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Abstract: Seismic base isolation performs well in protecting the drift- and acceleration-sensitive elements in buildings, 

while its effectiveness in reducing the velocity response and thus protecting velocity-sensitive elements remains unclear. 

Through laboratory tests and numerical simulations, this paper shows that base isolation does not adequately control the 

floor velocity to the same level as the drift and acceleration, particularly on lower floors and under pulse-like ground 

motions with rich long-period contents. This limitation is attributed to the frequency-insensitive velocity spectra of the 

ground motions and the significant difference in the mode shapes between base-isolated and fixed-base buildings. This 

limitation is demonstrated by comparing the loss ratios of rocking-dominated freestanding contents due to overturning 

in base-isolated buildings and their fixed-base counterparts. By assuming a uniform distribution of randomly generated 

freestanding contents and adopting different overturning fragility models, the results show that the base isolation may 

be ineffective in reducing the loss ratio of rocking-dominated contents in a building and may even adversely increase 

the loss ratio, especially for large objects, and when low- and moderate-seismic intensities are concerned. 

Keywords: seismic isolation, long-period ground motion, overturning, floor velocity, loss assessment, 

vulnerability. 

1 INTRODUCTION 

Nonstructural elements refer to the components that are not part of the structural system. They are typically 

categorized as architectural components, equipment (mechanical, electrical, plumbing, MEP), and contents [1]. 

They often account for 80 to 90% of the total cost of a building [2], are usually more vulnerable than structural 

elements under earthquakes [3], and their damage may greatly impair the functionality of modern buildings [4]. 

Seismic base isolation is an effective approach to protecting both the superstructure and the various types of 

nonstructural elements in buildings from earthquake shaking. It has received fast-growing applications in public 

and residential buildings after major earthquakes, such as the 1994 Northridge earthquake in the US [5,6], the 1995 

Kobe earthquake in Japan [7], and the 2008 Wenchuan earthquake in China [8]. Its superior performance has been 

demonstrated in recent earthquakes. For example, a base-isolated hospital successfully survived the M7.3 main 

shock in the 2016 Kumamoto earthquake sequences in Japan, without substantial damage or functional disruption 

after experiencing a record-high drift in the isolator of 0.46 m [9]. In the 2022 M6.8 Luding earthquake in China, 

two base-isolated buildings near the epicenter sustained more than 0.2 m drift in their isolators while the 

nonstructural damage in the superstructure was negligible [10]. 

Despite the generally satisfying performance of base isolation in past earthquakes, lab tests have suggested 

specific potential risks for nonstructural elements in base-isolated buildings, especially for unanchored 

freestanding contents. Following the pioneering experimental work by Kaneko and Tamura [11] on freestanding 

rectangular rigid objects in a multistory base-isolated building in the 1990s, a full-scale base-isolated four-story 
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building full of medical equipment and furniture was subjected to various earthquake ground motions on the 

world’s largest shake table at E-Defense in 2008 and 2009 [12-14]. The results demonstrated that base isolation was 

effective in protecting nonstructural components against near-fault ground motions, but the effectiveness was 

compromised by the excessive sliding of many unsecured medical appliances during long-period and long-

duration ground motions. Correspondingly, the peak floor velocity (PFV) of the base-isolated building reached 

almost twice as large as the PFV in the fixed-base building under the long-period Sannomaru excitation. Another 

full-scale shake table test on a five-story base-isolated building equipped with a variety of nonstructural 

components was conducted at the University of California at San Diego (UCSD) in 2012 [15,16]. Although it showed 

that the nonstructural damage could be significantly reduced by base isolation, the test also observed amplified 

floor velocity responses with long-period ground motions. The PFV on the 2nd floor of the isolated building was 

0.41 m/s, larger than the 0.38 m/s PFV on the 2nd floor of the fixed-base building under the Pisco Ica excitation. 

Despite a large amount of research on the seismic behavior of isolated buildings in the literature [17], there lacks a 

systematic investigation into such effects of base isolation on the floor velocity responses of buildings. 

The amplified floor velocity responses may expose freestanding contents to the higher seismic risk associated 

with excessive sliding and/or overturning. A case study on an outpatient building in a Chinese hospital showed 

that freestanding contents (medical equipment and cabinets) that are sensitive to floor velocity constitute 

approximately 20% of the contents and approximately 6% of the nonstructural inventory in terms of economic 

cost [18]. Although only a small fraction, their damage may comprise the seismic performance of the building from 

the resilience point of view [19-21]. On the excessive sliding, Konstantinidis and his colleagues [22,23] concluded 

from their numerical results of an isolated two-degree-of-freedom system that the peak sliding responses of 

freestanding contents in a building could be amplified by base isolation under certain circumstances. To the 

authors’ knowledge, however, there is yet no study devoted to evaluating the loss associated with the overturning 

of freestanding contents in base-isolated buildings. 

In this paper, we investigated the amplification of floor velocity responses in base-isolated buildings in 

comparison to that in fixed-base counterparts, its cause, and its effects on the vulnerability of rocking-dominated 

contents. Parametric analyses based on an adequate numerical model were performed to illustrate the limitation 

of conventional base isolation in reducing floor velocity responses. The numerical models were carefully 

calibrated by uniaxial shake table tests on small-scale models of base-isolated models and fixed-base counterparts. 

We then assessed the seismic loss due to the overturned contents by incorporating different fragility models and 

assumed content distributions. The losses in base-isolated and fixed-base buildings were compared. The effects 

of the structural vibration periods and isolator damping on content loss were also investigated. 

2 PARAMETRIC ANALYSIS BY NUMERICAL SIMULATION 

2.1 Numerical models 

Two 3-story structural models, a fixed-base (FB) model and a base-isolated (BI) counterpart, were taken as 

examples to investigate the floor velocity response characteristics of base-isolated systems. The FB model was 

assumed to have a fundamental period of Tf =0.5s, which is within the practical range of 0.42 to 0.53s for a 3-

story steel frame having a uniform story height of 3 to 4 m as per ASCE/SEI 7-16 [24]. The FB model was idealized 

as a standard multi-degree-of-freedom lumped mass system of uniform mass and stiffness in OpenSees [25] (Fig. 

1). Rayleigh damping was employed in the FB model. The Rayleigh coefficients were determined by assuming a 

2% damping ratio for the 1st and the 3rd modes. 

The BI model was the same as the FB model except for an isolator at the bottom. The base mat was vertically 

supported and horizontally connected to the ground through an isolator. Following the suggestion by Ref [26], 2% 

stiffness-proportional damping based on the second modal of the BI model was specified for the superstructure. 
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The isolator was modeled by a spring of stiffness Ki and a dashpot of damping coefficient Ci [Fig. 1(b)]. The 

desired equivalent damping ratio in the isolator, i=10%, of the BI model was obtained by adjusting the damping 

coefficient Ci. The FB and BI numerical models were carefully calibrated against physical test data of structural 

models with designed nonlinearity in the isolator. Interested readers are referred to Appendix A for the experiments 

and calibration details. 

 

Fig.1 Uniform lumped mass model idealization for (a) FB model and (b) BI models. 

2.2 Peak responses to a suite of pulse-like ground motions 

A suite of 18 pulse-like ground motion records was selected from the PEER Ground Motion Database [27] by 

their site conditions [fault distance Rrup < 10km and shear wave velocity Vs30 > 200m/s to exclude soft site] and 

as-recorded amplitudes [peak ground velocity (PGA) > 40cm/s2 and peak ground velocity (PGV) > 5cm/s]. The 

ground motions were normalized to have a PGV of 50cm/s. The pseudo velocity spectra Svp and their mean and 

standard deviations of the normalized ground motions are depicted in Fig. 2. More details of the selected ground 

motion records are provided in Appendix B.  

 

Fig.2 Pseudo velocity response spectra of selected pulse-like records (=0.05) 

The IDR and the amplification of acceleration and velocities, i.e., the ratios of PFA/PGA and PFV/PGV, of 

the two 3-story models to the suite of ground motions are depicted in Fig. 3. The base isolation is much less 

efficient in terms of reducing the floor velocity responses, although it significantly reduces the IDR and floor 

acceleration responses [Fig. 3(a) and (b)]. The average PFAs of the FB and BI models are amplified from the base 

to the roof by 2.80 and 0.86 times, respectively, and the average PFAs in the BI models are nowhere greater than 

those in the FB model. In contrast, the average PFVs of the BI model are greater than those of the FB model on 

the 1st and 2nd floors and remain similar to those on the 3rd and the roof floor [Fig. 3(c)]. The increased PFVs on 

certain floors in a base-isolated building impose greater demands for velocity-sensitive contents on those floors 
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than if they are otherwise located in a fixed base building. 

 

Fig. 3 Peak responses to pulse-like ground motions: (a) IDR, and amplification of (b) floor acceleration and (c) 

floor velocity. 

The lack of effectiveness of base isolation in reducing floor velocities can be partly explained by comparing 

the average acceleration and velocity response spectra of the ground motion suite (Fig. 4). The response spectra 

at the isolation period with 10% damping, Sa(Ti, 10%) and Sv(Ti, 10%), are approximate estimators of the peak 

responses of the BI-HD building (hollow triangles in Fig. 4), while Sa(Tf, 2%) and Sv(Tf, 2%) approximately 

represent the peak responses of the FB building (hollow squares in Fig. 4).  

 

Fig. 4 Mean spectral response of ground motions set: (a) acceleration and (b) velocity. 

On the one hand, the base isolation reduces the spectral acceleration by 70% [Fig. 4(a)], which is attributed 

to both the period elongation and increased damping, while on the other hand, the reduction in spectral velocity 

is only 6% [Fig. 4(b)]. The rich long-period contents in the pulse-like ground motions forfeit the benefit of the 

period elongation of base isolation, a general observation for not only pulse-like motions but also for other types 

of long-period ground motions. 

Furthermore, the increased floor velocity responses at the bottom stories of the BI building, as observed in 

Fig. 4(c), can be explained by the change of the mode shape, especially in the first mode (see Fig. A8). Fig. 5 

depicts the height-wise profiles of the PFA and PFV responses of the FB and BI buildings, which are normalized 

by their respective spectral responses, Sa,v(Tf, 2%) for the FB building and Sa,v(Ti, 10%) for the BI building to 

remove the effect of the response spectra. The peak response to an individual ground motion was normalized by 

the spectral response of the specific ground motion. The floor responses distribute uniformly in the superstructure 

of the BI building, while the FB building exhibits a gradual amplification of the peak responses from the base to 

the roof. Therefore, the floor responses of the BI building may well exceed those of the FB building if their 1st-

mode response spectra are similar, which is not the case for the acceleration responses, but, unfortunately, is the 

case for the velocity responses under pulse-like ground motions. 
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Fig. 5 Height-wise profiles of peak responses normalized by 1st-mode spectral responses: (a) acceleration 

response PFA/Sa, (b) velocity response PFV/Sv. 

2.3 Effects of isolation periods with various fixed-based models 

By the same modeling method of the idealized 3DOF models, another two idealized FB models were 

established to stand for a 5-story and a 7-story building. Corresponding BI models were also built to investigate 

the effect of the fundamental period of the FB building (Fig.6). The fundamental periods of the different FB 

models (Tf) take values from the approximate range of Ta estimated by the empirical equation in ASCE/SEI 7-16 

[24] depending on their frame types and height. The effect of elongated periods by base isolation on the reduction 

of peak responses depends on the match between the vibrational periods of the buildings and the characteristics 

of the frequency contents of the ground motions. The seismic response of superstructure would generally benefit 

from a longer isolation period, but the extent of elongation is limited by the possible properties of realistic isolators 

[28]. Considering the common practice in the constructed seismic isolated buildings [7][29], the isolation periods of 

the BI models (Ti) were taken as 4, 6, and 8 times the fixed-base periods. The fundamental periods of the BI 

models and their fixed-base counterparts are summarized in Table 1. 

 

Fig. 6 Uniform lumped mass model idealization for (a) 3-story, (b) 5-story, and (c) 7-story models. 

Table 1. The fundamental period of various moment-resisting frames FB models and corresponding BI models 

Frame Type No. of story Story height (m) Ta (s) Tf (s) Ti =4Tf (s) Ti =6Tf (s) Ti =8Tf (s) 

Concrete 

frame 

3 3.0~4.0 0.34~0.44 0.4 1.6 2.4 3.2 

5 3.0~4.0 0.53~0.69 0.6 2.4 3.6 4.8 

7 3.0~4.0 0.72~0.94 0.8 3.2 4.8 6.4 

Steel frame 

3 3.0~4.0 0.42~0.53 0.5 2.0 3.0 4.0 

5 3.0~4.0 0.63~0.80 0.7 2.8 4.2 5.6 

7 3.0~4.0 0.83~1.04 0.9 3.6 5.4 7.2 
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Figs. 7 and 8 show the response reduction factors RA and RV, which are the average ratios of the peak floor 

response of the BI buildings of various Ti’s to that of the FB building of Tf. The subscripts A and V stand for 

acceleration, and velocity, respectively. Even if the pulse-like ground motion suite is concerned, a longer isolation 

period always leads to a more effective isolation system in reducing the seismic responses of the superstructure. 

However, the RV factors are greater than unity for the 3-story models with Tf = 0.4s and Tf = 0.5s for all three 

isolation periods, indicating that the floor velocity response is increased rather than reduced by the isolation. The 

larger-than-unity RV factors were observed for all cases of Ti =4Tf, although the PFA was significantly reduced by 

seismic isolation. For a specific building, more floors tend to exhibit a larger-than-unity RV when the isolator is 

less flexible. 

 

 

Fig. 7 Reductions of average PFA and PFV of (a) 3-story, (b) 5-story, (c)7-story concrete frames.  

 

Fig. 8 Reductions of average PFA and PFV of (a) 3-story, (b) 5-story, (c)7-story steel frames. 

2.4 Effects of additional damping in the isolator 

The added damping provides another source of seismic response reduction for isolated buildings. 

Unfortunately, the reduction of floor velocity by increased damping is not satisfying either (Fig. 9). The reduction 

remains limited even when the damping ratio of the isolator is as high as 15%. Furthermore, the damping increase 

in the current numerical study is assumed to be independent of the isolation period for demonstration purposes. It 

is in favor of base isolation but, unfortunately, not the case in practice because, although the desired isolation 

period may be achieved by proper design, an increase in the capacity of the dampers in the isolator always leads 

to a decrease in the equivalent isolation period by adding some stiffness to the isolator for a given isolation period 

Ti. This is true no matter whether metal or oil dampers are used [30,31]. To this end, there is a need to develop new 

strategies for maximizing the energy dissipation of a BI system without reducing its flexibility at the isolator. 
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Fig. 9 Reductions of average PFA and average PFV for various added damping ratios in isolator of BI models at 

given periods of (a) Ti=2.0s, (b) Ti=3.0s (c) Ti=4.0s to 3-story FB model with Tf=0.5s. 

 

3 SEISMIC VULNERABILITIES OF VELOCITY-SENSITIVE ELEMENTS 

3.1 Distribution and fragility models of contents in buildings 

Nonstructural components in a building have conventionally been classified by the engineering demand 

parameters to be acceleration- or drift-sensitive. This is not exhaustive; some failure mode of nonstructural 

components is neither governed by acceleration nor drift. A typical example is the overturning of freestanding 

contents, which is discussed in this section. 

We focus on freestanding contents in buildings for which overturning is the only mode of failure. A content 

is idealized as a rigid rectangular block of height 2h, breadth 2b, and the semi-diagonal length is denoted as R 

[Fig. 10(a)]. Housner [32] first derived the dynamics of rocking blocks and arrived at a critical spectral velocity for 

a block to have approximately a 50% probability of being overturned (Eq. 1).  

𝑆v =
2

√3
α√𝑔𝑅 (1) 

where  is the angle between the line R and the vertical [Fig.10(a)] and g=9.8 m/s2 is the gravitational acceleration. 

 

Fig. 10 Rocking-dominated contents in building: (a) individual content, (b) height-wise distribution of contents 

in building, and (c) distribution of geometric parameters [41] of contents on each floor. 

Ishiyama [33] proposed in a deterministic criterion that a rigid block would be overturned if only both the 

criteria regarding PFA and PFV in Eq. 2 are satisfied. 
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𝑃𝐹𝐴 ≥ 𝑔
𝑏

ℎ
 (2a) 

𝑃𝐹𝑉 ≥ 0.65√𝑔𝑅√(1- cos 𝛼)/ cos 𝛼 (2b) 

Makris and Roussos [34] numerically investigated the rocking and overturning behavior of freestanding blocks 

subjected to a variety of idealized pulse excitations. They proposed a lower bound PFV for a rocking block to be 

overturned under the idealized pulses (Eq. 3).  

𝑃𝐹𝑉 ≥ 𝛼 (
𝑇p𝑔

2𝜋
+ 𝑘√

𝑔𝑅

3
) (3) 

where Tp is the period of the idealized pulse excitation, k=1/2 or 1/3 is a coefficient to account for the pulse type.  

These criteria proposed by different researchers appear to reach consensuses that acceleration is inadequate 

to quantify the overturn probability and that the consideration of velocity is crucial. Most interestingly, Vassiliou 

and Makris [35] suggested that base isolation is less beneficial to improving the stability of rocking blocks when 

their size increases, while others repeatedly demonstrated the effectiveness of base isolation in reducing the 

overturning probability of rocking objects [36,37]. 

To implement the overturning risk of contents to the probabilistic framework of loss assessment of buildings, 

FEMA P-58 [38] recommended a PFV-based fragility function for the overturning of unanchored components 

assuming a lognormal distribution for the probability of overturning. The median PFV for overturning denoted as 

PFVm is given in Eq. 4, and the dispersion of =0.5 was recommended.  

𝑃𝐹𝑉m =
𝑆𝑎𝑂𝑔

2𝜋𝑓𝑟[2.31 − 0.41ln(𝛽𝑟)]
 (4) 

where SaO is the horizontal spectral acceleration to tip the block to the critical angle ; fr and r are the effective 

rocking frequency and damping ratio, respectively. All these three parameters are expressed as functions of the 

geometric dimensions b and h of the block. 

Under the same probabilistic framework of loss assessment, Petrone et al. [39] proposed to apply different 

fragility functions for the overturning of blocks of different sizes based on detailed finite element simulation 

results. In particular, they recommended a PFA-based fragility function for small blocks with R<1m and a PFV-

based fragility function for blocks with R>2m. The medians of the two fragility functions, PFAm and PFVm, are 

given in Eqs.5(a) and 5(b), respectively. The recommended dispersion is =0.084 for the PFA-based fragility 

function and is =0.351 for the PFV-based one. Di Sarno et al. [40] further confirmed by shake table tests on 

hospital cabinets that PFV was an effective intensity measure even for a block of a slightly smaller than 1m semi-

diagonal length R. 

𝑃𝐹𝐴m = 1.23𝑔 tan 𝛼 (5a) 

𝑃𝐹𝑉m = 0.52 ∙
2

√3
√𝑔𝑅 tan 𝛼 = 0.6√𝑔𝑅 tan 𝛼 (5b) 

In this study, each floor of both the BI and FB buildings is populated by the same set of contents of various 

geometric parameters, including the base mat but excluding the roof [Fig.11(b)]. In the set of contents, the 

parameter of each content is randomly sampled within a prescribed region of b and h/b. Both the two regions 

suggested by Wada et al. [41] for common office space were adopted and two samples, A and B, were generated 

separately by the Monte Carlo method [Fig. 10(c)]. The semi-breadth of the contents varies from 15 cm to 50 cm 

and from 20cm to 40cm in Regions A and B, respectively. The height-to-breadth ratio varies from 1 to 9 and from 

2 to 4 in Regions A and B, respectively. While Region B is a subset of Region A, both regions are represented by 

an irregular hexagon in the b-h/b coordinates, where both large and slender objects and small and stout ones are 

absent. As a result of random sampling, a total of 196 contents were generated within Region A and 78 contents 
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in Region B. The semi-diagonal length varies from 38.4 cm to 206.3 cm in Sample A and from 63.8 cm to 123.0 

cm in Sample B. 

3.2 Mean and standard deviation of loss ratios 

Given the peak floor responses (PFV and PFA) under a specific ground motion, the probability of being 

overturned of a specific object of b and h was determined by the fragility functions recommended by either FEMA 

P58 [38] or Petrone et al. [39]. For all the contents in the superstructures whose b and h were generated by random 

sampling, it was assumed that the loss due to the overturning of the component was equal to its probability of 

being overturned P multiplied by its initial cost. We further assumed that the initial cost of each content in each 

sample of contents was the same regardless of its size. Therefore, the summation of the overturning probability 

divided by the number of contents in the sample gave the loss ratio LR of the building due to overturned contents 

under a specific ground motion (Eq. 6). 

𝐿𝑅 =
∑ Loss𝑖

𝑛
𝑖=1

𝑛 ∙ Cost
=

∑ 𝑃𝑖 ∙ Cost𝑛
𝑖=1

𝑛 ∙ Cost
=

∑ 𝑃𝑖
𝑛
𝑖=1

𝑛
 (6) 

where n is the number of contents in a sample. 

Figs. 11 and 12 compare the means and standard deviations of the LRs, LR, and LR, of the BI buildings 

subjected to the 18 pulse-like ground motions with those of the FB counterparts assuming a set of the content of 

Samples A and B, respectively. The fragility function recommended by FEMA P58 [38] was used in calculating the 

probability of being overturned. The ground motions were scaled up by the PGV from zero to 0.5m/s at an 

increment of 0.05m/s. The loss due to the overturning of uniformly distributed contents in the BI buildings of 

Ti=2.0s was always greater than that in the FB counterparts [Figs.11(a) and 12(a)]. In other words, the base 

isolation would endanger the freestanding contents rather than protect them in terms of overturning risk. For a 

longer isolation period Ti=2.8s, the mean loss ratio LR of the BI building was almost the same as that of the FB 

counterpart at all intensity levels. However, the dispersion of the loss ratios for the BI building was much greater 

than that of the FB counterpart [Figs. 11(b) and 12(b)]. The use of base isolation is equally ineffective in protecting 

the contents, no matter if Samples A or B were assumed for the geometry of the contents. This is because the 

FEMA P58 fragility model does not tell small objects from large ones and uses PFV as the criterion for all contents.  

 

Fig. 11 Loss ratios due to overturning of Sample A contents in superstructures of (a) Tf=0.5s, (b) Tf=0.7s, and (c) 

Tf=0.9s obtained by fragility functions recommended by FEMA P58 [38]. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 0.1 0.2 0.3 0.4 0.5

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 0.1 0.2 0.3 0.4 0.5

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 0.1 0.2 0.3 0.4 0.5
PGV (m/s) PGV (m/s) PGV (m/s)(a) (b) (c)

L
R

Tf=0.5 s Tf=0.7 s Tf=0.9 s

Ti=2.0 s Ti=2.8 s Ti=3.6 s

BI-HD LR±LRFB LR±LR



10 

 

Fig. 12 Loss ratios due to overturning of Sample B contents in superstructures of (a) Tf=0.5s, (b) Tf=0.7s and (c) 

Tf=0.9s obtained by fragility functions recommended by FEMA P58 [38]. 

The LR results became more favorable for the BI building if the fragility function of overturning by Petrone 

et al. [39] was used in the loss assessment (Figs. 13 and 14). Nevertheless, base isolation was still harmful to the 

contents when the isolation period is short [Fig. 13(a)] and failed to protect the contents as effectively as it did to 

protect the structural components, especially for low to medium intensities [Figs. 13(b) and (c)] if Sample A of 

contents was assumed. For smaller contents that are represented by Sample B, however, base isolation remains 

beneficial (Fig. 14). 

 

Fig.13 Loss ratios due to overturning of Sample A contents in superstructures of (a) Tf=0.5s, (b) Tf=0.7s and (c) 

Tf=0.9s obtained by fragility functions recommended by Petrone et al [39]
. 

 

Fig. 14 Loss ratios due to overturning of Sample B contents in superstructures of (a) Tf=0.5s, (b) Tf=0.7s and (c) 

Tf=0.9s obtained by fragility functions recommended by Petrone et al [39]
. 

3.3 Effects of isolation periods and additional damping in the isolator 

The difference in the mean loss ratio of contents between a BI building and its FB counterpart under the same 

seismic intensity, denoted as MLR, was employed as a measure of the effectiveness of base isolation in protecting 
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contents in a building. A negative MLR indicates that the base isolation would reduce the loss and help protect the 

contents, while, on the contrary, a positive MLR means that the base isolation is harmful to the contents.  

By comparing the MLR for BI buildings of various isolation periods Ti, Fig. 15 shows that the base isolation 

is harmful to the contents of both Samples A and B when the fragility functions by FEMA P58 are assumed and 

that it is ineffective in protecting the contents of Samples A until the seismic intensity reaches PGV=0.2m/s when 

the fragility functions by Petrone et al. are assumed. Nonstructural loss associated with lower seismic intensities 

is usually of special importance because the seismic loss of a building is most sensitive to nonstructural damage 

under low to moderate seismic intensities. For higher intensities, the loss of the building would be predominated 

by structural damage.  

 

Fig.15 Effect of isolation period on MLR under pulse-like ground motions by fragility functions recommended 

by (a) FEMA P58 [38] for Sample A, (b) FEMA P58 [38] for Sample B, (c) Petrone et al. [39] for Sample A and (d) 

Petrone et al. [39] for Sample B (given Tf=0.5s, i=0.10). 

The increase in the damping ratio of the isolator i is helpful to better protect the contents from overturning, 

no matter if the fragility functions by FEMA P58 or by Petrone et al. are used (Fig. 16). For a typical multi-story 

isolated building of Ti=3.0s (ζ=0.02), the base isolation is still likely to increase the loss due to overturned contents 

even if the damping ratio of the isolator reaches 15% when the FEMA P58 fragility is assumed [Fig. 16(a) and 

(b)]. On the other hand, however, a 15% damping ratio in the isolator would guarantee beneficial base isolation 

in terms of reducing the overturning risk of freestanding contents [Fig. 16(c) and (d)]. 

 

Fig. 16 Effect of damping ratios of isolator on MLR under pulse-like ground motions by fragility functions 

recommended by (a) FEMA P58 [38] for Sample A, (b) FEMA P58 [38] for Sample B, (c) Petrone et al. [39] for 

Sample A and (d) Petrone et al. [39] for Sample B (given Ti=3.0s, Tf=0.5s). 

4 CONCLUSIONS 

Experimental tests and numerical analyses were performed to investigate the effect of base isolation on 
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reducing the floor responses of buildings, with a special focus on peak floor velocities. The results show that, 

unlike the story drift or floor acceleration responses, base isolation is less effective in reducing, and may even 

adversely increase the peak floor velocities of a building under certain circumstances, particularly when the 

isolation period is short, on its lower floors and under a ground motion with rich long-period content. It represents 

a limitation of conventional base isolation in reducing the seismic risk of velocity-sensitive elements in the 

building. The dissatisfying reduction in floor velocity responses is attributed to both the slower decay of the 

velocity response spectra of long-period ground motions and the significant difference in the mode shapes between 

the isolated and the fixed-base buildings. 

We assessed the loss ratio of rocking-dominated freestanding contents due to overturning in buildings with 

artificial samples of randomly distributed contents. Considering the large uncertainty in overturning, two different 

models were assumed for the overturning fragility of the contents. The comparison between the loss ratios of a 

base-isolated building and its fixed-base counterpart shows that, when the FEMA P58 fragility model is assumed, 

the base isolation provides limited protection for the rocking-dominated contents in a building. When the Petrone 

model is assumed, however, base isolation remains beneficial in most cases except for large objects in buildings 

of less-than-3.0s isolation under low and moderate seismic intensities. 

Increasing the added damping of the isolator helps suppress the floor velocity responses of the superstructures 

and thus reduces the seismic loss of rocking contents. However, the conventional ways of increasing the damping 

of the isolator usually lead to a smaller deformation of the isolator, which may compromise the isolation 

effectiveness. 

APPENDIX A UNIAXIAL SHAKE TABLE TESTS AND VALIDATION OF NUMERICAL MODELS 

A.1 Test models and measurements 

Two small-scale 3-story structural models, a fixed-base (FB) model and a base-isolated (BI) counterpart, 

were built to provide experimental evidence for the floor velocity responses of isolated systems and to calibrate 

the numerical model (Fig. A1). As in the numerical model in Section 2.1, the FB model was a 3-story single-span 

steel frame of a 150 mm by 300 mm floor plan and was proportioned to have a fundamental period of Tf =0.5s. 

The columns of the FB model were made of 65Mn steel plates of a 1mm by 26mm cross-section and a 130mm 

height. Each floor diaphragm was made of a 20-mm-thick steel plate to provide the necessary mass and to 

represent a rigid diaphragm. The floor diaphragms and the columns were connected through pairs of 20 mm×3mm 

equilateral angles by bolts.  

The isolator of the BI model consists of four springs and a pair of linear guideways. The springs of 10 mm 

diameter, 1mm wire diameter, and 174 turns were selected to make the isolation period Ti equal approximately to 

4Tf =2.0s. Eddy current dampers were installed in the isolation layer to provide additional damping. The dampers 

were composed of magnets fixed on top of the bottom diaphragm, and a copper plate fixed on the shake table 

(Fig. A2). The distance between the magnets and the copper plate determines the amount of damping force. 

Both models were fixed side by side to the 1 m by 1 m square single-axis shake table at the Institute of 

Engineering Mechanics (IEM). Uniaxial accelerometers were installed on each floor diaphragm of the two models 

and the top of the shake table (Fig. A1). A displacement transducer was also installed between the shake table and 

the bottom diaphragm of the isolated model. 
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Fig. A1 Test models, setup, and measurements (unit: mm). 

 

Fig. A2 Eddy current damper in isolation layer: (a) plan view, (b) magnets under copper plate, and (c) photo. 

A.2 Identified system properties 

The dynamic properties of the fixed-based (FB) model were identified by the autoregressive with exogenous 

term (ARX) model [42] from the responses to white noise excitation (Fig. A3). The white noise was defined by a 

uniform auto-spectrum over the frequency range of 0.15–25 Hz and had a duration of 180s. All three modes of 

the 3-story FB model were identified with confidence, as shown by the stabilization diagram of the ARX model 

in Fig. 3(b). The identified periods and damping ratios are listed in Table 1. 

 

Fig. A3 System identification of fixed-base (FB) model: (a) white noise excitation and responses, and (b) 

stabilization diagram for ARX. 
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The fundamental modes of two BI models with dampers, denoted as BI-LD and BI-HD, were identified from 

their free vibration responses. LD and HD refer to low and high additional damping in the isolation layer by the 

eddy current dampers, respectively. An initial deformation was first exerted in the isolation layer and then 

suddenly released to make the model vibrate freely like a single-degree-of-freedom (SDOF) system. The damped 

deformation of the isolation layers of the BI models was depicted in Fig. A4(a). Their Fourier spectra show a 

fundamental period of 2.05s for all two models [Fig. A4(b)]. By assuming the model as a viscously damped SDOF 

system, the equivalent damping ratios were estimated by the logarithmic decrement method [43], in which the 

average ratio of successive peaks was obtained by linear regression [Fig. A4(c)]. The identified dynamic properties 

of the two BI models are also listed in Table A1. 

 

Fig. A4 System identification of base-isolated (BI) model: (a) deformation time histories, (b) Fourier spectra, 

and (c) linear regression of ratios of successive peaks. 

A.3 Responses to earthquake ground motions 

Pulse-like ground motions, usually recorded in near-fault areas of an earthquake rupture, represent a typical 

category of long-period earthquake ground motions. Three pulse-like ground motions were selected from the 

PEER strong motion database [27] to serve as the table input. They were scaled to have a peak ground acceleration 

(PGA) of less than 0.1g to avoid excessive deformation in the isolation layer. The PGAs and PGVs are listed in 

Table A2. The scaled acceleration time histories and response spectra are depicted in Fig. A5. 

Table A2. Scaled earthquake ground motion records for shake table tests 

ID Description in PEER database PGA (g) PGV (mm/s) 

P1 RSN1086_NORTHR_SYL360 0.084  154.2  

P2 RSN181_IMPVALL.H_H-E06140 0.055  123.2  

P3 RSN802_LOMAP_STG000 0.085  83.1  

 

Fig. A5 Shake table input ground motions: (a) acceleration time histories, (b) acceleration response spectra (5% 

damping). 
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Fig. A6 Time histories response under P1 motion excitation: (a) floor acceleration, (b) floor velocity, and(c) 

inter-story drift. 

Each of the BI models, together with the FB model installed side by side, was subjected to the three input 

motions. Fig. A6 depicts the time history responses of the floor acceleration, floor velocity, and inter-story drift 

of the FB and BI-LD models to the P1 motion. The hollow squares and circles denote the peak responses. The 

velocity and displacement-time histories were calculated from the acceleration records by integration in the 

frequency domain [44]. The peak floor acceleration (PFA) and inter-story drift of the superstructure were 

significantly reduced by the base isolation. The maximum PFA took place on the roof floor for both models and 

was reduced from 0.447g to 0.084g, which happened to be the same as the PGA. The maximum inter-story drift 

(IDR) of the superstructure was reduced from 17.7mm to 5.8mm, which took place on the 1st floor. In contrast, 

the peak floor velocities were not much reduced by the isolation. It was increased from a PGV of 147.9mm/s to 

228.2mm/s immediately above the isolation layer and remained at approximately 250 mm/s in the upper stories. 

Fig. A7 compares the peak floor responses of the BI and the FB models in all test runs. The peak floor 

acceleration PFA and velocity PFV are normalized by those of the table motion, PGA, and PGV, respectively. The 

conclusion that the base isolation is much less effective in reducing PFV than it is in reducing PFA and IDR can 

also be drawn for the other two excitations. In addition, higher additional damping in the isolation layer seems 

very helpful in suppressing the floor velocity responses. However, in the worst case of the P2 excitation among 

the three, the maximum PFV of the highly damped BI-HD model was only slightly smaller than that of the FB 

model. The PFVs of both the 1st and 2nd floors of the BI-HD model remained larger than those of the FB model. 
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Fig. A7 Normalized peak floor response of BI and FB under P1 excitation: (a) PFA/PGA, (b) PFV/PGV, and (c) 

IDR. 

A.4 Validation of numerical models 

The 3-story lumped mass numerical models in Section 2.1 were used to simulated the results of the shake 

table test for calibration. The story mass M and stiffness K of the superstructure were determined to be 8.11 kg 

and 6467.8 N/m based on the identified system properties in the previous section. The stiffness of BI model was 

determined to be Ki=318.66N/m to have Ti=2.05s. The mode shapes of the first three modes of the FB and BI 

model were shown in Fig. A8. 

 

Fig. A8 Mode shapes of first three modes of (a) FB model and (b) BI model. 
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and BI models to the P1 excitation were compared in Fig. A9. The numerical results match generally well with 

the experimental results in both the time and the frequency domains. For a quantitative evaluation, the root means 

square errors (RMSE) for IDR, PFV, and PFA responses (Eq. A1) are listed in Table A3. An RMSES, which is the 

synthesis of the relative errors in IDR, PFV, and PFA under the three ground motions, is also defined (Eq. A2) and 

listed in Table A3. The synthetic RMSES’s of all three models are all within 20%. 

 

Fig.A9 Model calibration demonstration: (a) FB and (b) BI-LD and (c) BI-HD models. 
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where ϵ𝐷𝑖
𝑗

, ϵ𝑉𝑖
𝑗

, and ϵ𝐴𝑖
𝑗

 is the relative errors in IDR, PFV, and PFA at the jth floor under the ith ground motion, 

respectively. n is the number of floors, n=3 for the FB model and n=4 for the BI models; m=3 is the number of 

ground motions. 

Table A3. Root mean square errors of FB and BI models 

RMSE FB BI-LD BI-HD 

IDR 0.280  0.103  0.178  

PFV 0.110  0.077  0.100  

PFA 0.060  0.129  0.211  

Synthesis (Eq. 2) 0.172  0.105  0.169  

APPENDIX B 

Information on the ground motion records in the pulse-like suite is listed in Table B1. 

Table B1 Pulse-like ground motions 

ID Event Date Station 
PGA  

(g) 

PGV 

 (cm/s) 

Vs30 

(m/s) 

Rrup 

(km) 

RSN1063 Northridge 1994-1-17 Rinaldi Receiving Sta, 20 0.87 148.00 282.2 6.5 

RSN1086 Northridge 1994-1-17 Sylmar-Olive View MFF, 0 0.84 129.37 440.5 5.3 

RSN1176 Kocaeli Turkey 1999-8-17 Yarimca, 90 0.23 69.72 297.0 4.8 

RSN1176 Kocaeli Turkey 1999-8-17 Yarimca, 0 0.32 71.89 297.0 4.8 

RSN1492 Chi-Chi Taiwan 1999-9-20 TCU052, 90 0.36 151.21 579.1 0.7 

RSN1505 Chi-Chi Taiwan 1999-9-20 TCU068, N 0.51 249.59 487.3 0.3 

RSN1605 Duzce Turkey 1999-11-12 Duzce, W 0.51 84.23 281.9 6.6 
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RSN180 Imperial Valley 1979-10-15 El Centro Array #5, 0 0.38 96.90 205.6 4.0 

RSN181 Imperial Valley 1979-10-15 El Centro Array #6, 270 0.45 67.02 203.2 1.4 

RSN182 Imperial Valley 1979-10-15 El Centro Array #7, 262 0.34 51.68 210.5 0.6 

RSN496 Nahanni Canada 1985-12-23 Site 2, 352 0.36 31.93 605.0 4.9 

RSN723 SuperS Hills 1987-11-24 Parachute Test Site, 0 0.43 134.29 348.7 1.0 

RSN802 Loma Prieta 1989-10-18 Saratoga - Aloha Ave, 90 0.51 41.58 380.9 8.5 

RSN803 Loma Prieta 1989-10-18 Saratoga-W-Valley-oll, 0 0.33 64.91 347.9 9.3 

RSN821 Erzican Turkey 1992-3-13 Erzincan, 90 0.50 78.16 352.0 4.4 

RSN821 Erzican Turkey 1992-3-13 Erzincan, 270 0.39 107.14 352.0 4.4 

RSN828 CapeMendocino 1992-4-25 Petrolia, 90 0.66 88.51 422.2 8.2 

RSN879 Landers 1992-6-28 Lucerne, 360 0.40 129.59 1369.0 2.2 
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