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ABSTRACT: In this study, we present a capacity spectrum method for the design of
seismically isolated structures using lead rubber bearings or other types of isolators with
bi-linear hysteresis loops.  The capacity spectra are very useful for visual selection of
optimal isolation parameters and eliminate the use of an equivalent linear-elastic
substitute structure.  The responses of seismically isolated structures subjected to near-
source ground motions with either a large forward-directivity pulse or a fault-fling pulse
are presented.  Our analyses suggest that seismic isolation can be used to protect
structures subjected to any near-source ground motions that are available to us, with
acceptable levels of base shear coefficient and isolator displacement, except for one
component of the TCU 068 record from the 1999 Chichi Taiwan earthquake that
contained a large permanent displacement of nearly 10 m.  Some strategy in the design of
seismically isolated structures using lead rubber bearings will be discussed.

1 INTRODUCTION

Seismic isolation has been used to protect structures from severe earthquake attack in many countries
and is well accepted as an effective means to enable continuous use of the structure during and
immediately after severe ground shaking.

In current design practices for seismically isolated structures, an equivalent linear elastic structure with
an effective period and an equivalent viscous damping ratio accounting for energy dissipation due to
inelastic deformation of isolators is usually used for preliminary design.  Subsequent time-domain
nonlinear modelling for some types of seismically isolated structures is required, while such an
analysis is not required for the other seismically isolated structures (AASHTO 1991 and 1999).

In the light of large displacement demands of near-source records from the 1992 Landers earthquake,
the 1994 Northridge earthquake and the 1995 Kobe earthquake, the performance of seismically
isolated structures under the excitation of near-source ground motions (Hall et al 1995) has been
examined.  The near-source records from the 1999 Izmit Turkey and the 1999 Chichi Taiwan
earthquake show very large displacement demands at long periods due to the fault-fling effect
(Abrahamson 2001), while the displacement demand in the short and intermediate periods is relatively
moderate.  These observations further question the appropriateness of seismic isolation.

In this study we will present a capacity spectrum formulation for the design of seismically isolated
structures as an excellent design tool, eliminating the need for an equivalent linear-elastic substitute
structure.  The capacity spectra are presented for a lead rubber bearing or other isolation system with a
post-yield stiffness ratio of about 10 %.  We also present the capacity spectra for near-source records
with either a forward-directivity pulse or a fault-fling pulse in order to discuss the appropriateness of
seismic isolation, and the response of seismically isolated structures, to near-source records.

2 CAPACITY SPECTRA FOR BI-LINEAR MODEL FOR SEISMIC ISOLATION SYSTEM

For a single degree of freedom (SDF) structure with a mass, m, a damping coefficient, c, under
excitation of ground acceleration, üg, the displacement x relative to the ground can be solved from
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where F(x) is the force developed in the structure, this being the force developed in the isolator for the
case of seismically isolated structures.  For a given bi-linear model used in the design of a seismic
isolation system, three parameters, initial elastic stiffness, Ke, post-yield stiffness, Ky and α = Qc/W,
where Qc is the characteristic strength (the force at zero displacement in a hysteresis loop) and W is the
weight of the structure, can be used to define a bilinear model.  The ratio of post-yield stiffness and
initial stiffness β = Ky/Ke varies within a small range, 0.08-0.12 for lead rubber bearings (LRBs).

When the peak displacement, D, of a bilinear model is larger than the yield displacement, Dy, the
lateral shear force, F, effective stiffness, Keff, (secant stiffness) at peak displacement and a
displacement index γ for a bilinear system can be calculated from:

)2()2()2(/)2( dK
QDcD

DbDQKKaDKQF
y

c
N

N
cyeffyc ==+=+= γ

The effective period, Teff, post yield period, Ty, and peak acceleration of the structure SA for an SDF
isolation system with a bi-linear hysteresis behaviour are related by:
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When viscous damping is neglected, Equation (3c) is accurate.  Equation (3c) is the relationship
between the pseudo-acceleration and peak displacement denoted by SD (i.e., spectral displacement at
effective period, Teff, instead of D).  When viscous damping is not zero, Equation (3c) is approximate.
For an LRB isolation system, the post-yield stiffness is about 10 % of the initial stiffness, and
Equation (3c) is reasonably accurate for a constant viscous damping coefficient if the damping ratio is
5 %.  Following Zhao and Zhang (2004), when the damping coefficient in Equation 1 is calculated by
c = 2ξmωT, where ωT is calculated from the tangent stiffness of the isolator and ξ is the viscous
damping ratio, the accuracy of Equation (3c) is greatly improved for ξ = 5 % (see Figure 1 and the
comments at the end of this section).  For all the results presented in this study, a tangent stiffness
dependent damping coefficient is used.

The equivalent damping ratio for a bi-linear system at a displacement SD can be defined as:
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For a given damping ratio, two real values of γ can be obtained:
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The initial elastic period Te and the post yield period Ty can be calculated from:
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For a seismic isolation system, the UBC 1997 code and the AASHTO 1991 and 1999 codes require the
system to provide enough restoring force so that the permanent displacement after a design ground
motion earthquake is not too large to accommodate the displacement required by any possible
aftershock.  If this condition is not satisfied, the UBC 1997 code requires the maximum design
displacement to be at least three times the displacement computed from the design ground motion. The
restoring force requirement is given in the form of Equation (7a) and the equivalent requirement is
given in Equations (7b) and (7c):
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where F is the base shear as a function of peak displacement Dmax and η = 0.025 is specified in the
UBC 1997 code.  By using displacement index, γ, the base shear coefficient, the equivalent damping
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ratios and the restoring force requirement can be conveniently displayed on a single plot which
provides an excellent means for visual selection.

Using a substituted elastic structure in a design process, pseudo-acceleration is also used.  Figure 1a
shows the error of using pseudo-accelerations to represent the total accelerations of an SDF structure.
Figure 1(a) shows the relative error (the difference between total and pseudo-acceleration divided by
that total acceleration) for the TCU 068 record (EW component) from the 1999 Chichi Taiwan
earthquake.  At long periods for a damping ratio of 30 % (such as a seismically isolated structure
would have) the relative error is up to 25 %.  In additional to the errors associated with the pseudo-
acceleration assumption, using an equivalent linear elastic structure to model a bi-linear system
introduces further errors to the estimates of structural response.  For a bi-linear system, energy
dissipation is from the inelastic deformation, and the viscous damping ratio accounting for any
additional energy dissipation should be small (for example, 5 %).  The error from the pseudo-spectrum
assumption for β = 0.1 with a viscous damping ratio of 5 % (damping coefficient dependent on the
tangent stiffness) is small, up to 8 % for the TCU 068 record (Figure 1b).  The error only rapidly
increases from 1 % to over 3 % when the isolator displacement amplitude is of a similar order to the
yield displacement, which is very unlikely to occur in response to typical design ground motions.

3 AN EXAMPLE OF CAPACITY SPECTRA FOR THE 1940 EL CENTRO GROUND
MOTION (N-S COMPONENT)

The purpose of the present study is improve the design of LRB seismic isolation systems and so we
limit our scope to β = 0.1 which is valid for a large number of LRB types. We select a value of α and
then calculate the response of the bi-linear system for each selected effective period.  Iterations are
required to obtain the response at targeted values of α and Teff by changing the post yield period Ty.

The results can be displayed in two plots.  Figure 2a shows the capacity spectra where total
accelerations calculated from the time domain analyses are presented.  The straight thin lines labelled
with effective periods were calculated from Equation (3c).  The distances from the solid lines to the
corresponding thin lines represent the error of Equation (3c), and the small deviations of these two
lines for each period suggest acceptable accuracy of the pseudo-acceleration assumption.  Figure 2a
clearly shows that the best isolation system for this record in terms of minimum acceleration or base
shear is an LRB system with α = 0.03 and an effective isolation period of 3-4s (for a real structure
α = 0.05-0.07 would be used so as to resist wind load).  Figure 2a is particularly useful for selecting an
optimal combination at a region where the amplitudes of spectral acceleration and isolator
displacement are acceptable, provided that these parameters satisfy all the other relevant code
requirements.

The second plot, Figure 2b, shows the spectral acceleration as a function of displacement index γ
together with effective period, equivalent viscous damping ratios (at the top of the plot) and restoring
force requirement from the UBC 1997 code (η = 0.025).  The thin lines labelled with α values are
from Equation (3c).  These lines are straight lines when plotted with linear scales (the intercept of
these lines with the vertical axis for spectral accelerations at γ = 0 equals α in linear scales).  Note that
the equivalent damping ratio is not used in the calculation of nonlinear response. The broken lines
labelled with values for η are the code requirement for restoring forces and the region of the capacity
design spectra above the these lines satisfies the requirement with η being equal to 0.015, 0.02 and
0.025.  The relatively small displacement demand for this record means that few cost-effective
isolation systems are able to satisfy the restoring force requirement of the UBC 1997 code (η = 0.025).
For ground motions with large displacement demands, the restoring force requirement of the UBC
1997 code is often automatically satisfied.

A minimum base shear coefficient does not always lead to selection of an optimal seismic isolation
system, as the reduction of floor acceleration is often the main reason for using seismic isolation.
Skinner et al (1993) demonstrated an increase in floor accelerations for high-frequency modes with
increasing nonlinearity factor NL=π ξeff /2.  The increase was large when the elastic period of an
isolation system was less than about 1.8 times the un-isolated period (Section 4.3.5).  Naeim and Kelly
(1999) demonstrated that floor accelerations and inter-storey drifts increase with increasing damping
ratio after an optimal damping ratio was exceeded (Section 2.3).  For LRB isolation systems, these
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effects are moderate, but can be severe for a system using friction devices.

4 CAPACITY SPECTRA FOR NEAR-SOURCE GROUND MOTIONS

For near-source ground motions, the response of seismically isolated structures has been subjected to
some debate (Hall et al 1995).  We present capacity spectra of near-source ground motions to gain
some insight into the design of this type of structure.

For a near-source ground motion, forward directivity often results in a large velocity pulse in the fault-
normal direction (Somerville et al 1997) and these pulses usually result in an excessively large
displacement demand for long-period structures.  The period of the velocity pulse, or the spectral
period of the peak of the velocity spectra in the fault-normal direction, increase with increasing
earthquake magnitude.  For the fault-parallel direction, this kind of pulse does not usually occur.  We
present the capacity spectra for the near-source ground motions in the fault-normal direction as this
component controls the design of an isolation system.

Figure 3 presents the capacity design spectra for the fault-normal components of two records from
strike-slip events.  For the Lucerne record from the 1992 Landers earthquake with MW = 7.2 and a
source distance of 1.5 km (Figure 3A), an LRB system with α = 0.11 and an effective period of about
4 s would lead to a spectral acceleration of 0.15 g and an isolator displacement of 550 mm.  If a
spectral acceleration of 0.2 g is allowed, an isolator displacement of 250-300 mm is required for an
isolation system with α = 0.11 and Teff about 2.5 s.  Figure 3b shows the capacity spectra of the fault-
normal component of the Kobe University record from the 1995 Kobe earthquake (Mw=6.9, source
distance of 0.9 km, rock site) with a peak ground acceleration of 0.33 g and a forward-directivity
velocity pulse (Somerville et al 1997) in the fault-normal direction.  For this record, a seismic isolation
system with α = 0.03-0.07 and an effective period of about 3 s would reduce the spectral acceleration
to 0.05-0.1g and the isolator displacement to 200-250 mm.

Figure 4 shows the capacity spectra for the fault-normal component of two near-source records from
the 1994 Northridge earthquake (MW = 6.69, reverse faulting mechanism).  The record obtained at
Sylmar County Hospital Parking Lot (at a source distance of 7.2 km) has a large displacement demand
at about a 2-3s spectral period in the fault-normal direction (Figure 4a).  Beyond 2.5 s periods, the
displacement demand reduces quickly with increasing period.  An isolation system with α = 0.07-0.09
and Teff=3.5-4 s leads to a spectral acceleration under 0.15 g and an isolator displacement of 420 mm.
Figure 4b shows the capacity spectra for the Rinaldi (source distance = 6.3 km) records for the fault-
normal component.  The base shear coefficient decreases rapidly with increasing period up to 2.5 s and
gradually with rapid increasing isolator displacement for effective periods beyond 3 s. An isolation
system with α = 0.09-0.13, and Teff=3.0 s results in a spectral acceleration of 0.2 g and peak isolator
displacement of 375-430 mm and 0.1 g for an isolator displacement of 600 mm.

Many near-source records were obtained from the 1999 Chichi Taiwan earthquake (MW  = 7.6).  Those
from the northern part of the surface rupture were characterised by very large permanent
displacements (fault-fling, Abrahamson 2001) and large velocity pulses.  For some records, the ground
motions at short and intermediate periods were not very large for such a large magnitude event.  We
processed the EW and NS components according to the baseline correction method of Boore (2001)
and then we rotated the components to a direction such that the permanent displacement of one
component was nearly zero.  This component is referred to as the minimum-fling component.  The
component in the other perpendicular direction is referred as the maximum-fling component.

Figure 5a shows the capacity spectra of the maximum-fling component of the TCU052 record with a
peak ground acceleration of 0.79 g and over 7 m permanent displacement in the north-west direction.
For α = 0.03-0.25, the spectral acceleration for this record is much larger than 1 g for spectral periods
in a range of 1.2-1.8 s, and decreases rapidly with increasing effective period in a range of 2-3.5 s.  For
effective periods beyond 4 s spectral accelerations are between 0.2 and 0.4 g.  The spectral
displacement is over 5 m for α = 0.03 at the long period end.  An optimal seismic isolation system in
terms of minimum isolator displacement for this component would have α = 0.13, an effective period
about 3.5 s with an isolator displacement about 740 mm and a spectral acceleration of 0.26 g.  The
same isolation system would have a spectral acceleration 0.2 g and an isolator displacement about
550 mm for the minimum component of the record (not shown here).
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Figure 5b shows the capacity spectra for the maximum-fling component of the TCU068 record.  This
site is at the northern end of the surface rupture trace and the permanent displacement is over 9 m in
the north-west direction.  The peak ground acceleration is 0.67 g for the maximum-fling component
and 0.6 g for the minimum-fling component.  The extremely large displacement demand of this
component is evident - between 5 m and 9 m at an 8 s effective period.   The optimal isolation system
for this record would have α = 0.25 (further increase in α leads to increasing both spectral acceleration
and isolator displacement) and an effective period of 4 s.  The spectral accelerations would be 0.33 g
with an isolator displacement of 1300 m.  This system would have a spectral acceleration about 0.2 g
and an isolator displacement about 700 mm in the minimum-fling direction (not shown here).

5 DISCUSSION OF EFFECTS OF NEAR-SOURCE RECORDS FROM DIFFERENT
TYPE OF EARTHQUAKES AND POSSIBLE DESIGN SOLUTIONS

The optimal values of design parameters (α and Teff) vary considerably between different earthquake
records and they are not related to either earthquake magnitude or other source parameters in a simple
manner.  It appears that for near-source records with forward-directivity pulses, values of α = 0.09-
0.13 and Teff = 3-3.5 s lead to acceptable levels of isolator displacement (about 500 mm) and spectral
acceleration (about 0.2 g or less).  For records with large fault-fling pulses, large values for α and Teff
would be required in order to achieve feasible isolator displacements.

For the design of seismically isolated structures, the design would follow smoothed 5 % damped
design spectra which account for effects of forward-directivity pulse or fault-fling pulse.  In such a
case, capacity design spectra, presented for a number of values for α and Teff, can be developed in a
similar way to that proposed by Zhao and Zhang (2004) for conventional structures.

Figure 6 compares the capacity spectra for the isolation systems selected for five near-source records
having either forward-directivity pulses or large fault-fling pulses, together with the inelastic capacity
spectra for a ductility ratio of 10 (β = 2.5 %, Zhao and Zhang 2004).  For the Lucerne record, the
reduction of spectral acceleration from an un-isolated structure with an effective period of about 0.9 s
by seismic isolation is moderate, from 0.25 g to 0.15 g with an isolator displacement about 400 mm
(Figure 6a).  However, at the short period end, the reduction of spectral acceleration by seismic
isolation is considerable - by a factor over 2.7.  For a structure with a global ductility ratio of 10,
severe damage to the structure or collapse of the structure would occur, while the same structure with
seismic isolation would respond essentially elastically.  The isolation system for the Rinaldi record
from the 1994 Northridge earthquake reduces spectral acceleration by a factor of 5.5 from 0.81 g for
an un-isolated structure with a ductility ratio of 10 to less than 0.2 g.  For the Sylmar record, an
isolation system would reduce the spectral accelerations over 0.6 g for structures with effective
periods less than 0.9 s (elastic period of 0.32 s) to about 0.15 g for an isolator displacement of about
400 mm.

Figure 6b shows the capacity spectra for the maximum-fling components of TCU 052 and TCU 068
records.  For the TCU 052 record, the reduction of spectral acceleration of the un-isolated structure is
significant - from 0.7 g to 0.2-0.25 g (note the period shift effect) with an isolator displacement 700-
800 mm.  For the TCU 068 record, the acceleration for the seismically isolated structure is only
marginally reduced from that of the un-isolated structure with a global ductility of 10 and an effective
period (un-isolated) less than 3 s - a similar feature to that for the Lucerne record.  However, the large
displacement of the isolator (1300 mm) will produce a base shear coefficient of 0.33 which may still
prevent a carefully designed upper structure from developing excessive inelastic deformation, though
seismic isolation appears not to be an effective approach for protecting a structure from this kind of
ground shaking.

Capacity spectra of near-source ground motions that are available to us have been calculated and the
maximum-fling component of the TCU 068 record was the only ground motion for which seismic
isolation was not effective at a feasible isolator displacement.

LRBs as large as 950 x 950 mm were used in New Zealand with a design displacement of about
590 mm (John Zhao 2002, unpublished LRB design for the Rankine-Brown building, Victoria
University, Wellington, New Zealand).  Similar size or slightly larger bearings can be used to protect
structures from near-source ground motions similar to those of Lucerne, Rinaldi, Sylmar and TCU 052
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records.  The large displacement demands from near-source ground motions will require large LRBs
(with lateral dimensions over 1000 mm) leading to a high cost for the isolation system.  However, for
a carefully selected structural configuration and isolator design, the overall cost may not be excessive.
One possible option is to design the upper structure in such a way that each LRB carries at least 10
MN vertical load so that the LRB lateral dimensions and rubber height will simultaneously satisfy the
maximum rubber shear strain due to lateral displacement and the stability requirements from relevant
design codes, such as the UBC 1997 code.  The total cost of LRBs will be similar to that of an
isolation system designed for other types of ground motions when a smaller vertical load is carried by
each LRB.  For example, for a given building weight, the cost for an LRB isolation system designed to
have an isolator displacement of 590 mm and vertical load of 10 MN per bearing is very similar to a
LRB system having an isolator displacement of 450 mm if 5 MN vertical load per bearing is used.  For
an LRB system having an effective period of 3.8 s and a lateral displacement of 600 mm, the cost of
LRBs with a vertical load of 4.5 MN for each bearing is about 2.5 times the cost of an alternative
design with a vertical load of 10 MN per bearing (John Zhao 2003, unpublished LRB design for a
building in Wellington).  The small vertical load requires a large bearing height in order to obtain a
desirable effective period.  The stability requirement controls the lateral dimensions of LRBs while the
maximum shear strain developed in rubber is much less than the rubber deformation capacity allowed
by relevant design codes.

The effectiveness of seismic isolation for a structure subjected to the maximum-fling component of the
TCU 068 record is reduced because of the apparent inability to reduce the base shear coefficient (note
that spectral acceleration does not decrease with increasing isolator displacement, Figure 6b).  The
conventional structure with an elastic period less than 1 s (i.e., a less than 2 s effective period) may
respond reasonably well to this record judged by spectral displacement demand at short and
intermediate periods. The design of seismically isolated and conventional long period structures to
resist similar types of ground motion is still an engineering challenge and it appears that seismic
isolation may not be the best approach for this particular type of ground motion.
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Figure 1  Relative errors associated with pseudo-acceleration assumption, (a) errors for elastic single-degree-
freedom structure, and (b) error for a bi-linear structure with 5 % viscous damping ratio and tangent stiffness
dependent damping coefficient (Equation 1). Note that the sudden increase of error in (b) is at a small isolator
displacement that is unlikely to be used in real structures.

Figure 2  Capacity spectra for the NS component of the 1940 El Centro record, (a) capacity spectra, and (b)
combined plot for spectral accelerations, equivalent damping ratios, and characteristic strength as functions of
displacement index.

Figure 3  Capacity spectra for fault-normal components of records from strike-slip faults with forward-directivity
pulses, (a) Lucerne record from the 1992 Landers event, and (b) Kobe University record from the 1995 Kobe
earthquake.
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Figure 4  Capacity spectra for fault-normal components of records with forward-directivity pulses from the 1994
Northridge event with reverse faulting mechanism, (a) Sylmar County Hospital Parking Lot, and (b) Rinaldi
station.

Figure 5  Capacity spectra for the maximum-fling components of records with large fault-fling pulses from the
1999 Chichi, Taiwan earthquake, (a) TCU 052, (b) TCU 068.  Note that spectral acceleration of the TCU 068
record actually increases with increasing effective period and displacement for α=0.19-0.25.

Figure 6  Comparison of responses for seismically isolated structures and conventional structures under
excitation of near-source records, (a) fault-normal component with forward-directivity effects, (b) maximum-
fling components of TCU 052 and TCU 068 records.
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