(3) as a function of the sliding velocity based on
experimental investigation:

1= e = (U = Mo ) €xp(=a- 2, ])  3)

where 4 is a parameter defining the relationship
between the friction coefficient and sliding ve-
locity (0.2 sce/cm in this analysis), u, . is the
friction coefficient in low vclocity range (8% in
this analysis). and ¢ __ is the friction coefficient
in high velocity range (20% in this analysis).

Excellent agreement is observed in experi-
mental and simulation results. Figure 9 gives an
example which compares the response time his-
tories obtained from the simulation and testing
under the same Kaihoku earthquake motion with
peak acceleration of 0.544g. The simulation and
test produced almost the same peak rcsponse
values and similar time histocies. Therefore, the
proposed analvtical model represented by Egs.
(1) - (3) can be reliably used in evaluating the key
seismic response quantities. This model is simple
and efficient, and thus it is useful in designing
bridges isolated by the sliding system

Frictional Gontrollable Sliding
Isolation Systems for Buildings

Coefficient of friction equal to 20% or some-
what larger, as in the system presented above, is
considered to be reasonable when used to design
bridge sliding isolation systems. An isolation sys-
tem with such a high value of coefficient of fric-
tion is totally ineffective for small to moderate
carthquakes with peak ground acceleration less
than 20% (or even somewhat larger value) of g.
This is usually no cause for concern for bridge
structures. However, building floor acceleration
response to such small to moderate earthquakes
can be amplificd and easily cause damage to sen-
sitive equipment, valuable items and secondary
systems inside the building. Reducing coetficient
of friction can reduce building response accel-

eraton but will produce large sliding displace-
ment on the building base, causing safety prob-
lems. A friction controllable sliding isolation sys-
tem was developed to solve such problems asso-
clated with sliding isolation systems applied to
buildings.

System Configuration

The proposed sliding system using friction
controllable bearings (FCB’s) is conceptually de-
picted in figure 10 with a building structure sup-
ported by the bearings. Each bearing has a fluid
chamber that is connected to a pressure control
system composed of a servo valve, an accumula-
tor and a computer.The friction force on the slid-
ing interface between the bearing and the foun-

/Structure
- T[T 77 -
[ [ R S — Computer
I
Pressurel || . | T
Sensor | || LI IControl Signal
R J : : Displacement
: ) ] S'j‘“"" Pressure
T I Control
Acceierumeteré J : ] Device
ar—
Sliding Beariags Restoring Force Device

M Figure 18
Concept of hyhrid sliding isolation system for buildings

dation is controlled by adjusting the fluid pres-
sure 1n the chamber through the use of computer
control techaiques. The computer calculates an
appropriate signal to control the fluid pressure
based on the observed structural response, such
as response acceleration and sliding displacement,
and sends the signal to the pressure control de-
vice.

The idealized section view of the prototype
{riction controllable sliding bearing is shown in
figure 11. The steel disk-shaped bearing contains
a fluid chamber which is sealed by a rubber O-
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Vertical Load

!

Seal Fluid Pipe

Sliding Material

Pressure Force

B Figure 11
Idealized view of friction controllahie sliding bearing

ring around the circular perimeter of the fluid
chamber just above the sliding interface. A slid-
ing material, such as a Teflon-based material, is
placed on the sliding surface.

This semi-active isolation system has the fol-
lowing general advantages; (a) Changing friction
force through controlling pressure requires a very
little amount of energy and power than the cor-
responding actuator-driven active base isolation
system, and as a consequence (b}, the use of ac-
cumulators for the source of energy is possible,
thus eliminating the necessity of an emergency
energyv supply system, and (¢) it can serve as a
passive function base isolation device if every-
thing fails.

Control Algorithm

Control of structural response by the pro-
posed semi-active sliding isolation system using
friction controllable bearings presents a unique
problem in developing control algorithms for the
following reasons. The control force in this slid-
ing system is the friction force, which depends
on the direction of the sliding velocity and thus
enters as a nonlinear term into the equation of
motion. For controlling such a nonlinear force,
standard control theory is difficult to apply. In
this study, an optimal control algorithm was de-
veloped based on the instantaneous optimal con-
trol theory.

The instantaneous optimal control algorithm

24

is derived based on the time dependent objec-
tive function given as follows, aiming at control-
ling both floor response accelerations and slid-
ing displacement of the building base:

J© = qdx1(©° + qff ®)° + ru®y? (9

where f is the normalized frictional coefficient
(f() = w(pg),x, is the sliding displacement of the
building base floor with respect to the founda-
tion, u# is the pressure control signal, and g, 9,
and r are non-negative weighting coefficients.
Under the assumption that the building motion
will always remain in the sliding phase with the
help of control, the following equation of motion
of an n-story shear building in the sliding phase is
used as a constraint.

£(t)=Ax(t)+Bx(t) +cf (t)sgn(%(t))
+dz(t)

&)
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Another set of constraints are the relation-
ships among the pressure control signal u, the
chamber pressure p and the friction f. They are
as follows:

TH(t)+pCtr=u(t) %)
JW=-cp® +c, ®
where T, ¢, and ¢, are constants.

The numerical solutions of Egs. (5), (7) and
(8) are used as constraints to the objective func-
tion J(¥). Omitting the lengthy derivation for
optimization, the optimal pressure control signal
is derived as

u(t)=F f(t)+Fzx (t)sgn(s (t))

®
where F and F, are feedback gains.

When applying the proposed sliding isolation
system to buildings, in which the friction force is
controlled by changing the fluid pressure in the
bearing chamber, the problem of uplifting could
become a serious issue for the following reasons:

T7T7 777777777777 77777 7777777777,
7~ |, 2a |a]a] 2a}
I L L I il |

A B Cc D

M Figure 12
Analytical model

If the uplifting force (to be defined below) in-
creases to the extent that the vertical load on a
bearing becomes smaller than the pressure force
therein, the bearing will be uplifted, permitting
the fluid to escape, and the friction controllable
bearing will cease to function. Therefore, it is
necessary to study the problem of uplifting to
ensure that the control algorithm is properly
modified to eliminate the problem.

The uplifting force is generated by the over-
turning moment M resulting from the building
response acceleration. Assuming that eight bear-
ings are installed in two rows and thus the build-
ing is supported by four sets of two bearings each
denoted as A, B, C, and D and the distance be-
tween the adjacent two bearings is 24, the uplift
forces, P, P, P and P, can be calculated by the
following equations (see figure 12);

1 SN
M= 2 (m (% + 2)n,)
—aP.—-3aP,

1o
=3aP, +aP,
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P, =3P, P =-P, P =-P, an
where, b, is the height of i-th floor. The vertical
loads W,, W, W_, and W, acting on each of the
bearings A, B, C, and D become:

1 1
W,=—mg+P,, Wy,=—mg+P,,

8 8

1 1
Wczgmsg+PC, wW,= gmsg+PD

(12)

Under the overturning moment, W, W, W, and
W, are obviously different from each other. There-
fore, the maximum pressure force to be provided
at the bearing chambers cannot be larger than
the minimum value among the vertical loads act-
ing on these bearings divided by AS, if chamber
parameters are to be controlled to the same value:

Minimum (W, W, W, W)
AS

u(t)max =
a3)

where § is the vertical projected area of the fluid
chamber of each bearing, and A is a safety coeffi-

M Figure 13
Structure model with hybrid sliding isolation device in
experiment
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M Figure 14
Friction controllable sliding bearing for experiment

cient larger than unity.

Since the vertical load on each bearing is a
function of floor response accelerations, u(2) |
takes a different value at every time instant ac-
cording to the response acceleration. Therefore,
as long as the control signal # is checked and
confined below the z(#)  _atevery time instant,
uplifting of the bearing can be prevented.

Shaking Table Test

A structural model, representing a rigid struc-
ture which weighs 12 tonf, was supported equally
by four friction controllable sliding bearings and
tested on a shaking table, as shown in figure 13.
Figure 14 is the photo of the bearing used in the
experiment. The bearing, with a brass sheet of 1
mm thickness attached to be used as sliding sur-
face,slides on a stainless steel plate fixed on steel
I-bars bolted down on the shaking table. Further-
more, a rubber O-ring of 5.7 mm in diameter
serves to seal the fluid in the fluid chamber.The
area of the sliding surface is 86.0 cm?, and the
vertically projected area of the fluid chamber is
57.7 cm?. No restoring force device is used in
order to study the effect of friction force only. A
servo valve is located at the center of the experi-
mental structure from which the pressurized fluid
is distributed to each sliding bearing.

In the computer control system, the control-
ler is a 16 bit microcomputer (80286) with a nu-
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Comparison of passive and hyhrid isolation

merical co-processor (80287) to facilitate faster
computation. The response signals for feedback
purpose are measured by sensors and sent to the
microcomputer through a 12-bit A/D converter.
Then, the control signal is calculated according
to the feedback control algorithm described ear-
lier, and sent to the servo valve and servo ampli-
fier through a 12-bit D/A converter to control the
fluid pressure in the bearing chamber. A com-
puter code for control implementation in experi-
ments is developed using the C language.
Sensors were placed to monitor (1) the ac-
celerations on the shaking table and in the struc-
tural model, (2) relative displacement between
the shaking table and the model, and (3) fluid

pressure at each fluid chamber and at the servo
valve. The acceleration of the structure and the
sliding displacement were used for feedback con-
trol purpose.

The shaking table experiments were con-
ducted under one-dimensional horizontal motion.
The El Centro (1940) record was used as ground
input motion for most of the experiments, by lin-
early adjusting the maximurn acceleration to dif-
ferent levels. Hachinohe andTaft earthquakes as
well as sinusoidal waves were also used in some
of the tests.

The performance of the friction controllable
isolation system is compared to that of the corre-
sponding passive isolation system Figure 15
shows the maximum response acceleration, maxi-
mum sliding displacement, and the residual dis-
placement of the structural model with passive
and controllable isolation systems under the El
Centro earthquake with different peak ground
accelerations. The dashed lines represent the
passive isolation systems with three different co-
efficients of friction, namely 1.6%, 5.3%, and
10.2%, whereas the solid line represents the con-
trollable isolation system in which the coefficient
of friction is controlled between 1.6% and 10.2%.

In the passive isolation, if a small friction co-
efficient, for example 1.6%, is used, a high level
of isolation performance is expected since the
response acceleration is reduced to a low level
In this case, however, the maximum displacement
becomes excessive very rapidly as the input earth-
quake intensity increases. On the other hand, if
a large friction coefficient, such as 10.2%, is used,
the sliding displacement can be confined within
a relatively small range. However, the isolation
performance in this case is limited in the sense
that the acceleration cannot be satisfactorily re-
duced Particularly for small to medium earth-
quakes with peak acceleration less than 100 gal,
this passive sliding isolation system does not func-
tion at all, thus the response acceleration remains
equal to the input acceleration. Such accelera-
tion might damage sensitive equipment inside the
building.

The controllable isolation system, however,
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can alleviate the problems associated with the pas-
sive isolation system. For small to medium earth-
quakes, the friction can be controlled to a very
small level to make the structure slide easily, so
that the response acceleration can be consider-
ably reduced. For large earthquakes, the friction
is controlled to prevent excessive sliding displace-
ment, while the response acceleration can also
be kept at a low level. Another advantage of the
semi-active svstem 15 clearly seen in figure 15
where the residual sliding displacement can be
maintained at almost zero level.

Numerical Example

Since the uplift force tends to narrow the
range of the controllable pressure, its effect on
the control performance is of concern. Simula-
tion study was conducted to investigate such ef-
fect which was covered on the shaking table test-
ing. An existing office building, called the J Build-
ing, located in Taisei Technology Research Cen-
ter in Yokohama, Japan, was used as a example
for this simulation. This four-story office build-
ing is currently constructed on a passive sliding
base isolation systern (TASS system), consisting
of eight sliding bearings and a number of rubber
springs. The coefficient of sliding friction is de-
signed at 10% and the spring stiffness is designed
in such a way that the fundamental period of the
building is 5 seconds.

This studyv assumes that earthquake ground
motion is one-dimensional either in the longitu-
dinal or transverse direction. $ince the simula-
tion results obtained separately for the two di-
rections are quite similar, only the results in the
long cross-sectional direction will be presented
in this paper.

The J Building can be idealized with a five-
degree-of-freedom shear model. The values of
masses, stiffness, and damping coefficients asso-
ciated with the building in the longitudinal direc-
tion, as well as the buillding dimensions are given
in (Feng, 1993). The damping coefficient for each
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story is assumed to correspond to a classically
damped structure with a damping ratio of 3% for
the first vibration mode. In order to examine only
the effect of the friction, neither a spring nor a
damper is used berween the building base and
the ground in this analysis

Assuming that the friction controllable bear-
ings with the same characteristics as identified in
the previous experiments (Feng, Shinozuka and
Fujii, 1993 and Feng, 1993) are installed in the J
Building to replace the existing passive system,
the same analvtical models also with the same
parameter values shown in reference (Feng,
Shinozuka and Fuji1, 1993 and Feng, 1993) were
used for the numerical simulation

The effectiveness of the controllable sliding
system was investigated under earthquakes with
various intensities, by comparing the seismic re-
sponses of the building under the controllable
isolation with those under the passive isolation
or without isolation. For this purpose, the pas-
sive systems with two different coefficients of
friction, 10.2% and 1.6, are used, while the hy-
brid system controls the coefficient of friction
between 1.6% (approximately) and 10.2% (the
feedback gains used are F.= 1.0 kef s* / cm?® and
F,=-3.3kgf/cm?® and the safety coefficientis A =
1.23. For the input acceleration, earthquakes with
different intensities obtained by linearly scaling
the EI Centro (1940) record are used The maxi-
mum values of the top floor response accelera-
tion, top story deformation, base sliding displace-
ment,and residual displacement for the buildings
not isolated, passively isolated and isolated by the
semi-active isolation system are compared in fig-
ure 16

The following observations are made. (1) For
the non-isolated building, the response accelera-
tion and interstory deformation increase propor-
tionally with the intensity of the input earthquake,
and thus they may become too large to be toler-
ated, when earthquake intensity becomes severe.
For example, under the earthquake with peak
acceleration around 180 Gal, vielding will occur
at the top story However. in the sliding isolation
system, the earthquake intensity is wrrelevant to

the response acceleration and interstory defor-
mation which depend on the coefficient of fric-
tion on the sliding interface. This is an advantage
of sliding isolation system. (2) For a passive sys-
ternt, if the coefficient of friction is small, the re-
sponse acceleration and deformation will also be
small, indicating a good isolation performance,
but the base sliding displacement tends to be-
come unacceptably large as the input accelera-
tion becomes large. On the other hand, if the
large coefficient of friction is used, the sliding
displacement can be reduced, but the isolation
performance becomes poor, especially when the
intensity of input earthquake motion is very small.
Also, in the case of 10.2% coefficient of friction,
vielding will occur under the peak input accel-
eration of 390 Gal. Therefore, it is very difficult,
if not impossible to design a passive sliding isola-
tion system to be effective for earthquakes with
all levels of intensity  (3) For the controllable
system, however, for small to medium earth-
quakes with peak acceleration below 100 Gal, the
coefficient of friction is kept at a minimum value
to obtain the best possible isolation performance.
For large to strong earthquakes, the friction is
conirolled to confine the sliding displacement to
the acceptable range, and at the same time the
response acceleration and interstory deformation
are under certain levels which are much smaller
than the corresponding values for the comparable
passive system with coefficient of friction 10%
Therefore, this semi-active sliding isolation sys-
tem is very versatile and effective for all earth-
quake intensity levels. (4) For small to large earth-
quakes, practically no residual displacement is
produced. Even for strong earthquakes of rare
occurrence, the residual displacement can be
controlled to as small as 5 cm. (3) In general,
the control performance is not adversely influ-
enced by the overturning moment, thus the pro-
posed semi-active control can greatly reduce floor
response acceleration
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GConclusion

Two types of sliding isolation systems were
presented, a passive system for bridge use and a
friction controllable system for building apphca-
tion. The following conclusions are obtained:

For the passive isolation system:

M The advantage of shding isolation systems was
confirmed on a large scale bridge model with
flexible piers by shaking table testing and numeri-
cal simulation. That is, the deck acceleration and
pier shear force of the bridge isolated by a sliding
syvstem are hmited to constant values regardless
of intensities of input ground acceleration.

B There was practically no residual displace-
ment in the sliding isolation system after each
earthquake.

M A simple, reliable, and efficient analytical
method was developed which can be used for
design purposes.

For the friction controllable isolation system:

B Significant advantages of the friction control-
lable sliding isolation svstem were demonstrated,
for small to medium earthquakes, the friction is
controlled to make the building slide easily to
reduce the transfer of the seismic force to the
building to a minimum, and as the input earth-
quake becomes more intense, the friction is con-
trolled to confine the sliding displacement of the
structure to an acceptable range, while at the
same time to keep the transfer of seismic force
under an acceprtably low level Such intelligent
features of the friction controllable system make
the sliding isolation system effective for all inten-
sities of earthquakes.

M The instantaneous optimal control algorithm,

developed for control of the friction force which
has a nonlinear feature. has proved to be effec-
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tive in achieving the desired control perfor-
mances. In addition, they are practical and easy
for realtime and on-line control operations.

B Little adverse effect of the overturning mo-
ment was observed on the control performance,
indicating that the semi-active system can be
applied also to moderately slender buildings.

W The reliability of this system can be more eas-
ily tested and established through field expen-
ences than the passive sliding isolation system
since this system has much more opportunities
of being activated under smaller earthquakes,
which will occur more frequently.

Personnel and Institutions

In June 1993, an NCEER-Taisei Collaborative
Research Agreement entitled “Structural Control
of Bridges and Building Structures” was signed
between NCEER and Taisei Corporation. The re-
search involved NCEER Princeton investigators,
led by M. Shinozuka and University at Buffalo in-
vestigators led by M. Constantinou. Taisei Corpo-
ration provided technical personnel, existing pas-
sive sliding bearings, and experimental structural
models, and also facilitated the use of their shak-
ing table for experimentation Thus article de-
scribes the research that was performed jointly
by Princeton researchers and Taisei engineers
primarily on friction control bearings. In addition
to carrying out the passive sliding base isolation
test on a bridge model, the joint research team
modified Taisei's existing passive shiding bearings
to make them friction controllable, developed
semi-active control algorithms and verified the
effectiveness of the modified bearings and algo-
rithms by shake table test.
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