mode shape, as will be!n this paper a subscrip{ is used to represent the lateral mode

demonstrated in the paper, care must be exercised in using this cNdZ the torsion mode. If not specified particularly, the formula-
to wind load effects other than the base bending moment. tion would be applicable to both the lateral and the torsion modes.

The Australian Standards, AS117GID89, provides two cor- It is noted that for wind-induced response of most buildings based
rection factors(1.06—0.06 B)' (B=exponen£ of the first mode  ©N convenient HFBB, the resonant response in modes higher than

shape and (0.76-0.243) for adjusting the across-wind base the f'lrSt It's neglectedReinhold ant(rj] Kariﬁ_m 19&6alt?ough for b
bending moment and the acceleration response, respectivelyacce eration response, among otners, this assumption may not be

Similarly, the Architectural Institute of Japan standéiil 1993, very c_onservatlve(Karee_m 1981 This paper also assumes that
. . . there is no modal coupling between the three fundamental struc-
provides (0.73-0.273) as a correction for displacement.

In thi the effect of ideal mode sh . ined i tural modes. For cases in which modal coupling exists, problem-
th nthis F|>|aper| gefec ° noE' fea thmo e.sd gp(jes |sdexam|ne Ir]specific mode shape corrections may be sought. Alternatively, si-
€ overall analysis framework for the wind-induced response. multaneously measured multiple-point surface pressure at

TW(_) formulat_lons for the wind-induced response, _one b_asefj on strategically located taps can provide mapping of the pressure
arbitrary nonideal mode shapes and the second involving idealfie|q which can be weighted according to the mode shdfes
mode shapes, are derived. Through a comparison between thesgem 1982a; ASCE 1999 situations where the modal coupling
two formulations, mode shape CFs are evaluated at each step ofs geemed to amplify the load effects, a multi-degree-of-freedom
the overall analysis procedure for a range of wind-induced re- gerpelastic model may be the method of choice.

sponse components. A parameter study is carried out to delineate The wind-induced response of a structure in the fundamental
the influence of the mode shape exponent, mass distribution, windjateral mode is given by

pressure correlation, and the wind profile on the CFs. The results . .

are discussed and compared with those reported in the literature. m*E(t) +c*E(L) +K*E() =P* (1) 1)
Since the CFs presented here are dependent on the response COfyhere ¢,  m* =f0m(2)e?(2)dz, c*=2¢ N
ponent of interest, a correction procedure for a wider range of =(2xf,)?m*, and P*(t)=[}P(zt)¢(z)dz=generalized dis-
applications is presented in terms of the equivalent static wind placement, mass, damping, stiffness, and externally applied wind
load (ESWL). For the sake of illustration, the overall scheme of |oading in the first mode, respectivelf={,+ s, in which ¢,

the correction procedure for generalized load, ESWL, and asso-{5, and {,=total, structural, and aerodynamic damping ratios,
ciated response in the overall analysis framework is highlighted in respectively; f,=natural frequency of the first modem(z)

Fig. 1. =mass distribution, which may be assumed to be linearly distrib-
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uted for tall structures asi(z)=mg[ 1—\(z/H)] wherex=(mjy any desired wind-induced response can be obtained through a
—my)/my, the “mass reduction factor(Boggs and Peterka  simple static analysis by introducing an appropriate influence
1989; my andmy,=mass per unit height evaluated at the bottom function. In fact, the RMS response due to resonant effects can be
and the top of the building, respectively; and the first structural given by
mode shape may be approximateddsz) =c,(z/H)? wherec; H
= normalization factor. A similar expression can be written for the - f orr(2)i(2)dz
torsional response.

The RMS generalized displacement response in the first mode

is given by _ Pric(1+2B)(2+2B) [(2+B+Bo)—A1+B+Bo)]
1/ (= 112 [(2+2B)=N(1+2B)]  (2+B+Bo)-(1+B+Bo)
0= f [H(F)[?Spx (f)df )
k*\ Jo AR
where [H(f)|2={[1—(f/f1)?]?+ (2¢f/f,)?} ~t=structural
transfer function; and where the subscriptrefers to an arbitrary response relevant to an
H rH influence function, which is expressed by
SP*(f):fO fo P(ZI)P(ZZ)Sp(f)Q(Zl!ZZ!f) i(Z):iC(Z/H)BO (7)
- ¢(21)0(2,)d2,d7, 3) wherei. and B, are both constants. For the base shear force and

base moment in the lateral mode, these coefficientsi arel,
is the generalized wind load, in whic§,(f )=unit fluctuating Bo=0, andi.=H, Bo=1, respectively; for the base torquig,

wind force or torque spectrumP(z)=Py(z/H)", where Py =1, Bo=0; and for the displacemend,,=_.

=amplitude of the fluctuating wind force evaluated at the build- The background response can be derived using the influence
ing top; y="fluctuating wind profile exponent; anQ(z,,z,,f) function in a more straightforward manng@hou et al. 200D
=exp(—Cyf/V-|z,—2z|/H)=coherence of the fluctuating wind % H FH

pressures, in which/=reference mean wind velocity an@y a,B=( JO Jo fo P(z1)P(2,)Sp(f)Q(21,2,,1)

=an exponential decay coefficient.
The wind-induced response is customarily divided into the 112
resonant and the background components. The former is domi- -i(zl)i(zz)dzldzzdf>
nant in the case of flexible structures and the latter for relatively
stiffer structures. Taking the resonant component as an example, " 12
the displacement response in the first mode can be computed by = pHiC.( fo So(F)|I(,Bo, f )|2df ) 8)
opr(Z) =0 R ¢(2)
Note that the background response given in @j.includes the
B Py (1+2B)(2+2B) contributions from all the higher modes and coupling among
T (2wf)?Hmy [(2+2B)—N(1+2B)] modes. The corresponding background ESWL can be derived
using the “Load-Response-Correlation” approd&tasperski and
\/ 2“Tf1 z\P Niemann 1992 Usually, its distribution is dependent on the re-
VARCHA ] ?Sp(fl) H ) sponse of interest and differs from the distribution of the resonant
ESWL component$Zhou et al. 2000
where _|J(V,B,f)|2=fgfg(zllH)WB(_Zg/H)wBQ(Zl’ZZ'f) _ The reSLﬁtant peak response can be obtained using an SRSS
Xdzdz, is usually referred to as the joint acceptance function . pinadion rule
(Davenport 196y and the subscripb denotes the displacement
response. P=T+\(ggo )’ +(grorr)? )
Although the wind-induced displacement is an important . A _
guantity, information concerning other response components, e.g.,'n which F=peak resultant responses=mean response; a_rgjg
the internal forces in individual structural members, are needed andgr=background and resonant peak factors, respectively.
for design. The ESWL facilitates convenient assessment of other
response components. Utilizing the resonant displacement 'e-Simplified Analysis with Ideal Mode Shapes
sponse, the resonant component of the RMS ESWL can be rep-
resented in terms of the inertial load While the analysis procedures in the preceding section are accu-
_ 2 rate, they can only give meaningful solutions in a limited number
oFR(2)=M(2)-(27T1)" 0pR(2) of situati)(/)ns. The)éeg situations i?]CIude those where experimental
Pu(1+2p)(2+2p) =t measurements are available to evaluate the aerodynamic pressure
= AI2+2B) —N112p)] \/lJ(y,B,f1)|2¥Sp(f1) distributions and their complementary corr(_alat|on s_truct(llﬁa- _
reem 1982p or where quasi-steady and strip theories are appli-

7\ /7z\B cable for buffeting analysis. However, in engineering applica-
X 1—)\ﬁ) (ﬁ) 5) tions, such complete information about the aerodynamic loads is
not always available.
where the subscrigf indicates the ESWL. Note that the distribu- On the other hand, when a building has an ideal mode shape,

tion of the displacement follows the mode shape, while the ESWL i.e., linear lateral mode shape and uniform torsional mode shape,
depends on both the mode shape and the mass distributions.  simplified analysis procedures can be derived from the preceding
One of the attractive features of the ESWL formulation is that formulation. For example, considering a linear lateral mode shape
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(B=1.0), the PSD of the generalized wind loads can be conve-
niently determined by

Spy (f)=Sux(f)/H? (10)

in which Sy x(f )=PSD of the aerodynamic base bending mo-
ment. The relationship in E¢10) has led to the popularity of the
HFBB technique in which the spectrum of the measured base
moment on the scaled building model is proportional to the linear
mode generalized wind load spectrum on the actual building.

Given the generalized wind load, the wind-induced response
can be computed. For example, the RMS displacement in the
lateral mode is given by

1

0.Ig)X(Z): H
(2wf1)2f m(z)(z/H)%dz
0

1/2
.(JO|H(f)|2-SMX(f)/H2-df> (zIH) (11)

where the prime denotes results based on the ideal mode shape.

Other wind load effects, such as the ESWL and wind-induced

response, can also be expressed in terms of the aerodynamic base

moments. These quantities are given in the Appendix for further
comparison. It is noteworthy that in the simplified formulation the
displacement increases linearly along the height in the lateral
mode and uniformly in the torsional mode. The distribution of the
ESWL is a function of the ideal mode shape and the mass distri-
butions as shown in Eq$28)—(35) of the Appendix.

Mode Shape Corrections

In this section, mode shape corrections for the generalized wind
loads, wind-induced response, and the equivalent static wind
loads are presented.

Generalized Wind Loads

HFBB tests provide the generalized wind load on structures with
the implicit assumption of an ideal mode shape. For the lateral

response, when the mode shape of an actual building deviates

from a straight line, the following mode shape correction has been

introduced to correct the base bending moment to obtain the gen-

eralized wind loadge.g., Xu and Kowk 1994; Kijewski and Ka-
reem 199&

opx(B)  opx(B)

!

dx(B)= (12)

_O-MX/H
X

wherecrp;(B) and o;* =RMS generalized wind loads for arbi-
X

trary and ideal mode shapes, respectively. Using E8)s.and
(12), this CF can be derived

bx(B)= \/

Utilizing the measured aerodynamic base bending moment in
conjunction with the CF for the generalized wind load, the wind-
induced response, for example, the displacement in(&g.can
then be computed by

f [3(y.B.1)[?Sp(f )df

f

= (13)
By a6 sy af
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Fig. 2. Mode shape corrections for generalized wind loddslat-
eral modg Eq. (13)] and(b) torsion modd Eq. (15)]

1
(2mf1)?fom(2)¢*(2)dz

opx(2)=

1/2

(JO [H(F)[?- &x(B)?- Sux(f)/H?T | -¢(2)

(14)
Similarly, the CF for the generalized wind load in torsion is given
by

fo 13(y.B.f)|?Sy(f)df

d(B)= (15)

JO |3(v.0.)|2Sy(f )df

The variation in the CFs for the generalized wind loads in
terms of mode shape exponents and other involved parameters is
shown in Fig. 2. As expected, when the mode shape is ideal, i.e.,
B=1 for lateral mode o =0 for the torsional mode, the CFs
have unit values regardless of other parameters. However, signifi-
cant corrections are needed when the actual mode shapes deviate
from this assumption since the CFs for both lateral and torsional
modes are dependent on the mode shape exponents. The CFs are
insensitive to the wind profile exponent fgr=0-0.35. For two
limiting correlation cases, i.e., full correlatio€(=0) and zero
correlation Cx— ), the effect of the correlation on CFs in the



1.3 T
Full cor. Delta cor.
y=0.00 —a— —o—
vy=0.15 —8— —o—
y=025 —A— —A—
=0.35 —v— —v—
% ! :
0.8 % -
ﬁ;z;\\
0.7
0.5 1.0 1.5 2.0
(a) B
1.2 M
Full cor. Delta cor.
y=0.00 —m— —o—
y=0.15 —— —0—
1.1 'Y=0'25 —hA—  — A
I y=0.35 —v— —v—
5 :r—’ =3
= 1.0 g ﬁ ngrw—:—g__g:g:
[ = ———_ O—O-p T
Iz 33;;5\\—\”
0.9 .\:\kx\
1..[ 1.06-0.06°3 (AS1170.2-89) | \Q;ﬁ{
e
0.8 : T
0.5 1.0 15 2.0
(b) B
12 Full cor. Delta cor.
y=0.00 —m— —b—
y=0.15 —8— —o—
11 L y=0.25 —A— —A—
[ 2
=035 —v— —v—
. :,\\;\ Y ‘7{ 5k
> 5
f=y 3 —0—C " o1
1.0 U\D\EF- ’EED:E]'ED’D‘ -
%:%E&E )
<=
i B
IR NSRS
o 3
0.9 S
05 1.0 15 2.0
(© B

Fig. 3. Mode shape corrections for resonant response in lateral mode
[Eg. (16)]: (a) base shear an¢b) base bending momentr) first
mode displacement

lateral and torsional modes are within 10% and 15%, respectively.
The CFs are less than unity for the lateral mode wRenl and
for the torsion wher>0. This means a direct use of the mea-
sured aerodynamic load without mode shape modification will
lead to conservative estimates of wind-induced response. Based
on experimental data, a CF equal to Zfallin and Ellingwood
1985 or 0.7 (Vickery et al. 1985 has been suggested, which is aerodynamic load€Q, and the dynamic characteristics of the
widely used in wind tunnel testing. However, as noted in Fig. structurep, but also on the response component of intefgst
2(b), this value may not be accurate for a wide range of mode Also, as expected for ideal mode shapes, both CFs are unity re-
shapes.
Although the mode shape correction for the generalized wind full correlation and substitutin@,=1 in Eq. (16) will result in
load has been most widely used in research, some inherent shortthe CF alluded to in Boggs and Pete®89 as the load factor.
comings relevant to this concept still call for special attention. Obviously, this CF is different from that of the base shear, which
The first is related to the definition of this correction. The gener- can be obtained by substitutifg,=0. Similarly, the displace-
alized wind load is arbitrary in magnitude depending on the nor- ment CF can be obtained by substitutidg=.

malization factor of the mode shap®,, while the base moment

is a unique quantity. Therefore the correction for the generalized
wind load in Eq.(12) is, strictly speaking, arbitrary in magnitude.
This problem can be eliminated by settiog=1. However, it

may be sometimes in disagreement with the mode shape normal-
ization scheme employed by the end-user. The second shortcom-
ing concerns the correct use of this CF in wind-induced response
analysis procedures. As given in E44), an actual mode shape,
rather than an ideal mode shape, should be used for the general-
ized mass and the displacement distributions. A misrepresentation
of the mode shape in E¢L4) and in the follow-up procedure may
significantly impact the final resuli®/ickery et al. 1985.

Wind-Induced Response

Following the mode shape correction for the generalized wind
load, which is actually the ratio between the actual generalized
wind load and that based on an ideal mode shape, the mode shape
correction for the wind-induced response can be formulated. The
mode shape correction is addressed separately here for the reso-
nant and the background components.

Resonant Response

The CF for the resonant response is defined as the ratio between
the resonant response of the actual structure and that obtained
using the idealized modes. Referring to E(®, (31), and(35),

the CFs for the lateral and the torsional modes are given by

_ OrxRr
MNrXR™ 7
O rxR

~(4-30)-(1+2B)(2+2B)
T1(2+2B)—N(1+2B)]

><(3+ Bo)(2+Bo)-[(2+B+Bo) —M1+B+Bo)]
(2+B+Bo)(1+B+Bo) [(3+Bo)—A(2+Bo)]

% [|‘]('YIvi1)|2
|J('y,l,f1)|
OrzR

MrzR= 7
OrzR

(16)

(2-)0)-(1+2B)(2+2p)
T 2[(2+2B)—N(1+2B)]

><(2+ Bo)(1+Bo)-[(2+B+Bo) —N1+B+Bo)]
(24+B+Bo)(1+B+Bo) [(2+Bo) —NM1+Bo)]

< /|J(v.B,f1)|2
|‘](Yvovfl)|2

It is noted that the CFs in Eq&l6) and(17) are dependent not
only on the exponent, the correlation of the externally applied

17)

gardless of other parameters. For the lateral mode, employing a
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Fig. 5. Mode shape corrections for background resporfeyelateral

For the sake of comparison with the findings reported in the
literature, a uniform distribution of mass or mass moment of in-

ertia is assumed in the parametric study. The CF for the resonantBaCkground Response

response in the lateral mode is plotted in Fig. 3. Note that when
considering the limiting correlation condition, the CF is indepen-
dent of the first mode frequendy . The CF for the base shear
force in Fig. 3a varies in the range of 0.75-1.18 f@
=0.5-2.0. Therefore this mode shape correction cannot simply
be neglected. Fig. () shows the base bending moment CF,
which ranges from 0.84 to 1.06. The base moment CF provided in
AS1170.2-89 is also shown in Fig(i8, which falls at the average
value of the data for the two limiting correlation conditions. The
displacement CF is plotted in Fig(c3, which varies in the range
of 0.9-1.1 forg =0.5-2.0. For the along-wind displacement re-
sponse, using the decay coefficients given in major codes, this
factor deviates usually within 5% from unity. This reconfirms the
findings of several researchers that the mode shape correction for
the GLF is negligible(Vickery 1970; Tamura et al. 1996; Zhou
et al. 1999a

The CFs for the resonant torsional response are plotted in Fig.
4. Comparing with the CFs for the lateral mode, the torsional CFs
are relatively sensitive to all the parameters involved and vary
over a wider range. Fig.(d shows the CF for the base torque
(Bo=0). It varies in the range of 0.55—-1.07, while most of it is
less than unity. The first mode torsional deflection CF is plotted in
Fig. 4(b), which varies within 1-1.6. This opposite trend is be-
lieved to result from the different ESWLs in the preceding two
formulations. For the torsional mode, this effect is especially
noteworthy.
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_OrxB
NexB= 7
OrxB

_ (4=3N)-(3+Bo)(2+Bo)
12:[(3+Bo)—A(2+Bo)]

fo [3(v.Bo.F)IZS(F)df

fo 3(v,LF)[2Sy(F ) f

Oz
MNrzB= 7
OrzB

_(2=0)-(2+Bo)(1+Bo)
2-[(2+Bo)—N(1+Bo)]

f |J(‘y1801f)|zsp(f)df
0

JO [3(v,0,F)[?Sy(f)df

Like the resonant component, the CFs for the background re-
sponse can be formulated in lateral and torsion modes by utilizing
Egs.(8), (31), and(35)

(18)

(19)



Unlike the resonant response CFs, the background response CFs
are independent of the dynamic characteristics of the structure, Full cor. Delta cor.
i.e., independent of. T4 Y:g’?g o

The background response CFs are plotted in Fig. 5. For the Z=0:25 A A : /gfg
lateral mode, if3 =1, thenn,xg=1. This implies that the back- 12036 —v— v /ﬁ%’ggu
ground base moment is equal to the base moment induced by the z 127 .= =
applied wind forces or can be scaled from the aerodynamic mo- £ ;’ﬁgfﬂ?é.:-:
ment measured by the HFBB. This confirms the fact that the S
background response is quasi-steady in nature. However, the CFs 1.0 § /
for other background response components depart from unity as A [ 0.76+0.24*p (AS1170.2-89) |
Bo takes values other than unity. This is because the background
response computed by the simplified formulation includes the 08
contribution only from the fundamental mode, which may some- 05 1.0 1.5 2.0
times be insufficient. Taking the base shear as an example, the CF (@) B
varies between 0.99 and 1.33. This correction is of significance
for some relatively less flexible structures where the background 807 Full cor. Delta cor.
response is normally predominant. 1l v=0.00 —8— —0— o

For the torsional mode, as shown in Figbp the background 05] y=0.15 —e— —o— vzjr"
base torque is also equal to the aerodynamic base torge ( ’ 1=025 —A— —a— e V/g o
=0). However, the CF is always greater than unity for other z | ¥=085 —v— —v— — Ligf O
torsional background response components suggesting that the :L"L‘ 20 ﬁ/ﬁ o~ ,E,//ng_rv v
contribution resulting only from the fundamental mode is insuffi- » X/%: ;ﬁf—xﬂjr ::;:::ii‘
cient and should be used carefully. PGt ,.,,.::"”::.._;»----—--.

Z =] _ -
15 =y = - L

Equivalent Static Wind Loads R, - [M20.75
Since the above mode shape corrections are all dependedy on 10 ?
or the response component of interest, it may not be convenient to 0.0 0.5 1.0 1.5 20
evaluate the CF for each desired response component in practice. (b) B

To facilitate the use of CFs in design practice, a correction pro- . _ o
cedure for the ESWL is developed in this section. The advantagefi9- 6- Mode shape corrections for resonant equwale.nt static wind
of the ESWL-based correction procedure is that the ESWL plays '0ad componentsta) lateral mode{Eq. (22)] and (b) torsion mode

a unique role in design practice. With an accurate ESWL descrip- [Eq. (23]

tion, designers can obtain any wind-induced response component

of interest with a simple static analysis, and no extra mode shapeThis is the same as the acceleration CF suggested by AS1170.2

correction is needed. (1989, which introduces error within 10% for the two limiting
correlation cases fgs =0.5—2.0. In Fig. &) the torsion ESWL
Resonant ESWL Component correction factor is relatively sensitive to wind parameters and

Comparing Egs(30) and (34) with Eg. (5) and assuming a uni-  can be approximated by
form distribution of mass and mass moment of inertia as implied

in most codes and standards, the ESWL on the actual structure for Mrzry=1.0+0.7<p (25)
the lateral and torsion modes can be expressed by This introduces error within 30% for the two limiting correlation
_ ) . 6 cases.
TExR(Z) =Mexrr TExr(H) - (Z/H) (20) It is noteworthy that the above CF for the ESWL in the lateral
0rzR(Z)=Mezrn 0 f7r(H) - (Z/H)P (21) mode can also be interpreted as the CF for the resonant displace-

ment and acceleration evaluated at the top of the structure when
where  aixg(H)=(3H?)Jmf;Syux(f)/4  and  of,g(H) assuming a uniform mass distribution. In fagyry is consistent
=(UH)ymf1Syz(f1)/4f=resonant ESWL components evalu- wjth the CFs used in AIJ-RLB1993 and AS1170.21989 for
ated at the top of the structure in the lateral and torsion modes,the disp|acement and the acceleration in the across-wind direc-
respectively, by referring to Eq$28), (30), (32), and (34) and tion. However, the implication of the CF and its potential appli-
setting\ =0; and cation to other load effects as given in EQO) are not docu-
7 mented in these codes or their background documents.
nFXRH:UfXR(H) _(1+28) \ /|J(Y’B’fl)|2 (22) Meanwhile, it is also noted that the ESWL-based correction pro-
Texr(H) 3 NEEERN] cedure is very useful to explain the experimental observations of
orrr(H) (.. )2 the “stick-type” aeroelastic model test in which a displacement or
NezRH= — = (14 2B) - \/ 1o (23) an acceleration response is usually meas(izéwu and Kareem
orzr(H) |J("/10,f1)| 2000.

are the CFs for the resonant ESWL components.
Fig. 6 shows the variation in the CFs for the resonant ESWL Background ESWL Component

components. In the lateral mode, the correction facteggry is The following procedure is introduced for the background ESWL

relatively insensitive to wind exponent and correlation param- components

eters. As shown in Fig.(8), it can be approximated by 242y 7\ 2y
Mexrr=0.76+0.24X B (24) Trxe(2)= gz Omx: ﬁ) (26)
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7\ 2y framework of the wind-induced response analysis, the existing
ﬁ) (27) correction procedures are particular cases of the overall general
treatment presented in this paper. Among several mode shape cor-
in which oyx and oyz=the RMS aerodynamic base bending rection schemes, the ESWL-based correction procedure offers a
moment and base torque measured by the HFBB or by otherconyenient framework for implementation in codes and standards
means. The first advantage of this procedure is that the windand for providing correct interpretation of wind tunnel measure-
loading is distributed according to thg power law and itusually  ments. The procedures presented in this paper can be utilized
provides a reasonable representation of the background responsgnmediately in the application of the HFBB measurements, the

componentZhou et al. 1999 The second advantage is that the «stick-type” aeroelastic model tests, and the GLF approach.
background response can be simply obtained from the mean wind

response by multiplying a background magnification factor be-
cause the wind load follows the distribution of the mean wind Acknowledgments
load in the lateral mode.

1+2y
orze(2)= “H Owmz
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Concluding Remarks The writers would also like to thank Dr. Xinzhong Chen, Dr. Fred
L. Haan, Jr., and Tracy Kijewski for their comments on the manu-
Utilizing the high frequency base balance data, the wind-induced script.
response of a structure with nonideal mode shapes can be ob-
tained by means of mode shape correction fact@ss. These
CFs can be evaluated for different response components of inter-Appendix: Wind Load Effects in Simplified Proce-
est by comparing the response of a structure with a nonideal modedure
shape to that with an ideal mod€&ig. 1). A parameter study
shows that the influence of a nonideal mode shape is rather neg-The PSD of the aerodynamic base bending moment in the lateral
ligible for the structural displacement and the base bending mo- mode can be written as
ment, but not insignificant for other load effects such as the gen- H (H
eralized wind loads, the base shear, and the acceleration response. Syx(f )= f f P(z1)P(z2)Sp(f)Q(21,2,,1) - 212,d2,d2,
This observation is consistent with comments made by earlier 0Jo
researchers. It is important to emphasize that although the exist- 52142 2
ing correction procedures are effective in their own context, cau- =PRH S( )13y 16)] (28)
tion must be exercised in utilizing these procedures indiscrimi- Thus the RMS displacement, ESWL, and wind-induced response
nately to estimate other load effects. In light of the overall can be computed by

, 12 PH 2’7Tf1 * 2 Z
UDX(Z): (z,n_fl)ZHmo(4_3)\) |J(y!1!fl)| Wsp(fl)—i_ J'O Sp(f )|‘]('y11!f )| df(ﬁ) (29)
, 12PH "ITf]_ * z z
Oex(2)= =30 \/|J(“/,1,f1)|zfsp(f1)+fo Sp(f)[I(y, 1 )|2df(1—)\ﬁ)(ﬁ) (30)
12-Pyi [ (3+Bo)—N(2+Bo) f -
oix= (413[7\)(35%0)(%850 ] \/IJ<y,1,f1>|ZZ—;Sp<fl>+fo Sp(F)[3(v. 1) [2dlf (31)

where the first item under the radical sign is the resonant component and the second is the background component.
For the torsional mode, these expressions are, respectively, given as follows

H (H
smzm:fo fo P(2:,1)P* (25, 1)dz1d2,= P} Sy(f) | 3(v.01 )2 (32)
, ZPH Z’Tff]_ * 2
022 = Gt Eme x|\ PO Wspmwfo [9(v.01 ) 28,(f ) (33)
, 2PH 21Tfl *® 2 z
ot2(2)= gz -\ oM ?spmwfo 9(+.0)] sp<f>df(1—x g) (34)
| 2-Puic-[(24Bo)—NM(1+Bo)] wf B
= N2 BBy ~\/|J<v,o,f1>|24—;sp<fl>+JO 9(.06)|2S,(F)dlf (35)
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It is noted that in the practical application, the aerodynamic tive stud_y of provisions in codes and standards with wind tunnel
moments are directly measured using HFBB and other tools. The ~ data.”Wind Struct.,1(1), 77-109. _ o
above expressions can correspondingly be rewritten by using theReinhold, T. A, and Kareem, A1986. “Wind loads and building re-

measured moments as the input.
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