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ABSTRACT
This study examines seismic demands imposed on non-structural components within base isolated
structures. Although several previous studies have focussed on the ability of base isolators to limit
structural damage, very few have predicted their influence on the demands imposed on accelerationsensitive non-structural components. Hence, the motivation of this study is to progress towards an
improved design philosophy for non-structural components located within base-isolated structures.
The dynamic response of base-isolated structures is studied using simple two-degree-of-freedom
models that describe the motion of the isolator and the superstructure. Bilinear hysteretic models are
used to represent the behaviour of flat slider and elastomeric bearing isolators, while the
superstructure is assumed to remain elastic. The results of the numerical simulations are used to
relate isolator, superstructure, and ground motion characteristics to the observed floor response
spectra. Special consideration is given to higher mode responses, which can produce significant
demands on non-structural elements. The results will inform a prediction approach that is in
development that aims to be more accurate than current international non-structural design
practices, without compromising on simplicity, thus facilitating its adoption in practical design
applications.
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INTRODUCTION

The objective of this work is to provide a robust empirical basis for a prediction framework that will extend a
method recently developed by the authors to predict elastic floor response spectra of fixed-base structures
(Haymes et al., 2020) by incorporating the influence of the nonlinear base-isolator response. This work is
motivated by focus on improving performance of non-structural components by accurately and easily
predicting seismic demands acting upon them.
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Base isolation can be an effective means to reduce the seismic demands on the superstructure that it may
otherwise experience if it were fixed at the base. Following the damage and disruption of the Canterbury
earthquakes there has been a proliferation of base isolated structures constructed in Christchurch driven by
an increase in the awareness of building owners and tenants of the potential improvement of the seismic
performance that base isolation can offer (Keen et al., 2016). Base isolation concentrates the nonlinear
response of the structural system in the isolators, therefore reducing floor accelerations of the superstructure,
and intuitively reducing the demands on acceleration-sensitive non-structural elements. The frequency
content and amplitude of these demands are altered by the nonlinearity at the base of the structure, however,
resulting in complex dynamic responses of the non-structural components which may be difficult to quantify.
The prediction of seismic demands on non-structural components using nonlinear time history analysis is
complex and requires many engineering judgements that may be difficult to verify in base isolated systems.
Instead, designers may use the peak response of non-structural components based on their vibrational
characteristics given by floor response spectra. These can be directly estimated using modal superposition.
Current approaches for multi-degree-of-freedom (MDOF) fixed base structures (Haymes et al., 2020; Kehoe
& Hachem, 2003; Vukobratović & Fajfar, 2016; Welch & Sullivan, 2017) cannot be applied for base isolated
structures in their current forms. The method by Zuniga-Cuevas & Teran-Gilmore (2013) is limited to cases
where the superstructural stiffness is significantly greater than that of the isolators, and makes no provision
for the influence of higher structural modes which have been observed to be significant (Anajafi et al., 2020;
Calvi & Ruggiero, 2017) particularly as many non-structural components respond with short periods
(Applied Technology Council, 2018).

Superstructure

This work investigates the characteristics of floor acceleration response spectra in base isolated structures by
examining the results of numerical simulations of two-degree-of-freedom (2DOF) lumped mass stick models
with lead plug bearing (LPB) and flat slider bearing (FSB) isolators. Figure 1 illustrates the 2DOF
representation of the MDOF base isolated system. The superstructure is reduced to a single-degree-offreedom (SDOF) with lumped mass 𝑚𝑠𝑡𝑟 and stiffness 𝑘𝑠𝑡𝑟 , attached to the mass at the base, 𝑚𝑖𝑠𝑜 , with the
isolator stiffness, 𝑘𝑖𝑠𝑜 , represented by a bilinear force-displacement backbone curve shown in Figure 1b with
initial stiffness 𝑘𝑖𝑛𝑖𝑡,𝑖𝑠𝑜 , tangent stiffness 𝑘𝑡𝑎𝑛𝑔,𝑖𝑠𝑜 , and secant stiffness 𝑘𝑠𝑒𝑐𝑎𝑛𝑡,𝑖𝑠𝑜 . The framework
developed herein considers the mass ratio, 𝑚𝑖𝑠𝑜 / 𝑚𝑠𝑡𝑟 , which remain constant during an earthquake; and
stiffness ratio, 𝑘𝑖𝑠𝑜 / 𝑘𝑠𝑡𝑟 , which reduces during an earthquake from the initial isolator stiffness to the secant
stiffness. The properties of an eight-storey base isolated structure in Christchurch, New Zealand, are adopted
herein to provide realistic representative values for analysis, derived from the work by Yang et al. (2020).

Base mass
Isolators

(a) 2DOF representation of base isolated system.

(b) Bilinear backbone curve of isolation system

Figure 1: A multi-storey base isolated structure modelled as a two-degree-of-freedom (2DOF) system and
the backbone curve of the isolation system.
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IDEALISATION OF BASE ISOLATION SYSTEM AS 2DOF

The expected modal response of base isolated structures is often characterised using two SDOF systems: a
fixed base SDOF of the superstructure; or a rigid body superstructural response with superstructural and base
masses lumped at the top of the isolators (Kelly, 1990). The latter was adopted in the method by ZunigaCuevas & Teran-Gilmore (2013). A 2DOF representation of base isolated structures may better prescribe the
vibrational behaviours observed in floor response spectra, however. Figure 2 shows the first mode period
computed from these models, 𝑇𝑆𝐷𝑂𝐹 , compared to that computed using a 2DOF representation, 𝑇1,2𝐷𝑂𝐹 , for a
range of ratios of the stiffnesses and masses of the isolators to superstructure. The stiffness and mass ratios
for the case study structure are indicated where the vertical orange (LPB) and purple (FSB) lines intersect the
green curve. The SDOF systems only provide accurate estimates when the isolator stiffness is either far
greater or smaller than that of the superstructure. In consequence the lead-plug bearing, with a similar
stiffness to the superstructure, is poorly represented by both SDOF models. This result supports the
consideration of the full 2DOF system and mass and stiffness ratios for characterisation of the modal
responses that influence floor response spectra.

(a) SDOF, fixed base.

(b) SDOF, mass lumped above isolators.

Figure 2: First mode period of SDOF models of the isolated structure compared to that computed using the
corresponding 2DOF representation for a range of ratios of the isolation to superstructural stiffnesses and
masses. The case-study stiffness and mass ratios (𝑚𝑟𝑎𝑡𝑖𝑜 = 0.46) are indicated.

(a) Absolute mode shapes.

(b) Modal periods.

Figure 3: Mode shapes and modal periods for a range of ratios of the isolation to superstructural stiffnesses
with for the case study where the base mass is equal to 0.46 of the superstructural mass. The stiffness ratios
associated with the initial and tangent isolator stiffnesses are indicated.
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Prediction of floor response spectra using modal superposition requires the mode shapes and periods of the
structure supporting the non-structural component. Figure 3 shows the absolute values of the first and second
mode shapes (a) and periods (b) using the case-study masses and the ratio of the stiffness of the initial and
tangent post-yield stiffnesses of the isolators to the superstructural stiffness as upper and lower bounds of
modal responses. In Figure 3b the modal periods are normalised by the first mode period of the highest
stiffness ratio, for which the 2DOF is essentially a fixed base structure as in Figure 2a. Figure 3 shows that at
a very high stiffness ratio, the superstructure responds as if it is fixed base in the first mode, with the base
mass oscillating with a very short period in the second mode and the superstructural mass remaining
stationary. As the stiffness ratio decreases, the superstructural response increases to a peak value in both
modes and the response of the base mass shifts from the second mode to the first. The periods of both modes
elongate. At the very low stiffness ratios, the first mode acts as a rigid body, as in the lumped SDOF, with an
ever elongating period. In the second mode the response of both masses tends to zero and the period plateaus.
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FLOOR ACCELERATION RESPONSE SPECTRA

Nonlinear time-history analyses using 2DOF models of the case-study structure were conducted using
OpenSees (McKenna Fenves et al., 2000). The lead plug bearing isolators were modelled using the
“elastomericBearingPlasticity” element (Schellenberg, 2016) and the flat slider bearings were modelled
using the “flatSliderBearing” element (Schellenberg, 2014).
The periods of the two modes on the 2DOF models were computed using eigenvalue analysis adopting the
initial and tangent post-yield isolator stiffnesses and are given in Table 1. Secant periods were similarly
computed using the secant isolator stiffnesses, given as the maximum base shear and isolator displacements.
The time history analyses were conducted to achieve four target displacements, and therefore secant first
mode periods, using 20 ground motions corresponding to a hazard with return period of approximately one in
2475 years (Yeow et al. 2018). The mode shapes using initial, tangent, and secant isolator stiffnesses are
given in Figure 4. The median acceleration response spectra for each suite of 20 motions at each intensity
corresponding to a target period, computed at the ground level, the isolator mass, and the superstructural
mass for the lead plug bearing and flat slider bearing isolators are shown in Figures 5 and 6, respectively.
Table 1: 2DOF modal periods computed using initial and tangent post-yield stiffnesses of the lead plug
bearing and flat slider bearing isolators.

Lead rubber bearing
Flat slider bearing

𝑻𝟏,𝒊𝒏𝒊𝒕𝒊𝒂𝒍
1.20 s
0.61 s

(a) Lead plug bearing isolation system.

𝑻𝟏,𝒕𝒂𝒏𝒈𝒆𝒏𝒕
3.03 s
233 s

𝑻𝟐,𝒊𝒏𝒊𝒕𝒊𝒂𝒍
0.31 s
0.04 s

𝑻𝟐,𝒕𝒂𝒏𝒈𝒆𝒏𝒕
0.34 s
0.34 s

(b) Flat slider bearing isolation system.

Figure 4: Mode shapes computed using 2DOF models with the isolator adopting the initial, target, and
tangent stiffnesses for the lead plug and flat slider bearing isolation systems.
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(a) Superstructural level.

(b) Base mass level.

(c) Ground.
Figure 5: Median floor acceleration response spectra computed from 20 records at 4 target displacements
using time-history analyses of the 2DOF system with lead plug bearing isolators.
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(a) Superstructural level.

(b) Base mass level.

(c) Ground.
Figure 6: Median floor acceleration response spectra computed from 20 records at 4 target displacements
using time-history analyses of the 2DOF system with flat slider bearing isolators.
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DISCUSSION

The first period computed through eigenvalue analysis of the 2DOF system using the secant stiffness of the
isolators appears to be a good measure from which to characterise inelastic response. Increasing peak isolator
displacement corresponds to reduction of the amplification of the ground motion observed in both the
superstructural and base masses in both Figures 5 and 6. At non-structural periods greater than the secant
first mode period, however, the ground motion appears to be transmitted directly to the floors unaltered.
There are distinct amplification peaks at the initial modal periods that are distributed between the masses as
expected by the corresponding mode shapes that are shown in Figure 4. This is most pronounced in the flat
slider bearing spectra where amplification is observed in the initial first mode at the superstructural mass and
not the base mass, whereas only the base mass amplifies the accelerations in the initial second mode. This
amplification is lower than that predicted using the elastic provisions in Haymes et al. (2020), suggesting that
prediction provisions could include reduction factors tuned to each mode and isolator backbone curve.
The amplification of the spectral ordinates between the initial and secant first periods also appear to follow
the rigid body shape as inelasticity increases, as both base and superstructural levels exhibit similar
accelerations. The plateau of demands in this region does not extend as far as the secant period. This may be
due to the isolator only displacing to this maximum once which does not allow the non-structural
components with these periods to resonate with this degree of inelastic response over multiple cycles. The
secant first mode period may act as an upper bound for prediction provisions.
Figure 3b shows that the period of the second mode approaches a near constant value with a decreasing
stiffness ratio of the isolation to superstructural stiffnesses. This corresponds to the relatively minor
elongation from the the initial to the tangent second modal periods in the lead plug bearing spectra in Figure
5, and the greater elongation of the periods in the flat slider bearing spectra in Figure 6. There is significant
amplification observed near the second mode periods computed using the tangent post-yield isolator
stiffnesses in both Figures 5 and 6 at most inelastic target displacements. This may support simply using the
tangent second mode period for prediction provisions. This amplification is not anticipated by the
corresponding mode shapes, shown in Figure 4, which tend to zero as the peak isolator displacement
increases. This is driven by the modal participation factor approaching zero.

5

CONCLUSIONS

The dynamic response of base-isolated structures was studied using simple two-degree-of-freedom models.
Bilinear hysteretic models representative of the behaviour of flat slider and lead plug bearing isolators were
adopted and time-history analyses were conducted with a suite of 20 ground motions scaled to produce target
isolator maximum displacements. Modal properties were examined for a range of stiffnesses and masses of
the superstructure and isolators and related to observations of floor acceleration response spectra.
The mode shapes and periods of the first and second modes computed using eigenvalue analysis of the 2DOF
system with initial and inelastic base isolator stiffnesses were observed to directly correspond to
amplifications of the floor response spectra.
These results will inform a prediction approach that is in development that aims to be more accurate than
current international non-structural design practices, without compromising on simplicity, thus facilitating its
adoption in practical design applications.
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