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Strong Earthquakes by Usmg Dynamic Lmearlzatlon
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ABSTRACT

The control method of dynamic linearization for buildings equipped with a frictional-type
base sliding system against strong earthquakes is presented. The dynamic behavior of a building
isolated by a base sliding system is highly nonlinear. This method is to synthesize the control
vector such that the response of base-isolated building matches that of a template system,
whereas the dynamic behavior of the desirable template system is known. Through numerical
simulations, the performance of the control method is shown to be remarkable. Furthermore,
‘only one velocity sensor is needed to be installed on each side of the base sliding system and no
other sensor is required to be installed on the bu1ld1ng, making the control method very attractive
for practical applications.

1. INTRODUCTION

In recent years, the applications of passive base isolation systems and active control devices
to civil engineering structures have been investigated intensively for earthquake hazard
mitigations. Basically, two types of base isolation systems have been demonstrated to be very
attractive for practical applications; the lead-core rubber-bearing isolators [e.g., 1] and the
frictional-type sliding isolators [e.g., 2-7]. The former one has been used in practice whereas
the latter one has a great potential to become major base isolators. The frictional-type sliding
isolation system achieves greater resistance to structural damage by permiting the structure to
slide on its foundation during severe earthquakes. It decouples the motion of the building from
that of the foundation using nearly frictionless teflon on stainless steel sliding plates that have a
very low frictional resistance.Full-scale active control systems for civil engineering structures
have been demonstrated for practical applications[e.g., 8-10]. Literature on th1s subject area has
been available[e.g., 9, 11].

Recently, it has also been demonstrated that a combined use of base isolators and active
control devices, referred to as the hybrid control system, is superior for protecting the building
structures under strong earthquakes [e.g., 12-19]. The idea of hybrid control is to utilize the
advantages of both active and passive control systems. The base isolation system is used to
reduce the ground motion transmitted to the building, whereas the active control devices are
used to either reduce the response of the building or protect the base isolation system or help the
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base isolation system to further decouple the ground motion from that of the building. Since the
dynamic behavior of the base isolation systems is either highly nonlinear or inelastic, hybrid
control systems involve active control of nonlinear or hysteretic structural systems.
Instantaneous optimal control algorithms have been developed for control of linear, nonlinear
and hysteretic structural systems [e.g., 14-19].

This paper presents the method of control for buildings equipped with the frictional-type
sliding isolation system subjected to strong earthquakes. The control method presented, referred
to as the dynamic linearization, is to synthesize the control vector such that the response of the
base-isolated building matches that of a template system[20], whereas the dynamic behavior of
the desirable template system is usually well-known.A simulation study is conducted to
investigate the effectiveness of control method. It is demostrated numerically that the
performatnce of the dymanic linearization method i is remarkable.

2. FORMULATION
2.1 Equations of Motion

For simplicity, consider a base-isolated one-dimensional hysteretic building equipped with
an active control system as shown in Fig. 2.1. The structural system is idealized by an n-degree-
of-freedom system and subjected to an one-dimensional earthquake ground acceleration X,(r).
Let x(t) be the relative displacement between the ith floor and the i-1th floor, i.e., the

deformation of the ith story unit, where the first story unit is the base isolation system. The
differential equation model for the hysteretic stlffness restoring force, F (1), of the ith story unit

is given by [21,16-19]
F,(1) = gk, + (1= ), D, v, -ovevvveeen 2.1)

& i~y Vi

in which the subscript i represerits the quantity associated w1th the ith story unit, the argument t
for X, and \ has been dropped for simplicity and ‘

= DA~ B [ )—yxlvl] £(#0,) e (2.2)

where k. = elastic stiffness, a. = ratio of post-yielding to pre- y1e1dmg stlffness D, = = yield
deforma‘non =constant, and v_is a nondimensional variable introduced to describe the hystere‘nc
component of the deformatlon with |V | < 1. In Eq. (2.2), parameters A, B, and v, govern the

scale and general shape of the hysteresis loop, whereas the smoothness of the force-deformation
curve is determined by the parameter n..

The matrix equation of motion of the entire building system can be expressed as follows [16,
17] e ; . _ S

MX(1) +le)_y’((-t) +XK, z(r)% K, V(1)= ?_fg(r) +FX (1) (2.3)



in which a linear viscous damping model has been assumed, X(t) = [x,,x,,....x ]' = an n vector
~ denoting the deformation of each story unit, and V(t) = [v ,v,,...,v ]" = an n vector denoting the

hysteretic variable of each story unit. For the notations above, an under bar denotes a vector or a
matrix and a prime indicates the transpose of a vector or a matrix.

In Eq. (2.3), M is a (nxn) mass matrix with the i-jth element M(i,j) =m. fori=1,2,..,nandj
=1,2,...,i, and M(3,j) = O for j>i, where m, is the mass of the ith floor. C is an (nxn) band-limited
damping matrix with all elements equal to zero except C(i,i) = ¢ fori=12,. . nand C(it+l) =-
C.y fori= 1,2,...,n-1, where ¢, is the damping coefficient of the ith story unit. K and K are (nxn)

band-limited elastic stiffness matrix and hysteretic stiffness matrix, respectively. Al elements of
K, and K, are zero except K (i,1) = ok, K (i,i) = (l-oc)kD for1=12,.,nand K(iit]l) = -a
;K (1 i+1) =-(1 ocﬂ)k D for 1=12,..n-1."Hisan (nxr) matrix denoting the location

g}' rﬁé’ontrollers and F is an ; 1vﬂecj;fti;r denotmg the influence of the earthquake ground acceleration.
It should be noted that the parameters for the sliding systgm are ¢, =0, o, =0, and k}Dyl =unig-
From Eq. (2\.»2), the vector v appearing in Eq. (2.3) 1s given by L
e g(ip)0h
in which the ith element of |V or f( X, V), denoted by 1, =f( X}, V), is given by Eq. (2.2).

‘By.introducing a 3n state vector Z(t),

the second-order nonlmear matnx equat;on of mouon Eq 2. 3) can be converted into a first
: order matrlx equatlon as follows: L

Z(z}v:‘g[zf(%)]; BU(s )+W X ( ) (2.6)

in which B is a (3nxr) matrix, W is a 3n vector
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and g[Z(t)] is a 3n vector consisting of nonlinear functions of the components of the vector Z(t),



§_{Z.(0]= f_(_X,>K) , e (28) ‘\, _

-M7CX +K X +K,V)
- 2.2 Dynamic Lmeanzatxon :

For the frlctlonal—type base sliding system as . shown in Fig. l(a) the fr1ct10na1 force
~ developed in the shdmg system during the sliding phase denoted by F, (t) 1s glven by

Fo(1) = umg sgn(%,) -+ (2.9)

in which 77 g = w is the weight of the structural syStem'above the s]idiﬁg beéfing's' and p is the
coefficient of friction. In the dynamic analysis and active control of the sliding system, the
highly nonlinear frictional force is represented by the following analytical function [15-19]

Fy () =umgw (1) (210)

in which v (t) is given by Eq. (2.2) with ocll =0and kD  =pmg in Eq. (2.1). It is mentioned
that during the sliding phase, v, takes a value of either 1 or -1. During the sticking phase, the
absolute value of v, is less than unity, i.e, |v|<1. The conditions of sticking and sliding are

accounted for by Eq. (2.2) automatically. The parameters governing the scale and general shape
of the hysteresis loop of the sliding system are A =10,B=05mn=2v =05 and Dyl =
0.012cm. The hysteresis loop of such a sliding system is schematically shown in Fig. 2.

" The method of dynamic Linearization [20] is to synthesize the control vector U(t) so that the
response of the controlled structure matches the response of a specified system, referred to as the
template system. The specified template system is a stable system and its response behavior is
usually well-known from either the mathematical or physxcal standpoint. A commonly used
template system is a stable linear system. )

The purpose of attaching the actuator (actuators) to the sliding system as shown in Fig. 1(b)
is to overcome the frictional force in order to maintain the system in the sliding phase as much
as possible, thus reducing the earthquake ground motion transmitted to the superstructure. As a
result, the control vector U(t) = u(t) consists of only one element, i.e., r = 1, and the location
matrix H becomes an n vector, i.e, H=[1,0,0,...,0]". The matrix equatlon of motion, Eq. (2.6),
can be wntten as a function of the fnctlonal coefficient p of the sliding system as follows

200)= 200, 1]+ Bule) + WK (0) @ 1)



in which B becomes a 3n vector, sincer = 1.

The template system is chosen to be the same nonlmear system but with a frictional
coefficient 1y smaller than y, i.e.,

o =2 I 012
in which Z Z(t)isa 3n response state vector of the template system

The error between the controlled response Z(t), and the response, Z Z (1), of the template
system is denoted by E(t), i.e.,

E(1)=2()-Z,(1) - (2.13) | |
N Taking the derivative of Eq. (2. 13) andUsing Eqs. (2.11) and (2.12), one obtains
E(r) =g[2(1),n]+ Bul1) g[z nJ: e (2.14)

In general the control force u(t) may not be able to drive the response, Z(t) of the
controlled structure to be identical to that of the template system, Z (t) and hence E(t) in Eq.

. l3) is not zero However one can reduce the error (mlsmatch) to zero asyrnptotwally 1f

| E()=SE() - @15)

- in which S is a convergence: factor matrix that is asymptotically stable. In other words, S is
chosen so that the real parts of all the eigenvalues of S are negative. This will guarantee the
convergence of the mismatch, E(t), to zero asymptotically. : ~

The particular template system chosen in Eq (2.12) makes it poss1ble to set E( ) __1;(/) =0,
“so that Eq (2 14) becomes : '

g2(1).u]+ Bulr)-g[Z,(1).n]=0---(2.16)
in Wthh setting Z(t) Z (1), since E(t) 0.

Substltutmg Egs. (2 10), (2 3), (2. 7) and (2.8) mto Eq. (2.16) w1th Z(t) Z (t) one obtams
the control force u(t) as

() (n- n)mgv](l---gw(z.l?)

Physically speaking-,‘ the k‘active_ control force u(t) is used to reduce the frictiona_l coefficient
of the sliding system from p to the desirable valuen.

As observed from Eq. (2.17), the control force u(t) depends on the hysteretic component v (t)
of the sliding system. The hysteretic component, v (t), is not directly measurable but it can be



estimated on-line from a nonlinear observer using Eq. (2. 2) and the measured relatlve velocity x,
as follows

5(1) = Dy 4%, - B, ) "] 219)

Y _‘le1|v1

In Eq. (2.18),7 () is the estimate of v (t) and the relative velocity of the sliding system x, is
measured. Thus, for the method of dynamic Linearization described above, only two velocity
sensors, one on each side of the sliding isolation system are needed to measure ;. This is a very
desirable feature for practical applications. '

3. NUMERICAL SIMULATION AND RESULTS

To investigate the performance of the control methods presented above, an eight-story
building that exhibits bilinear elasto-plastic behavior is. considered. - The properties of the
structure are as follows: (i) the mass of each floor is identical with m, = m = 345.6 metric tons;
(i) the preyielding stiffnesses of the eight-story-units are k_(i=1.2,...,8) = 3.4x10s, 3.26x10s,
2.85x10s, 2.69x10s, 2.43x10s, 2.07x105, 1.69x10s and 1. 37x105 kN/m, respectively, and the
postyielding stiffnesses are 0.1 k, 1e o, = 0.1 for i = 1,2,...,8; and (iii) the viscous damping

coefficients for each story unit are ¢, = 490, 467 410, 386, 348 298, 243 and 196 kN.sec/m,

respectlvely The damping coefﬁcxents given above result in a dampmg ratio of 0.38% for the
first vibrational mode. The natural frequencies of the unyielded structure are 5.24, 14.0, 22.55,
30.22, 36.89, 43.06, 49.54 and 55.96 rad./sec. The yielding level for each story unit are D, =

2.4,23,2.2,2.1,2.0,19, 1.7, and 1.5 cm. The bilinear elasto-plastic behavior can be:described
by the hysteretic model, Egs. (2.1) and (2.2), with- A = 1.0,8.=0.5,n =95 and y, = 0.5 for1 =
1.2,...,8. A simulated earthquake with a maximum ground acceleration of 0.3g as shewn in Fig.
3is used as the input exmtatlon

With the exght—story bilinear elasto- plastlc building structure descrlbed above and the
earthquake ground acceleration shown in Fig. 3, time histories of all the response quantities have
been computed numerically using the fourth order Runge-Kutta method. The time history of the
first story deformation of the building is plotted in Fig. 4(a). Within 30 seconds of the
earthquake episode, the maximum interstory deformation, x_, and the maximum absolute

acceleration of each floor, a, are shown in columns (3) and (4) of Table 1, designated as

"Without Control". As observed from Table 1, the deformation of the unprotected bu1]dmg 1s
excessive and that yielding takes place in each story unit.

A frictional-type sliding base isolation system, as shown schematically in Fig. 1(a), is
implemented to the building. The mass of the base sliding system is m = 450 metric tons and the
coefficient of friction is p = 10%. The parameter values for the hysteretic behavior of the
sliding system, Eqgs. (2.1) and (2.2), are A, = 1.0, B, =0.5,n =2,y, = 0.5, D, =0.012cm, o, =
0 and k = 262.8x10s kN/m. The hysteresis loop is shown in Fig. 2 and the integration time step
At = 0.00075 sec. is used. The time history of the first story deformation of the building is



shown-in Fig. 4(b) and the maximum response quantities of the structure within 30 seconds of
the earthquake episode are presented in columns (5) and (6) of Table 1, designated as "With
SIS". In Table 1, the results shown by the row denoted by "B" represent the maximum relative
displacement, x_, and the maximum acceleration, a,, of the base sliding system. As observed
from Table 1, the interstory deformations and floor accelerations for the building are drastically
reduced using the base sliding isolation system. However, the deformation of the top-story unit
is still in the inelastic range. A

To further reduce the structural response and to bring the deformation of the building into
the elastic range, an actuator is connected to the sliding system-as shown in Fig. 1(b). ‘Assuming
that the template system has a coefficient of friction of 1 = 3%, we have computed all the
- response quantities of the structure. The time history of the deformation of the first story of the
building is depicted in Fig. 4(c), whereas the time history of the required active control force is
presented in Fig. 5. - Within 30 seconds.of the earthquake episode, the maximum response
quantities are shown in columns (7) and (8) of Table 1, designated as "(A)". The maximum
active control force U_= 2321 kN is also presented in Table 1. A significant reduction for the
building response quantities can be observed from Table 1.

Finally, the hysteresis loops of the shear force respoﬁsé of the top s‘toryv' unit are presented in
- Fig. 6 for comparison. With the application of the active control force, the shear force response
of the top story unit is within the elastic hmlt as evxdened by Fxg 6(c). "

4. CONCLUSIONS

"The method of dynamic linearization is presented for control of earthqu-ake excited buildings
isolated by a frictional-type base sliding system. The method of dynamic linearization is used to
- synthesize the control vector in order to reduce the structural response. It is-most suitable for
control of the buildings equipped with a base sliding system, since the control vector can be
synthesized to-reduce the coefficient of friction of the sliding system. Another advantage of this
control method is that it requires only two' velocity sensors; one to be installed on each side of
- the base sliding system. However, the method of dynamic linearization is not applicable to
control of buildings equipped with lead-core rubber-bearing isolation 'systems.
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TABUE I: Maximum Responsc Quantities of A Base-lIsolated Building
) Using Frictional-Type Sliding Isolators
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