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Abstract

This paper illustrates the practical considerations and vibration control effectiveness of passive tuned mass dampers (PTMDs)
for irregular buildings, modelled as multi-storey torsionally coupled shear buildings, under bi-directional horizontal earthquake
excitations. The PTMD is designed to control the mode which makes most contribution to the largest response of the building. Its
optimum installation location and moving direction are determined from the controlled mode shape values. The optimal system
parameters of PTMD are then calculated by minimizing the mean-square modal displacement response ratio of controlled mode
between the building with and without PTMD under earthquake excitation from critical direction. As two PTMDs are used to
reduce both translational responses, this study arranges the two mass dampers to achieve the largest vibration reduction. Numerica
and statistical results from a long and a square five-storey torsionally coupled buildings subjected to five real earthquakes from
different incident angles verify that the proposed optimal PTMDs are able to reduce the building responses effecthg889.
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1. Introduction decrease structural vibrations induced by different types
of excitations is now well established [13-17]. The
Through intensive research and development in recenteffectiveness of a single PTMD is decreased by its
years, the passive tuned mass damper (PTMD) has beewuletuning frequency and off-optimum damping. In more
accepted as an effective vibration control device for both recent studies [18-24], multiple tuned mass dampers
new structures and existing structures to enhance theif(MTMDs) with distributed natural frequencies near the
reliability against winds, earthquakes, and human activi- fundamental frequency of the main structure were pro-
ties [1-12]. PTMDs can be incorporated into an existing posed to improve the vibration control effectiveness.
structure with less interference compared with other Almost all of these studies considered the controlled
passive energy dissipation devices. Since 1971, manystructure as a single degree-of-freedom (SDOF) system
PTMDs have been successfully installed in high-rise with its fundamental modal properties to design the
buildings and towers in the world (for example, the Cit- PTMD and MTMDs. However, a real building usually
icorp Center in New York City, the John Hancock Build- possesses a large number of degrees of freedom and is
ing in Boston, USA,; the Sydney Tower in Sydney, Aus- actually asymmetric to some degree even with a nomin-
tralia; the Crystal Tower Building in Osaka and many ally symmetric plan. It will undergo lateral as well as
observatory towers in Japan) and reported to be able totorsional vibrations simultaneously under purely trans-
reduce wind-induced vibrations significantly. The deter- lational excitations. Thus, the simplified SDOF system
mination of optimal system parameters (i.e. the mass,which ignores the structural lateral-torsional coupling
damping and stiffness coefficients) of a PTMD to and the PTMD effect on different modes could overesti-
mate the control effectiveness of PTMD [23]. In
addition, it is well known that the vibration control of
* Corresponding author. Tel+ 886 4 2840438, Ext. 225; faxt structures using PTMD is mainly attributed to the sup-
886 4 2851992; e-mail: cclin3@dragon.nchu.edu.tw. pression of controlled modal responses. The previous
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studies determined the system parameters of PTMD Center of Center of
based on this general concept. However, it is found in Mass 10 /Res‘s’””ce
this paper that the vibration control effectiveness of a
PTMD depends not only on the controlled modal para-
meters of the primary structure but also on the installed
location and moving direction of the PTMD as well as N
the earthquake direction. Therefore, for a torsionally y_; |
coupled real structure, the previously simplified model
may lead to incorrect design of PTMD and overestim- i
ation of its vibration control effectiveness. [ — | Stiffness for Story i
This study deals with the optimal installed floor, i '";:i:f,ﬁif‘;ﬁﬁﬁ:?
planar position and moving direction of PTMDs for torsion = ky
irregular buildings under incident horizontal earthquake
excitations. The building is modelled as a multi-storey
torsionally coupled shear building with one rotation and
two translations for each floor. The critical seismic inci-
dent angle to certain DOF of the building is determined Fig. 1. N-storey general torsionally coupled building TMD system.

such that its mean-square response under random exci- )
tation is maximum. The PTMD is designed to control Y-displacements, relative to the ground, of the center of

the mode which makes most contribution to the largest Mass and rotation about a vertical axis. For flodhey
response of the building. Its optimum installation @are denoted by, y, and 6, respectively. Assumed that

location and moving direction are determined from the @ SDOF PTMD of massq,, damping coefficientcs,
mode shape values of controlled mode. The optimal sys-2nd stiffnessk,, is installed at theth floor with the
tem parameters of PTMD are then calculated by minim- distance ofd, to y-axis of Ith floor, and moving iny

izing the mean-square modal displacement responsedirection. The dynamic equation of motion of the com-
ratio of controlled mode between the building with and bined building TMD system under an incident horizontal

without PTMD under earthquake excitation from critical €arthquake excitation (incident angderom x direction)
direction. As two PTMDs which have the same total c@n be written as

mass as one PTMD are used to reduce both translationa . )
o mollid * o oltit * o ol
0" mgyl Uy, 0" 0] (U, 0" 0]lugy,

Floor  Story . &

responses, this study arranges the two mass dampers t
achieve the largest vibration reduction. Performance of

the proposed optimal PTMDs is demonstrated by 0
numerical and statistical studies of a long and a square 0
five-storey torsionally coupled buildings subjected to :
five real earthquakes from various incident angles. 0 M
Ky + kel 6 — KsUsJa — pynrow [
2. Dynamic equation of building TMD systems + keoyyr + Kspdli6 — KspoyUs iyt row O Q)
O o
With reference to the building idealization consisting '
of rigid floors supported on massless axially inextensible :
columns and walls, the general torsionally coupled - 0 5
multistorey buildings as shown in Fig. 1 have the follow- [k (Usy — Vi — v 6)]
ing features: (1) the principal axes of resistance for all sy = Yi = 0] an + anrow
the stories are identically oriented, along tkend y- 0

axes shown; (2) the centers of mass of the floors do not . . H
lie on a vertical axis; (3) centers of resistance of the j
stories do not lie on a vertical axis, either, i.e. the static 0

eccentricities at each storey are not equal; (4) all floors Co¥i + N0 — Colie) i — 1yhrow
do not have the same radius of gyratioabout the verti- . 4 colr — L] 0
cal axis through the center of mass; and (5) ratios of the Co¥i T Gyl = CopyUsyd @nin row

three stiffness quantities—translational stiffness and 0 m
y directions and torsional stiffness—for any storey are :
different. 0

For the above general torsionally couplébdstorey

building, each floor has three degrees of freedrnand H [Collsy — W1 — vyr.é.)] (3N -+ 1yth row H
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— my,SinBiy, fs

In Eq. (1),M = diag(M; M,... M,... My) = 3N X
3N mass matrix of buildingM, = diag(m m m) = 3
X 3 mass submatrixyn is the lumped mass of flodr

Similarly, K = 3N X 3N stiffness matrix of building and
expressed as

K =
IR1,1 Kl,2 |:|
jz,l Koz Kas i
O Ki-1 Ky Kiis 1 O
] Kn-ain—2 Knoan-1 Kuoan
O KN,N -1 KN,N O
in which
— K, 0
Ki-1= 0 -k,
kXIeYI,I - kylexl,l In
kXIeYI —1) /I’| -1
o kylexl — 1 -1
(- k9| - kX|eY|,|eY| —1 k3/|e><|,|e><| - 1,|)/r' -
(I =2~N)
kx, + kx1 . 0
K= 0 kY| + kY| +1
( - kxieyu - I(><| + 1eV|,| + 1)/I’| (kylexu + kV| + 1e><|,| + 1)/I‘|

( - kxleV|,| - I(><| + 1e>’|,| + 1)/I‘|
(kyexu + kY| + 1e><|| + 1/I‘|)
(k9|+k9|+1+ke§|| ei +k3’|+1e§||+1)/r|

Il=1~N-1)
Ky, 0 — ke, I
K= 0 ky| kylexl,l Ir,

- kXIeYI,I Iry kylexl,l I, (k9| + k><|e>2’|,| + kyle>2<|,|)/rI2

(=N

0

X+ 1

Kij+1= 0 7ky|+1

kxi + 1ey|,| + 1/I'| - le + 1e’<|,| + 1/r'

kXI L& 10+ 1/I'| +1
B kV|+1e’<|+1,\+1/r' +1

(= k‘c‘|+1_ kxl+1eyl,l+1eyl+1,\+1_ kV|+1ex|,|+1eX|+1,|+1)/r'r'+1

(I=1~N-1)

are the stiffness submatrices, whdggk, and k, are
translational and rotational stiffnesses of stote)ex”
ande, , , denote the static eccentricitesxiaxis at floor

| with respect to storeyandl + 1, respectively; and,

is the radius of gyration of flodr u™ = [X, y; r10;... X

Yi N6;... Xy Yn T'nOa] ™ @nd us, denotes the displacement
vector of primary structure and the PTMD displacement
relative to base, respectively; is the matrix transpose
operator.r™ = [cosB8 sinB 0 cogB sinB 0...]" is the
ground influence coefficient vectof), represents the
incident earthquake ground acceleration; ape- d/r,.
Assumed thaC is a classical damping matrix, the equ-
ation of motion ofith mode of controlled structure is
expressed as

0+ 250m; + ofn = iFx

k=1
+ (;[)3” 2 - + 2 2
m* [Uer]S)( gsya)syvsy wssty)] ( )

¢)3I71|
m

[rnsngsngsty + wssty)]

In Eq. (2),vsy = Usy — (¥ + dy6) is the displacement
of PTMD relative to thdth floor, or say PTMD's stroke;
m and n; are theith generalized modal mass and dis-
placement; s, = Vks/ms, and &, = co/(2myw,) rep-
resent the natural frequency and damping ratio of
PTMD, respectively. ¢5_; denotes the (3 — 1)th
element ofith mode shapeb;. F, is the kth element of
force vectorF in Eq. (1). Define

Wiy = (b — 1 + vya ) E*y = py(1 3

z (;bk|Fk

k=1

+ vy (¢a/da - 1)) andF; =

wherep, = ¢z _ 1;(my/m) denotes théth modal mass
ratio of PTMD. Then, Eq. (2) can be rewritten as
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N+ 287 — wiy(26sweybsy) + of; 4) A = A5813/T + py(1 + vl ilda - 1))))?
- Hiy(wgyvsy) = F? (1 + Piy¢3| - 1,i(1 + Vy((l')sl,i/d)sl - 1,i))2)

Similarly, the equation of motion of PTMD in Eq. EE Pl + wldailda - 1)

(1) becomes (1 + pyda - 1i(1 + »(dailda - 11))?)

-~ " + A8ESUT + pyl(l + vldailda - 11)))?
(D a1l + vy D, Danedie + ey (5) + 48813 + py(1 + vy(dailda — 1))
_:izzlg o “ ::1 o — &&JRIT — P51 + v dail ba — 10)?)

sfsyley T Osybsy ° 1+ Piy(}b3| - 1.i(1 + Vy(¢3|,i/ b3 - 1.i))2)

wheref; = fJm,. Provided that the PTMD is designed — — &&y (I + py(L + vldailda - 1,)))
to tune theith mode of controlled structure, from Eqgs. + T2 T+ 2r2(p (1 + N )2
(4) and (5), the equations of motion féth mode and sl STy F nldailba - 1))

PTMD are expressed in matrix form as + &&ESRTT + py(L + v(dailda - 17)))
1 (s (1 + pyda - 1L + n(Pailda - 11))?)?
i 204 (T ! . V)2
|:(q—')3l ~qi Fudan) l]{'i/sy} + &l + py(1 + wldailba - 1)

(Piy(l')sl - 1,i(l + Vy(¢3|,i/¢3| - 1,i))2)

+ |:2§iwi - Hiy(2§sya)sy):|{ ’fh} (6)
0 2 ws, Vsy, B = A6 3L + pyda — 1,1 + vy(Pailda - 17))7)
. [ws - mywzy] {n} o { r, }.u T ALREESY
0 wgy Vsy, SinB ¢ + rizé%f fzy(Piy(l')sl - 1,i(l + Vy(¢3|,i/ ba - 1,i))2)

+ 4282 r4(1 + o (1 + . ))?
where T, = (bIMr)/(bMd) is the ith modal partici- AFEEErYL + pyda — 11 + vlda il ba - 1))
pation factor. It has been proved that as the primary + IT&éfy + 4AIPEEYT, — 2T6ET,
structure has no lateral—torsional coupling, EQ. (6) IS+ I'2&rd(pyds — 1:(1 + w(Parilda - 11)))?
reduced to the same form as that of previous studies ’ '
[1,25]. For the case of primary structure without PTMD, ~ + I'Z&&R(1 + pyda - 1;(1 + v(dailda — 17))%)

its ith modal equation of motion is given as ) i i
wherery, = ws/w; is defined as the frequency ratio of

PTMD to the controlled mode. Owing to the magnitude
of elements,¢,; in mode shape vectab; is relative,
the valueR e ; depends onp, ;. If &; is selected to nor-
malize the ith effective modal mass M, =

N+ 250m + wiz’fli = - riug (7)

The comparison of structural modal responses in Eqs.

(6) and (7) leads to the determination of optimal 3y 3N
PTMD’s system parameters and vibration control effec- (Z bima ) 2 $2.:m,, Rye; becomes independent of
tiveness of PTMD. k=1 k—1 ’

¢y, and T’ is reduced to 1.0. Under this definition, the
modal mass ratig,, in Eq. (3) has a definite physical
3. Optimal system parameters of PTMDs meaning and its expression becomgs= (¢z-1,My,)M;.

The value ofRyg; smaller than unity represents the
attenuation of structural responses due to the presence
of PTMDs. It can be seen from Eg. (8) tHaiz; equals
to unity asy, = ( — ¢z-1,/¢b5,). That means no vibration
reduction. This finding indicates the importance of the
considerations of lateral-torsional coupling effect and
the installation location of PTMDs.

It is also seen from Eq. (8) thd&,e; is a function of
the controlled modal parametes &ndd;), the PTMD’s
Ry = Elnflvo _A 8) system parameterg, &, andry), the installed floor
" E[%Inormo B (¢ai1s, ba;), Moving direction and planar positiom)

of PTMD, as well as the seismic incident angle For
in which an existing building, when the controlled modal para-

According to Egs. (6) and (7), the optimal PTMD’s
parameters are determined by minimizing the mean-
square displacement response ratio ofithéuned mode
(or say controlled mode)R.e;, between the structure
with and without installation of PTMD under an incident
horizontal earthquake excitatioRyg ; takes the form as
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meters, the installed floor, planar position and moving planar position of PTMD can be determined by means
direction of PTMD, and the seismic incident angte of maximizing the absolute values op4_,; + was)

are known or given (to be discussed later), the optimal for moving iny direction or (5-,; + v, ;) for moving
PTMD’s system parameters can be obtained by differen-in x direction. To achieve this, the following steps are
tiating Rye; with respect topy, ry, and &, equating to  suggested: (i) choose the floor which has the largest
zero, respectively, to minimiz&,e; Their values may = mode shape value in controlled mode as the installed
be found by solving the following simultaneous equa- floor; (ii) choose the degree of freedom of the largest

tions response as the moving direction of PTMD; (iii) the
absolute value ofds_1; + v,¢3,;) depends on the sign
ORye; ORye; ORye; of translation ¢z-1; Or ¢3-,;) and rotation ¢s,;) mode
opy 0, ory 0, ot 0 (9  shape values. When both mode shape values have the

same signs, we choose the maximum positive value of
vy, or vy, allowable in the installed floor. On the other
hand, whenp;_;; or ¢5-,; and ¢4 ; have opposite signs,
we choosey, or v, to be the maximum negative value.
Through the above steps, it is concluded that the greater
the distance between PTMD and the mass center of the
installed floor, the more vibration reduction is obtained.

It has been found by Lin and colleagues [16,25] that
an optimal modal mass ratiog,f),: €xists, but is rarely
used due to economic considerations. Hence, in general
we find out (4,&s)op: fOr various values op,, and then
search for £, ). AS mentioned in preceding sections,
prior to the determination of the optimal PTMD’s design
parameters from Eq. (9), we must first determine (i) the
controlled structural mode; (ii) the installed floor, mov-
ing direction and planar position of PTMD, and (iii) the

3.3. Critical seismic incident angle

critical seismic incident anglgs,,. These factors play ~ The dynamic responses of a torsionally coupled build-
very important roles in optimum design of PTMDs and ing also depend on the incident angle of earthquake exci-
their control efficacy. tation. To design optimal PTMDs, it is essential and

necessary to find the critical seismic incident angle
which induces the largest structural responses. In this
paper, the critical seismic incident angl,, is determ-

ined such that the mean-square response of the desired
controlled degree of freedom is maximum. For ldn
storey existing building, when only the firgf, modal

3.1. Controlled modes

As seen in the theoretical development, it is obvious
that a PTMD is optimally designed to control the mode

which makes the most contribution to a specified ; o
parameters are known by modal parameter identification

response of the primary structure. For a torsionally techniques [25], its mean-square displacement response
coupled shear building, the first three modes are the most 9 ' q P P

important to the translational and torsional responses of MY direction of top floor is expressed as

each floor. However, the translations xnandy direc- _

tions have different dominant modes. It is even possible "o _ 4

to reduce the dynamic responses of all degrees of free-E[yi] = JI > —( — o + 2iEow (10)
dom using one PTMD, but this PTMD will not be the ko1 Mk

optimal one to every degree of freedom. In general, the _ .

conventional design of a PTMD s to reduce the largest * @)™ (drMI)] dan — 14*SINBS, (w)dw

response, which may cause damage, of the primary

structure. Therefore, the dominant mode to the largestwhere S, () is the power spectral density of earth-
structural response is selected as the controlled modequake input.

of PTMD.

0

3.2. Installed floor, moving direction and planar 4. Optimal design of second PTMD
position of PTMD
According to above design procedure for one PTMD,
It has been shown by Lin et al. [25] for planar build- the response of controlled DOF is reduced. Since this
ings that the floor corresponding to the tip of controlled PTMD is designed based on the dominant modal proper-
mode shape will be the optimum location for PTMD, ties of this DOF and its corresponding seismic incident
because more response reduction can be achieved. Simiangle, its capability in reducing the responses of other
larly, for a torsionally coupled building, the terms of DOFs under an earthquake from different angles should
¢z-1; anduy, in Eq. (6) clearly denote the installed floor be further investigated. It is found in this paper that
I, moving directiony, or say DOF (8 — 1), and planar  whether additional PTMDs are required depends upon
positiond,. Therefore, the optimum installation floor and the degree of coupling among DOFs. For instance, a
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square building with nearly equal stiffnesses and small

static eccentricities i andy directions has slight coup-

ling in x andy responses even though both translational
frequencies are close. One PTMD designed for reducing

y responses is not able to decreaseesponses if an

earthquake is applied from the critical incident angle of
X responses and vice versa. Under this circumstance, a{rl FSIB T Gt + w}

second PTMD becomes necessary.

Assumed that a second PTMD with masg, damp-
ing C,,, and stiffnesk,,, is also mounted at thieh floor
of the N-storey torsionally coupled building to tune the
jth mode and moving irx direction. The equations of
motion for thejth mode and two PTMDs are expressed
in matrix form as

1 0 Off
(a — 25 + vebyj) 1 O sy
(¢3| —1 T Uy¢3|,j) 01 'ijsy

251 w; = /-ij(2§s>(us>> - IJ’jy(2§sy‘Usy) hj
+ 0 26wy 0 i}sx (ll)
L 0 0 2§Sy“)sy ijsy
o~ s~ o3y || 1)
+10 ng 0 Vsx( =
| 0 0 w3, Vey,
rj
— ycosB3 Uy
sinB

By matrix partition, Eq. (11) is separated into the fol-
lowing two expressions

(o) 2l
(b — 25 + vebaj) 1110

n [2§jwj - MjX(zgstX)]{_hj} (12)
0 VISON Vsx
+ { - ij(2§sy(’-)sy) i}sy} n |:(.O]2 - ijng]{nj}
0 0 w2, Vs
n { - V“ingy”sy} _ { [ }Ug
0 coB
(qbsl — 1 + Uyd)sl.j)ﬁj + -’.}sy + 2§sya)syi}sy (13)

+ wis, = — sinBly

Taking Fourier transform of Egs. (12) and (13) and
substituting Eqg. (13) into Eq. (12), we obtain the equ-
ation of motion of thgth mode and the second PTMD as

C.-C. Lin et al./Engineering Structures 22 (1999) 513-524

0 = 2iopybyws, — o)
— 0? + 2wty + w2

— (¢a 2j T )

[— o + 2iwgw + of +

(ba 15 + Uy‘bi%])}

[ = 2iopyéams — mxwij{m(iw)} B

14
vofio) (14)

— o + 2w ws, + 02
— 2oy bywsy — pywd
Ug(i )

cogB

In Eq. (14), n(iw) denotes the Fourier displacement
response of thigh mode of a building with two PTMDs.
As Egs. (8)—(10), the optimal system parameters of the
second PTMD are determined by minimizing the mean-
square displacement response ratio ofjthenode Ryg ,
between the building with two PTMDs and with one
PTMD under an incident horizontal earthquake from the
critical angle ofx responsesp., ,.

5. Numerical verifications

Two five-storey torsionally coupled buildings are
presented to demonstrate the new design procedure and
vibration control effectiveness of proposed optimal
PTMDs. The first building (B1) has relative weak stiff-
nesses iry direction compared with those idirection
for each floor such as a long building. The second build-
ing (B2) has nearly equal stiffnessesmandy direc-
tions. Tables 1 and 2 list their physical system para-
meters and first three modal frequencies, damping ratios
and mode shapes. It is seen that the modal orderg are
— 6 — xandy — x — 6 for B1 and B2, respectively.

In addition, B2 possesses close translational modes
which will cause unnegligible interaction between two
modes. The total mass ratio of either one PTMD or two
PTMDs to building total mass, is set to be 2% in the
following numerical examples.

5.1. First PTMD

Becausey direction is weak for both buildingsy
direction of top floor is the controlled DOF and the first
mode is thus the controlled mode. According to Eqg. (10),
the critical seismic incident angles of top floor displace-
ment iny direction for both buildings are found to be
96° and 9F as shown in Figs. 2 and 3. Following the
proposed design concept, the first PTMD is installed at
the top floor, moving iny direction to reduce the first
modal displacement under earthquake frgm= 96° or
91°. Since ¢4, and ¢,541 have different signs (i.e—
32.096 and 14.454 for B1 andg 5.234 and 2.578 for
B2), u, is chosen to be- 1.25 which corresponds fa,
= — 10 m in opposite side of the resistance center for
both buildings. The optimal PTMD’s system parameters
are then calculated by Eq. (9) and listed in Table 3.

The variation of mean square displacement response
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Table 1
The physical system parameters of B1 and B2

Building Floor masam Storey stiffness Storey eccentricity (m) Radius of
(kg) gyration (m)
ke (N/m) k, (N/m) ko (N-M) e, e
Bl 1F 2.0x 10° 9.0 X 107 5.4 X 10/ 45x 10° 2.0 1.0 8.0
2F 1.8x 1 8.0 X 107 4.8 X 107 42x10° 2.0 1.0 8.0
3F 1.6X 1° 7.0 X 107 4.2 X 107 3.9x 1 2.0 1.0 8.0
4F 1.4x 1° 6.0 X 107 3.6 X 107 3.6x 10> 2.0 1.0 8.0
5F 1.2X 1° 5.0 X 107 3.0 X 10/ 3.3x 1 2.0 1.0 8.0
B2 1F 2.0x 10° 5.4 x 107 5.3 X 10’ 45x 10° 1.0 1.0 8.0
2F 19X 1° 5.0 X 107 4.9 X 107 42x10° 1.0 1.0 8.0
3F 1.8x 1° 45 x 107 4.4 X 107 39x 1 1.0 1.0 8.0
4F 1.7X 1° 4.0 X 107 3.9 X 10/ 35x 1 1.0 1.0 8.0
5F 1.6x 1¢° 3.5 %X 107 3.5 X 107 32x 1 1.0 1.0 8.0
Table 2

The first three modal properties of B1 and B2

Mode shapes w (Hz) & (%)
x direction y direction ro direction
Building B1 B2 Bl B2 Bl B2 B1 B2 B1 B2
Mode 1 1.00 1.000 — 7.894 —1.298 3.892 0.659 0.769 0.730 2.00 2.00
1.987 1.988 —15.848 | — 2.583 7.636 1.305
2.863 2.890 — 23.086 | — 3.761 10.851] 1.877
3.533 3.608 —28.786 L[ — 4.700 13.206 2.327
3.907 4.026 —32.096 —5.234 14.454 2.578
Mode 2 1.000 1.000 0.599 0.803 1.186 0.073 0.980 0.758 2.00 2.00
2.005 1.988 1.228 1.597 2.322 0.145
2.918 2.894 1.830 2.328 3.292 0.209
3.635) 3.615 1.330 2.912 3.998 0.259
4.050 4.037 2.636 3.244 4.370 0.287
Mode 3 1.000 1.000 - 0.211 - 0934 —-0.844 - 3.566 1.105 0.910 2.04 2.04
2.022 1.994 —0.442 — 1.865 — 1.650 — 7.055
2.969 2.923 — 0.674 — 2.738 — 2.335| | — 10.142
3.731 3.668 - 0.876 — 3.442 —2.830 L — 12.566
4.182 4114 — 1.004 - 3.849 -3.090 - 13.919

Table 3

Optimal system parameters of first PTMD for B1 and B2

Building Controlled mode Mass ratio (%) (%) Vi Installed floor Moving direction

B1 Mode 1 2 14.0 0.91 5F y - 1.25

B2 Mode 2 2 12.0 0.93 5F y - 1.25
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Table 4
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Reduction of peak and root-mean-square responses of B1 under five real earthquakes

Earthquake Peak response RMS response
X5 (cm) ys (cm) ((6)s (cm) X5 (cm) ys (cm) (0)s (cm)
El Centro (1940) 6.39 23.10 14.24 1.05 4.96 2.45
(3.93) (15.75) (8.37) (0.71) (2.69) (1.29)
Taft (1952) 5.52 17.15 8.55 1.00 3.13 1.60
(3.79) (13.56) (6.28) (0.78) (2.74) (0.94)
San Fernando (1971) 2.21 6.31 4.59 0.37 0.95 0.65
(1.62) (5.46) (3.18) (0.29) (0.76) (0.52)
Mexico (1985) 30.54 77.61 52.44 7.10 19.02 11.60
(11.50) (40.37) (29.78) (5.16) (8.83) (6.96)
Kobe (1995) 6.54 22.17 11.55 1.32 4.88 2.46
(5.02) (15.85) (7.94) (0.94) (2.36) (1.24)
(*) Responses with one PTMD.
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Fig. 2. Top floor mean-square displacement response of B1 with and Fig. 3. Top floor mean-square displacement response of B2 with and
without PTMD.

without PTMD.
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. . . . . Fig. 5. Top floor displacement response of B1 under scaled-down
of top floor with g is shown in Fig. 2 for B1 with and  kope earthquake frons = 96°.

without PTMD. It is seen that all responses (particularly

y response) are reduced for earthquakes from any inci-

dent angle. Thus, it is concluded that one optimal PTMD 4 lists the reductions of top floor peak and root-mean-
is adequate for the first type buildings. Fig. 4 depicts the square displacements with and without PTMD. Fig. 5
transfer functions for3 = 96°. It is apparent that the  shows the time history displacement responses of the top
first modal amplitude in all three directional responses floor under Kobe earthquake. As we expect, both peak
is suppressed significantly which agrees with the theor- and root-mean-square responses are reduced up to 40%.
etical results. A statistical study is performed for B1 However, it is found in Fig. 3 that the top floor mean
under five normalized (PGA= 0.3 g) real earthquakes, square displacement of B2 i direction increases as
i.e. El Centro (1940), Taft (1952), San Fernando (1971), B = (0-45f and (145-180) This is attributed to the
Mexico (1985) and Kobe (1995) frorfa = 96°. Table amplification of its dominant modal response (mode 2)

Table 5

Optimal system parameters of two PTMDs for B2

PTMD Controlled mode Mass ratio (%) & (%) Y Installed floor Moving direction U Or v,
First Mode 1 1 8.0 0.96 5F y - 1.25 @)

Second Mode 2 1 6.0 0.99 5F X 1.25 @)
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Fig. 6. (a) Top floor displacement transfer function for B2gas 9°. (b) Top floor displacement transfer function for B2 s 91°.
Table 6

Peak responses of B2 under scaled-down Kobe earthquake

B = 9° (Bers) B = glo(Bcr.)B)

X5 (€M) ys (cm) ((6)s (cm) Xs (€M) Ys (cm) (r0)s (cm)
Uncontrolled 22.95 9.60 6.16 9.14 23.86 7.22
One PTMD 23.62 5.31 5.48 4.02 16.31 551

(+ 3%) (— 45%) (— 11%) (— 56%) (— 32%) (— 24%)
Two PTMDs 17.08 5.86 4.21 4.32 18.75 4.61

(— 26%) (— 39%) (— 32%) (— 53%) (— 21%) (— 36%)

after the installation of first PTMD. As observed in the 5.2. Second PTMD
preceding section, B2 has low coupling among three
DOFs of each floor. Therefore, a second PTMD is
required.

To compare the vibration control effectiveness using
one PTMD and two PTMDs, the same total mass of
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PTMD is used for both cases. Through detailed numeri- 6. Conclusions

cal studies, we found that two PTMDs with equal mass

will give the best control performance. The optimal  This paper deals with the optimum installation
locations and system parameters of two PTMDs for B2 location in plan and in elevation and moving direction
are shown in Table 5. Fig. 6 illustrates the transfer func- of PTMDs for multi-storey torsionally coupled buildings
tions of top floor displacement for B2 with one and two under incident horizontal earthquake excitations. The
PTMDs under earthquakes from® 48..,s) and 9F optimal PTMD’s system parameters are calculated by
(Berys). The corresponding time history responses under minimizing the mean-square total modal displacement
scaled-down 1995 Kobe earthquake fr@gn= 9° are response ratio of controlled mode between the building
given in Fig. 7. Their peak responses are summarizedwith and without PTMD under the earthquake excitation
in Table 6. The number in parenthesis (¢) denotes thefrom critical direction. From theoretical developments
percentage of response reduction. It is seenxthampli- and numerical results, the following conclusions are
fies when only one PTMD is used yrdirection. The fact  drawn: (1) the critical seismic incident angle is determ-
of tremendous reduction of peak and root-mean-squareined such that the mean-square response of the desired
responses again reveals the necessity and importance afontrolled DOF is maximum; (2) the dominant mode of
the second PTMD. desired controlled DOF is assigned as the controlled
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mode of PTMD; (3) the floor corresponding to the tip [9] Xu YL, Samali B, Kwok K(_:S._Control of along-wind response
of controlled mode shape is the optimum installed floor of structures by mass and liquid dampers. Journal of Engineering

. . . . . Mechanics, ASCE 1992;118(1):20-39.
of PTMD; (4) the moving direction of PTMD is the same [10] Kawaguchi A, Teramura A, Omote Y. Time history response of

as the controlled DOF; (5) the greater_ the distance a tall building with a tuned mass damper under wind force. Jour-
between PTMD and mass center of the installed floor, nal of Wind Engineering and Industrial Aerodynamics 1992;41—
the more vibration reduction; (6) one PTMD is adequate 44:1949-60.

in reducing both translations and rotation of long build- [11] Villaverde R, Koyama LA. Damped resonant appendages to

. . increase inherent damping in buildings. Earthquake Engineering
ings under earthquakes from any incident angle. How- and Structural Dynamics 1993:22:491-507.

ever, a second PTMD is required for buildings with [12] sinha R, Igusa T. Response of primary-secondary systems to
nearly equal stiffness ix andy directions. Numerical short-duration, wide-band input. Journal of Sound and Vibration

and statistical results of a long and a square five-storey ~ 1995;185(1):119-37.

torsionally coupled building under five real earthquakes [13] Warburton GB. Optimal absorber parameters for various combi-

Il with th f th tical d | t nations of response and excitation parameters. Earthquake Engin-
agree well wi ose o0 eoretical development. eering and Structural Dynamics 1982;10:381-401.
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