Dynamic Wind Effects on Buildings with 3D Coupled Modes:
Application of High Frequency Force Balance Measurements
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Abstract: Contemporary high-rise buildings with complex geometric profiles and three-dimensional (3D) coupled mode shapes often
complicate the use of high frequency force balance (HFFB) technique customarily used in wind tunnel testing for uncoupled buildings. In
this study, a comprehensive framework for the coupled building response analysis and the modeling of the associated equivalent static
wind loads using the HFFB measurement is presented. This includes modeling of building structural systems whose mass centers at
different floors may not be located on a single vertical axis. The building response is separated into the mean, background, and resonant
components, which are quantified by modal analysis involving three fundamental modes in two translational and torsional directions. The
equivalent static wind load is described in terms of the modal inertial loads. The proposed framework takes into account the cross
correlation of wind loads acting in different primary directions and the intermodal coupling of modal responses with closely spaced
frequencies. Wind load combination is revisited in the context of modeling of the equivalent static wind loads. A representative tall
building with 3D coupled modes and closely spaced frequencies is utilized to demonstrate the proposed framework and to highlight the
significance of cross correlation of wind loads and the intermodal coupling of modal responses on the accurate prediction of coupled
building response. Additionally, delineation of the proper role of the correlation between integrated loads, modal response, and respective

building response components in the evaluation of wind effects on coupled buildings is underscored.
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Introduction

The wind-induced building response can be generally separated
into the mean (static), background (quasistatic) and resonant com-
ponents. Predictions of the mean and background response com-
ponents using the static and quasistatic analyses involving influ-
ence functions result in more accurate estimates than the modal
analysis based on only three fundamental modes in translational
and torsional directions. Whereas, the modal analysis offers suf-
ficiently accurate prediction of the resonant response component
(e.g., Chen and Kareem 2005a). Wind loads may be derived
through multiple point synchronous scanning of pressures or by
measured forces on the model mounted on a high frequency force
balance (HFFB). The simultaneously monitored pressure database
offers great flexibility in deriving mode generalized loads for
buildings with mode shapes that depart from linear or exhibit
coupling. However, for tall buildings with dominant resonant re-
sponse, both the mean and background response components can
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be approximately quantified by the modal analysis when only
integrated wind loads through HFFB measurements are available.

The HFFB measurements have been widely recognized for
conveniently quantifying generalized wind forces on tall build-
ings with uncoupled mode shapes (e.g., Kareem and Cermak
1979; Tschanz and Davenport 1983; Reinhold and Kareem 1986;
Boggs and Peterka 1989). The generalized forces are then utilized
for estimating building response with given structural character-
istics. The HFFB technique generally requires mode shape cor-
rections which are either based on empirical corrections, or ana-
lytical formulations derived on the basis of assumed wind loading
models (e.g., Vickery et al. 1985; Boggs and Peterka 1989; Xu
and Kwok 1993; Zhou et al. 2002; Holmes et al. 2003; Chen and
Kareem 2004a).

The HFFB measurements have also been utilized for identify-
ing spatiotemporally varying dynamic wind loads on buildings
(Ohkuma et al. 1995; Yip and Flay 1995; Solari et al. 1998; Xie
and Irwin 1998). In these studies, analytical wind loading models
with unknown parameters are assumed in the frequency domain
in terms of their spectral descriptions (Ohkuma et al. 1995; Yip
and Flay 1995; Solari et al. 1998), or in the time domain in terms
of their spatial distributions (Xie and Irwin 1998). These un-
known parameters are then identified using the base force mea-
surements. Once the dynamic wind loads are determined, any
response component of interest can be subsequently analyzed
using actual building dynamics without introducing any mode
shape correction procedure. It has been pointed out that, akin to
the traditional HFFB technique, the accuracy of these identifica-
tion schemes depends on the efficacy of the assumed wind load-
ing models (Chen and Kareem 2005b).

Buildings with complex geometric shapes or structural sys-
tems with noncoincident centers of mass and resistance, or both,
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may undergo three dimensional (3D) coupled motions when ex-
posed to spatiotemporally varying dynamic wind loads. The pre-
diction of coupled building response requires use of analysis
frameworks that take into account the cross correlation of wind
loads acting in different primary directions and the intermodal
coupling of modal responses (e.g., Kareem 1985; Tallin and El-
lingwood 1985; Shimada et al. 1990; Islam et al. 1992; Flay et al.
1999; Chen and Kareem 2005a). The HFFB measurements can be
readily incorporated into the analysis frameworks when the mass
centers of all floors lie on a single vertical axis and the mode
shapes are assumed to be linear functions over the building height
(Kareem 1985; Tallin and Ellingwood 1985; Shimada et al. 1990;
Islam et al. 1992). The application of HFFB measurements to
buildings with general 3D coupled modes have been studied in
Irwin and Xie (1993), Yip and Flay (1995), Holmes et al. (2003),
and Chen and Kareem (2004a).

The intermodal coupling is often considered by utilizing the
complete quadratic combination (CQC) rule to combine the
modal responses for estimating total dynamic response. The
modal correlation coefficient between two adjacent modes is
often estimated using the closed-form formulation given in Der
Kiureghian (1980) for the analysis of wind load effects on build-
ings and other structures (e.g., Xie et al. 2003). It has been em-
phasized in Chen and Kareem (2005a) that this formulation is
only valid when the generalized forces are fully correlated as in
the case of buildings with a single earthquake excitation. The
modal correlation coefficient depends not only on the frequencies
and damping ratios, but also on the correlation/coherence of the
generalized forces. Utilization of the formulation in Der Ki-
ureghian (1980) will overestimate the modal correlation associ-
ated with multiple excitations of partially correlated wind loads.

The equivalent static wind load (ESWL) representation of the
dynamic wind loads has been widely adopted in building codes
and standards. It also serves as a useful tool to provide simplified
representation of dynamic wind loads derived from wind tunnel
testing for design applications. The ESWL given by the gust re-
sponse factor (GRF) approach, introduced by Davenport (1967)
for the alongwind loading and adopted worldwide in building
codes and standards, results in a load distribution similar to the
mean wind load. A number of studies have suggested physically
more meaningful load descriptions featuring dynamic wind load
characteristics and modal inertial loads (e.g., Davenport 1985;
Boggs and Peterka 1989; Kasperski 1992; Zhou and Kareem
2001; Chen and Kareem 2001, 2004b, 2005a; Holmes 2002; Ka-
reem and Zhou 2003; Repetto and Solari 2004).

Modeling of the ESWL for coupled building response, like the
ESWL for combined wind load effects of uncoupled buildings,
warrants a discussion regarding the combination of wind loads
acting in different primary directions. The alongwind and across-
wind load combinations for uncoupled buildings have been dis-
cussed by Melbourne (1975), Vickery and Basu (1984), and So-
lari and Pagnini (1999). The ASCE 7-02 standard (ASCE 2000)
and the National Building Code of Canada (NBCC 1995) suggest
a load combination factor of 0.75 to reflect the combined action
of any two wind load components. The latest version of Japanese
building code, ALJ-RLB-2004 (Tamura et al. 2003a), addresses the
combination of alongwind, acrosswind, and torsional loads based
on the studies by Asami (2000) and Tamura et al. (2003b).

This paper focuses on the HFFB technique for buildings with
3D coupled modes. A response analysis framework is proposed
for buildings with mass centers at different floors that may not
align on a single vertical axis. Formulations for the estimation of
the generalized forces with modal shape corrections, analysis of
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Fig. 1. Coordinate system and wind orientation

any dynamic response of interest, and modeling of ESWL for a
given peak response are presented. The wind load combination is
revisited in the context of modeling of ESWLs. A representative
tall building with 3D coupled modes and closely spaced mode
frequencies is utilized to demonstrate the proposed framework,
and to highlight the significance of cross correlation of wind loads
and the intermodal coupling of modal responses on the building
response. The distinct role of the correlation between integrated
loads, modal response, and respective building response compo-
nents is highlighted.

General Formulation

Generalized Wind Forces

A wind-excited tall building at a given wind speed and direction
is considered for analysis. A Cartesian coordinate system with
two orthogonal translational axes x and y and vertical axis z with
the origin at the ground is used for describing the building system
(Fig. 1). The ith floor of the building at the elevation z; above the
ground has a lumped mass m;, and a polar moment of inertia /;
about the mass center of the floor (i=1,2,...,N; N=total floor
number). The mass center of the ith floor is located at the point
with the coordinates (x,y,z)=(e;,e,,,z;). The mass centers at dif-
ferent floors may not be located on a single vertical axis.

The HFFB measurements, using a scaled building model under
simulated wind field, provide direct estimates of the integrated
wind loads in terms of the base bending moments along the axes
x and y, and base torque about the axis z, i.e., M (¢) (s=x,y,0).
The HFFB is attached to the building model at the coordinates
(x,y,2)=(0,0,0). These quantities for both the scaled building
model and the prototype are related by the following similarity
relationship:

M,(1) = M, (1,) (NNING) - (5= %,,0) (1)
IS (D= FuSur, FdIONGNAD)?  (5,1=x,7,6) (2)

ta=1tN/\y
3)
fm =ﬂU/)\L

where \,=p,,/p, \,=B,,/B, and A\;=U,,/ U represent air density,
length, and wind speed scaling parameters; B=representative
width of the building; U=reference wind speed; ¢ and f=time and
frequency; S M”(f) and S Mﬂ(f):power spectral density (PSD) of
M (¢) and the cross power spectral density (XPSD) between M (1)
and M(r); and subscript m denotes the quantities for the scaled
building model.
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To establish the relationships between the generalized forces
and the base force measurements, the wind load acting on the ith
floor in s direction at the location with the coordinate
(x,v,2)=(0,0,z,;) is defined to have a mean (static) and a fluctu-
ating (dynamic) component, P,, and P;(z), respectively. Conse-
quently, the mean and fluctuating base bending moments and
torque can be expressed as

. (@)
M) =2, 2Py (1)
i=1

where B/ =1 when s=x or y; and /=0 when s=6.
On the other hand, the corresponding mean and fluctua-

ting components of the jth generalized force, 0 ; and
0;(1) (j=1,2,3), are given by
N
Q/ = 2 (el/XP + elj\P + ez/ePze) (5)
i=1

0,1 = E(e,,x (1) + 04, P (D) + O, Py (1)) (6)

where O, 6, and O,y=jth 3D mode shape components in
terms of the building motions at the point on the ith floor with the
coordinate (x,y,z)=(0,0,z;). These mode shapes are derived
from the structural model of the building which may encompass
eccentricities in the centers of mass and stiffness at each floor.

The mean and XPSD matrix of the generalized forces,

{Q}:{Qj} and [SQ(f)]=[SijQ‘)], can be expressed in terms of
those of the base bending moments and torque, {M}={M} and
INTGIEIN (f)] and the adequately defined mode shape

corrections, []=[7,,] and [n(A)]=[n,,(f)]

{0} =[nl{m} (7)
[So(N1=[OISHNm(HT" (8)
N
E eijsl_)is
M= ©)

2 Z?;ﬁis

i=1

N N

2 E eijxekj.rSPiks(f)
i=1 k=1

() = (10)
2 E z; SzksSp,k V2

i=1 k=1

where SQ (f) and S, (f) PSD of Q;(t) and the XPSD between
(1) and’ Qk(t) (7, k 1,2,3) Sp, (f) XPSD between P; () and
P(t); and superscript T denotes’ the matrix transpose operator.

It is obvious that for buildings whose 3D mode shapes vary
linearly in translational directions and uniformly in torsion over
the building height, the generalized forces can then be accurately
quantified from the base bending moments and torque. Otherwise,
the mode shape corrections have to be estimated using empirical

or analytical formulations derived based on presumed wind load-
ing models (Vickery et al. 1985; Boggs and Peterka 1989; Xu and
Kwok 1993; Zhou et al. 2002; Holmes et al. 2003; Chen and
Kareem 2004b).

For example, when the building mode shape and wind loading
are expressed as

Z; B
etj.s ejs()(;l) (1 l)
. OLSO
ﬁis:f_)w(%) (12)
. 0‘3 OL.Y k7j l_
Sp () =Spso(f)<%> (j;) exp<— %) (13)
H

the mode shape corrections are then given by (Chen and

Kareem 2004b)
O, l4+a,+0
'T_]js — [S,O ( Qg Bs ) (14)
HBs 1+o,+ B,

. 0,0 ( 1+, + B.é) \/1 +k, JHIUG/(2.5+B])
m;slf w8 )\ 1o, +8,) V 1+ k. fHIU25+B,)

(15)

where H=building height; O;,=value of the mode shape at the

building top; B,=mode shape exponent; P,, and S P, (f) mean
and PSD of wind load at the building top floor; kﬂ—decay factor;
Uy=mean wind speed at the building top; o,y and o;=mean and
dynamic wind load profile exponents. When the actual building
mode shape can not be adequately fitted by a power law, the mode
shape correction can be directly obtained by its definition in Egs.
(9) and (10) using the actual mode shape values for an assumed
dynamic wind load distribution. Regardless of whether the actual
building mode shapes can be adequately approximated by a
power law, the actual mode shapes should be used with the best
estimates of the dynamic response and the equivalent static load.

It is also noteworthy that when the frequency dependent modal
shape corrections are simplified as independent of frequency,
Eq. (8) is equivalent to the following expression for
0,1 (j=1,2,3) (e.g., Irwin and Xie 1993; Holmes et al. 2003):

Qj(t) = ’nijx(t) + ’nijy(t) + T'jGMO(t) (16)

Coupled Response Analysis

The mean, root-mean-square (RMS) background and resonant
components of the jth generalized displacement, g;, Ty and Oy
are given by

q;= (17)

.f’ 1 es}
3, =f ‘Hj(f)|25ij.(f)dfz PJ Sij(f)df (18)
0 iJo

U] f |H (f)|2SQ (Hdf = f, 0; (f, (19)

24&
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1
K1 = (fIf) + 2i,£1f;]
N

= Q2mf) D (mO, + mOF, .+ 1,07,) 21)
k=1

H(f) = (20)

where K g f i and &;=jth generalized stiffness, modal frequency,
and damping ratio; e,w_ek,x €1, 040> Orjye=0Oyjy+e,O4jp and
Ojo.=0Oyjo=Jjth mode shape in terms of the motions at the mass
center of the kth floor; f' <f|; and i=v— —1.

The covariance between the background components of the jth
and kth modal responses, (rfjb:(r,%jb, is expressed as

O-%jh = Relf H; (f)Hk(f)SQ k(f)df] =Ti0q, 0 b dkb (22)
0

j Re[SQ k(f)]df o2
Q
00 0p "o
\/J SQU df\/J SQkk(f)df v

(23)

where 1, and n =modal correlation coefficients of the jth and
kth background modal responses and generalized forces, respec-
tively; Re and superscript * represent the real and complex con-
jugate operators, respectively.

The covariance between the resonant components of the jth

and kth modal responses, o2 =a2 s given by
9jkr qkjr

O'EikrzRe|: J Hj(f)HZ(f)Sij(f)df] =10, 0, (24)
g f/

where rj,=correlation coefficient of the jth and kth resonant
modal responses, which can be approximated by the following
closed-form expressions (Chen and Kareem 2005a):

rjkr = Oijrpjkr (25)

o= Re[So, (NN So, (NS0, A=, or 1, (26)
and pj;, is given in Der Kiureghian (1980)

8VEE(B ks + E)BY
(1= B2 +4EEB(1+B3) +4(E +EDB,

where B=f;/fi with 0<p;,.<1; p;;,=pu,=1; and py,=py;, <1
when f, and f are well separated. It is worth mentioning that the
parameter o;, represents the partially correlated feature of the
generalized forces Q,(1) and Q,(r). In general, ;| <1, and only
ay,|=1. This
important consideration for the accurate utilization of the
CQC scheme has not been completely recognized for the analysis
of wind load effects on buildings and structures (e.g.,
Xie et al. 2003).

The generalized dynamic displacement including the back-
ground and resonant components is given by

Pjkr = (27)

_[2 2
0=\, 0y, (28)

and the correlation coefficient for the jth and kth modal responses
(including the background and resonant components) is thus
expressed as

O-q]'k rjkbO'q l()'qkb + rjk,()'q”O'qkr

T4, Joqu o +o2)

Tik= (29)

Any response of interest, e.g., displacement, bending moment,
shear force, and other member forces at any elevations can be
quantified from the generalized displacements. Considering a spe-
cific response, R, its mean and RMS dynamic components can be
expressed as

3 3
EzEEj:E i (30)
j=1 j=1
3 303
0'12e=EEURjURk ,k—EEFFkU g,k (31)
j=1 k=1 j=1 k=1

where O, —Fj(rq ;

R, representlng the static response of R under the modal inertial
load with a unit generalized displacement

and I';=jth modal participation coefficient for

N

r;= 2 (p"ichijch + WiyeFijyeo + MiecFijeco) (32)
i=1

FijscO = (Zﬂfj) m; ezpc (S :x’y’e) (33)

Wise(z) (s=x,y,0)=influence function representing the response R
under a unit load acting at the mass center of the ith floor along
the s direction; Fjj,.q (i=1,2,...,N;s=x,y,0)=jth modal inertial
load with a unit generalized displacement acting at the mass
center; and m;=m;,=m; and m;y=1I,.

It is ev1dent that for the displacement, velocity, and accelera-
tion at the mass center of the ith floor in the axis s direction, I‘j
can be respectively given by O, 2mf})6,;,. and (27f,)*O .
For shear, bending moment and torque (about axis z) at the ith
floor, Fj can be, respectively, expressed as

N
Ti= > @nf)’mO,e (s=x.) (34)
k=i+1
N
Ti= X (-2)Q2nf)’mOye (s=x,y) (35)
k=i+1
N

F] = 2 (21Tf/)2(— mkekyeijc + mkekxek_b,c + Ikekjec) (36)

k=i+1

The correlation coefficient between two responses, R and D, is
given by

Trp= — (37)
ORrROD
303
Wrp = 2 E r; FkDO'q O aT ik (38)
J=1j=1

where 0,=RMS of response D and given by Eq. (31) with I,
for replacing I'y; and I'yp=kth modal participation coefficient
for D.

It is noted that when the inter-modal coupling among modal
responses can be neglected, i.e., ry=1 for j=k and r;=0 for
j#k, the CQC rule given by Egs. (31) and (38) reduces to the
square root of the sum of squares (SRSS) rule.
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The mean peak response of R including the mean and fluctu-

ating components is given as R+go,, where g=the peak factor,
generally ranging between 3 and 4.
It should be noted that the mean and background components

of the base bending moments and torque, M, and M (where the
prime is used to distinguish the response from the respective load

component), are identical to the measured integrated loads, A7IS
and M, (s=x,y,0). This leads to an alternative procedure for
quantifying the mean and background generalized displacements
without introducing any mode shape correction procedure

{gt=[rT{Mm} (39)

[0} 1=[TT"[o3,]TT" (40)

where [02] [o? 7 [F]—[FJM 1; I'jy,=jth modal participation

9jkb
coefficient for M; g and {M} and [0%,]=mean and covariance ma-
trix of the measured base bending moments and torque.

Equivalent Static Wind Loads

The HFFB measurements do not provide information regarding
the spatial distribution of wind loads. When the mean load distri-
bution is unavailable, a viable approximation for tall buildings to
model the mean wind loads is described by the sum of the modal
inertial loads associated with the mean modal responses

q] (I=1 5293)

F F + F123< + Fl?SL (S =x,y,6) (41)

ilsc

I_?ijxc = (Zﬂfj)zmixeijscqj (J = 1’2’3) (42)

where F isc and F ijise=mean and jth modal inertial loads acting on
the mass center of the ith floor along the axis s direction. It is
noted that while this load distribution is generally different from
the actual mean load, it results in an accurate estimate of the mean
response quantified through the modal analysis involving only the
fundamental modes.

It is straightforward to express the ESWL for the jth modal
peak response, ijdx—gch =gl'jo,, as the peak modal inertial
load, which is 1ndependent of response considered

Fijsc = (2Tffj)2miseijsc80'qj (s=x,y,0) (43)

The ESWL for the total peak response, go, cannot simply be
expressed as the sum of the peak modal inertial loads for 80,
(j=1,2,3), or by their combination using the SRSS or CQC rules.
Current design practice often expresses the ESWL for the total
peak response as a linear combination of the peak modal inertial
loads with adequately defined weighting/combination factors.
Similar treatment is exercised in the combination of alongwind,
acrosswind, and torsional loads for combined actions of buildings
with uncoupled modes. For buildings with one-dimensional un-
coupled modes, the peak modal inertial loads associated with
each mode can be regarded as the distribution of base bending
moments or base torque over the building height. Accordingly, the
ESWL for any peak response of the combined action contributed
by multimodes can be regarded as a linear combination of the
integrated wind loads in terms of base bending moments and
torque.

There are infinite combinations of peak modal inertial loads
for the ESWL associated with the total peak response. However,

the following combination scheme leads to a most probable load
distribution (Boggs and Peterka 1989; Chen and Kareem 2001
and 2005a; Holmes 2002):

= WirF;

eRtsz ilse T WZRFlZSL + W?RFBSL (S = xsyra) (44)

(E OR,T /k) or (j=1,2,3) (45)
k=1

The weighting factor Wiz (j=1,2,3)=function of the modal
correlation coefficients and the ratios of modal response compo-
nents. Therefore, these generally depend on the individual re-
sponse. The total ESWL for the peak response R +gaoy is accord-
ingly given by FmiFeRm-

Consider the dynamic response contributed by two modes,
e.g., the first two modes. According to Eq. (45), the weighting
factors become

1+ (O'RZ/O-R])VIZ

= (46)
K \/1 + (O-RZ/O-RI)Z + 2r12(0'R2/0'R1)

rip+ (URZ/GRI)

Wog= (47)
K \’/1 + (0'R2/0R1)2 +2r(og,/og,)

For the case in which og =0k, and r;=0, it results in
Wir=W,x=0.707, which corresponds to the combination factor of
0.75 adopted in ASCE 7-02 standard and NBCC code, and it is
referred to as 75% rule in the following discussion.

Alternatively, the following combinations can be defined:

Wik=1
(48)
2R = [\,1 +(og JOR, )+ 2r12(0R2/0R ) - 1](0R1/0R2)
Wi = [\/1 + (UR1/0R2)2 +2ry(op fog ) = 1l(og /o))
(49)
Wii=1
When o =0, Egs. (48) and (49) lead to
W= WiR=\2+2r;— 1 (50)

which corresponds to the combination rule that takes into account
the modal correlation as adopted in AIJ-RLB-2004 (Asami 2000;
Tamura et al. 2003a). By further setting r;,=0, it leads to
W2 =W\)~40%, ie., the 40% rule, which has been widely
adopted in building codes for earthquake loadings.

These simplified combination rules eliminate the dependence
of the weighting factors on the individual response, and further on
the modal correlation coefficient. Their performance can be inves-
tigated by comparing their estimates with those according to the
CQC rule for different ri, and ¢|;=0,/ 0 . The combination rule
that takes into account the modal correlation leads to more con-
servative results than the CQC rule, and offers a better perfor-
mance than the 40 and 75% rules, provided the modal correlation
coefficient can be adequately estimated. The 40 and 75% rules
result in very conservative estimates in some cases but noncon-
servative in others. For example, for r,=-0.6 and c¢;,=1, or for
r1,=0.6 and ¢;,=—1, the response ratios with respect to CQC rule
are 1.57 and 1.68, respectively, for the 40 and 75% rules, which
means an overestimate of the response. On the other hand, for
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Fig. 2. Coincident centers of mass and resistance at different floors

r1,=0.6, and c,=1, or for r;,=-0.6, and c¢,=-1, the response
ratios are 0.78 and 0.84, respectively, which means underestima-
tion of the response.

Application and Discussion

Coupled Building Response

A building approximately 450 m in height is considered as an
example to illustrate the analysis framework presented in this
study. The building footprint at the base is about 72 m X 72 m.
This cross section is reduced in steps to about 24 m X 48 m at the
upper levels. The coordinate system is defined in Fig. 1 with the
origin at the center of the base footprint. Due to setbacks at upper
floors in the negative x direction, the centers of mass and resis-
tance, though coinciding at each floor, do not lie on a single
vertical axis as shown in Fig. 2 for ¢, /B with e;,,/B=0. As a
result, the building exhibits 3D coupled mode shapes, particularly,
strong coupled motion in two translational directions is observed.
As shown in Fig. 3, the first and second fundamental modes are,
respectively, dominated by the out-of-phase and in-phase coupled
translational motions, indicating that the building approximately
vibrates in the orthogonal diagonal directions of the building plan.
As the principle axes of the translational motions are not identical
over the building height, these modes can not be simply regarded
as one dimensional uncoupled modes with motions restricted to
principle directions. The third mode is dominated by the torsional

1 7 T 1 1 ;
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Fig. 3. Coupled mode shapes of fundamental modes

motion. The frequency ratios are f,/f;=1.023 and f3/f,=1.7442.
The damping ratio for each mode is assumed to be 1%.

The HFFB measurements at different wind directions over
360° with an interval of 10° were conducted in a large cross-
section boundary layer wind tunnel under simulated urban wind
environments in which the surrounding buildings were also mod-
eled to consider the local flow field distortion. These measure-
ments include base bending moments in translational x and y
directions and torque around the vertical axis z. As indicated in
Fig. 1, «=0° for wind blowing from the positive y direction, and
a=90° for wind blowing from the positive x direction.

To estimate the mode shape corrections required in the estima-
tion of the generalized forces, the building mode shapes were
approximated by a power law and the mode shape corrections,
were based on fully correlated wind load case. For some mode
components, e.g., the translational motion in the y direction in
mode 3, O3, instead of fitting the mode shapes as a power law,
the mode shape corrections were directly based on the actual
mode shapes. The mode shape corrections used in this
example are assumed as independent of frequency and wind di-
rection. These are: M,/ (0 ,0/H)=m,/(Or/H)=7,,/(0,0/H)
=M,/ (04,0/ H)=0.86; M1/ O 190=M29/ O240=0.52; M3,/ (O3,0/H)
=1.08; M3,/ (03,0/H)=1.23;  m3y/0390=0.56, where O
(i=1,2,3;s=x,y,0) are the mode shapes at the building top de-
termined from the curve-fitted power laws. It is important to note
that those approximated mode shapes expressed as power laws
are only used for the quantification of mode shape corrections.
The actual mode shapes should be utilized in the response analy-
sis. The mean response is directly estimated from the base forces
without introducing mode shape corrections. The modal
participation  coefficients for M., M ; and My are:
(l"lMx,FZMX,FWX)/FzMX:(—0.8831,1.0,—0.0065); (FIMV,FZMV,
I‘3Mv)/F2MX:(0.9488,0.9269,0.2693); (FIMS,FQMS,F_;M'B)/F”(,,X
=(-0.0115,-0.0115,0.5108). Similarly, for the combined action,
M, =(M/+M])/\2, these are (LRTPRR CYRR VB V] Y8
=(0.0464,1.3625,0.1859). ‘ '

The mean, maximum and minimum base bending moments
and torque responses, M., M'+3.80,s and M'-3.8c,
(s=x,y,0), for the 50 year return period wind event, are plotte(Si
against varying wind azimuth in Fig. 4. These are expressed in
terms of the nondimensional force coefficients which are defined
by the bending moment and base torque normalized by
0.5pU’BH? and 0.5pU’B*H, respectively. The 50 year return pe-
riod wind speed is determined irrespective of the wind direction.
In Fig. 4, the maximum and minimum values without the resonant
component, i.e., mean+background response, are identical to
those directly obtained from the HFFB measurements when the

scheme in Eq. (40) is applied. It is noted that M. reaches its
largest positive and negative values as a approaches about 270

and 90°, respectively. A71; reaches its largest extremes as o ap-
proaches about 180 and 0°. Both correspond to the alongwind

excitations. M o is relatively small with positive and negative
peaks at about 200 and 0°, which are considered to be related to
the alongwind loads in the y direction acting on the higher floors
with a setback in the negative x direction. The maximum and
minimum response, including the mean, background and resonant
components, are observed around o=280 and 70° for M, around
a=180 and 0° for M)' Both the maximum and minimum values
of M, é are observed around a=160°, which are dominated by the
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Fig. 4. Mean, maximum, and minimum response

resonant component. It is evident that the peak values of different

response components are generally observed at different wind
directions.

Role of Cross Correlation of Wind Loads

The variation of cross-correlation coefficients between measured
base bending moments and torque with wind direction is shown
in Fig. 5, which also represent the cross correlations of integrated
loads in the three primary directions. As expected, M, and M,
have relatively higher correlation when wind directions are not
perpendicular to the side faces of the building. Due to the pres-
ence of the setbacks at higher floors in the negative x direction,
My is more correlated with M, in comparison with M.

For uncoupled buildings with 1D mode shapes, the cross cor-
relation of wind loads does not affect the building response in the

0 50 100 150 200 250 300 350
Azimuth {degrees}

Fig. 5. Correlation coefficients between integrated wind loads in
terms of base bending moments and torque
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—O— wio load correlations
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{a) Mode 1
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(b) Mode 2

n
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{c)Mode 3

Fig. 6. Root mean square generalized displacements

primary directions, although it affects their correlation thus their
combined actions. However, for coupled buildings with 3D mode
shapes and closely spaced mode frequencies, it influences both
the modal responses and their correlations thus the overall build-
ing response. Each response component exhibits a different level
of sensitivity to the wind correlation. For example, the RMS
modal response, modal response correlation coefficients and RMS
M, M;,, and M;yl are shown in Figs. 6-8. As expected, the re-
sponse components associated with the first and second modes are
remarkably affected, while those dominated by the third mode are
almost unaffected. For example, the response ratios between the
cases without and with the load correlation at wind directions

50 100 150 200 250 300 350
Azimuth (degrees)

(a) 112, T13 and 793

o

01

-0.2
0 50 100 150 200 250 300 350
Azimuth {degrees)

(b) 1o with and without cross-correlation of wind loads

Fig. 7. Modal correlation coefficients
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Fig. 8. Root mean square base bending moments and combined
actions

a=70 and 310° are: for M, 1.0243 and 0.9981; for M, 1.0512
and 0.9729; for M} ,, 0.7571 and 1.3278, respectively.

It is noted that the modal correlation coefficients vary with
wind direction due to the contribution of the partially correlated
generalized forces [Eq. (25)]. As expected, the first two modes
exhibit stronger correlation due to their closely spaced frequen-
cies. The cross correlation of wind loads results in the highest
modal correlation at a=60° for this example building.

Each response corresponds to a unique set of modal participa-
tion coefficients. Therefore, the influence of wind correlation on
different response components can be investigated by changing
the ratios of these modal participation coefficients, I',/I"; and
I'3/T,. In Fig. 9, the results for the response contributed by the
first two modes, expressed as the response ratios between the
cases without and with the wind load correlation, are plotted as
functions of I',/I";, and wind direction, a. It can be seen that
building response dominated by a single mode of the first two
modes, such as M/, may be significantly over- or underesti-
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Fig. 9. Influence of cross correlation of wind loads on response
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Fig. 10. Influence of modal correlation on response

mated without the consideration of cross-wind correlations of
wind loads. On the other hand, the response which is almost
equally contributed by the first two modes such as M and M. is
insensitive to the wind load correlation. '

Role of Correlation of Modal Response

The influence of modal response correlation (inter-modal cou-
pling) on RMS M|, M|, and M, is shown in Fig. 8. The SRSS
and CQC rules correspond to the calculations without and with
the modal response correlations. It can be seen that the modal
correlation has noteworthy influence on the base bending mo-
ments in the wind directions in which the responses of Modes 1
and 2 are significantly correlated, i.e., around ao=70 and 270°. At
70°, the ratio of response by SRSS to that by CQC is 1.0935 for
M, 0.9204 for M)’,, and 0.9964 for M

xyl®

The results for different RMS response components, which are
contributed by the first two modes, are shown in Fig. 10. These
are the ratios of the response by SRSS rule to that by CQC rule,
and expressed as a function of the ratio of the modal contribu-
tions, ¢j,=I',0,,/(I'i0,), and the modal correlation coefficient,
r1,. It is noted that response which is almost equally contributed
by the first two modes may be significantly over- or underesti-
mated without the consideration of correlation of modal responses
at wind directions at which modal responses are highly correlated.

The influence of wind load correlation and modal response
correlation on the building accelerations at the roof level in a
10 year return period wind event is shown in Fig. 11. It is similar
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.| =& wio load correlation + CQC { |
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Fig. 11. Root mean square accelerations at building top
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to the observations made for the base bending moments.

An accurate quantification of the modal response correlation
coefficients is important for response prediction by the CQC
scheme. The partially correlated feature of wind loads needs to be
addressed in the closed-form formulations of the CQC scheme in
terms of the parameter «;;, with |0L,-j,.| =<1, in general. However, it
has often been ignored by implicitly assuming |, j,.|=1 in litera-
ture (e.g., Xie et al. 2003). Figs. 12 and 13 show the influence of
approximation of a;, (where i=1 and j=2) on the modal corre-
lation coefficient of the translational modes, and on the RMS
values of the base bending moments. These results clearly dem-
onstrate the importance of considering the partially correlated fea-
ture of wind loads for accurate predictions of wind load effects on
structures.

Comments on Building Response Correlation

The correlation coefficients of building base bending moments
and torque responses, i.e., M;, M, and M, are shown in Fig. 13.
Compared to the correlation of the respective integrated wind

0 50 100 150 200 250 300 350
Azimuth {degrees)

Fig. 13. Correlation coefficients of base bending moments and
torque responses
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Fig. 14. Equivalent mean wind load distributions (270°)

loads, i.e., M,, M, and My, as shown in Fig. 5, the correlation
between M/ and M, shows similar variation as M, and M,, while
correlation between M and My, and between M, and M{ become
distinctly different, in particular M| and M become almost un-
correlated, due to the fact that they are, respectively, contributed
from almost uncorrelated modes. It should be emphasized that the
correlation coefficients of the base bending moments and torque
responses are generally distinct from those of the respective inte-
grated loads. For example, in the case of uncoupled buildings
with well separated mode frequencies and dominant resonant
modal responses, the building response components in different
primary directions are expected to be almost uncorrelated despite
the presence of strong correlation among the integrated loads.

While for uncoupled buildings with 1D mode shapes the cor-
relation coefficients of the base bending moments and torque re-
sponses are identical to those of the modal responses, this is not
necessarily true for coupled buildings with 3D mode shapes. Bet-
ter understanding of this distinction is important in dealing with
the combination of loads on tall buildings, where the correlation
of modal responses is required rather than the correlation of inte-
grated loads. Nonetheless, a commentary on the correlation of
integrated loads also helps in better understanding the background
loads and associated response (Tamura et al. 2003b).

Equivalent Static Wind Loads

The mean load distributions approximated by the sum of the
modal inertial loads are shown in Fig. 14 at «=270° which cor-

responds to the maximum value of A_ﬂ The mean load is inde-
pendent of response considered. Under the action of this mean
load, any mean response for the same wind direction can be de-
termined through a static analysis.

The first peak modal inertial load distribution at a=270° is
shown in Fig. 15. The peak modal inertial loads associated with
other modes can be similarly obtained but have not been shown
here for the sake of brevity. Under these peak modal inertial
loads, any response component at the same wind direction and
speed can be predicted by utilizing a static analysis procedure and
the CQC rule. A number of ESWLs associated with important
response components at different critical wind directions can be
conveniently obtained by following the framework presented here
for building design applications.

Concluding Remarks

The analysis of coupled response and modeling of equivalent
static wind loads on tall buildings with 3D modes based on the
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HFFB measurements was studied. Both the mean and fluctuating
responses were calculated by the modal analysis involving three
fundamental modes. Formulations for the prediction of the gener-
alized wind forces with mode shape corrections, generalized dis-
placements, and any response of interest were presented with a
focus on buildings whose mass centers may not align in a single
vertical axis. The proposed framework took into account the cross
correlation of wind loads acting in different primary directions
and the intermodal coupling of modal responses with closely
spaced modal frequencies. The ESWL for a given peak response
of interest was given in terms of modal inertial loads. The com-
bination rules for these modal inertial loads were investigated.

The tall building example with 3D coupled modes delineated
the significance of the cross correlation of wind loads and the
intermodal coupling of modal responses in the accurate prediction
of coupled building response. Results indicated that different re-
sponse components have different sensitivity to the cross correla-
tion of wind loads and the intermodal coupling. The coupled re-
sponses may be significantly over- or underestimated when the
influence of the cross correlation of wind loads and the inter-
modal coupling was neglected.

The proper role of the correlation between integrated loads,
modal responses, and respective building response components in
the evaluation of wind effects on coupled buildings has been elu-
cidated. A clear understanding of their distinction is quintessential
in the treatment of load combinations on tall buildings, where the
correlation of modal responses is required rather than the corre-
lation of integrated loads often implied in the literature. This
study offers a versatile analysis framework which would help in
better understanding the coupled building response to spatiotem-
porally varying dynamic wind loads.
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