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Abstract: Buildings with either complex geometric shapes or structural systems with noncoincident centers of mass and resistance, o
both, may undergo three-dimensioridD) coupled motions when exposed to spatiotemporally varying dynamic wind loads. To capture
the dynamic load effects, this paper presents a framework for the analysis of 3D coupled dynamic response of buildings and modeling ©
the equivalent static wind loadESWLS. This framework takes into account the correlation among wind loads in principle directions and
the intermodal coupling of modal response components. The wind loading input for this scheme may be derived either from multiple point
synchronous scanning of pressures on building models or through high-frequency force bidliFBemeasurements. The ESWL for a

given peak response is expressed as a linear combination of the background and resonant loads, which respectively reflect the fluctuati
wind load characteristics and inertial loads in fundamental modes of vibration. The nuances of utilizing HFFB measurements for buildings
with 3D coupled mode shapes are elucidated with a focus on the evaluation of the generalized forces including mode shape correction
the background and resonant responses, and the associated ESWLs. Utilizing a representative tall building with 3D mode shapes al
closely spaced frequencies, the framework for the analysis of coupled dynamic load effects and modeling of 3D ESWLs is demonstratec
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Introduction buildings with complex geometric shapes or with structural sys-
tems having noncoincident centers of mass and resistance, or

Wind loads on buildings are manifested by the action of three- both, may result in 3D coupled mode shapes and experience
dimensional (SD) spatiotempora"y Varying random pressure Coupled responses when eXposed to wind loads. Furthermore, fre-
fields on the building surface as the wind field interacts with the guencies in the fundamental modes of vibration in three primary
building. For wind speeds not in the proximity of the lock-in directions may be closely spaced. These situations warrant a 3D
region for vortex-induced loads in the acrosswind direction and coupled response analysis framework for response predictions
for loading scenarios that do not result in significant building that take into account the crosscorrelation of wind loads acting in
motions, the aeroelastic effect can be neglected; therefore, winddifferent directions and the intermodal coupling of modal re-
ASCE 1999; Zhou and Kareem 200&ccordingly, wind loads ~ Mada et al. 1990; Flay et al. 1999
on buildings can be characterized through simultaneously mea- The HFFB technique has widely been recognized for conve-
sured pressures on the building model surfaces or by measurediently quantifying generalized forces on buildings with un-
base forces on the model mounted on a high-frequency forcecoupled mode shapes through measured base forces on stationary-
balance(HFFB). scaled building modelée.g., Kareem and Cermak 1979; Tschanz
For buildings with one-dimension&lD) mode shape in each ~ and Davenport 1983; Reinhold and Kareem 1986; Boggs and Pe-
primary direction, building response in each respective direction terka 1989. The generalized forces are then utilized for estimat-
can be studied separately without the consideration of crosscorreind dynamic response of buildings with given structural charac-
lation of wind loads acting in different directions. However, teristics. The application of this technique to buildings with 3D
coupled mode shapes has been discussed in Irwin antL¥&3),
!Assistant Professor, Wind Science and Engineering Research CenterYlp and Flay(1993, and Holmes et al2003 for the estimation

Dept. of Civil Engineering, Texas Tech Univ., Lubbock, TX 794009. of resonant res_,ponse. . . o
E-mail: xinzhong.chen@ttu.edu Current design practice often requires dynamic wind loads on

’Robert M. Moran Professor, Dept. of Civil Engineering and buildings to be modeled as equivalent static wind lo@BWLS.
Geological Sciences, Univ. of Notre Dame, Notre Dame, IN 46556. Accordingly, a relatively simple static structural analysis proce-
E-mail: kareem@nd.edu dure can be adopted for a more detailed structural analysis and

Note. Associate Editor: Kurtis R. Gurley. Discussion open until design. The ESWL description is not only utilized for modeling

December 1, 2005. Separate discussions must be submitted for individua\Nind loads in building codes and standards, but also serves as a

papers. To extend the closing date by one month, a written request must L . . i}
be filed with the ASCE Managing Editor. The manuscript for this paper useful tool of better describing wind tunnel data derived for de

was submitted for review and possible publication on November 11, sign applications. The gust response fadt8RF) approach, in-

2003; approved on September 24, 2004. This paper is part dbtmaal troduced by Davenport1967) for alongwind excited buildings,
of Structural Engineering Vol. 131, No. 7, July 1, 2005. ©ASCE, ISSN  has been used worldwide in building codes and standards. Simi-
0733-9445/2005/7-1071-1082/$25.00. larly, GRFs can be defined for acrosswind and torsional response
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components with respect to a representative mean response, such '8

as the alongwind mean response, while that leads to less physical

meaning as compared to the GRF for the alongwind response AP

(Piccardo and Solari 2000; Kareem and Zhou 2008e GRF for

a given response is defined as the ratio of its peak dynamic value / Py 'P X

to its mean(statig value. The GRF approach results in an ESWL U ¥

that has a distribution similar to the mean wind load. As the actual

ESWLs for different peak response components generally have Fig. 1. Coordinate system and wind orientation

different spatial distributions, the GRF depends on the response

considered and may vary over a wide range for different response

componentge.g., Holmes 1994; Chen and Kareem 2001, 2004; peak response of interest are presented. The wind loads can be

Zhou and Kareem 2001; Repetto and Solari 2004 derived from a multiple point synchronously scanned pressure
In order to cast a more convenient and physically meaningful field over a building model surface in a wind tunnel.

ESWL description, dynamic wind loading is separated into back-

ground(quasi-stati¢ and resonant components base_d on their fre- p1ean and Background Responses

quency contenfe.g., Davenport 1995 Based on this format, a o . . )

number of studies have presented ESWLs on buildings with un- A building with 3D coupled mode shapes at a given wind speed

coupled responses. First, for the background ESBESWL), and direction is considere(Fig. 1). The wind loads per unit

Kasperski(1992 proposed a load-response-correlatibRC) ap- height at Ele elevatig above the ground have mean components

proach that results in a most probable load distribution while its of P,(2), Py(z), andP,(z), and corresponding fluctuating compo-

spatial distribution varies for the response under consideration.nents ofP,(z,t), Py(z,t), andPy(z,t), along two orthogonal trans-

An ESWL distribution identical for all response components, ex- lational primary axesx andy, and about the vertical axis,

pressed in terms of a polynomial expansion, was suggested inConsider a specific response of interest at a building elevation

Repetto and Solafi2004. Chen and Kareernt?004 proposed a 7y, R(t), e.g., displacement, bending moment, shear force, or

gust loading envelopeGLE) approach, which provides a BESWL  other member forces. Its medstatio and backgroundquasi-

distribution similar to the GLE. For cases in which the distribu- statio components can be calculated by static and quasi-static

tions of the dynamic wind loads are unknown, but the integrated analyses, and are expressed as

base forces are available using the HFFB technique, the BESWL H

can be approximately modeled by distributing the base bending §:J [ (Z)E(Z) . (Z)E(Z) +i (Z)E(z)]dz (1)

moment over the building height. This is achieved by a distribu- o T el geme

tion similar to the mean wind loa@Boggs and Peterka 1989;

Zhou and Kareem 200Dbr similar to the modal inertial loag.qg., H

Xie et al. 1995_). On_the other hand, thc_e resonant E_SW&IESV\_/L) Ry(t) = f (1D Pz + 1y (DPY(Z 1) + (D Py(z D)]dz (2)

can be described in terms of modal inertial load in a straightfor- 0

ward and physically meaningful manng.g., Davenport 1985

A similar format has been utilized for modeling dynamic eart!

quake loads on buildings in codes and standdelg., ASCE

2002. The ESWL for the total peak response can be expressed a

a linear combination of the background and resonant loads, which

h- where n(z) (s=x,y,0)=influence function representing the re-
sponseR due to a unit load acting at the elevatianalong s
Sdirection; andH=building height.

The root-mean-squak®&MS) background response is given by

also offers convenient combination of wind load with other loads H rH
for design consideration@Boggs and Peterka 1989; Chen and csz: > > f f pLS(zl)pq(zz)Rpsl(zl,zz)dzldz2 (3)
Kareem 2001, 2004; Holmes 2002 sxyb l=xy,6 Jo Jo

In this paper, a framework_for the anqusis of 3D couple_d whereRs l(zl,22)=covariance betweeR.(z;,t) and P(z,,1), and
dynamic response and evaluation of associated ESWLs on b“”d'is related to their cross power spectra den€kSD) function
ings are presented on the basis of wind loads derived throughSP (2,2, ) by

either synchronous scanning of pressures on building surfaces or "

the HFFB measurements. The proposed framework takes into ac- f’ *

count the correlation among wind loads in principle directions RP5|(21’22):f Spsl(zl,zz,f)dfzj S (2.2, H)df  (4)

and the intermodal coupling of modal response components. The 0 0

application of HFFB technique to buildings with 3D coupled wheref’ <f,, andf,=first modal frequency of the building.

modes is revisited by focusing on the evaluation of the general-

ized forces with mode shape corrections, the background and

resonant response, and associated ESWLSs. A tall building with 3D fésonant Response

mode shapes and closely spaced frequencies is used as an eshe resonant response is calculated through the modal analysis by

ample to discuss the coupled dynamic response and to demonretaining only the three fundamental modes in the primary direc-

strate the proposed framework. tions with the assumption that the contribution from higher modes
is negligible. Thejth generalized force is expressed as

H
Analysis of Coupled Response and Modeling (1) :f [0, (2)P,(z1) + O, (2Py(z1) + ©,,(2)Py(z,t)]dz
of Equivalent Static Wind Loads ? o T WY R

In the following section, the analysis of the 3D coupled building ®)
dynamic response and the modeling of ESWL associated with anywhere 9;(z) (s=x,y,0)=jth mode shap¢j=1,2,3.
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The power spectral densit*SD function of Q;(t), Sij(f), 3 3
and the XPSD betwee@;(t) andQy(t), S, (f), are expressed as R(t) = 21 R (1) = 21 I (1) (15)
. j= i=
SQ”(f) => X f f 0i5(2)0;(2)S_ (21,2, F)dzyd2z, H
SXY0 1=2xy,0 0 0 FJ = (ZWfJ)zf [MX(Z)m(Z)®jX(Z) + My(Z)m(Z)G)jy(Z)
(6) 0
+1y(21(2)04(2)]dz (16)
H H
_ where R (t)=T"ig; (t)=contribution of thejth mode toR/(t);
= - Ir JHr
Soy(M) g%’e ,:%’9 fo fo O5s(20) Ou(2)S (21,22, 1) 02102 T',=participation coefficient of th¢th mode toR,(t), which rep-
resents the static response to jtiemodal inertial load associated
) with a unit generalized displaceme(mquzl).
The RMS resonant component of tfta generalized displace- The RMS resonant responseg, is given by combining the
ment, o, is quantified as modal components using the CQC approach:
: 3 3 3 3
) 1 = 2= =SS .
2 _ (52 - - T _ o OR OR lik Oa Oq ik (17
qur ff, |H](f)‘ SQ”(f)df MjZ(ZTrfJ-)44Ej fJSQ”(fJ) (8 Re i Rjr = R’ Jkr et ) Qe Qr JKT
When the modal frequencies are well separated, the intermodal
1 coupling among modal response components can be neglected,
H' f = 9 i . = i = . = i i
i(f) M (221 — (1112 + g, 111 ] 9) i.e., r=1 for j=k andry,=0 for j#k. Consequently, in that

case, the modal responses can be combined using the square root
of the sum of square€&SRSS combination scheme.

H
Mj:f [M(20%5(2) + M(2)0%(2) +1(20%(2)]dz  (10)
0 Total Peak Response

whereM;, f;, andg;=jth generalized mass, frequency, and damp- The peak dynamic respond®,,, can be obtained by combining

ing ratio (including aerodynamic dampifg and m(z) and the background and resonant components:
I(z)=mass and polar moment of inertia per unit height. %
The covariance between thjéh and kth resonant modal re- Rinax= VOOR, T 9 OR (18)

- 2

sponsesag_kr—o is given by
i

Okjr where g, and g,=peak factors for the background and resonant

w responses, generally ranging from 3 to 4.
O-éjkr:Re|:f Hj(f)H;(f)Sij(f)df] = Mg, T, (11) The total peak response including the mean component is
f! equal toR£R .
where Re and represent the real and complex conjugate opera-
tors, respectivelyr;,=the correlation coefficient for thgh and Background Equivalent Static Wind Load

kth resonant modal responses, which can be approximated by th . .

following expression wheff; and f, are close to each other: eggsggsovr\]/f}grI;Efpigﬁf:ggﬁﬂi?iigg%;Olr:nge;foai
max ’

be expressed as i

Mk = QkrPikr (12
"
9
F 7)=— 2)Rp (z,2)dzy (s=x,y,0 19
e = RS, (NS (NSu Dl o, (1) @ 2 |, MERe s 62Xy (19
andpjy, is given in Der Kiureghiar{1980 where Fez(2)=BESWL component along s direction
— oo (s=x,y,0).
o = BVEE(Bji& *+ EWB K (14) The LRC approach results in a most probable load distribution
jkr —

for a given peak background response. However, a different load
. distribution corresponds to each response component, which may
where By =fj/fi with pye (0<pjr=<1), pjjr =prar=1 and pj limit its potential attractiveness for possible adoption by design
=pir <1 whenf; andf, are well separated. It should be noted that g3nqards or practice. An approximate modeling of the BESWL
in the case of seismic response of buildings with a single ground p,5eq on the LRC approach for uncoupled buildings has been

motion input,a; is either +1 or —1 foy #k depending upon the  esented in Holme&996 by eliminating the effect of the influ-
sign of R¢S, (f)] atf; or fy. In general, ~kay, <1. Itis clear ence function of the response.

that the correlation coefficient of modal responses depends Not  ~hen and Kareem{2004 proposed the GLE approach for
only on the modal frequencies and damping ratios, but also on themodeling BESWL for 3D excited buildings with uncoupled re-
correlation/coherence of the associated generalized forces. Thi%ponse which eliminates the potential shortcoming of the LRC
important consideration for accurate utilization of the complete approach. This approach can be extended to general coupled

quadratic combinatiofCQC) scheme has not been completely cases. The background response given in Bgcan be repre-
recognized in the analysis of wind load effects on buildings and ggpteq by

structurege.g., Xie et al. 2008
Once the .generalized.displacement is quantified, the resonant Géb: E 2 gﬁbsg;eblgsl (20)
response of interesR(t), is given by =Xy, 1=x,,0

(1-B3)? + 4EEB(L +B3) + AE7 + EDB
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1(2)0,(2)
m

grom! (30)
J 1(2)04(2)dz
0

iré

H rH
By = f f ez (Z)Re (21,2,)d2102:/ (0} OR ) (2D) Fejro(2) =
0 0

H

where oy =I'yy 04, =RMS value ofjth modal component of
L= 2)op (2)dz 22 Mis ™~ Mg arr

TRes fo bl )GPS( ) (22 resonant base bsending moment or tordWig(t) (s=x,y,0).

where a;{bs:responseR to the static load crps(z); crps(z)

:V'Rpss(z,z):the RMS value of wind load P{(z); and
B,=background factor representing the reduction effect with re-
gard to responsR due to loss of correlation in wind loads acting
in s andl directions, which becomes unity when wind loads are
fully correlated, i.e.Rpsl(zl,zz):crps(zl)crpl(zz).

Eq. (20) can be rewritten as

Total Equivalent Static Wind Load

The ESWL for the total peak responRg,, can be obtained by a
linear combination of the BESWL and RESWBoggs and Pe-
terka 1989; Chen and Kareem 2001, 2004; Holmes R00&Ing

the BESWL based on the LRC approach, the ESWL is given as

3

H Ferd2) =Wr Fere@ + 2 Wig Fei@  (5=x,0)  (3D)
0or,= 2 | RdDFR(2dz (23) =
Y0 20 Using the BESWL based on the GLE approach, the ESWL is
that leads to BESWL given by given as
3
Fer (2 =Fid2W, (24) R
R EbS( Ro® FeRs(z) = WRbsFebs(Z) + 2 \NerFejrs(Z) (S: vane) (32)
j=1
Fend2) = 0p0p (2) (25 where the weighting factors are defined as
WRbs:< 2 leo-l’?bl)/o-Rb (26) WRb:gbURb/Rmax; WRbS:gb(l:%,e 0'RbIBsI)/Rmax (33
1=x,y,6

whereF}, (z)=gust loading envelope ia direction(s=x,y,0). 3

It is worth emphasizing that the GLE approach results in a W = r 34
load distribution similar to the gust loading envelope for each ”, = O EUR'“ Jer Rinax (39
response component. When wind loads are fully correlated, then

By=1 andWg (=1, which leads to the load distribution identical The validity of the preceding ESWL can be easily reaffirmed
to the gust loading envelope and to that given by the LRC ap- by
proach.

H
. . . Rnax= f (nx(DFeri2) + P«y(z) FeR)(Z) + 1y(2)Fery(2)dz
Resonant Equivalent Static Wind Load 0

The RESWL for the peak resonant response in jite mode, (39
Rjrmax:g,oRjr:g,l"joqu, is given in terms of the modal inertial

load The total loading, including the mean load component, is equal
oad:

t0 P2 £Ferf2) (5=X,Y,6).
Fejrs(z) = gr(z’“fj)zrns(z)@js(z)(’qu (s=x,y.0) (27)

wherem,(2)=m,(2)=m(z) andmy(2)=1(2). High-Frequency Force Balance Technique for
The validity of the modal inertial loads can be simply reaf- Buildings with Three-Dimensional Coupled Modes
firmed by substituting these force components in the following

equation The HFFB technique has been very effective in quantifying gen-

eralized forces on tall buildings and structures with uncoupled

H modes. The following section sheds light on the utilization of

9oR :f [x(DF e + 1y (D) Fejry(D) + po(DFejr(2)1d2z HFFB technique for buildings with 3D coupled modes by focus-
" Jo ing on the estimation of generalized forces with mode shape cor-

(29) rections, analysis of coupled response, and modeling of ESWL.
The RESWL can also be expressed in a format that distributes Generalized Forces
the base bending moments and torque over the building height as
The HFFB technique is predicated on the estimation of the gen-

m(2)0:,(2) eralized forces obtained from the measured base forces. The base
Feirs(?) = —5 gr(’Mj’rS (s=xy) (29) bending moments along axes and y and torque around,
f m(2)0s(2)zdz Mq(t) (s=x,y,0), can be expressed in terms of the dynamic
0 wind loads as
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M(t) = f (P21 (36) o= 2 2 (DS () (45)
0 S

s=X,y,0 1=x,y,0

It is noted that the XPSD of wind loads acting in different
directions does not influence the mode shape corrections. The
mode shape corrections used in the case of 1D uncoupled modes
are applicable to 3D coupled modes. The quantification of mode

Q(1) = Qult) + Q1) + Q(t) (37) shape corrections has to rely on empirical correction or analytical
formulations derived based on a presumed analytical wind load-
H ing model(Vickery et al. 1985; Boggs and Peterka 1989; Xu and
st(t):J 0.(2P(zdz (s=xY,6) (39) Kwok 1993; Zhou et al. 2002; Holmes et al. 2003; Chen and
0 Kareem 2004 For example, the XPSD of wind loads acting in
the s direction P¢(z;,t) and P¢(z,,1), Spss(zl,zz,f), and the com-
ponent of thejth mode shape in the direction are described by

where MMX(Z):}LM (z22=z=influence functions forM,(t) and
My(t), respectively; andLMe(z):lzianuence function foM,(t).
On the other hand, thgh generalized force is given by

It is obvious that when the building mode shape along the
translational directiongy);,(2) and®;,(2), vary linearly, the com-
ponent in torsion,®;,(z), varies uniformly over the building

L S (F) (2,\s( 2, \ s kysflzs — 2|
height, Le. Sanh=—14 (ﬁ) (ﬁ) T

@is(z):@)jSo(E) (s=xy): 0,(D=0,0 (39 (47)

H

where O, (s=x,y,08)=constants;Q;(t) is then directly deter- 2 \Bs
mined from the base forces as 0i(2) = ®jso(ﬁ) (49

Qi) = QJS—OMS(t) (s=XY); Qi) =0O;0M(t)  (40) Accordingly, the mode shape correction can be given by the fol-
H lowing closed-form expressiofChen and Kareem 2003

or in terms of their power spectral densifySDs as

o2 - (%)(Masw;) J1+kzsfH/uH/(2.5+B;)
i s ’
S (h) = ﬁ%(’sws(f) (5=xY); S, (f)=OfeSu,(f) (4D) PO\ Hes N L+ as+ Bs/ V 1+ksTHIUL(2.5+By)
49

While some buildings may have mode shapes in the transla- ) . ( _)
tional directions that vary almost linearly over the building Where S (f)=PSD of wind loads at the building height;
height, the component in torsion generally differs distinctly from ks=decay factor;Uy=mean wind speed at the building top;
a uniform variation over building height. For a general 3D mode a«s=exponent of wind load profileBs=mode shape exponent;
shape with nonlinear variations in the translational directions and Bs=1 whens=x ory; andB;=0 whens=#6. It can be shown that

nonuniform in torsion, the relationship betwe@n(t) and M(t) when k,sfH/U,—0, which corresponds to full coherence of
can be defined by using their PSDs as wind loads, the mode shape correction is the same as suggested in
Xu and Kwok (1993 and discussed in Holmes et §2003.
So,(h) = na(HSu () (s=xy,6) (42) It should be noted that when the actual building mode shape is

h f h de sh . h Iso d known and if it departs distinctly from a power law, fitting the
where;s(f) represents the mode shape correction that also de- 46 ghape in terms of a power law, in order to use the closed-

pends ondthe mannerflnhwhdlch the. mo_d((ej Thage is normalized. It 'Storm formulation of mode shape correction, may result in addi-
expressed in terms of the dynamic wind loads as tional approximation. Therefore, it is suggested to directly quan-

H [H tify the mode shape correction through a numerical calculation
J f 04(2)05(2) S (21,2, F)dzd2z, based on its definition given by E@3) and using an assumed
2p)= 20 70 43 loading model.
(D=~ (43) It is worth mentioning that when the frequency dependent
f f w2 (2)Se (21,22, F)dzdZ, mode shape corrections are simplified as independent of fre-
0 0

quency, the equivalent time domain version of E¢4$) and(46)

The XPSD between wind loads acting at different locations ¢ be expressed bie.g., Irwin and Xie 1993; Holmes et al.
but in the same direction are often assumed to be real-valued.2003
This results in a real-valued XPSD betwe@p(t) and M(t) and
real-valuedns(f) (s=x,y,0). Consequently, the XPSD between Qj(t) =mjM,(t) +mjyMy(t) +njeMe(t) (50
Qis(t) and Qy(t)(j,k=1,2,3;s,1=x,y,0), SijsI(f)' can be ex-
pressed in terms of the XPSD between the respective base mo-

mentsM(t) and M;(t),Sy_(f), as Dynamic Response and Equivalent Static Wind Load
_ The HFFB provides direct measurements of the background base
Sijs|(f)_nis(f)nk'(f)s’“sl(f) (44 bending moments and torque. However, other background re-
Accordingly, the PSD of;(t) and the XPSD betwee®;(t) and sponse components need to be evaluated. While the background
Q.(t) are given by response is more likely to be contributed by higher modes as
compared to the resonant response, it is still reasonable for tall
So, () = E E 7is(Fm;(F)Sy_() (45) buildings to assume that the contributions of higher modes to both
! SXY,0 1=xy,0 o the background and resonant responses are rather small. There-
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fore, both the background and resonant response components can
be approximately estimated by the modal analysis restricted to the

fundamental modes.

The background component of theh generalized displace-
ment,a,, , and the correlation coefficient for thgh andkth back-
ground modal responsesy,, are given by

O'Q,.
=—l— 51
O-qu MJ(ZﬂTfJ)Z ( )
-2 4 -2
kb = qukb/ VoG, Tq, = (erk/ VOQ,0Q (52
aéjk:fo RS, (N1df (jk=1,2,3 (53

where cerjj and aéjk:variance ofQ;(t) and the covariance be-

tweenQj(t) and Q,(t), respectively.
The background response can also be directly quantified

from measured base bending moments and torque without intro-

ducing any correction procedure. Based on the modal analysis

the covariance of base bending moments and base torque

of,lsl (s,I=x,y,0), can be expressed in terms of the covariance of
the background modal respons%jkb (j,k=1,2,3, whereagjjb

=2 as

Gib

3 3
2 _ 2
Omg = E E FjMSFkM|0qjkb
j=1 k=1

(54)

H
Tjw, = (2mf)? f b T2 Oy(2)dz (55)
0
Eq. (54) can be expressed in the matrix format, which leads to the
solution of[a? ] by
kb
[o

Sjkb] =[Tju J o JITm ] (56)

The resonant modal responSneg_kr (j,k=1,2,3, can be esti-
mated using the framework discussed in preceding sections.
The total peak dynamic response of inter&t,,, is obtained

center o) .
resistance axis

center of : s
mass axis | i, g’
X rd
p XA A
m Me ; X,

;’”M-Il ._ J—,

] T,A

Wind
—_—

P

m;

I
o

Fig. 2. Building with idealized eccentricity

Application

Three-Dimensional Coupled Response

A tall building with eccentricity in the centers of mass and resis-
tance is taken as an example to discuss the coupled building mo-
tion and the associated ESWLs. The building is 31 m square in
plan and 183 m tall with building density of 192 kg?nfor the
purpose of illustration, it is assumed that the mass centers of all
floors lie on one vertical axis so that the eccentricity in the centers
of mass and resistance at each story level is the same. All floors
are assumed to have the same radius of gyration about the vertical
axis through the mass centé¥ig. 2). The equations of building
motion are given in the Appendiée.g., Kareem 1985

The uncoupled building systenfwithout eccentricity has
fundamental frequencies of 0.2 Hz in two translational direc-
tions, and 0.30 Hz in torsion. The corresponding mode shapes
follow power functions along the building height, i.el,(2)
=¥ (2)=V¥y(2)=(z/H)*% The coupled building system has
the eccentricity ase,/r=g,/r=-0.20, wheree, and e, are
the distance between the mass and resistance centers in two
translational directions, and=31/2//6=6.3278 m is the ra-
dius of gyration. The presence of eccentricity results in 3D

by combining the background and resonant response components;oupled mode shapes of vibration. The three fundamental modal

3 3
Rmax= \/2 E Fjrk(ggo'cijkb + grzo'(z]jkr)
j=1 k=1
3 3
= g E FijUq_O'q rjk (57)
=1 k=1 ik
Oq = V(rgjb + O-éjr (j=1,2,3 (58)
M= (Qgrjkbcquchb*' grzrjkquerqk,)/(gf’quqk) (59)

The associated ESWL, including the background and resonant
components, can be defined in terms of modal inertial loads,
which may be represented by distributing the base bending mo-
ments and torque associated with each mode over the building
height.

2 2,2
fSMy(f)/(O.Sp UZBH?Y

-
2 2,2
fSMx(f)I(O.Sp U2BH?Y j |

Normalized PSDs

Fig. 3. Power spectral densities of measured base bending moments
and torque
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140 ; 180 ; lation coefficient betweeM,(t) and My(t) is taken as 0.7, i.e.,
120 160 crf,'ye:O]ch om, and their XPSD is given bySy (f)
) 140 :0.7\/SMy(f)S\,|e(f). The generalized forces associated with 3D
g 100 £ 120 mode shapes can be quantified through measured base bending
E 80 §1oo moments and torque as
S s
§ 3 80 SN= 2 2 ajcumMmuNSu (M (.k=1,2,3
b 3 6o s=X,Y,0 1=x,y,0
g 4 g
z g a0 (60)
20
: 20 where the mode shape correctiong,(f) (j=1,2,35=x,y,60),
0 ’ 0 are determined according to E@9) for the case of high corre-
30 40 50
u,, (mss) % % 4OuH (m/s)so % lation (k,&fH/Uy=0) with 0;5=1 andps=1.2 andag assumed to
(@) Alongwind accelerations (b} Acrosswind accelerations be 0.3. This results im]jXZ'qjy:O.gZ/H and ’nje:O_SZ_
Both the background and resonant response components are
40 o rawo)| 25 o M_(wh) calculated by modal analysis and the response is reported here as
35| — ragw) | — M, w) T the total response. The response components considered are the
5 g2 a0 m’) ) alongwind and acrosswind accelerations at the top of the building
£30 g |7, ok, o N at the following locations: top center, Point(@g,Y,)=(0,0); top
525 215 / corner, Point 1(x4,y;)=(B/2,B/2); top corner, Point 2(x,,y,)
g 8 =(-B/2,-B/2), which are later referred to @&, anda,a,, and
B0 % 1 a 1, anda,, anday,, respectively. The torsional acceleration at the
§15 o building top referred to as,, alongwind and acrosswind base
= sl bending moment responst, and M, base shear forcds, and
0] Fy, and the base torque respomégare also calculated. All those
5 ' 0 response components are easily calculated in terms of the modal
30 2, (m/s)50 60 30 U, (me) response. For example, the alongwind acceleration at Point 1 and
o . o the alongwind base bending moment are quantified as
(c) Torsional acceleration (d) Base bending moments and torque
3 3
Fig. 4. Influence of eccentricity on the building responge) ng :EE(Zﬂfj)z(zﬂfk)z(ajx‘OtjeB/Z)(Oth—OlkeB/Z)Uqukrjk
alongwind accelerationgb) acrosswind accelerationg;) torsional Vil e !
acceleration; andd) base bending moments and torque (61)
frequencies are 0.1941, 0.2000, and 0.3090 Hz. The corre- mPH*

2
sponding mode shapes a(®;, 0, Ojo)=(V,aj W o, Voouj) Om; = 32 2‘1
(3=1,2,3  with  (a, ayy ra)=(0.6929-0.6929-0.1997
(cupx gy Taigy) =(0.7071 0.7071 0.0000 and  (agy gy Farg) where crqj=RMS value of the jth modal response; and
=(0.1412-0.1412 0.9799 respectively. The modal damping ry=correlation coefficient between thth andkth modes.
ratio for each mode is assumed to be 1%. In Fig. 4, the predicted response of the building with and with-

In this example, only the mean wind direction along axis out eccentricity between the mass and resistance centers is shown,
i.e., normal to a face of the building, is considered. The mean which highlights the influence of eccentricity on the building re-
wind speed at the building height varies between 35 to 60 m/s. sponse. Selected results for the wind speed of 60 m/s are sum-
The aeroelastic effects, if any, are neglected at this range of windmarized in Tables 1 and 2. Without the eccentricity, the alongwind
speeds. Fig. 3 shows the PSDs of the measured base bendingccelerations at two corners are equal, but greater than the re-
moments,M,(t) and M(t), and torqueM(t), using the HFFB sponse at the center due to the added contribution of the torsional
technique in an urban boundary layer flgMijewski and Kareem response. The acrosswind response is greater than the alongwind
1998. The wind tunnel test data suggested almost negligible cor- component. The torsional motion provides slightly different levels
relation betweerM,(t) andM,(t) and relatively high correlation  of contribution to the acrosswind responses at the two corners,
betweenM,(t) and M(t). For the sake of illustration, the corre-  which is attributed to the correlation between the acrosswind and

3 3
2(2Trf,-)z(zwmzajxakquoqkr,-k (62)
j=1 k=1

Table 1. Contributions of Modal Inertial LoadBuilding without Eccentricity

Mode 1 Mode 2 Mode 3 TotalCQO) Total (SRSS

URlzrlcql OR,= cmrqz 0R3=F30q3 OR OR
M, (10° KN m) 0.7790 0 0 0.7790 0.7790
My (10° KN m) 0 2.2297 0 2.2297 2.2297
F, (10* KN) 0.6149 0 0 0.6149 0.6149
F; (10* KN) 0 1.7599 0 1.7599 1.7599
M, (10* KN m) 0 0 3.3593 3.3593 3.3593

r12=r21=0; ry3=r31=0; rp3=r3,=0.0609
Note: CQC=Complete quadratic combination; SRSSquare root of the sum of squares.
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Table 2. Contributions of Modal Inertial Load@Building with Eccentricity

Mode 1 Mode 2 Mode 3 TotalCQO) Total (SRSS

or,=T10q, or,=T20q, 0R3:F30q3 OR OR
M., (1C° KN m) 1.3206 1.1809 0.0751 1.5341 1.7732
My (10° KN m) -1.3206 1.1809 -0.0751 1.9778 1.7732
F, (10 KN) 1.0424 0.9321 0.0592 1.2108 1.3996
F)’, (10* KN) -1.0424 0.9321 -0.0592 1.5611 1.3996
M; (10* KN m) -1.9013 0 2.6010 3.3113 3.2219

I’1'2=r2v1=—O.2532;I’1‘3=r3vl= _0.0591;r213=r312=0.0603
Note: CQCG=Complete quadratic combination: SRSSquare root of the sum of squares.

torsional loads. The presence of eccentricity significantly ampli- wind response and an increase in acrosswind response, whereas
fies the alongwind responses at Points 0 and 1, while the along-the base torque, mainly contributed by the third mode, remains
wind response at Point 2 remains almost the same as for thealmost unchanged.
building without eccentricity. The eccentricity results in a de- Fig. 6 shows the influence of cross-correlation of wind loads
crease in the acrosswind response at Point O while the acrosswindcting in different directions on the building response. In this
response at Point 1 increases. The acrosswind response at Point@ample, only the cross-correlation between the acrosswind and
is remarkably decreased. Similar observations regarding the dis-torsion is considered. Results show that cross-correlation of wind
placements were made but are not presented here for brevityloads does not introduce a significant influence on the response.
Accordingly, the eccentricity results in apparent increase in the This observation may not be necessarily true for other wind di-
alongwind base bending moment and a slight decrease in therections in which wind loads acting in different directions may
acrosswind base bending moment. The torsional acceleration andecome strongly correlated.
base torque, which are mainly contributed by the third mode char-  The background response components are shown in Fig. 7.
acterized by the dominant torsional motion, remain almost the The solid lines show the results based on the proposed scheme
same as the building without eccentricity. However, the torsional that are directly derived from the measured base forces without
displacement is significantly amplified which is primarily contrib- any correction procedure. It is noteworthy that the proposed
uted by the first mode as the contribution from the third mode scheme provides exact predictions of the base bending moments
decreases$see Tables 1 and 2 faviy). and torque. The dots show the results based on the modal analysis
A comparison between the base bending moments and torquewhich entails calculation of the generalized forces involving
with and without taking into account the correlation of modal modal shape correction procedure. It is clear that due to the in-
responses, which correspond to the CQC and SRSS combinatioriroduction of mode shape corrections, which are less than unity in
schemes, respectively, is presented in Fig. 5. At the wind speed ofthis example, the predicted values based on the generalized forces
60 m/s, the correlation coefficients for the building with eccen- are less than the measured ones, particularly for the torsional

tricity are r;,=r,;=-0.2532, r;y3=r3,=-0.0591, r,3=r3, response.
=0.0603, which are calculated based on ELL) over the fre- In Fig. 8, the ratio of the RMS background response to the
quency range from 0 to«#. Egs.(12), (52), and (59) result in total response is shown. The ratio decreases with an increase in

almost the equal estimate of ,, but may not provide accurate the wind speed. It is also noted that the background response
estimations ofr; 3 andr, 5 due to their well separated frequen- contributes more to the torsional response as compared to the
cies. Nevertheless, those values are very small and therefore mayglongwind and acrosswind response components. The preceding
be simply assumed as zero. The correlation between the first andrend of reduction in the background response can be approxi-
second modal response results in a slight decrease in the alongmately identified by examining the PSDs of the measured base

2 _ o M:x (w/o) A
o M (SRSS) , _ M’x () ,
— M _{(CQC) ;P z A M'y (wio) : ;
o M, (SRSS) / 151 - M, W) et

15( _ _ M (cqc) |- & 4 1M (wlo)|
+ 10M_(SRsS) ’ 2 oM w) | D/

9 [43

- 1M, cac) | / g 1

e

[22]

b

o

RMS response (105KN"m)

0.5
05 1
-
—+ I e
, S o
o+ + 0
4=+ 30 40 50 60
30 40 60 U, (m/s)
U, (mss)
Fig. 6. Influence of cross correlation of wind loads acting in different
Fig. 5. Influence of correlation among modal responses directions
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forces, which represent the generalized forces. For example, themode shapes of vibration were presented. In this context, the
reduced frequencies for the fundamental modes in this examp|espatiotempora||y varying dynamic wind loads may be derived
are 0.1719, 0.1771, and 0.2737 at wind speed of 35 m/s andthrough multiple point synchronous scanning of pressures on the
0.1000, 0.1030, and 0.1597 at 60 m/s. With the increase in wind puilding model surface. Both the cross correlation of wind loads
speed, the reduced frequency decreases and the normalized angcting in different directions and intermodal coupling among
plitudes of the PSD at the modal frequencies increase concomi-modal response components were taken into consideration in the
tantly, which results in higher contributions to the resonant re- analysis of response and modeling of ESWL. The ESWL was
sponse as compared to the background response. It should bexpressed as a linear combination of the background and resonant
mentioned that these ratios will also depend on the modal damp-|oads characterized by fluctuating wind loads and inertial loads in
ing of the building as well. fundamental modes of vibration. The background load, based on
the gust loading envelope, offered a very convenient and physi-
cally meaningful description with an advantage over the LRC
approach, which results in a unique spatial load distribution for
The peak mOdal |nert|a| |0ad|ng fOf the thl’ee fundamental mOdeS, each response Component_ The mode“ng Of ESWL for spat|otem_
Feis(2) (s=x,y,0;j=1,2,3 with a peak factor of 3.5, which in-  porally varying dynamic wind loads is not only very attractive for
clude both the background and resonant components, are showRjmplifying wind loads in building codes and standards, but also
in Fig. 9. The alongwind and acrosswind loads are expressed inserves as a valuable framework for direct utilization of wind tun-
terms of load per unit height, whereas the torque is given in terms ne| data for design application. The ESWL permits a relatively
Of torque per Un|t he|ght d|V|ded by the rad|us Of gyl’atlon These Simple Static analysis for response estimates'
bending moments and torque over the building height in each yncoupled modes, was considered here for buildings with 3D
fundamental mode. The ESWL for any peak response of interestcoupled modes. The estimation of the generalized forces associ-
distributions. examined. It was noted that the mode shape corrections used for
The weighting factors of the peak modal inertial loads for the case of uncoupled modes can be applied to coupled modes
selected response components are summarized in Table 3, whickpouowing the proposed methodology. A new scheme was pre-
are calculated based on the proposed framework. For examplegented for quantifying the background response by directly using
regarding the alongwind base bending moment, the weighting the measured base forces without introducing any correction pro-
factor of the first modal inertial load is calculated &%, cedure. This scheme was predicated on the assumption that the
=[(1.3206+1.1800-0.2532+0.0751-0.0592]/1.5341=0.6630  packground response of tall buildings is mainly contributed by
for the case with modal coupling, anW;=1.3206/1.7732  thejr fundamental modes. Both the background and resonant
=0.7448 for the case without modal coupling. The ESWL with ESwL distributions can be expressed in terms of modal inertial
modal coupling is then given by loads, which can be viewed as the base bending moments and
Fod2) = 0.6630F 1(2) + 0.554F 1,(2) + 0.044F () torque in eagh mode distributed over the building height. o
The predicted coupled response of an example tall building
(5=%.Y,0) 63) with eccentric structural system in terms of.noncoincident centgr;
e of mass and resistance demonstrated the influence of eccentricity
Using the methodology presented in this study, the ESWL for on building response to winds. The eccentricity resulted in an
any peak response can be conveniently determined for immediateapparent increase in the alongwind base bending moment with a
applications to building design. slight decrease in the acrosswind base bending moment. The base
torque remained almost the same, which is primarily contributed
by the fundamental mode dominated by the torsional motion. The
Concluding Remarks example also showed that the cross correlation between the
acrosswind and torsional wind loads and intermodal coupling of
The analysis of 3D coupled response and the quantification of modal responses did not significantly influence the response, but
ESWL for a given peak response of buildings with 3D coupled these features may have marked influence on the response in

Equivalent Static Wind Loads
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Table 3. Weighting Factors of Modal Inertial Loads
With modal coupling(CQC)  Without modal couplingSRSS

A W, W, A W, W,
M, 0.6630 0.5548 0.0445  0.7448 0.6660  0.0423
M, -0.8167 0.7639 00375 -0.7448 0.6660 -0.0423
F. 06630 05548 0.0445 07448 0.6660  0.0423
F, -0.8167 07639 00375 -0.7448 06660 -0.0423
M, -0.6206 0 0.8194 -0.5901 O 0.8073

Note: CQG=Complete quadratic combination; SRSSquare root of the
sum of the squares.
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other wind directions or for different building dynamic character-
istics. Different response components exhibited a distinct trend
for a given eccentricity. The example also illustrated the proce-
dure for evaluating the 3D building response and associated
ESWL derived from the measured base forces. The proposed
framework presented here has an immediate design application
for buildings with 3D coupled modes based on either the synchro-
nously scanned pressures on building surfaces or the HFFB mea-
surements.
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Appendix. Equations of Motion for a Building
with Eccentricity

m; = (O‘jzx + ajzy + (raie)z)mo; Q) = ajQy + ajy, Qy + (rojp) Qy/r
(75

It is assumed that the mass centers of all floors lie on one verticalwhere m;, &, w;, and Q;=jth generalized mass, damping ratio,
axis so that the eccentricity between the centers of mass andrequency, and forcej=1,2,3; ajx, @y, and reje=jth mode
resistance at each story level is the same and all floors have thehape in terms of coordinates,, a, andray; and accordingly

same radius of gyration about the vertical axis through the mass(0;, 0,

center(Fig. 2). The origin of the coordinate system for building

motions is defined at the mass center of the building. Only the
coupling among the fundamental modes in the three primary di-

04)=(Pyajx Py r¥aj)=jth mode shape in
the physical coordinates.

rections are considered. The mode shapes of the uncoupled buildgeferences

ing system are denoted d5(2),¥(2), and¥(2), for each fun-

damental mode. Expressing the coupled response of the buildingamerican Society of Civil EngineefASCE). (1999. Wind tunnel stud-

system in terms of the mode shapes of the uncoupled building

system aX(2)=V,(2)a,, Y(2)=V(2)a, and O(2) =Vy(2)ay, the
equations of motion of the building excluding the building damp-
ing can be expressed &s.g., Kareem 1985

Moo + Koo = Qo (64)
m O O Ky 0 —-e/rK,
Mo=| 0 my O |; Kg= 0 Ky, ek, |;
0 0 m —e/rK, eJfrK, Ky
(65
o = (o ay log )T; Qo=(Qx Qy Qulr )T (66)

H
P2(2)|(2)d2r?

[

Ke=mpol; Ky=mwl; Ky =mg(wf+€)/rw; + €ir’w))

(68)
H
J

wherem(z) andI(z)=r’m(z)=mass and polar moment of inertia
per unit heightw, (s=x,y,08)=fundamental modal frequencies of
the uncoupled building system:=radius of gyration; ane, and
g,=distances between the centers of mass and resistamcanith
y directions.

By expressingy, as

Vi(2m(z)dz= f

0

H
Mo = f V2(2m(2)dz=
0

(67)

Q= | Y(2P{(2dz (s=xy.0) (69)

do= 2 Yjq=Yq (70)
j=1,2,3
a=(h % %) Y=[Y; Y, Y]
Y= () oy raje)’ (71
whereY satisfies the following eigenvalue problem
(-’Mo+KpY;=0 (72)

then the equations of building motion can be described in the
following uncoupled equations including the modal damping term

in terms of the generalized modal coordinaigd as
Mg +Cq+Kg=Q (73

M =diagm]; C=diad2¢muw;]l; K =diadmw?] (74)
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