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Abstract

Trends towards constructing taller and increasingly slender buildings imply that these structures are potentially more responsive to w
excitation, causing discomfort to occupants. This paper seeks to develop an integrated wind tunnel load analysis and automatic least cost dt
optimization procedure to assist structural engineers in the prediction of wind-induced response based on the High Frequency Force Balz
(HFFB) technique and on the serviceability design of tall steel buildings. It has been shown that the wind-induced acceleration is invers
related to the natural frequency of tall buildings within the range of frequency for serviceability checking. An Optimality Criteria (OC) methoc
is developed to minimize the structural cost of steel buildings subject to targeted frequency constraints in which the limiting frequency thresht
is derived from the motion perception design criteria of ISO Standard 6897. The effectiveness of the proposed integrated wind tunnel analy
and numerical design optimization procedure is illustrated through a full-scale 45-story symmetric tubular steel building example. This buildir
was initially found to vibrate excessively under wind loading and then the automated optimization procedure was used to determine the opti
structural stiffness satisfying the stipulated ISO Standard 6897 occupant comfort criteria.

(© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction estimating wind effects on tall buildings. The High Frequency
Force Balance (HFFB) technique is often used to determine

Recent trends towards constructing increasingly slender ari¢ wind forces acting on buildinggl][ In this approach, a
taller buildings, with higher strength materials and lighterlightweight rigid model of the structure is mounted on a very
structural systems, have contributed to a new generation &¥iff base balance capable of measuring aerodynamic loads over
wind-sensitive buildings. Very often, such slender and talld range of incidence angles of the approaching wind. A major
buildings experience excessive wind-induced vibration, whictrdvantage of this approach is that wind force spectra can be
will cause discomfort to occupants or even shatter windowsmneasured directly while taking into account the wind buffeting
raising concerns about serviceability design probletag][ It ~ caused by surrounding buildings or the terrain. Once the wind
has been widely accepted that the perception of wind-inducef@rce spectra derived from the HFFB technique are obtained,
motion is closely related to the acceleration of buildings [ they can be used to predict the lateral drift and acceleration
The wind loads on a building are very dependent on theesponses analytically using the random vibration theory. As
building’s shape, height, and surroundings. Most wind code#ng as the geometric configuration of the building does not
and standards derived based on simple geometric buildinghange, the same set of wind force spectra can be used to
shapes are incapable of accurately predicting wind loads anestimate the effects of structural design modifications without
their effects on modern buildings of unusual shapes. For the pa#te need for further wind-tunnel tests] [ Further details and
30 years, wind-tunnel testing has become the best practice recent advancements of various wind tunnel techniques can be

referred to referencé].

* Corresponding author. Tel.: +852 2358 7173; fax: +852 2358 1534. Although well-established aerodynamic and aeroelastic
E-mail address: cecmchan@ust.hk (C.-M. Chan). wind-tunnel techniques have been developed for accurate
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prediction of wind forces and wind-induced responses obptimum distribution of structural material. While a building’s
tall buildings, a systematic design optimization technique fomass is kept unchanged, the lateral stiffness of the building can
economical design of tall buildings subject to wind-inducedbe directly related to the natural frequency of the building. In
serviceability design performance requirements is still lackingthis paper, the Optimality Criteria (OC) method, which has been
Attempts were made in the past to control the wind-inducedvidely used in the aerospace industt@[and shown to be very
motion of tall steel buildings under wind excitation. Kwok effective in lateral drift design of tall buildingd f—17, will be
et al. [7,8] studied the effects of chamfered corners andextended to minimize the cost of tall symmetric steel buildings
slotted corners of prismatic tall buildings on the wind-inducedsubject to wind-induced acceleration performance constraints
responses of such buildings. Although they showed thagxpressed in terms of the natural frequency of the building. In
chamfers on the order of 10% of the building’s width may resulithis approach, a set of necessary optimality conditions for the
in 30% to 40% reduction in both alongwind- and crosswind-optimal design is first derived and a recursive algorithm is then
induced motions of tall buildings, engineers are usually unablepplied to search for the optimal design indirectly by satisfying
to change the building's shape, which is normally definedhe set of optimality conditions. The illustrative example is a
and determined by the architect. In the last decade, much5-story symmetric tubular steel building, initially found to
research effort3-11 has been put into structural control, have excessive wind-induced vibration. Using the proposed
leading to the concept of using various structural dampingntegrated wind tunnel analysis and the Optimality Criteria
devices with different kinds of control strategies, to reducemethod, the steel framework can be stiffened with the most
the wind-induced motion of tall buildings. Although structural cost effective element stiffness distribution, while achieving
damping devices have been theoretically found to be vergatisfactory wind-induced acceleration performance according
effective to mitigate the problems of excessive wind-inducedo the stipulated 1ISO Standard 68978[ occupant comfort
vibration and there have been some remarkable applicationequirements.
in Japan 12], the use of structural control can hardly become
widely accepted in today’s building construction. The long-, The aerodynamic wind tunnel technique
term reliability issues, operation and maintenance costs, as well
as higher initial installation cost of structural control systems
have raised serious questions on the practicality and cosge
effectiveness of such devices.

While adding mechanical dampers and modifying the
aerodynam|c' shapes aqd 'propemes O.f tall bundmgs are N%te loads and responses of buildings under wind excitation.
always considered realistic and feasible, the design of a

. . When compared to the traditional aeroelastic modeling
appropriate structural system seems to be the most practlcg

way for the structural engineers to suppress wind-induceaeChmq.ue’ which requires complete modellng of the dy”a”."c
motion in tall buildings. It has long been realized that thePropertes of the building, the HFFB method is less expensive

. . o I . and more efficient since it requires only the proper modelin
acceleration response of wind-sensitive buildings is generall%f the exterior geometric shage of the guildin% ir?a simulategl
inversely related to the building’s stiffness within the range

of frequency for serviceability checkin@,B]. In the case of boundary Iayerfloyv. . . .
slender tall buildings, the crosswind vortex shedding motion From the classical modal analysis, the equation of motion
is widely accepted to be the most critical wind-induced®@" be stated as:
response. This is the well-known resonance effect caused by thlﬁj i + CjXj + KjXj = Fj (1)
coincidence of the vortex shedding frequency and the natural
frequency of a building. Therefore, designing an appropriat&vherem; is the modal mass;; is the modal damping; is
stiffness for a building while moving the building’s natural the modal stiffnessx; is the modal amplitudef; is the modal
frequency away from the vortex shedding frequency, especiallyind force, which can be measured by HFFBis the mode
in the crosswind direction, can effectively reduce the amounfumber.
of wind excitation energy received by the building, resultingin  In the structural design of most tall symmetric buildings,
a subsequent reduction in wind-induced acceleration. Indeegnly the fundamental modes in the alongwind and crosswind
Tallin and Ellingwood P] have demonstrated the effect of directions will be considered. These wind directions are
increasing the structure’s stiffness on suppressing excessiwsually associated with the first two modes of the building.
wind-induced motion in a generic symmetric square buildingindeed, higher mode effects are generally negligible in wind
example. From their results, increasing the natural frequencgngineering design1p]. Note that only tall symmetrical
from 0.15 to 0.30 Hz while keeping the mass constant camuildings are considered in this paper, mode shape corrections
effectively reduce the crosswind response by two-thirds. are necessary for asymmetrical buildings with nonlinear and
Practicing engineers rely heavily on experience and intuitiorcoupled mode shapes when using the HFFB technigQk [
in the design of tall buildings against wind excitation. It Once the wind modal force spectra are measured, the equation
is generally not an easy task to develop an economicadf motion in Eqg.(1) can be solved using the classical random
structural system for tall buildings with the desired stiffness andvibration theory in the frequency domain. The spectra of the
satisfactory occupant comfort performance while ensuring thavind-induced acceleration can be calculated by multiplying

The High Frequency Force Balance (HFFB) technique has
en widely used to determine the wind loads and wind-
induced acceleration of buildings. This technique combines
oth theoretical analysis and experimental results to synthesize
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the square of the mechanical admittance function by the winthe reduced frequencgnB/Vy) is larger than 0.1. Simple
modal force spectra: empirical expressions now exist in the literature as well as
various codes and standards that allow approximate evaluation

S, (M = [H; (n)|28|:j ") (2) of wind-induced acceleration responses to wind acta-P3.

where the mechanical admittance function is defined as Similar expressions for the alongwind, crosswind and torsional
(2 ny4 RMS acceleration of a square building in an urban environment

[H; )= (3) have been presented in terms of wind velocity, mass, stiffness

[1—(n/np?12 + [26n/n; 12 and damping by Islam et al2f]. Vickery et al. 3 indicated

in which n;j is the jth mode frequency and;j is the jth  that an increase in the stiffness is advantageous especially in
mode damping ratioS, (n) provides a statistical description the event of controlling crosswind vortex shedding of a tall
of the jth modal acceleration response; however, it is ofterbuilding.

the root mean square value of the wind-induced acceleration |n order to illustrate the relationships between wind-induced
that provides useful information for the design of the buildings.acceleration and natural frequency, an example building with
By integrating the area underneath the acceleration spectra, th§e geometric shape of the CAARC standard buildiag] [
mean square value of the wind-induced acceleration can thegith plan dimensions of 30 m by 45 m and a height of

be calculated as: 180 m is considered. Two perpendicular wind directions in an

00 00 ; ; ; .
.2 _ L 2a urban boundary layer have been considered in this example:
T _/0 S; (M) dn _/0 IHj (M1Sj (m) dn. 4) (1) wind coming along the X-direction wherB = 30 m

. _ . and (2) wind coming along the Y-direction whe® =
ﬁ\lthgugh t;e w;nﬂ f;rﬁg' specgurr&:, M), :IS leguha::ly (;)road q 45 m. The aerodynamic wind force spectra derived from wind
and, modern tall bulidings, being usuaty ghtly dampe ’%unnel testing can be directly downloaded from the NatHaz

behave like a narrow band filter, thus leading to the results anrodynamic loads database. Due to the fact that the wind force

narrow band acceleration output. Assuming tBgt(n) is white . . o .
B spectra are given in a logarithmic format, they can be written

noise in Eq.(4), the resonance part of the root mean squareex licitly in the form of exponential natural frequency functions

acceleration response can then be approximated as: plcitly P q y

via regression analysis, within the range of reduced frequency

) ) yo o AN S () for serviceability checking whemeB/Vy > 0.1 [22,24].
Oa; = | 5Fj (”j)/o [Hj(m[*dn = T () For the approaching wind in the long direction of the
i

CAARC standard building (i.e., in the X-direction wheBe=
30 m), the wind force spectra within the range of reduced
frequency for the serviceability check can be approximated as:

3. Dependence of wind-induced acceleration on natural

frequency of structure Alongwind:  nySr, = 141543x 10°n; 1363 (N2),
From Eq. (5), it seems apparent that the mean square (”XB> >0.1 (6a)
acceleration is directly proportional to the frequency of the Vuw )

building. As a matter of fact, when the relationship of the Crosswind: nySr, = 26556 106n;3.027(N2)’
spectral densitej (nj) is explicitly expressed in terms of , noB
(Vy—> > 0.1 (6b)

H

as shown later for the CAARC buildingrj (nj) is actually
found to be so inversely related to the frequency that the

product terr; S¢j (nj) actually becomes also inversely related ywhen the approaching wind is acting in the short direction (i.e.,

to the frequency. Studies by Tallin and Ellingwodd Bnd  in the Y-direction wheréd = 45 m), the wind force spectra can
Griffis [3] have shown that tall buildings are generally found pe approximated as:

within the frequency range of 0.1-1.0 Hz in which the power
spectral density of the wind-induced acceleration is inversehAlongwind:  nySr, = 90.143x 10°n, 2919 (N?),
proportional to the natural frequency. In other words, within the (nyB>

>01

range of frequency for the serviceability check, the wind force (7a)
and subsequently the acceleration response of a tall building
can normally be reduced by increasing the natural frequency ¢§rosswind:  nxSr, = 36.362x 10°n; >4 (N?),
the building. nyB

Fig. 1 presents a series of alongwind and crosswind ( VH > > 0.1 (7b)
force spectra for rectangular tall buildings of various
height-to-width aspect ratios in an urban environmentAssuming a building density of 125 km®, a damping ratio
These spectra are reproduced from the aerodynamic loaef 1% and a 5-year return period hourly mean design wind
database of the NatHaz Modeling Laboratory at the URLspeedVy, of 25 nys at the top of the building, the root mean
addresshttp://www.nd.edu/"nathaz/database/index.h{ia1]. square acceleration response at the top of the building can
As illustrated clearly inFig. 1, the power spectral density of then be expressed solely in terms of the natural frequency by
wind force attenuates rapidly with increasing frequency whersubstituting Eqs(6) and(7) respectively into E¢(5) as

VH



http://www.nd.edu/~nathaz/database/index.html

506 C.-M. Chan, J.K.L. Chui / Engineering Structures 28 (2006) 503-513
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Fig. 1. Typical alongwind and crosswind aerodynamic base moment spectra.
; oA At AR [ . . —3,.,—1.000 2
For approaching wind in the X-directio®(= 30 m): Ga, = 8.040x 10°ny (m/s%) (9a)
Alongwind RMS acceleration: Crosswind RMS acceleration:
. —3,.—-1.420
Ga, = 10.075x 10-3n; 0682 (m/s?) (8a)  Ga =5107x 107°n, 420 (s (9b)
Crosswind RMS acceleration: As clearly shown inEgs (8a) (8b) and Eqgs (9a) (9b), the
Gay = 4.364x 107301513 (m/s?). (8b)  wind-induced acceleration of the building example is given as

a negative exponential function of the building’s frequency.
Therefore, increasing the natural frequency of the building
Alongwind RMS acceleration: will cause a reduction in both the alongwind and crosswind

For approaching wind in the Y-directioB(= 45 m):
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acceleration responses of the building. Althoughs (8a)  wherea; is the cross-sectional area of membeny; is the
(8b) and (9a) (9b) were derived mainly for use in the cost coefficient associated with the memt?.zféfr;andaiU define
case of the CAARC building, experience has shown thathe respective lower and upper size bounds for the member.
similar results of the relationships between the wind-inducedtq. (11b) defines the set off = 1,2,...,M frequency
acceleration and the natural frequency are generally found fagonstraints in which the currefith modal frequency;, of the
typical tall buildings. Similar sets of expressions for RMS building is required to be greater than its specified minimum
acceleration have also been derived for square, symmetric talirget frequencyn; . In order to facilitate a computer solution
buildings in referenced. Fig. 1 also shows graphically that of the design optimization problem, it is necessary that the
the power density of wind force is generally found to attenuatgrequency constraints be expressed explicitly in term of the

rapidly with increasing frequency within the typical range sizing design variable;, as described in the following section.
of tall buildings. In general, when comparing the alongwind

acceleration with the crosswind acceleration, a strongej o Explicit formulation of frequency constraints

dependence of the crosswind acceleration on a building’s

frequency is found. Once the explicit relationships between By the Rayleigh Quotient method, the angular frequency of
the wind induced acceleration and the natural frequencies O‘%structure can be given as: '

a building are established, the targeted minimum frequencies o

the building can then be determined based on certain acceptabl ) %¢TK¢ K *

occupant comfort design criteria. In this study, the following®@” = (27n)* = 15TMg  M* (12)
ISO Standard 6897 acceleration perception threshold for low 2

frequency horizontal motion is considered: whereK, K* are the structure’s stiffness and modal stiffness;

* ] .
54 = eXp(—3.65— 0.41Inn). (10) M, M* are the structurgs mass and modal mass @il the
mode shape under the inertia force.

Note that the ISO Standard 6897 acceleration threshold value is By conservation of energy of an undamped building

also written as a function of the natural frequency of a buildingstructure, the total external work done by inertia forces must
Therefore, balancing the acceleration response functions givase equal to the total internal strain energ, stored in each

in Egs. (8) and (9) with the acceleration threshold function structural element of the building. For a skeletal steel building
of ISO Standard 6897 in Eq10) will then produce a set of framework, the total internal strain energy can be obtained by

minimum frequency targets. As a result, the design problendymming up the work done on each member as:
of suppressing wind-induced acceleration in tall buildings can

be practically reduced to the problem of controlling the natural =~ 1 N pLi F2
frequency while the damping and the mass of the building ar(!}J ) Z 0
instantaneously kept constant. =1

ME L MF M2
. _— Xy Yy Tz g 13
4. Design optimization + + Ely * Elz /. X &=

2
R K
Ea ' GA, | GA,

Although it has be.en' recognized t.hat increasing the na.tura\l/l/here Li is the length of membei; Fx, Fy, Fz, My, My,
frequency of a tall building can considerably reduce the Wlnd-and M. are the internal frame element forces and moments
induced acceleration, direct and efficient methods for optimally z

sizing and stiffening tall building structures to achieve thedue to the modal inertia loading; and G are the Young's

desired frequency targets are still lacking. One main goal ofmdu'l.JS and shear modulus of the steel mateaual;y, Az are
he axial and shear areas ahd |y, |, are the torsional and

this paper is to develop a numerical optimization techniqu I finertia of h ber. Previ di
to automate the element stiffness design of tall steel buildindg©XUra moments of inertia of each member. Previous studies
y Chan [L7] have shown that the shear are@s,, A;) and

structures subject to multiple frequency design constraints. e -
moments of inertialy, ly, |z) of standard steel sections can
4.1. Design problem formulation be related to the cross-sectional areg, by the following

. ) _reciprocal relationships:
Consider a steel framework of a given geometry having

i =1,2,..., N members (or member fabrication groups) with 1/Ay = Cay(1/a) + C’Ay; (14a)
the cross-sectional area of each member a design variable. The, _ Ca(1/a) +C/ 14b
design optimization problem can be stated to minimize thef2 z az(1/8) + Cp, (140)

/.

structural cost of the steel framework subject to multiple naturaf/ 1x = Cix(1/a) + Cyy: (14c)
frequency constraints as: 1/ly = Ciy(1/a) + Cj, (14d)

N 1/1z = Ciz(1/a) + Cj, (14e)
Minimize W(a) = ) wia (11a) ) o _

— where theC andC’ are proportionality constants determined
Subject to by regression analysis depending on the shape and type of
nt < N G=12....M) (11b) the standard steel sections. By substituting the cross-sectional

] relationships in Eqgs(14a)-(14e) the total internal strain
aiL <ag < aiU i=212...,N) (12c) energyU, in Eq. (13) can be expressed concisely in terms of
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the independent sizing design varialdg,as: 5.1. Derivation of optimality criteria
U@g) = XN: (i + Eﬁ) (15a) In classical optimization theory, the necessary optimality
i1 \& criteria for the constrained optimization problem can be
in which obtained by first converting the constrained problem to
L ) ) ) an unconstrained Lagrangian function and then solving for
N :/ : (Fx + MyCiy + M7Ciz the stationary conditions of the Lagrangian function. By
0 E temporarily ignoring the sizing constraints in Eg.1c) the
F)?CAy + F2Cp; + M2Cix unconstrained Lagrangian functidn, can be written as
+ G X (15b) N M N e
. L@.aj) =) wia+) A [Z(—qu)—uj“}(l&
o (MEC + M2, = LA
&= /o E wherel j denotes the Lagrange multiplier corresponding to the
2/ 2/ 2~ jth frequency constraint.
+ FyCay T F2C + MXC'X) d (15c) By differentiating the Lagrangian function in E¢L8) with
G i respect to the design variabla, and setting the derivatives

Assume that the internal element forces and moments dl}é) .Ze.ro’ .the necessary stationary conditions for the design
to the modal inertia loading given in Eg&l5b) and (15c) optimization problem can be obtained from

are instantaneously kept constant. From Bdpa) it can be . M _
. . . \ . oL(&, Aj) €j .
recognized that increasing the element sizes will lead to ah——— = wj — ij (—2) =0 (i=12...,N).
increase in the structure’s stiffness and result in a reduction in j=1 a
the total internal strain energy,. In other words, the structure’s (19)

stiffness is inversely proportional to the total internal strain _ _
energy,U. If the structure’s stiffness is to be increased, it canRearranging the terms in Eq19) leads to the necessary
also be observed from E(12) that there will be a subsequent optimality criteria:
increase in the frequency of the structure. As a result, one may,,
Qeduce that the total internal strain enefdy,of a structure is Z)‘i §j ) =1 (=12 ..N). (20)
inversely related to the square of the structure’s frequency. = w; &

To this end, the implicit frequency constraints given in
Eq. .(11b) can th.ere_fore be transformgq into an epr|C|_t eNergy: 5 Therecursive design algorithm
design constraint in terms of the sizing design variables as

follows: . . I .
Based on the derived optimality criteria expressed in

Eq.(20), a linear recursive relation to resize the active design

N
(@) — 8 Lo u -
U,(a)_z<ai +e”> = UJ (G=12....M) (16) variable,a;, can be given as:

i=1

where the targeted strain energy threshdlg, can be obtained M e
from ’ » P att=a |1+ % (Z % - ) (21)
j=1 Wid, )

U = (njo/n)?(WUjo) (17) o .
) . : . _ . where v denotes the current iteration number andis a
in which nj, is the jth mode natural frequency of the initial rg|axation parameter that controls the rate of convergence of
structure;n® is the minimum frequency target; atfo isthe  ihe recursive process.
calculated total internal energy of the initial structure. Before Eq.(21) can be used to find the design variable,
aj, the Lagrange multipliers, j, must first be determined. By
considering the sensitivity of th&th constraint due to the

With the explicit formulation of the equivalent frequency change in the design variabla,, the following simultaneous
constraints in Eq(16), one can then proceed to solve the equations can then be established to solve for the set of
optimal element sizing design problem subject to the frequenciiagrange multipliers:
constraints stated in Eq¢lla)—(11c) The methodology for M N N
the solution of the optimal design problem is based on thezﬂ Z 8k&j | _ Z <%> — ¥ —Uuy)
Optimality Criteria (OC) approach, which has been shown to/= ") & \ w;a? —\a/, ke Tk
be highly efficient for large-scale structures with relatively few k=12 M) (22)
design constraintsld—17. In this approach, a set of necessary T
optimality criteria for the optimal design is first derived and aBy successively applying Eqs(21) and (22) until the
recursive algorithm is then applied to indirectly search for theconvergence of; as well as\j occurs, the continuous optimal
optimal solution by satisfying the derived optimality criteria.  solution for the design problem subject to multiple frequency

5. The Optimality Criteriaalgorithm and design procedure
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Fig. 2. 45-story steel building framework example with beam (B) and column (C) grouping.

constraints is found. When the optimal set of continuous until convergence of the element sizes and the values of
cross-sectional area is obtained, it is necessary to finalize the Lagrange multipliers is achieved.

design with discrete standard steel sections for practical us@. Repeat steps 6 and 7 for statically indeterminate structures
A pseudo-discrete OC techniqué7] can be used to achieve  yntil the cost of the structure between two successive
a smooth transition from the continuous variable design to the reanalysis-and-redesign cycles converges to be within
final discrete variable design using commercial standard steel certain acceptable convergence criteria.

sections.

5.3. Design procedure

9. Apply the pseudo-discrete OC technique to finalize the
optimal element sizes of the structure using discrete standard
steel section.

The proposed integrated wind tunnel analysis and design

optimization procedure is outlined step by step as follows: 6. Illustrativeexample: A 45-story tubular steel framework

1.

2.

3.

Determine the aerodynamic force spectra from measured . _
wind tunnel test data for a building structure. A 45-story rectangular tubular steel building framework is

Establish the alongwind and crosswind acceleration reused to illustrate the effectiveness of the proposed optimization
sponse functions using E(5). design method. The external geometry and the member
Balance the acceleration response function with thdabrication groupings of the symmetric framework are shown in
threshold acceleration criterion of 1SO Standard 6897 irfig. 2 A story mass of 675,000 kg is lumped at the geometric
Eq (10) to determine the set of minimum frequency targets‘centre of each floor level. Provided that solid floor slabs with

. Set up the finite element model for the building structurd€latively large axial stiffness are used in the building, all joints

and carry out a dynamic analysis of the initial structureon the same floor level are assumed to move together as if on

to determine the initial dynamic properties (i.e., modald rigid plate. All structural elements are to be designed using
frequenciesy mode Shapesy modal mass and Stiffness) of tﬁéSC standard steel sections as follows: W24 Shapes for beams

structure. and W14 shapes for columns. For ease of construction, the
. Establish minimum element sizes based on code specifi€glumns on each vertical column line, the corner beams and
strength design requirements. the interior beams of the tube are grouped together to have a

. Calculate the modal inertia loads and apply these loadgéommon section over three adjacent stories. The initial sizes

statically to the structure. Carry out static analysis andave been taken to be W4311 for columns and W24 176
establish the explicit frequency constraints of Hgs) for beams based on a preliminary strength check on their most
expressed in the form of an energy formulation in terms o'lcritical members at the base of the framework. The initial first
element sizing design variables. mode frequency is found to be 0.149 Hz in the Y-direction

. Apply the recursive Optimality Criteria algorithm using (shortdirection) of the building and the second mode frequency

Eqs(Zl) and(22) to resize the elements of the structure is 0.190 Hz in the X-direction (Iong direCtion) of the bUIIdIng
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Table 1
Wind-induced acceleration responses of the example buildingm
X-direction wind Y-direction wind
Alongwind Crosswind Alongwind Crosswind
Before optimization
RMS Acceleration 0.0313 0.0778 0.0549 0.0538
ISO Standard 6897 0.0513 0.0567 0.0567 0.0513
After optimization
RMS Acceleration 0.0302 0.0502 0.0404 0.0502
ISO Standard 6897 0.0503 0.0504 0.0504 0.0503
0.12
; _dir wind: ¢ = 3 —1.513 7200 B
0114 Crosswind responses due to X-dir. wind: Gy = 4.364 x 10 ny 7089 tons
Crosswind responses due to Y-dir. wind: 6, = 5.107 x 1078 n,~1:420
N 7000 - J
b
£ ool ny =0.149 Hz
5 Act. = 0.0778 m/s? g s8oor ]
S oost Targeted frequencies .
% n, =0.199 Hz; 'S)
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Fig. 3. Determination of targeted frequencies thresholds. Fig. 4. Design history of structure weight.

. ) o 6.2. Resultsand discussion
6.1. Preliminary performance analysis of the example building

The design history of total tonnage of structural steel

Since the example building has adopted the sam&'aterial is given inFig.4 Rapid and steady solution
geometrical shape of the CAARC standard building, onesonvergence is found wnhm e|ght. design gycles in which
can utilize the previously established wind-tunnel-derive he sFructuraI stee'l tonnage is within 0.5% difference for the
ast five consecutive design cycles. The total steel tonnage
. r;i)f the structure is increased from 6105 tons to 7089 tons in
order to stiffen the structure to achieve the desired minimum

performance of the example building. As shownTable 1 requency targets. In order to demonstrate the effectiveness
while the alongwind acceleration responses of the building aré 9 y targets. .
of the optimal design method, one may compare the optimal

found acceptable, the crosswind acceleration under either th(fzeSi n results with those produced by the conventional simple
X- or Y-direction wind is found to exceed the ISO Standard 9 P y P

6897 acceptability criteria. As a result, one has to conside%Callng method. When using the simple scaling method to

. T ) .. stiffen the structure to increase the first mode frequency from
suppressing the excessive vibration by enhancing the bUIIdlng|"?1itially 0.149 Hz to the desired minimum frequency threshold
stiffness. i

, ) ) 0f0.199 Hz, the required total steel tonnage of the structure will
Based on the acceleration response functions given ifg increased to

Egs.(8) and(9) and the ISO Standard 6897 criteria in E40),
the minimum frequency targets in the two respective direction§1050.199/0.149 = 10,890 ton (23)

of the building are established. It has been found that th%\s compared to the simple scaling method, the proposed

minimum first mode frequency target in the short direction_ .. . .. . X - .
t tion d thod h hieved ficant
of the building, nb, should be 0.199 Hz while the second oF i onor GESIdN MENOA has achieved a significant saving

y? of about 35% in materials.
mode frequency target in the long directiot;, is 0.200 Hz Before optimization, the initial framework was found to have
as shown inFig. 3. The fact that the two target frequencies sjgnificant violations in crosswind acceleration when subject to
for the example building are almost equal to 0.20 Hz is justateral wind actions approaching from both the long and short
coincidental. In general, a building may have different targefirections of the building. Using the proposed optimization
frequency values for different modes of vibration. technique, the framework was successfully adjusted to the set of



Table 2

Final section sizes of the tubular frame example

Storey Column sizes

no.

Beam sizes

C1

Cc2

C3

C4 C5

C6

Cc7

Cc8

C9

C10

C11

C12

C13

Bl

B2 B3

B4

1-3  W14x311
4-6 W14x311
7-9  W14x311
10-12 W14« 257
13-15 W14« 257
16-18 W14« 257
19-21 W14« 211
22-24 W14« 211
25-27 W14<193
28-30 W14« 193
31-33 W14 176
34-36 W14x132
37-39 W14« 82

40-42 W14c61

43-45 W14« 34

W14x 311
W14x 311
W14x 311
W14x 257
W14x 257
W14x 257
W14x 211
W14x 211
W14x 211
W14x 193
W14x 176
W14x 132
W14x 82

W14x 61

W14x 34

W14x 311
W14x 311
W14x 311
W14x 257
W14x 257
W14x 257
W14x 233
W14x 211
W14x 211
W14x 193
W14x 159
W14x 132
W14x 90

W14x61

W14x 34

W14x311 W14x311
W14x 311 W14x 311
W14x311 W14x311
W14x 257 W14x 283
W14x 257 W14x 257
W14x 257 W14x 257
W14x 233 W14x 257
W14x 233 W14x 233
W14x 211 W14x211
W14x 176 W14x176
W14x 159 W14x 145
W14x 132 W14x 132
W14x99 W14x 109
W14x61 W14x61

W14x 311
W14x 311
W14x 311
W14x 311
W14x 283
W14x 257
W14x 283
W14x 257
W14x 211
W14x 176
W14x 159
W14x 132
W14x 120
W14x 68

W14x 665
W14x 550
W14x 455
W14x 426
W14x 370
W14x 342
W14x 311
W14x 283
W14x 257
W14x 193
W14x 176
W14x 145
W14x 132
W14x 74

W14x 730
W14x 730
W14x 730
W14x 665
W14x 550
W14x 455
W14x 426
W14x 342
W14x 283
W14x 257
W14x 211
W14x 176
W14x 145
W14x 145

W14x 730
W14x 730
W14x 665
W14x 605
W14x 550
W14x 455
W14x 426
W14x 370
W14x 283
W14x 233
W14x 193
W14x 176
W14x 132
W14x 90

W14x 730
W14x 665
W14x 605
W14x 605
W14x 550
W14x 550
W14x 500
W14x 426
W14x 426
W14x 342
W14x 283
W14x 233
W14x 193
W14x 132

W14x30 W14x30 W14x30 W14x34 W14x34 W14x48 W14x61

W14x 398
W14x 500
W14x 550
W14x 550
W14x 500
W14x 500
W14x 500
W14x 426
W14x 426
W14x 398
W14x 342
W14x 257
W14x 211
W14x 132

W14x 311
W14x 426
W14x 550
W14x 605
W14x 605
W14x 605
W14x 605
W14x 550
W14x 550
W14x 500
W14x 426
W14x 398
W14x 257
W14x 159

W14x 311
W14x 311
W14x 311
W14x 257
W14x 257
W14x 257
W14x 176
W14x 176
W14x 176
W14x 145
W14x 159
W14x 99
W14x90

W14x 61

W14x 61 W14x74 W14x34

W24x 250
W24%x 306
W24x 306
W24x 279
W24x 279
W24%x 306
W24x 250
W24%x 250
W24x 250
W24x 229
W24x 176
W24x 146
W24x 84

W24x 55

W24x 55

W24x 408 W24x492
W24x 408 W24x 492
W24x 408 W24x492
W24x 408 W24x 492
W24x 370 W24x492
W24x 335 W24x 492
W24x 335 W24x492
W24x 306 W24x 450
W24x 279 W24x408
W24x 229 W24x 335
W24x 207 W24x 279
W24x 162 W24x 250
W24x 146 W24x 192
W24x84 W24x131
W24x55 W24x55

W24x 279
W24x 450
W24x 492
W24x 492
W24x 492
W24x 492
W24x 492
W24x 492
W24x 450
W24x 408
W24x 370
W24x 279
W24x176
W24x103
W24x 55

£15-£05 (9002) 82 seannuis Buliesuibul / YD "I ‘Ueyd "IN-"D
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. ' ' ' ' - ' derived from aerodynamic wind tunnel analysis and the motion
ozl | perception design criteria of ISO Standard 6897. Encouraging
' 0200 Hz results have been obtained in a full-scale 45-story symmetric
0zl 0190 Fiz _ tubular steel building framework with uncoupled wind-induced
N motions. Results indicate that rapid convergence to the optimal
i 0.19 1 design of tall building structures is generally achieved in a few
2 e 0199 Hz design cycles. It is envisaged that the methodology developed
3 i here can be further extended to the design of asymmetric tall
b ok i building structures with complex mode shapes.
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