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ABSTRACT: The optimal damper control for 3—dimensional tall buildings with eccentricities between the
centers of mass and rigidity is performed under earthquake excitations. Firstly, an efficient passive damper
controller proposed recently, named as the damper tube control system, is represented, which is shown to be
conveniently installed on 3—D buildings. The damping parameters of the damper controllers are optimized to
perfectly control the seismic responses of the tall buildings due to the dynamic properties of the buildings are
quite sensitive to the damping values of the damper controllers. Finally, a numerical example of a 15—storey
building excited by El—Centro earthquake is examined, and the results show that not only the lateral but also
the torsional seismic responses of the building are significantly reduced.

1 INTRODUCTION

The safety problem of tall buildings under earthquake
excitations is the most concern one of structural engi-
neers. To alleviate seismic responses of tall buildings,
the structural control has been proposed and investi-
gated recently by Leipholz and Abdel-Rohman
(1986), Li(1991), the authors(1990), McNamara
(1977), Roorda (1975), Samali etc. (1985(1), 1985(2)),
Yang(1982) and Yao(1972). According to the concept
of Yao (1972), the structural control is divided as pas-
sive control and active control. Many researchers
have indicated that the active control is more effective
than the passive one, but, in the active control, exter-
nal energy is needed, which is much expensive and
rather limited to the practical application on actual
buildings. On the contrary, in the passive control, no
external energy is needed, which can be easily realized
on actual buildings. Recently, some researchers, in-
cluding the authors (1990), pay more attention to the
investigation of the passive control systems. Most
previous researches on passive control were limited to
the simplified structural and excitation models in
which the buildings are identically constructed with
coincidental centers of mass and rigidity and only one
horizontal excitation is considered. In fact, the
absulate identical building is a rare case. Generally,
the buildings are constructed with either designed or
accidental eccentricities between the centers of mass
and rigidity, which responds in coupled lateral and
torsional motions of the buildings even under the hor-
izontal earthquake excitaions, as described by Kan
and Chopra(1977). Obviously, control for coupled
lateral and torsional motions of buildings is also an
important problem in structural control, which has
been involved more recently by Samali etc. (1985(1),
1985(2))

The purpose of this paper is to investigate the
optimal damper control of 3—D tall buildings with ec-

pentrig:ities between the centers of mass and rigidity,
in which the coupled lateral and torsional seismic re-
sponses are involved. An efficient passive control de-
vice named as the damper tube control system, pro-
posed recently by the authors(1990), is firstly repre-
sented and shown to be conveniently installed on
3-D buildings. The damping parameters of the
damper controllers are optimized to perfectly control
the coupled lateral and torsional seismic responses of
3-D buildings. In seismic responses analysis, the tra-
ditional methods are not suitable due to the
nonclassical damping properties of the buildings con-
trolled by the damper controllers, and the Lanczos
algorithm developed recently by Nour—Omid and
Regelbrugge(1989) is adopted. Finally, a 15—storey
building excited by the El-Centro(1940) earthquake
is numerically examined to show the control effect of
optimal damper controllers on the coupled lateral and
torsional seismic responses of the building.

2 THE DAMPER TUBE CONTROL SYSTEM

Some passive control devices have been proposed and
applied on actual buildings, for example the tuned
mass damper by McNamara(1977) and the tendon
system by Roorda(1975). Here, a new passive control
device proposed recently by the authors(1990) is rep-
resented, which has been proved to be efficient to
control the horizontal response of tall buildings ex-
cited by strong earthquake. The new device is named
as the damper tube control system, which consists of
a tube filled with heavy oil and a piston with some
holes, as shown in Figure 1(2). When the relative mo-
tion between the piston and the tube occurs, the
heavy oil passes through the holes and produces a
striking damping on the piston to restrain the relative
motion, and the damping property of the damper
controller conforms to the hypothesis of fluid damp-

ing.
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Figure 1. The damper tube control system and its in-
stallation on 3~D buildings
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Figure 2. An idealized N~storey 3—D building

One of the remarkable advantages of the damper
tube control system is to be conveniently installed
even on 3—D tall buildings, as sketched on a standard
storey of 3—D tall buildings in Figure 1(b). The lateral
damping parameters of the damper controllers on
3-D buildings are defined as C, and C, along the x
and y axes, and the torsional damping parameters,
Cy, should be determined. Taking a standard storey

as example and assuming the pure relative torsional
motion, i.e. rotation about the center of mass, the fol-
lowing relationship between the torsional damping
moment, My, and the lateral damping forces, F,,
and F,, along the x and y axes exists:

b a
M4=2Fdx-2' +2de'2" m
in which,
A Cx b A C a :
Ms=Co8, Fax= > 79, F4y=—iL§-9 2)
Substituting equation (2) into equation (1), get:
Ca =i—(b2Cx +02Cy) (3)

where a and b are the sizes of the building along the x
and y axes.

3 EQUATIONS OF MOTION

3.1 The idealized model

Consider an idealized N—storey building model con-
sisting of rigid floor decks supported on massless
axially inextensible columns and shear. walls, as
shown in Figure 2, with the following assumptions:
(1) The inertia of the i—th floor is lumped at the i—th
floor level, and characterized by a mass, m;, and a
mass moment of inertia, J;, about the center of mass
of the i—th floor; (2) the linear rigidity of the i—th sto-
rey is provided by the massless columns and shear
walls and characterized by three constants, the lateral
stiffnesses, k,; and k;, along the x and y axes, and
the torsional stiffness, kj, about the z axis; (3) the
centers of mass of the floors lie on one vertical axis,
which coincides with the axis z, but the centers of ri-
gidity of the storeys lie on different vertical axes, with
static eccentricities, e,; and e, along the x axis and y
axis for the i—th storey.

3.2 The equations of dynamic equilibrium of the
floors

Taking the i—th floor of an idealized undamped build-
ing excited by two horizontal earthquakes along the x
and y axes as example, as shown in Figure 3, a set of
equations of dynamic equilibrium for the undamped
case are given as:

Sx,l+l "le“le =0
Sy,I+|"'SyI‘—IyI=0 (4)

Misi =M+ Syiviexie1 — Syi€x
— Sxi+1€pis1 + Sxey—Iu=0
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Figure 3. The dynamic equilibrium of the i—th floor

in which:

S =kx(ui—ui-1)

Sy =ky(vi—vie1) (%
Mi=ko(d:—8:i-1)

and:
Lo =mi(idi +ig)
Ii=mi(Vi+ V) (6)
I =J:8;

where u; and v; are respectively the lateral dis-

placements of the i—th floor along the x and y axes,
and 6; is the rotation of the i~th floor about the z ax-
is;u, and v, are the accelerations of the earthquake
ground motion along the x and y axes.

Similarly, N sets of undamped equations of dynam-
ic equilibrium for an idealized N—storey building can
be easily obtained according to equation ).

3.3 Equations of motion

The equations of motion of an idealized N—storey
3-D building, described above, controlled by the
damper  controllers,  subjected  to ground
accelerations, i, (t) and V4(t), along the x and y axes,
can be written as:

Md + Cd + Kd = — MRd, ™
in which:
d=T[ui,ua,un,vi,ve, N, 00,02,,05]7 (8)

is the 3N dimensional relative displacement vector;
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m Kxx 0 le
M= m K=| 0 K, Kup )]
J KL K Ka

are respectively the 3N—dimensional positive definite
mass and stiffness matrices, where the sub—matrices
of m and J are diagonal, and the sub—matrices of

K, K,,, Ko Ky and K 4 are tridiagonal;
1 tig
R=| 1 | d,=| 7 (10)
0 0

where 1 is a N—dimensional unity vector; and C is
the total viscous damping matrix, and can be divided
into two parts as:

C=C; +Cau (1
where C, is the natural viscous damping matrix of
the building—self, which is classical and can be ex-
pressed as C,=aM+BK according to the Rayleigh’s
damping hypothesis. C, is the additional viscous
damping matrix of the damper controllers on the
building, which generally gives the rise of nonclassical
damping. Obviously, the matrix C is nonclassical,
and the equations of motion of the building, equation
(), cannot be decoupled by means of the classical
normal modes.

4 SEISMIC RESPONSE ANALYSIS

Because of the nonclassical damping property of the
building controlled by the damper controllers, the
traditional mode superposition methods cannot be
employed in the dynamic analysis. Here, the Lanczos
algorithm, proposed early by Lanczos(1950) and ex-
tended recently by Nour—Omid and Regelbrugge
(1989), is utilized in the seismic response analysis.
Firstly, the set of coupled equations of motion,
equation (7), is rewritten as a set of state equations:

Ay—By=—Gd, (12)
in which,
y =[1 (13)
d

is a 6N—dimensional state vector; and:
CM

e e o

Furtherly, pre—multiplying by B™, the equation (12)
is regiven as:

-K 0
0 M

A

Hy—ly= —B-'Gd, (15

where H=B™'A is a 6N—dimensional unsymmetric
matrix, and I is an unity matrnx.
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Figure 4. The influence of damping ratio on maxi-
mum top floor displacement
Qn=[q1 q2 *** q; *** qm]
(16)

Pn =[p1 pz2 ** p; *** Pl

where q; and p; are respectively the 6N—dimensional
right and left Lanczos vectors.
Introduce a linear transform:

Y=QmZn (17)

where z,=[z, z, *= 2z,]" is an m—dimensional col-
umn vector of Lanczos principal coordinates.

Substituting equatign (17) into equation (15) and
pre—multiplying by P, a reduced equation is gotten
as:

Tmzm +Unzm = —Wd, (18)

in which:
rfl: B2
Y2 a2
Tm= \ (19)
Qa-1 Pa
L Ya %a
- 1
Y2
Un = \ (20)
Va1
L Va |
where
@;=pfHq;, Bi=pl-1Hq,
21
¥;=piHg,-r, v;=pJq,

Therefore, the 6N~—dimensional state equation of
the original structural system has been reduced to an
m~dimensional tridiagonal equation (m < <6N),

which can be easily solved by usual methods reviewed
by Li (1991).

5 OPTIMAL DAMPER CONTROL

5.1 Influence of additional damping parameters on
seismic responses

The additional damping parameters of damper con.
trollers have been indicated to have profound influ.
ence on dynamic behaviours of tall buildings by the
authors (1990). The identical 8—storey building exam-
ined there is investigated again. The variation curve
of the maximum top floor displacements with the
damping ratio parameters of the damper controllers
is drawn in Fiqure 4. Obviously, with the increment
of the damping ratio parameter {,, the maximum top
floor displacement response, uy max» does not
monotonously descend, and its varying pattern is
much complicit and gradually trends to come down.

5.2 Optimum of damping parameters

In order to perfectly control seismic responses of tall
buildings, additional damping parameters of damper
controllers must be optimized. The uniform damper
controllers are assumed to be installed on each storey
along the x and y axes, and characterized by an uni-
form damping ratio coefficient, {,.

Firstly, an object function is selected as;

Omax = {[ 2, (u} +v? + 1PN} e

fml

(22)

where u;, v; and B; are respectively the lateral dis-
placements along the x and y axes and the rotational
angle about the z axis of the i~th floor.

Then, the optimal control problem is defined as fol-
lows: to find the optimal damping ratio parameter,
{oopp SO that the obkct function, ¢,,, is minimum,
subjected to the restraint conditions:

Uimax S dr
Vimex < d& (23)
Bimax < Bz
and the boundary conditions:
for o< Lo (24

where dy and 6y are respectively the allowance val-
ues of the maximum relative lateral displacement and
rotational angle. {, and (o, are the lower and up-
per limits of the damping ratio parameters of the
damper controllers. In general, {q is selected to zero,
but {y, must be rationally evaluated, because an ex-
cessive value of {, is difficult to be actually realized.
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Table 1. Properties of a 15—storey building

Table 2. Effect of optimal control

floor |m;| 1 | kg | ky; | kg | 2 -

1-5 |m 3.0} 3k | 4k |50k} 6.0 8.0 /0.09/0.12

6—10 {m | 3.0 | 2k | 3k |40k | 6.0 | 8.0 10.090.12

11-15\m {3.0| k | 2k |30k |6.0{8.0:0.09/0.12

6 NUMERICAL EXAMPLE

An idealized 15—storey building with eccentricities be-
tween the centers of mass and rigidity is numerically
investigated to illustrate the control effect of optimal
damper controllers on coupled lateral and torsional
seismic responses of 3—D tall buildings. The building
is symmetrically constructed and its two principal
axes are selected as the x and y axes. The centers of
mass of each floor lie on one vertical line which is se-
lected as the z axis. The properties of the building are
presented in Table 1, in which m=35t,
k=10°KN/ m, and the units of all sizes are meter.
The first two natural modal damping ratio
coefficients are given as: {;=0.04, (,=0.05.
Furthermore, the building is excited by El-Centro
(1940) earthquake, and the NS wave with the maxi-
mum ground acceleration 341.7gal and the EW wave
with maximum ground acceleration 210.1gal are
respectively employed along the x and y axes.

The damper tube control systems are assumed to
be identically installed on each storey along the x and
y axes, and the damping parameters of the uniform
damper controllers are defined as:

Cix=Caqy =20V km 25)

where {, is the uniform damping ratio coefficient of
the damper controllers.

In the optimal control analysis, the restraint and
boundary parameters are chosenas: dg=dy,,
0 =Ono» Lo =0.0, Loy =0.5, where dy, and By, are
respectively the maximum relative lateral displace-
ment and rotational angle of the top floor when the
building uncontrolled.

Through the optimum analysis, the optimal value
of the damping ratio coefficient of the damper con-
trollers {, ., = 0.45, and the effect of optimal control
is given in Table 2, in which Uymaw VNmax 20d
fn max are the maximum relative lateral displacements
aldng the x and y axes and rotational angle about the
z axis of the top floor; S, maw Syomax@fd Mo, are
the maximum interstorey shear forces along the x and
y axes and torsional moment about the z axis of the
bottom storey. At the same time, the time—history
curves of the top floor lateral displacements along the
x and y axes and the top floor rotational angle about
the z axis of the 15—storey building with and without
optimal control are presented in Figure 5.

From Table 2, it is seen that not only the maximum
lateral but also the maximum torsional displacement
and force responses of the building controlled by the
optimal damper controllers are decreased at 23-32%,

ases | Lol | oateel | o)
Unmax (M) 39.22 | 29.86 23.87
Vamax (CM) 1395 | 1018 27.03
O mae (de8) 3.53 2.61 26.09

Seomax (1°KN) | 7.71 5.84 24.25
Syoma (1°KN) | 432 3.12 27.78
Mg (10°KNm)| 5.86 3.94 32.76
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Figure 5. Coupled lateral and torsional seismic re-
sponses of a 3—D building with or without optimal
damper control

and a satisfied control effect of the damper tube con-
trol system on coupled lateral and torsional seismic
responses of 3—dimensional tall buildings has been
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obtained. From Figure 5, it is also seen-that the con-
trol effect at the beginning of the earthquake
excitations is unremarkable, but with increasing of
time, the control effect is more striking.

7 CONCLUSIONS

The optimal damper control for 3—dimensional tall
buildings under earthquake excitations has been
successfully performed. The damper tube control sys-
tem proposed recently is shown to be an efficient, re-
liable and practical passive control device, even for
3—dimensional buildings.

The control effect of the damper controllers on
seismic responses of tall buildings is significantly af-
fected by the damping parameters of the damper con-
trollers. Therefore, the damping parameters of the
damper controllers must be optimized to perfectly
control the seismic responses of tall buildings.

The numerical investigation shows that not only
the lateral but also the torsional seismic responses of
3—dimensional tall buildings controlled by optimal
damper controllers can be remarkably decreased.
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