
Proc. 3rd U.S.-Japan Workshop in Urban Earthquake Disaster Mitigation,

15–16 August 2001, Seattle WA, ed. S. Otani and M.A. Sozen, pp. 120–128.

BEHAVIOR AND RESPONSE OF
AUTO-ADAPTIVE SEISMIC ISOLATION

Henri P. Gavin
Department of Civil and Environmental Engineering, Duke University
Durham, North Carolina, 27708–0287, USA (henri.gavin@duke.edu)

Unal Aldemir
I.T.U. Insaat Fakultesi, Mekanik Anabilim Dali

Maslak, 80626 Istanbul, TURKEY (aldemiru@itu.edu.tr)

Abstract

This paper describes auto-adaptive seismic isolation systems in terms of their behavior and
their response to earthquake loads. The behavior of three types of auto-adaptive isolation
systems are compared to a viscously-damped passive isolation system in terms of frequency
response functions and shock spectra. By considering both generalized and historical earth-
quake excitation, this paper attempts to answer three questions: What are the drawbacks
of high levels of passive viscous damping in seismic isolation; can these deficiencies be ad-
dressed in an auto-adaptive isolation system and simple feedback control algorithms, and,
what is the best possible behavior one may expect from an auto-adaptive isolation system,
within the dynamic constraints of the structural system and the auto-adaptive device? The
first question is addressed using methods of linear structural dynamics, the second question
makes use of the mathematical homogeneity of certain types of auto-adaptive systems, and
the last question requires numerical and iterative solutions to the Euler-Lagrange equations.

Introduction

The use of seismic isolation bearings for the earthquake-protection of structures has increased
from less than ten structures in 1985 to nearly forty structures in 2000 (Kelly 1997, EERC
1997). Detailed evaluation of structures subjected to the 1994 Northridge earthquake sub-
stantiate the effectiveness of this approach (Nagarajaiah and Xiahong, et al., 2000). Indeed,
the principle of detuning a structure from the dominant frequencies of strong ground mo-
tion while absorbing energy through damping in the isolation system works particularly well
when long-period components are insignificant in the ground motion (Skinner et al., 1993).
The response of seismically isolated structures to long-period ground motion with strong
velocity pulses has motivated the use of high damping in seismic isolation, to suppress the
isolation deformation at the fundamental mode of the structure (Heaton et al.1995, Kelly
1999).
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The 1999 Chi-Chi Taiwan earthquake (M 7.3) resulted in 2,400 fatalities, 10,000 injuries, an
infrastructure cost of $8B, and a total economic loss exceeding $30B (EERI, 1999a). The
losses to Taiwan’s semi-conductor industry totaled $1B, 95% of which was due solely to the
disruption of business. In the US, computer memory prices quadrupled due to interruption
of production in Taiwan (Sherin and Bartoletti, 1999).

Recently an Internet service exchange facility was installed in a seismically renovated ware-
house in San Francisco (Lee, 2001). The seismic retrofit included strengthening of the existing
structure and the installation of 96 friction pendulum isolation bearings with a 38 centime-
ter displacement capacity. The seismic retrofit was designed on the basis of a probabilistic
seismic hazard analysis and an earthquake with a 950 year return period.

While heavy damping in the isolation system certainly reduces isolation deformation, in many
cases it can also increase super-structure accelerations and deformations. Because the ser-
viceability requirements for many critical facilities (including hospitals, emergency response
centers, micro-fabrication centers, and especially data centers) are stringent with respect to
acceleration levels, the decision to add heavy damping to isolation systems should consider
the potential for the damping to increase super-structure accelerations and deformations.

This paper addresses this issue as a principle motivation for controllable, semi-active, or auto-
adaptive damping in seismic isolation. In auto-adaptive seismic isolation systems, passive
isolation bearings are combined with devices with controllable damping and an algorithm
which controls the properties of these devices based on measurable quantities of the structural
response of the system. In this study we make a distinction between structural behavior and
structural response. To help uncover the deficiencies of passive damping in seismic isolation
we study behavior via frequency response functions and shock spectra for idealized structures
and compare those spectra to the behavior that is achievable via a simple controlled damping
method and the “best” behavior achievable via a controlled damping approach. Ultimately
structural response to diverse earthquake accelograms must be considered and we again
compare passive viscous damping to controlled damping approaches.

Homogeneity of Behavior

Because the physical characteristics of auto-adaptive isolation systems are time-varying,
Laplace-domain methods may not be applied (in general) to the analysis and design of the
control system. This difficulty requires that the semi-active seismic isolation systems be eval-
uated via time-history analyses, which are typically carried out using one or more historical
earthquake accelograms. For semi-active devices that do not exhibit force saturation effects,
the response of semi-active isolation system scales linearly with the base excitation. This
homogeneity property can be shown as follows: Consider the equations of motion of a mdof

structure excited by ground accelerations, z̈, and controlled by a controllable visco-elastic
device with force, p .

Mr̈(t) + Cṙ(t) +Kr(t) + bp(t) = −Mhz̈. (1)
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The device force follows

ṗ = −
k

c(v(t))
p(t) + kbT ṙ(t) (2)

where k is the device stiffness, c(v(t)) is the device’s controllable damping rate, c(v(t)) =
cmin(1 − v(t)) + cmaxv(t), and v(t) controls the device following a simple feedback control
algorithm (Karnopp et al.1974),

v̇ = −
1

Tv

[

v(t)−H(p(t) · bT (hż(t) + ṙ(t))
]

, (3)

where Tv is the time-delay of the device and H(·) is the Heaviside step function, and 0 ≤ v ≤
1. These three equations contain the essential characteristics of an auto-adaptive isolation
system. It can be seen that if the following substitutions are made, ẑ = αz, p̂ = αp, and r̂ =
αr, then ẑ, p̂, and r̂ satisfy equations (1) — (3). Despite the fact that the Laplace transform
of equation (3) can not be formed analytically, the response of this system scales linearly
with the amplitude of the excitation. This fact enables the development and comparison of
frequency response functions (through numerical time history simulations) without concern
for the amplitude of the excitation.

Optimal Control

The optimal control policy for a nonlinear and non-autonomous system satisfies the Euler-
Lagrange equations (Stengel 1994). Consider a general dynamical system

ẋ(t) = f(x(t), u(t); t), x(0) = 0, (4)

where the x(t) is the n-dimensional state vector and u(t) is the m-dimensional control vector.
The objective of the control, u(t) is to minimize an integral cost function,

J =
∫

T

0

L(x(t), u(t); t)dt (5)

subject to the constraints of the state equations (4). Necessary conditions for the optimality
of u(t) are given by the Euler-Lagrange equations.

∂H

∂u
=

∂f(x, u; t)

∂u
λ(t) +

∂L(x, u; t)

∂u
= 0, (6)

λ̇(t) = −
∂f(x, u; t)

∂x
λ(t)−

∂L(x, u; t)

∂x
, λ(T ) = 0, (7)

where λ(t) is the Lagrange multiplier or co-state vector and H = L + λ(t)Tf is the Hamil-
tonian of the objective function. Equations (6) and (7) are solved iteratively, with each
iteration improving up the optimality of the control time history, u(t). In each iteration the
gradient of the Hamiltonian is used as the search direction to improve u(t).

uk+1(t) = uk(t) +Kk

∂H(x, u; t)

∂u
, (8)

where the update gain, Kk is determined at each global iteration to minimize uk+1 at the
kth iteration. It should be noted here that the co-state equation (7) must be integrated
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backwards in time in order to satisfy the terminal condition λ(T ) = 0. For this reason, truly
optimal controls cannot be determined for non-autonomous systems in which the external
disturbance is not know a-priori. Nonetheless, this method provides a very useful tool by
which one may evaluate the performance or “optimality” of physically realizable control
rules.

Numerical Examples

Numerical examples are carried out for a two degree of freedom seismically isolated structure.
The mass of the isolation level is 100 tons and the mass of the super-structure is 300 tons.
The isolation bearing system has a stiffness of 40 kN/cm and a damping of 2.5 kN/cm/s. The
super structure has a stiffness of 79 kN/cm and a damping of 1.26 kN/cm/s. This structure
has a 2.2 second fundamental period and a second mode with a 0.53 second period. The
modal damping is 7% in the first mode and 16% in the second mode.

To examine the behavior of the structure, sinusoidal and pulse-like excitations are applied
at different frequencies and pulse periods. The simulations are carried out until a harmonic
steady state is reached (for the sinusoidal excitation) and until the peak response is attained
for the pulse excitation. At each frequency of excitation, ω, the following transmissibility
ratios are calculated:

Ta1(ω) =
|a1(ω)|

|z̈(ω)|
(9)

Ta2(ω) =
|a2(ω)|

|z̈(ω)|
(10)

Tr1(ω) =
|r1(ω)|

|z(ω)|
(11)

Tr2(ω) =
|(r2 − r1)(ω)|

|z(ω)|
(12)

where |a1(ω)| is the steady-state amplitude (for harmonic excitation) or the peak amplitude
(for pulse excitation) of the absolute acceleration of the isolation level when the structure
is excited at an angular frequency ω or a pulse period of 2π/ω. Similarly, a2 is the absolute
acceleration of the super-structure, r1 is the drift of the isolation system, r2− r1 is the inter-
story drift of the super-structure, and |z̈(ω)| and |z(ω)| are the amplitudes of the ground
acceleration and ground displacement at an angular frequency ω.

Transmissibility ratios are calculated for: (a) four levels of passive viscous damping in the
isolation system (2.5, 5.0, 7.5 and 10.0 kN/cm/s corresponding to first mode damping ratios
of 7%, 14%, 20%, and 27%); and (b) controllable viscous dampers with four levels of cmax

(2.5, 5.0, 7.5 and 10.0 kN/cm/s) and the control rule of equation (3). These transmissibility
ratios are compared to the “optimal” behavior of auto-adaptive isolation systems with three
types of controllable devices: a controllable viscous damper, a controllable stiffness device,
and a controllable yielding (MR) device (Dyke et al.1996, Gavin et al.2001). The first two
devices are modeled by equation (2) by choosing appropriate values for c and k. For the
controllable damping device, k, cmin and cmax have values of 500kN/m, 1.0kN/cm/s and
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7.5kN/cm/s, respectively. For the controllable stiffness device, k, cmin and cmax have values
of 30kN/m, 0.1kN/cm/s and 650kN/cm/s, respectively. The MR device is modeled using an
algebraic expression:

p = f0v tanh(b
T r/d0 + bT ṙ/v0) + k0b

T r + c0b
T ṙ, (13)

where f0=100kN, d0=5cm, v0=4cm/s, c0=2kN/cm/s, and k0=3kN/cm. The cost function
L in the optimization is the absolute acceleration of the super-structure.

Results

Results are shown in figure 1. In parts 1(a) and 1(b), the passive damping cases are compared
to three optimal control cases. Figure 1(a) corresponds to sinusoidal excitation while 1(b)
corresponds to pulse excitation. The heavy line corresponds to first mode damping of 27%
and the thin unbroken line corresponds to first mode damping of 7%. It is seen that the super-
structure deformation and absolute acceleration, Tr2 and Ta2 increase with increased damping
in the frequencies between the first and second natural frequencies (1.1 < ω/ωn < 3.1) for
sinusoidal excitation and at all frequencies above the first resonance for pulse-like excitation.
These figures illustrate the answer to the first question: What are the drawbacks of high
levels of passive viscous damping in seismic isolation? The goal of the auto-adaptive isolation
system therefore is to suppress the response over the entire frequency range. The symbols (o,
x, and *) correspond to the best performance achievable by the controllable viscous damper,
the controllable yielding (MR) damper, and the controllable stiffness device. The objective is
a reduction in the super structure accelerations, Ta2 and all three devices achieve performance
as good as, or better than, the passive damping system. The cost of reductions in Ta2 are
increases in the (un-penalized) base drift. This cost is especially clear in the case of the
controllable stiffness device. Of particular interest is the fact that the controllable yielding
(MR) device is able to reduce the super-structure accelerations without resulting in increased
isolation drift. Also, note that in part (a) that the controllable stiffness device increases
super-structure deformations by a factor of two at high frequencies as compared to passive
damping systems, whereas in part (b) the controllable viscous device reduces the pulse-
response of the super-structure deformation while increasing the isolation drift. In parts
1(c) and 1(d) the lines correspond to a controllable viscous damping device and the control
rule 3. Unlike parts (a) and (b), in these two cases, we find that increasing the capacity
of the damping device reduces all four transmissibilities over the entire frequency spectrum
for both harmonic and pulse-like excitations. Furthermore, we find that the controllable
viscous damping device using the control rule of equation (3) performs nearly as well as the
“optimal” controller for all four transmissibility ratios.

Information regarding the behavior of auto-adaptive seismic isolation from the previous anal-
ysis guides the selection of a controllable yield force (MR) device for the earthquake response
simulations. The device and structure are, again, equivalent to the system used in the fre-
quency response studies. Four historical earthquakes are used in the analyses: the Sylmar
and Rinaldi records of the 1994 Northridge earthquake, the JMA record of the 1995 Kobe
earthquake and the El Centro record of the 1940 Imperial Valley earthquake. For each
earthquake, time history analyses were run for five values of passive viscous damping in the
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Figure 1: A comparison of passive damping and homogeneous auto-adaptive damping to
optimal auto-adaptive damping.

isolation system, giving damping ratios from 7% to 27%. The peak super-structure acceler-
ation, isolation drift, and inter-story drift are shown in figure 2 for these earthquakes as a
function of the isolation damping. The level of damping which minimizes the acceleration
and inter-story drift response (approximately c = 5kN/cm/s) is chosen as the best level of
passive viscous damping. The response for this level of passive damping is compared to the
“optimally” controlled isolation system and the auto-adaptive (MR) isolation (again using
equation 3) in the accompanying bar charts. These bar charts illustrate that auto-adaptive
control can reduce the super-structure acceleration and the super-structure deformation be-
low any value achievable via passive viscous damping. Furthermore, this is achieved with
isolation deformations that are comparable to very high levels of passive damping.
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Figure 2: Response of auto-adaptive seismic isolation systems to earthquake excitation.
P:passive, SA:semi-active (equation (3)), Opt: optimal semi-active.

Conclusions

In a two-part analysis this study evaluated the behavior of auto-adaptive seismic isolation
systems and the response of auto-adaptive seismic isolation systems to four major earth-
quakes. Non-linearities in dynamic systems with controllable damping and stiffness prevents
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the analytical formation of frequency response functions, however the homogeneity of these
systems does allow for computed frequency response functions to be compared. Frequency
response functions of several auto-adaptive isolation systems illustrates that a simple feed-
back control rule can overcome the amplification of accelerations and inter-story drifts caused
by large levels of passive viscous damping. The earthquake response studies illustrate that
auto-adaptive control can reduce the super-structure acceleration and the super-structure
deformation below any value achievable via passive viscous damping. Furthermore, this
is achieved with isolation deformations that are comparable to very high levels of passive
damping.
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