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Preface

This book has been an outcome of determined endeavour from a group of educationists
in the field. The primary objective was to involve a broad spectrum of professionals from
diverse cultural background involved in the field for developing new researches. The book
not only targets students but also scholars pursuing higher research for further enhancement
of the theoretical and practical applications of the subject.

The book provides an overview of the latest developments and advances related to earthquake-
resistant structures. It comprises of research works contributed by various experts and
researchers in the field of earthquake engineering. The book discusses seismic-resistance
design of masonry and reinforcement of concrete structures with safety measurements of
strengthening and rehabilitation of existing structures against earthquake loads. It also
covers topics dedicated to assessment and rehabilitation of jacket platforms, electromagnetic
sensing mechanisms for health assessment of structures, post-earthquake examining of steel
buildings in fire environment and response of underground pipes to blast loads. This book
will be of help to graduate students, researchers and practicing structural engineers.

It was an honour to edit such a profound book and also a challenging task to compile and
examine all the relevant data for accuracy and originality. I wish to acknowledge the efforts
of the contributors for submitting such brilliant and diverse chapters in the field and for
endlessly working for the completion of the book. Last, but not the least; I thank my family
for being a constant source of support in all my research endeavours.

Editor
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Design Principles of Seismic Isolation

George C. Lee and Zach Liang

Multidisciplinary Center for Earthquake Engineering Research,
University at Buffalo, State University of New York

USA

1. Introduction

In earthquake resistance design of structures, two general concepts have been used. The first
is to increase the capacity of the structures to resist the earthquake load effects (mostly
horizontal forces) or to increase the dynamic stiffness such as the seismic energy dissipation
ability by adding damping systems (both devices and/or structural fuses). The second
concept includes seismic isolation systems to reduce the input load effects on structures.
Obviously, both concepts can be integrated to achieve an optimal design of earthquake
resilient structures. This chapter is focused on the principles of seismic isolation.

It should be pointed out that from the perspective of the structural response control
community, earthquake protective systems are generally classified as passive, active and
semi-active systems. The passive control area consists of many different categories such as
energy dissipation systems, toned-mass systems and vibration isolation systems. This
chapter addresses only the passive, seismic isolation systems [Soong and Dargush, 1997;
Takewaki, 2009; Liang et al, 2011]

Using seismic isolation devices/systems to control earthquake induced vibration of bridges
and buildings is considered to be a relatively matured technology and such devices have
been installed in many structures world-wide in recent decades. Design guidelines have
been established and they are periodically improved as new information based on research
and/or field observations become available during the past 20-30 years [ATC 1995;
SEAONC 1986; FEMA 1997; IBC 2000; ECS 2000; AASHTO 2010, ASCE 2007, 2010].

Besides the United States, base isolation technologies are also used in Japan, Italy, New
Zealand, China, as well as many other countries and regions. [Naiem and Kelly, 1999;
Komodromos, 2000; Christopoulos, C. and Filiatrault 2006]

Affiliated with the increased use of seismic isolation systems, there is an increased demand
of various isolation devices manufactured by different vendors. This growth of installing
seismic isolation devices in earthquake engineering has been following the typical pattern
experienced in structural engineering development, which begins from a “statics” platform
by gradually modifying the design approach to include the seismic effects based on
structural dynamics principles as they develop and new field observations on the responses
of real-world structures. The process is typically slow because most studies and laboratory
observations have been concentrated on the performances of the devices with scaled-down
experiments. Results could not be readily scaled-up for design purposes. At the same time,
there were very limited field data on the actual performances of seismically isolated
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structures. In recent years, some limited successful stories were reported in the literature on
the seismic performance of base-isolated bridges and buildings during real earthquakes, as
well as reports of unsuccessful cases including the failure of isolation bearings and falling
spans of bridges and magnification (rather than reduction) of vibration levels of buildings.
These structural failures have not been systematically examined for their contributing
factors. Some of them include: construction quality, improper choice of the type of isolation
bearings, incomplete design principles and methods, unknown ground motion and soil
characteristics, etc. In summary, current practice is mainly based on past research and
observations on the performance of the isolation devices themselves, with minimum
information on the dynamic performance of the structure-device as a system.

The working principle of seismic isolation may be explained in several ways. It is a general
understanding that isolation devices/systems are used to reduce the seismic force
introduced base shear. Designers often understand the working principles from the
viewpoint of design spectrum in that, when the vibration period of a structure is longer than
a certain level, continue to increase the period will reduce the magnitude of the spectral
value and thus reduce the base shear accordingly. To qualitatively explain the working
principle of seismic isolation in this manner is reasonable, but it is insufficient to use it in
actual design. Refinements and additional design principles are necessary. Another
commonly used explanation of seismic isolation is the “decoupling” of the superstructure
vibration from the ground motions excitations to reduce the vibration of structures. This
statement again requires quantitative elaborations from the viewpoint of isolation design. In
general, an isolation device/system can be viewed as a low-pass mechanical filter of the
structure being isolated, to filter out excitations with the undesirable high frequencies to
reduce the level of acceleration. In order to establish the cut-off frequency the period of the
isolation system must be carefully addressed, and this requires a basic design principle to
guide the design.

In order to reduce the base shear, an isolation system must be allowed to deform. This
relative displacement cannot be filtered like the absolute acceleration. In general working
range, the longer the relative displacement associated with longer periods, the more
reduction in base shear can be achieved, except for the fact that the latter will introduce
certain negative effects. The most significant issue of large relative displacement is the large
P-delta effect and for falling spans in bridges. In this regard, a design principle is needed to
achieve the best compromise in seismic isolation design. In reality, the only approach to
effectively reduce the relative displacement is to increase damping, which, in turn, will
result in higher level of acceleration. This conflicting demand of controlling acceleration and
acceptable displacement in essence defines the limiting range of the effectiveness of seismic
isolation systems. Quantitatively this issue can be addressed, and this is an important design
principle to be conceptually discussed in this chapter.

In Section 2 of this chapter, several important design issues (e.g. P-delta effect, vertical
motions, etc.) will be discussed and seismic isolation design principles will be described. In
Section 3, the quantitative basis of treating seismically-isolated structures will be briefly
reviewed and simplified models will be established for the dynamic analysis and design of
the structure-device system. Design methods will be briefly discussed in Section 4, and a
newly developed seismic isolation device to address some of the issues facing today’s
practice is briefly introduced in Section 5. Finally, the key issues and parameters in seismic
isolation is summarized and future research needs are briefly noted.
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2. Some issues and principles of seismic isolation
In this section, the theories, design and practical considerations of seismic isolation are

briefly discussed.

2.1 State-of-practice on seismic isolation
The principle of base isolation is typically conceptually explained by using figure 2.1.

Structure without Super
base isolation structure =i @_A

(a) a0 (b)

7 7 7

Ground Bearings

Fig. 2.1. Concept of base isolation

Figure 2.1 (a) and (b) show a structure without and with base isolation, respectively. It is
seen that the major difference between (a) and (b) is that in (b), the structure is set on top of
isolation several bearings. When the ground moves with acceleration A, the superstructure
will move accordingly with a displacement A, and a reduced level of absolute acceleration,
denoted by A,, rather than the original level A,.

This principle has been the basis for many research and development efforts in design
guidelines and devices for seismic isolation. These have been many important contributions
during the past 25 years led by Kelly and his associates at Berkeley and Constantinou and
his associates at Buffalo as well as many others. (See references listed at the end of this
chapter.)

2.2 Basic concept

The major purpose of using the seismic isolation is to reduce the base-shear of the structure.
Physically, large base shear is one of the main reasons of structural damages due to strong
horizontal ground accelerations. Thus, to reduce the lateral acceleration is a basic principle.
From the viewpoint of design, many aseismic codes use the base shear as a control
parameter. For example, if the base shear of a building is reduced, then the upper story
lateral forces floor drifts are also reduced. In the case of a bridge, base shear reduction will
minimize damage to the piers.

2.2.1 Base shear
Base shear V can be calculated through various approaches. The following are several
examples, first

V=CW 2.1)

S
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where C; is the seismic response factor and W is the total weight of a structure. Base
isolation is intended for reducing Cs, second

V=xf, (kN) 2.2)

where fy; is the later force of the jth story of the structure. Base isolation is intended to reduce
fij simultaneously, so that the base shear will be reduced, in addition

V=K,A (kN) 23)

W

where Ky, is the lateral stiffness of the bearing system; A is the nominal relative displacement
of the bearing. The stiffness Ky, of the bearing system will be much smaller than the structure
without the bearing, so that the base shear is reduced.

2.2.2 Lateral acceleration
In equation (2.1), G is in fact the normalized lateral absolute acceleration A,, which is in
general zero-valued unless earthquake occurs.

Ci=A,/g (2.4)

Also note that

W=Mg (kN) (2.5)

where M is the total mass and g = 9.8 m/s? is the gravity.
In equation (2.2), fi; is also caused by lateral absolute acceleration a,jof the jth story, that is

fi;=ma,; (kN) (2.6)

where m; is the mass of the jth floor.

From (2.5) and (2.6), it is seen that, it is difficult to change or reduce the mass M or myj in a
design; however, if the acceleration can be reduced, the lateral forces will be reduced.
Therefore, we will focus the discussion on the acceleration.

2.3 Issues of base isolation

Seismic isolation is considered as a relatively matured technology as evidenced by the many
practical applications. These applications have been designed based on codes and
provisions that have been established incrementally over time. In the following, seismic
isolation principles are examined from a structural dynamics perspective with an objective
to suggest additional future research needs.

2.3.1 Absolute acceleration vs. relative displacement

Seen in figure 2.1, to achieve the goal of acceleration reduction, in between the ground and the
super structure, there will be installed in a group of bearings, which have much soft stiffness
so that the period of the total system will be elongated.
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Thus, to achieve acceleration reduction, a major sacrifice is the relative displacement
between base and structure must be significantly large. Due to nonlinearities of isolation
system, the dynamic displacement can be multiple-centered, which can further notably
enlarge the displacement. In addition, permanent residual deformation of bearing may
worsen the situation.

Generally speaking, the simplest model of a base isolation system can be expressed as

Ma,(t)+Cv(t)+ K, d(t)=0 (2.7)
where C v(t) is the viscous damping force and C is the damping coefficient; v(t) is relative
velocity.

In most civil engineering structures, the damping force is very small, that is
Cv(t)=0 (2.8)
Thus, (2.7) can be re-written as

MA, ~K,A 2.9)

where A, and A are amplitudes of the absolute acceleration a,(t) and relative displacement d(t).
Equation (2.9) describes the relationship between acceleration and displacement of a single-
degree-of-freedom (SDOF) system, which can be used to generate the design spectra. Since
the damping force is omitted, the generated acceleration is not exactly real, which is referred
to as pseudo acceleration, denoted by As. Thus, (2.9) is rewritten as

MA, =K,A (2.10)
Furthermore, we have
A=0p A (2.11)

where y, is the angular natural frequency of the isolation system

o, - JK,/M (rad/s) (2.12)
Since the natural period T, is
T,=2n/w, (s) (2.13)
Equation (2.11) can be rewritten as
A, =47*/TZ A (2.14)

From (2.14), the acceleration A, and displacement A are proportional, that is
A, A (2.15)

Since A, and A are deterministic functions, (2.15) indicates that between A; and A , only one
parameter is needed, usually, the acceleration is considered.
Combine (2.12), (2.13) and (2.14), it is also seen that A is proportional to the stiffness Ky, that is
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A, « K, (2.16)

That is, the weaker the stiffness is chosen, the smaller value of A can be achieved, which is
the basis for current design practice of seismic isolation.

From the above discussion, it seems that, as long as Ky, is smaller than a certain level, the
base isolation would be successful.

However, the above mentioned design principle may have several problems if the
assumptions and limitations are not examined. First, from (2.10), it is seen that, only if A is
fixed, (2.16) holds. On the other hand, if V, that is A,, is fixed, one can have

A « 1/K, 2.17)

That is, the weaker the stiffness is chosen, the larger value of A can result.

A more accurate model will unveil that, to realize the base isolation, only one parameter, say
A, or A, is not sufficient. This is because A, and A are actually independent. In fact, both of
them are needed. That is, whenever a claim of the displacement being considered in an
isolation design, as long as they are not treated as two independent parameters, the design
is questionable. Later, why they must be independent will be explained. Here, let us first use
certain group of seismic ground motions as excitations applied on a SDOF system, the
ground motion are suggested by Naiem and Kelly (1999) and normalized to have peak
ground acceleration (PGA) to be 0.4 (g). The responses are mean plus one standard
deviation values, plotted in figure 2.2.

Pseudo-Acceleration Spectrum Relative Displacement Spectrum

) Vr\ 3.
— 5% Damping Ratio 5% Damping Ratio
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©
3 2
E . 2

o v = -
10 0 2 4 6 8 10
Period (Sec.) Period (Sec.)
(a) (b)

Fig. 2.2. Statistical seismic responses of SDOF systems

Figure 2.2 (a) shows the accelerations of SDOF systems as functions of period for selected
damping ratios. When the period becomes larger, the accelerations do reduce, especially
when Ty > 2 (s). The responses are all smaller than 0.4 (g) and namely, the acceleration is
reduced.

Figure 2.2 (b) shows the displacements. It is seen that, when the periods increase, the
displacements can become rather large. When Ty, > 2 (s), the responses can be larger than 0.1
(m), especially if the damping ratio is small, say, 5%.
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In figure 2.2 the parameter, damping ratio denoted by & is defined by
§= C/2yMK, (2.18)

2.3.2 Displacement and center position

Another seismic isolation design issue is the self-centering capacity. Because the SDOF
system used to generate the response is linear, and many commercially available bearings
are nonlinear systems, the displacement time history can be multiple centered. Figure 2.3
shows examples of a bi-linear (nonlinear) system under Northridge earthquake excitations.
The plot in Fig. 2.3 (a) is the displacement time history of the bi-linear system with load
and unload stiffness ratio = 0.1 and damping ratio = 0.01. Here the damping ratio is
calculated when the system is linear. The plot in Fig 2.3 (b) is the same system with
damping ratio = 0.2. It is seen that, the biased deformations exist in both cases. This
example illustrates that center shifting can enlarge the displacement significantly, even
with heavy damping,.

Displacement Response History x10° Displacement Response History
0.02 10
0.015
:i_E: 0.01 E 5
f i
0.005
8 &
1] ©
2 o 2 o
a [a]
-0.005
0 5 10 15 20 25 30 35 40 0 5 0 15 20 25 30 35 40
Time (Sec.) Time (Sec.)
(a) small damping (b) large damping

Fig. 2.3. Multiple centers of displacement responses

Briefly speaking, the current isolation design practice can be based on the spectral analysis,
dealing with linear systems with the seismic response coefficient C; given by

C.=A,/g = % (2.19)

and the spectral displacement dp given by

AST,
dp =D=C, T fdn® g= 7 Bb (m) (2.20)
In the above equations, A is the input level of ground acceleration; S is the site factor; D,
instead of A, is used to denote the dynamic amplitude and B is called the numerical
damping coefficient. Approximately

B =3t+0.9 (2.21)
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Equations (2.19) and (2.20) will work for most (but not all) situations but cannot handle the
position shifting which is a nonlinear response. Some of the nonlinear modeling issues are
discussed in Section 3.

2.3.3 SDOF and MDOF models

Many analyses and design of seismic isolations are based on SDOF model, whereas realistic
structures are mostly MDOF systems. The acceleration of a higher story of an MDOF system
can be much more difficult to reduce.

Equation (2.15) is based on a SDOF system, when the superstructure can be treated as a
lumped mass. Namely, the relative deformation among different stories of the structure is
negligible. Realistically, such a case is rare; therefore, the acceleration a,; at different stories
can be different.

A conventional idea is to decouple a MDOF system into several vibration modes. Each
mode is treated as a SDOF system. The total response of the MDOF can then obtained
through certain method of modal combinations, such as SRSS method. That is, (2.19) can be
rewritten as

_ _AS
Ci= 13 (2.22)

where the subscript i stands for the ith mode. And the ith spectral displacement dip , (2.20), is
rewritten as:

. AST,,
dp=Cy T3/4n* g= 4—8:’— (m) (2.23)

where

B, =3&+0.9 (2.24)

Furthermore, for multi-story structures, an additional parameter, mode shape, is needed to
distribute the acceleration and displacement at different levels. By denoting the mode shape
by P, which is a vector with the jth element representing the model displacement p;; . The
acceleration vector Ay is given as

A;-TCPg=la;| (m/s) (2.25)

where aj is the acceleration of the ith mode at the jth story and I’ is the ith modal participation
factor.
The displacement vector is given by

d; -Td,P ={d;} (m) (2.26)

where d;; is the displacement of the ith mode at the jt" story.
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2.3.3.1 Acceleration of higher stories

One of the shortcomings of approximately a MDOF system by a SDOF model is the inability
to estimate the responses at the higher levels of a MDOF structure. Typically, through SRSS,
the acceleration of the jth story of MDOF system can be calculated as

ag = }Zaﬁ (m/s?) (227)

And the displacement of the jth story is

d= /}:d; (m) (2.28)

The reduction of MDOF accelerations is discussed in the literature. The general conclusion is
that, (2.25) and (2.27) may not work well so that the acceleration of the higher story a5 may
not be calculated correctly. In fact, a;; can be significantly larger.

The reasons of this inaccuracy mainly come from several factors. The first is the damping
effect. The second is the error introduced by using only the first mode for design simplicity
(the triangular shape function) as illustrated in figure 2.4

] 7 ”1 P3
/ / /
/ / /
/ / !
1 - —1 —»/ P2
/ / /
/ / /
: /I /I
T 1 ™ o
/ / /
/ / /
/ / /
N Pv

>

Fig. 2.4. Mode shape function of the Istmode

In addition, seen from figure 2.4, even through the acceleration of the base, denoted by py, is
rather small by using isolators, the top story will have a rather large acceleration.

2.2.3.2 Cross effects

Another shortcoming of using SDOF models is the inability to estimate the cross effect.
Typical MDOF structures have “cross effects” in their dynamic responses. Different from a
single member of a structure, which has principal axes, a three-dimensional structure often
does not have principal axes. This is conceptually shown in figure 2.5, which is a two story
structure. Suppose the first story does have its own principal axes, marked as x;-y1, and the
second story also has its own principal axes, marked as x,.y> However, from the top view, if
x; and x; are not pointing exactly the same direction, say, there exists an angle 0, then the
entire structure will not have principal axes in general. In this case, the inputs from any two
perpendicular directions will cause mutual responses. The resulted displacement will be
further magnified. This the third reason of large displacement. At present, there are no
available methods to quantify cross effects associated with seismic responses, although in
general this effect in base isolation design may be small for regularly shaped structures.
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X2
X1

Fig. 2.5. Cross effect

2.3.4 Overturning moment
The product of large vertical load and large bearing displacement forms a large P-A effect,
conceptually shown in figure 2.6.

P =m(gtAy)
| \\\M=PA
i
|
|
|

Fig. 2.6. Isolation P-A effect

This large displacement will result in an overturning moment, given by

M=PA=m(g+A,)A (2.29)

where, the vertical load P is a product of the total weight and the vertical acceleration, the
vertical acceleration is the sum of gravity g and earthquake induced acceleration A,. For
example, suppose the total mass is 1000 (ton), the displacement is 0.5 (m), and the additional
vertical acceleration is 0.4 (g), the total overturning moment will be 6.86 (MN-m). This is a
large magnitude, which requires special consideration in the design of foundations,
structure base as well as bearings.

2.3.5 Horizontal and vertical vibrations

As mentioned above, the primary purpose of base isolation is to reduce the horizontal load
and/or acceleration. By installing bearings, the lateral stiffness will be significantly reduced
so the horizontal vibration can be suppressed. Moreover, by using bearings, the vertical
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stiffness can also be reduced to a certain level and the vertical vibration can be magnified.
Since the earthquake induced vertical load is often not significantly large, the vertical
vibration is often ignored in design. However, due to the magnification of vertical
acceleration as well as the above-mentioned large overturning moment, care must be taken
to check the vertical load. In the worst scenario, there can be an uplift force acting on
bearings with many of them not manufactured to take the uplift load (e.g. rubber bearings).

3. Dynamics of seismically isolated MDOF systems

In this section, base isolation is examined from a different perspective, as a second order
mechanical filter of a dynamic system. The working principle of base isolation system is to
increase the dynamic stiffness of acceleration without sacrifice too much “dynamic
stifiness.” Dynamic stiffness is a function of effective period and damping.

3.1 Models of isolation systems

3.1.1 Linear SDOF model

The linear SDOF model is used here to provide a platform to explain the essence of isolation
systems under sinusoidal excitation.

A more detailed base isolation model can be rewritten as

Ma(t)+Cv(t)+ Kyd(t)=—Ma, (t) (3.1)
where a(t) and ag(t) are respectively the relative and ground accelerations. Note that

a, ()=a(t)+a, (1) (3.2)

a()=v(t)=d (1) (3.3)

where the overhead dot and double dot stand for the first and the second derivatives with
respect to time t.

Let the ground displacement dg(t) be sinusoidal with driving frequency wy,
d, (t) =D cos(wt) (3.4)

The ground acceleration is
a, ()=A, cos(ot)=-D, of cos(aw;t) (3.5)

Here, Dy and Ay are respectively the amplitudes of the displacement and acceleration. The
amplitude of steady state responses of the relative displacement D can be written as

2

2
X
D= b = = D,=B,D, (3.6)

R




