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ABSTRACT: Seismic base-isolation has gained significant acceptance in earthquake 

resistant design all over the world. Several studies have established the long-term 

economic benefits of using base isolation as earthquake mitigation technique through 

lifecycle cost analysis. However, selection of design parameters of the isolation system is 

crucial as they essentially influence the structural responses, and consequently the 

economic benefits in the long run. Researchers have recommended optimum parameters 

for the commonly used lead-rubber bearing (LRB) base isolation system. Nevertheless, it 

is understood that the prescribed optimum ranges of the parameters do not necessarily 

minimize the peak floor acceleration and the inter-story drift ratio, which are the primary 

engineering demand parameters (EDPs) for the seismic loss assessment of building, 

simultaneously. Therefore, it is necessary to study the influence of the isolator parameters 

on the seismic response of base-isolated buildings, when reduction in the expected 

financial loss is of concern. Herein, influence of the LRB properties on the expected 

seismic loss of base-isolated building is investigated. The seismic loss assessment 

framework developed by Pacific Earthquake Engineering Research (PEER) centre is used 

to estimate the expected financial loss. The expected financial losses due to earthquake 

damage, with and without considering the pounding at isolation level, are estimated for 

two different seismic hazard levels. It is observed that the characteristic parameters of the 

LRB, e.g. post- to pre-yield stiffness ratio and normalized yield strength, have noticeable 

effects on the peak responses at different floor levels, and consequently on the expected 

seismic loss of the building. 

1 INTRODUCTION 

Use of base isolation technique for seismic protection of structures has gained significant momentum 

in last few decades (Kelly 1986; Buckle & Mayes 1990; Jangid & Datta 1995; Ibrahim 2008). 

Although modern base isolation technology was developed in New Zealand in early 1970 (Skinner et 

al. 1993), its industrial adaptability has not been encouraging due to several reasons (Mayes et al. 

1990a). Till now, base-isolation is used for seismic mitigation of only few strategically important and 

historical structures in New Zealand. However, the technology has been widely accepted and 

implemented in other developed countries, especially in the United States and Japan after the 1995 

Kobe Earthquake (Nakashima et al. 2004). While, the performance of base-isolated buildings is 

reported to be satisfactory during various earthquake events (Nagarajaiah & Xiaohong 2000; 

Buchanan et al. 2011), the goal of earthquake resistant design is now changing towards restricting the 

financial loss. The cost associated with the implementation of this technology for a new building, or 

for retrofitting schemes, and their benefits in the long run were discussed as early as in 1990 by Mayes 

et al. (1990b). Later, several studies were performed to compare the lifecycle cost-benefit of using 

seismic base isolation for buildings over other mitigation techniques (Suwa & Seki 2005; Erduran et 

al. 2011). In all those studies, it was confirmed that base isolation is not only effective to mitigate the 

seismic risk, but it is also an economically viable alternative. 

With development of the seismic loss assessment framework by Pacific Earthquake Engineering 

Research (PEER) centre (Deierlein et al. 2003), and consequently the FEMA P-58 methodology 

(FEMA 2012), the expected seismic loss has become more quantifiable. Recently, several researchers 
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(Terzic et al. 2012, Lashgari 2014) evaluated the financial benefits during the lifetime of base-isolated 

buildings, over the regular (fixed-base) ones, utilizing the FEMA P-58 methodology. From all these 

studies, it is evident that the base-isolated buildings are expected to provide higher financial benefits 

during their lifecycle. However, there exists an uncertainty on the level of benefits due to the building 

uses, structural configurations, seismicity of the area etc. More recently, Cutfield et al. (2016) 

investigated the effect of pounding on the expected seismic loss for base-isolated framed buildings 

using the FEMA P-58 methodology. They observed that pounding decreases the cost benefits 

substantially. Further, they also showed the deaggregation of expected loss for the case study buildings 

with respect to the intensity level. However, the effects of the isolator properties on reduction of the 

seismic loss have not been investigated in earlier studies. 

It is evident from literature that isolation helps to reduce the inter-story drift and floor acceleration 

significantly. However, selection of the isolation parameters at the design stage is crucial as they 

essentially influence the structural responses (Matsagar and Jangid 2004). Therefore, the likely seismic 

loss associated with a base-isolated building is expected to be dependent on the choice of isolation 

parameters. Jangid (2007) presented the optimum yield-strength of the lead-rubber bearings that are 

used for buildings and bridges. Nevertheless, it is understood that the prescribed optimum range of the 

yield strength does not necessarily minimize the peak floor acceleration or inter-story drift, which are 

the primary engineering demand parameters (EDPs) for seismic loss assessment, simultaneously. 

Furthermore, the losses associated with acceleration sensitive and drift sensitive components govern 

the total likely loss at a considered earthquake event. Therefore, investigating the effects of the isolator 

parameters on the likely seismic loss is very important. Herein, the effects of the (i) post- to pre-yield 

stiffness ratio, and (ii) isolator yield strength, on the expected seismic loss are investigated for a 

reinforced concrete case study building. 

2 DESCRIPTION OF CASE STUDY BUILDING 

A reinforced concrete (RC) framed building, used as a design example in the Red Book (Bull & 

Brunsden 1998) is considered for the present work to investigate the effects of isolator parameters on 

the expected seismic loss. This is a 10 story building having four moment resisting frames at the 

perimeter as the lateral load resisting system. Four internal columns are deigned to carry the gravity 

load of the building. The building is considered to be designed as a conventional office building 

supported on pile foundation as per the New Zealand concrete code (NZS3101 1995). However, for 

the present study, the building is considered to be base-isolated using lead-rubber bearing (LRB), a 

commonly used isolation device all around the world. Bradley et al. (2009) explained the theoretical 

development of the seismic loss estimation methodology using this building with the assumption of 

base fixity in their modelling. Plan and elevation views of the building layout are presented in Figure 

1. The building was originally designed for a site in Christchurch. However, it is assumed to be 

situated in Wellington at a site having stiff soil that can be categorised as class A (NZS1170.5 2004). 

The effects of the local soil condition and the soil structure interaction are neglected for the present 

study. The RC members of the superstructure are modelled using beam elements with suitable section 

properties. The nonlinear moment-rotation behaviour of the beam elements are defined using plastic 

hinges at both the ends. For simplicity, it is assumed that the 3D responses of the building can be 

reasonably approximated by analysing a 2D frame, as the structure is symmetrical. The fundamental 

period of vibration of the fixed-base model is computed to be 1.5 sec. To incorporate the base isolation 

system, one LRB is considered at each column location at the ground level. To enhance the 

effectiveness of the isolation system, an additional floor (base mass) is assumed at the ground level 

such that the LRBs are isolating the superstructure from the foundation below the base mass. The 

modelling and design properties of the base isolation system are discussed in the following section. 

2.1 Modelling of isolation system 

The LRB underneath each column is modelled using a link element with bi-linear force-deformation 

behaviour (Naeim & Kelly 1999) as shown in Figure 2. The bi-linear model of the LRB is 

characterized by isolation period (Teff), damping ratio (ξeff), post- to pre-yield stiffness ratio (α), yield 

strength (Fy), yield displacement (q) and the design displacement (D). Typically, the target design 
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isolation period and damping ratio along with α is given, and the other properties are computed in an 

iterative process for a given site condition (ASCE 2013). Here, the target isolation period and damping 

ratio are assumed as 2.5 sec and 0.15, respectively. Based on these assumed values, the design 

displacement is computed as per (ASCE 2013) for the selected site. The pounding at the moat wall is 

modelled using non-linear gap elements. The gap elements are assumed to have zero stiffness until the 

design displacement (gap-open), and 10 times higher stiffness than the total stiffness of the isolation 

systems when the gap closes. It can be noted here that the structural response is sensitive to the 

stiffness of the gap element, and the effect on the overall loss estimation needs further investigation. 

 

Figure 1 - (a) Plan, and (b) elevation of the Red Book building (Bull & Brunsden 1998). 
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Figure 2: (a) Typical cross-section, and (b) bi-linear hysteresis model of LRB. 

 

2.2 Seismic hazard and ground moiton selection for analysis 

The ground motion hazard for a shallow soil site in Wellington is considered based on Stirling et al. 

(2012) in the present study. For any seismic hazard assessment, the selection of intensity measure (IM) 

plays a crucial role. For multi-story framed structure, the spectral acceleration (Sa) at the fundamental 

structural period is reported as an efficient IM parameter in several early works. As the target isolation 

period is 2.5 sec, the spectral acceleration at 2.5 sec (Sa, T = 2.5 sec) is considered as the IM parame-

ter. Herein, the base-isolated building is analysed for two different levels of seismic hazard: (i) 10% 

probability of exceedance in 50 years (i.e. return period of 475 years), and (ii) 2% probability of ex-

ceedance in 50 years (i.e. return period of 2475 years), which are typically considered for the design 

and assessment of base-isolated structures. The spectral acceleration corresponding to the 475 years 

and 2475 years events are reported as 0.2 g and 0.4 g, respectively (Stirling et al. 2012). 

(a) (b) 
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Non-linear time history analyses under a suite of ground motions, scaled over two different hazard 

levels, are carried out to obtain the seismic response of the structure. The record-to-record randomness 

of the earthquake inputs is addressed using a suite of 40 ground motion records having magnitude and 

distance ranges of 6.5-6.9 and 13.3-39.3 km, respectively. The suite was compiled and termed as ‘or-

dinary’ by Medina & Krawinkler (2003). 

2.3 Component inventory of structure 

For a detailed seismic loss estimation, the knowledge about the location and quantity of different 

structural and non-structural components are necessary. The considered component inventory of the 

present building is presented in Table 1 (Bradley et al. 2009). Detailed information regarding the spec-

ifications, fragility, and cost of the various components are obtained from Bradley (2008). 

Table 1. Quantities used in the case study example (Bradley et al. 2009). 

Sl. No. Component Description Quantity 

1 
Ductile beam-column 
joints 

Post 1960s ductile beam column joints (2 
beams) 

24 / floor 

2 Columns 
Gravity columns (and seismic columns 
on first floor) 

20 on 1
st
 floor, 4 on 

all other floors 

3 
Slab-beam-column 
connections 

Connection of slab to seismic frame 24 / floor 

4 Partition Drywall partitions and finish 721 m
2
 / floor 

5 Exterior glazing 1.5 m × 1.8 m standard glass panes 99 panes / floor 

6 Acoustical ceiling 
0.6 m × 1.2 m tiles with aluminium 
frames 

693 tiles / floor 

7 Automatic sprinklers 3.7 m sections of sprinkler piping 23 sections / floor 

8 
Servers and network 
equip 

Typical 
NZ$ 260,000 on 
floors 3, 6 and 10 

9 Computers and printers Typical NZ$ 93,000 / floor 

10 
Bookcases and file 
cabinets 

Typical NZ$ 16,200 / floor 

11 
Roof mounted 
equipment 

Coolers, Air-conditioning etc. 
NZ$ 600,000 on 
roof 

12 Workstation desks Typical NZ$ 21,600 / floor 

13 
Generic acceleration 
sensitive 

Fire protection systems, HVAC, 
Heating/Cooling pumps, Plumbing, 
Toilets 

NZ$ 100,000 / 
floor 

14 Generic drift sensitive 
Vertical piping, Bath tubs, Fire hose 
cabinets, Ducts 

NZ$ 100,000 / 
floor 

3 SEISMIC RESPONSE OF BASE-ISOLATED BUILDING 

The design displacement of the isolation system is computed for the target period and damping as 

0.405 m corresponding to the return period of 2475 years. Therefore, the moat width in the model 

(gap-open) is assumed as 0.405 m. The fundamental period of vibration for the base-isolated building 

is observed as 2.9 sec. The structure is analysed under uni-directional earthquake excitation 

corresponding to the selected 40 ground motions. It is assumed that unidirectional response is capable 

of representing the overall behaviour of the structure due to its symmetry about both the primary axes. 

Nevertheless, for more accurate estimation the effect of bi-directional excitation considering the 

eccentricity is necessary. The mean values of the peak inter-story drift ratio and peak floor 

acceleration under the 40 ground motions are presented in Figure 3 for both the considered hazard 

levels. The mean peak displacement at the isolation level (base displacement) is observed as 0.395 m 
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with standard deviation of 0.173 m corresponding to the return period of 2475 years. Although the 

mean peak base displacement is less than the provided moat, there are several instances when the peak 

base displacement is more than the provided moat width. In such cases, pounding at isolation level is 

inevitable. The effect of the pounding is clearly visible in Figure 3. The peak inter-story drift and peak 

the floor acceleration are observed to be considerably more when the effect of pounding is considered. 

However, the effect of pounding is not observed at the lower hazard level, as the base displacement is 

considerably less than the provided moat width. 
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Figure 3 - Variation in (a) inter-story drift, and (b) floor acceleration over the building height. 

4 ESTIMATION OF EXPECTED SEISMIC LOSS 

The seismic loss assessment framework developed by Pacific Earthquake Engineering Research 

(PEER) centre is used to estimate the expected financial loss due to earthquake induced damage of the 

base-isolated building. For a base-isolated building, as complete collapse is highly unlikely, the 

contribution of collapse to the overall loss is insignificant; therefore, probability of collapse is 

neglected in this study for loss estimation purposes. Detailed loss estimation study is carried out for 

the case study building to investigate the effect of the pounding on the distribution of estimated loss 

over various components and different floor levels. The deaggregration of the estimated loss is 

presented in Figures 4 and 5. As no pounding is expected corresponding to Sa(T = 2.5 sec) = 0.2 g, 

only the deaggregated loss at Sa(T = 2.5 sec) = 0.4 g is presented herein. The total expected loss for the 

case study building is computed as NZ$ 2.95 M when the pounding effect is considered. It is to be 

noted that the total replacement cost and the expected seismic loss at this hazard level corresponding 

to the fixed-base building was reported as NZ$ 14 M and NZ$ 4.2 M, respectively (Bradley et al. 

2009). Therefore, the base isolation effectively reduces the expected seismic loss. It is worth 

mentioning that the loss due to the damage of the isolation systems is not taken into account in the 

present estimation. Nevertheless, it is understood that installation, and post damage replacement (if 

any) of isolation systems would not cost more than (4.2 - 2.95) = NZ$ 1.25 M. 
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Figure 4 - Deaggregation of expected seismic losses (%) at different floor levels due to a 2475 years event: 

(a) without considering pounding effect, and (b) considering pounding. 
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Form Figure 4(b), it is observed that the proportion of expected losses for floors 3, 6, 9 and the roof 

are higher as compared to other floor levels. This is owing to the fact that the peak floor accelerations 

increase significantly due to pounding, especially at roof level. As these floors house mostly high 

value acceleration sensitive components (server, roof-mounted equipment etc.), the expected losses are 

also high. This observation is further clarified from Figure 5. The proportion of loss due to the 

acceleration sensitive components increases significantly due to the pounding (e.g. for server: from 

8% to 12%; for ceiling from 11% to 20%). Therefore, it is very much necessary to suitably design the 

moat width for the building housing acceleration sensitive components. 
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Figure 5 - Deaggregation of expected seismic losses (%) for various components due to a 2475 years event: 

(a) without considering pounding, and (b) considering pounding effect. 

5 EFFECT OF ISOLATOR PARAMETERS ON LOSS ANALYSIS 

Effects of two important characteristic parameters of the LRB, i.e. post- to pre-yield stiffness ratio (α) 

and the normalized yield strength (Fy/W) are investigated. Here, Fy represents the strength of the lead 

core, and W is the total building weight. The parameter α broadly defines the proportion of lead core 

and the rubber layer in a LRB. Therefore, these two parameters are extremely important to attain the 

desired benefits of the LRB corresponding to a design isolation period and damping. Figure 6 shows 

the variation in the expected seismic loss with respect to the different stiffness ratio at different hazard 

levels. The target design period and damping ratio are kept constant as 2.5 sec and 0.15, respectively, 

whereas other parameters are computed using iterations. It is observed that the total expected seismic 

loss decreases with increasing stiffness ratio at both the hazard levels. It is owing to the fact that 

higher stiffness ratio leads to smaller pre-yield stiffness (less diameter of lead core) making the overall 

structure more flexible even under small levels of excitation. This helps the building to attract less 

seismic forces, and consequently that results in reduced structural response. However, the stiffness 

ratio cannot be increased infinitely owing to the isolator’s stability under vertical loading. Moreover, 

the reduction of seismic loss for Sa(T = 2.5 sec) = 0.4 g is considerably less after the stiffness ratio 

reaches 0.1. This is probably due to the fact that as the pre-yield stiffness ratio reduces, the chances of 

pounding increase, which leads to increase in the total expected loss. 
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Figure 6 - Variation in the expected seismic loss with respect to the different stiffness ratio (α) at: 

(a) Sa(T = 2.5 sec) = 0.2 g, and (b) Sa(T = 2.5 sec) = 0.4 g. 
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Figure 7 shows the variation in the expected seismic loss due to the yield strength of the isolation 

system for both the levels of the considered hazard. It is observed that at lower seismic hazard (i.e. 

Sa(T = 2.5 sec) = 0.2 g) the expected seismic loss increases almost linearly with increasing yield 

strength. This is due to the fact that the structure, base-isolated by LRB, behaves linearly in low level 

of excitation (before yielding of the lead core). Therefore, the responses are expected to increase with 

increase in the yield strength. However, the behaviour of the rubber layer dominates the post yield 

response of the structure regardless of the strength of the lead core. For a given isolation period, 

increase in the yield strength increases the damping through yielding of the lead core. Therefore, at 

higher hazard levels, the expected seismic loss decreases asymptotically with increase in the isolator 

yield strength as shown in Figure 7(b). 
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Figure 7 - Variation in the expected seismic loss with respect to different normalized yield strength of 

isolator (Fy/W) at: (a) Sa(T = 2.5 sec) = 0.2 g, and (b) Sa(T = 2.5 sec) = 0.4 g. 

6 CONCLUSIONS 

The effects of two important isolator parameters on the expected seismic loss of a base-isolated 

building are investigated. Two parameters of commonly used LRB considered in the present study are 

post- to pre-yield stiffness ratio, and isolator yield strength. The effects of pounding at the isolation 

level on the deaggregation of the seismic losses at different floor levels and for various components 

are also studied. The major conclusions drawn from the present study are presented below. 

(i) The pounding at isolation level significantly increases the peak floor accelerations, and 

consequently the expected seismic loss. 

(ii) Increasing the post- to pre-yield stiffness ratio decreases the expected seismic loss.  

(iii) Expected seismic loss increases with increasing isolator yield strength at lower levels of the 

excitation. However, at higher hazard level, increasing yield strength decreases the expected 

seismic loss. 
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