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Abstract: The “stick” type aeroelastic model, referred to here as “aeroelastic balance,” has served as an effective tool for investigating
wind-induced response of tall buildings and towers in both fundamental research as well as design applications. However, some questiol
still remain unaddressed in the available literature regarding the efficacy of the aeroelastic balance as a design tool. These concerns ar
from the mismatch of the mode shape and mass distribution between the model and the prototype. This paper provides appropriate scalil
laws needed for modeling building dynamics and aeroelastic effects and offers a critical evaluation of the modeling issues concerning th
aeroelastic balance. Clearly, buildings with a nonlinear mode shape preclude a straightforward similarity between the model and the
prototype displacement and acceleration response. Similar concerns come to light from a mismatch in the mass distribution when th
aeroelastic effects are present. In this paper, procedures based on the base bending moment of the aeroelastic balance are developec
scaling model test data for predicting the prototype structural response. Currently used aeroelastic modeling practices are critically
reviewed in light of this scheme. The proposed procedures capture the dynamics of wind—structure interactions without the shortcoming
of current practices.
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Introduction sometimes irreplaceable role in both structural design and basic
research concerning tall buildings and towers since the develop-
The analytical modeling of wind—structure interactions is math- ment of boundary layer wind tunnel facilities.
ematically impracticable; therefore, wind tunnels have served as  For the wind-induced response of most tall structures, only the
the most reliable means of investigating wind load effects on response in the fundamental modes has been noted to be signifi-
structures. Although recent advances in computational fluid dy- cant(Kareem 198 This feature favors a simplified stick type
namics are very promising, these are not at a stage of becoming dnodel test in which two fundamental translation modes are simu-
designer’s tool in the near future. Among several existing wind lated. A typical set up of the stick type aeroelastic model is sche-
tunnel modeling approaches, the “stick” type aeroelastic model matically shown in Figs. (& and ¢. Variations of this configura-
and the “high frequency base balandéiFBB) technique are not ~ tion have been reported by Whitebread and Scruth®65;
only the most popular, but also very efficient. The stick model has Kareem and Cermakl979; Isyumov(1982; Saunders and Mel-
the extra advantage over the HFBB test that it can include the POUrNe(1973; Boggs(1993), and others. The model in Fig(c)
contribution of aeroelastic effects, which may become essential /S0 includes a provision for modeling the torsional degree of
for certain wind sensitive structures. In comparison with other Te€dom, butit only represents a uniform mode shape. Therefore,
aeroelastic models, i.e., the “multidegree-of-freedom aeroelastic the torsional response requires a mode shape correction. A typical

model,” the stick type model is more efficient in terms of design, stick model involves the building shell configuration, spring,

fabrication, calibration, and measurements, which presents sav-M2SS: and damping devices. The modeling of mass, stifiness and

ings in both time and cost. Furthermore, this test also allows damping, geometric shape, and approach flow environment has

convenient changes in the mass, stiffness, and damping and evenleen recotgnlzed t? bet. crltuf[atlhfort this kmtd of t?OdﬁI'.Tr?te d';’/'
geometric properties. In light of these attributes, the stick type placement or acceleration at the top or at another heignt andior

aeroelastic model test has played a profoundly significant andthe base bendmg_ mome(BBM_) about the axis of rotanqn are
measured. The stick aeroelastic model test is important in assess-

ing both the aeroelastic and dynamic response of structures under
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Fig. 1. Aeroelastic balancga) base-pivoted modelp) mode shape modeling¢) base-spring model

the mode shape modeling because this type of test works best for
structures with a linear first mode shaffeig. 1(b)]. However
many tall buildings, especially tall, flexible, and slender build-
ings, have mode shapes that may deviate from a straighitHige
2(a)]. The second issue of concern arises from the modeling of
mass. Tall buildings usually have a complex mass distribution
[Fig. 2(b)], which poses a difficulty in replicating it in a small-
scale aeroelastic model.

The inconsistency resulting from the mismatch in mode shape
modeling has been generally treated in two ways. One approach
utilizes a straight-line mode shape to “fit” a large portion of the
actual mode shape through adjustment of the pivot point at an
“appropriate” height above the building bagésyumov 1982.
Alternatively, analytical procedures may be invoked to adjust the
model test observations for nonlinear mode shdpeas, Vickery
1970; Kareem 1984; Vickery et al. 1985; Holmes 1987; Boggs
1991; Xu et al. 1993; Kijewski and Kareem 1998; Zhou et al.
1999, 2002 Most of the analytical corrections follow the tech-
niques routinely used in the HFBB; their effectiveness in this
context needs further examination.

The effect of imperfect modeling of the mass distribution has
received relatively less attention. Significant variations concern-
ing the mass modeling have been noted in the literature. For ex-
ample, in some of the literaturee.g., Cermak 1977; Isyumov
1982; and ASCE 199%he similarities in the total and the first-
mode generalized masses, and the mass moment of itidida)
are required; while in others the exact modeling of mass has been
relaxed(e.g., Bienkiewicz et al. 1986; and Boggs 1991

In this paper, first scaling laws for the model design are de-
rived. The effect of imperfect modeling of mass is delineated
through a comparison of the model with a prototype building
having a linear mode shape. This is followed by highlighting the
effect of nonlinear mode shape on the response predictions base
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Fig. 2. Example of actual high-rise buildingGu et al. 1992 (a)
mode shapetb) mass distribution
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on a linear mode shape as implied in the stick type aeroelasticwhere C,,=dimensionless BBM coefficientp,=air density;
test. Based on a previous study related to the effects of nonlineary,,=mean reference wind velocity at the building top; @hédnd
mode shapes on structural respofiieou et al. 200p, analytical D=width and depth of the building, respectively. It is noteworthy
procedures are developed to determine the equivalent static wincthat Eq. (4) is only comprised of quantities that have physical
load (ESWL) and associated wind-induced response of prototype meaning. Based on this equation, a detailed derivation of scaling
buildings with arbitrary mode shapes by utilizing the BBM mea- |aws for a prototype building with linear mode shape is provided
surements. The efficacy of two currently used aeroelastic model-in Appendix I.

ing practices is also assessed in light of the schemes presented The scaling law given in Eq(37) concerns the first MGM.

here. When the mass distribution of the model follows exactly that of
the prototype, the similarity requirement in E§7) is equivalent

Dynamic Similitude: Linear Mode Shape to that of the total mass

Scaling laws that describe the relationship between the scaled (Km, /KP)- (1K, )=1 (5)

model and the prototype building involving linear mode shape are
derived. Although the similarity between the model and the pro- OF
totype is generally well understood, this paper highlights some (pa/pa)m=(pslpa) ©)
features that may result in the introduction of improper scaling. Ps’PaJm={Ps/Pa/p

Scaling laws can be obtained either by a dimensional analysisyhere the subscriph represents the model afqudthe prototype;
or by nondimensional equations of motidranghaar 1951 The m;=[Hm(z)dz=total mass of the building; ands=structural
latter approach is used here since for the stick type aeroelastichy|k density. Eq.(6) has been documented in most of the litera-
models the response in fundamental modes dominates the overal e (e.g., Cermak 1977; Kareem and Cermak 1978; ASCE 11999
response. Without loss of generality, the equation of motion gov- a5 the requirement for maintaining a constant ratio between the
erning the motion of a tall structure with an arbitrary mode shape stryctural bulk density and the air density. For linear mode

is given below shapes, using the relationship between the first MGM and the
M*E(1) + C*E(1) + K* £(1) = P* (t,£,6,€,...) (1) MMI, the following relationship is obtained:
wherem* = [lm(2) 2(2)dz, ¢* =2¢k*m*, k* = (2= f,)?m*, Im=KE- K, - 1p 7

P*=f5‘P(z,t)cp(z)dz; and é&=generalized mass, damping, stiff-
ness, wind force, and displacement in the first mode, respectively;which has been referred to as the similarity requirement for the
{=structural critical damping ratiof,=first mode natural fre-  MMI in the literature(e.g., Isyumov 1982; Boggs 1991
quency; the motion dependent terms that appear in the right hand Since the model has the same mode shape as the prototype in
side of Eq.(1) represent the feedback due to aeroelastic effects; this particular case, fulfillment of any one of the three scaling
and P(z,t) =externally applied wind load. The mode shape of an requirements in Eqs(37), (6), or (7) guarantees the remaining
actual building can usually be well approximated by a power-law two, provided that the mass distribution of the prototype structure
expressionp(z) =c(z/H)®, in which c=normalization factor and  is precisely replicated in the model. This has led to the selection
B=exponent of the mode shape, which is unity for a linear mode of one of these three relationships indiscriminately in model de-
shape. In order to avoid arbitrariness in the normalization invoked sign. It should be emphasized that the equivalence between these
in the generalized equation of motion, scaling laws are derived relationships is contingent upon the condition of matching of the
based on the displacement at the building top. Recastinglfq. ~ mass distribution and the linear mode shape.
accordingly Many actual buildings usually feature complicated mass dis-
; . tributions; one such example is shown in Fig. 2. It is very difficult
Yu(t) +4mf0Y5(t) + (27 )2 (1) to accurately reproduce this mass distribution in the aeroelastic
1 (H . model test at a small-scale, e.g., around 1/300-1/500.
= _f P(zt,Y,Y,Y...)-(z/H)Pdz 2) Evidently, using the same total mass with different distribu-
mJo tions, both the first MGM and the MMI could be significantly
where Y,,=c. £ =displacement at the building topd; and m differ_ent. T_his means that the similarity of the total mass or the
=fgm(z) .(2/H)?*dz=first mode generalized magMGM) or density ratio could not ensure correct modehng qf the first MGM
first MGM. It is noted that the first MGM is a special case of the or the MMI because of the possible differences in the mass dis-

generalized mas®*, in which the normalization factaris equal tnbupon. It is very 'mporta“F to nqte that the _denvatlon of the
scaling laws based on the dimensional analysis would not reflect

o l'J:rg)l:ya building with linear mode shapes, E&) can be simpli- this difference since both the total mass and the first MGM have
fied as the same dimensions. However, as shown in the derivation of
o scaling laws in Appendix I, it is the first MGM or MMI that plays
. . M(t, YY", Y'..)IH the key role in the modeling of building displacement or accel-
Y{(D) +4m LY (D +(2mf)?Y (D)= m eration response. This observation can also be made from the

(3) following equation for the root mean squaii@MS) of the dis-

. . . . lacement response based on Ej:
where the superscript prime denotes quantities based on the Ilneal;J P &=

mode shape; whilem’=[{m(z)-(z/H)?dz=1/H?, in which 1
I=MMI; and M = [{{P(z,t)-z dz=BBM due to the externally ap- oy(2)= i 2. (A H2d
plied wind pressures, which can be expressed as (2mfy)%-Jom(z)(z/H)"dz
RVIRVY RVIRVY) \/2 2 * 2 [z
M(t,Y" Y Y'..)=Cn(t,Y' Y Y"..)-(1/2p,V;,VBDH?) . f |H(f)|2~SM(f)/H2'df (ﬁ) (8)
(4) 0
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where|H(f)|2={[1— (f/f1)?]?+ (2¢f/f,)?} =structural transfer 08

function; andSy,(f) =power spectral densitPSD of the exter- —e— [=0.5—+—[=1.0
nal BBM under the wind pressures. e, —— 15— (=20
Eq. (8) can be used for displacement or acceleration measure- "\'\-\.\,\.
ment based techniques. On the other hand, although the displace- 0.4 \'\'\.\.\
ment or acceleration response is important, the ESWL usually B daea., S
offers a more convenient means of estimating wind-induced load < B SN
effects for design. Extending the displacement in E), the ""—v~v~v\,\,§'\'\ ‘\‘\A\A\A\
ESWL in the case of dynamically sensitive structures can be rep- 0210 ttag oy o TV, ‘\k\“
resented by the inertial force .‘."\"0~.1\7\'\v
B \'\v
‘\0
’ _ 2 ! —
O'P(Z) (2’Tl'f1) m(z) O'Y(Z) H fgm(Z)(Z/H)de 0.00'0 ofz 0f4 ofe 058 n
% 1/2 A (@)
-(fO|H<f>|2-sM(f>-df) ~(§)~m(z) (©)
Accordingly, the BBM response can be computed by [ | —*—B=05—4—p=1.0
20 —v— (=15 —e— p=2.0 p!
H w 112 7
U&A:f op(z)-z dz:<J [H(f)|?-Sy(f)-df (10) e
° ° 1 5-1'—.—.—.—.—.'—.".—.—._.—.’.—.
Here the subscripP and M, which use the same symbol but
expressed in bold, represent the dynamically amplified wind load o=
and the associated BBM. 1.04—a—d—a—a—a—A—b—d—d—A-a—d—a—a—d—s—s—a—d
According to Eq.(8), the displacement is inversely propor-
tional to the first MGM. On the other hand, the BBM in EG0) _._._.—._.4_._._._._ M S |
is not a function of the first MGM or MMI, but is only indirectly 0.54 ""’*““’»-.\,\0
affected by the mass by way of the natural frequency. This im- . . [ .
plies that an increase in mass bears no influence on the BBM 0.0 0.2 0.4 0.6 0.8 1.0
response provided that the structural frequency remains the same. A )

In light of this, Bienkiewicz et al(1986 and Boggs1991) sug- ) ) )

gested alternatives to the requirements imposed on mass and a&i9- 3- Eff.ects of mode shape on first MGMg) ratio to total mass

sociated quantities. For example, if the model can be designed toln EA: (12); (b) ratio to linear first MGM in Eq/(17)

have the correct mass as required by the preceding scaling laws,

then the displacement response will obey the length scale or

“100% aeroelastic.” It is also possible to design a model which is

heavier by a factor of 2 so that the displacement or rotation will

be less-than-scale or “50% aeroelastic” or “subaeroelastic;” or m  2-[(2+2B)—N(1+2B)]

on the contrary, a lighter model with larger-than-scale displace- )\m:m_T: (2—N)(2+2B)(1+2pB) (12)

ment and rotation or “superaeroelastic.” In all these cases, al- )

though the displacement or rotation may be influenced by the Wherex =(my—my)/mo=mass reduction factdiBoggs and Pe-

manner in which mass is modeled, the BBM remains the same. terka 1989. Fig. 3a) shows the sensitivity ok , with respect to
Although the above concept offers a dramatic advantage for changes in other parameters. For a uniform mass distribution and

aeroelastic model design since the mass similarity ceases to be & linéar mode shapa,,=0.33, or one third of the total mass. Itis

requirement, caution must be exercised when modeling the Obvious that the first MGM is sensitive to the distribution of mass

aeroelastic effects. According to the limited available investiga- @nd the mode shape. Further study is still called for to clarify the

tions concerning the aeroelastic effects, the mass has been obPrecise roles of the total mass and the first MGM in the aeroelas-

served to be one of the most pertinent parameters. In fact, thefic modeling of tall buildings.

Scruton number, which is proportional to the product of the build-

ing air mass ratio and the critical damping ratio, has been recog- o }

nized to play a key role in the aeroelastic effe@mong others, ~ Dynamic Similitude: Arbitrary Mode Shape

Cheng 1984, Boggs 1991, 1992; CEN 1895espite the fact that o . ) .

it may have no effect on the modeling of the aerodynamic forces, When the mode shape of a building deviates from a straight line,

an imperfect modeling of mass may result in inaccurate modeling the similarity between the model and the prototype is not so ob-

of the aeroelastic effects. vious. A “virtual” building with a linear mode shape is introduced
Nonetheless, the available literature provides insufficient guid- Nere to build a relationship between the model and the prototype.

ance on the role of the total mass and the first MGM in modeling '"€ virtual building has a linear mode shape and replicates other

aeroelastic effects. The first MGM is usually a small part of the Parameters of the prototype. Since this virtual building has a lin-

overall mass and could be significantly different depending on the 8&r mode shape, its similarity to the model is governed by the

overall mass distribution and the mode shape. Assuming a linearS¢@ling laws in the preceding section, while the relationship be-
mass distribution tween the virtual building and the prototype can be expressed

through mode shape corrections. Accordingly, the prototype re-
m(z)=my(1—N(z/H)) (11) sponse can be obtained through the virtual building in combina-

a mass participation factor, which is defined as the ratio between
the first MGM to the total mass of the building is given by
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tion with a mode shape correction. A detailed discussion of the
mode shape corrections has been provided by the wi(E#rsu

et al. 2002. Some of the relevant relationships for the aeroelastic
model testing are described below.

Using the spectral analysis, the displacement response in Eq.

(2) is given by
1
(2mfq)2- [Hm(z)(z/H)?Pdz

U |H(f)|2-Sp*(f)-df) (
0

ovy(2)=

B
ﬁ) (13)
where Spx(f)= [ [5P(z1,f)P*(25,F) (21 /H)P(z,/H)Pdz,d 2,
=PSD of the generalized wind force in the first mode; and
P(z,,f)P*(z,,f)=coherence of the externally applied wind
pressures.

Using Eq.(37), the first MGM of the model is scaled to the
prototype by

mp=Kg-K, -my (14)
which is equivalent to a MMI scale as
|m=KE-Kpa-mp-H§ (15)

The difference between this MMI and that determined by the
scale in Eq(7) can be described by a mode shape effect factor for
the first MGM

_fgm(z)(z/H)Zde_ 12-[(2+2B)— N (1+2B)]
M= ) (H)2dz | (4-3n)(2+28)(1+2p) O

This factor is plotted in Fig. @). It can be seen tha,, is sen-
sitive to the mode shape while relatively insensitive to the mass
distribution forA<<0.5. When the mode shape of the building is
linear, the factor is, as expected, equal to unity, which indicates
the equivalence between the first MGM scale in BY) and the
MMI scale in Eq.(7). However, when the mode shape deviates
from a straight line, this equivalence is no longer valid. Borl,
which may be of concern in most tall building applications, is
usually less than unity. For example, whgr1.5, for a uniform
mass distributionn,=0.75, indicating that the use of the MMI
scale in Eq.(7) may lead to 33% higher displacement response
than that based on the first MGM scale as shown in(E§).

With an accurate modeling of the first MGM in EL4) or
MMI in Eq. (15), the displacement response of the virtual build-
ing can be computed by

1

o(2)= (2mf)2- [im(z)(z/H)%dz

- 12 |
-<JO|H(f)|2-SM(f)/H2-df) ( ) (17)

H
where the double prime stands for the virtual building. By com-
paring Eq.(17) to Eq.(13), the displacement at the virtual build-
ing top can be related to the actual displacement by

J5P(z1,F)P* (25,) (2 H)B(z,/H)Pd | M2
TZSu(HIHZ-df (18)

The correction in Eq(18) is exactly that for the generalized wind
force discussed in the literatufe.g., Xu and Kwok 1993; Kijew-

ski and Kareem 1998; Zhou et al. 200According to Eq.(18),

this factor is a function of the mode shape and the stochastic
structure of wind pressure fluctuations. Assuming that the wind
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Fig. 4. Mode shape correction&Zhou et al. 2000 (a) generalized
wind load; (b) base bending moment

pressures, including both the aerodynamic and aeroelastic effects,
on the building surfaces can be approximately expressed in the
following form:

P(z1,f)P*(2,,f)=P(z1)P(22)Sy(F)Q(21,25,F)  (19)

where S,(f)=unit fluctuating wind force spectrum;P(z)
=Py(z/H)Y in which Py=amplitude of the fluctuating wind
force evaluated at the building tog=fluctuating wind profile
exponent; and)(z,,z,,f) =exp(—Cx f/V:|z;—z}|/H)=correlation
of the fluctuating wind pressures in whith=reference wind ve-
locity, and Cx=exponential decay coefficient. For the fully cor-
related caseCx=0 and for delta-correlated casg—«. It is
noted that the structure of the fluctuating wind pressures is related
to complicated fluid—structure interactions, and the involved wind
pressure parameters may vary significantly for different cases and
are seldom available for a particular application unless specifi-
cally measured. As reported, the correction factor in @®) is
sensitive to the mode shape, wind exponent, and correlation as
shown in Fig. 4a) (Zhou et al. 2002 In engineering practice, it
is usually inconvenient to apply this type of correction since the
information on the involved parameters either is not available or
can only be approximately determined.

On the other hand, focusing on the BBM response, one can
have the following relationship between the virtual and the actual
buildings:

(20)

— ’
OM=MNM O\
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the model and the prototype, the aeroelastic model test may not
provide reliable estimates of building displacement and accelera-
tion response. Furthermore, there are also difficulties in utilizing
the displacement and acceleration information obtained from the
wind tunnel tests. For example, acceleration measurements reflect
only the resonant component contribution, while the displacement
measurements are relatively inconvenient, unless the laser-based
displacement sensors are employed. On the other hand, the BBM
response of an aeroelastic model usually exhibits less sensitivity
to the variations in mode shape, mass distribution, and wind pres-
sure parameters. It can also be conveniently measured using regu-
lar strain gauges, including the mean, background, and resonant
components.

These observations favor an analysis procedure that is based
on the BBM measured from the aeroelastic model tests. Drawing
a parallel between the BBM by the HFBB and the stick type
aeroelastic model, in this paper the latter is called “aeroelastic
balance.” It is important to note that the BBM measured from the
aeroelastic balance is different from that of the HFBB. The
former includes the aerodynamic force and aeroelastic feedback,
as well as the magnification due to structural dynamics. Besides
the insensitivity of the BBM response to the mass and mode
shape variations, advantages derived from the BBM-based proce-
dure include the convenient utilization of this information to ob-
tain other quantities of interest, e.g., the ESWL and other wind
load effects.

The measured BBM can be expressed in terms of the follow-
ing nondimensional form that applies to both the model and the
prototype structure:

Cm(t)=M(1)/(1/2pVZ/BDH?) (21)

Accordingly, the ESWL components on the actual building can be
computed by(Zhou and Kareem 2001

Fig. 5. Model tuning of mass moment of inertia

— _ _ 2a
Pl)=Cu-(u2eV3 804 22 (2] )

wherem,,=mode shape correction factor for the BBM response; fi—e 2 — ) 2+2a\ [ z\2
andoy ando,=RMS BBM response of the actual building and GPB(Z):( fo CM(f)df) (1/2pVi;JBDH )( H2 )(ﬁ)
the virtual building, respectively. As discussed by Zhou et al. (23)
(2002, my is equal to unity for the background component. For
the resonant component, Fig(b# shows the sensitivity of this fite
factor with respect to the involved parameters. It can be seen that UPR(Z):( f

for most of the parameter range this factor can be approximately
taken as unity without introducing a sizeable error. A similar ob-

2
CM(f)df)

fi—e€

m(z)e(z)

servation concerning the mode shape correction for the BBM has -(1/2pVZ,/BDH?) T2 e(2)z dz (24)
also been reported by Boggs and Petdd@89 and AS1170.2-89 . 0
(Australian Standards 1989 whereP, op_, andop_=mean, RMS background and resonant

components of the ESWL, respectively;,=mean BBM coeffi-
cient; C,(f)=PSD of the BBM coefficient; and can usually be
taken as a tenth of,. For the cases in which the background
response is relatively insignificant, Eq®3) and (24) can be

) ) ) . treated together as the fluctuating component of the ESWL
Based on the preceding scaling relationships, the model can be set

up and the measurements on the model can be scaled to the pro- _ = ) m(z)e(2)
totype. A detailed description of the model design and model UP(Z):UCM'(]-/ZPVH@H )Wﬂ)zdz (25)
tuning is provided in Appendix l(see Fig. 5. 0

Ideally, when the mode shape of the prototype building is lin- whereocs=RMS fluctuating ESWL, including both background
ear and the mass distribution of the model is the same as that ofand resonant components.
the prototype, direct similarities between the model and the pro-  With the ESWL, the wind load effects of interest can be de-
totype in terms of displacement, acceleration, or BBM exist. termined by using the above load components with a simple static
However, these requirements are seldom satisfied in practice. Duestructural analysis. The resultant response can be combined by a
to the mismatch in the mode shape and mass distribution betweersquare root of the sum of the squares rule

Application of Aeroelastic Balance
to Building Design
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sl % the computation of the first MGM may entail the integration from

] either the ground level or from the location defined b; and

! the mode shape may be based on the mode shape of either the
Fig. 6. Mode shape modeling in typical aeroelastic model tests ~ Prototype or the model. These variations will result in different
levels of accuracy in modeling the wind-induced response. Based
on the relationship between the externally applied BBM and in-
duced BBM response in EqEL0) and(20), the following expres-

F=r+g\r2+r3 (26) sion holds for both models:
wheref, 1, rg, andrg=resultant, mean, background, and reso- Sub(F)=IH(H)|2-Sysp() (29)

nant response components, respectivelypeak factor, which . . . .
can be determined from statistical analysis of the measured BBM Where subscripb=distance of the model pivot point from the
time series or from theoretical consideratiée.g., Davenport  ©rigin of the actual mode shape, which-sh or —h for the two

196 as = 2 D+0.577242In(f,7), in  which cases discussed, respectively. Even by ignoring the differences in
T=045)servationgtime. () () the modeling of the aeroelastic effects, the BBM response in these

The displacement and acceleration response can be computeHNo models has the following relationship to that proposed in this
conveniently by paper:
ng(Z)cp(Z)dZ NMM+b=0M+b/Tmo (30)
Y(2)= (zﬂfl)z,me(z)@z(z)dz'@(Z) 27) in which oy, ,=RMS aerodynamic BBM with regard to the
0 pivot height at+h or —h; ando,,o=RMS aerodynamic BBM
IEUPR(Z)@(z)dz with respect to the building base. Fig. 7 shows the variations of
ov(z)= mw@) (28) Mum+p IN terms of the wind parameters and the departure of the

pivot point from the building base. It can be seen that this factor
where Eq.(27) is applicable to both the mean and the fluctuating is insensitive to the wind exponent, but relatively sensitive to the
components, while Eq28) includes only the resonant compo- correlation of the pressure field. The information of wind pressure
nent. field is normally unavailable, thus making it difficult to useg;,
as correction factors to relate the BBM in the two models dis-
cussed to the actual BBM. Furthermore, using a full correlation of
Effectiveness of Currently Used Approaches aerodynamic pressure field as an example, the BBM is about 70%
of the actual value wheh/H=1/6 for the+h type model. Evi-
This section addresses currently used techniques of stick typedently, the farther the pivot point is located from the base, the less
aeroelastic model tests. One of the approaches is referred to as ththe overall wind pressure information is included. On the other
“ +h type” (Isyumov 1982; Ho et al. 1994which has also been  hand, the factor is about 1.35 for the same distance of the pivot
recommended in ASCEL999. Another is referred to here as “  point in the —h type model.
—h type” (Kareem and Cermak 1978; Boggs 199Details of
these models are omitted here for the sake of brevity. Fig. 6
schematically compares the modeled mode shapes represented iGoncluding Remarks
these model configurations in comparison with the actual building
mode shape and the proposal offered in this study. The aim of theThis paper examined in detail the role of the aeroelastic balance
+h type model is to “provide the best fit for .(mode shape as a tool for the design of tall buildings. Model scaling laws were
estimations” by adjusting the pivot point to-ah height about the derived and their significance in modeling structural dynamics
ground(Isyumov 1982; while the —h type model is due to the  and aeroelastic effects was highlighted. Although the modeling of
inherent model setup that renders the pivot point below the wind the building total mass, first MGM, and MMI was treated indis-

tunnel floor. criminately in most of the current practice, inasmuch as the mass
In practice, these models differ in their modeling of the total distribution of a prototype building can seldom be precisely re-
mass, first MGM, and MMI. For example, for theh type model, produced in a small-scale model test, the similarity of the total
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mass or the ratio of the structural bulk density to the air density Comparing Eq(34) to Eq.(32), the scales in Eq33) are ensured
may not adequately ensure the scaling of the first MGM. For by the following conditions:
buildings with linear mode shapes, it is noted that the correct

similarity of the first MGM or MMI is important to ensure accu- K=1 (35)

rate aeroelastic modeling. Key=1 (36)
Many actual tall buildings do not have straight-line mode

shapes. On the one hand, the scaling of MMI is usually signifi- Km,:KE- Ko, 37)

cantly different from that of the first MGM, while on the other

hand, even with accurate modeling of the first MGM the dynamic KL =K Ky (38)

similarity in the displacement and acceleration response is vio- Eq. (35) indicates that the damping ratio of the model is the

!ated when the prototype building has a nonlinear mode §h_ape. Itsame as that of the prototype. The use of imperfect modeling of
is shown here that the BBM response measurements exhibit a low

o o . . damping should be made carefully, since the damping may con-
fsent3|t|V|tyffto the va}[;latltt)_ns in the m?ss (;1_r|1_d_ motdhe shape.I T?lstrol the level of aeroelastic effects.
eadurleto tgrs artl aI ;ac ve aver:ye tﬁr u “hz'tr;]g Bg'v?eroe astic  gq. (36) requires the similarity of the aerodynamic force coef-
modet test In actual design practice throug € MEeasUre- s ient. For the aeroelastic model, it includes both aerodynamic
ments. The paper provided an analysis procedure for the ESWLfor

d oth ind-induced ts derived f th ces and aeroelastic feedbacks. The similarity of the aerody-
and other wind-induced response components derived om e, ;e orce can be ensured by simulating properly the approach-
BBM measurements of the aeroelastic balance tests. The efficac

; . . Xng flow, the building surroundings, and the building geometry,
of two currently used aeroelastic modeling approaches Is aISOWhich are also required in the HFBB or the pressure model tests.
addressed. Although these features are sufficient for the aerodynamic tests,
the similarity of aeroelastic feedbacks cannot be automatically
ensured and it needs additional consideration. There are a number
of factors, such as the dimensionless displacement response
This Appendix provides the scaling laws governing the similari- (Kwok and Melbourne 1981 the reduced wind velocitiKareem

ties between a tall building with linear mode shape and a stick 1982; Tschanz and Davenport 1988nd more recently, Scruton

Appendix |: Derivation of Scaling Laws

type aeroelastic model. no. (Boggs 1992; CEN 1995have been reported to be important
Eqg. (3) is applicable to both the model and the prototype. For to the aeroelastic effects. Since the influence of violating scaling
the prototype, it is laws is not fully understood, it has been suggested that the model
o -, . should correctly simulate the dynamic characteristics of the struc-
Yp(tp)+4“f1pCpr(tp)+(Z“flp) Yp(tp) tures, including the stiffness, mass, and damping, which influence

C — the aeroelastic effectASCE 1999.
_ Cwmp(tp,Yp,Yp,Yp...): (1/2F’aprH VBpDpHp) (31) Eq. (37) is the scale of the first MGM, which is detailed in the
m; context. Eq.(38) is the scale of the stiffness. For a particular

p
whereY =Yy . With an intrinsic linear mode shape, this quantity o o
can be easily related to the displacement at any other height or the (L-f1/V)p=(L-f1/V)p (39)
rotation angle. For the model, it is

mode that the model simulates, it can also be expressed by

which is explained as the reduced frequency or velocity scale,

Y i(tm) +4mf 0l Y (t) + (2 1) 2Y [ (t) where L=building dimension. A significant implication of Eq.
. — (39) is that there is no unique requirement concerning the velocity
Crum(tm:Ym:Ym:Ym--) - (120 amVa i VBrDmH m) scale, which is inversely proportional to the frequency scale when
- m/, the length scale is selected. This means the velocity and the fre-
quency scales can be adjusted according to the capability and
(32) availability of the wind tunnel facilities. The stiffness modeling
If the following similarities exist between the model and the Can be automatically ensured by correctly simulating the mass
prototype: and frequency. For some tuning schemes that need accurate stiff-
ness of the model, the scale in E§8) can also be rewritten as
K —Sm_Bm_Dm_Hn 0 Vo o tm_fip 5,2
L Yp Bp Dp Hp, \% Vp, t tp flm Kk:Kpa'KL/Kt (40)
(33) By satisfying the above scaling laws, the model will represent
Cumm Pam m/, Im a direct similarity with the prototype. In this case, the measure-
KCM:W’ Pa_ Pan’ Km’:W’ ngc_ ments can be based either on the BBM or the displacement or
P ap P P acceleration at any height or both of them. The model displace-
then Eq.(31) can be recast as ment is related to the prototype through the length scale. The
) 1 . acceleration and moment can be scaled to the prototype by
Y in(tm) + K_g'4'“'flm§er’n(tm)+(Zﬂflm)ZYr’n(tm) K?:KL/KtZ (41)
Mm(tm, Ym:Ym:Ym--)/Hp KM:Kpa'KE/Kt2 (42)
Mm For the case of a building with exactly a linear mode shape,
1 1 K, K. |2 there exists a crosscheck between the displacement and the BBM
<_> —— (_> (34) measurements. The ESWL on the actual building can be deter-
Key) \Kp, KE Ke-Ky mined based on the information of either of them. General pro-
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cedures based on the BBM information are provided in the con- not possible to have different first MGM in each direction. In this
text and the procedure for the building with a linear mode shape situation, an imperfect modeling is considered by determining the
can be treated as a special case. first MGM of the model as

mp= (K2 K, ) 3 Mpx+Mpy) (44)

Appendix II: Model Design and Calibration

For many actual buildings the frequencies in two directions
may be different from each other. The ratio of the frequencies
(Cermak 197Y needs to be modeled by adjusting the target fre-
The information of the prototype that is necessary for model de- quencies through tuning the stiffness in the two directions
sign includes the first MGM, total mass, interested wind velocity
range, damping ratio, and frequency in the first two sway modes. (Fx/fy)m=(fx/fy)p (45)

Prototype Information

Model Scales
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