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Preface

MCEER is a national center of excellence dedicated to the discovery and development of 
new knowledge, tools and technologies that equip communities to become more disaster 
resilient in the face of earthquakes and other extreme events. MCEER accomplishes this 
through a system of multidisciplinary, multi-hazard research, in tandem with complimen-
tary education and outreach initiatives. 

Headquartered at the University at Buffalo, The State University of New York, MCEER 
was originally established by the National Science Foundation in 1986, as the fi rst National 
Center for Earthquake Engineering Research (NCEER). In 1998, it became known as the 
Multidisciplinary Center for Earthquake Engineering Research (MCEER), from which the 
current name, MCEER, evolved.

Comprising a consortium of researchers and industry partners from numerous disciplines 
and institutions throughout the United States, MCEER’s mission has expanded from its 
original focus on earthquake engineering to one which addresses the technical and socio-
economic impacts of a variety of hazards, both natural and man-made, on critical infra-
structure, facilities, and society.

The Center derives support from several Federal agencies, including the National Science 
Foundation, Federal Highway Administration, National Institute of Standards and Technol-
ogy, Department of Homeland Security/Federal Emergency Management Agency, and the 
State of New York, other state governments, academic institutions, foreign governments 
and private industry. 
.
This study investigates methods to reduce fl oor acceleration demands in buildings with structural 
fuses. A strategy is proposed that combines passive hysteretic energy dissipation devices (PED) 
with isolated fl oors in rooms where acceleration-sensitive equipment is located. Two kinds of isolated 
fl oor systems were studied. The fi rst isolated fl oor system used concrete ball-in-cone (BNC) isolators 
with rubber and polyurethane spherical solid balls, instead of steel balls, as the rolling balls between 
the top and bottom concrete bearing plates. A multi-directional spring unit was used as the isolator 
in second isolated fl oor system. Characterization tests were conducted on these two isolated fl oor 
systems, from single isolator to complete system; and models of single-degree-of-freedom (SDOF) 
structural fuse frames with these two isolated fl oor systems were developed. Studies were then 
conducted to determine the preferred parameter values to be used in design, and to establish how 
the combined systems behave under different mass ratios of the isolated fl oor system to the base 
SDOF structural fuse structure. Finally, combined design concepts considering both the design 
of the base SDOF structural fuse structure and the design of the isolated fl oor system on top were 
developed for each kind of isolated fl oor system.
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ABSTRACT

Various researchers developed general design procedures for the design of structures with 

structural fuses (i.e., defined as metallic passive hysteretic energy dissipation (PED) devices 

which are disposable or can be easily replaced after a seismic event). The structural fuse concept, 

as implemented in these design procedures, requires to concentrate all the seismic damage in the 

structural fuses, while the bare frame hosting these devices behaves elastically during a seismic 

event. Past research showed that structures are stiffened when using PED devices as structural 

fuses, which correspondingly reduces the displacement demands on these structures. Therefore, 

one benefit of using structural fuses is that displacement sensitive nonstructural components in 

such buildings can be better protected during seismic events. However, this past research also 

showed that this may also correspond to an increase in floor acceleration demands. To protect the 

acceleration sensitive equipments on the floors of such buildings, a possible solution may be to 

combine the stiffening of structures using PED devices with a strategy of introducing isolated 

floors in the rooms where such acceleration-sensitive equipment is located. This is the strategy 

investigated in this report.  

Two kinds of isolated floor systems were studied in this research. Characterization tests were 

first conducted on two kinds of isolated floor systems to define their mechanical behavior 

properties, from single isolators to complete systems. The experimentally obtained mechanical 

behavior was then simulated in computer programs. Models of single-degree-of-freedom (SDOF) 

structural fuse frames with implementation of these two isolated floor systems were developed. A 

number of parametric studies were then conducted on these combined systems to determine the 

preferred design parameter values to be used in the design of such structural fuse frames coupled 

with isolated floors, and to establish how the combined systems behave under different mass 

ratios of the isolated floor system to the base SDOF structural fuse structure. Finally, combined 

design concepts considering both the design of the base SDOF structural fuse structure and the 

design of the isolated floor system on top were developed for each kind of isolated floor system.  
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CHAPTER 1 

 

INTRODUCTION 

 
Various researchers developed general design procedures for the design of structures with 

structural fuses (i.e., defined as metallic passive hysteretic energy dissipation (PED) devices 

which are disposable or can be easily replaced after a seismic event). The structural fuse concept, 

as implemented in these design procedures, requires to concentrate all the seismic damage in the 

structural fuses, while the bare frame hosting these devices behaves elastically during a seismic 

event. This research showed that structures are stiffened when using PED devices as structural 

fuses, which correspondingly reduces the displacement demands on these structures. Therefore, 

one benefit of using structural fuses is that displacement sensitive nonstructural components in 

such buildings can be better protected during seismic events. However, this research also showed 

that in most cases, this can also correspond to an increase in floor acceleration demands. To 

protect the acceleration sensitive equipments on the floors of such buildings, a possible solution 

may be to combine the stiffening of structures using PED devices with a strategy of introducing 

isolated floors in the rooms where such acceleration-sensitive equipment is located.  This is the 

strategy investigated here.  

 

Two kinds of isolated floor systems (labeled type I and II here) are studied here. When this 

research started, a number of manufacturers were developing their own isolated floor system and 

were not in a position to release details on their systems until their patents were issued. For this 

reason, a special kind of concrete ball-in-cone (BNC) isolators and a corresponding isolated floor 

system using this kind of concrete isolators were designed and build, which was named Isolated 

Floor System I, were designed. This special kind of concrete BNC isolator used rubber or 

polyurethane rolling balls, instead of steel rolling balls, between the top and bottom bearing 

plates. These balls (rubber or polyurethane) can deform under gravity loads and provide a greater 

contacting area on the working surface. This is advantageous to avoid damaging the concrete 
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working surface of the bearing plate and avoid forming grooves on the concrete working surface 

during motions (as was observed for steel balls rolling on steel surfaces, as described in a later 

section). These rubber or polyurethane balls, instead of steel rolling balls, can also introduce 

more damping to this isolation system. Furthermore, from a commercial point of view, the 

construction of this kind of concrete BNC isolator is relatively inexpensive compared to the steel 

BNC isolators, and they can be built by any contractor (although the exact cost benefit of these 

advantages have not been quantified here). Because the mechanical behavior of both the single 

concrete BNC isolator and the corresponding Isolated Floor System I was unknown, 

characterization tests were designed and conducted.   

 

After the characterization tests on the single concrete BNC isolator were completed, and just 

before the characterization tests of Isolated Floor System I started, an isolated floor system by 

Dynamic Isolation Systems (DIS) became available, which was named Isolated Floor System II 

as it was obtained after Isolated Floor System I was designed. Proprietary multi-directional 

spring units provided by DIS were used as isolators in this system. This research project was 

therefore expanded to include this recently developed system. Considering the sudden immediate 

availability of Isolated Floor System II, it was first tested from single isolators to complete 

systems using the shake table facilities in the Structural Engineering and Earthquake Simulation 

Laboratory (SEESL) at the University at Buffalo. After the tests on the Isolated Floor System II, 

characterization tests were conducted on the originally developed isolated floor system-Isolated 

Floor System I.   

 

A great amount of characterization tests were conducted on these two kinds of isolated floor 

systems to define their mechanical behavior properties (i.e., force-displacement relationships), 

from single isolators to complete systems. As an added benefit of the systems considered in this 

study compared to other available systems, note that both isolated floor systems work well under 

service loads, as they can prevent displacements of the isolated floors under small horizontal 

loads (e.g., due to normal walking on the floor or even some abrupt movements by users) due to 

the friction effects present in these systems (from the rolling balls and edge plates in Isolated 

Floor System I and from the casters and the edge plates in Isolated Floor System II). The 

experimentally obtained mechanical behavior and properties were then simulated in computer 
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programs (i.e., SAP2000 for Isolated Floor System I and IDARC 2D for Isolated Floor System 

II). Models of single-degree-of-freedom (SDOF) structural fuse frames with implementation of 

these two isolated floor systems were developed. Both coupled and uncoupled models are 

considered. A number of parametric studies were then conducted on these combined systems to 

determine the preferred design parameter values to be used in the design of such structural fuse 

frames coupled with isolated floors, and to establish how the combined systems behave under 

different mass ratios of the isolated floor system to the base SDOF structural fuse structure. 

Finally, the design procedures for structural fuse frames developed by Vargas and Bruneau 

(2006a) were extended to become an integrated design methodology for each kind of isolated 

floor system, which includes both the design of the base SDOF structural fuse structure and the 

design of the isolated floor system on top.  As an important addition to the previous methodology, 

if the design of the isolated floor system is not satisfactory, the proposed methodology makes it 

possible to modify either the design of the SDOF structural fuse frame and/or the design of the 

isolated floor system to make the integrated systems meet their performance objectives.   

 

In this report, Chapter 2 provides a brief literature review on structural fuse concept, isolation 

bearings, and response and design of nonstructural components. The characterization tests 

conducted on single isolators, i.e., the special kind of concrete BNC isolator and the multi-

directional spring units, are presented in Chapters 3 and 4, respectively. In Chapter 3, 

polyurethane and rubber balls were separately used as rolling balls between the top and bottom 

concrete bearing plates. An empirical model was also developed for the concrete BNC isolator 

where the rolling friction between the ball and the concrete working surface is significant. In 

Chapter 4, two sets of multi-directional spring units with different nominal stiffnesses were 

respectively tested under both sinusoidal and seismic inputs. A new physical model was also 

developed for this kind of multi-directional spring unit (in collaboration with Dynamic Isolation 

Systems, Inc.) in this chapter. Chapter 5 shows the details of the tests on Isolated Floor System II 

which were conducted earlier than those on Isolated Floor System I. The two sets of multi-

directional spring units with different nominal stiffnesses presented in Chapter 4 were separately 

used as isolators in this system. The results from the complete isolated floor system were also 

compared with the corresponding ones from the single isolator tests. The characterization tests 

on Isolated Floor System I are presented in Chapter 6. Again the results are compared between 
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the complete isolated floor tests and the corresponding single concrete BNC isolator tests. 

Chapter 7 provides the modeling details for both isolated floor systems in computing programs. 

Chapter 8 presents the results of parametric studies in terms of both the primary design 

parameters for the base SDOF structural fuse structures and the mass ratio of the isolated floor 

system to the SDOF structural frame. Some trends in the behavior of the combined systems 

consisting of the base SDOF structural fuse structure and the isolated floor systems were 

observed and different methods were used to explain some of these trends. Combined design 

methodology considering the integrated designs of both the base SDOF structural fuse structure 

and isolated floor systems were developed to provide guidance for the design of these isolated 

floor systems for SDOF structural fuse structures. Both linear static and non-linear response 

history design methods were considered, and results are presented in Chapter 9. Chapter 10 

summarizes conclusions from this study. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 
2.1  Introduction   

 

As mentioned in Chapter 1, the objective of this research is to propose an integrated design 

procedure to consider both the design of the main structure with structural fuses and the design 

of the isolated floor system in an integrated manner. Consequently, this chapter provides a brief 

review of past related research and findings on the structural fuse concept, isolation bearing, and 

response and design of nonstructural components, presented in Sections 2.2 to 2.4, respectively. 

 

2.2  Structural Fuse Concept 

 

Vargas and Bruneau (2006a) provided a review on the development history of the structural fuse 

concept. They observed that the structural fuse concept was not consistently defined in the 

literature. In some of the past research (Roeder and Popov 1977, Fintel and Ghosh 1981, 

Aristizabal-Ochoa 1986, Basha and Geol 1996, Carter and Iwankiw 1998, Sugiyama 1998, and 

Rezai et al. 2000, to name a few), the term “structural fuse” was used to define structural 

elements in which seismic damage concentrated. However, these fuse elements were not 

typically not disposable or not easy to be replaced after seismic events. In other research, 

“structural fuses” were elements either used to reduce the nonlinear response of the main 

structure (Sugiyama 1998) or to keep the main structure (tall buildings in those studies) elastic 

during earthquakes (Wada et al. 1992, Wada and Huang 1995, and Shimizu et al. 1998).  

 

Vargas and Bruneau (2006a) focused on easily replaceable hysteretic fuses in the perspective of 

keeping the rest of the structure elastic.  In that perspective, they proposed a general design 

procedures for the design of single-degree-of-freedom (SDOF) structures and multi-degree-of-
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freedom (MDOF) structures having structural fuses that consist of metallic passive energy 

dissipation (PED) devices (such as, buckling-restrained braces, triangular added damping and 

stiffness device, and shear panel) implemented as disposable (and easy to replace) structural 

fuses. A set of key parameters (namely, the stiffness post-yielding ratio α , the maximum 

displacement ductility maxμ , the strength ratio η , and the natural period of the structure T ), 

defined the behavior of the structures with structural fuses.  The proposed design procedure was 

based on this set of key parameters. Through parametric studies and design examples, it was 

observed that structural fuses are easier to implement when 0.25 0.5α≤ ≤ and  
max

5μ ≥ . Vargas 

and Bruneau (2006a) also compared the floor acceleration response from structures with 

structural fuses with those from the corresponding bare frames, and reported that, in most cases, 

floor acceleration increased when metallic fuses were introduced to the structure – which was 

somewhat expected.  

 

Experimental validation of the proposed structural fuse design procedure in Vargas and Bruneau 

(2006a) is presented in Vargas and Bruneau (2006b) using a scaled structure designed in 

accordance with the design procedures in Vargas and Bruneau (2006a). Figs. 2.1 and 2.2 show 

the geometry of the specimen used in the experiment, correspondingly tested with Nippon Steel 

BRBs and Star Seismic BRBs, respectively. Note that a ball-in-cone (BNC) isolator (i.e., ISO-

BaseTM from WorkSafe Technologies) was also installed on the top of the structure to assess its 

effectiveness in the protection of nonstructural components, as shown in Fig. 2.3. The test results 

showed that the seismically induced damage was successfully concentrated on BRBs (i.e., 

structural fuses) while the beams and columns behaved elastically. It was also found that the 

BNC isolator was effective to control the acceleration transmitted to nonstructural components.  
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Figure 2.1 Frame with Nippon Steel BRBs (from Vargas and Bruneau (2006b)) 
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Figure 2.2 Frame with Star Seismic BRBs (from Vargas and Bruneau (2006b)) 
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Figure 2.3 BNC Isolator on Top of Third Floor (from Vargas and Bruneau (2006b)) 

 

2.3  Base Isolation Bearings 

 

Extensive research has been conducted in past decades to develop and implement technologies 

(such as lead-rubber bearings and friction pendulum bearings) for the seismic base isolation of 

structures (e.g., Kartoum 1987, Koh and Kelly 1987, Kelly 1991 and 2003, Constantinou 1992, 

Constantinou et al. 1993, Constantinou et al. 1998, Constantinou et al. 1999, Kasalanati and 

Constantinou 1999, Naeim and Kelly 1999, and Fenz and Constantinou 2006 and 2008, to name 

a few).  The two most common types of seismic isolation bearings used in seismic isolation are 

elastomeric bearings and friction pendulum (FP) bearings. The elastomeric bearings can be 

subdivided into three types: low damping rubber bearings, high damping rubber bearings, and 

lead-rubber bearings (as shown in Fig. 2.4 from Naeim and Kelly 1999). The friction pendulum 

bearing can be further divided into different kinds of bearings based on the number of sliding 

surfaces from which the friction comes, such as single FP bearings with one sliding surface and 

double FP bearings with two sliding surfaces (as shown in Fig. 2.5 from Fenz and Constantinou 

2008). Furthermore, a multi-spherical sliding bearing was developed by Fenz and Constantinou 
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(2008), which is based on the physical principle of FP bearings. In addition, a roller bearing was 

also developed by Lee et al. (2007) and used in seismic isolation of highway bridges. All these 

bearings mentioned above are heavy duty bearings and suitable for the seismic isolation of 

buildings and bridges.  

 

 
 

Figure 2.4 Lead-Rubber Isolator (from Naeim and Kelly 1999) 

 

 

 
Figure 2.5 Double FP Bearing (from Fenz and Constantinou 2008) 
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In recent years, there has been a growing interest in isolating only specific equipments or specific 

rooms on the floors of buildings. Isolating equipment rather than entire buildings can be 

challenging to the isolation devices described above due to the relatively low mass supported by 

the isolators. Various systems have been developed to isolate equipments, such as the wire rope 

systems developed by Demetriades et al. (1992 and 1993) and the systems by Kosar et al. (1993). 

Another example of the equipment isolation bearings is the ball-in-cone (BNC) isolator (Kemeny 

and Szidarovszky 1995, Kasalanati et al. 1997, Amick et al. 1998, to name a few). The BNC 

bearing consists of top and bottom bearing plates together with a spherical ball rolling between 

the concave working surfaces of these two bearing plates. Both the bearing plates and rolling ball 

are made of the steel material. The behavior of the BNC isolator is a function of the geometric 

properties of its working surface. Fig. 2.6 shows three configurations of the working surface, 

together with the corresponding restoring laws, where, ϕ  is the slope of the conical surface, ε  is 

a factor less than one, x  is the displacement of the top bearing plate with respect to the bottom 

bearing plate, d  is the displacement capacity of the BNC isolator, and 
2
dε
ϕ

 is the radius of the 

spherical part. Note that the nomenclatures presented here are same as those in the literature to 

keep consistent, which may have different meanings when appearing in other parts of this report. 

 
Figure 2.6 BNC Geometries and Corresponding Restoring Laws (from Kemeny and 

Szidarovszky 1995) 
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Normally the working surface configuration B in Fig. 2.6 is adopted for a typical BNC isolator 

where the working surface consists of two parts: a spherical central part and an outside conical 

surface. Given that the rolling friction (i.e., damping) between the rolling ball and the working 

surface is negligible, the restoring law is bilinear and elastic as shown in Fig. 2.6. The restoring 

law of path B shown in that figure can be expressed by the following equations (Kemeny and 

Szidarovszky 1995), 

 

            
WxP

dε
ϕ

=
⎡ ⎤
⎢ ⎥
⎣ ⎦

  (when x dε< , i.e., the rolling ball  within the spherical central part)         (2.1)                       

 

                   P Wϕ=   (when x dε≥ , i.e., the rolling ball  within the conical surface)               (2.2)                       
 

Note from Eq. 2.2 that the output seismic force is a constant value and independent of the lateral 

displacement. Kemeny and Szidaroyszky (1995) also claimed the following advantages of the 

BNC isolators through comparing with rubber bearings: the BNC isolator volume and cost were 

said to be less than that of the rubber bearings and the BNC isolator was stated to not be affected 

by aging issues. They also pointed out that the BNC isolator can be coupled with viscous or 

friction dampers to reduce its seismic displacement.    

 

Kasalanati et al. (1997) experimentally studied the application of BNC isolators in the seismic 

isolation of a bridge model. Supplemental friction dampers, together with the BNC isolation 

system, were used in their tests. Two hardness configurations of the BNC bearing plates were 

studied, respectively. The test results showed that this system could reduce superstructure 

accelerations and substructure forces and that the hardness of the conical bearing plates had a 

direct effect on the performance of the isolation system (e.g., the hard steel ball was observed to 

cause grooves on the surfaces of the low-hardness conical bearing plates due to high stress 

concentration at the contacting point between these two). A transverse movement of the bearings 

was also observed to develop even though the input motion was only in the longitudinal direction. 
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The marketed ISO-BaseTM shown in Fig. 2.7 (U.S. Patent No. 5,599,106), which was used in the 

experiment by Vargas and Bruneau (2006b), is one kind of BNC isolators. The slope of their 

working surface is typically 0.1. As mentioned in Section 2.2, tests showed that the BNC isolator 

can be effective to control the acceleration transmitted to nonstructural components.  

 

 

Figure 2.7 Seismic Isolated Platform with Patented Ball-B-ConeTM Isolators (from Amik et 

al. 1998) 

 

Lambrou and Constantinou (1994) showed that the seismic isolation of a single equipment can 

be challenging for traditional isolation bearings (such as elastomeric or sliding bearings) because 

it is difficult to achieve the desired long period (due to the low weight of the equipment) without 

introducing special configurations that can be expensive to implement. However, they 

demonstrated that such isolators could be used if implemented to isolate an entire computer floor 

system, considered FP bearings with and without adding fluid viscous dampers. Substantial 

reductions in the response of a generic computer cabinet on the top of the isolated computer floor 

were observed from their experimental and analytical results (Lambrou and Constantinou 1994). 

 

2.4  Response and Design of Nonstructural Components 

 

 A large amount of research has been done in past decades on the seismic response and design of 

nonstructural components. Several state of the art reviews exist, such as those by Chen and 

Soong (1988), Soong (1994), Villaverde (1997), and Retamales (2008). Note that nonstructural 

components are often alternatively called “nonstructural elements”, “secondary structures”, 

“building attachments”, “secondary systems,” in various references.  
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The design of nonstructural components has already been addressed by many building codes 

through specific design forces (e.g., NEHRP 2003, NEHRP 2000, UBC 1997, ASCE7-98, and 

ASCE7-10, to name a few). However, the deficiencies in these building codes have been 

recognized by the research community; in particular, they often neglect the interaction between 

the nonstructural components and the main structure, as shown in FEMA 357, and the 

nonlinearity of the main structure is typically not considered in building codes (Soong et al. 

1993).   

 

Beyond building code issues, extensive research has been conducted in past decades on the 

response and design of such nonstructural components. A number of methods have been 

proposed.  One is the use of floor response spectrum. In this method, a floor response spectrum is 

first generated and then is used for the design of the nonstructural components. Extensive 

research has been conducted to develop simple methods from which floor response spectra can 

be directly generated, particularly some decades ago when response history analysis of the 

combined systems was difficult (e.g., Biggs and Roesset 1970, KapurKa and Shao 1973, Peters 

et al. 1977, Singh 1980, to name a few). However, the floor response spectra method does not 

consider the interaction between the nonstructural components and the main structure and cannot 

be rationally applied for the analysis of a secondary structure with multiple points of attachments 

(Wang et al. 1983). The interaction between the nonstructural component and the primary 

structure may be negligible when the mass ratio of the nonstructural component to the primary 

structure is small, but this is not always the case.  

  

Researchers subsequently generated several alternative methods that not only take the interaction 

into account, but also overcome the practicality problems associated with the response history 

analysis of the combined systems (e.g., Lee and Penzien 1983, Igusa and Der Kiureghian 1985a 

and 1985b, Singh and Sharma 1985, Suarez and Singh 1987a and 1987b, Villaverde 1986 and 

1991, to name a few).  However, all those studies considered linear secondary systems mounted 

on linear primary systems.  

 

Some research used linear multi-degree-of-freedom (MDOF) secondary systems mounted on an 

elasto-plastic MDOF primary structure (Villaverde 1987), or studied a combined two-degree-
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freedom-system by introducing small nonlinearity into this combined system (Igusa 1990).  

 

It nonetheless remains that further research is needed to develop a simple method (or methods) 

from which the floor response spectrum can be directly generated in an accurate manner for 

combined systems with significant nonlinearity (i.e., not only limited nonlinearity) and which 

also takes into account the interaction between the nonstructural component and the primary 

structure.  

 

Another method for the design of nonstructural components is the response history method. 

Although this method is quite straightforward, it was challenging or even impractical several 

decades ago due to limitations in computational power (Soong 1994, Villaverde 1997), given the 

facts that: 1) an extensive number of degrees of freedom are included in a combined primary-

secondary system; 2) the structural parameters (i.e., mass, stiffness, and damping) of the primary 

system are quite different from those of the secondary system; and 3) the primary structure is 

normally designed prior to the secondary system and would have to be reanalyzed every time a 

change is made in the secondary system. However, response history approach is nowadays 

possible (and much easier) given that nonlinear response history analysis is available in a number 

of commercial structural analysis programs.  
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CHAPTER 3 

 

CONCRETE BNC ISOLATOR CHARATERIZATION TEST 

 

3.1  Introduction   

 

To protect some of the seismic sensitive nonstructural components typically sitting on the floors 

of rooms in critical buildings (such as hospitals), a specially designed isolated floor concept is 

proposed to reduce the acceleration demands on acceleration sensitive components. This concept 

is to be used as part of a combined solution together with stiffening the structure. In this 

combined solution, the stiffened structure significantly reduces the drift demands on the 

displacement sensitive components, and the floor is supported by base isolators to reduce the 

acceleration demands on the floor during earthquake response. This chapter focuses on defining 

the isolator properties for the first of two base-isolated floors concepts considered for this 

purpose. Using these properties, a complete isolated floor system was designed and tested as 

described in a subsequent chapter.  

 

Here, a special kind of concrete ball-in-cone (BNC) isolator was developed to decrease the 

acceleration response of the room floor. The design of this concrete BNC isolator was inspired in 

part by a commercial product marketed by ISO-BaseTM, and described in Vargas and Bruneau 

(2006b), with two substantial differences as: (i) solid rubber and polyurethane balls were used 

instead of steel balls rolling between two sets of bearing plates and, (ii) the rolling surfaces were 

made of concrete. As a result, the properties and findings presented in this report can not (and 

should not) be inferred to be representative of the performance expected from the ISO-BaseTM 



18 
 

system in similar situations. Recall, as indicated earlier (Chapter 1), that this concept was 

developed out of necessity in the early phase of this project as manufactures of base isolation 

devices were working in parallel on developing isolated floor concepts and unwilling to share 

details of their product until patents were filed. As a result, it is important to recognize that the 

purpose of the concrete BNC concept is not to develop an alternative competing product, but 

rather to develop a system for academic purposes for which thorough credible mechanical 

properties can be obtained and used for the global objectives described earlier without delays.  

 

As such, because this isolator is new in a few different ways, the mechanical properties (such as 

horizontal acceleration-displacement relationship) of this kind of concrete BNC isolator are 

unknown and characterization tests are necessary before the whole isolated floor system can be 

designed and tested.  

 

This chapter presents the details about the test setup and experimental results for these 

characterization tests. For each kind of balls, four series of test were conducted on individual 

isolators under different magnitudes of gravity loads, namely free vibration tests, 

force-displacement tests, sweep frequency tests, and dynamic tests using earthquake inputs. Note 

that for the dynamic tests using earthquake inputs, both synthetic response spectra compatible 

acceleration time histories and floor responses of buildings having structural fuse frames of the 

type described in Vargas and Bruneau (2006a) were adopted as seismic inputs. 

 

An empirical model is developed in Section 3.2 for this special kind of concrete BNC isolator. 

The description of the concrete BNC isolator is presented in Section 3.3, followed by details on 

the test setup in Section 3.4. The test results are presented in Section 3.5. The detailed 

description of the design and test of the complete isolated floor system using this kind of 

concrete BNC isolators will be presented in subsequent chapters. 
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3.2  Empirical Model for Concrete BNC Isolator 

 

As described in Chapter 2, BNC isolators have been studied as early as in 1995 by Kemeny and 

Szidarovszky. All consist of parallel rolling surfaces that translate upon rotation of the ball. The 

working surfaces are concave, providing self-centering capabilities. Here, building from the 

experiment by Vargas and Bruneau (2006b) which included an ISO-BaseTM device by WorkSafe 

Technologies on top of a 3-story structural fuse frame specimen to successfully reduce the 

acceleration response of nonstructural components, a special kind of concrete BNC isolator is 

developed. The bearing plates of the concrete BNC isolator are made of concrete material and 

chosen to be concave, similar to the dimensions of ISO-BaseTM platforms (e.g., the slope of the 

conical part of the working surface is 1:10). However, the concrete BNC isolator used here 

adopted 51 mm (2 in) diameter rubber and polyurethane balls (instead of the 38 mm (1.5 in) 

diameter steel balls used in ISO-BaseTM isolators). The hardness of the rubber balls and 

polyurethane balls are 70A and 95A, respectively. The advantages gained by using these balls 

include adding damping to the BNC isolator and avoiding the problem of causing grooves on the 

working surface of the bearing plates under relatively high isolated loads.  

 

The rolling friction between the ball and the concrete working surface is significant. Therefore, 

the physical model by Kemeny and Szidarovszky (1995) as described in Section 2.3 for the BNC 

isolator made of steel material (where the rolling friction is negligible) is not directly useable for 

the concrete isolator and that a new model is required for this special kind of concrete BNC 

isolator. The development of an empirical model is shown below.  

 

Fig. 3.1(a) illustrates the geometry of the concrete working surface, which consists of two parts: 

a spherical central part and an outside conical surface. When the ball rolls within the spherical 

central part of the working surface, the concrete BNC isolator is equivalent to a double friction 

pendulum (FP) bearing (Fenz and Constantinou 2006 and 2008) with equal friction coefficient 
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and equal effective radius of curvature for both spherical surfaces. The only difference between 

these two lies in the friction type: rolling friction in the concrete BNC isolator and sliding 

friction in the double FP bearing. So, the empirical model of the concrete BNC isolator under 

this movement case is similarly derived as following.    

 

The free body diagram of the isolated weight is shown in Fig. 3.1(b), where the rolling ball is 

within the spherical central area and ascending the concrete working surface. The equilibrium 

equations in the horizontal and vertical directions can respectively be written as: 

 

                          1sin cos 0x xF N Nγ μ γ− − =                        (3.1a)  

                          1cos sin 0x xW N Nγ μ γ− + =                        (3.1b) 

 

where F  is the lateral restoring force; W  is the isolated weight; N  is the reaction force from 

the working surface; 1μ  is the rolling friction coefficient between the rolling ball and the 

concrete working surface; xγ  is the rotation angle corresponding to the ball lateral displacement, 

x . In addition, rM  in Fig. 3.1(b) is the rolling friction moment.  

 

 

 

 

 

 

   

                     (a)                              (b)  

Figure 3.1 BNC Bearing: (a) Working Surface; (b) Free Body Diagram of Isolated Weight  
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Solving Eq. 3.1b gives, 

                            
1cos sinx x

WN
γ μ γ

=
−                           (3.2) 

 

Substituting Eq. 3.2 into Eq. 3.1a, one obtains, 

 

                      
1

1 1

sin cos
cos sin cos sin

x x

x x x x

W WF γ μ γ
γ μ γ γ μ γ

= +
− −                    (3.3) 

Since the rotation angle xγ  is very small (i.e., cos 1xγ ≈ and 
e

sin
Rx x

ff

xγ γ= ≈ , where eR ff is 

the effective radius of curvature equal to the radius of the spherical central part minus the radius 

of the rolling ball) when eR sinffx γ< (where γ  is the slope of the outside conical surface), 

and since both 1μ  and xγ  are small values (i.e., 1 sin 0xμ γ ≈ ), Eq. 3.3 can be simplified as, 

                                1
eR ff

WxF W μ= +                             (3.4)   

Note that the error induced by the simplifications of cos 1xγ ≈  and 1 sin 0xμ γ ≈ in Eq. 3.4 is 

less than 3% even when 1μ  takes an extreme value of 0.2 and xγ  takes its maximum value of 

0.1 (i.e., the slope of the outside conical surface).  

  

Since the lateral displacement of the top bearing plate with respect to the bottom bearing plate, 

1U , is twice the lateral displacement of the rolling ball, x , Eq. 3.4 can be expressed as, 

                             
1

1
e2R ff

WUF Wμ= +                             (3.5) 

Note that Eq. 3.5 is valid only when eR sinffx γ<  and the rolling ball is ascending the working 

surface. When the rolling ball is descending along the working surface and eR sinffx γ< , the  
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equation of motion can be obtained as, 

 

                              
1

1
e2R ff

WUF Wμ= −                            (3.6) 

The acceleration of the isolated components corresponding to the Eqs. 3.5 and 3.6, 1a , can be 

obtained by dividing Eqs. 3.5 and 3.6 by the isolated mass,   

           
1

1 1
e2R ff

gUa gμ= +   (when the ball is ascending the working surface)        (3.7) 

           
1

1 1
e2R ff

gUa gμ= −   (when the ball is descending the working surface)       (3.8) 

where, g is the acceleration of gravity.  

 

When the rolling ball reaches the conical part of the working surface (i.e., eR sinffx γ≥ ), the 

lateral force, F , becomes a constant value,  

           

        1sinF W Wγ μ= +   (when the ball is ascending the working surface)       (3.9) 

 

        1sinF W Wγ μ= −   (when the ball is descending the working surface)     (3.10) 

 

The acceleration of the isolated components corresponding to the Eqs. 3.9 and 3.10 is 

respectively a constant value as:  

         1 1sina g gγ μ= +   (when the ball is ascending the working surface)      (3.11) 

 

         1 1sina g gγ μ= −   (when the ball is descending the working surface)     (3.12) 
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Since the slope of the outside conical surface γ  is small (i.e., sinγ γ≈ (in rad)), Eqs. 3.11 and 

3.12 can be simplified as, 

          1 1a g gγ μ= +   (when the ball is ascending the working surface)        (3.13) 

 

          1 1a g gγ μ= −   (when the ball is descending the working surface)       (3.14) 

 

Based on Eqs. 3.5 and 3.6 and Eqs. 3.9 and 3.10, the force-displacement relationship of the 

special kind of concrete BNC isolator, where the rolling friction between the rolling ball and the 

working surface is significant, is shown in Fig. 3.2.   

 

 
Figure 3.2 Behavior of BNC Bearing_with Friction 

 

Note here that the empirical model developed for this special kind of BNC isolator does not 

physically model the fact that the actual ball is deformed under pressure (i.e., the gravity load on 

top). However, it is accounted for by this empirical model (even though the ball is shown as 

idealized round in Fig. 3.1) by calibration of the friction effect between the rolling ball and the 

concrete working surface, as shown later in this chapter.   

 

Based on the empirical model developed above for the concrete BNC isolator with significant 

rolling friction between the ball and the concrete working surface, the force-displacement 
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relationships for the case where the rolling friction is negligible (i.e., 1 0μ ≈ ) is also derived 

here. When 1 0μ ≈ , the friction effect in Eqs. 3.5 and 3.6 for the case when eR sinffx γ< and 

Eqs. 3.9 and 3.10 for the case when eR sinffx γ≥ can be neglected accordingly and these 

equations can be simplified and combined as, 

                     
1

e2R ff

WUF =   (when eR sinffx γ< )                    (3.15) 

 

                     sinF W γ=  (when eR sinffx γ≥ )                     (3.16) 

 

Note from Eq. 3.16 that the lateral restoring force is a constant value and independent of the 

lateral displacement of the BNC isolator.  

 

The acceleration response in Eqs. 3.7 and 3.8 and Eqs. 3.13 and 3.14 can respectively be 

simplified and combined as:  

                  
1

e2R ff

gUF =   (when eR sinffx γ< )                       (3.17) 

 

                   F gγ=  (when eR sinffx γ≥ )                          (3.18) 

The force-displacement relationship, based on Eq. 3.15 and 3.16, is shown in Fig. 3.3. It can be 

noted that it is a bilinear elastic relationship, which corresponds to the central line of the curve 

shown in Fig. 3.2 (i.e., the friction effect is subtracted from the curve in Fig. 3.2). 
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Figure 3.3 Behavior of BNC Bearing_without Friction 

 

A comparison between Eqs. 3.15 and 3.16 (i.e., the empirical model developed here for the case 

where the rolling friction is negligible) and Eqs. 2.1 and 2.2 (i.e., the physical model by Kemeny 

and Szidarovszky (1995) for the steel BNC isolator where the rolling friction is negligible) is 

conducted here and shows that: 1) the lateral displacement of the top bearing plate with respect 

to the bottom bearing plate (i.e., the displacement of the BNC isolator) is defined as double of 

the lateral displacement of the center of the rolling ball in the empirical model here and it is 

taken as double of the lateral distance between the apex of the bearing plate and the contacting 

point between the rolling ball and the working surface in the physical model by Kemeny and 

Szidarovszky (1995); 2) Together with the above definitions of BNC isolator displacement in 

different models, when the ball rolls within the spherical central area, the effective radius of 

curvature is used in the equations of the empirical model developed here and the radius of the 

spherical area is used instead in the physical model by Kemeny and Szidarovszky (1995). 

However, when the radius of the spherical part is large compared to the radius of the rolling ball, 

these two models are consistent, and; 3) when the ball rolls within the outside conical surface, 

these two models are same.  
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3.3  Concrete BNC Isolator Design and Cast 

 

The detailed design calculations for the concrete bearing plates are presented in Appendix B. The 

dimensions of the designed bearing plates of the concrete BNC isolators are shown in Fig. 3.1. 

Each plate is 273 mm (10.75 in) wide and 301 mm (28 in) long. The working surface consists of 

a central spherical surface with radius of 152 mm (6 in) and an outside conic surface with a slope 

of 1:10 (5.7°). The diameter of the concave surface is 213 mm (8.375 in). The horizontal 

diameter of the central spherical area is 30 mm (1.2 in). The distance between the centers of the 

two concave surfaces on each bearing plate is 438 mm (17.25 in). Thickness of the concrete 

bearing plate is 51 mm (2 in), i.e. still thin enough to be attractive for isolated floor system use. 

The displacement capacity of the concrete isolators is set to be 178 mm (7 in). To avoid brittle 

failure of the concrete bearing plates, deformed wires were deployed as reinforcement. The 

inside reinforcement for all bearing plates consisted of deformed wire (D2.0), with a cross 

sectional area of 13 mm2 (0.02 in2), tied together to form a 51 mm (2 in) square grid cage.  
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                             (a)                  (b)           Unit: mm             

Figure 3.4 Bearing Plate of Concrete BNC Isolator: (a) Plan and Cross Section Views;  

(b) Bearing Plates at Maximum Displacement 

 

To cast the thin bearing plates with common commercial concrete of 27.58 MPa (4 ksi) 

compression strength, and to ensure smooth concave surfaces, a ADVA 170 superplasticizer was 

added to make the concrete mix more flowable and workable. It was added in a ratio of about  

35 ml per 72.58 Kg of concrete mix, which is equivalent to 35 ml for two bags (80 lb/bag) of 

concrete mix. Foam molds donated by Thermal Foams, Inc, as shown in Fig. 3.5, were used 

instead of traditional wood forms to make the pours easier and faster. The foam material used in 

these molds is 76 mm (3 in) thick, which is strong and stiff enough to hold the concrete mix 

inside. The manufacturer’s expected tolerance is 3.2 mm (1/8 in) for dimensions and 2 degrees 

for angles. Measuring the concrete bearing plates after their curing, it was found that the actual 
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slope of the conic part of the working surface was about 1 degree bigger than the target, which 

was within the expected tolerance. However, the difference between the actual horizontal 

diameter of the central spherical area and the target was about 25 mm (1 in), which was bigger 

than the expected tolerance – this happened because the shape of the central tip part of the 

bearing plates on the foam molds was hard to make using machine tools. Based on those 

observations, for possible future applications, the manufacturer recommended to use a more 

precise manufacturing process, such as a laser mold machine, if more accurate results are desired 

for both the central part and the outside conical surface of the mold. However, this option was 

too expensive for the available project budget, and new molds were not made.  

 

                                                                                   

 

 

 

 

 

 

 

         (a)                        (b)                         (c)                

Figure 3.5 Bearing Plate Cast: (a) Foam Mold; (b) Foam Mold with Reinforcement; 

(c) Concrete Pouring 
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3.4  Test Setup 

 

3.4.1 Specimen Assembly and Setup 

 

Eight pieces of concrete bearing plates in total, four top bearing plates and four bottom ones, 

were cast for this phase of experiment. Four of them with better working surfaces were selected 

to assemble the concrete BNC isolator specimen as illustrated in Fig. 3.6. The assembly was 

achieved using steel flat bars, 38 mm (1.5 in) deep and 6 mm (1/4 in) thick. These steel flat bars 

were bolted onto threaded anchors pre-cast into the concrete bearing plates.  

 

Four series of tests were conducted on this isolator specimen, namely free vibration tests, 

force-displacement tests, sweep frequency tests, and dynamic tests using earthquake inputs. In all 

these tests, the bottom bearing plates of the specimen were fixed to the shake table (“Shake Table 

O” located in the older part of the SEESL laboratory at the State University of New York at 

Buffalo, http://nees.buffalo.edu/Facilities/Major_Equipment/shaketables.asp) by tack welding 

some steel angles against the edges of the bottom concrete bearing plates as shown in Fig. 3.7. 

Note that in the force-displacement tests, a bracket bar (3277 mm long) connected the top 

bearing plates to the load cell fixed on a stiff column beside the shake table, as shown in   

Figure 3.8.  
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(a) 

 

 

 

 

 

 

 

 

 

(b) 

Figure 3.6 Concrete BNC Isolator Specimen: (a) Bottom Bearing Plates with Balls;  

(b) Specimen 
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Figure 3.7 Specimen Setup_1 

 

 

Figure 3.8 Specimen Setup_2 
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3.4.2 Load Program 

 

The objective of this phase of tests was to characterize the properties of this special kind of BNC 

isolators, more specifically the horizontal acceleration-displacement relationship under different 

gravity loads and dynamic regimes. Note that for isolator tests here, “displacement” means the 

relative displacement of the top bearing plates with respect to the bottom ones, and 

“acceleration” means the absolute acceleration response of the top bearing plates.  

 

Given the load combinations specified by the “ASCE-7 Minimum Design Loads for Buildings 

and Other Structures” (ASCE 2005), gravity loads were applied to the isolators to simulate two 

extreme load cases, namely, 1.2D + L + 1.0E and 0.9D + 1.0E. The specimen selected for the 

single isolator tests correspond to the middle set of the outside row of the BNC isolators used in 

the complete isolated floor system described in Appendix A, which carries the maximum load 

calculated per its tributary area. The target gravity load on the selected set of isolator, 

corresponding to these two load combinations, were respectively about 6072 N (1365 lb) and 

543 N (122 lb), which was applied to the entire isolator, and thus transmitted through 4 balls. 

Some steel plates were stacked on top of the isolator to achieve these load values. The actual 

achieved load values were 6512 N (1464 lb) and 689 N (155 lb), respectively, i.e. the difference 

between the realization and target is within 27% of the target values. To get more information on 

performance of the isolators under various conditions, two other gravity of 4875 N (1096 lb) and 

2393 N (538 lb) achieved by different combinations of these steel plates were also considered, as 

interpolated values of the previous two extreme load cases. These load cases were denoted as 

Load Case 1 to Load Case 4, from the smallest to the largest magnitude of the four load values 

considered.  
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3.4.3 Input Program 

 

As mentioned before, four series of tests were run on the concrete isolator specimen, namely free 

vibration tests, force-displacement tests, sweep frequency tests, and dynamic tests using 

earthquake inputs. The free vibration tests were conducted by manually moving the top bearing 

plate to its nominal horizontal displacement capacity (i.e., 7 in) and then releasing to let the top 

bearing plate vibrate freely. In force-displacement tests, the displacement was controlled by the 

shake table and load cells were used to measure the force transmitted by the bracket. Sweep 

frequency tests were also conducted using the shake table in displacement control mode. Sine 

waves were applied with amplitude of either 25 mm, 38mm, or 51 mm (1 in, 1.5 in, or 2 in) 

progressively sweeping over a frequency range of 7 Hz to 0.4 Hz. For the last set of tests, both 

earthquake-like synthetic acceleration time histories and structural floor absolute acceleration 

responses were used as inputs. The following shows the generation of such inputs.   

 

Following the same synthetic acceleration time history generation procedure used by Vargas and 

Bruneau (2006a), an elastic response spectrum was first defined in accordance with the NEHRP 

Recommended Provisions for Seismic Regulations for New Buildings and other Structures 

(NEHRP 2003) for Sherman Oaks, California, and site soil-type class B, which correspond to the 

site of the Multidisciplinary Center for Earthquake Engineering Research (MCEER) 

Demonstration Hospital (Yang and Whittaker 2002) chosen for this project. The design spectral 

accelerations for this site are SDS=1.3g, and SD1=0.58g for 2% probability of exceedance in 50 

years. For this spectrum, Ts is 0.45 s, and T0 is 0.09 s. A response spectra compatible acceleration 

time history was then generated by using the Target Acceleration Response Spectra Compatible 

Time Histories (TARSCTHS) Code (Papageorgiou et al. 1999) and was used as one of the 

seismic inputs for dynamic tests of the isolators. This earthquake input is denoted as “Acc1”. 

This synthetic strong motion record was 15 s in duration. The comparison between the elastic 

response spectrum for 5% of critical damping corresponding to the response spectra compatible 
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acceleration time histories and the target NEHRP 2003 elastic response spectrum is shown in  

Fig. 3.9. Good agreement can be found from this figure.  

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

T (s)

S
a 

(g
)

Target
Realization

 

Figure 3.9 Average Elastic Response Spectrum of Realization VS Target Response 

Spectrum (ζ=5%) 

 

In the dynamic tests using earthquake inputs, the floor absolute acceleration responses recorded 

from response history analysis of structural fuse frames were also selected as seismic inputs. One 

of the structural fuse frames considered here was a one-story one-bay structural fuse frame, 

which was a design example in Vargas and Bruneau (2006a). The schematic lateral 

force-displacement relationship for this structural fuse frame is shown in Fig. 3.10. The mass of 

this frame is 0.35 kN•s2/mm (2 kip•s2/in). The initial lateral stiffness of the frame, Kisf, is 49.43 

kN/mm (282.26 kip/in), and the yield strength, Vysf, is 714.39 kN (160.61 kip). The natural 

vibration period of this single-degree-of-freedom (SDOF) frame is 0.53 s. The post yielding 

stiffness ratio is Kpsf/Kisf =0.25, where Kpsf is the frame lateral stiffness after yielding of the 

metallic energy dissipating element. The equivalent linear viscous damping ratio of the frame is 

5%.  
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Figure 3.10 Lateral Force-Displacement Relationship of Structural Fuse Frame  

 

This structural fuse frame was modeled in SAP2000 (CSI 2004) with a Wen-plastic link element 

and a damper link element. It was then subjected to nonlinear response history analysis by using 

the above response spectra compatible time histories Acc1 as the ground motions. The absolute 

acceleration response of the floor was recorded and adopted here as one of the seismic inputs to 

test the concrete isolator in the test series of dynamic tests using earthquake inputs, which is 

denoted as “Acc2”. 

 

Another structural fuse frame considered was also a one-story one-bay structural fuse frame with 

a mass of 0.35 kN•s2/mm (2 kip•s2/in). The initial lateral stiffness of this frame, Kisf, is       

2822 kN/mm (16114 kip/in), and the yield strength, Vysf, is 1290 kN (290 kip). The natural 

vibration period of this SDOF frame is 0.07 s. The post yielding stiffness ratio is        

Kpsf/Kisf =0.25. The equivalent linear viscous damping ratio of the frame is 5%. This frame was 

also analyzed in SAP2000, and the absolute acceleration response of the frame floor was 

recorded and adopted as another floor response seismic input for dynamic tests using earthquake 

inputs, denoted as “Acc3”. Note that the natural periods of these two structural fuse frames 

considered here are 0.53 s and 0.07 s, which lie in the ascending range and descending range of 

the target elastic response spectra (as shown in Fig. 3.9), respectively. This indicates that the 

frequency contents of these two floor response seismic inputs are different. 
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3.4.4 Instrumentation 

 

String pots and accelerometers were used to measure the displacement and acceleration 

responses at different points of the specimen. The instrumentation layout is schematically shown 

in Fig. 3.11. A total of eighteen channels of data were recorded, among which nine were string 

pots, and nine were accelerometers. The function of each one is shown in Table 3.1. Note that in 

the force-displacement tests, an additional data channel was included for the load cell to record 

the force transmitted by the bracket mentioned in Section 3.4.1. Also note that in the 

force-displacement tests, three load cells, with calibration scales ranging from low to high, were 

correspondingly used in the test cases with gravity loads from low to high.   

 

 

 
 

Figure 3.11 Layout of Instrumentation 
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Table 3.1 List of Instrumentation 

1 A1 Accelerometer N-S

2 A2 Accelerometer N-S

3 A3 Accelerometer N-S

4 A4 Accelerometer E-W

5 A5 Accelerometer E-W

6 A6 Accelerometer E-W

7 A7 Accelerometer N-S

8 A8 Accelerometer N-S

9 A9 Accelerometer N-S

10 D1 String Pot N-S

11 D2 String Pot N-S

12 D3 String Pot N-S

13 D4 String Pot E-W

14 D5 String Pot E-W

15 D6 String Pot E-W

16 D7 String Pot N-S

17 D8 String Pot N-S

18 D9 String Pot N-S

Top bearing plate, East, north

Shake table, west, south

Shake table, west, middle

#

(1)

Name

(2)

Type of
Sensor

(3)

Measure
Direction

(4)

Top bearing plate, East, north

Shake table, west, south

Shake table, west, north

Top bearing plate, west, south

Top bearing plate, middle, south

Top bearing plate, middle, south

Shake table, west, middle

Shake table, west, north

Note

(5)

Top bearing plate, west, south

Top bearing plate, middle, south

Top bearing plate, middle, south

Top bearing plate, East, south

Top bearing plate, East, middle

Top bearing plate, East, south

Top bearing plate, East, middle
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3.4.5  Test Protocol 

  

Tables 3.2 to 3.5 show the test sequences for the four series tests: free vibration tests, 

force-displacement tests, sweep frequency tests, and dynamic tests using earthquake inputs, 

respectively. Note that the two kinds of balls rolling between the top and bottom concrete bearing 

plates were separately tested in all the four test series.  

 

Note that because these tests were conducted to generate knowledge on the 

acceleration-displacement relationship of the isolator, lack of this knowledge made prediction of 

response during the dynamics tests under earthquake inputs (using simplistic models) unreliable. 

For safety purposes, the amplitude of the shake table was operated for low amplitude of the 

dynamic excitations, and the same test was repeated with signals were scaled up gradually until 

the relative displacement of the top bearing plates with respect to the bottom ones (in at least one 

test for dynamic tests under earthquake inputs) reached around 127 mm (5 in), or until the input 

amplitude reached the shake table capacity (whichever came first). Therefore, a total of 112 tests 

were conducted, but only the results for the last in each series for a given combination of gravity 

load, isolator type, and ground acceleration corresponding to the cases listed in Tables 3.3 to 3.5 

are reported in the rest of this chapter. It is also for this reason that different shake table signal 

amplitudes were used for cases with rubber balls and cases with polyurethane balls in the sweep 

frequency test series as shown in Table 3.4. 
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Table 3.2 Free Vibration Test Sequence 

1 Rubber 689

2 Rubber 2393

3 Rubber 4875

4 Rubber 6512

5 Polyurethane 689

6 Polyurethane 2393

7 Polyurethane 4875

8 Polyurethane 6512

Test 
#

(1)

Ball Type

(2)

Load
(N)
(3)
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Table 3.3 Force-Displacement Test Sequence 

1 Rubber 689 0.05 10

2 Rubber 689 0.2 10

3 Rubber 689 0.8 10

4 Rubber 2393 0.2 10

5 Rubber 4875 0.05 10

6 Rubber 4875 0.2 10

7 Rubber 4875 0.8 10

8 Rubber 6512 0.2 10

9 Polyurethane 689 0.05 10

10 Polyurethane 689 0.2 10

11 Polyurethane 689 0.8 10

12 Polyurethane 2393 0.2 10

13 Polyurethane 4875 0.05 10

14 Polyurethane 4875 0.2 10

15 Polyurethane 4875 0.8 10

16 Polyurethane 6512 0.2 10

Test #

(1)

Ball Type

(2)

Weight
(N)
(3)

Signal
Frequency

(Hz)
(4)

No. of
Cycles

(5)
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Table 3.4 Sweep Frequency Test Sequence 

1 Rubber 689 51 7-0.4

2 Rubber 2393 51 7-0.4

3 Rubber 4875 51 7-0.4

4 Rubber 6512 51 7-0.4

5 Polyurethane 689 25 7-0.4

6 Polyurethane 2393 25 7-0.4

7 Polyurethane 4875 25 7-0.4

8 Polyurethane 6512 38 7-0.4

Signal 
Amplitude 

(mm)
(4)

Frequency 
Range
(Hz)
(5)

Test 
#

(1)

Ball
Type

(2)

Load
(N)

(3)
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Table 3.5 Sequence of Dynamic Tests Using Earthquake Inputs  

Test
#

(1)

Ball 
Type
(2)

Load
(N)
(3)

Seismic
Input*

(4)
1 Rubber 689 Acc1
2 Rubber 689 Acc2
3 Rubber 689 Acc3
4 Rubber 4875 Acc1
5 Rubber 4875 Acc2
6 Rubber 4875 Acc3
7 Rubber 6512 Acc1
8 Rubber 6512 Acc2
9 Rubber 6512 Acc3

10 Polyurethane 689 Acc1
11 Polyurethane 689 Acc2
12 Polyurethane 689 Acc3
13 Polyurethane 4875 Acc1
14 Polyurethane 4875 Acc2
15 Polyurethane 4875 Acc3
16 Polyurethane 6512 Acc1
17 Polyurethane 6512 Acc2
18 Polyurethane 6512 Acc3

Note* :  
Acc1, Spectra compatible ground acceleration;
Acc2, floor acceleration of frame with period of 0.53s; 
Acc3, floor acceleration of frame with period of 0.07s.
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3.5  Test Results 

  

3.5.1 Results of Free Vibration Tests 

 

As in Vargas and Bruneau (2006b), some free vibration tests were conducted with the 

expectation that it would allow to quantify the free vibration period and the equivalent viscous 

damping ratio of the concrete BNC isolator. The displacement history of such free vibration tests 

are shown in Figs. 3.12 to 3.15. Note that there are two parts in each figure, which correspond to 

the cases using rubber and polyurethane balls, respectively.  

 

It can first be found from these figures that when the initial displacement (just before releasing 

the top bearing plate for free vibration) is almost same, there are more motion cycles in the cases 

using polyurethane balls than the corresponding ones with rubber balls. This indicates that the 

damping in the cases with rubber balls is bigger than that in the corresponding one using 

polyurethane balls. It is also observed that, with increases in the magnitude of the gravity load, 

less motion cycles are found. It indicates that damping increases along with the increases in the 

gravity load magnitude.  

 

A closer review of these figures reveals that the concrete BNC isolator does not have a constant 

vibration period. For example, Fig. 3.12 illustrates this phenomenon. In this figure, calculating 

the period between various points at various amplitudes of vibration, two vibration periods are 

shown for the case with rubber balls (Fig. 3.12a), and four vibration periods are shown for the 

case using polyurethane balls (Fig. 3.12b). Consequently, the viscous damping ratio cannot be 

directly obtained using the classical relationship between the damping ratio and the decay in the 

free vibration amplitudes proposed for damped structures in dynamic analysis (Chopra 2001). It 

was also observed that the time needed for the balls to roll from the apex of the spherical part to 

the point of maximum displacement on the conical part of the working surface is shorter than 



44 
 

4 5 6 7 8 9 10 11 12

Time (s)
-200

-150

-100

-50

0

50

100

150

200

D
is

pl
ac

em
en

t (
m

m
)

4 5 6 7 8 9 10 11 12

Time (s)
-200

-150

-100

-50

0

50

100

150

200

D
is

pl
ac

em
en

t (
m

m
)

that the time taken by the balls to roll back from that peak displacement back to the apex of the 

spherical part of the working surface. One example is shown in Fig. 3.15. However, this is 

reasonable and explained by the fact that the acceleration is bigger when the ball ascends the 

working surface than that when it descends the working surface, as shown by the equations (in 

Section 3.2) derived from the behavior of this type of isolator.  

 

 

                                                               (a) 

 

 

 

 

 

 

 

                                                               (b) 

 

 

 

 

 

Figure 3.12 Results of Free Vibration Tests under Load Case 1: (a) Rubber Balls;  

(b) Polyurethane Balls  
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Figure 3.13 Results of Free Vibration Tests under Load Case 2: (a) Rubber Balls;  

(b) Polyurethane Balls  

 

 

 

 

 

 

 

 

 

 



46 
 

1 2 3 4 5 6 7

Time (s)
-200

-150

-100

-50

0

50

100

150

200

D
is

pl
ac

em
en

t (
m

m
)

1 2 3 4 5 6 7

Time (s)
-200

-150

-100

-50

0

50

100

150

200

D
is

pl
ac

em
en

t (
m

m
)

   

                                                               (a) 

 

 

 

 

 

 

 

                                                               (b) 

 

 

 

 

 

Figure 3.14 Results of Free Vibration Tests under Load Case 3: (a) Rubber Balls;  

(b) Polyurethane Balls  
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Figure 3.15 Results of Free Vibration Tests under Load Case 4: (a) Rubber Balls;  

(b) Polyurethane Balls  

 

3.5.2 Results of Force-Displacement Tests 

 

Because the objective of this phase of experiment is to determine the horizontal behavior 

properties of the concrete isolator, results are presented in terms of acceleration-displacement 

relationships here. The “acceleration” of isolator here means the horizontal force measured from 

the load cell divided by the isolated mass including both the self-mass of the top bearing plates 

and the mass of the steel plates on top. The results of the force-displacement tests are shown in 

Figs. 3.16 to 3.23. Among these figures, Figs. 3.16 to 3.19 are for cases using rubber balls, and 

Figs. 3.20 to 3.23 are for cases using polyurethane balls.  

0.15s
0.24s

0.35s 0.43s
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From these figures, it is observed that the acceleration-displacement relationship for this kind of 

isolator forms loops. This indicates that the friction between the rolling ball and the concrete 

working surface is significant. It is noteworthy that the acceleration-displacement loops for 10 

cycles of motions are all stable. Comparison of the isolator behavior under different motions 

reveals that, for a given gravity load, the loops from sinusoidal motions with different 

frequencies are almost same, indicating that the behavior of the isolator remains stable under 

different frequencies of motions, except for some fluctuations in the acceleration-displacement 

loops observed from the cases where 0.8 Hz motions were applied. These fluctuations may be 

attributed to the specimen setup. As mentioned in Section 3.4.1, a long bracket bar was used to 

connect the top bearing plates to the load cell. There is no other constraint to limit the top bearing 

plates in the transverse direction. The top bearing plates swayed a little bit and the bracket bar 

vibrated freely during the tests. This may explain the observed fluctuations. In addition, it can be 

noted as shown in Fig. 3.23, that the center line of the loops is significantly off the one in the 

other cases using polyurethane balls. Based on the empirical model shown in Section 3.2, the 

center line of the loops corresponds to the elastic bilinear motion of the BNC isolator, which is 

defined by the geometry of the working surface. Therefore, the unusual observation in this figure 

was most probably because a miscalibrated load cell was used in that test case. Unfortunately, it 

was too late to correct this problem when it was found. Also note that, during the tests, the top 

bearing plates rose by an amount equal to the lateral displacement times the slope of the working 

surface. This uplift therefore occurred at the end of the bracket bar connecting the actuator to the 

specimen, which may also have affected the data read from the load cell. Considering all these 

issues, the results from this series of force-controlled tests may not be totally exact in terms of 

numerical values, but the above qualitative observations from these test results remain 

nonetheless valid. 
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Figure 3.16 Acceleration-displacement Relationship under Load Case 1_Rubber Balls:  

(a) 0.05 Hz; (b) 0.2 Hz; (c) 0.8 Hz  
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Figure 3.17 Acceleration-displacement Relationship under Load Case 2_Rubber Balls:  

0.2 Hz 
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Figure 3.18 Acceleration-displacement Relationship under Load Case 3_Rubber Balls: 

(a) 0.05 Hz; (b) 0.2 Hz; (c) 0.8 Hz  
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Figure 3.19 Acceleration-displacement Relationship under Load Case 4_Rubber Balls:  

0.2 Hz 
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Figure 3.20 Acceleration-displacement Relationship under Load Case 1_Polyurethane Balls: 

(a) 0.05 Hz; (b) 0.2 Hz; (c) 0.8 Hz  
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Figure 3.21 Acceleration-displacement Relationship under Load Case 2_Polyurethane Balls: 

0.2 Hz  
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Figure 3.22 Acceleration-displacement Relationship under Load Case 3_Polyurethane Balls: 

(a) 0.05 Hz; (b) 0.2 Hz; (c) 0.8 Hz  
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Figure 3.23 Acceleration-displacement Relationship under Load Case 4_Polyurethane Balls: 

0.2 Hz  

 

3.5.3 Results of Sweep Frequency Tests 

 

The objective of the sweep frequency tests is to find out the natural vibration period of this 

special kind of concrete BNC isolator. However, it has been observed in Section 3.5.1 that there 

is no constant vibration period for this kind of isolator. Although the original purpose of the 

sweep frequency tests cannot be achieved, these tests can be used to further investigate the 

behavior of this kind of isolator because the displacement of the isolator in these test are 

relatively large. The test results are shown in Figs. 3.24 to 3.27. Note that there are two parts in 

each of these figures, corresponding to the cases using rubber and polyurethane balls, 

respectively.  

 

Consistent with observations in Section 3.5.2, the effect of friction is also seen in the 

acceleration-displacement loops here, as shown in Figs. 3.24 to 3.27. Also, the fact that the loops 

obtained from tests using rubber balls are more voluminous than those corresponding to the tests 

using polyurethane balls indicates that the friction provided by the rubber balls is greater than 

that from the polyurethane balls. Here, an equivalent coefficient of friction, 
eμ , is defined as the 
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ratio of half of the ordinate difference at a given displacement on the acceleration-displacement 

loop to the acceleration of gravity, g. From Figs. 3.24 to 3.27, the equivalent coefficients of 

friction are estimated and listed in Table 3.6. This friction effect will be further studied in 

subsequent chapters for the complete isolated floor tests.  

 

Note that the horizontal force-displacement of this isolator may be obtained by multiplying the 

ordinates of the acceleration-displacement loop by the total isolated mass. Therefore, hysteretic 

loops are proportional to the acceleration-displacement curves, which means that more energy is 

dissipated by the rubber balls compared to the polyurethane balls. In addition, it can be found 

that the peak acceleration response is almost a constant value, as expected by the empirical 

model in Section 3.2. Finally, the center line of the plateau part of these loops, which is defined 

by the slope of the conical part of the isolator, is slightly higher than the target 0.1g. It is about 

0.12g. This is because the slope of the actual working surface is about 1 degree higher than the 

target as mentioned in Section 3.3.  
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Figure 3.24 Acceleration-displacement Relationship under Load Case 1_Sweep Frequency 
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Figure 3.25 Acceleration-displacement Relationship under Load Case 2_Sweep Frequency 
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Figure 3.26 Acceleration-displacement Relationship under Load Case 3_Sweep Frequency 
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Figure 3.27 Acceleration-displacement Relationship under Load Case 4_Sweep Frequency 
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Table 3.6 Equivalent Friction Coefficient 

Ball Type

(1)

Load
(N)
(2) (3)

Rubber 689 0.06

Rubber 2393 0.08

Rubber 4875 0.1

Rubber 6512 0.112

Polyurethane 689 0.022

Polyurethane 2393 0.032

Polyurethane 4875 0.044

Polyurethane 6512 0.05

eμ

 
 

During the tests, the two top bearing plates exhibited some torsional response. To study this 

effect, the sweep frequency tests under Load Case 2 are selected as examples here. The 

displacement difference of the two side corners with string pots D4 and D6 with respect to time 

are shown in Fig. 3.28. It can be noted that the maximum value of the displacement difference of 

the two extreme side corners is about 13 mm (0.5 in) for the rubber ball case, and 38 mm (1.5 in) 

for the polyurethane ball case. The torsion angle is the ratio of the maximum value of the 

displacement difference between D4 and D6, 38 mm, to the distance of the two string pots, 1168 

mm (46 in), which is about 2 degrees. This slight amount of torsion was therefore deemed to be 

insignificant here. Torsional response will be further studied when considering complete isolated 

floor system tests as shown in subsequent chapters. 
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Figure 3.28 Torsion Effect of Concrete Isolator under Load Case 2: (a) Rubber Ball;  

(b) Polyurethane Ball 

 

3.5.4 Results of Dynamic Tests Using Earthquake Inputs  

  

As in Sections 3.5.2 and 3.5.3, the results of the dynamic tests using earthquake inputs are also 

shown in terms of acceleration-displacement loops. These are presented in Figs. 3.29 to 3.34. 

From these figures, the observations from the test results made in Sections 3.5.2 and 3.5.3 are 

also found here. Furthermore, the values of the equivalent coefficient of friction estimated from 

these tests are almost same with the corresponding ones found in Section 3.5.3. In addition, as 

expected, a plateau of peak acceleration response is also observed for each test case here.  
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As in Section 3.5.3, torsional response was also investigated here. As an example, the 

displacement difference between D4 and D6 in the cases subjected to Acc2 is shown in     

Figs. 3.35 and 3.36. It can be noted that the maximum value is about 15 mm (0.6 in), which 

corresponds to a torsional angle of about 1 degree. Again, it is not significant. 
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Figure 3.29 Acceleration-Displacement Relationship of Concrete Isolator (Rubber Balls, 

Load Case 1): (a) Subject to Acc1; (b) Subject to Acc2; (c) Subject to Acc3 
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Figure 3.30 Acceleration-Displacement Relationship of Concrete Isolator (Rubber Balls, 

Load Case 3): (a) Subject to Acc1; (b) Subject to Acc2; (c) Subject to Acc3 
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Figure 3.31 Acceleration-displacement Relationship of Concrete Isolator (Rubber Balls, 

Load Case 4): (a) Subject toAcc1; (b) Subject to Acc2; (c) Subject to Acc3 
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Figure 3.32 Acceleration-Displacement Relationship of Concrete Isolator (Polyurethane 

Balls, Load Case 1): (a) Subject to Acc1; (b) Subject to Acc2; (c) Subject to Acc3 
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Figure 3.33 Acceleration-Displacement Relationship of Concrete Isolator (Polyurethane 

Balls, Load Case 3): (a) Subject to Acc1; (b) Subject to Acc2; (c) Subject to Acc3 
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Figure 3.34 Acceleration-Displacement Relationship of Concrete Isolator (Polyurethane 

Balls, Load Case 4): (a) Subject to Acc1; (b) Subject to Acc2; (c) Subject to Acc3 
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Figure 3.35 Torsion Effect of Concrete Isolator (Rubber Balls, Acc2): (a) Load Case 1;  

(b) Load Case 3; (c) Load Case 4 
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Figure 3.36 Torsion Effect of Concrete Isolator (Polyurethane Balls, Acc2): (a) Load Case 1;  

(b) Load Case 3; (c) Load Case 4 
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3.6  Observations 

 

In this chapter, an empirical model was first developed for a special kind of BNC Isolator where 

the rolling friction between the rolling ball and the concrete working surface is significant. 

Characterization tests conducted to determine the mechanical properties of this special kind of 

concrete ball-in-cone (BNC) isolator were then presented. The concrete isolator used rubber balls 

and polyurethane balls between two concrete bearing plates with concave rolling surfaces. For 

each kind of ball, four series of tests were conducted under different gravity loads: free vibration 

tests, force-displacement tests, sweep frequency tests, and dynamic tests using earthquake inputs. 

Note that both response spectra compatible acceleration time histories and floor acceleration 

responses recorded from the nonlinear response history analysis of typical structural fuse frames 

were used as seismic inputs for the dynamic tests using earthquake inputs.  

 

The test results show that this special kind of concrete BNC isolator does not have a constant 

vibration period. So the viscous damping cannot be directly obtained based on the relationship 

between the viscous damping and the decay in the free vibration amplitude. The test results also 

show that the behavior of this special kind of concrete BNC isolator is stable under different 

motions. The friction between the balls and the concrete working surface is found to be 

significant from the acceleration-displacement loops. Friction is found to be greater in the case 

using rubber balls than that in the corresponding case using polyurethane balls. It is also found 

that this friction will be larger with increases in the supported isolated loads. In addition, based 

on the equations that capture the behavior of this kind of isolator shown at the beginning of this 

chapter, a plateau of peak acceleration response was observed in the test results.  

 

An equivalent coefficient of friction, 
eμ , was also defined in this chapter to catch the friction 

effect between the rolling ball and the concrete working surface. This factor also provides a basis 

for building the model of such isolators in computer programs, which is the topic of a subsequent 
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chapter. The values of 
eμ  were estimated based on the experimentally obtained 

acceleration-displacement relationships for all the gravity load cases considered in this chapter.  

 

The friction effect between the rolling balls and the concrete working surface will be discussed 

more extensively when presenting the test results for the complete isolated floor system, which is 

the topic of subsequent chapters.  
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CHAPTER 4 

 

MULTI-DIRECTIONAL SPRING UNIT  

CHARACTERIZATION TEST AND PHYSICAL MODEL 

 

4.1  Introduction 

  

Chapter 3 described the characterization tests and phenomenological model of a special kind of 

concrete ball-in-cone (BNC) isolator. This chapter will present the details of the characterization 

tests and physical model of a special kind of spring unit used to control the response of an 

isolated floor system manufactured by Dynamic Isolation Systems (DIS), which is referred here 

as multi-directional spring unit.  

 

To investigate the force-displacement behavior of the multi-directional spring units and to better 

understand the mechanical properties that define how these spring units work, three series of 

tests were conducted, from spring components alone to the complete spring unit in its 

implemented configuration. Two spring units were tested to investigate the repeatability of 

results. In addition, because the spring units can be built with internal springs with different 

nominal stiffnesses, tests were conducted sequentially with springs with two different nominal 

stiffnesses. Both sinusoidal signals (with different amplitudes and frequencies) and seismic floor 

displacement records (obtained from the tests of isolated floor system presented in Chapter 5) 

were adopted as inputs to conduct these characterization tests. Furthermore, both without and 

with pretension initial cases are considered. This chapter presents all the details of these tests, 

including specimen setup, instrumentation, input program, test protocol, and the test results. The 
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results from tests subjected to different inputs are also compared to observe whether the behavior 

of the spring units is stable. Finally, a physical model for this kind of multi-directional spring 

units is developed. The results obtained from this model are compared with those from the 

characterization tests. A study is also conducted to investigate the sensitivity of its four primary 

parameters of the model in capturing the behavior of the spring unit. 

 

4.2  Multi-directional Spring Unit Description 

 

The multi-directional spring units were adopted as isolators to work in an isolated floor system 

manufactured by DIS, which was tested in the Structural Engineering and Earthquake Simulation 

Laboratory (SEESL) of University at Buffalo. The complete details of this isolated floor system 

will be presented in Chapter 5. For the time being, an overview of the multi-directional spring 

unit and a conceptual sketch of its application in isolated floor system are shown in Figs. 4.1 and 

4.2, respectively. From these figures, note that a steel cable connecting the internal spring comes 

out of the spring unit tube through a bushing. Then, the cable is fixed onto the above isolated 

floor through another similar bushing welded to the underside of the isolated floor. The steel 

cable will slide along the bushing in the spring unit during motion of the isolated floor and 

control the response of the top isolated platform. The surfaces of the two bushings mentioned 

above are of same shape. It is a revolution surface similar to a “hyperboloid of one sheet” with 

an exception that it is a half circle that is revolved around a central axis. By analogy, looking at it 

from above, the shape of the bushing surface looks like the inside surface of the flare of a 

“trumpet”. In addition, the bushing in the spring unit is made of brass, and the one on the isolated 

floor is in steel. 
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Figure 4.1 Multi-directional Spring Unit 

 

 
Figure 4.2 Multi-directional Spring Unit in Isolated Floor System 

 

4.3  Test Setup 

 

4.3.1  Specimen Setup and Instrumentation 

 

Hysteretic force-displacement behavior of the spring units is needed to simulate the seismic 

behavior of these units in computer program. However, to be able to construct this behavior 

using physical models, the force-displacement relationship of the spring unit as a complete 

component, as well as that of its individual spring, is required. Therefore, three test series were 

originally scheduled to accomplish this purpose:  

 In Test Series 1, axial tests of individual springs left within the tube, without threading the 

cable through the bushing of the spring unit, to investigate the behavior of the spring alone; 

 In Test Series 2, axial tests of individual springs taken out of the tube to capture the 

behavior of the spring alone and compare results with those from Test Series 1, in an 
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attempt to quantify friction between the spring and the tube;  

 In Test Series 3, tests of complete spring unit with tube and bushings on. The configuration 

of the spring unit in these tests was same as the working conditions of the spring units in 

the tests of the isolated floor introduced in Chapter 5.  

 

During Test Series 1, note that a low rumbling sound, attributed to the friction between the spring 

and the tube, could always be heard. Furthermore, during the first tests of Test Series 2, it was 

observed that the spring was sagging downward due to its self-weight, which indicated that the 

spring was likely always in contact with the tube during its motion when working within its tube. 

Thus, to better observe the behavior of the internal spring, the setup for Test Series 2 was 

modified by introducing a steel channel at the same height level corresponding to the bottom 

surface of the tube in Test Series 1. Under this new setup, the spring could be openly seen, unlike 

the Test Series 1 tests where the spring was hidden by the tube.  

 

The specimen assembly and setup for each test series (after the modification of Test Series 2) are 

shown in Figs. 4.3 to 4.5, respectively. As mentioned before, Test Series 1 and 2 were intended to 

investigate the force-displacement behavior of the spring alone. Hence, the layout of the 

specimen in these two test series was that the spring, the load cell which was connected to the 

shaft of the actuator and used to record axial load of the spring, and the shaft of the actuator were 

aligned on the same axis, as shown in Figs. 4.3 and 4.4. Also, note that the load cell was 

connected to the specimen cable using an eyebolt, the central line of which also agreed with the 

common central line of the other parts of the specimen. For Test Series 3, to simulate the 

working conditions of the spring units as they are installed in the complete isolated floor system 

(that is itself tested in Chapter 5), an anchor end was manufactured to hold the spring cable in a 

way that would replicate the conditions of the floor underside attachment point. A photo of the 

anchor end used in Test Series 3 is shown in Fig. 4.6. A bushing was welded to the bottom plate 

of the anchor to duplicate the bushing on the isolated floor shown in Fig. 4.2. In the specimen 
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assembly and setup for this series of tests, the spring unit, the anchor, the load cell used to 

measure the horizontal load of the spring unit, and the shaft of the actuator were connected in 

series together. However, the central lines of the load cell and the actuator shaft were different 

from that of the spring unit which was at a lower level to simulate the working condition of the 

spring unit in isolated floor system, as shown in Fig. 4.5. Also note, from Fig. 4.5, that the load 

cell inserted between the actuator and the anchor end manufactured to hold the spring cable, was 

connected using threaded rods. The spring cable passed through the hole of the bushing of the 

anchor end and was fixed with small clamps above, as shown in Fig. 4.6. The setup of this series 

of tests was designed to leave a clear gap of about 20 mm (0.783 in) between the anchor end 

bushing bottom surface and the top surface of the multi-directional spring unit, to replicate the 

actual conditions of the spring units in the tested isolated floor system (described in Chapter 5).  

 

As mentioned above, a load cell was used to record the load (i.e. axial load of spring in Test 

Series 1 and 2 and horizontal load of the complete spring unit in Test Series 3) at the actuator end 

closest to the cable attachment point. The displacement of the actuator shaft was directly 

obtained from the recorded actuator motion. Therefore, only two instrumentation channels in 

total were used for these characterization tests: one for the load cell to measure force, and the 

other for the actuator to measure the horizontal displacement. 
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(a) 

 

 
(b) 

 

Figure 4.3 Specimen Configuration of Test Series 1: (a) 3-D View and; (b) Side View of the 

Specimen Setup 
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(a) 

 

 

 
 

(b) 

 

Figure 4.4 Specimen Configuration of Test Series 2: (a) 3-D View and; (b) Side View of the 

Specimen Assembly and Setup 
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(a) 

 

 
 

(b) 

 

Figure 4.5 Specimen Configuration of Test Series 3: (a) 3-D View and; (b) Side View of the 

Specimen Assembly and Setup 
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Figure 4.6 Anchor End Used in Test Series 3 

 

4.3.2  Input Program 

 

For the characterization tests of the multi-directional spring unit, two different types of 

displacement histories were adopted as input signals for the actuator. First, to check whether the 

behavior of the springs and spring units was stable under cyclic repeated motions, sinusoidal 

input signals ten cycles long were used. To check whether the behavior of the springs and spring 

units was sensitive to motion velocity, both 0.05 Hz and 0.2 Hz sinusoidal signals were adopted. 

Amplitude of displacement was 254 mm (10 in) and 203 mm (8 in) for 0.05 Hz frequency and 

0.2 Hz frequency sinusoidal signals, respectively. The difference in maximum stroke reached at 

different frequencies is a function of maximum velocity that can be applied by the actuator. For 

those amplitudes of the sinusoidal signals, the velocity at each point of the 0.2 Hz sine wave was 

3.2 times that of the corresponding 0.05 Hz wave. Some seismic floor displacement inputs were 

also adopted as inputs to test the multi-directional spring units. These are relative displacement 
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histories between the isolated floor and the base floor recorded during the tests of the isolated 

floor system reported in Chapter 5. These seismic displacement histories are called 2Acc31wo, 

3Acc31wo, B107050, and B207050 for reasons that will be described in Chapter 5, and are 

considered to reflect a representative range of floor response histories. 

 

Note that since Test Series 1 and 2 test the spring alone, which can only be subjected to tension 

when in the full spring assembly for any direction of isolated floor displacement, only the “pull” 

half of these sinusoidal signals were adopted for these two series of tests, denoted as half 

sinusoidal signals as illustrated in Figs. 4.7 and 4.8. For these test series, for the same reasons, 

the seismic floor displacement histories were not used. For Test Series 3, the complete “pull” and 

“push” parts of the sinusoidal signals and the seismic displacement records were used. The target 

inputs adopted in Tests Series 3 are illustrated in Figs. 4.9 through 4.14, respectively. 
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Figure 4.7 Half Sinusoidal Signal with Frequency of 0.05 Hz 
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Figure 4.8 Half Sinusoidal Signal with Frequency of 0.2 Hz 
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Figure 4.9 Complete Sinusoidal Signal with Frequency of 0.05 Hz 
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Figure 4.10 Complete Sinusoidal Signal with Frequency of 0.2 Hz 
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Figure 4.11 Seismic Floor Displacement Record of 2Acc31wo 
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Figure 4.12 Seismic Floor Displacement Record of 3Acc31wo 
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Figure 4.13 Seismic Displacement Record of B107050 
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Figure 4.14 Seismic Floor Displacement Record of B207050 

 

4.3.3  Test Protocol 

 

Different multi-directional spring units, built with internal springs having different stiffnesses, 

can be manufactured and used in the isolated floor systems. Under relatively small floor gravity 

loads, the manufacturer recommended to use multi-directional spring units with relatively low 

nominal stiffness, and vice versa. Therefore, to obtain the mechanical behavior (such as 

force-displacement relationship) of each type of spring unit used in the complete isolated 

systems tested later, springs with two different nominal stiffnesses were considered as part of the 

current test program. Also, to investigate consistency between nominal (specified) and actual 

stiffnesses, two springs with nominal stiffness of 2627 N/m (15 lb/in), and two springs with 

nominal stiffness of 1313 N/m (7.5 lb/in) were tested. The test sequence is shown in Table 4.1, 

where the names of tests were chosen per the following nomenclature:  

 Names for sinusoidal inputs are denoted in series from the beginning as signal frequency 
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(0.05 Hz is expressed as “05”, and 0.2 Hz as “2”), nominal spring stiffness (15 lb/in is 

expressed as “15” and 7.5 lb/in as “07”), null (“0”) or 51 mm (2 in expressed as “2”) 

pretension, with (“w”) or without (“wo”) tube, and with (“w”) or without (“wo”) bushing. 

For example, “05150wowo” means test for a 0.05 Hz sinusoidal input signal, for a spring of 

2627 N/m  (15 lb/in) nominal stiffness spring, without pretension, and without tube and 

bushing on (i.e. Test Series 2). For Test Series 1 and 2, only one spring of each nominal 

stiffness was tested. For Test Series 3, both springs of each nominal stiffness were assembled 

and tested sequentially to check the repeatability of the behavior of the spring units. In Test 

Series 3, there is an extra “2” at the end of the names of the tests for which the second spring 

of same nominal stiffness was used.  

 Names of tests using seismic floor displacement record inputs are constructed using seismic 

displacement record input name, followed by the same conversion indicated above for the 

nominal spring stiffness, the pretension condition (null or 51 mm), and whether the tests was 

conducted with or without tube, and with or without bushing.  

 

4.4 Test Results 

 

4.4.1  Results of Test Series 1 and 2 

 

It was found that during all the tests in Test Series 2, the springs remained in contact with the 

top surface of the steel channel due to its sag under its self-weight. The springs were not seen to  

deform or vibrate transversely This suggests the rumbling sound heard in Test Series 1 was 

caused by the friction between the spring and the bottom surface of the tube. Results also 

confirm that that the configurations of Test Series 1 and 2 are actually identical in terms of 

behavior.  
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Table 4.1 Test Sequence 

Test
Series #

(1)

Test Name

(2)

Input
Frequency*

(Hz)
(3)

Spring
Stiffness

(N/m)
(4)

Pretension
(mm)

(5)

Spring
Location

(6)

Bushing
 

(7)

Amplitude
(mm)

(8)

Number
of

Cycles
(9)

05150wwo 0.05 2627 Null in Tube without 254 10
2150wwo 0.2 2627 Null in Tube without 203 10
05152wwo 0.05 2627 51 in Tube without 254 10
2152wwo 0.2 2627 51 in Tube without 203 10
05070wwo 0.05 1313 Null in Tube without 254 10
2070wwo 0.2 1313 Null in Tube without 203 10
05072wwo 0.05 1313 51 in Tube without 254 10
2072wwo 0.2 1313 51 in Tube without 203 10

05150wowo 0.05 2627 Null on Plate without 254 10
2150wowo 0.2 2627 Null on Plate without 203 10
05152wowo 0.05 2627 51 on Plate without 254 10
2152wowo 0.2 2627 51 on Plate without 203 10
05070wowo 0.05 1313 Null on Plate without 254 10
2070wowo 0.2 1313 Null on Plate without 203 10
05072wowo 0.05 1313 51 on Plate without 254 10
2072wowo 0.2 1313 51 on Plate without 203 10
05150ww 0.05 2627 Null in Tube with 254 10
2150ww 0.2 2627 Null in Tube with 203 10

05152ww 0.05 2627 51 in Tube with 254 10
2152ww 0.2 2627 51 in Tube with 203 10

2Acc31wo152ww 2Acc31wo 2627 51 in Tube with 141 1
3Acc31wo152ww 3Acc31wo 2627 51 in Tube with 162 1

05070ww 0.05 1313 Null in Tube with 254 10
2070ww 0.2 1313 Null in Tube with 203 10

05072ww 0.05 1313 51 in Tube with 254 10
2072ww 0.2 1313 51 in Tube with 203 10

b107050072ww b107050 1313 51 in Tube with 201 1
b207050072ww b207050 1313 51 in Tube with 189 1

05150ww2 0.05 2627 Null in Tube with 254 10
2150ww2 0.2 2627 Null in Tube with 203 10
05152ww2 0.05 2627 51 in Tube with 254 10
2152ww2 0.2 2627 51 in Tube with 203 10
05070ww2 0.05 1313 Null in Tube with 254 10
2070ww2 0.2 1313 Null in Tube with 203 10
05072ww2 0.05 1313 51 in Tube with 254 10
2072ww2 0.2 1313 51 in Tube with 203 10

* Only the frequencies of the sinusoidal signals are shown, either 0.05 Hz or 0.2 Hz; For seismic floor displacement record
inputs, the name of the record  is shown for the corresponding test.

1

2

3
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To check whether the behavior of the spring is sensitive to motion velocity, which is directly 

related to frequency of the sinusoidal motion, the force-displacement history results for each 

spring from different frequency sinusoidal signals are plotted together for comparison. Figs. 4.15 

and 4.16 show the results of the tests without pretension when subjected to different frequency 

sinusoidal motions. The results of the spring tests with 51 mm (2 in) pretension are illustrated in 

Figs. 4.17 and 4.18.  

 

0 20 40 60 80 100 120 140 160 180 200 220 240 260

Disp.  (mm)

0
100
200
300
400
500
600
700
800
900

1000
1100
1200
1300
1400

Fo
rc

e 
 (N

)

05150wwo
05150wowo
2150wwo
2150wowo

 

Figure 4.15 Test Results of 2627 N/m (15 lb/in) Spring without Pretension 
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Figure 4.16 Test Results of 1313 N/m (7.5 lb/in) Spring without Pretension 
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Figure 4.17 Test Results of 2627 N/m (15 lb/in) Spring with 51 mm (2 in) Pretension 
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Figure 4.18 Test Results of 1313 N/m (7.5 lb/in) Spring with 51mm (2 in) Pretension 

 

As shown in these figures, the force-displacement loop corresponding to each cycle of the 

10-cycle half sinusoidal signals agrees with each other well. This means that the behavior of the 

pure spring is stable with respect to the number of the cycles of motions. Also, from any of these 

figures, it may be noted that the force-displacement loops of the springs when subjected to 

different frequency sinusoidal motions agree well with each other, demonstrating that the 

behavior of the springs is not sensitive to motion frequency/velocity. In addition, from any of 

these figures, note that the results from Test Series 1 and the corresponding ones from       

Test Series 2 coincide with each other, which again confirms that there is no effect on the 

behavior from the spring and the vertical surfaces and top surface of the tube in Test Series 1 and 

the configurations of Test Series 1 and 2 are actually identical.  

 

From Fig. 4.15, for the 2627 N/m nominal stiffness spring without any pretension, note that the 

behavior is bilinear with a small offset at the beginning, or trilinear if a small linear segment is 
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used at the beginning to model the offset: a first phase of behavior is relatively soft when the 

displacement is less than about 6 mm (0.25 in), then much stiffer until a displacement of about 

50mm (2 in), after which elongation proceeds per a lower linear stiffness of about 2428 N/m 

(13.866 lb/in). From Fig. 4.16, it is found for the 1313 N/m (7.5 lb/in) nominal stiffness spring 

without any pretension that the behavior is bilinear (without an offset in this case): after a 

displacement of about 10 mm (0.4 in), the spring continues to elongate with a lower linear 

stiffness of about 1525 N/m (8.708 lb/in). Note that the actual stiffnesses of 2428 N/m (13.866 

lb/in) and 1525 N/m (8.708 lb/in) were respectively 7.6% and 16.1% below and above their 

specified nominal values. The expected manufacture’s tolerance for the nominal stiffness is 15%. 

For the 1313 N/m spring, the obtained difference percentage (i.e. 16.1%) is slightly over the 

expected value. The behavior of these springs is different from the normal behavior of springs 

which typically exhibit a linear stiffness over the entire range of response. When the springs were 

pre-tensioned by elongating them by 51 mm (2 in) before starting the tests, as shown in Figs. 

4.17 and 4.18, the curves plotted starting from zero displacement were linear and corresponded 

to the data that would be read from the curves for the cases without any pretension (shown in 

Figs. 4.15 and 4.16) if starting to read the curves from a point that is 51 mm (2 in) right to the 

original vertical axis.. Figs. 4.15 to 4.18 also show that each of the force-displacement curves 

obtained for the spring components exhibit some small hysteresis around the mean force line, 

likely attributed to the friction between the spring and the tube in Test Series 1 and between the 

spring and the steel channel in Test Series 2. 

 

4.4.2  Results of Test Series 3 

 

Figs. 4.19 through 4.22 compare the achieved signals (from tests of 2Acc31wo152ww, 

3Acc31wo152ww, B107050072ww, and B207050072ww, respectively) versus the corresponding 

target signals, plotted together for comparison. Note that although the peak amplitudes of the 

seismic displacement records were slightly less than desired because of the velocity limitation of 
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the actuator, however, the realization and the corresponding target signals were almost in phase. 

This was deemed to be a satisfactory accuracy for the current purpose, which was to investigate, 

using seismic floor displacement histories, whether the behavior of the multi-directional spring 

units is sensitive to motion frequencies, which is directly related to the motion velocity. In 

addition, the fidelity of all the realized sinusoidal signals, including those in Test Series 1 and 2, 

was excellent. Although not shown here, comparison of the target sinusoidal signal and the 

corresponding motion shows that the difference is less than 2 percent for both frequency and 

amplitude in those cases.  
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Figure 4.19 Comparison of Realization and Target of Seismic Displacement Record 

2Acc31wo (from Test of 2Acc31wo152ww) 
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Figure 4.20 Comparison of Realization and Target of Seismic Displacement Record 

3Acc31wo (from Test of 3Acc31wo152ww) 
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Figure 4.21 Comparison of Realization and Target of Seismic Displacement Record 

B107050 (from Test of B107050072ww) 
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Figure 4.22 Comparison of Realization and Target of Seismic Displacement Record 

B207050 (from Test of B207050072ww) 

 

Figs. 4.23 and 4.24 show the results of spring unit tests without any pretension. The test results 

of spring units with 51 mm (2 in) are illustrated in Figs. 4.25 and 4.26.  

 

Figs. 4.23 to 4.26 show that the force-displacement loops of the spring units, when subjected to 

cyclic sinusoidal motions, agree well with each other from test to test and that the behavior of the 

spring unit is stable with respect to the number of cycles of cyclic motion. Note that the behavior 

of the spring units is also stable with respect to the frequencies of motions (i.e. the behavior of 

the spring unit is not sensitive to motion velocity). Figs. 4.25 and 4.26 also demonstrate that the 

behavior of the spring units subjected to seismic displacement records coincide well with the 

corresponding ones subjected to sinusoidal signals, which again confirms that the hysteretic 

behavior of the spring units is stable and not sensitive to displacement history. In addition, in this 

series of tests, both spring units having the same nominal stiffness were tested. Figs. 4.23 

through 4.36 also show consistency in the force-displacement loops for both spring units with 
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same nominal stiffness. However, the shape of the hysteretic loops themselves is unconventional 

and deserves further study. The physics of this behavior is described in Section 4.5. Note that the 

curve goes up bilinearly when loading, and drops vertically on load reversal, and goes down 

bilinearly when unloading. For the spring unit with a nominal stiffness of 2627 N/m (15 lb/in), 

the curve has a linear stiffness when the displacement is bigger than about 76 mm (3 in) under 

both loading or unloading. For spring unit with nominal stiffness of 1313 N/m (7.5 lb/in), the 

curve also has a linear stiffness when the displacement is bigger than about 30 mm (1.2 in) under 

both loading or unloading. However, the unloading slopes are different from the loading slopes. 

The reasons for this will be explained in the next section. 
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Figure 4.23 Test Results of 2627 N/m (15 lb/in) Spring Units without Pretension 
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Figure 4.24 Test Results of 1313 N/m (7.5 lb/in) Spring Units without Pretension 
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Figure 4.25 Test Results of 2627 N/m (15 lb/in) Spring Units with 51mm (2 in) Pretension 
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Figure 4.26 Test Results of 1313 N/m (7.5 lb/in) Spring Units with 51 mm (2 in) Pretension 

 

Note that some minor data correction had to be applied to the results of Test Series 3, especially 

for the cases of springs with pretension applied. For the test setup and assembly shown in 

Section 4.3.1, even though at the start of the test, the initial condition of the steel cable is vertical 

for the tests with 51 mm (2 in) pretension in Test Series 3, the load cell read a force value, which 

is about 85 N (19 lb) for 2627 N/m (15 lb/in) nominal stiffness spring unit and about 18 N (4 lb) 

for 1313 N/m (7.5 lb/in) nominal stiffness spring unit, respectively. By geometry, no horizontal 

axial force could be present in this system. Upon further investigation, it was found that, because 

of the distance between the cable and the load cell, some moment was induced on the load cell 

during these tests even at the initial state, which affected the reading data of the load cell. This 

means that even under pure bending, for which no axial force should have been recorded by the 

load cell, there was a nonzero value recoded by the load cell, presumably because the strain 

gages inside the load cell were not perfectly symmetrically deployed and the data read from 

different strain gages did not perfectly cancel each other. This phenomenon is denoted here as 
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“moment effect” on the load cell and was verified to exist by conducting simple pure-bending 

tests on the load cell. This moment effect was present at the beginning of the tests with 

pretension, as the cable was vertical and perpendicular to the actuator and axis of the load cell 

and the vertical force induces a moment on the load cell. When the tests started, the steel cable 

became inclined, and applied moments to the load cell. Both horizontal and vertical force 

components of the cable force causes moments on the load cell. For those spring unit tests 

without pretension, although the initial load cell reading is about 0, the moment effect from the 

cable force also existed during motion as mentioned just now. Fig. 4.27 shows an example 

comparison of the original results and the modified results obtained by eliminating the “moment 

effect”. Note that the original results are not symmetric and the modified results are almost 

symmetric. Theoretically speaking as will be demonstrated in the next section, the behavior of 

the spring units is same in any direction. The modified results correctly reproduce this behavior. 

Note that a number of other approaches had been used to modify the original results before the 

moment effect was understood. However, the “moment effect” correction method provides the 

best results (as shown in Figs. 4.23 to 4.26) which are the most symmetric and best agree with 

the physical model presented in Section 4.5.  
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Figure 4.27 Comparison of Original and Modified Results of Test 05152ww 

  

4.5  Physical Model of Multi-directional Spring Unit 

 

4.5.1  General System Geometry 

 

To simulate the behavior of the multi-directional spring units in computer program, a physical 

model was developed. The detailed geometry relationships, needed to develop this model for the 

bushings during unidirectional motions, consider both the bushing in spring unit and the bushing 

fixed on the underside of the isolated floor, and are shown in Fig. 4.28. In this figure, “ 1F f± ” 

means the force in the spring cable at the end which connects to the internal spring in the spring 

unit and the meaning of 1F  and f  in this expression will be presented in Section 4.5.2. Also, 

“ r ” represents the radius of each of the two bushings, which is 31 mm (1.218 in) for the case at 

hand, “θ ” is the angle from the horizontal of the cable between the two bushings, which also 

corresponds by geometry to the angle over which the spring cable is not in contact with the 



103 
 

 

 

 

Figure 4.28 Geometry of Bushing and Cable System under Isolated Floor Displacement: (a) 

Floor Motion towards the Spring Unit, and; (b) Floor Motion away from the Spring Unit 
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bushing over its quarter circle surface and “β ” is the complementary angle of “θ ”, “Δ ” is the 

horizontal relative displacement between the isolated floor and the spring unit underneath, and 

“ a ” is the clear distance between the bushings (which is about 20 mm (0.783 in) as mentioned in 

Section 4.3.1). The terms, “b ”, “ c ”, and “ d ”, are geometric dimensions, shown in Fig. 4.28. 

Adding up to give the told floor displacement, Δ , in this figure, “ cb 2+ ” and “ d2 ” are the 

horizontal projections of the cable segments between the bushings that are, respectively, not in 

contact, and in contact, with the quarter circle segments of the bushings. “ 3F ” is the horizontal 

restoring force of the spring unit corresponding to the isolated floor displacement (Δ ). Note that 

here, the spring cable is simplified as a line without thickness for simplicity.  

 

For the horizontal travel distance Δ , shown on Fig. 4.28 as equal to )(2 dcb ++ , the following 

geometric relationship during motion can be obtained, knowing that θtan/ab = , 

θθ tan/)cos1( −= rc , and )sin1( θ−= rd .  

]tan/)cos1(sin1[2tan/ θθθθ −+−+=Δ ra              (4.1) 

As shown in Fig. 4.28, θπβ −= 2/ . Substituting, the above relationship may be expressed as, 

]tan)sin1(cos1[2tan ββββ −+−+=Δ ra                (4.2) 

Substituting 2β ϕ=  allows to simplify the resulting expression knowing that, 

2

2 tansin
1 tan

ϕβ
ϕ

=
+

                         (4.3)            

2

2

1 tancos
1 tan

ϕβ
ϕ

−
=

+
                            (4.4) 

2

2 tantan
1 tan

ϕβ
ϕ

=
−

                            (4.5) 

Substituting Eqs. 4.3, 4.4 and 4.5 into Eq. 4.2, and substituting tanϕ  by x (to simplify the 
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resulting expression) gives the following equation, 

0)2(2)4( 2 =Δ−++−Δ xraxr                       (4.6) 

Solving Eq. 4.6 gives, 

r
rrara

x
4

)4()2()2( 2

−Δ
−ΔΔ++±+−

=  (when r4≠Δ )            (4.7) 

From calculation and comparison with bushing motion geometry, choose the positive value of 

x , 

r
rrara

x
4

)4()2()2( 2

−Δ
−ΔΔ++++−

=  (when r4≠Δ )            (4.8) 

Because 2β ϕ=  and tanx ϕ= , then,  

2( 2 ) ( 2 ) ( 4 )
2 tan

4
a r a r r

a
r

β
⎡ ⎤− + + + + Δ Δ −

= ⎢ ⎥
Δ −⎢ ⎥⎣ ⎦

 (when r4≠Δ )       (4.9) 

Note that when r4=Δ , Eq. 4.9 converges to 296.1=β .                          (4.10) 

 

From Fig. 4.28, the elongation of the internal spring of the multi-directional spring unit, denoted 

as Δs here, corresponding to the isolated floor horizontal displacement, Δ, can be expressed as, 

   arrras −−−++=Δ 2cos/)sin1(22cos/ ββββ               (4.11) 

 

4.5.2  Hysteretic Behavior Model for Pre-tensioned Multi-directional Spring Units 

 

Considering that multi-directional spring units in isolated floor system will be pre-tensioned by 

pre-pulling the cable by 51 mm (2 in) to facilitate self-centering of the system, here, the physical 

model of multi-directional spring units considering pretension was first developed. The linear 

force-displacement relationships of pure springs (within tube) with 51 mm (2 in) pretension, 

shown in Section 4.4.1, can be simulated with straight lines for the average force (“ 1F ” in    

Fig. 4.28) and a small hysteretic friction (“ f ” in Fig.4.28) to capture the observed friction effect. 
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For the 2627 N/m (15 lb/in) spring with 51 mm (2 in) pretension case, the equation of the 

straight line used to simulate the internal spring force ( 1F )-displacement ( sΔ ) relationship, in 

units of N and mm respectively, is, 

841.745428.21 +Δ= sF                         (4.12)    

or, in units of lb and in respectively, 

                    68.167866.131 +Δ= sF                         (4.13)  

For the 1313 N/m (7.5 lb/in) spring with 51 mm (2 in) pretension case, the equation of the line 

used to model the pure spring force ( 1F )-displacement ( sΔ ) relationship, in units of N and mm 

respectively, is, 

198.169525.11 +Δ= sF                         (4.14) 

or, in units of lb and in respectively, 

                     039.38708.81 +Δ= sF                          (4.15) 

The comparisons between the straight lines and the results from test cases 05152wowo and 

05072wowo are shown in Figs. 4.29 and 4.30, respectively. Note that the friction is around 18 N 

(4 lb) from these two figures. Therefore, the force-displacement relationships of springs (in tube) 

with 51 mm (2 in) pretension are equal to the corresponding straight lines plus and minus the 

friction effect when the cable is extending out and retracting in, respectively. 
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Figure 4.29 Comparison of Model Straight Line for 2627 N/m (15 lb/in) Spring and Test 

Results of 05152wowo 
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Figure 4.30 Comparison of Model Straight Lines for 1313 N/m (7.5 lb/in) Spring and Test 

Results of 05072wowo 
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Then, based on the belt friction formula (Bedford and Fowler, 2005), the force in the spring cable 

segment outside the bushing, denoted as 2F , can be expressed as, 

)2/(
12 )( βπμ ++= kefFF  (when the cable is extending out)        (4.16) 

)2/(
12 /)( βπμ +−= kefFF  (when the cable is retracting in)           (4.17) 

The horizontal restoring force 3F , equal to the horizontal component of 2F , can be obtained as 

following, 

θβπμ cos)( )2/(
13

++= kefFF  (when the cable is extending out)        (4.18) 

θβπμ cos/)( )2/(
13

+−= kefFF  (when the cable is retracting in)        (4.19) 

Because ,2/ θπβ −=  Eqs. 4.18 and 4.19 can be alternatively expressed as, 

ββπμ sin)( )2/(
13

++= kefFF  (when the cable is extending out)        (4.20) 

ββπμ sin/)( )2/(
13

+−= kefFF  (when the cable is retracting in)        (4.21) 

where, f  is the friction between the spring and the tube, taken as 18 N (4 lb), and kμ  is the 

sliding friction coefficient (which is a kinetic friction coefficient) between the steel cable and the 

brass bushing of the multi-directional spring unit. The static coefficient of friction between these 

two materials is typically given as 0.19 for greasy contacting surface condition 

(http://www.roymech.co.uk/Useful_Tables/Tribology/co_of_frict.htm). However, no values of 

kinetic friction coefficient could be found for these two surfaces. Here, to best simulate the 

behavior of the multi-directional spring units, sliding friction coefficient values of kμ  of 0.171 

and 0.190 were found to be adequate for the 2627 N/m (15 lb/in) and 1313 N/m (7.5 lb/in) 

nominal stiffness spring units, respectively. These selected values of the sliding coefficient of 

friction are those which gave the minimum sum of square error (SSE) by statistically comparing 

the model prediction and the corresponding test result. 
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From Section 4.4, note that the behavior of both the pure spring and the spring units is stable 

when subjected to different inputs. Hence, as examples, the comparisons of the model prediction 

results and the corresponding test results presented in Section 4.4.2 for tests of 05152ww and 

05072ww are shown in Figs. 4.31 and 4.32, respectively. Note that the “Force” and “Disp.” in 

these figures are the lateral restoring force from the spring units, “ 3F ”, and the displacement of 

the isolated floor system, “Δ ”, as shown in Fig. 4.28. Good agreement may be found between 

the results from the physical model and the corresponding test results.  

 

Note that in all the equations shown above, the displacement and force parameters are treated as 

scalars, which means that these parameters have no vector directional meaning. Therefore, in 

computations, if the force and displacement are defined as positive in one motion direction, then 

the force and displacement in the opposite direction should be considered with a negative sign 

when using the above equations. Furthermore, note that four key physical terms were used in 

developing this model: r , a , f , and kμ , which are denoted as primary parameters here. All 

the other quantities (i.e., β , Δs, 1F , 2F , and 3F ) used in this model can directly or indirectly be 

expressed by using these four independent parameters, which are the physical properties of the 

spring unit itself.  
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Figure 4.31 Comparison of Model Prediction for 2627 N/m (15 lb/in) Spring Unit and 

05152ww Test Results 
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Figure 4.32 Comparison of Model Prediction for 1313 N/m (7.5 lb/in) Spring Unit and 

05072ww Test Results 
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4.5.3  Hysteretic Behavior Model for Non-pre-tensioned Multi-directional Spring Units 

 

The process and all the equations for building up the physical model for multi-directional spring 

units with pretension shown above can also be used for the development of the physical 

analytical model for multi-directional spring units without any pretension and with other amount 

of pretension as long as the corresponding values of the four primary parameters and the 

force-displacement relationship of spring components are know. As an example, the following 

will show the development of the physical model for multi-directional spring units without 

pretension using these equations shown above. The only difference of this process is that the 

force-displacement relationships (i.e. Eqs. 4.12 to 4.15) must be replaced by the corresponding 

force-displacement relationship of springs without any pretension. The values of the four primary 

parameters ( r , a , f , and kμ ) are kept same as those used in model for pretension cases. 

For the 2627 N/m (15 lb/in) spring without any pretension case, trilinear model was adopted here. 

The equations of the lines in different displacement phases used to simulate the pure spring force 

( 1F )-displacement ( sΔ ) relationship, in units of N and mm respectively, are, 

802.2643.21 +Δ= sF  (when sΔ ≦ 6.3 mm)                (4.22) 

117.179363.311 +Δ= sF  (when 6.3 mm< sΔ ≦ 27.6 mm)          (4.23) 

606.618429.21 +Δ= sF  (when sΔ >27.6 mm)                (4.24) 

or, in units of lb and in respectively,  

63.0093.151 +Δ= sF  (when sΔ ≦0.249 in)                (4.25) 

269.40095.1791 −Δ= sF  (when 0.249 in< sΔ ≦ 1.086 in)          (4.26) 

075.139872.131 +Δ= sF   (when sΔ >1.086 in)               (4.27) 

For the 1313 N/m (7.5 lb/in) spring without any pretension case, bilinear model was adopted 

here. The equations of the lines in different displacement phases used to simulate the pure spring 
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force ( 1F )-displacement ( sΔ ) relationship, in units of N and mm respectively, are, 

704.7598.91 +Δ= sF  (when sΔ ≦ 10.1 mm)              (4.28) 

947.88514.11 +Δ= sF  (when sΔ > 10.1 mm)              (4.29) 

or in units of lb and in respectively,  

732.1806.541 +Δ= sF  (when sΔ ≦0.396 in)               (4.30) 

997.19647.81 +Δ= sF  (when sΔ > 0.396 in)               (4.31) 

The comparisons between the straight lines and the results from test cases 05150wowo and 

05070wowo are shown in Figs. 4.33 and 4.34, respectively. From these two figures, the same 

value of friction is found as that obtained for pretension cases which is around 18 N (4 lb). 

Therefore, the force-displacement relationships of springs without any pretension are equal to the 

corresponding straight lines plus and minus the friction effect when the cable is extending out 

and retracting in, respectively.  
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Figure 4.33 Comparison of Model Straight Lines for 2627 N/m (15 lb/in) Spring and Test 

Results of 05150wowo 
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Figure 4.34 Comparison of Model Straight Lines for 1313 N/m (7.5 lb/in) Spring and Test 

Results of 05070wowo 

 

As in Section 4.5.2, the comparisons of the model prediction results and the corresponding test 

results from test cases 05150ww and 05070ww are shown in Figs. 4.35 and 4.36 as examples, 

respectively. It can be found that the results from the physical model and the corresponding test 

results agree well with each other. 
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Figure 4.35 Comparison of Model Prediction for 2627 N/m (15 lb/in) Spring Unit and 

05150ww Test Results 
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Figure 4.36 Comparison of Model Prediction for 1313 N/m (7.5 lb/in) Spring Unit and 

05070ww Test Results 
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4.6  Sensitivity Study  

 

For a given spring stiffness and pretension, the physical model developed in Section 4.5.2 was 

defined in terms of four primary parameters: the radius of the bushings around which spring 

cable was wrapped ( r ), the clear gap between the bushings ( a ), the friction between the internal 

spring and the spring unit tube ( f ), and the sliding coefficient of friction between the spring 

cable and the brass bushing in the spring unit ( kμ ). To instigate how variation in the value of 

these parameters impact this physical model’s ability to capture the behavior of the spring units, 

a sensitivity study was conducted. 

 

Analyses were sequentially conducted on the four primary parameters mentioned above by 

separately using values 30 percent bigger and smaller than that of each parameter in the physical 

model. This sensitivity study was conducted using the physical model for pre-tensioned 

multi-directional spring units. The resulting multi-directional spring unit hysteretic behavior 

obtained from this sensitivity study are shown in Figs. 4.37 to 4.44 for the spring unit with a 

2627 N/m nominal stiffness (i.e. Figs 4.37 to 4.40) and the spring unit with a 1313 N/m nominal 

stiffness (i.e. Figs. 4.41 to 4.44), respectively.  

 

Figs. 4.37, 4.38, 4.41, and 4.42 show that a 30 percent change of radius of the bushings around 

which the spring cable bends, or a 30 percent change in the clear distance between the bushings, 

do not result in a significant difference in behavior. For a ∓ 30 percent variation in the radius of 

the bushings, the initial stiffness (for both loading and unloading branches) of the hysteretic 

curve increases and decreases by 15 percent on average. However, the secondary stiffness 

practically remains unchanged. The transition point between these two stiffnesses 

correspondingly occurs earlier and later than in the original reference system for both the loading 

and unloading branches of the curve. For a ∓ 30 percent change in the clear distance between 

the bushings, the same trends observed above are found, except that the change in magnitude of 
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initial stiffness, compared to the original system, is on average 9 percent. Figs. 4.39 and 4.43 

show the physical model is not sensitive to a 30 percent variation of the friction coefficient 

between the internal spring and the spring unit tube, as the corresponding hysteretic curves 

practically coincide with each other. The physical model is, however, more sensitive to variations 

in the sliding coefficient of friction between the spring cable and the brass bushing in the spring 

unit. Significant difference in behavior (i.e., force value difference at same displacement) can be 

found from Figs. 4.40 and 4.44 for the spring units having 2627 N/m and 1313 N/m nominal 

stiffness spring units, respectively. Note that the hysteretic curve will expand when the sliding 

friction coefficient increases, which means the loading branch goes further away from the 

abscissa axis and the unloading branch will come closer to the abscissa axis. It can be found that 

for the loading branch of the curve, for a ± 30 percent variation of the sliding coefficient, the 

initial stiffness and the secondary stiffness both correspondingly either increase or decrease, 

respectively. The change magnitude is 13 percent and 18 percent on average for the initial and 

secondary stiffnesses under this case, respectively. In addition, the maximum force developed is 

on average ± 17 percent of that of the original system, respectively. For the unloading branch of 

the hysteretic curve, the trend observed above is reversed. However, the transition point between 

the two different stiffnesses in each branch practically remains at the same displacement in this 

case.  
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Figure 4.37 Comparison of Behaviors of 2627 N/m Spring Unit under Different r Values 

( a = 20 mm, f =18 N, kμ = 0.171) 
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Figure 4.38 Comparison of Behaviors of 2627 N/m Spring Unit under Different a  Values 

( r =31 mm, f =18 N, kμ = 0.171) 
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Figure 4.39 Comparison of Behaviors of 2627 N/m Spring Unit under Different f  Values 

( r =31 mm, a =20 mm, kμ = 0.171) 
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Figure 4.40 Comparison of Behaviors of 2627 N/m Spring Unit under Different kμ  Values 

( r =31 mm, a =20 mm, f =18 N) 
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Figure 4.41 Comparison of Behaviors of 1313 N/m Spring Unit under Different r  Values 

( a =20 mm, f =18 N, kμ = 0.190) 
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Figure 4.42 Comparison of Behaviors of 1313 N/m Spring Unit under Different a  Values 

( r =31 mm, kμ = 0.190, f =18 N) 
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Figure 4.43 Comparison of Behaviors of 1313 N/m Spring Unit under Different f  Values 

( r =31 mm, a =20 mm, kμ = 0.171) 
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Figure 4.44 Comparison of Behaviors of 1313 N/m Spring Unit under Different kμ  Values 

( r =31 mm, a = 20 mm, f =18 N) 
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4.7  Observations 

 

This chapter presented research conducted to characterize the behavior of multi-directional 

spring units used in an isolated floor system. From the tests, it can be found that the behavior of 

the spring units is stable under repeated cyclic motion and independent of velocity of motion. 

The test results also show that the behavior of both the springs used in spring units and the 

complete spring units is unusual. The force-displacement curves of the springs alone without any 

pretension are mostly bilinear for 2627 N/m and 1313 N/m nominal stiffness springs, 

respectively. The behavior of the springs with pretension is almost linear and agrees with the 

corresponding linear part of the behavior of the corresponding springs from a displacement 

corresponding to the pretension value. The force-displacement relationships of the complete 

spring units, with and without pretension, are near bilinear and characterized by loading and 

unloading segments of different slopes. A physical model was developed to capture the unique 

behavior of these multi-directional spring units with and without pretension. Comparison of the 

results between the physical analytical model and the spring unit tests shows good agreement. A 

sensitivity study showed that this model is more sensitive to the sliding coefficient of friction 

between the spring cable and the brass bushing in the spring unit, and not so sensitive to change 

in the radius of the bushings around which the spring cable was bent, the clear distance between 

the bushings, and the friction effect between the internal spring and the spring unit tube. The 

physical model of multi-directional spring units provides a foundation to model the behavior of 

the isolated floor system studied in Chapter 5 using this kind of multi-directional spring units as 

isolators (which is the subject of Chapter 7).   
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CHAPTER 5 

 

ISOLATED FLOOR SYSTEM II CHARACTERIZATION TEST 

 

5.1  Introduction  

 

As mentioned in Chapter 1, when this project started, a number of manufacturers were 

developing their own isolated floor system and were not in a position to release details on their 

systems until their patents were issued. For this reason, a special kind of concrete ball-in-cone 

(BNC) isolators and a corresponding isolated floor system using this kind of concrete isolators, 

which was named Isolated Floor System I, were designed. Characterization tests were designed 

to investigate their respective behaviors. After the characterization tests of the single concrete 

BNC isolator were completed, and just before the characterization tests of Isolated Floor System 

I started, an isolated floor system by Dynamic Isolation Systems (DIS) became available. This 

research project was therefore expanded to include this recently developed system, and to 

investigate its behavior. This DIS product was called Isolated Floor System II, since it was 

obtained after Isolated Floor System I was developed. Considering the sudden immediate 

availability of Isolated Floor System II, it was first tested using the shake table facilities in the 

Structural Engineering and Earthquake Simulation Laboratory (SEESL) at the University at 

Buffalo. After the tests of the Isolated Floor System II, characterization tests were conducted on 

the originally developed isolated floor system-Isolated Floor System I.  

 

Chapter 4 presented the characterization tests of the multi-directional spring units from Dynamic 

Isolation Systems (DIS). This chapter presents the characterization tests of Isolated Floor System 
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II, which used this special kind of spring units as isolators. The contents of the characterization 

tests of Isolated Floor System I will be presented in the next chapter. 

 

The objective of the characterization tests is to obtain the mechanical properties (such as 

force-displacement relationship) of Isolated Floor System II to be able to simulate its dynamic 

response in computer programs. In these characterization tests, to simulate the realistic 

conditions to be encountered when a floor isolation system is installed in an existing room, a 

surrounding masonry wall was built and some steel edge plates were used to cover the space 

between the isolated floor system and the wall. Two sets of 2627 N/m nominal stiffness spring 

units were investigated for this isolated floor system. Both synthetic ground motions and the 

analytical floor response of both single-degree-of-freedom (SDOF) and multi-degree-of-freedom 

(MDOF) structural fuse frames were used as seismic inputs. Besides unidirectional tests, some 

bidirectional tests were also conducted. Different load cases, both with symmetric and eccentric 

configurations of gravity loads, were considered. The mechanical properties of this system were 

presented in terms of acceleration-displacement relationship. Finally, several additional tests 

conducted on the isolated floor system using two sets of 1313 N/m nominal stiffness spring units 

were presented. 

 

Combined, these tests allowed to investigate the behavior of Isolated Floor System II under 

different seismic inputs and different load cases. The test results were also compared from 

different points of view as described in Section 5.4.3, including comparison of behavior between 

the multi-directional spring units and the corresponding complete isolated floor system. 
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5.2  Isolated Floor System II Description 

 

Isolated Floor System II is a proprietary system by DIS. To better see the details, a photo of the 

isolated platform of Isolated Floor System II (without the surrounding wall and steel edge plates) 

is shown in Fig. 5.1. Isolated Floor System II uses two sets of multi-directional spring units as 

described in Chapter 4, which are connected to a raised steel floor frame, to decouple the 

response of the nonstructural components on the isolated floor from the motion of the floor itself. 

The multi-directional spring units can be easily changed even after the system has been set up. 

Casters with a wheel diameter of about 152mm (6 in) are bolted to the steel floor frame to 

vertically support the loads. The steel cable of each spring unit passes through the steel bushing 

welded on the steel floor frame as shown in Fig. 5.2 and is then fixed to the floor frame with 

clamps, where the clamps tighten the cable to the vertical side of the steel channel of the floor 

frame. Floor panels (i.e., tiles) with a steel surface are bolted down to the floor frame and 

provide the walking surface. The total height of this isolated floor system is about 324 mm 

(12.75 in). Although it is taller than Isolated Floor System I which is only 193 mm high, it is still 

attractive for isolated floor system applications. The total weight of this isolated floor is about 

8522 N (1916 lb). 

 

 
  

Figure 5.1 Overview of Isolated Floor System II (without Wall and Steel Edge Plates) 
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Figure 5.2 Cable Fixture of the Spring Units 

 

5.3  Test Setup 

 

5.3.1  Specimen Assembly and Setup 

 

A 102 mm (4 in) thick concrete slab was designed and cast to simulate the structural floor 

surface on which isolated floors would be installed in a typical application. The surface of this 

concrete slab was finished by hand to a smoothness similar to concrete floor surfaces in 

buildings. No special finish was applied on the surface of this concrete slab. Furthermore, to 

simulate the constraints of installing such an isolated floor systems in building rooms, a 610 mm 

(24 in) tall masonry wall was built on the concrete slab, as shown in Fig. 5.3. Note that the space 

equivalent to a door opening was also included in the wall (as shown in Fig. 5.3). The inside area 

bounded by the wall was 3454 mm x 3454 mm (136 in x 136 in), which corresponds to the size 

of a small room. The concrete slab was fixed onto the shake table platform by steel angles (L4x6) 

and anchors bolted on the four sides of the footing slab as shown in Fig. 5.3. Note that some 

threaded rods were pre-cast into the slab at the corresponding positions of the anchors.  
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Two multi-directional spring units with 2627 N/m (15 lb/in) nominal stiffness were bolted down 

to steel plates which were themselves connected to the shake table by bolts running through 

holes in the concrete footing slab, as shown in Fig. 5.4. Two modules were assembled together 

above the multi-directional spring units to create the Isolated Floor System II surface, as shown 

in Fig. 5.5. During their installation, the cables of the two spring units underneath were pulled 

out 51 mm (2 in) and attached to the steel floor frame as mentioned in Section 5.2. This means 

that the multi-directional spring units were in pretension before tests. Finally, 8 pieces of steel 

edge plates, each being 1727 mm (half of the inner length of each side of the surrounding wall, 

68 in) long, 610 mm (24 in) wide, and 4.8 mm (3/16 in) thick, were directly screwed down to the 

top surface of the “2x6” wood boards which were fixed onto the surrounding masonry wall. The 

bottom surface of the edge plates and the walking surface of the isolated floor were at the same 

level. These steel edge plates were used to cover the space between the surrounding concrete 

masonry wall and the isolated floor. One end of each edge plate was cut at an angle to form 

symmetric edges at the wall corners, as shown in Fig. 5.6. An overview of Isolated Floor System 

II specimen is shown in Fig. 5.7. 
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Figure 5.3 Concrete Footing Slab with Masonry Wall 

 

 

 
Figure 5.4 Fixture of Spring Units 
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Figure 5.5 Assembly of Two Modules of the Isolated Floor System 

 

 
Figure 5.6 Corner Configuration of Edge Plates in Isolated Floor System II 
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Figure 5.7 Overview of Isolated Floor System II Specimen 

 

5.3.2  Load Program 

 

Two load criteria are used for the gravity load design of the isolated floor system. First, the floor 

has to be able to resist 0.012 MPa (250 psf) over a small area at any point over the floor system. 

This is referred to as the walking surface load carrying capacity. Second, the floor has to be able 

to resist a specified uniformly distributed load over its entire area, which is defined as the 

uniformly distributed load carrying capacity.  

 

Cases with symmetric and eccentric distribution of gravity load were considered for the tests of 

Isolated Floor System II. Steel plates and lead bricks were placed at various locations on the 

isolated floor to create the different load cases. The sizes and weights of these steel plates are 

presented in Table 5.1. In addition, each piece of lead brick weighs around 111 N (25 lb). Based 

on the weights and sizes of these available steel plates, ten different load cases in total were 
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considered to test this isolated floor system to achieve the various conditions summarized in 

Table 5.2. In this table, Columns 2 and 3 respectively mean the target uniformly distributed 

gravity load in each load case and the corresponding realized value using the available steel 

plates, both of which calculated using the entire area of the isolated floor system (i.e., the area 

enclosed by the wall). Note that, Load Cases 1 to 3 investigate the behavior of this isolated floor 

system under different symmetric load cases, the only difference between these load cases being 

that uniformly distributed gravity loads of 0 psf, 25 psf, and 50 psf over the entire area of the 

isolated floor system were considered. Also, to compare the behavior of this isolated floor system 

under symmetric and eccentric loads and between different magnitudes of eccentricity, tests with 

Load Cases 5 to 8 were conducted. Load Cases 5 and 7 corresponded to floor subjected to the 

same gravity load magnitude as Load Case 2, but with two different values of eccentricity with 

respect to the X direction. For Load Cases 6 and 8, although the intent was to create a load 

magnitude as in Load Case 2, when attempting to locate the steel plates to create the 

eccentricities needed in the X and Y direction, it was found the local load value calculated based 

on the footprint of the steel plate on the floor exceeded the maximum permitted for the floor 

walking surface. Because creating large eccentricities had priority over maintaining the load 

magnitude, Load Cases 6 and 8, therefore, ended up being designed with a load magnitude of  

14 psf instead of 25 psf, but with the correct desired eccentricities. To be able to compare the 

behavior of the system with symmetric layout of masses and eccentric layout of masses, Load 

Case 4 was created with a load magnitude of 14 psf, which is same as Load Cases 6 and 8, but 

with symmetric load layout. 

 

The detailed description of how these load cases were achieved follows. The layout of the steel 

plates used to achieve each load case is also illustrated in Figs. 5.8 to 5.17 for each of these ten 

load cases considered for Isolated Floor System II, respectively, where the steel plates’ 

dimensions are shown in inches. The layout order of the steel plates for each load case is also 

shown in the corresponding figures. For example, in Fig. 5.9 for Load Case 2, the layout order 
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means that from bottom to top, two 60” x 60” x 1.5” steel plates are stacked on top of each other 

under a 16-3/16” (16.2”) x 16-1/16” (16.1”) x 2” steel plate, itself under 2 lead bricks on top. In 

some instances, there are more than one steel plate on a given layer. For example, in Fig. 5.12 for 

Load Case 5, two 33.5” x 31” x 2” plates are laid next to each other on the bottom layer, on top 

of which is a 48” x 38” x 2” steel plate, itself under two 33.5” x 31” x 2” steel plates adjacent to 

each other. Note that in all cases, although the uniformly distributed loads were calculated and 

reported as if applied over the entire floor area, the steel plates could only be applied to the part 

of the isolated floor system that would not touch the edge plates during earthquake motions. 

 

Table 5.1 Summary of Steel Plates 

Length
(mm)

Width
(mm)

Thickness
(mm)

851 (33.5)* 787 (31) 51 (2) 4 2575 (579)

1524 (60) 1524 (60) 38 (1.5) 4 6716 (1510)
1219 (48) 838 (33) 51 (2) 1 3945 (887)

411 (16.2) 408 (16.1) 51 (2) 1 623 (140)

Size
(1) Quantity

(pieces)
(2)

Weight
(N)
(3)

* the numbers in paratheses are the corresponding  values in U.S. customary
units, i.e. in and lb.
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Table 5.2 Summary of Load Cases 

Target
(Pa)
(2)

Realization
(Pa)
(3)

X Direction
(5)

Y Direction
(6)

X Direction
(%)
(7)

Y Direction
(%)
(8)

1 0 (0) 0 (0) √^ — — — —
2 1200 (25) 1200 (25) √ — — — —
3 2400 (50) 2304 (48) √ — — — —
4 1200 (25) 647 (14) √ — — — —
5 1200 (25) 1194 (25) — √ — 12 —
6 1200 (25) 647 (14) — √ √ 12 12
7 1200 (25) 1194 (25) — √ — 19 —
8 1200 (25) 647 (14) — √ √ 19 19

9*** Cabinet Cabinet — — — — —
10 Cabinet Cabinet — — — — —

* Load here means the uniformly distributed load value, caculated based on the area enclosed by the surrounding wall;
** For Load Cases 9 and 10, the load is referred as "Cabinet" here, and no definition of "symmetric" or "eccentric" in
   Columns (4) to (8) for these two load cases;
*** EP represents eccentricity percentage, caculated as the eccentricity divided by the length of each side of the innner area
   bounded by the wall;
^ If the term applicable for current load case, then use sysmbole "√", otherwise "—".

Load* EP** with Respect to
Load Case #

(1)

Symmetric

(4)

Eccentric with Respect to

 

Load Case 1 

In this case, no live load (i.e., steel plate) was applied on top of the isolated floor, as shown in 

Fig. 5.8. 

 

Load Case 2 

The target load corresponded to a uniformly distributed live load over the system’s entire area of 

1.2 kPa (25 psf), symmetrically applied with respect to both axes of the isolated floor. This load 

case, with half of the gravity load of Load Case 3 (2.4 kPa), was added to get more information 

about the behavior of the system under different gravity load values. The corresponding total 

load required was 14283 N (25x136x136/12/12=3211 lb), and 14278 N (1510+1510+140+2x25= 

3210 lb) was actually applied (using the available steel plates) as shown in Fig. 5.9. The local 

walking surface load (which is the actual applied load over the footprint of the steel plate(s) on 

the isolated floor) was 6.1 kPa (3210 lb/5 ft/5 ft =128 psf), which was smaller than the walking 

surface load carrying capacity, 12 kPa (250 psf); 
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Load Case 3 

This case corresponds to the office floor uniformly distributed design live load requirements of 

2.4 kPa (50 psf) per various building codes, including the Minimum Design Loads for Buildings 

and Other Structures (ASCE7-05) (ASCE 2005). The corresponding total load required was 

28565 N (50x136x136/12/12=6422 lb), and 27489 N (1510x4+140=6180 lb) was actually 

applied (using the available steel plates) as shown in Fig. 5.10. The local walking surface load 

was 11.8 kPa (6180 lb/60 in/60 in =247 psf), which was almost equal to the walking surface load 

carrying capacity 12 kPa (250 psf); 

 

Load Case 4 

The target was a symmetrical uniformly distributed live load of 1.2 kPa (25 psf). The 

corresponding total load required was 14283 N (25x136x136/12/12=3211 lb), but only 7726 N 

(579x3=1737 lb) was actually applied (using the available steel plates) as shown in Fig. 5.11 for 

the reason described earlier. The local walking surface load was 11.5 kPa (1737 lb/33.5 in/      

31 in=241 psf), which was almost equal to the walking surface load carrying capacity 12 kPa 

(250 psf); 

 

Load Case 5 

The case corresponds to a uniformly distributed live load of 1.2 kPa (25 psf), symmetrically 

applied with respect to only one axis of the isolated floor. The corresponding total load required 

is 14283 N (25x136x136/12/12=3211 lb), and 14247 N (2316+887=3203 lb) was actually 

applied as shown in Fig. 5.12. This load case had an eccentricity e = 425 mm (16.75 in) that 

corresponded to a ratio e/D of 12%, where D is the width of the isolated floor system (i.e. the 

length of each side of the square area surrounded by the masonry wall). The local walking 

surface load was 10.6 kPa (3203 lb/33.5 in/31 in/2=222 psf), which was 11% smaller than the 

walking surface load carrying capacity 12 kPa (250 psf); 
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Load Case 6 

The target of this case was a uniformly distributed live load of 1.2 kPa (25 psf), eccentric to both 

axes of the isolated floor. The corresponding total load required was 14283 N 

(25x136x136/12/12=3211 lb), but only 7726 N (579x3=1737 lb) was actually applied as shown 

in Fig. 5.13 for the reason described earlier. This load case had an eccentricity e = 425 mm 

(16.75 in) in both directions that corresponded to a ratio e/D of 12%. The local walking surface 

load was 11.5 kPa (1737 lb/33.5 in/31 in=241 psf), which was almost equal to the walking 

surface load carrying capacity 12 kPa (250 psf);  

 

Load Case 7 

The target live load of 1.2 kPa (25 psf) for this case was only symmetrical with respect to one 

axis of the isolated floor. The corresponding total load requirement was 14283 N 

(25x136x136/12/12 = 3211 lb), and 14247 N (2316+887=3203 lb) was actually applied as shown 

in Fig. 5.14. Note that the bottom layer of steel plates was put 19 mm (0.75 in) away from the 

central line of the isolated floor and each layer of steel plate makes an offset of 229 mm (9 in) 

with respect to the adjacent bottom one to obtain large eccentricity. This case had an eccentricity 

e= 671 mm (26.43 in) that corresponded to a ratio e/D 19%. The local walking surface load was 

10.6 kPa (3203 lb/33.5 in/31 in/2=222 psf), which was 11% smaller than the walking surface 

load carrying capacity 12 kPa (250 psf); 

  

Load Case 8 

The target live load of 1.2 kPa (25 psf) for this case was eccentric with respect to both axes of the 

isolated floor. The corresponding total load requirement was 14283 N (25x136x136/12/12=3211 

lb), but only 7726 N (579x3=1737 lb) was actually applied as shown in Fig. 5.15 for the reason 

described earlier. Note that the bottom layer of steel plates was put 19 mm (0.75 in) and 83 mm 

(3.25 in), respectively, away from the central lines of the isolated floor and each layer of steel 

plate makes an offset of 229 mm (9 in) and 203 mm (8 in), respectively, with respect to the 
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adjacent bottom one in two directions to obtain bigger eccentricity. This load case had an 

eccentricity e = 673 mm (26.5 in) in both directions that corresponds to a ratio e/D of 19%. The 

local walking surface load was 11.5 kPa (1737 lb/33.5 in/31 in=241 psf), which was almost equal 

to the walking surface load carrying capacity 12 kPa (250 psf);   

 

Load Case 9 

The objective of this load case was to simulate the consequence on behavior of heavy furniture 

placed on the edge cover plates against the design intent, such as a heavy file cabinet sitting both 

on the steel edge plate and on the isolated floor. One small cabinet 381 mm x 673 mm x 737 mm 

(15 in x 26.5 in x 29 in) in size was filled with 27 lead bricks, totally 3002 N (675 lb), and placed 

as shown in Fig. 5.16. The local walking surface load was 11.7 kPa (675 lb/15 in/26.5 in=245 

psf), which was almost equal to the walking surface load capacity 12 kPa (250 psf); 

 

Load Case 10 

The objective of this load case was the same as in Load Case 9, but considering heavy furniture 

entirely on the edge cover plate instead of partly resting on it. The same cabinet as in Load Cast 

9, with 27 lead bricks inside and total weight of 3002 N (675 lb), was located as shown in    

Fig. 5.17. The local walking surface load was 11.7 kPa (675 lb/15 in/26.5 in=245 psf), which was 

almost equal to the walking surface load capacity 12 kPa (250 psf). 

 

 

 



137 
 

 
 

Figure 5.8 Top View of Load Case 1 
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Figure 5.9 Top View of Load Case 2 
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Figure 5.10 Top View of Load Case 3 
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Figure 5.11 Top View of Load Case 4 
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Figure 5.12 Top View of Load Case 5 
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Figure 5.13 Top View of Load Case 6 
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Figure 5.14 Top View of Load Case 7 
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Figure 5.15 Top View of Load Case 8 
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Figure 5.16 Top View of Load Case 9 
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Figure 5.17 Top View of Load Case 10 

 

5.3.3  Input Program 

 

The characterization tests of Isolated Floor System II included both unidirectional and 

bidirectional tests. For unidirectional tests, spectra compatible acceleration time histories were 

generated and used as seismic inputs as mentioned in Section 3.3.3. Here, Acc01 and Acc02, 

generated in Section 3.4.3 and shown in Figs. 5.18 and 5.19, respectively, were used to either test 

the isolated floor system directly, or to generate floor response time histories for this purpose. 

The resulting analytical floor absolute acceleration response records of three structural fuse 
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frames obtained from analysis in SAP2000 (Computers and Structures Inc. 2004) were used as 

seismic inputs to test Isolated Floor System II. First, as in Section 3.3.3, the same 

single-degree-of-freedom (SODF) structural fuse frame with natural vibration period of 0.53 s, 

and designed by Vargas and Bruneau (2006a), was modeled and analyzed to obtain the floor 

absolute acceleration records corresponding to synthetic ground acceleration time history Acc01. 

The resulting motion is denoted as Acc11 and shown in Fig. 5.20. Second, a 4-story, 3-bay 

structural fuse frame, also designed in Vargas and Bruneau (2006a) was also modeled and 

analyzed by using Acc01 as ground motion, which used buckling resistant braces (BRBs) as 

energy dissipation devices in each story. The dimensions of this frame and its structural members 

are summarized in Table 5.3. The absolute acceleration records of the third story was used as 

seismic input to test Isolated Floor System II. It is shown in Fig. 5.21 and denoted as Acc31. 

Third, the actual structural fuse frame specimen tested by Vargas and Bruneau (2006b) was 

analyzed using the shake table motion recorded during the test at 0.75g amplitude. It is a 3-story 

1-bay frame. The properties and dimensions of this frame are summarized in Table 5.4. The 

second floor absolute acceleration response (shown in Fig. 5.22) was recorded and used as a 

seismic input to test Isolated Floor System II, which was denoted as Acc002.  

 

Besides the unidirectional tests mentioned above, some bidirectional tests were also conducted 

on Isolated Floor System II. Two sets of combined bidirectional inputs were used. One is the 

combination of Acc01 and Acc02 as inputs in the E-W and N-S directions, respectively, which 

was denoted as C1. The second set is the combination of Acc11 and Acc31 as inputs in the E-W 

and N-S directions, respectively, which was denoted as C2. 

 

Although some preliminary analysis about the response of the isolated floor system was done 

before the tests, this data alone was conservatively judged insufficient to accurately predict the 

system behavior. Therefore, to protect the specimen, each variant of the isolated floor system was 

first tested using a low level of seismic excitations by scaling down the above seismic inputs.  
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Figure 5.18 Input of Acc01 
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Figure 5.19 Input of Acc02 
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Figure 5.20 Input of Acc11 
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Figure 5.21 Input of Acc31 



150 
 

0 5 10 15 20 25 30 35 40 45 50

Time (s)

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

A
cc

. (
g)

 

Figure 5.22 Input of Acc002 

 

Table 5.3 Summary of Dimensions and Elements of Structural Fuse Frame 

(4-Story 3-Bay) 

Internal External
4 3810 7468 4877 w12x22 w14x34 w14x68 51x19
3 3810 7468 4877 w16x45 w14x34 w14x68 89x19
2 3810 7468 4877 w21x57 w14x61 w14x99 114x19
1 4115 7468 4877 w21x68 w14x61 w14x99 140x19

Story Height
(mm)

(2)

Bay Width
(mm)

(3)

BRB
(mm)

(7)

Story
(1)

Beam
(4)

External
Column

(5)

Internal
Column

(6)
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Table 5.4 Summary of Dimensions and Elements of Structural Fuse Frame Specimen 

(3-Story 1-Bay) 

Story
(1)

Story Height
(mm)

(2)

Bay Width
(mm)

(3)

Beam
(4)

Column
(5)

BRB
(mm)

(6)

3 1289 2032 w6x9 w5x16 25x16
2 1289 2032 w6x9 w5x16 25x16
1 1340 2032 w6x9 w5x16 25x16  

 

These seismic inputs were then gradually scaled up to different amplitudes to make the isolated 

floor system reach a displacement response of around 127 mm (5 in) in unidirectional tests and 

102 (4 in) in bidirectional tests unless such displacements could not be reached due to the limits 

in the displacement capacity of 152 mm (6 in) of the shake table in SEESL. 

    

5.3.4  Instrumentation 

 

The objective of these characterization tests is to capture the force-displacement behavior of 

Isolated Floor System II and compare the resulting performance to that of the non-isolated floor. 

Here, “force” means the restoring force of the isolated floor system, and “displacement” is the 

relative displacement of the isolated floor with respect to the base. The restoring force of this 

system was to be calculated from the acceleration response of the isolated floor. Displacement 

and acceleration response of both the shake table and the isolated floor were measured. 

Furthermore, to instigate the rotation motion of the isolated floor, it was decided to measure the 

displacement response at both ends of each side of the isolated floor. 

 

Twenty-four instrumentation channels in total were used to record the response of the specimen, 

namely, twelve accelerometers and twelve “string pots” displacement transducers. The positions 

of the twelve instrumentations are shown in Fig. 5.23, where the bold numbers from “1” to “12” 

represent the points where displacements and accelerations were measured. The description of 
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each channel is presented in Table 5.5 along the direction of motion recorded by each instrument. 

Because the surrounding wall was higher than the walking surface of the isolated floor, for the 

instrumentation on the walking surface, five steel rising bars were used to elevate the connecting 

points for the string pots so that they could be deployed straight, above the height of the wall, as 

shown in Fig. 5.24. 

 

 

 

Figure 5.23 Top View of Instrumentation Positions  
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Table 5.5 Summary of Instrumentation Channels 

1 Acc1 1 Accelerometer N-S
2 Acc2 2 Accelerometer N-S
3 Acc3 3 Accelerometer N-S
4 Acc4 4 Accelerometer E-W
5 Acc5 5 Accelerometer E-W
6 Acc6 6 Accelerometer E-W
7 Acc7 7 Accelerometer E-W
8 Acc8 8 Accelerometer E-W
9 Acc9 9 Accelerometer N-S

10 Acc10 10 Accelerometer N-S
11 Acc11 11 Accelerometer E-W
12 Acc12 12 Accelerometer N-S
13 Sp1 1 String Pot N-S
14 Sp2 2 String Pot N-S
15 Sp3 3 String Pot N-S
16 Sp4 4 String Pot E-W
17 Sp5 5 String Pot E-W
18 Sp6 6 String Pot E-W
19 Sp7 7 String Pot E-W
20 Sp8 8 String Pot E-W
21 Sp9 9 String Pot N-S
22 Sp10 10 String Pot N-S
23 Sp11 11 String Pot E-W
24 Sp12 12 String Pot N-S Shake Table,Middle, North

* Position means the instrumentation position in Fig. 5.23;
** Isolated floor surface actually means the rising bars fixed on the isolated floor walking surface.

Footing slab, North, West
Footing slab, West, North
Footing slab, East, North
Shake Table,Middle, West

Isolated floor surface,  South,West
Isolated floor surface,  Middle, West

Footing slab, South, West

Position*

(3)

Isolated floor surface,  North, West

Shake Table,Middle, North
Isolated floor surface, East, South
Isolated floor surface,  Middle, South
Isolated floor surface, West, South

Footing slab, North, West
Footing slab, West, North
Footing slab, East, North
Shake Table,Middle, West

Isolated floor surface,  South,West
Isolated floor surface,  Middel, West
Isolated floor surface,  North, West
Footing slab, South, West

Note

(6)
Isolated floor surface**, East, South
Isolated floor surface,  Middle, South
Isolated floor surface, West, South

Channel
#

(1)

Name

(2)

Type of
Sensor

(4)

Measure
Direction

(5)
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Figure 5.24 Rising Bars Fixed on Walking Surface 

 

5.3.5  Test Protocol 

 

As mentioned in Section 5.3.2, different load cases, including symmetric and eccentric in one or 

two directions, were considered for these tests. The objectives of these tests are to capture the 

behavior of the Isolated Floor System II under each load case, instigate whether the behavior of 

this system is stable under each load case when subjected to different seismic input, compare the 

behavior of the isolated floor system under different load cases (i.e., between different symmetric 

load cases and between symmetric and corresponding eccentric load cases having same 

magnitude of gravity loads). Therefore, under each load case, especially for symmetric load 

cases (i.e., Load Cases 1 to 3) and the eccentric load case having relative large magnitude of 

gravity load (i.e., Load Case 7), tests subjected to different seismic inputs were conducted, 

including bidirectional inputs. Furthermore, to compare the behavior of the isolated floor system 

between cases with and without edge plates, several tests without edge plates and without the 
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surrounding concrete masonry wall were also conducted to allow comparison of the behavior of 

the system between with and without edge plates. Also, doing these tests without the surrounding 

wall allowed to test the isolated floor system to larger displacements and to see performance of 

the spring units as part of the isolated floor system under those larger displacements.  

 

The sequences of the characterization tests are tabulated in Table 5.6, where the nomenclature of 

the test name is constructed by sequentially referring to load case number first, and the input 

motion name second. For example, “1Acc002” means the test of the floor under Load Case 1 

when subjected to input Acc002. Also, the letters “wo” have been added at the end of the name 

for the tests conducted on the isolation system.  
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Table 5.6 Test Sequences of Isolated Floor System II 

Test #
(1)

Test Name
(2)

Input Name
(3)

Load Case #
(4)

Edge Plates
(5)

1 1Acc002 Acc002 1 with
2 1Acc01 Acc01 1 with
3 1Acc11 Acc11 1 with
4 1Acc31 Acc31 1 with
5 1C1 C1 1 with
6 1C2 C2 1 with
7 2Acc002 Acc002 2 with
8 2Acc01 Acc01 2 with
9 2Acc11 Acc11 2 with
10 2Acc31 Acc31 2 with
11 2C1 C1 2 with
12 2C2 C2 2 with
13 3Acc11 Acc11 3 with
14 3Acc31 Acc31 3 with
15 3C2 C2 3 with
16 4C2 C2 4 with
17 5C2 C2 5 with
18 6C2 C2 6 with
19 7Acc002 Acc002 7 with
20 7Acc01 Acc01 7 with
21 7Acc11 Acc11 7 with
22 7Acc31 Acc31 7 with
23 7C2 C2 7 with
24 8Acc31 Acc31 8 with
25 8C1 C1 8 with
26 8C2 C2 8 with
27 9Acc31 Acc31 9 with
28 9C2 C2 9 with
29 10Acc31 Acc31 10 with
30 10C1 C1 10 with
31 10C2 C2 10 with
32 2Acc31wo Acc31 2 without
33 2C2wo C2 2 without
34 3Acc31wo Acc31 3 without
35 3C2wo C2 3 without  
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5.4  Test Results 

 

5.4.1  General 

 

As mentioned in Section 5.3.3, the shake table excitations were first run at a low level of peak 

accelerations and then gradually scaled up. Hence, many trial tests were conducted to get the 

appropriate scaling factors for the inputs to reach the isolated floor’s target amplitudes of 

displacement response. For all the tests that gave the target floor response for a given load and 

input condition, the peak values of the measured response quantities, including peak 

displacement of shake table (PTD), peak displacement of isolated floor (PFD), peak acceleration 

of shake table (PTA), peak acceleration of isolated floor (PFA), maximum rotation angle of the 

isolated floor, and peak relative displacement of isolated floor with respect to shake table, are 

tabulated in Table 5.7. For the E-W direction, the rotation angle is the difference in 

displacements measured by Sp6 and Sp4, divided by the distance between these two string pots. 

It is also the ratio of the displacement difference between Sp3 and Sp1 for N-S direction to the 

distance between these two string pots. Note that the maximum rotation angles in the E-W and 

N-S directions for each test are not exactly the same. The observed small differences are because 

the large displacement theory was not used to correct back the data. In other words, change of the 

axis angle of the string pots in both directions were not taken into account when creating the data 

as above. Note that the rotation angle is small in all cases, and not significant enough to warrant 

further precision. Selected typical results of the tests, listed in Table 5.7, are presented in Figs. 

5.25 to 5.34. The rest of the test results summarized in Table 5.7 are presented in Appendix C. 

All these tests are for isolated floor systems using spring units having a nominal stiffness of  

2627 N/m (15 lb/in).  

 

Each of Figs. 5.25 to 5.34 contains four plots labeled from (a) to (d). A first plot (a) illustrates the 

displacement of both the shake table and the isolated floor as a function of time, for comparison 
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purpose. The second plot (b) presents the acceleration of both the shake table and the isolated 

floor as a function of time. The third plot (c) illustrates the rotation of the isolated floor as a 

function of time. The fourth plot (d) most importantly describes the mechanical behavior of the 

isolated floor system. This could be expressed in terms of a force-displacement relationship. 

Here, the displacement used is the relative displacement of the isolated floor with respect to the 

shake table, as the restoring force of the isolated floor system is a function of this displacement. 

However, because the restoring force of the isolated floor is equal to the isolated mass times the 

absolute acceleration of the isolated floor, the acceleration-displacement relationship of the 

isolated floor system for each test is plotted instead in part (d) of each figure. Even though it is 

understood that acceleration and displacement are typically out of phase, here, the sign of 

acceleration has been reversed when the acceleration-displacement relationship is plotted as part 

(d) of each figure, to make the curve resemble the restoring force-displacement relationship of 

the system. To be consistent, this has been done in both the acceleration-displacement curves as 

well as in the plots of the acceleration time histories of the system (i.e., part (b) of each figure). 

 

5.4.2  Typical Results 

 

Throughout all these characterization tests, no damage occurred to the isolated floor system itself. 

Although comparisons between the performances of various systems are done in the next section, 

some typical responses of the system are shown in Figs. 5.25 to 5.34. Fig. 5.25 shows the typical 

response of Isolated Floor System II (with edge plates) for a unidirectional earthquake floor 

excitation. Note from 5.25a that the floor displacement response generally follows the shake 

table excitation, but, the relative displacement between the isolated floor and the shake table is 

significant enough to produce the isolation effect. Also, note from 5.25c that the rotation of the 

system is not significant, which is less than 0.014 rad (i.e., 0.8 degrees). It can also be observed 

from the part (c) of other figures that the rotation angle of the isolated floor is not significant.  

Figs. 5.26 and 5.27 illustrate the case, where bidirectional earthquake excitation was used. Note 
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that the displacement response of the isolated floor and the shake table excitation are still 

generally in phase as observed before. The acceleration-displacement hysteretic curve is slightly 

more erratic. This may be due to the fact that the cable of the spring unit circles around the brass 

bushing surface in a horizontal plane during bidirectional motion.  

 

Figs. 5.28 to 5.29 and Figs. 5.30 to 5.31 show the typical cases for Load Cases 9 and 10, 

respectively. Note that during the tests under Load Cases 9 and 10, where a small file cabinet 

filled with lead bricks was located on top and/or across of the edge plates, the isolated floor only 

moved slightly relatively with respect to the shake table. This is logical since it is much harder 

for the isolated floor to be effective for these two load cases. The file cabinet impeded the 

movement of the floor by creating significant friction between the walking surface and the 

cabinet in Load Case 9 and between the walking surface and the steel cover plates in Load Case 

10. The cabinet did vibrate and slide a little bit during the tests. However, it did not overturn or 

hit against the wall.  

 

Some typical responses of the isolated floor system without edge plates are shown in Figs.5.32 to 

5.34. Again, for both unidirectional and bidirectional tests under these cases, it can be observed 

that rotation of the isolated floor is not significant, and the displacement response of the isolated 

floor and the shake table are generally in phase although the relative displacement between them 

is significant enough to achieve the intended isolation effect. Again, the acceleration 

-displacement hysteretic curves are slightly more erratic in bidirectional tests than those in 

unidirectional cases.  

 

From Columns (2) to (5) of Table 5.7, note that the peak displacement response of the isolated 

floor is typically bigger than the corresponding displacement of the shake table. Columns (6) to 

(9) of Table 5.7 show that the peak acceleration response of the isolated floor is reduced more or 

less compared to the corresponding acceleration response of the shake table, except for test of 
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1Acc11 where the two peak response values are almost the same. It might be because the isolated 

mass was small and the friction from the edge plates prevented relative displacements (a similar 

observation will be made in Chapter 6 for Isolated Floor System I). Also note from Columns (10) 

and (11) of Table 5.7 that the rotation of the isolated floor is generally not significant, even for 

bidirectional tests with large mass eccentricities (i.e. Load Case 7 and 8). The maximum value of 

the peak rotation angle for all these characterization tests is 0.071 rad (i.e., only 4.1 degrees). 

However, the rotation can cause an increase in the displacement response (relative to the shake 

table) of the isolated floor corner, which is equal to the rotation angle (in rads) times half length 

of the isolated floor side perpendicular to the seismic direction under consideration. This effect 

should be considered in the design of Isolated Floor System II. This rotation effect will be further 

discussed in the following section. 

 

As shown in the typical Figs. 5.25d to 5.34d, the acceleration-displacement relationships of 

Isolated Floor System II exhibit hysteretic loops. As mentioned in Chapter 4, this is because of 

the friction between the cable and the brass bushing of the spring units. Since the acceleration of 

the isolated floor is directly related to the restoring force, then, the enclosed area is proportional 

to energy dissipation. Furthermore, the loops for each unidirectional test seem to agree with each 

other well, which means the behavior of the isolated floor system is stable under repeated 

motions. In addition, as mentioned in Chapter 4, the rising rate of the restoring force with respect 

to displacement significantly drops down to the system’s second stiffness at displacement larger 

than about 76 mm (3 in) at a rate of 4.7 N/mm (27 lb/in). For the two 2627 N/m (15 lb/in) 

nominal stiffness multi-directional spring units used in Isolated Floor System II under given 

isolated weight of 8522 N (1916 lb) (i.e., Load Case 1), the slope of the system second stiffness 

will be (27 lb/in x 2)/(1916 lb/g)=0.028 g/in (where g is the acceleration of gravity), which is 

equivalent to a maximum acceleration plateau. Therefore, the acceleration-displacement 

relationship of the isolated floor system is almost flat at relatively large displacement as shown in 

each part (d) of Figs. 5.25 to 5.27 (for cases with edge plates) and Figs. 5.32 to 5.34 (for cases 
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without edge plates), which are results for tests under Load Case 2. Furthermore, when the 

isolated mass became larger, the maximum acceleration response of the isolated floor system will 

decrease when the second stiffness of the given spring units, which is a constant value, divided 

by the isolated mass, which will be investigated in the following section. 

 

Finally, it is observed from the data in Columns (8) and (9) that the peak acceleration response of 

the isolated floor in bidirectional tests is almost the same as in unidirectional tests for each load 

case (i.e., for a given value of gravity load and load configuration). For example, the peak 

acceleration response of the isolated floor in tests of 3Acc11, 3Acc31, and 3C2 is 0.14g, 0.15g 

unidirectionally, and 0.14g in both directions, respectively. This is reasonable because as 

described before, at relatively large displacement (larger than about 76 mm (3 in)), the slope of 

the system second stiffness in the acceleration-displacement is a maximum acceleration plateau 

and the displacements in the above cases were all over 76 mm. Also, it can be observed from 

Table 5.7 that the peak relative displacement of the isolated floor in both directions (198.0 mm 

and 152.5 mm, respectively) of 3C2 are different from the corresponding values in the 

corresponding unidirectional tests (169.0 mm in 3Acc11 and 239.5 mm in 3Acc31, respectively). 

If the isolated weight became larger as in other load cases with steel plates, the system second 

slope in the acceleration-displacement relationship would be more equivalent to a maximum 

acceleration plateau. 

 

5.4.3  Comparisons 

 

To investigate whether the behavior of Isolated Floor System II is stable when subjected to 

different unidirectional seismic inputs, the comparison of the acceleration-displacement 

relationships for the symmetric load cases (Load Cases 1 to 3) is plotted in Figs. 5.35 to 5.37, 

respectively. It is observed from these figures that the acceleration-displacement loops, under the 

same load case, when subjected to different seismic inputs agree well with each other, 
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confirming the behavior of this isolated floor system is stable when subjected to different seismic 

excitations.  

 

To investigate how the behavior of Isolated Floor System II (with edge plates on) changes under 

unidirectional seismic inputs and different applied gravity loads, the test results for Load Cases 1 

to 3 under shake table excitation inputs Acc11 and Acc31, in terms of acceleration-displacement 

relationship, are shown together in Figs. 5.38 5.39, respectively. Note that the observed 

differences in the behavior of the isolated floor system in these figures are due to the differences 

in gravity loads. The same comparison is also made for Isolated Floor System II without edge 

plates (i.e., unidirectional seismic inputs and different load cases), for Load Cases 2 and 3 under 

shake table excitation input Acc31, in Fig. 5.40. From these figures, consistently, the floors 

subjected to greater gravity loads undergo lower peak accelerations. As shown in Chapter 4, the 

behavior of the multi-directional spring units is stable. Given that it provides the restoring force 

in this isolated floor system, when the mass supported by the floor is larger, for a constant 

restoring force, the maximum acceleration response of the isolated floor will be proportionally 

less. 

 

To investigate the difference in behavior between symmetric and eccentric load cases for this 

isolated floor system, the test results for 2Acc31 and 7Acc31 are compared in Fig 5.41. It is 

observed that the behavior of the isolated floor system from each test agrees with each other well, 

which is consistent with the observation that the rotation effect of the isolated floor is not 

significant as mentioned before. 

 

As mentioned in Section 5.3, some steel edge plates were used to cover the space between the 

isolated floor and the surrounding wall. This may introduce friction between the steel cover 

plates and the walking surface of the isolated floor. To investigate the effect of this friction, the 

tests results for cases with and without these edge plates for Load Cases 2 and 3 under both 
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unidirectional and bidirectional tests, in terms of acceleration-displacement relationships, are 

shown together for comparison in Figs. 5.42 and 5.47, respectively. Note that because the 

acceleration-displacement relationship of Isolated Floor System II in bidirectional tests is similar 

to that in unidirectional tests at relatively large displacement, the results for bidirectional tests 

were also included in this comparison. From these figures, note that there is no significant 

difference in the amplitude of the acceleration attained by the isolated floor under both 

unidirectional and bidirectional tests. This is reasonable because although there might be some 

friction effect introduced between the edge plates and the isolated floor walking surface, the 

friction effect on the acceleration response of the isolated floor is almost negligible when 

compared to the total weight of the isolated floor system and the loads (i.e., steel plates) applied 

on the floor in Load Cases 2 and 3. This friction effect will be further investigated in this section. 

 

To better model the behavior of the isolated floor system in computer programs, it is necessary to 

compare the behavior of the multi-directional spring unit as a component versus that of the 

whole isolated floor system. As mentioned in Chapter 4, some tests (i.e., 2Acc31wo152ww and 

3Acc31wo152ww) were conducted on the spring units having a nominal stiffness of 2627 N/m   

(15 lb/in) by using the seismic displacement histories recorded during the tests for the full 

isolation floor system (i.e., results of in this chapter). Note that in those cases, there were no edge 

plates on the isolated floor system. To enable such a comparison, the test results of the spring 

units with nominal stiffness of 2627 N/m (15 lb/in) in Chapter 4 were first doubled because two 

spring units were used in the complete floor system. Then, the spring force-displacement 

relationship was divided by the total mass of the isolated floor and the corresponding load (i.e., 

steel plates) on top of the walking surface of the isolated floor to get an equivalent acceleration 

response for the corresponding isolated floor that uses these spring units. Finally, the obtained 

behavior of the spring units, in terms of acceleration-displacement relationship, is compared with 

the system behavior from the corresponding system test results. The comparison is shown in Figs. 

5.48 and 5.49, respectively. From these two figures, note that the acceleration response from the 
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spring units is almost zero when the displacement is near zero. However, it is not the case for the 

whole isolated floor system where the acceleration response is about 0.035g when the 

displacement is near zero. Furthermore, the acceleration-displacement loops for whole system 

tests are fatter than the corresponding ones for the spring units. The difference between these two 

groups of loops is about a constant as 0.035g. This suggests that there exists a constant friction in 

the system, presumably between the casters and the concrete footing slab.  

 

Furthermore, as mentioned before, there might be some friction between the edge plates and the 

walking surface of the isolated floor. Fig. 5.50 shows the results for test 1Acc31 which was 

conducted with the edge plates. It can be observed from the (d) plot that when the displacement 

is near zero, the system acceleration response is near 0.07g. As expected, this is greater than the 

value of 0.035g obtained above for the cases without edge plates. This confirms that the friction 

between the edge plates and the isolated floor is also about 0.035g by itself, which is 

(0.07g-0.035g) x 1916 lb/g = 67 lb (298 N). Therefore, when simulating the behavior of this 

complete system based on the behavior of the spring units, these extra frictions shall be 

considered. The comparison of behavior between multi-directional spring units having nominal 

stiffness of 1313 N/m (7.5 lb/in) and the corresponding whole system will be shown later in this 

chapter.  
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Table 5.7 Summary of Peak Values of Response Quantities for Isolated Floor System II 

Having 2627 N/m Multi-directional Spring Units 

E-W
(2)

N-S
(3)

E-W
(4)

N-S
(5)

E-W
(6)

N-S
(7)

E-W
(8)

N-S
(9)

E-W
(10)

N-S
(11)

E-W
(12)

N-S
(13)

1Acc002 47.1 — 71.2 — 1.24 — 0.29 — 4.7 4.3 57.8 —
1Acc01 152.2 — 160.4 — 0.74 — 0.31 — 2.8 4.7 66.0 —
1Acc11 151.3 — 187.4 — 0.40 — 0.43 — 4.2 4.9 124.0 —
1Acc31 152.4 — 206.9 — 0.46 — 0.39 — 4.0 4.9 77.4 —

1C1 153.1 152.5 203.9 226.8 0.76 0.98 0.33 0.40 8.4 10.9 76.6 98.8
1C2 155.7 155.1 260.7 225.5 0.40 0.45 0.38 0.39 14.9 13.9 128.5 146.0

2Acc002 46.3 — 60.1 — 1.20 — 0.15 — 9.8 7.5 72.5 —
2Acc01 125.3 — 144.8 — 0.60 — 0.18 — 6.0 6.5 64.4 —
2Acc11 156.5 — 215.4 — 0.42 — 0.19 — 8.4 8.1 153.7 —
2Acc31 153.4 — 185.3 — 0.46 — 0.18 — 9.7 11.6 130.5 —

2C1 151.4 151.9 223.7 214.3 0.75 0.97 0.16 0.20 19.3 20.0 177.6 189.9
2C2 155.1 155.0 238.5 196.2 0.41 0.46 0.19 0.17 12.6 13.8 210.2 132.1

3Acc11 143.1 — 197.4 — 0.30 — 0.14 — 11.4 10.5 169.0 —
3Acc31 208.7 — 256.4 — 0.50 — 0.15 — 10.7 11.6 239.5 —

3C2 117.4 116.7 180.8 154.8 0.34 0.34 0.14 0.14 18.4 18.8 198.0 152.5
4C2 154.7 155.7 222.1 204.7 0.41 0.46 0.25 0.21 14.8 15.5 146.4 148.1
5C2 152.1 155.5 238.2 206.0 0.40 0.45 0.30 0.24 50.3 50.8 219.7 142.4
6C2 152.5 152.0 223.0 200.1 0.41 0.45 0.25 0.21 36.5 36.5 155.7 149.5

7Acc01 149.7 — 200.8 — 0.75 — 0.20 — 25.5 27.4 119.1 —
7Acc11 154.8 — 194.7 — 0.41 — 0.20 — 38.5 42.2 152.2 —
7Acc31 156.5 — 172.8 — 0.46 — 0.19 — 21.5 21.8 107.0 —

7C2 152.7 156.8 214.5 209.7 0.41 0.45 0.21 0.18 68.0 71.2 191.5 156.3
8Acc31 156.7 — 188.1 — 0.47 — 0.22 — 19.3 20.6 92.0 —

8C1 150.1 153.3 206.2 227.1 0.76 1.01 0.22 0.23 56.6 63.6 132.6 180.8
8C2 154.0 157.7 209.1 204.5 0.42 0.45 0.25 0.22 39.5 41.2 155.4 132.0

9Acc31 156.9 — 159.1 — 0.47 — 0.29 — 15.2 34.8 30.0 —
9C2 152.8 157.3 154.6 178.6 0.41 0.45 0.38 0.27 22.6 24.3 86.9 70.7

10Acc31 156.7 — 165.0 — 0.47 — 0.28 — 10.4 12.2 55.9 —
10C1 150.6 153.6 176.1 200.6 0.77 1.02 0.33 0.37 24.7 28.4 70.0 76.6
10C2 152.9 156.6 213.8 187.4 0.41 0.45 0.41 0.28 25.1 25.0 117.6 97.5

2Acc31wo 152.7 — 218.6 — 0.44 — 0.19 — 12.2 30.7 150.7 —
2C2wo 157.5 154.5 253.2 196.3 0.40 0.44 0.19 0.17 19.2 35.1 235.8 162.1

3Acc31wo 152.0 — 222.1 — 0.43 — 0.14 — 17.4 18.6 185.8 —
3C2wo 118.9 115.3 192.2 149.6 0.29 0.33 0.13 0.12 26.5 28.8 191.8 121.6

* PTD is the peak absolute displacement response of the shake table;
**PFD is the peak absolute displacement response of the isolated floor;
***PTA is the peak absolute acceleration response of the shake table;
****PFA is the peak absolute acceleration response of the isolated floor.

Test Name

(1)

Maximum
Rotation
(10-3 rad)

Peak Relative
Disp.
(mm)

PFD**
(mm)

PTA***
(g)

PTD*
(mm)

PFA****
(g)
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Figure 5.25 Results of Test 2Acc11: (a) and (b) Displacement and Acceleration of Shake 

Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System II 
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Figure 5.26 Results of Test 2C2 in E-W Direction: (a) and (b) Displacement and 

Acceleration of Shake Table and Isolated Floor, Respectively; (c) Rotation ;  

(d) Acceleration-Displacement Relationship of Isolated Floor System II 
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Figure 5.27 Results of Test 2C2 in N-S Direction: (a) and (b) Displacement and  

Acceleration of Shake Table and Isolated Floor, Respectively; (c) Rotation ;  

(d) Acceleration-Displacement Relationship of Isolated Floor System II 
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Figure 5.28 Results of Test 9C2 in E-W Direction: (a) and (b) Displacement and 

Acceleration of Shake Table and Isolated Floor, Respectively; (c) Rotation ;  

(d) Acceleration-Displacement Relationship of Isolated Floor System II 
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Figure 5.29 Results of Test 9C2 in N-S Direction: (a) and (b) Displacement and Acceleration 

of Shake Table and Isolated Floor, Respectively; (c) Rotation ;  

(d) Acceleration-Displacement Relationship of Isolated Floor System II 
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Figure 5.30 Results of Test 10C2 in E-W Direction: (a) and (b) Displacement and 

Acceleration of Shake Table and Isolated Floor, Respectively; (c) Rotation ;  

(d) Acceleration-Displacement Relationship of Isolated Floor System II 
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Figure 5.31 Results of Test 10C2 in N-S Direction: (a) and (b) Displacement and 

Acceleration of Shake Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System II 
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Figure 5.32 Results of Test 2Acc31wo: (a) and (b) Displacement and Acceleration of Shake 

Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System II 
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Figure 5.33 Results of Test 2C2wo in E-W Direction: (a) and (b) Displacement and 

Acceleration of Shake Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System II 
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Figure 5.34 Results of Test 2C2wo in N-S Direction: (a) and (b) Displacement and 

Acceleration of Shake Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System II 
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Figure 5.35 Comparison of Acceleration-Displacement Relationships under Different 

Inputs and Load Case 1 
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Figure 5.36 Comparison of Acceleration-Displacement Relationships under Different 

Inputs and Load Case 2 
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Figure 5.37 Comparison of Acceleration-Displacement Relationships under Different 

Inputs and Load Case 3 
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Figure 5.38 Comparison of Acceleration-Displacement Relationships under Different 

Symmetric Load Cases and Same Input of Acc11 (with edge plates) 
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Figure 5.39 Comparison of Acceleration-Displacement Relationships under Different 

Symmetric Load Cases and Same Input of Acc31 (with edge plates) 
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Figure 5.40 Comparison of Acceleration-Displacement Relationships under Different 

Symmetric Load Cases and Same Input of Acc31 (without edge plates) 
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Figure 5.41 Comparison of Acceleration-Displacement Relationships Between Symmetric 

and Eccentric Load Cases under Input of Acc31 
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Figure 5.42 Comparison of Acceleration-Displacement Relationships Between With and 

Without Cover Plates under Load Case 2 When Subjected to Acc31 
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Figure 5.43 Comparison of Acceleration-Displacement Relationships in E-W Direction 

Between With and Without Cover Plates under Load Case 2 When Subjected to C2 
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Figure 5.44 Comparison of Acceleration-Displacement Relationships in N-S Direction 

Between With and Without Cover Plates under Load Case 2 When Subjected to C2 
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Figure 5.45 Comparison of Acceleration-Displacement Relationships Between With and 

Without Cover Plates under Load Case 3 When Subjected to Acc31 
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Figure 5.46 Comparison of Acceleration-Displacement Relationships in E-W Direction 

Between With and Without Cover Plates under Load Case 3 When Subjected to C2 
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Figure 5.47 Comparison of Acceleration-Displacement Relationships in N-S Direction 

Between With and Without Cover Plates under Load Case 3 When Subjected to C2 
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Figure 5.48 Comparison of Acceleration-Displacement Relationships Between Spring Units 

and Whole System under Load Case 2 
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Figure 5.49 Comparison of Acceleration-Displacement Relationships Between Spring Units 

and Whole System under Load Case 3 
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Figure 5.50 Results of Test 1Acc31: (a) and (b) Displacement and Acceleration of Shake 

Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System II 
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5.5  Additional Tests 

 

As mentioned in Chapter 4, two groups of spring units were tested. One group had nominal 

stiffness of 2627 N/m (15 lb/in) and the other having a 1313 N/m (7.5 lb/in) nominal stiffness. 

Here, after the tests of the isolated floor system with 2 sets of 2627 N/m (15 lb/in) nominal 

stiffness spring units were done (for which results have been reported in the preceding sections), 

some additional tests (not listed in Table 5.7) were also conducted on Isolated Floor System II 

using other spring units having nominal stiffnesses of 5254 N/m (30 lb/in) and 1313 N/m    

(7.5 lb/in), and different floor time history inputs provided by DIS. Here, only a couple of the 

tests in which 1313 N/m nominal stiffness spring units were used are shown to compare the 

behavior of the spring units introduced in Chapter 4 with that of the corresponding isolated floor 

system.  

 

These additional tests were run without edge plates and without the surrounding wall. The inputs 

used in these tests were generically called B1, and B2. They are shown in Figs. 5.51 and 5.52, 

respectively.  

 

Here, load of about 12386 N (2785 lb) was used to create the load cases of 2.4 kPa (50 psf) 

uniformly distributed only over the area of the isolated floor (not the entire area surrounding by 

the concrete wall). For these tests, since there was no edge plates and surrounding wall anymore, 

the load were placed more symmetrically over the walking surface of the isolated floor even 

though recognizing that not all of the isolated floor walking surface will be available as 

mentioned before. The tests were denoted as B107050 and B207050, respectively, which is 

consistent with the nomenclature followed throughout, using the input name (“B1” or “B2”), the 

nominal stiffness of the spring units (7.5 lb/in expressed as “07”), the uniformly distributed load 

value (50 psf expressed as “050), and without edge plates (“wo”). The test results are shown in 

Figs. 5.53 and 5.54, respectively. Again, there was no damage to the isolated floor system during 
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these tests. The (b) plot of each figure shows that the acceleration response on top of the isolated 

floor is less than the corresponding acceleration of the shake table.  

 

To investigate whether the behavior of this group of spring units is stable when subjected to 

different seismic inputs, test results are compared in terms of acceleration-displacement 

relationship, as shown in Fig. 5.55. From this figure, note that the acceleration-displacement 

loops under different seismic inputs (i.e. B1 and B2) coincide with each other well, which 

indicates that the behavior is stable when subjected to different seismic inputs. Also, the 

envelopes of the loops from each test almost keep the same and enclose some area, which shows 

that the behavior of the isolated floor system is stable and dissipate some energy during motion. 

 

As in Section 5.4, to investigate the difference in behavior between the multi-directional spring 

units and the complete system, responses are compared in Figs. 5.56 and 5.57 in the same way 

following the same procedure outlined previously. Again, a constant friction is observed as 

reported in Section 5.4 is also observed here. The magnitude of this friction about 0.035g, which 

is the same as the value found in Section 5.4.   
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Figure 5.51 Input of B1 
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Figure 5.52 Input of B2 
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Figure 5.53 Results of Test B107050wo: (a) and (b) are Displacement and Acceleration of 

Shake Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System II 
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Figure 5.54 Results of Test B207050wo: (a) and (b) Displacement and Acceleration of Shake 

Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System II 
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Figure 5.55 Comparison of Acceleration-Displacement Relationships under Different 

Inputs (1313 N/m Spring Units) 
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Figure 5.56 Comparison of Acceleration-Displacement Relationships Between Spring Units 

and Entire System under Input of B1 
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Figure 5.57 Comparison of Acceleration-Displacement Relationships Between Spring Units 

and Entire System under Input of B2 

 

5.6  Further Investigation of Rotation Effect 

 

It is observed in Section 5.4 that during all the tests, the rotation angle of Isolated Floor System 

II is not significant. However, the rotation can cause an increase in the displacement response 

(relative to the shake table) of the isolated floor corner, which is equal to the rotation angle times 

half length of the isolated floor side perpendicular to the seismic direction under consideration. 

This effect should be considered in the design of Isolated Floor System II.  

 

The ratios of the corner displacement (relative to the shake table) due to the rotation of the 

isolated floor over the isolated floor displacement at the middle point of the side perpendicular to 

the seismic direction under consideration are summarized in Table 5.8 for cases using the 2 sets 

of 2627 N/m (15 lb/in) nominal stiffness spring. The responses in both X and Y directions are 

collected for bidirectional tests. In this table, “e” represents eccentricity; “t” means time; Dris is 
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displacement (relative to the shake table) of the middle point of the side perpendicular to the 

seismic direction under consideration; Rc is the displacement of the isolated floor corner due to 

rotation. Note that there are three rows listed for each test: the first row is the results at the time 

when the maximum Dris occurs; the second row is for the responses at the time when the 

maximum Rc occurs, and; the third row means the responses when Dris+Rc (i.e., the total 

displacement of the isolated floor corner relative to the shake table) reaches its maximum value 

during the test.  

 

From this table, it can be found that the maximum value of Dris and the maximum value of Rc 

occur at different times. Also it can be observed that the total displacement (i.e., Dris+Rc) at the 

corner of the isolated floor system when the maximum value of Dris occurs is bigger than that 

when the maximum Rc occurs, and is equal to/almost same as that when the maximum (Dris+Rc) 

happens (at almost the same time as when the maximum Dris occurs). The averaged value of the 

ratios of Rc/Dris when the maximum Dris occurs is obtained as 5.2%, 18.8%, and 23.9% for the 

cases with symmetric gravity loads, eccentric loads at an eccentricity of 425 mm, and eccentric 

loads at an eccentricity of 671 mm, respectively. 

 

The comparison between these values obtained from tests with those obtained by using       

Eq. 13.3-5 for total displacement calculation in NEHRP 2003 show that the formula in NEHRP 

2003 is too conservative for the eccentric load cases, which gives a value of higher than 40% for 

the 425 mm eccentric load case, and 70% for the 671 mm eccentric load case, respectively. At 

the current stage of this project, the Rc/Dris values obtained from tests will be used in the 

development of the design methodology for Isolated Floor System II, which is part of the topic 

of Chapter 9. Because the data obtained from the tests shown in this chapter is limited, future 

research could further investigate the rotation effects of Isolated Floor System II (for example, to 

better determine the factors that impact the rotation effect, and to develop a closed-form formula 

to predict this rotation effect under different cases of floor excitations).       
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Table 5.8 Rotation Effects_2627 N/m Spring Units 

t
(s)

Dris

(mm)
Rc

(mm)
Dris+Rc

(mm)
Rc/Dris

(%)
t

(s)

Dris

(mm)
Rc

(mm)
Dris+Rc

(mm)
Rc/Dris

(%)

11.914 57.8 1.4 59.2 2.5 12.695 7.1 1.7 8.9 24.4
0.043 7.5 6.8 14.3 91.2 24.438 1.8 6.2 8.0 333.3
11.914 57.8 1.4 59.2 2.5 0.043 4.4 5.6 10.0 128.6
12.297 124.0 1.4 125.4 1.1 11.355 5.8 5.2 11.0 88.7
11.672 61.1 6.0 67.1 9.8 36.953 0.9 7.0 7.9 775.4
12.301 124.0 1.4 125.4 1.1 11.344 5.8 5.2 11.0 89.4
12.898 77.4 2.1 79.6 2.7 12.379 7.2 3.2 10.4 44.2
10.035 42.5 5.8 48.2 13.5 0.043 0.8 7.0 7.9 827.5
12.902 77.4 2.2 79.6 2.8 12.336 7.0 3.6 10.6 51.6
13.520 76.6 10.0 86.7 13.1 15.266 98.8 9.0 107.7 9.1
13.605 66.2 12.0 78.3 18.2 13.602 27.8 15.7 43.4 56.4
13.527 76.5 10.3 86.9 13.5 15.266 98.8 9.0 107.7 9.1
12.395 128.5 4.7 133.2 3.7 13.566 146.0 16.1 162.2 11.0
13.363 83.8 21.5 105.3 25.7 13.355 115.9 20.1 135.9 17.3
13.199 123.2 15.6 138.8 12.7 13.563 146.0 16.2 162.2 11.1
13.293 72.5 6.4 78.9 8.8 11.613 9.4 0.7 10.1 7.1
12.109 13.5 14.2 27.7 104.7 12.086 0.2 10.8 11.1 4837.9
13.293 72.5 6.4 78.9 8.8 13.066 8.4 7.6 15.9 90.3
14.609 64.4 4.5 68.9 7.0 12.414 11.6 2.3 13.9 20.1
15.141 38.8 8.7 47.5 22.4 15.164 3.1 9.4 12.5 302.4
14.609 64.4 4.5 68.9 7.0 12.410 11.6 2.3 13.9 20.1
15.359 153.7 4.4 158.1 2.9 15.496 20.2 1.7 21.9 8.5
18.926 43.0 12.2 55.2 28.3 18.891 1.2 11.6 12.8 992.4
15.359 153.7 4.4 158.1 2.9 12.520 20.1 9.6 29.7 47.7
14.191 130.5 4.7 135.2 3.6 14.289 31.1 1.8 32.9 5.9
20.016 27.7 14.0 41.8 50.6 16.230 4.2 16.8 20.9 403.0
14.195 130.4 4.8 135.2 3.7 14.582 29.9 6.6 36.5 22.2
15.125 177.6 3.2 180.8 1.8 15.488 189.9 9.4 199.3 4.9
18.766 7.1 27.8 34.9 390.3 18.762 35.6 28.8 64.4 80.9
15.152 177.2 4.2 181.5 2.4 15.473 189.4 10.5 199.9 5.6
15.246 210.2 6.8 217.0 3.2 15.305 132.1 10.0 142.1 7.6
19.859 0.2 18.2 18.4 9106.4 19.852 23.1 19.8 42.9 86.0
15.250 210.2 6.9 217.1 3.3 15.305 132.1 10.0 142.1 7.6

Load
Case

e
(mm) Test

X Direction Y Direction

2Acc31

2C1

2C2

1 0

1Acc002

1Acc11

1Acc31

1C1

1C2

2 0

2Acc002

2Acc01

2Acc11
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Table 5.8 Rotation Effects_2627 N/m Spring Units (Contd.) 

t
(s)

Dris

(mm)
Rc

(mm)
Dris+Rc

(mm)
Rc/Dris

(%)
t

(s)

Dris

(mm)
Rc

(mm)
Dris+Rc

(mm)
Rc/Dris

(%)

15.230 169.0 16.3 185.3 9.6 - - - - -
15.207 168.3 16.4 184.7 9.7 - - - - -
15.227 169.0 16.3 185.3 9.7 - - - - -
15.414 239.5 5.3 244.7 2.2 - - - - -
18.664 36.8 15.4 52.2 41.8 - - - - -
15.418 239.4 5.3 244.8 2.2 - - - - -
15.625 198.0 1.2 199.2 0.6 15.711 152.5 0.2 152.7 0.1
10.922 17.6 26.5 44.1 150.4 10.918 8.6 27.1 35.8 315.0
15.621 198.0 1.3 199.2 0.6 15.734 152.4 0.5 152.9 0.3
15.516 146.4 4.6 151.0 3.2 14.270 148.1 15.8 164.0 10.7
20.664 3.6 21.4 25.0 599.5 20.625 2.5 22.3 24.8 907.9
15.520 146.4 4.7 151.1 3.2 14.434 147.4 17.3 164.7 11.8
15.109 219.7 46.7 266.4 21.3 15.156 142.4 50.5 192.9 35.5
16.262 104.8 72.5 177.3 69.2 16.281 115.7 73.2 189.0 63.2
15.113 219.7 46.9 266.5 21.3 13.828 137.9 56.5 194.4 40.9
15.613 155.7 0.1 155.8 0.1 14.332 149.5 52.5 202.0 35.1
14.324 87.8 52.6 140.4 59.9 14.344 149.3 52.6 201.9 35.2
15.621 155.6 0.5 156.0 0.3 14.332 149.5 52.5 202.0 35.1
15.125 152.2 42.1 194.3 27.6 - - - - -
15.387 49.6 55.4 105.1 111.6 - - - - -
15.145 151.5 43.9 195.4 28.9 - - - - -
13.754 107.0 21.0 128.0 19.6 - - - - -
13.996 86.7 31.0 117.6 35.7 - - - - -
13.773 106.4 22.7 129.1 21.3 - - - - -
14.965 191.5 76.0 267.4 39.7 15.020 156.3 83.8 240.1 53.6
16.250 47.1 98.1 145.1 208.4 16.238 90.8 102.6 193.4 113.0
14.977 191.0 77.0 268.0 40.3 15.035 156.1 84.3 240.4 54.0
15.004 92.0 12.5 104.6 13.6 - - - - -
20.207 59.8 27.8 87.5 46.5 - - - - -
14.230 89.1 24.7 113.7 27.7 - - - - -
15.512 132.6 15.3 147.9 11.5 15.906 180.8 66.1 246.9 36.5
16.238 103.8 81.5 185.3 78.5 16.238 120.8 91.6 212.3 75.8
16.355 119.4 78.0 197.4 65.3 15.930 179.5 69.3 248.8 38.6
15.328 155.4 4.5 159.9 2.9 14.016 132.0 52.2 184.2 39.6
14.176 68.0 57.0 125.0 83.7 14.207 118.9 59.3 178.2 49.9
15.328 155.4 4.5 159.9 2.9 14.039 131.3 54.0 185.3 41.1

Load
Case

e
(mm) Test

X Direction Y Direction

3 0

3Acc11

3Acc31

3C2

7Acc11

7Acc31

7C2

4 0 4C2

5 425 5C2

8 671

8Acc31

8C1

8C2

6 425 6C2

7 671
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5.7  Importance of Quality Control 

 

While the previous sections illustrate that the isolated floor system worked well. It is important 

to emphasize here that before all these results were obtained, the isolated floor system was 

installed in a faulty manner that created unevenness on the floor surface. During the first tests, as 

the isolated floor moved, a tile of the walking surface protruded slight above the adjacent ones 

and hit edge of an edge plate during motion, as shown in Fig. 5.58, and the isolated floor 

abruptly stopped moving when it happened, which caused high accelerations on the isolated floor 

because of the sudden discontinuous jerky motion. The results of a of 2Acc11 during which this 

problem happed are shown in Fig. 5.59 as an example to illustrate this problem, which is denoted 

as 2Acc111 to distinguish it from test 2Acc11 (presented earlier) in which the problem was 

corrected. High spikes of acceleration up to 1.5g can be seen in Fig. 5.59. Close inspection of the 

specimen allowed to discover this construction error. Since there was no time during the test 

program to fix this discontinuity issue, the two edge plates that were creating this problem were 

removed as shown in Fig. 5.60. Advantage was taken of the fact that the wheels under the 

isolated floor became visible by removing these two edge plates and cameras were installed such 

that the motion of the isolated floor could be better documented. All the results shown in 

preceding sections were obtained after this modification. 

 

In an actual implementation, it is recommend that a quality control program is implemented to 

prevent such a problem. The walking surface of the isolated floor consisting of tiles should be 

closely inspected such that the isolated floor can actually slide unhampered. Another solution to 

this problem is that the edge plates should be made continuous over the seams of the tiles such 

that such problem will not rise. 
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                 (a)                                             (b) 

Figure 5.58 Impact between the Edges of the Edge Plate and the Tile: (a) Edge of the Edge 

Plate after Impact, and; (b) Edge of the Tile after Impact 
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Figure 5.59 Results of Test 2Acc111: (a) Acceleration of Shake Table and Isolated Floor, and; 

(b) Acceleration-Displacement Relationship of Isolated Floor System II 

 

 

Figure 5.60 Removal of Edge Plates 
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5.8  Observations  

 

This chapter presented the details of the characterization tests conducted on Isolated Floor 

System II. Throughout all these characterization tests, the isolated floor system remained 

undamaged. The test results show that the isolated floor system worked well in reducing the 

acceleration response on top of the isolated floor. The behavior of this isolated floor system, 

regardless of the nominal stiffness of the multi-directional spring units used as isolators, is stable 

when subjected to different seismic inputs for a given gravity load configuration and when 

subjected to repeated motions. Furthermore, the peak acceleration of the isolated floor was found 

to reduce when it supported greater gravity load.  

 

It was found that at relatively large displacements (larger than 76 mm), the acceleration response 

of the isolated floor reaches a plateau. The system maximum acceleration response in 

bidirectional tests was found to be the same as in corresponding unidirectional tests as long as 

the displacement in both directions exceeded than 76 mm, although their displacement response 

may be different.  

 

The behavior of the entire isolated floor system was also compared with that of its 

multi-directional spring units, i.e., as individual components. A difference in behavior was 

observed, and amounted to a constant friction value of 0.035g, which is attributed to the friction 

between the floor casters and the concrete base. Another friction, which is between the edge 

plates and the walking surface, was also found. These frictions, together with the model proposed 

in Chapter 7 for multi-directional spring units, will provide the foundation for better simulating 

the behavior of Isolated Floor System II in computer programs. 
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CHAPTER 6 

 

ISOLATED FLOOR SYSTEM I CHARACTERIZATION TEST 

 

6.1  Introduction 

 

The mechanical properties of a special kind of concrete ball-in-cone (BNC) isolator, in terms of 

acceleration-displacement relationship, were obtained by characterization tests and presented in 

Chapter 3. This chapter presents the characterization tests of an entire isolated floor system built 

using this kind of concrete BNC isolators, which is denoted here as Isolated Floor System I to 

distinguish it from the other isolated floor system manufactured by Dynamic Isolation Systems 

(DIS) presented in Chapter 5 (which is denoted as Isolated Floor System II). As mentioned in 

Chapter 5, Isolated Floor System I was designed first, although Isolated Floor System II was 

tested first. 

 

To characterize the mechanical properties (such as force-displacement relationship) of Isolated 

Floor System I to be able to simulate its dynamic response in computer programs, some 

characterization tests were conducted using the shake table facilities located in the Structural 

Engineering and Earthquake Simulation Laboratory (SEESL) at the University at Buffalo. In 

these characterization tests, to simulate realistic conditions to be encountered when a floor 

isolation system is installed in an existing room, the isolated floor system was surrounded by a 

masonry wall and steel edge plates were used to cover the space between the isolated floor and 

the wall. As considered in the single isolator tests (reported in Chapter 3), both polyurethane 

balls and rubber balls were adopted as the rolling balls of the concrete BNC isolators. For the 
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tested complete floor system, both synthetic ground motions and analytically obtained floor 

responses from both SDOF and MDOF structural fuse frames were adopted as seismic inputs. 

Unidirectional tests, as well as bidirectional tests, were conducted. Both symmetric and eccentric 

placements of gravity load were considered. In addition, some tests of the isolated floor without 

the edge plates were conducted to compare behavior with that of the floor with its edge plates in 

place. The mechanical properties of the system studied were presented in terms of acceleration- 

displacement relationships in this chapter.  

 

The objectives of these tests are to investigate the behavior of Isolated Floor System I under 

different seismic inputs, different load cases, and under repeated motions. Therefore, the test 

results are compared from these different points of view. Furthermore, comparison of behavior 

between single concrete BNC isolator and the corresponding entire isolated floor system was 

presented. Observations from the above comparisons will be used to better model this isolated 

floor system. 

 

6.2  Isolated Floor System I Description 

 

Some schematic drawings of the Isolated Floor System I concept are shown in Fig. 6.1. The 

detailed design of Isolated Floor System I is presented in Appendix A. It is proposed as a solution 

to decouple the response of the nonstructural components on the isolated floor from the motion 

of the floor itself. The Isolated Floor System I was designed as a modular system to satisfy a 

member of practical constraints of this system, including ease of inspection, repair or 

replacement after seismic events in case damage occurs to any component of this system, small 

weight for each part for manual assembly, small height of the isolated floor system to minimize 

size of the step to access the isolated floor and minimize loss of usable room clearance. The 

prototype used for the current test program consisted of three rows of concrete BNC isolators to 

decouple the response as shown in Fig. 6.1a. There were 12 sets of isolators, 24 bearing plates 
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(including 12 bottom bearing plates and 12 top ones) in total, in these three rows. Each row 

included four sets of isolators. The top and bottom concrete bearing plates in each row were 

connected by steel flat bars, 38 mm (1.5 in) deep and 6 mm (0.25 in) thick, respectively. These 

flat bars were bolted down to the 6 mm (1/4 in) diameter threaded rods pre-cast into the concrete 

bearing plates. As mentioned in Chapter 3, either polyurethane balls or rubber balls can be used 

as rolling balls between the top and bottom bearing plates of these concrete BNC isolators. A 

steel frame consisting of L2x2x1/4 angles was bolted onto the 6 mm (0.25 in) diameter threaded 

rods pre-cast into the top bearing plates of the concrete BNC isolators. The walking surface 

adopted for this system was a fiber reinforced polymer (FRP) product called SAFPLANK (which 

is a commercially available interlocking decking system) which was cut to size to sit into the 

steel frame. The FRP decking system used here is produced in 610 mm (24 in) wide units which 

were cut into 914 mm (36 in) long pieces to fit into the frame formed by the steel angles. The 

total weight of the moving parts of Isolated Floor System I (i.e., excluding the 12 bottom bearing 

plates of the concrete BNC isolators resting directly on the supporting floor) is about 5186 N 

(1166 lb).  

 

Steel edge plates were used here to cover the space between the isolated floor and the wall, as 

shown in Fig. 6.1. Continuous “2x6” wood boards bolted onto the wall served to connect and 

support these edge plates using piano hinges as shown in Fig. 6.2. As demonstrated in Chapter 3, 

when the top bearing plates of the concrete BNC isolator move relative to the bottom ones, they 

will rise by about 1/10 times the horizontal relative displacement amount. Therefore, the top 

surface of the “2x6” wood boards was set about 25 mm (1 in) higher than the walking surface of 

the isolated floor to ensure that the edge plates remained inclined downward and in contact with 

the isolated floor’s walking surface during motion of the isolated floor system, as shown in   

Fig. 6.2. The steel edge plates used in Isolated Floor System I were rectangular. The resulting 

corner configuration of Isolated Floor System I is shown in Fig. 6.3. Note that this created a 

small gap in height between the edges of two adjacent edge plates. An alternative corner 
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configuration which avoids this gap is the corner configuration that was used in Isolated Floor 

System II, as shown in Fig. 6.4 (and as previously reported in Chapter 5), where the edge plates 

were cut off at an angle in the corners to better match adjacent edge plates at those locations. 

Note that floor area that can be loaded without obstructing sliding of the system is the central 

2032 mm x 1829 mm (80 in x 72 in) rectangular area, which is bigger than the corresponding 

1740 mm x 1740 mm (68.5 in x 68.5 in) one in Isolated Floor System II. 

 

Also note that the resulting Isolated Floor System I concept meets the design constraints that 

have been outlined earlier. In particular, the components of this system are of small weight and 

easy to be inspected, removed, or replaced. The total height of this isolated floor system, from 

the bottom surface of the bottom concrete bearing plates to the walking surface, is only about 

193 mm (7.6 in).  
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(a) 

 

 

                        (b)                          (c) 

Figure 6.1 Isolated Floor System I: (a) Plan and Cross Section Views of Isolated Floor System I, 

and; (b) and (c) Details 1 and 2 indicated in (a) 
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(d) (e) 

 

 
(f)                               (g) 

Figure 6.1 Isolated Floor System I: (d) to (g) Details 3 to 6 Indicated in (a) 

 

 
Figure 6.2 Configuration of Edge Plate in Isolated Floor System I 
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Figure 6.3 Corner Configuration of Edge plates in Isolated Floor System I 

 

 
Figure 6.4 Corner Configuration of Edge Plates in Isolated Floor System II 
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6.3  Test Setup 

 

6.3.1  Specimen Assembly and Setup 

 

The same concrete slab used for the tests of Isolated Floor System II (presented in Chapter 5) 

was used here to simulate the structural floor surface on which isolated floors would be installed 

in a typical application. Again, to simulate the constraints of installing such an isolated floor 

systems in building rooms, a 610 mm (24 in) tall masonry wall, identical to that used in tests of 

Isolated Floor System II, was also built on the concrete slab. The inside area bounded by the wall 

was 3464 mm x 3464 mm (136 in x 136 in), which was same as that in Isolated Floor System II 

and corresponded to the size of a small room. The fixture of the concrete slab to the shake table 

was identical to that presented in Section 5.3.1.  

 

Assembly of the isolated floor specimen proceeded as follows. Twelve sets of concrete isolators 

were set in position on the surface of the concrete slab. A 1.6 mm (1/16 in) thick rubber pad was 

placed between the bottom of the isolator bearing plate and the slab to improve friction between 

the two surfaces. The L2x2x1/4 steel angles were then bolted to the threaded rods that had been 

pre-cast into the top surface of the concrete top bearing plates, as shown in Fig. 6.5. Next, the 

914 mm (36 in) long FRP decking pieces were dropped into the space formed by adjacent steel 

angles, as shown in Fig. 6.6, and interlocked together. Three rows of FRP decking formed the 

walking surface of this isolated floor system. To prevent slippage of the FRP decking pieces 

during the tests, these pieces were tightened down to the steel angles using a proprietary insert 

hold down systems from Strongwell (Strongwell, 2003), working as shown in Fig. 6.7. Finally, 

the 4 steel edge plates were tack welded onto one of the piano hinge leaves, and the other leaf of 

the piano hinges were screwed down to the top surface of “2x6” wood boards, themselves bolted 

onto the wall (as shown in Fig. 6.2). Two of these 4 pieces, 2438 mm (96 in) long, 610 mm   

(24 in) wide, and 4.8 mm (3/16 in) thick, were fixed along the east and west sides of the 
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surrounding wall. The other two pieces, 3464 mm (136 in) long, 608 mm (20 in) wide, and 6.4 

mm (1/4 in) thick, were fixed along the north and south side of the surrounding wall. An 

overview of the resulting assembled Isolated Floor System I specimen is shown in Fig. 6.8.  

 

 

 
Figure 6.5 Grid of Steel Angles on Top of Isolators 
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Figure 6.6 Inserting of FRP Decking Pieces 

 

 

 

Figure 6.7 Insert Hold Down System (Strongwell, 2003) 
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Figure 6.8 Overview of Isolated Floor System I Specimen 

 

6.3.2  Load Program 

 

As mentioned in Chapter 5, the isolated floor system by DIS (i.e., Isolated Floor System II) was 

tested earlier than Isolated Floor I although Isolated Floor I was designed first. To compare the 

behavior of the two isolated floor systems considered, a consistent set of load cases was used 

with some minor modifications due to some system-specific constraints. As defined in Chapter 5, 

two load criteria are used for the gravity design of the isolated floor system. First, the floor has to 

be able to resist 0.012 MPa (250 psf) over a small area at any point over the floor system. This is 

referred to as walking surface load carrying capacity. Second, the floor has to be able to resist a 

specified uniformly distributed load over its entire area, which is defined as the uniformly 

distributed load carrying capacity. Here, the same walking surface load carrying capacity as in 

Isolated Floor System II of 0.012 MPa (250 psf) was adopted as the nominal load carrying 

capacity of the walking surface of Isolated Floor System I. Also, Isolated Floor System I was 
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designed for a 2400 Pa (50 psf) uniformly distributed load.  

 

The same steel plates, file cabinet, and lead bricks as those used in tests of Isolated Floor System 

II were used here to create different load cases for tests of Isolated Floor System I. The ten load 

cases considered in Chapter 5 for tests of Isolated Floor System II, including both symmetric and 

eccentric cases, were also considered here for Isolated Floor System I except some minor 

modifications in some specific load cases due to the system itself specific constraints. Fig. 6.9 

illustrates the dimensions of the different parts (i.e., the edge plates, the load permissible area) of 

the area enclosed by the surrounding masonry wall for the Load Case 1 for Isolated Floor System 

I. Note that in Isolated Floor System I, the edge plates had rectangular edges, which are different 

from the triangular ones used in Isolated Floor System II. Also, although the area enclosed by the 

surrounding masonry wall is the same in both isolated floor systems, namely 3454 mm x 3454 

mm (136 in x 136 in), the area available for gravity loading in Isolated Floor System I is 2032 

mm x 1829 mm (80 in x 72 in), bigger than the area of 1740 mm x 1740 mm (68.5 in x 68.5 in) 

in Isolated Floor System II. This is because the widths of the edge plates used were smaller in 

Isolated Floor System I because the gap between the wall and the edge of the isolated floor 

system was also smaller. Therefore, for the load cases with large eccentricities of applied load 

(i.e., Load Cases 7 and 8), there is some more space on the floor surface for the bottom layer of 

steel plates to be located offset from the perfectly symmetric case. However, the steel plates were 

used in the same configuration and at the same position as in Isolated Floor System II with 

respect to the center of the isolated floor, for consistency to allow possible comparison between 

the behavior of both isolated floor systems. As such, for all load cases, except Load Case 10, the 

load configuration used for Isolated Floor Systems I and II were identical. For Load Case 10, as 

shown in Figs. 6.10, the file cabinet was instead put on a whole piece of edge plate to avoid 

sitting on the uneven surfaces of two adjacent edge plates at the corner as mentioned in   

Section 6.2, to keep the cabinet more stable during the tests. 
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Preliminary analyses indicated that the Isolated Floor System I was conservatively designed to 

carry these ten load cases, even though sometimes locally loaded up to 0.012 MPa (250 psf). As 

such, these tests acted as “proof tests” to check whether this isolated floor system could carry 

these expected load cases.  

 

 

Figure 6.9 Top View of Load Case 1 
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Figure 6.10 Top View of Load Case 10 

 

6.3.3  Input Program 

 

For the characterization tests of Isolated Floor System I, similar to those for Isolated Floor 

System II previously presented in Chapter 5, both unidirectional and bidirectional inputs were 

used. The seismic input, Acc01, Acc02, Acc11, Acc31, and B1, used in characterization tests of 

Isolated Floor System II presented in Section 5.3.3, were also used here to test Isolated Floor 

System I to allow comparing the behaviors of these two isolated floor system. In addition, sine 

sweep tests were conducted for several load cases by using constant acceleration control. The 

frequency range of sine sweep signal used varied from 0.5 Hz to 20 Hz. The acceleration 
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amplitude of the sine sweep signal was 0.15g and 0.20g for the floors having polyurethane and 

rubber balls, respectively, except that a value of 0.20g was used in one case with polyurethane 

balls as described later.  

 

In addition to using the above input motions for unidirectional tests, some bidirectional tests 

were also conducted on Isolated Floor System I. The two sets of combined bidirectional inputs, 

C1 (combination of Acc01 and Acc02) and C2 (combination of Acc11 and Acc31), used in the 

characterization tests of Isolated Floor System II introduced in Section 5.3.3 were also adopted 

here to test Isolated Floor System I in two directions at the same time.  

 

Although some mechanical properties of the concrete BNC isolators were obtained through 

characterization tests introduced in Chapter 3, this data alone was conservatively judged 

insufficient to predict the whole system behavior. Therefore, to protect the specimen, each 

variant of the isolated floor system was first tested using a low level of seismic excitations by 

scaling down the above seismic inputs. These seismic inputs were then gradually scaled up to 

different amplitudes such as to make the isolated floor system reach a displacement response of 

about 127 mm (5 in) in unidirectional tests and 102 mm (4 in) in bidirectional tests, unless such 

displacements could not be reached due to limit in the displacement capacity of 152 mm (6 in) of 

the shake table in SEESL, as done in Chapter 5.  

  

6.3.4  Instrumentation 

 

Again, the objective of these tests is to capture the force-displacement behavior of Isolated Floor 

System I and compare the resulting performance to that of the non-isolated floor. Here, “force” 

means the restoring force of the isolated floor system, and “displacement” is the relative 

displacement of the isolated floor with respect to the base. The restoring force of this system was 

to be calculated from the acceleration response of the isolated floor. Displacement and 
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acceleration response of both the shake table and the isolated floor were measured. Furthermore, 

to investigate the rotation motion of the isolated floor, it was decided to measure the 

displacement response at both ends of each side of the isolated floor, like in those tests for 

Isolated Floor System II. 

 

The same twenty-four instrumentation channels as used previously (Chapter 5) were used to 

record the response of the specimen here, namely, twelve accelerometers and twelve “string 

pots” displacement transducers. The positions of the twelve instrumentations are shown in Fig. 

6.11, where the bold numbers from “1” to “12” represent the points where displacements and 

accelerations were measured. The description of each channel is presented in Table 6.1 along the 

direction of motion recorded by each instrument. Again, similar to those in Chapter 5, because 

the surrounding wall was higher than the walking surface of the isolated floor, for the 

instrumentation on the walking surface, five steel rising bars were used to elevate the connecting 

points for the string pots so that they could be deployed straight, above the height of the wall, as 

shown in Fig. 6.12. 
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Figure 6.11 Top View of Instrumentation positions 
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Table 6.1 Summary of Instrumentation Channels 

1 Acc1 1 Accelerometer N-S
2 Acc2 2 Accelerometer N-S
3 Acc3 3 Accelerometer N-S
4 Acc4 4 Accelerometer E-W
5 Acc5 5 Accelerometer E-W
6 Acc6 6 Accelerometer E-W
7 Acc7 7 Accelerometer E-W
8 Acc8 8 Accelerometer E-W
9 Acc9 9 Accelerometer N-S
10 Acc10 10 Accelerometer N-S
11 Acc11 11 Accelerometer E-W
12 Acc12 12 Accelerometer N-S
13 Sp1 1 String Pot N-S
14 Sp2 2 String Pot N-S
15 Sp3 3 String Pot N-S
16 Sp4 4 String Pot E-W
17 Sp5 5 String Pot E-W
18 Sp6 6 String Pot E-W
19 Sp7 7 String Pot E-W
20 Sp8 8 String Pot E-W
21 Sp9 9 String Pot N-S
22 Sp10 10 String Pot N-S
23 Sp11 11 String Pot E-W
24 Sp12 12 String Pot N-S

Channel
#

(1)

Name

(2)

Position*

(3)

Type of
Sensor

(4)

Measure
Direction

(5)

Note

(6)

Isolated floor surface**, East, South
Isolated floor surface,  Middle, South
Isolated floor surface, West, South
Isolated floor surface,  South,West
Isolated floor surface,  Middel, West
Isolated floor surface,  North, West
Footing slab, South, West
Footing slab, North, West
Footing slab, West, North
Footing slab, East, North
Shake Table,Middle, West
Shake Table,Middle, North
Isolated floor surface, East, South
Isolated floor surface,  Middle, South
Isolated floor surface, West, South
Isolated floor surface,  South,West
Isolated floor surface,  Middle, West
Isolated floor surface,  North, West

Shake Table,Middle, West
Shake Table,Middle, North

* Position means the instrumentation position in Fig. 6.12;
** Isolated floor surface actually means the rising bars fixed on the isolated floor walking surface.

Footing slab, South, West
Footing slab, North, West
Footing slab, West, North
Footing slab, East, North
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Figure 6.12 Rising Bars Fixed on Walking Surface 

 

6.3.5  Test Protocol 

 

As mentioned in Section 6.3.2, different load cases, including cases with mass eccentricity in one 

or two directions, were considered for these tests. The objectives of these tests were to capture 

the behavior of the Isolated Floor System I under each load case, to investigate whether the 

behavior of this system is stable under each load case when subjected to different seismic input, 

and to compare the behavior of the isolated floor system under different load cases (i.e., between 

different symmetric load cases, and between symmetric and corresponding eccentric load cases 

having the same magnitude of gravity loads). Therefore, as for those tests previously presented in 

Section 5.3.5, under each load case, especially for symmetric load cases (i.e., Load Cases 1 to 3) 

and the eccentric load case having relative large magnitude of gravity load (i.e., Load Case 7), 

tests subjected to different seismic inputs were conducted, including bidirectional inputs. 

Furthermore, to compare the behavior of the isolated floor system between cases with and 

without edge plates, some tests without edge plates were conducted for each load case (except 



218 
 

for Load Cases 9 and 10 where the file cabinet had to sit on the edge plates). These tests were 

conducted by lifting the edge plates about the pin axes of the piano hinges and fixing them to the 

surrounding wall with clamps, as shown in Fig. 6.13. Finally, as mentioned before, because 

either polyurethane balls or rubber balls can be used as rolling balls between bearing plates of the 

concrete isolators, floor having both kinds of balls were tested.  

 

Both 51 mm (2 in) diameter polyurethane balls with hardness of 95A and 51 mm (2 in) diameter 

rubber balls with hardness of 70A were used, respectively, as the rolling balls between the 

bearing plates of the concrete BNC isolators to test Isolated Floor System I. The sequences of the 

characterization tests conducted for the floors having the different balls are in Tables 6.2 and 6.3, 

respectively, where the nomenclature of the test name is constructed by sequentially referring to 

the ball type first, load case number second, and the motion input name last. For this purpose, 

polyurethane balls were denoted as “1”, and rubber balls as “2”. For example, “11Acc01” means 

the test adopting polyurethane balls under Load Case 1 when subjected to input Acc01. The 

name for each test conducted for the isolated floor without edge plates, is constructed by adding 

“wo” at the end of the test name obtained per the above rule.  
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Table 6.2 Test Sequences of Isolated Floor System I with Polyurethane Balls 

Test #
(1)

Test Name
(2)

Input Name
(3)

Load Case #
(4)

Edge Plates
(5)

1 11ss* Sine Sweep** 1 with
2 11B1 B1 1 with
3 11Acc01 Acc01 1 with
4 11Acc11 Acc11 1 with
5 11Acc31 Acc31 1 with
6 11C1 C1 1 with
7 11C2 C2 1 with
8 11B1wo B1 1 without
9 11Acc11wo Acc11 1 without

10 11C2wo C2 1 without
11 12ss Sine Sweep 2 with
12 12B1 B1 2 with
13 12Acc01 Acc01 2 with
14 12Acc11 Acc11 2 with
15 12Acc31 Acc31 2 with
16 12C1 C1 2 with
17 12C2 C2 2 with
18 12B1wo B1 2 without
19 12Acc11wo Acc11 2 without
20 12Acc31wo Acc31 2 without
21 12C2wo C2 2 without
22 13ss Sine  Sweep 3 with
23 13B1 B1 3 with
24 13Acc11 Acc11 3 with
25 13C2 C2 3 with
26 13B1wo B1 3 without

* Sine sweep signal is denoted as "ss" in test name;
** Input of sine sweep test is denoted as "Sine Sweep".  
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Table 6.2 Test Sequences of Isolated Floor System I with Polyurethane Balls (Contd.) 

Test #
(1)

Test Name
(2)

Input Name
(3)

Load Case #
(4)

Edge Plates
(5)

27 13Acc11wo Acc11 3 without
28 13C2wo C2 3 without
29 14C2 C2 4 with
30 14C2wo C2 4 without
31 15C2 C2 5 with
32 15C2wo C2 5 without
33 16C2 C2 6 with
34 16C2wo C2 6 without
35 17B1 B1 7 with
36 17Acc01 Acc01 7 with
37 17Acc11 Acc11 7 with
38 17Acc31 Acc31 7 with
39 17C2 C2 7 with
40 17B1wo B1 7 without
41 17Acc11wo Acc11 7 without
42 17Acc31wo Acc31 7 without
43 17C2wo C2 7 without
44 18Acc31 Acc31 8 with
45 18C1 C1 8 with
46 18C2 C2 8 with
47 18Acc31wo Acc31 8 without
48 18C2wo C2 8 without
49 19B1 Acc31 9 with
50 19C1 C2 9 with
51 110B1 Acc31 10 with
52 110C1 C1 10 with  
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Table 6.3 Test Sequences of Isolated Floor System I with Rubber Balls 

Test #
(1)

Test Name
(2)

Input Name
(3)

Load Case #
(4)

Edge Plates
(5)

1 21ss* Sine Sweep** 1 with
2 21Acc11 Acc11 1 with
3 21C2 C2 1 with
4 21Acc11wo Acc11 1 without
5 21C2wo C2 1 without
6 22ss Sine Sweep 2 with
7 22B1 B1 2 with
8 22Acc11 Acc11 2 with
9 22C2 C2 2 with

10 22B1wo B1 2 without
11 22Acc11wo Acc11 2 without
12 22C2wo C2 2 without
13 23ss Sine Sweep 3 with
14 23B1 B1 3 with
15 23Acc11 Acc11 3 with
16 23C2 C2 3 with
17 23B1wo B1 3 without
18 23Acc11wo Acc11 3 without
19 23C2wo C2 3 without
20 27B1 B1 7 with
21 27Acc11 Acc11 7 with
22 27C2 C2 7 with
23 27B1wo B1 7 without
24 27Acc11wo Acc11 7 without
25 27C2wo C2 7 without
26 28C2 C2 8 with
27 28C2wo C2 8 without
28 29C1 C1 9 with
29 210C1 C1 10 with

* Sine sweep signal is denoted as "ss" in test name;
** Input of sine sweep test is denoted as "Sine Sweep".  
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Figure 6.13 Lifting and Fixing of Edge Plates  

 

6.4  Test Results 

 

6.4.1  General 

 

As mentioned in Section 6.3.3, the shake table excitations were first run at a low level of peak 

accelerations and then gradually scaled up. Hence, many trial tests were conducted to get the 

appropriate scaling factors for the inputs to reach the isolated floor’s target amplitudes of 

displacement response. For all the tests that gave the target floor response for a given load and 

input condition, the peak values of the measured response quantities, including PTD, PFD, PTA, 

PFA, peak rotation angle of the isolated floor, and peak relative displacement of isolated floor 

with respect to shake table, are tabulated in Table 6.4 and Table 6.5 for tests on floors using 

polyurethane and rubber balls, respectively. The meaning of these abbreviated terms here are 

same as those defined in Section 5.4.1. Selected typical results for the tests conducted under 

corresponding appropriate input scaling factors are presented in Figs. 6.14 to 6.35, among which 

Clamp 
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Figs. 6.14 to 6.24 are for tests on floors using polyurethane balls and Figs. 6.25 to 6.35 are for 

tests on floors using rubber balls. The rest of the test results under corresponding appropriate 

input scaling factors are presented in Appendix D. Similar to those figures presented in Chapter 5, 

each of Figs. 6.14 through 6.35 contains four plots labeled from (a) to (d). The meaning of each 

of those plots is same as that described in Section 5.4.1. 

 

6.4.2  Typical Results 

 

During all these characterization tests, no damage occurred on the isolated floor system itself. 

Although the performance of various systems is compared in the next section, some typical 

responses of the system are shown in Figs. 6.14 to 6.35. Figs. 6.14 and 6.25 show response of the 

isolated floor typically obtained under a sine sweep type of excitation for isolated floors having 

polyurethane and rubber balls, respectively. As mentioned in Chapter 3, the sine sweep tests were 

not conducted to determine the period of this isolated floor system. Rather, they worked as tests 

to investigate the behavior of the system. This gives a good illustration of the type of 

acceleration-displacement relationship of the isolated floor system at various levels of 

displacement. Rotation of the system was small, typically less than 0.004 rad (i.e., 0.2 degrees). 

This can also be observed for all other cases later. Figs. 6.15 and 6.26 show the typical results for 

unidirectional earthquake excitation for polyurethane and rubber balls, respectively. Note from 

the plot (a) of each figure that the floor displacement response is generally in phase with the 

shake table excitation. But, the relative displacement between the isolated floor and the shake 

table is significant enough to produce the isolation effect. Also, note that the 

acceleration-displacement hysteretic curves are similar to those obtained in the sine sweep cases. 

Again, the rotation of the system is not significant. Figs. 6.16 to 6.17 and 6.27 to 6.28 illustrate 

cases, where bidirectional earthquake excitation was used, for polyurethane and rubber balls, 

respectively. Note under these cases, that the displacement response of the isolated floor and the 

shake table excitation are still generally in phase as observed before. The 
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acceleration-displacement hysteretic curves are much more erratic. This is because, in the BNC 

system, the rolling balls may start to circle on a plane at identical elevation inside the cone. This 

observation has also been made in prior tests of ball-in-cone systems (Andrei M. Reinhorn, 

University at Buffalo, The State University of New York, private communication, 2008).  

 

Some typical responses of the isolated floor system without edge plates are shown (i.e., Figs. 

6.18 to 6.20 for polyurethane balls, and Figs. 6.29 to 6.31 for rubber balls) following the figures 

for the corresponding cases with the edge plates. Again, for both unidirectional and bidirectional 

tests under these cases, it could be observed that rotation angle of the isolated floor is small, and 

the displacement response of the isolated floor and the shake table are generally in phase 

although the relative displacement between them is significant enough to illustrate the isolation 

effect. Again, the acceleration-displacement hysteretic curves are more erratic in bidirectional 

tests than those in unidirectional cases.  

 

Figs. 6.21 to 6.24 and Figs. 6.32 to 6.35 show typical results for Load Cases 9 and 10 for 

polyurethane and rubber balls, respectively. Note that during the tests under Load Cases 9 and 10, 

where a small file cabinet filled with lead bricks was located on top and/or across of the edge 

plates, the isolated floor only moved slightly relatively to the shake table. This is logical since it 

was not possible for the isolated floor to be effective for these two load cases. The file cabinet 

impeded the movement of the floor by creating significant friction between the walking surface 

and the cabinet in Load Case 9 and between the walking surface and the steel cover plates in 

Load Case 10. The cabinet did vibrate and slide a little bit during the tests. However, it did not 

overturn or hit against the wall.  

 

From the values in Columns (2) to (5) of Tables 6.4 and 6.5, note that the peak displacement 

response of the isolated floor is bigger than the corresponding displacement of the shake table. 

Results in Columns (6) to (9) of Tables 6.4 and 6.5 show that the peak acceleration response of 
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the isolated floor more or less reduced compared to the corresponding acceleration response of 

the shake table, except for tests of 11ss, 11Acc11, 21ss, and 21Acc11 where the peak response 

value of the floor was the same as or a little bit bigger than that of the shake table. In these cases, 

the isolated mass was small and the friction effect from the edge plates might have locked the 

systems partially. From the results in Columns (10) and (11) of Tables 6.4 and 6.5, note that the 

rotation of the isolated floor is not significant, even for bidirectional tests with large mass 

eccentricities (i.e. Load Case 7 and 8). The maximum value of the peak rotation angle for all 

these characterization tests is 0.034 rad in magnitude, which is only 1.9 degrees. However, the 

rotation can cause an increase in the displacement response (relative to the shake table) of the 

isolated floor corner, which is equal to the rotation angle times half length of the isolated floor 

side perpendicular to the seismic direction under consideration. Therefore, as done in Chapter 5, 

this effect should also be considered here in the design of the Isolated Floor System I. This 

rotation effect will be further discussed in the following section. 

 

As shown in the typical Figs. 6.14d to 6.35d, the acceleration-displacement relationships of 

Isolated Floor System I form some hysteretic loops. As mentioned in Chapter 3, this is because 

of the friction between the rolling balls and the concrete bearing plates of the BNC isolators. 

Since the acceleration of the isolated floor is directly related to the restoring force, then, the 

enclosed area is proportional to energy dissipation. Furthermore, the loops for each 

unidirectional test seem to agree with each other well, which means the behavior of the isolated 

floor system is stable under repeated motions. In addition, as mentioned in Chapter 3, the peak 

acceleration response of the isolated floor should be constant at large relative displacements for 

each test (i.e. as long as the rolling balls are within the conical part of the working surface) based 

on the mechanical properties of this kind of isolator. This can be seen from the (d) plots of the 

figures for unidirectional tests among Figs. 6.14 to 6.35 where the acceleration-displacement 

loops are almost flat at large displacements. In all cases (either unidirectional or bidirectional 

tests), the restoring force is always radially applied towards the center of the isolator working 
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surface, in other words, the ball could go along a circular motion at a constant distance from the 

center of the isolator working surface as mentioned before, and as the result of this radial 

restoring force and friction, the ball will move spirally back to the center of the isolator. Per the 

same principles, then subjected to bidirectional excitation, when the ball is at any given X and Y 

position, the restoring force towards the center of the cone has X and Y components which will 

be smaller in magnitude than that of the restoring force acting in the radial direction, resulting in 

smaller maximum acceleration response in the X and Y directions than those observed during the 

corresponding unidirectional tests in each respective direction. 

 

6.4.3  Comparisons 

 

To investigate whether the behavior of Isolated Floor System I is stable when subjected to 

different unidirectional seismic inputs, the comparison of the acceleration-displacement 

relationships for the symmetric load cases (Load Cases 1 to 3) is plotted in Figs. 6.36 to 6.40 for 

polyurethane balls (Figs. 6.36 to 6.38) and rubber balls (Figs. 6.39 and 6.40). It is observed from 

these figures that the acceleration-displacement loops, under the same load case, when subjected 

to different seismic inputs agree well with each other, confirming that the behavior of this 

isolated floor system is stable when subjected to different seismic excitations.  

 

To investigate how the behavior of Isolated Floor System I (with edge plates on) changes under 

unidirectional seismic inputs and different load cases, the test results for Load Cases 1 to 3 under 

shake table excitation inputs B1 and Acc11 respectively, in terms of acceleration-displacement 

relationship, are shown together in Figs. 6.41 to 6.44 for polyurethane balls and rubber balls, 

respectively. And to investigate how the behavior of Isolated Floor System I without edge plates 

changes under unidirectional seismic inputs and different load cases, the test results for Load 

Cases 1 to 3 under shake table excitation input Acc11, in terms of acceleration-displacement 

relationship, are shown together in Figs. 6.45 and 6.46 for polyurethane balls and rubber balls, 
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respectively. From Figs. 6.45 and 6.46, note that the loops becomes progressively fatter from 

Load Cases 1 to 3. However, in Figs. 6.41 to 6.44, this trend is not observed. The loops for Load 

Cases 2 and 3 almost agree with each other, and the loops for Load Case 1 are fatter than the 

corresponding ones for Load Cases 2 and 3. This is reasonable. The friction between the edge 

plates and the walking surface is a constant. When the total isolated mass (i.e., total mass of the 

isolated floor and the steel plates on top) increases from Load Case 1 to 3, the friction effect on 

the acceleration of the isolated floor (which is calculated as the ratio the friction over the total 

isolated mass) will become less significant. 

 

To investigate the difference in behavior between symmetric and eccentric load cases for this 

isolated floor system, for each kind of balls, the comparison of the test results of 12Acc11 and 

17Acc11 and the comparison of the test results of 22Acc11 and 27Acc11 are shown in Figs. 6.47 

and 6.48, respectively. It is observed that that the behavior of the isolated floor system from each 

test agrees with each other well, which is because the rotation effect of the isolated floor is not 

significant as mentioned before. 

 

As mentioned in Section 6.3, some steel edge plates were used to cover the space between the 

isolated floor and the surrounding wall. Consequently, friction between the steel cover plates and 

the walking surface of the isolated floor was introduced into this system. To investigate the effect 

of this friction, the tests results for cases with and without these edge plates for Load Cases 1 to 3, 

and each kind of rolling balls, in terms of acceleration-displacement relationships, are shown 

together for comparison in Figs. 6.49 to 6.59, respectively. From these figures, a significant 

difference in the amplitude of the acceleration attained by the isolated floor can be observed. 

This difference between the acceleration-displacement loops from the cases with edge plates and 

the corresponding cases without edge plates confirms the presence of an additional friction effect. 

Furthermore, this difference becomes less significant going from Load Cases 1 to 3. In particular, 

for Load Case 3, as shown in Figs. 6.53 and 6.54 for polyurethane balls and Figs. 6.58 and 6.59 
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for rubber balls, the loops for cases with and without edge plates almost agree with each other 

and the friction effect is almost negligible. This is reasonable for the same reason described 

above regarding the lesser significance of the friction effect on the acceleration response of the 

isolated floor system when greater masses are applied on the floor. The difference between the 

loops in Figs. 6.49, 6.50, and 6.55 for Load Case 1, is about 0.085g, which when multiplied by 

the corresponding total isolated mass (of about 529 Kg (1166 lb)) corresponds to a friction of 

about 441 N (99.1 lb). This friction should be considered when simulating the behavior of 

Isolated Floor System I in computer programs, which is the subject of Chapter 7.  

 

As shown above, the difference in the behavior of the isolated floor systems with and without 

edge plates has been observed. To better model the behavior of the isolated floor system in 

computer programs, it is necessary to compare the behavior of the concrete BNC isolator as a 

component versus that of the entire isolated floor system without edge plates. The gravity loads 

considered on each ball in Load Case 3 (i.e., 1350 N/ball (304 lb/ball), including the self-weight 

of the top concrete bearing plates) mentioned in Chapter 3 for concrete BNC isolator component 

tests almost perfectly corresponds to that in Load Case 3 (i.e., 1361 N/ball (306.1 lb/ball)) for the 

entire isolated floor system tests without edge plates here. Figs. 6.60 and 6.61 compare the 

seismic BNC isolator component test results under Load Case 3 from Chapter 3 with the 

corresponding system test results when subjected to Acc11 for the polyurethane ball and rubber 

ball cases, respectively. From these figures, note that the peak acceleration response of the 

isolated floor system is almost same as that of the isolator component alone. Also, the ordinate 

difference of the loops at given displacement (i.e., the “fatness” of the loops) in the 

acceleration-displacement loop for both component and system test is almost the same. As 

mentioned in Chapter 3, the magnitude of this range between the plateau of acceleration values 

on the loading and unloading parts of the loops is actually caused by the friction effect between 

the rolling balls and the concrete bearing plates. Therefore, the equivalent coefficient of rolling 

friction defined in Chapter 3, eμ , for the system tests under Load Cases 3 is the same as the 
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values for the concrete BNC isolator component tests under corresponding load cases, which is 

about 0.044 and 0.1 for the cases using polyurethane balls and rubber balls respectively.  

 

Recall from Chapter 3 that the magnitude of the coefficient of rolling friction, eμ , depends on 

the value of the gravity load applied on the ball. For example, from Figs. 6.18 and 6.29, under 

Load Case 2 (i.e., 182 lb/ball corresponding to 25 psf), the eμ  is estimated to be 0.034 for 

polyurethane balls and 0.087 for rubber balls respectively. These data, together with the eμ  

values estimated in Chapter 3, can be used for modeling the whole system behavior. This is the 

subject of Chapter 7.  

 

Note here that the seismic inputs in the tests of Isolated Floor Systems I here and II (as shown in 

Chapter 5) were scaled differently in the tests of different floor systems. Detailed information on 

the shake table signals used for each test is available on the SEESL repository 

(nas.nees.buffalo.edu\repository\allprojects\mceer\isolated raised floor).   
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Table 6.4 Summary of Peak Values of Response Quantities (Polyurethane Balls) 

E-W
(2)

N-S
(3)

E-W
(4)

N-S
(5)

E-W
(6)

N-S
(7)

E-W
(8)

N-S
(9)

E-W
(10)

N-S
(11)

E-W
(12)

N-S
(13)

11ss 80.8 — 81.3 — 0.25 — 0.25 — 2.4 2.4 61.3 —
11B1 142.7 — 219.3 — 0.64 — 0.27 — 5.3 4 119.7 —

11Acc01 202.8 — 215.8 — 0.55 — 0.21 — 1.8 1.3 39.3 —
11Acc11 147.7 — 152.3 — 0.21 — 0.24 — 1.8 1.1 71.6 —
11Acc31 138.3 — 140.8 — 0.34 — 0.22 — 1.1 0.9 18.4 —

11C1 169.3 124.0 199.9 196.8 0.55 0.62 0.19 0.21 3.2 3.0 73.5 75.1
11C2 166.1 169.1 213.5 241.7 0.29 0.40 0.22 0.23 1.9 1.4 108 105.5

11B1wo 72.43 — 199.5 — 0.34 — 0.16 — 2.0 2.0 168.1 —
11Acc11wo 91.3 — 208.7 — 0.19 — 0.14 — 1.4 1.4 153.4 —

11C2wo 65.5 66.8 133.7 166.4 0.13 0.15 0.11 0.14 6.9 8.0 84.1 125.5
12ss 70.8 — 136.2 — 0.19 — 0.22 — 3.4 3.9 171.6 —
12B1 99.4 — 189.8 — 0.47 — 0.18 — 2.7 3.4 142.8 —

12Acc01 163.9 — 254.9 — 0.49 — 0.18 — 2.4 2.6 104.7 —
12Acc11 160.3 — 273.0 — 0.26 — 0.19 — 3.6 4.0 151.9 —
12Acc31 159.0 — 272.9 — 0.37 — 0.23 — 2.5 3.0 162.3 —

12C1 162.7 119.7 275.5 225.4 0.55 0.55 0.19 0.17 7.5 9.5 136.5 130.9
12C2 115.3 130.9 173.7 235.6 0.20 0.30 0.16 0.18 9.2 10.4 87.9 153.6

12B1wo 65.7 — 123.4 — 0.30 — 0.14 — 3.3 3.5 84.3 —
12Acc11wo 114.3 — 228.4 — 0.20 — 0.15 — 3.8 3.9 147.7 —
12Acc31wo 114.3 — 222.3 — 0.37 — 0.17 — 2.7 3.6 144.2 —

12C2wo 81.4 93.0 144.0 201.0 0.15 0.21 0.12 0.16 6.1 7.2 86.6 146.3
13ss 67.6 — 125.6 — 0.18 — 0.19 — 3.5 3.7 135 —
13B1 93.4 — 176.1 — 0.43 — 0.17 — 1.7 1.5 129.7 —

13Acc11 121.1 — 199.2 — 0.23 — 0.17 — 1.3 1.3 105.2 —
13C2 107.6 127.8 165.8 218.5 0.17 0.28 0.16 0.22 1.3 1.3 74.2 121.4

13B1wo 82.2 — 178.2 — 0.38 — 0.16 — 5.9 5.5 141.7 —
* PTD is the peak absolute displacement response of the shake table;
**PFD is the peak absolute displacement response of the isolated floor;
***PTA is the peak absolute acceleration response of the shake table;
****PFA is the peak absolute acceleration response of the isolated floor.

Test Name

(1)

Peak Rotation
(x 10-3 rad)

Peak Relative
Disp.
(mm)

PFD**
(mm)

PTA***
(g)

PTD*
(mm)

PFA****
(g)
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Table 6.4 Summary of Peak Values of Response Quantities (Polyurethane Balls) (Contd.) 

E-W
(2)

N-S
(3)

E-W
(4)

N-S
(5)

E-W
(6)

N-S
(7)

E-W
(8)

N-S
(9)

E-W
(10)

N-S
(11)

E-W
(12)

N-S
(13)

13Acc11wo 119.4 — 222.6 — 0.22 — 0.16 — 3.2 3.4 135.5 —
13C2wo 84.5 101.0 138.1 192.4 0.15 0.23 0.15 0.16 2.2 2.3 67.3 119.1

14C2 119.7 121.9 180.8 196.6 0.19 0.25 0.18 0.16 5.8 5.4 75.7 97.7
14C2wo 103.1 105.1 190.0 220.1 0.15 0.19 0.12 0.14 34.2 2.9 110.3 150.9

15C2 140.0 143.4 214.7 237.9 0.18 0.24 0.17 0.21 10.8 10.5 83.4 113.3
15C2wo 84.4 85.9 137.0 161.3 0.12 0.17 0.12 0.11 20.0 19.7 56.8 88.0

16C2 158.4 161.0 234.4 224.6 0.19 0.24 0.18 0.14 6.6 6.9 77.8 73.8
16C2wo 94.5 97.3 175.8 191.2 0.12 0.15 0.12 0.14 8.0 8.0 84.8 108.3

17B1 92.3 — 160.4 — 0.44 — 0.17 — 12.4 12.6 108.7 —
17Acc01 160.7 — 228.9 — 0.48 — 0.17 — 11.2 11.7 76.5 —
17Acc11 125.5 — 191.7 — 0.23 — 0.17 — 15.4 15.6 86.3 —
17Acc31 147.6 — 163.2 — 0.34 — 0.16 — 5.1 5.1 26.8 —

17C2 112.6 115.5 163.8 199.3 0.22 0.28 0.17 0.17 21.1 22.6 78.1 127.4
17B1wo 65.1 — 129.0 — 0.30 — 0.13 — 33.0 33.3 99.0 —

17Acc11wo 90.2 — 178.5 — 0.18 — 0.14 — 11.6 10.9 107.1 —
17Acc31wo 122.9 — 253.9 — 0.26 — 0.18 — 15.3 14.1 172.6 —

17C2wo 101.9 104.0 180.9 182.9 0.12 0.15 0.12 0.11 31.3 32.3 82.3 89.4
18Acc31 156.8 — 163.9 — 0.32 — 0.16 — 2.8 2.9 20.4 —

18C1 143.6 100.8 174.2 167.1 0.42 0.44 0.17 0.17 13.5 13.7 49.7 68.8
18C2 127.6 130.1 188.1 211.6 0.20 0.28 0.18 0.18 10.5 11.3 76.8 104.3

18Acc31wo 127.0 — 263.5 — 0.24 — 0.19 — 29.2 28.4 173.8 —
18C2wo 105.0 106.7 184.4 208.6 0.12 0.16 0.12 0.14 12.8 11.5 82.4 114.4

19B1 119.9 — 161.6 — 0.59 — 0.29 — 5.1 3.1 65.9 —
19C1 153.0 112.0 162.7 137.1 0.49 0.56 0.25 0.28 12.5 13.3 38.0 30.7

110B1 151.4 — 188.8 — 0.75 — 0.42 — 12.4 10.5 63.6 —
110C1 160.7 159.2 152.8 196.9 0.51 0.83 0.36 0.38 23.2 22.9 78.0 37.8

PFD**
(mm)Test Name

(1)

* PTD is the peak absolute displacement response of the shake table;
**PFD is the peak absolute displacement response of the isolated floor;
***PTA is the peak absolute acceleration response of the shake table;
****PFA is the peak absolute acceleration response of the isolated floor.

PTA***
(g)

PFA****
(g)

Peak Rotation
(x 10-3 rad)

Peak Relative
Disp.
(mm)

PTD*
(mm)
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Table 6.5 Summary of Peak Values of Response Quantities (Rubber Balls) 

E-W
(2)

N-S
(3)

E-W
(4)

N-S
(5)

E-W
(6)

N-S
(7)

E-W
(8)

N-S
(9)

E-W
(10)

N-S
(11)

E-W
(12)

N-S
(13)

21ss 89.7 — 96.7 — 0.21 — 0.25 — 2.3 2.2 40.7 —
21Acc11 150.0 — 160.1 — 0.28 — 0.28 — 1.5 0.92 64.7 —

21C2 163.8 166.9 181.5 180.3 0.27 0.38 0.26 0.19 2.4 1.8 64.3 31.4
21Acc11wo 132.8 — 213.2 — 0.24 — 0.17 — 1.3 1.6 107.5 —

21C2wo 99.1 123.0 145.2 208.3 0.18 0.29 0.15 0.18 5.5 6.4 64.3 119.7
22ss 103.6 — 152.5 — 0.27 — 0.28 — 2.6 1.8 166.9 —
22B1 141.4 — 206.5 — 0.70 — 0.24 — 2.3 2.5 126.6 —

22Acc11 158.0 — 194.1 — 0.29 — 0.23 — 1.7 0.80 92.3 —
22C2 129.9 162.8 155.2 193.0 0.24 0.40 0.21 0.17 3.4 4.5 55.7 53.4

22B1wo 128.3 — 203.5 — 0.63 — 0.22 — 3.2 3.3 138.4 —
22Acc11wo 154.5 — 218.0 — 0.28 — 0.20 — 1.8 2.7 106.7 —

22C2wo 119.7 149.2 163.6 223.7 0.22 0.36 0.19 0.20 4.6 5.1 75.7 113.3
23ss 90.7 — 123.2 — 0.23 — 0.25 — 2.3 2.1 120.7 —
23B1 16.3 — 171.2 — 0.64 — 0.24 — 2.9 2.2 98.5 —

23Acc11 154.4 — 181.7 — 0.27 — 0.23 — 2.1 1.6 81.4 —
23C2 157.8 158.9 203.4 190.6 0.26 0.36 0.23 0.17 5.5 5.1 76.7 66.2

23B1wo 130.1 — 189.1 — 0.63 — 0.22 — 2.2 2.0 116.4 —
23Acc11wo 154.1 — 181.3 — 0.27 — 0.23 — 2.2 2.6 83.7 —

23C2wo 145.2 146.7 195.2 199.1 0.25 0.32 0.23 0.17 7.3 7.1 89.7 81.4
27B1 141.4 — 190.0 — 0.69 — 0.24 — 6.8 7.1 98.9 —

27Acc11 158.2 — 178.8 — 0.29 — 0.24 — 7.0 7.8 81.8 —
27C2 144.7 164.8 171.7 187.8 0.25 0.40 0.22 0.17 5.6 5.8 64.5 51.7

27B1wo 131.4 — 182.2 — 0.64 — 0.24 — 8.3 8.4 123.3 —
27Acc11wo 139.7 — 161.4 — 0.24 — 0.22 — 5.3 4.7 76.1 —

27C2wo 152.3 155.1 208.5 206.6 0.25 0.33 0.22 0.17 12.2 12.6 94.5 81.3
28C2 162.6 163.4 191.8 183.8 0.25 0.34 0.23 0.17 4.3 3.7 64.9 35.7

28C2wo 162.5 163.4 230.4 239.7 0.25 0.34 0.20 0.19 8.2 8.9 102.3 117.7
29C1 175.1 136.2 188.9 171.1 0.63 0.70 0.36 0.32 10.9 12.5 42.3 36.2

210C1 166.6 136.4 166.4 154.6 0.57 0.71 0.40 0.41 14.5 14.1 31.6 21.4

Peak Relative
Disp.
(mm)

PFD**
(mm)

PTA***
(g)

PFA****
(g)

Peak Rotation
(x 10-3 rad)

PTD*
(mm)Test Name

(1)

* PTD is the peak absolute displacement response of the shake table ;
**PFD is the peak absolute displacement response of the isolated floor;
***PTA is the peak absolute acceleration response of the shake table;
****PFA is the peak absolute acceleration response of the isolated floor.
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Figure 6.14 Results of Test 12ss: (a) and (b) Displacement and Acceleration of Shake Table 

and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System I 
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Figure 6.15 Results of Test 12B1: (a) and (b) Displacement and Acceleration of Shake Table 

and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System I 
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Figure 6.16 Results of Test 12C2 in E-W Direction: (a) and (b) Displacement and 

Acceleration of Shake Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System I 



 236

-160 -120 -80 -40 0 40 80 120 160

Disp. (mm)
-0.2

-0.1

0

0.1

0.2

A
cc

. (
g)

0 5 10 15 20 25 30

Time (s)
-0.012

-0.008

-0.004

0

0.004

0.008

0.012

R
ot

at
io

n 
(r

ad
)

0 5 10 15 20 25 30

Time (s)
-0.3

-0.2

-0.1

0

0.1

0.2

0.3

A
cc

. (
g)

Acc._Table
Acc._Floor

0 5 10 15 20 25 30

Time (s)
-250
-200
-150
-100

-50
0

50
100
150
200
250

D
is

p.
 (m

m
)

Disp._Table
Disp._Floor

 

 

                                                                      (a)    

 

 

 

 

 

                                                                      (b) 

 

 

 

  

 

                                                                      (c) 

 

 

 

 

 

                                                                      (d) 

 

 

 

Figure 6.17 Results of Test 12C2 in N-S Direction: (a) and (b) Displacement and 

Acceleration of Shake Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System I 
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Figure 6.18 Results of Test 12B1wo: (a) and (b) Displacement and Acceleration of Shake 

Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System I 
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Figure 6.19 Results of Test 12C2wo in E-W Direction: (a) and (b) Displacement and 

Acceleration of Shake Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System I 
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Figure 6.20 Results of Test 12C2wo in N-S Direction: (a) and (b) Displacement and 

Acceleration of Shake Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System I 
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Figure 6.21 Results of Test 19C1 in E-W Direction: (a) and (b) Displacement and 

Acceleration of Shake Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System I 
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Figure 6.22 Results of Test 19C1 in N-S Direction: (a) and (b) Displacement and 

Acceleration of Shake Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System I 
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Figure 6.23 Results of Test 110C1 in E-W Direction: (a) and (b) Displacement and 

Acceleration of Shake Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System I 
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Figure 6.24 Results of Test 110C1 in N-S Direction: (a) and (b) Displacement and 

Acceleration of Shake Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System I 
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Figure 6.25 Results of Test 22ss: (a) and (b) Displacement and Acceleration of Shake Table 

and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System I 



 245

-140 -120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120 140

Disp. (mm)
-0.3

-0.2

-0.1

0

0.1

0.2

0.3

A
cc

. (
g)

0 5 10 15 20 25 30 35 40 45 50 55 60

Time (s)
-0.003

-0.002

-0.001

0

0.001

0.002

0.003

R
ot

at
io

n 
(r

ad
)

0 5 10 15 20 25 30 35 40 45 50 55 60

Time (s)
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

A
cc

. (
g)

Acc._Table
Acc._Floor

0 5 10 15 20 25 30 35 40 45 50 55 60

Time (s)
-250
-200
-150
-100

-50
0

50
100
150
200
250

D
is

p.
 (m

m
)

Disp._Table
Disp._Floor

 

 

                                                                      (a)    

 

 

 

 

 

                                                                      (b) 

 

 

 

  

 

                                                                      (c) 

 

 

 

 

 

                                                                      (d) 

 

 

 

Figure 6.26 Results of Test 22B1: (a) and (b) Displacement and Acceleration of Shake Table 

and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System I 
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Figure 6.27 Results of Test 22C2 in E-W Direction: (a) and (b) Displacement and 

Acceleration of Shake Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System I 
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Figure 6.28 Results of Test 22C2 in N-S Direction: (a) and (b) Displacement and 

Acceleration of Shake Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System I 
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Figure 6.29 Results of Test 22B1wo: (a) and (b) Displacement and Acceleration of Shake 

Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System I 
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Figure 6.30 Results of Test 22C2wo in E-W Direction: (a) and (b) Displacement and 

Acceleration of Shake Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System I 
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Figure 6.31 Results of Test 22C2wo in N-S Direction: (a) and (b) Displacement and 

Acceleration of Shake Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System I 
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Figure 6.32 Results of Test 29C1 in E-W Direction: (a) and (b) Displacement and 

Acceleration of Shake Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System I 
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Figure 6.33 Results of Test 29C1 in N-S Direction: (a) and (b) Displacement and 

Acceleration of Shake Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System I 
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Figure 6.34 Results of Test 210C1 in E-W Direction: (a) and (b) Displacement and 

Acceleration of Shake Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System I 
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Figure 6.35 Results of Test 210C1 in N-S Direction: (a) and (b) Displacement and 

Acceleration of Shake Table and Isolated Floor, Respectively; (c) Rotation;  

(d) Acceleration-Displacement Relationship of Isolated Floor System I 
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Fig. 6.36 Comparison of Acceleration-Displacement Relationships under Different Inputs 

and Load Case 1 (Polyurethane Balls) 
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Fig. 6.37 Comparison of Acceleration-Displacement Relationships under Different Inputs 

and Load Case 2 (Polyurethane Balls) 
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Fig. 6.38 Comparison of Acceleration-Displacement Relationships under Different Inputs 

and Load Case 3 (Polyurethane Balls) 
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Fig. 6.39 Comparison of Acceleration-Displacement Relationships under Different Inputs 

and Load Case 2 (Rubber Balls) 
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Fig. 6.40 Comparison of Acceleration-Displacement Relationships under Different Inputs 

and Load Case 3 (Rubber Balls) 
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Figure 6.41 Comparison of Acceleration-Displacement Relationships under Different 

Symmetric Load Cases and Input of B1 (with Edge Plates, Polyurethane Balls) 
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Figure 6.42 Comparison of Acceleration-Displacement Relationships under Different 

Symmetric Load Cases and Input of Acc11 (with Edge Plates, Polyurethane Balls) 
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Figure 6.43 Comparison of Acceleration-Displacement Relationships under Different 

Symmetric Load Cases and Input of B1 (with Edge Plates, Rubber Balls) 
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Figure 6.44 Comparison of Acceleration-Displacement Relationships under Different 

Symmetric Load Cases and Input of Acc11 (with Edge Plates, Rubber Balls) 
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Figure 6.45 Comparison of Acceleration-Displacement Relationships under Different 

Symmetric Load Cases and Input of Acc11 (without Edge Plates, Polyurethane Balls) 
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Figure 6.46 Comparison of Acceleration-Displacement Relationships under Different 

Symmetric Load Cases and Input of Acc11 (without Edge Plates, Rubber Balls) 
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Figure 6.47 Comparison of Acceleration-Displacement Relationships Between Symmetric 

and Eccentric Load Cases under Input of Acc11 (Polyurethane Balls) 
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Figure 6.48 Comparison of Acceleration-Displacement Relationships Between Symmetric 

and Eccentric Load Cases under Input of Acc11 (Rubber Balls) 
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Figure 6.49 Comparison of Acceleration-Displacement Relationships Between With and 

Without Cover Plates under Load Case 1 When Subjected to B1 (Polyurethane Balls) 
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Figure 6.50 Comparison of Acceleration-Displacement Relationships Between With and 

Without Cover Plates under Load Case 1 When Subjected to Acc11 (Polyurethane Balls) 
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Figure 6.51 Comparison of Acceleration-Displacement Relationships Between With and 

Without Cover Plates under Load Case 2 When Subjected to B1 (Polyurethane Balls) 
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Figure 6.52 Comparison of Acceleration-Displacement Relationships Between With and 

Without Cover Plates under Load Case 2 When Subjected to Acc11 (Polyurethane Balls) 
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Figure 6.53 Comparison of Acceleration-Displacement Relationships Between With and 

Without Cover Plates under Load Case 3 When Subjected to B1 (Polyurethane Balls) 
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Figure 6.54 Comparison of Acceleration-Displacement Relationships Between With and 

Without Cover Plates under Load Case 3 When Subjected to Acc11 (Polyurethane Balls) 
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Figure 6.55 Comparison of Acceleration-Displacement Relationships Between With and 

Without Cover Plates under Load Case 1 When Subjected to Acc11 (Rubber Balls) 
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Figure 6.56 Comparison of Acceleration-Displacement Relationships Between With and 

Without Cover Plates under Load Case 2 When Subjected to B1 (Rubber Balls) 
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Figure 6.57 Comparison of Acceleration-Displacement Relationships Between With and 

Without Cover Plates under Load Case 2 When Subjected to Acc11 (Rubber Balls) 



 266

-200 -160 -120 -80 -40 0 40 80 120 160 200

Disp. (mm)
-0.3

-0.2

-0.1

0

0.1

0.2

0.3

A
cc

. (
g)

23B1
23B1wo

 
Figure 6.58 Comparison of Acceleration-Displacement Relationships Between With and 

Without Cover Plates under Load Case 3 When Subjected to B1 (Rubber Balls) 
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Figure 6.59 Comparison of Acceleration-Displacement Relationships Between With and 

Without Cover Plates under Load Case 3 When Subjected to Acc11 (Rubber Balls) 
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Figure 6.60 Comparison of Acceleration-Displacement Relationships between BNC Isolator 

Component and Whole System under Load Case 3 and Input of Acc11 (Polyurethane Balls) 
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Figure 6.61 Comparison of Acceleration-Displacement Relationships Between BNC Isolator 

Component and Whole System under Load Case 1 and Input of Acc11 (Rubber Balls) 
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6.5  Response when Hitting the Wall 

 

All above sections show that Isolated Floor System I worked well. However, one problem which 

occurred during one of the first tests, where the shake table controller experienced a failure and 

the shake table behaved in an erratic manner, provided interesting data. During that even, the 

displacement response of the isolated floor exceeded the capacity of its isolators underneath. The 

rolling balls of the isolators rolled out of the working surface at a displacement of about 200 mm 

and the isolated floor was projected towards the surrounding wall. The isolated floor hit against 

the wall at a displacement of about 220 mm and dropped down directly on the bottom bearing 

plates. The results of this test, denoted as 13ss1 to distinguish it from 13ss in above sections, are 

shown in Fig. 6.62. Note that a very high shake table impulse acceleration of approximately 5g 

was recorded. A very high acceleration response (as high as 4g) was recorded for the isolated 

floor when hitting against the wall. Incidentally, under the impact faces, the wall was damaged. 

The wall was repaired by running tension straps around it and filling grout into the hollow 

concrete block to keep its integrity. The test was then able to resume without any problem.  

 

The above results show that the isolated floor hits the surrounding wall, high spikes of 

acceleration response will develop on the isolated floor. This underlines the importance of 

analysis to provide enough safety against the risk of sad impact.  
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Figure 6.62 Results of Extra Test 13ss in N-S Direction: (a) and (b) Displacement and 

Acceleration of Shake Table and Isolated Floor, Respectively;  

(c) Acceleration-Displacement Relationship of Isolated Floor System I 

 

6.6  Further Investigation of Rotation Effect 

 

For the same reasons as described in Section 5.6, although it is observed from Section 6.4 that 

the rotation angle is small during all the tests, the displacement increase at the isolated floor 

corner due to the rotation should be considered in the design of Isolated Floor System I.   
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The ratios of the corner displacement (relative to the shake table) due to the rotation of the 

isolated floor over the isolated floor displacement at the middle point of the side perpendicular to 

the seismic direction under consideration are summarized in Tables 6.6 and 6.7 for cases using 

polyurethane and rubber balls, respectively. The terms/symbols used in these two tables have the 

same meaning as described in Section 5.6.  

 

From these tables, it can be found that the maximum value of Dris and the maximum value of Rc 

occur at different time moments. Also it can be observed that the total displacement (i.e., Dris+Rc) 

at the corner of the isolated floor system when the maximum value of Dris occurs is bigger than 

that when the maximum Rc occurs, and is equal to/almost same as that when the maximum 

(Dris+Rc) happens (almost at the same time as when the maximum Dris occurs). The averaged 

value of the ratios of Rc/Dris when the maximum Dris occurs is obtained as: 

• For cases using polyurethane balls, 4.0%, 4.8%, and 13.6% for the cases with symmetric 

gravity loads, eccentric loads at an eccentricity of 425 mm, and eccentric loads at an 

eccentricity of 671 mm, respectively; 

• For cases using rubber balls, 2.2% and 9.2% for the cases with symmetric gravity loads 

and eccentric loads at an eccentricity of 671 mm, respectively. 

 

As done in Section 5.6, the comparison between these values obtained from tests with those 

obtained by using Eq. 13.3-5 for total displacement calculation in NEHRP 2003 was also 

conducted here. The results again show that the formula in NEHRP 2003 is too conservative for 

the eccentric load cases, which gives a value of higher than 40% for the 425 mm eccentric load 

case, and higher than 70% for the 671 mm eccentric load case, respectively. At the current stage 

of this project, the Rc/Dris values obtained from tests will be used in the development of the 

design methodology for Isolated Floor System I, which is part of the topic of Chapter 9. Again, 

as mentioned in Section 5.6, because the data obtained here is limited, further research is 
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recommended to better quantify the rotation effects of Isolated Floor System i.     

 

Table 6.6 Rotation Effects_Polyurethane Balls 

t
(s)

Dris

(mm)
Rc

(mm)
Dris+Rc

(mm)
Rc/Dris

(%)
t

(s)

Dris

(mm)
Rc

(mm)
Dris+Rc

(mm)
Rc/Dris

(%)

19.801 61.3 2.9 64.3 4.8 - - - - -
20.309 58.3 3.1 61.4 5.3 - - - - -
19.801 61.3 2.9 64.3 4.8 - - - - -
19.910 119.7 2.4 122.1 2.0 - - - - -
21.070 6.8 6.8 13.6 99.3 - - - - -
19.914 119.7 2.5 122.1 2.0 - - - - -
11.047 39.3 0.7 40.1 1.9 - - - - -
13.660 13.1 2.3 15.3 17.5 - - - - -
11.043 39.3 0.8 40.1 1.9 - - - - -
14.738 71.6 2.1 73.6 2.9 - - - - -
15.199 17.6 2.3 19.9 13.3 - - - - -
14.734 71.6 2.1 73.7 2.9 - - - - -
14.770 18.4 1.1 19.6 6.2 - - - - -
14.516 16.0 1.4 17.4 8.7 - - - - -
14.766 18.4 1.1 19.6 6.2 - - - - -
14.648 73.5 0.1 73.6 0.2 14.879 75.1 0.3 75.3 0.3
11.996 25.0 4.1 29.1 16.5 11.977 34.0 4.2 38.1 12.2
14.652 73.5 0.1 73.6 0.2 14.898 75.1 0.4 75.4 0.5
14.773 108.0 8.8 116.8 8.1 13.426 105.5 6.0 111.5 5.6
14.375 20.6 24.0 44.6 116.8 14.348 20.1 19.5 39.6 97.1
14.758 107.6 9.6 117.2 8.9 13.430 105.5 6.0 111.5 5.7
13.898 171.6 3.8 175.4 2.2 - - - - -
13.590 43.9 4.3 48.2 9.7 - - - - -
13.898 171.6 3.8 175.4 2.2 - - - - -
20.031 142.8 3.2 146.0 2.3 - - - - -
19.691 31.1 3.4 34.5 10.8 - - - - -
20.035 142.8 3.2 146.0 2.3 - - - - -
13.250 104.7 0.7 105.4 0.6 - - - - -
14.469 34.9 3.0 37.9 8.7 - - - - -
13.250 104.7 0.7 105.4 0.6 - - - - -
13.719 151.9 1.5 153.4 1.0 - - - - -
14.434 30.4 4.5 34.9 14.9 - - - - -
13.727 151.9 1.5 153.4 1.0 - - - - -
13.465 162.3 1.1 163.4 0.7 - - - - -
14.258 50.8 3.2 53.9 6.2 - - - - -
13.469 162.3 1.1 163.4 0.7 - - - - -
13.258 136.5 4.9 141.4 3.6 15.000 130.9 1.4 132.3 1.0
13.711 77.2 9.6 86.7 12.4 13.512 23.4 13.2 36.6 56.1
13.270 136.3 5.2 141.5 3.9 15.000 130.9 1.4 132.3 1.0
14.758 87.9 1.0 89.0 1.1 13.586 153.6 14.3 167.9 9.3
13.586 76.1 11.7 87.8 15.3 13.563 153.5 14.4 167.9 9.4
13.395 83.7 6.5 90.3 7.8 13.570 153.6 14.4 168.0 9.4

Load
Case

e
(mm) Test

X Direction Y Direction

12C2

2 0

ss12

12B1

12Acc01

12Acc11

12Acc31

12C1

1 0

ss11

11B1

11Acc01

11Acc11

11Acc31

11C1

11C2
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Table 6.6 Rotation Effects_Polyurethane Balls (Contd.) 

t
(s)

Dris

(mm)
Rc

(mm)
Dris+Rc

(mm)
Rc/Dris

(%)
t

(s)

Dris

(mm)
Rc

(mm)
Dris+Rc

(mm)
Rc/Dris

(%)

14.344 135.0 3.4 138.4 2.5 - - - - -
14.992 120.1 4.4 124.5 3.7 - - - - -
14.340 135.0 3.5 138.5 2.6 - - - - -
19.961 129.7 1.1 130.8 0.9 - - - - -
19.566 10.4 2.1 12.5 20.3 - - - - -
19.961 129.7 1.1 130.8 0.9 - - - - -
12.340 105.2 1.0 106.2 0.9 - - - - -
14.422 7.1 1.7 8.8 23.6 - - - - -
12.340 105.2 1.0 106.2 0.9 - - - - -
13.355 74.2 14.9 89.1 20.1 13.477 121.4 17.2 138.6 14.2
13.438 70.6 15.8 86.4 22.3 13.418 117.5 17.7 135.2 15.1
13.371 74.1 15.2 89.2 20.5 13.469 121.3 17.4 138.7 14.3
13.344 75.7 2.7 78.5 3.6 13.457 97.7 4.8 102.5 4.9
12.113 30.9 7.4 38.3 24.0 12.121 10.5 7.4 17.9 71.1
13.359 75.7 2.9 78.6 3.9 13.457 97.7 4.8 102.5 4.9
13.418 83.4 11.2 94.6 13.4 13.512 113.3 13.1 126.4 11.6
12.539 56.0 13.8 69.8 24.6 12.535 77.6 14.6 92.2 18.9
13.422 83.4 11.2 94.6 13.4 13.508 113.3 13.2 126.4 11.6
13.277 77.8 0.3 78.1 0.4 12.469 73.8 0.5 74.3 0.7
15.227 54.0 8.4 62.5 15.6 15.223 22.1 9.7 31.7 43.7
13.262 77.7 0.5 78.2 0.6 12.449 73.5 1.1 74.6 1.5
19.977 108.7 15.5 124.2 14.2 - - - - -
20.000 108.1 15.7 123.9 14.5 - - - - -
19.984 108.6 15.6 124.3 14.4 - - - - -
13.215 76.5 12.0 88.4 15.6 - - - - -
12.344 75.8 14.2 90.0 18.8 - - - - -
12.328 76.3 14.2 90.5 18.6 - - - - -
12.355 86.3 19.5 105.8 22.6 - - - - -
12.359 86.3 19.5 105.8 22.6 - - - - -
12.355 86.3 19.5 105.8 22.6 - - - - -
11.836 26.8 0.8 27.6 2.9 - - - - -
12.473 22.4 6.4 28.9 28.7 - - - - -
11.258 24.0 5.9 29.9 24.4 - - - - -
13.336 78.1 20.6 98.7 26.4 13.500 127.4 31.3 158.7 24.6
13.723 63.6 27.0 90.6 42.4 13.516 127.3 31.5 158.8 24.7
13.367 77.4 22.0 99.4 28.4 13.512 127.4 31.5 158.8 24.7
11.207 20.4 2.5 23.0 12.3 - - - - -
9.855 17.0 3.6 20.7 21.1 - - - - -
11.211 20.4 2.5 23.0 12.3 - - - - -
12.273 49.7 5.9 55.6 11.9 14.910 68.8 18.9 87.7 27.5
14.883 16.1 17.1 33.2 106.6 14.891 68.7 19.0 87.7 27.7
14.680 48.2 10.5 58.7 21.9 14.902 68.8 19.0 87.8 27.6
13.328 76.8 0.4 77.2 0.5 13.422 104.3 1.9 106.3 1.8
12.891 4.0 13.4 17.4 334.7 12.852 43.8 15.8 59.5 36.0
13.352 76.4 1.1 77.5 1.5 13.438 104.1 2.3 106.4 2.3

Test

X Direction Y Direction

8 671

18Acc31

18C1

18C2

6 425 16C2

7 671

17B1

17Acc01

17Acc11

17Acc31

17C2

4 0 14C2

5 425 15C2

3 0

ss13

13B1

13Acc11

13C2

Load
Case

e
(mm)
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Table 6.7 Rotation Effects_Rubber Balls 

t
(s)

Dris

(mm)
Rc

(mm)
Dris+Rc

(mm)
Rc/Dris

(%)
t

(s)

Dris

(mm)
Rc

(mm)
Dris+Rc

(mm)
Rc/Dris

(%)

16.082 40.7 2.8 43.6 7.0 - - - - -
16.059 40.4 2.9 43.3 7.2 - - - - -
16.078 40.7 2.9 43.6 7.0 - - - - -
14.730 64.7 1.4 66.1 2.2 - - - - -
12.012 18.9 1.8 20.7 9.8 - - - - -
14.730 64.7 1.4 66.1 2.2 - - - - -
14.762 64.3 1.9 66.2 3.0 14.844 31.4 1.1 32.5 3.5
12.016 17.8 3.1 20.9 17.4 12.066 9.2 2.5 11.7 26.9
14.758 64.3 1.9 66.2 3.0 14.836 31.3 1.1 32.5 3.7
13.129 166.9 0.3 167.1 0.2 - - - - -
11.969 9.2 3.2 12.4 35.3 - - - - -
13.133 166.9 0.3 167.1 0.2 - - - - -
19.938 126.6 0.6 127.1 0.4 - - - - -
19.613 3.8 3.0 6.8 77.1 - - - - -
19.941 126.6 0.6 127.2 0.5 - - - - -
12.270 92.3 1.6 93.9 1.7 - - - - -
11.008 28.4 2.1 30.5 7.4 - - - - -
12.270 92.3 1.6 93.9 1.7 - - - - -
14.797 55.7 1.2 56.9 2.1 12.570 53.4 1.2 54.5 2.2
12.051 17.9 4.3 22.3 24.2 12.023 11.6 4.4 16.0 38.3
14.793 55.7 1.2 56.9 2.1 12.566 53.4 1.2 54.5 2.2
14.367 120.7 1.1 121.8 1.0 - - - - -
13.313 2.3 3.0 5.2 130.6 - - - - -
14.371 120.7 1.2 121.8 1.0 - - - - -
19.105 98.5 0.6 99.2 0.6 - - - - -
19.531 3.6 3.7 7.2 103.5 - - - - -
19.105 98.5 0.6 99.2 0.6 - - - - -
14.766 81.4 1.2 82.6 1.5 - - - - -
11.941 7.1 2.7 9.8 38.0 - - - - -
14.766 81.4 1.2 82.6 1.5 - - - - -
14.762 76.7 0.5 77.2 0.6 12.527 66.2 3.2 69.4 4.9
13.516 42.8 7.0 49.8 16.4 13.535 36.4 7.1 43.5 19.5
14.766 76.7 0.6 77.2 0.7 12.527 66.2 3.2 69.4 4.9
19.906 98.9 8.7 107.5 8.8 - - - - -
19.906 98.9 8.7 107.5 8.8 - - - - -
19.906 98.9 8.7 107.5 8.8 - - - - -
14.750 81.8 8.9 90.7 10.8 - - - - -
14.762 81.6 8.9 90.5 10.9 - - - - -
14.750 81.8 8.9 90.7 10.8 - - - - -
14.770 64.5 6.0 70.4 9.3 12.527 51.7 1.2 52.9 2.4
14.852 57.7 7.1 64.8 12.4 14.820 41.7 8.0 49.7 19.2
14.777 64.4 6.2 70.5 9.6 12.508 51.5 1.7 53.2 3.4
14.754 64.9 2.0 66.9 3.1 12.492 35.7 5.0 40.7 14.1
16.793 10.2 5.4 15.7 53.1 12.527 34.9 5.1 40.0 14.6
14.758 64.8 2.0 66.9 3.1 12.496 35.7 5.0 40.7 14.1

e
(mm) Test

X Direction Y Direction

8 671 28C2

7 671

27B1

27Acc11

27C2

1 0

ss21

21Acc11

21C2

Load
Case

22Acc01

22Acc11

22C2

3 0

ss23

23B1

23Acc11

23C2

2 0

ss22
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6.7  Observations 

 

Details of the characterization tests of Isolated Floor System I, from test setup to test results, 

were presented in this chapter. The results show that Isolated Floor System I is able to carry the 

expected load cases and behaved satisfactorily under both symmetric and eccentric load cases. 

Isolated Floor System I reduced the peak acceleration response of the isolated floor. The 

behavior of this isolated floor system, having either polyurethane balls or rubber balls, has a 

meaning that the peak acceleration of the isolated floor will remain a constant value at relatively 

large displacements (i.e. as long as the rolling balls are within the conical part of the working 

surface of the concrete bearing plates) and that the friction coefficient is also constant for a given 

magnitude of the gravity load. Although the rotation angle of the isolated floor system is small in 

spite of large load eccentricities on top of the isolated floor, the displacement at the corner of the 

isolated floor system due to rotation should be considered in Isolated Floor System I design. The 

behavior of the isolated floor system under bidirectional excitations is dependant on the motion 

properties in both directions.   

 

The behavior of Isolated Floor System I was compared for cases with and without edge cover 

plates. This illustrated how friction between the rolling balls and the concrete working surface of 

isolator bearing plates affected the peak acceleration response of the isolated floors, and this 

effect became less significant with increases in the supported gravity load. The test results for 

Isolated Floor System I (without edge cover plates) was also compared with that of the isolator 

component tests presented in Chapter 3 for a given magnitude of gravity load, acting on each ball. 

The equivalent coefficient of friction, eμ , was found to be almost same, regardless of whether it 

was tested in the whole isolated floor system or as a concrete BNC isolator component. The 

foundation provided in this chapter allows to better model the behavior of Isolated Floor System 

I in computing programs, which is the content of Chapter 7.  
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CHAPTER 7 

 

ANALYTICAL MODELS OF BEHAVIOR OF ISOLATED FLOOR 

SYSTEMS  

 

7.1  Introduction  

 

The mechanical properties of individual isolators and complete isolated floor systems have been 

obtained from the characterization tests described in Chapters 3 to 6. Based on the 

experimentally obtained information, analytical models of isolated floor systems have been 

developed and are presented in this chapter. Section 7.2 presents modeling of the behaviors of 

both concrete Ball-in-Cone (BNC) isolators and the corresponding Isolated Floor System I, 

where the relationship between the equivalent friction coefficients and the load on each rolling 

ball (polyurethane ball or rubber ball) was simplified as linear. Cases of isolated floor systems 

with and without edge plates were considered. The model for cases with edge plates was set up 

by adding an extra friction effect from the edge plates to the model for the corresponding cases 

without edge plates (i.e., the model for individual isolators). Section 7.2 also includes results of a 

sensitivity study conducted to investigate whether the model is sensitive to the equivalent friction 

coefficient. In Section 7.3, the behavior of the multi-directional spring units is first simulated. A 

comparison of the results between the analytical model and the corresponding physical model is 

presented in this section. Based on the developed model for multi-directional spring units, the 

model for Isolated Floor System II is developed by considering the extra friction effects from the 

casters and the edge plates. Cases of isolated floor systems with and without edge plates were 

considered. As in Section 7.2, a similar sensitivity study is also conducted on the analytical 
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model of Isolated Floor System II. Note that analyses of BNC isolators and Isolated Floor 

System I (Sections 7.2) were conducted using SAP2000 (Computers and Structures Inc., 2004), 

while analyses of multi-directional spring units and Isolated Floor II on casters (Section 7.3) 

were conducted in IDARC2D (Reinhorn et al. 2009). Although it is easy to model the behavior 

of single BNC isolators and Isolated Floor System I by using link elements in SAP2000, there is 

no element in commercial structural analysis program readily available to model the unique 

behavior of the multi-directional spring units used as isolators in Isolated Floor System II. 

Therefore, for the modeling of Isolated Floor System II, a modified hysteretic element model 

implemented by Reinhorn and Roh in IDARC2D (Reinhorn et al. 2009) was found appropriate to 

replicate the behavior of the multi-directional spring units. In both of Sections 7.2 and 7.3, the 

results obtained from analytical models are compared with the corresponding test results. 

Reasonable agreements are observed. These computer models will be used in a parametric study 

of investigated systems consisting of structural fuse frames and isolated floor systems, which is 

the topic of Chapter 8.  

 

7.2  Analytical Model of Isolated Floor System I Behavior 

 

7.2.1  Equivalent Friction Coefficient 

 

As defined in Chapter 3, an equivalent friction coefficient, eμ , is used to represent the rolling 

friction effect between the rolling balls (polyurethane or rubber) and the working surface of the 

concrete BNC isolators. A number of equivalent friction coefficient values were estimated from 

the test results corresponding to load cases with different magnitudes of gravity load as described 

in Chapters 3 and 6. In Chapter 6, it was also established that when the average gravity load 

applied to each ball in Isolated Floor System I is the same as for individual isolators (even if all 

balls are not equally loaded over the entire floor), the corresponding equivalent friction 

coefficients are nearly identical. 
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The values of eμ  obtained from the tests on individual isolators (Chapter 3) and complete 

isolated floor systems (Chapter 6) are shown in Figs. 7.1 and 7.2 in terms of the equivalent 

friction coefficients for the corresponding average load for cases using polyurethane and rubber 

balls, respectively. In these two figures, the “triangular” marker points represent the values from 

isolated floor system results, and the “diamond” marker points correspond to the individual 

isolator tests.  

 

0
0.01
0.02
0.03
0.04
0.05
0.06

0 500 1000 1500 2000
Load/Ball (N)

μe

 

Figure 7.1 Relationship between Equivalent Friction Coefficient and Average 

Ball Load on Polyurethane Ball 

 

▲: Isolated Floor System 

♦: Individual Isolator 



278 
 

0
0.02
0.04
0.06
0.08

0.1
0.12

0 500 1000 1500 2000
Load/Ball (N)

μe

 

Figure 7.2 Relationship between Equivalent Friction Coefficient and Average 

Ball Load on Rubber Ball 

 

Note from Figs. 7.1 and 7.2 that the equivalent friction coefficient increases with the average 

load on each ball, for both the polyurethane and rubber ball cases. In an effort to explain this, 

some tests were conducted on a single concrete BNC isolator, during which the isolator remained 

at its initial static-balance position and kept still, under different gravity load magnitude to 

investigate the relationship between the load magnitude and the “squash” of the rolling ball. The 

results are tabulated in Table 7.1, where the contacting area “Ac” was calculated based on the 

simplifying assumption that the “squashed” part of the rolling ball “disappears” without 

changing the otherwise perfect spherical shape of the remaining section of the ball. This is 

equivalent to neglecting deformations of the middle “un-squashed” part of the rolling ball.  

 

Note from Table 7.1 that under higher load, a rolling ball will be “squashed” more, resulting in 

more contact area between the rolling ball and the working surface of the concrete BNC isolator. 

In investigating this problem, no reference was found quantifying the rolling friction of spherical 

rubber or polyurethane balls. Some research findings on the rolling friction of tires made of 

material similar to the isolator rolling balls was found, but only limited qualitative value 

▲: Isolated Floor System 
♦: Individual Isolator 
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reference. For example, the U.S. department of transportation (1977) reports that under lower 

inflation pressure the rolling friction coefficient of tires increases. Lower inflation causes more 

flexing of a tire sidewalls (i.e., creating more contact area between the tire and the ground) and 

thus higher rolling resistance. By analogy, it is reasonable to postulate here that the increasing 

contact area between the rolling balls and the bearing plates of isolators consequently results in 

an increase in the equivalent friction coefficient. However, considering the difference in shape 

between tires and spherical balls, this reasonable proposition would need further study to better 

understand the physics and develop a quantitative model to predict the value of rolling friction 

for spherical balls. 

 

Table 7.1 Squashing Ball Test Results 

Squashed 
Amount 

(mm)
(2)

Contact Area
(mm2)

(3)

Squashed 
Amount 

(mm)
(4)

Contact Area
(mm2)

(5)

726.1 0.36 665.2 0.42 758.7
1321.1 0.40 730.1 0.54 951.2
1916.0 0.44 787.0 0.60 1026.6
2510.9 0.47 843.8 0.68 1138.2
3154.7 0.51 898.9 0.74 1223.7
3798.6 0.54 953.7 0.80 1299.0
4443.6 0.58 1001.1 0.85 1354.1
5086.3 0.62 1055.6 0.88 1394.6
6072.6 0.67 1124.4 0.95 1463.9
6746.5 0.70 1171.2 0.98 1504.6
7420.4 0.74 1216.0 1.01 1530.0

Load/Ball
(N/ball)

(1)

Polyurethane Balls Rubber Balls

 

 

The values of the experimentally obtained data points in Figures 7.1 and 7.2 are tabulated in 

Table 7.2 and were used to model the behaviors of single isolators and complete isolated floor 

systems as described in the following sections. Based on these experimentally obtained values of 

μe, a closed-form expression of μe for the future parametric study and isolated floor system 
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design under any possible load magnitude is needed. Three different approaches were 

investigated to develop an expression to relate the experimentally obtained equivalent friction 

coefficients to the corresponding load on each ball, as shown in Figs. 7.3 to 7.8. Figs. 7.3 to 7.5 

illustrate linear, polynomial, and power functions fit to the experimented data for polyurethane 

balls, respectively. Figs. 7.6 to 7.8 do the same for rubber balls. Good agreements can be 

observed in all of these figures. Therefore, for simplicity, the linear fit was retained here as an 

appropriate relationship between the equivalent friction coefficients and the corresponding 

average ball load. Note that the linear fit gives slightly lower values of the friction coefficient 

compared to the actual values over most of the middle part of the applied load range. However, it 

gives slightly higher values of the friction coefficient than the actual values near the two extreme 

ends (the maximum and the minimum values) of the applied load range. This will result in 

conservatism for analysis and design of isolated floor systems. This will be discussed more in the 

following sections of this chapter.  

 

The resulting linear relationship between the equivalent friction coefficient and the averaged ball 

load is expressed as: 

0.00002 0.0157y x= +    (Polyurethane Ball) (7.1) 

0.00004 0.0507y x= +    (Rubber Ball)          (7.2) 

Note here that the purpose of generating the relationship between the equivalent friction 

coefficient and the average ball load is not to physically model the rolling friction between the 

rolling balls (polyurethane or rubber) and the concrete working surface. As will be demonstrated 

later in this chapter, the friction effects from the edge plates in the complete isolated floor system 

are a function of standard friction coefficient (which was empirically quantified from the tests 

shown in Chapter 6) and should be considered in the analytical model of the isolated floor 

system. One reasonable and simple method to consider all the friction effects in Isolated Floor 

System I is to lump all these friction effects together empirically as shown later, which is 

attractive to practicing engineers.      



281 
 

Table 7.2 Experimentally Obtained Values of Equivalent Friction Coefficients 

Ball Typr
(1)

Load/Ball
(N/ball)

(2)

me

(3)

216.17 0.018
303.58 0.022
729.47 0.032
811.02 0.034
1349.97 0.044
1361.46 0.044
1759.18 0.050

216.17 0.056

303.58 0.060

811.02 0.087

1349.97 0.100

1361.46 0.100

1759.18 0.112

Polyurethane

Rubber
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Figure 7.3 Linear Approximate Relationship between Equivalent Friction Coefficient  

and Average Ball Load on Polyurethane Ball 
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y = -6E-09x2 + 3E-05x + 0.0123
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Figure 7.4 Polynomial Approximate Relationship between Equivalent Friction Coefficient  

and Average Ball Load on Polyurethane Ball 
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Figure 7.5 Power Approximate Relationship between Equivalent Friction Coefficient  

and Average Ball Load on Polyurethane Ball 
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y = 4E-05x + 0.0507
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Figure 7.6 Linear Approximate Relationship between Equivalent Friction Coefficient  

and Average Ball Load on Rubber Ball 
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Figure 7.7 Polynomial Approximate Relationship between Equivalent Friction Coefficient  

and Average Ball Load on Rubber Ball 
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y = 0.0092x0.3324
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Figure 7.8 Power Approximate Relationship between Equivalent Friction Coefficient  

and Average Ball Load on Rubber Ball 

 

7.2.2  Analytical Model 

 

To develop the analytical model for Isolated Floor System I, it is necessary to first develop the 

model for the behavior of its concrete BNC isolators. For this purpose, as mentioned in Chapter 3, 

the behavior (Force-Displacement relationship) of a concrete BNC isolator is equivalent to the 

combination of a bilinear-elastic behavior and a frictional behavior, as shown in Fig. 7.9. Note in 

Fig. 7.9 that: “W” is the self-weight of the isolated objects including the self-weight of the top 

bearing plates of the isolator, “g” is the inclined angle (with respect to a horizontal surface) of 

the conical part of the working surface of the BNC isolator, and “me” is the equivalent friction 

coefficient described in Section 7.2.1. To model concrete BNC isolators in SAP2000, the bilinear 

elastic part was modeled by using a multilinear elastic element in parallel with a plastic-Wen 

element with almost rigid initial stiffness to model the friction energy dissipation. Note that the 

bilinear part corresponds to the elastic theoretical behavior of the BNC isolator without any 

friction.  
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For the analytical model of Isolated Floor System I with edge plates, the same model principle as 

shown in Fig. 7.9 and its realization in SAP2000 described above can also be used except that an 

extra friction effect from the edge plates (with a value of about 441N (99.11 lb) as mentioned in 

Chapter 6) should be considered. A simple way to realize this is that the frictional part in Fig. 7.9, 

modeled by using a plastic-Wen element, should also consider the friction effect between the 

edge plates and the isolated floor’s walking surface in addition to the one between the rolling ball 

and the isolator’s working surface. 

 
Figure 7.9 Principle for Concrete BNC Isolators Modeling 

 

7.2.3  Comparison between Results from Analytical Model and Tests 

 

Section 7.2.2 described the models used in SAP2000 to replicate the behaviors of concrete BNC 

isolators and the corresponding isolated floor systems. This section compares the analysis results 

obtained using these analytical models and the corresponding test results. For BNC isolators, the 

cases subjected to the input acceleration record Acc11 are presented. Figs. 7.10 to 7.12 show 

results for cases using polyurethane balls under the Load Cases 1, 3, and 4 described in Chapter 3, 

respectively, and Figs. 7.13 to 7.15 show results for cases using rubber balls. For complete 

isolated floor systems, comparisons of results between SAP2000 analysis and corresponding 

tests under Load Cases 1 to 3 described in Chapter 6 are presented in this section, as shown in 

Figs. 7.16 to 7.21 for cases without edge plates and Figs. 7.22 to 7.27 for cases with edge plates. 

Among these figures, Figs. 7.16 to 7.18 and Figs. 7.22 to 7.24 are for cases using polyurethane 

balls, and the rest are for cases using rubber balls.  
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In each of these figures, there are 3 plots. Parts (a) and (b) are the displacement and acceleration 

time-history responses of the isolated objects, respectively, and part (c) is the 

acceleration-displacement loops results from the analytical model and corresponding tests.  

 

It is observed from parts (a) and (b) of each figure that although there is some discrepancy in 

magnitude for both displacement and acceleration responses between the analytical results and 

the corresponding test results, the analytical response results are well in phase with the 

corresponding test results. From part (c) of each figure, the discrepancy between the results from 

analytical model and the corresponding tests can also be found. It can also be noted from part (c) 

of each figure that the friction effect (i.e., the acceleration magnitude difference between the 

loading and unloading branch of the loops) is almost the same between the results from 

analytical model and the corresponding tests. That is to say the loading and unloading branches 

of the loops obtained from test results shift almost the same amount in the same direction (up or 

down), which actually is another observation from part (c) of each figure.  

 

Based on the empirical model of BNC isolators described in Chapter 3, this discrepancy in the 

acceleration response (especially the peak value) is most likely attributed to  the fact that 

manufacturing of the rolling surface of the isolators (done using foam molds was not perfectly 

accurate, as mentioned in Chapter 3. This resulted in bumps on the rolling surface and inaccuracy 

in the slope value of its conic part. Recall that the slope of the conical part will control the 

location (up or down) of the plateau of the bilinear elastic contribution of the empirical model. 

Actual measurements of the slope of the conical part of the concrete isolator specimen’s rolling 

surfaces showed that the average slope of the conical surfaces of the isolator used in both 

individual isolator tests and complete isolated floor system tests was greater than the target value 

(see Chapter 3). Correspondingly, peak acceleration response from test results is higher than that 

from the corresponding analytical results, as observed in part (c) of each figure. This also 

explains the discrepancy in the acceleration response and displacement response between the 
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results from analytical model and the corresponding tests.  

 

In addition, from part (b) of some figures, for the figure from analysis results, a long-duration 

high-frequency free vibration motion of constant magnitude is observed after the end of the 

seismic input, contrary to the damped free vibration motion observed from tests. This motion is 

attributed to the extremely high stiffness within the elastic range of both the multi-elastic element 

and the plastic-Wen element (there is no energy dissipation in this small amplitude residual 

vibration). Because the magnitude of this free vibration motion is significantly smaller than the 

peak response (the response quantity of interest in this research), no further efforts were made to 

eliminate this constant-magnitude free vibration and it remains as shown in part (b) of some 

figures here. For the same reason, in the modeling of Isolated Floor System II as will be shown 

in Section 7.3.1, such phenomenon can also be found for the friction damper brace element used 

there to simulate the friction effects. Finally, note that because designs of Isolated Floor System I 

in specific application may use edge plates with sizes differing from those used in the tests (in 

Chapter 6), the corresponding friction effect from such edge plates would also have different 

values considered in the analytical model. 

 

The above show that reasonable agreement between the analytical results and the corresponding 

test results was found and that the corresponding analytical models can be used for future 

parametric studies. 

 

 

 

 

 

 

 



288 
 

-200 -150 -100 -50 0 50 100 150 200

Disp. (mm)
-0.2

-0.1

0

0.1

0.2

A
cc

. (
g)

Analysis
Experiment

0 5 10 15 20 25 30

Time (s)
-0.2

-0.1

0

0.1

0.2

A
cc

. (
g)

Analysis
Experiment

0 5 10 15 20 25 30

Time (s)
-200

-150

-100

-50

0

50

100

150

200

D
is

p.
 (m

m
)

Analysis
Experiment

 

 

 

  (a) 

 

 

 

 

 

 

   

  (b) 

 

 

 

 

 

 

 

  (c) 

 

 

 

 

Figure 7.10 Comparison between Results from Analytical Model and Test for Concrete 

BNC Isolator Using Polyurethane Balls under Load Case 1: (a) Displacement; 

(b) Acceleration, and; (c) Acceleration-Displacement Relationship 
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Figure 7.11 Comparison between Results from Analytical Model and Test for Concrete 

BNC Isolator Using Polyurethane Balls under Load Case 3: (a) Displacement; 

(b) Acceleration, and; (c) Acceleration-Displacement Relationship  
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Figure 7.12 Comparison between Results from Analytical Model and Test for Concrete 

BNC Isolator Using Polyurethane Balls under Load Case 4: (a) Displacement; 

(b) Acceleration, and; (c) Acceleration-Displacement Relationship  
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Figure 7.13 Comparison between Results from Analytical Model and Test for Concrete 

BNC Isolator Using Rubber Balls under Load Case 1: (a) Displacement; 

(b) Acceleration, and; (c) Acceleration-Displacement Relationship  
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Figure 7.14 Comparison between Results from Analytical Model and Test for Concrete 

BNC Isolator Using Rubber Balls under Load Case 3: (a) Displacement;  

(b) Acceleration, and; (c) Acceleration-Displacement Relationship 
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Figure 7.15 Comparison between Results from Analytical Model and Test for Concrete 

BNC Isolator Using Rubber Balls under Load Case 4: (a) Displacement; 

(b) Acceleration, and; (c) Acceleration-Displacement Relationship 
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Figure 7.16 Comparison between Results from Analytical Model and Test for Isolated Floor 

System I without Edge Plates, Using Polyurethane Balls, under Load Case 1 and Input B1: 

(a) Displacement; (b) Acceleration, and; (c) Acceleration-Displacement Relationship 
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Figure 7.17 Comparison between Results from Analytical Model and Test for Isolated Floor 

System I without Edge Plates, Using Polyurethane Balls, under Load Case 2 and Input 

Acc11: (a) Displacement; (b) Acceleration, and; (c) Acceleration-Displacement Relationship  
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Figure 7.18 Comparison between Results from Analytical Model and Test for Isolated Floor 

System I without Edge Plates, Using Polyurethane Balls, under Load Case 3 and Input 

Acc11: (a) Displacement; (b) Acceleration, and; (c) Acceleration-Displacement Relationship  
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Figure 7.19 Comparison between Results from Analytical Model and Test for Isolated Floor 

System I without Edge Plates, Using Rubber Balls, under Load Case 1 and Input Acc11: (a) 

Displacement; (b) Acceleration, and; (c) Acceleration-Displacement Relationship 
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Figure 7.20 Comparison between Results from Analytical Model and Test for Isolated Floor 

System I without Edge Plates, Using Rubber Balls, under Load Case 2 and Input B1: (a) 

Displacement; (b) Acceleration, and; (c) Acceleration-Displacement Relationship  
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Figure 7.21 Comparison between Results from Analytical Model and Test for Isolated Floor 

System I without Edge Plates, Using Rubber Balls, under Load Case 3 and Input B1: (a) 

Displacement; (b) Acceleration, and; (c) Acceleration-Displacement Relationship 
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Figure 7.22 Comparison between Results from Analytical Model and Test for Isolated Floor 

System I with Edge Plates, Using Polyurethane Balls, under Load Case 1 and Input B1: (a) 

Displacement; (b) Acceleration, and; (c) Acceleration-Displacement Relationship 



301 
 

-200 -150 -100 -50 0 50 100 150 200

Disp. (mm)
-0.3

-0.2

-0.1

0

0.1

0.2

A
cc

. (
g)

Analysis
Experiment

0 5 10 15 20 25 30

Time (s)
-0.2

-0.1

0

0.1

0.2

A
cc

. (
g)

Analysis
Experiment

0 5 10 15 20 25 30

Time (s)
-200

-150

-100

-50

0

50

100

150

200

D
is

p.
 (m

m
)

Analysis
Experiment

 

 

 

  (a) 

 

 

 

 

 

 

   

  (b) 

 

 

 

 

 

 

 

  (c) 

 

 

 

 

Figure 7.23 Comparison between Results from Analytical Model and Test for Isolated Floor 

System I with Edge Plates, Using Polyurethane Balls, under Load Case 2 and Input Acc11: 

(a) Displacement; (b) Acceleration, and; (c) Acceleration-Displacement Relationship  
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Figure 7.24 Comparison between Results from Analytical Model and Test for Isolated Floor 

System I with Edge Plates, Using Polyurethane Balls, under Load Case 3 and Input Acc11: 

(a) Displacement; (b) Acceleration, and; (c) Acceleration-Displacement Relationship  
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Figure 7.25 Comparison between Results from Analytical Model and Test for Isolated Floor 

System I with Edge Plates, Using Rubber Balls, under Load Case 1 and Input Acc11: (a) 

Displacement; (b) Acceleration, and; (c) Acceleration-Displacement Relationship 
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Figure 7.26 Comparison between Results from Analytical Model and Test for Isolated Floor 

System I with Edge Plates, Using Rubber Balls, under Load Case 2 and Input B1: (a) 

Displacement; (b) Acceleration, and; (c) Acceleration-Displacement Relationship 
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Figure 7.27 Comparison between Results from Analytical Model and Test for Isolated Floor 

System I with Edge Plates, Using Rubber Balls, under Load Case 3 and Input B1: (a) 

Displacement; (b) Acceleration, and; (c) Acceleration-Displacement Relationship 
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7.2.4  Sensitivity Study 

 

To investigate whether the behavior of the analytical model for Isolated Floor System I is 

sensitive to the equivalent friction coefficient, a limited sensitivity study was conducted by 

changing the experimentally estimated equivalent friction coefficient by ±10%. This was done 

using the isolated floor system without edge plates under Load Case 2 described in Chapter 6. 

Isolated floor systems using polyurethane and rubber balls were both considered. The results are 

shown in Figs. 7.28 and 7.29, respectively. Based on the model principle as shown in Figure 7.9, 

the friction effect, eWμ , will proportionally change along with the change in the equivalent 

friction coefficient (i.e., eμ ). Note from part (c) of each figure that with increasing of the 

equivalent friction coefficient, the loops corresponding to hysteretic behavior expands as 

expected and the peak displacement decreases. It is found that the acceleration due to the friction 

effect increases by 10% (as expected) along with the 10% increase in eμ . It is also found that the 

peak displacement response decreases by an average of approximately 12% (maximum of 17%) 

for that same increase of 10% in the equivalent friction coefficient. This shows that response 

predicted using the analytical model is quite sensitive to the equivalent friction coefficient used 

in the model. It is therefore important not to over-estimate its value. In that perspective, it is 

appropriate that if the linear relationship is chosen to express the estimated equivalent friction 

coefficient as a function of average ball load, the predicted floor response will be conservative 

(as mentioned in Section 7.2.1).  

 

Note that although this sensitivity study is conducted on the equivalent friction coefficient from 

the rolling balls, the observations described above are also valid for other friction effects in 

Isolated Floor System I (e.g., friction effect from the edge plates).  
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Figure 7.28 Results of Sensitivity Study for Isolated Floor System I without Edge Plates, 

Using Polyurethane Balls, under Load Case 2 and Input Acc11: (a) Displacement;  

(b) Acceleration, and; (c) Acceleration-Displacement Relationship 
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Figure 7.29 Results of Sensitivity Study for Isolated Floor System I without Edge Plates, 

Using Rubber Balls, under Load Case 2 and Input B1: (a) Displacement; 

(b) Acceleration, and; (c) Acceleration-Displacement Relationship 
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7.3  Analytical Model of Isolated Floor System II Behavior 

 

7.3.1  Analytical Model 

 

A physical model developed in Chapter 4 has been shown to accurately represent the behavior of 

the multi-directional spring units used in Isolated Floor System II. However, as mentioned in 

Section 7.1, such a physical model is not currently implemented in commercially available 

structural analysis programs. Therefore, a first step toward conducting analysis for Isolated Floor 

System II was to add such a hysteretic model to the element library of a non-linear inelastic 

analysis program. The program IDARC2D (Valles et al. 1996 and Reinhorn et al. 2009) was 

chosen for this purpose because it already contained a hysteretic damper brace element that could 

be modified to be appropriate to simulate the behavior of the physical model. Such modification 

to that hysteretic element was done by Reinhorn and Roh.  

 

This modified hysteretic element model incorporated in IDARC2D Version 7.0 (Reinhorn et al., 

http://civil.eng.buffalo.edu/idarc2d50/) is illustrated in Fig. 7.30 and needs five input parameters: 

0K , yF , 1α , n , and η . As shown in Fig. 7.30, the two bilinear branches (upper loading and 

lower unloading branches) are the behavior target of this model, and the two smooth – curve 

branches are the behavior realization of this model. In this model, the force transition between 

these two bilinear branches is a fully vertical drop when velocity direction changes. The input 

parameter 0K  is the stiffness of the first part of the bilinear loading branch and is called initial 

stiffness; yF  corresponds to the force at the stiffness transition point of the bilinear loading 

branch and is defined as the yielding force; 1α  is the ratio of the second stiffness to the first 

stiffness (initial stiffness) and is called post-yielding stiffness ratio; n  is the power of stiffness 

transition; and η  is a proportionality factor that controls the steepness of the force dropping 

relating the unloading branch to the loading one, and is called force dropping factor here. Note 
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that the force on the unloading branch is (1-2η ) times the corresponding force value on the 

loading branch at any displacement value. In addition, the symbol “F1” in Figure 7.30 is an 

arbitrary force value on the target loading branch. 

 

 

Figure 7.30 Sketch of Modified Hysteretic Damper Brace Element Model 

  

To build the model, first, the loading branch of the physical model in the positive direction was 

simulated by using two straight lines, as shown in Figs. 7.31 and 7.32. For the multi-directional 

spring units having a nominal stiffness 2627 N/m (15 lb/in), the equations of the straight lines 

can be expressed, in units of N and mm, as:  

15.083y x=   (when 90.7x ≤ mm)  (7.3) 

4.7139 940.34y x= +   (when 90.7x > mm) (7.4) 

For the 1313 N/m (7.5 lb/in) nominal stiffness spring units, the equations of the straight lines can 

be expressed, in units of N and mm, as:  

4.2933y x=   (when 108.1x ≤ mm)  (7.5) 

3.0217 137.41y x= +   (when 108.1x > mm) (7.6) 

Therefore, for the IDARC2D model, the initial stiffness, 0K , was selected as equal to the initial 

stiffness in the straight-line model described above (i.e., 15.083 kN/m and 4.2933 kN/m for the 

multi-directional spring units having nominal stiffnesses of 2627 N/m (15 lb/in) and 1313 N/m 
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(7.5 lb/in), respectively). The yielding force, yF , was selected as the value at the stiffness 

transition points in the straight-line simulation model ((i.e., 1368 N (307.56 lb) and 464 N 

(104.34 lb) for multi-directional spring units having nominal stiffnesses of 2627 N/m (15 lb/in) 

and 1313 N/m (7.5 lb/in), respectively). The post-yielding stiffness ratio, 1α , was taken as the 

values in the straight-line simulation model (i.e., 0.3125 and 0.7038 for multi-directional spring 

units having nominal stiffnesses of 2627 N/m (15 lb/in) and 1313 N/m (7.5 lb/in), respectively). 

For the power of stiffness transition, n , a value of 20 was used. Finally, to determine the 

force-dropping factor, η , the values of η  calculated based on the physical model are shown in 

Fig. 7.33. It can be noted that at relative large displacements (larger than 90 mm), the values of 

η  is almost a constant, which corresponds to the plateau in Fig. 7.33. For the analytical model 

implemented in IDARC2D, the η  value used is the average of the two η  values at: (i) the 

point corresponding to the stiffness transition point in the straight-line simulation model as 

shown in Figs. 7.31 and 7.32 and; (ii) the point of maximum displacement for the spring unit in 

the specific floor implementation (i.e., 254mm (10 in)). For example, for multi-directional spring 

units having a nominal stiffness of 2627 N/m (15 lb/in), the values of η  are 0.310 at 

displacement of 90.7 mm (the stiffness transition point in the straight-line simulation model) and 

0.328 at displacement of 254 mm. Then, for a 2627 N/m (15 lb/in) spring unit, the η  value was 

taken as the average of the two values, namely 0.319. In the same way, the value of η  was 

selected as 0.351 for multi-directional spring unit having a nominal stiffness of 1313 N/m (7.5 

lb/in).  

 

For the analytical model for Isolated Floor System II without edge plates, as mentioned in 

Chapter 5, there is an extra friction effect from the casters rolling on the concrete slab. In parallel 

with the element used to model the multi-directional spring units’ behavior within the complete 

isolated floor systems as described above, the model for such systems should also consider this 

extra friction effect by using a friction damper brace element with almost rigid initial stiffness in 

IDARC2D. For cases of Isolated Floor System with edge plates, the model should consists a 
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modified hysteretic damper brace element modeling the multi-directional spring units’ behavior 

within the corresponding systems in parallel with a friction damper brace element with almost 

rigid initial stiffness which considers both the friction effect from the casters and the friction 

effect from edge plates. Note that the friction coefficient for the casters rolling on the concrete 

slab may keep a constant value (i.e., 0.035 as mentioned in Chapter 5). The friction effect from 

the edge plates (with a value of 298 N (67 lb) as mentioned in Chapter 5), however, can not be a 

constant value, as it depends on the edge plates’ weight and different floor isolation system 

designs can adopt different sizes and weights for the edge plates. 
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Figure 7.31 Straight Lines Used to Simulate Physical Model for 2627 N/m Multi-directional 

Spring Units  
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Figure 7.32 Straight Lines Used to Simulate Physical Model for 1313 N/m Multi-directional 

Spring Units  
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Figure 7.33 Values of Force Dropping Factor -(η ) from Physical Model 

 

7.3.2  Comparison between Results from Analytical Model and Tests 

 

To check the adequacy of the analytical model for multi-directional spring units built in Section 

7.3.1, some quasi-static analyses were conducted using a single displacement cycle of sine wave 
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with 0.05 Hz frequency and 254 mm (10 in) amplitude. Comparison of results from the 

quasi-static analysis and the corresponding physical model described in Chapter 4 are shown in 

Fig. 7.34 and 7.35 for the two multi-directional spring units having nominal stiffnesses of 2627 

N/m (15 lb/in) and 1313 N/m 7.5 lb/in), respectively. The results from IDARC2D quasi-static 

analysis and those from the physical model are almost identical.  

 

To investigate the adequacy of the analytical model for Isolated Floor System II (cases with and 

without edge plates) as described in Section 7.3.1, some time-history analyses were conducted 

using: (i) the shake table accelerations recorded during the tests for systems without edge plates 

using multi-directional spring units having a nominal stiffness of 2627 N/m (15 /lb/in) under 

Load Cases 2 and 3 and acceleration input Acc31; (ii) table accelerations obtained during the test 

of systems without edge plates using multi-directional spring units having a nominal stiffness of 

1313 N/m (7.5 /lb/in) under 50 psf load case and acceleration input of B2 (described in Chapter 

5), and; (iii) table accelerations recorded during the tests for systems without edge plates using 

multi-directional spring units having a nominal stiffness of 2627 N/m (15 /lb/in) under Load 

Cases 1 to 3 and acceleration input Acc31. Comparisons of the results from the IDARC2D 

analyses and the corresponding tests are shown in Figs. 7.36 to 7.41. Among these figures,   

Figs. 7.36 to 7.37 are for isolated floor systems using 2627 N/m (15 lb/in) spring units and 

without edge plates, Fig. 7.38 is for isolated floor system using 1313 N/m (7.5 lb/in) spring units 

and without edge plates, and Figs. 7.39 to 7.41 are for systems with 2627 N/m (15 lb/in) spring 

units and with edge plates. As in Section 7.2.3, there are three plots in each figure.  

 

Reasonable agreement is observed between the results from analysis and those from the 

corresponding test. First of all, it can be noted that the completely vertical force dropping off is 

well realized by this model. Second, although the magnitude of displacement and acceleration 

responses from the analytical model are not the same as those from tests, they are almost always 

in phase with each other, as shown in parts (a) and (b) of each figure. This discrepancy can also 
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be found from part (c) of each figure. The observed discrepancy in magnitude of displacement 

and acceleration responses might be due to a combination of effects, namely the slight rotation of 

the isolated floors during the motion as mentioned in Chapter 5 and normal surface irregularity 

of the concrete slab. It is also noted that the shapes of the acceleration-displacement envelopes 

from analysis are similar to those from the tests. In addition, note from part (c) of each figure that 

the friction effect (i.e., acceleration difference between the loading and unloading branches, 

including the restoring force of multi-directional spring units due to friction in the isolator 

bushings, and friction effects from casters and edge plates) is near to that from the corresponding 

test, especially at relatively large displacement. The above observations comparing the behavior 

obtained from IDARC2D analyses and the corresponding test results suggest that the analytical 

model can be reliably used in the subsequent parametric analysis. 
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Figure 7.34 Comparison of Results between Quasi-static Analysis of Analytical Model and 

Physical Model for 2627 N/m Spring Unit 
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Figure 7.35 Comparison of Results between Quasi-static Analysis of Analytical Model and 

Physical Model for 1313 N/m Spring Unit 
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Figure 7.36 Comparison between Results from Analytical Model and Test for Isolated Floor 

System II Using 2627 N/m Spring Units, without Edge Plates, and under Load Case 2: 

(a) Displacement; (b) Acceleration, and; (c) Acceleration-Displacement Relationship 
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Figure 7.37 Comparison between Results from Analytical Model and Test for Isolated Floor 

System II Using 2627 N/m Spring Units, without Edge Plates, and under Load Case 3: 

(a) Displacement; (b) Acceleration, and; (c) Acceleration-Displacement Relationship 
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Figure 7.38 Comparison between Results from Analytical Model and Test for Isolated Floor 

System II Using 1313 N/m Spring Units, without Edge Plates, and under 50 psf Load: 

(a) Displacement; (b) Acceleration, and; (c) Acceleration-Displacement Relationship 
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Figure 7.39 Comparison between Results from Analytical Model and Test for Isolated Floor 

System II Using 2627N/m Spring Units, with Edge Plates, and under Load Case 1: 

(a) Displacement; (b) Acceleration, and; (c) Acceleration-Displacement Relationship  
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Figure 7.40 Comparison between Results from Analytical Model and Test for Isolated Floor 

System II Using 2627N/m Spring Units, with Edge Plates, and under Load Case 2: 

(a) Displacement; (b) Acceleration, and; (c) Acceleration-Displacement Relationship 
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Figure 7.41 Comparison between Results from Analytical Model and Test for Isolated Floor 

System II Using 2627N/m Spring Units, with Edge Plates, and under Load Case 3: 

(a) Displacement; (b) Acceleration, and; (c) Acceleration-Displacement Relationship 



323 
 

7.3.3  Sensitivity Study 

 

As done in the sensitivity study for the analytical model of Isolated Floor System I, a sensitivity 

study was also conducted on the analytical model for Isolated Floor System II to investigate 

whether the behavior of the analytical model for this Isolated Floor System II is sensitive to the 

friction effect between the casters and the concrete slab. As mentioned in Chapter 5, the friction 

from the casters for the tested Isolated Floor System II is 0.035 times of the weight of the 

isolated objects including the self-weight of the isolated floor. The value of 0.035 here is actually 

the friction coefficient between the casters and the concrete slab. The sensitivity study for 

Isolated Floor System II was conducted by changing this experimentally obtained friction 

coefficient for the casters by ±30%. This was done using the isolated floor system without edge 

plates under Load Case 2 described in Chapter 5. The results are shown in Fig. 7.42. It is known 

that the friction effect for the casters will proportionally change along with the change in the 

friction coefficient between the casters and concrete slab. Note from part (c) of this figure that 

with increases in the friction coefficient, the acceleration-displacement loops of isolated Floor 

System II expands as expected and the peak displacement decreases. It is found that increasing 

the experimentally obtained friction coefficient between the casters and concrete slab by 30% 

increases the acceleration response due to this friction effect by 30%. It is also found that the 

peak displacement response decreases by an average of approximately 16% for the same increase 

of 30% in the friction coefficient. This shows that response predicted using the analytical model 

is sensitive to the equivalent friction coefficient used in the model. It is therefore important not to 

over-estimate its value. 

 

In addition, it should be noted that the observations above on the sensitivity of friction effect 

from casters are also valid for other friction effects in Isolated Floor System II (e.g., friction 

effect from the edge plates).  
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Figure 7.42 Results of Sensitivity Study for Isolated Floor System II without Edge Plates, 

Using 2627N/m Spring Units, under Load Case 2 and Input Acc31: (a) Displacement; 

(b) Acceleration, and; (c) Acceleration-Displacement Relationship 
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7.4  Observations 

 

This chapter presented analytical models of the behavior for the two kinds of isolated floor 

systems considered in this research project, including both the individual isolator used in the 

isolated floor system and the corresponding complete isolated floor system. For Isolated Floor 

System I, the experimentally obtained equivalent friction coefficients described in Chapters 3 

and 6 were simulated as being linearly related to the average ball gravity load. This information 

is necessary and used in parametric studies of isolated floor system and for design purpose. The 

linear relationship will induce conservative results based on the results of a sensitivity study on 

the equivalent friction coefficients.  

 

Isolated Floor System I, as well as its isolators (concrete BNC isolators), was modeled in 

SAP2000 by combining a bilinear-elastic element and a plastic-Wen element in parallel. 

IDARC2D was used to model the behavior of Isolated Floor System II and its multi-directional 

spring unit isolators with a modified hysteretic damper brace element for spring units, and 

combined with a friction damper brace element in parallel for complete systems.  

 

Reasonable agreements were observed in comparisons of results obtained from the analytical 

models and the corresponding tests. It was noted that although there was some difference in the 

amplitude of displacement and acceleration responses observed between the analytical models 

and the tests, the displacement and acceleration responses from analytical model are almost in 

phase with the corresponding ones recorded from the tests. The sensitivity studies conducted on 

these analytical models show that the hysteretic behaviors of these two isolated floor systems are 

both sensitive to variations in the magnitude of the friction effect considered in their 

corresponding models. It is therefore important not to overestimate friction in these two systems. 

 

 



326 
 

The models built in two computer programs used here for the two isolated floor systems 

considered will be used in the parametric study of the combined systems consisting of the 

structural fuse frames and isolated floor systems in Chapter 8. 
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CHAPTER 8 

 

PARAMETRIC STUDY OF SYSTEMS CONSISTING OF 

SINGLE-DEGREE-OF-FREEDOM STRUCTURAL FUSE FRAMES 

AND ISOLATED FLOOR SYSTEMS 

 

8.1  Introduction 

 

The previous chapters (i.e., Chapters 3 to 6) have addressed the mechanical behaviors of two 

kinds of isolated floor systems, including characterization tests conducted on single isolators and 

corresponding complete isolated floor systems. In Chapter 7, analytical models duplicating these 

mechanical behaviors have been developed and used in structural analysis programs. This work 

makes it possible to conduct parametric studies on systems consisting of single-degree-of- 

freedom (SDOF) frames having structural fuse combined with isolated floor systems. The results 

of this parametric study can be used to develop an integrated methodology which considers the 

design of both parts. This chapter focuses on such parametric studies. 

 

The following sections describe the various steps of that parametric study. First described are the 

seven new synthetic spectra compatible acceleration histories, corresponding to the NEHRP 2003 

target spectrum, generated and used as ground seismic motions for the parametric studies. Then, 

the parameters required to define the SDOF structural fuse frame are introduced (note that they 

are slightly different from the four-parameter system used in Vargas and Bruneau (2006a). Also, 

two ways to model the combined system used in the parametric studies, coupled and uncoupled 
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models, are presented. Details of the parametric studies follow. Note that parametric studies were 

first conducted to figure out the range of acceptable values for the three parameters defining the 

structural fuse frame. Systems consisting of SDOF structural fuse frames and Isolated Floor 

System I, as well as systems consisting of SDOF structural fuse frames and Isolated Floor 

System II, were considered. For the latter cases, the response of the system was investigated 

under both the lower and upper bound values of two load ranges considered for Isolated Floor 

System II (i.e., 0 psf to 50 psf and 25 psf to 50 psf). Based on the results of this first limited 

parametric study, a preferred range of the three parameters defining the structural fuse frame was 

recommended and further targeted parametric studies were conducted for the preferred range of 

the three parameters, using both uncoupled and coupled models to confirm that the interaction 

effect between these two SDOF parts in the combined system is insignificant for cases with low 

ratios of the isolated mass to that of the primary structural fuse SDOF frame, and to investigate 

the effect of that mass ratio on the response of the combined system (i.e., the effect of the 

interaction between these two parts in the combined system). The preferred values for the 

structural fuse frames’ design were also found. Finally, the trends observed from these parametric 

study results are explained. 

 

The results of the parametric studies presented in this chapter set up the foundation to develop 

the integrated design methodology that considers both the design of the SDOF structural fuse 

frames and isolated floor systems. That design methodology is the topic of Chapter 9.  

 

8.2  Development of New Spectra Compatible Acceleration Time Histories 

 

At the early stage of this project, three spectra compatible acceleration time histories with 

duration of 15 s were generated in Chapter 3, and were used as seismic inputs in the 

characterization tests of both single isolators and complete isolated floor systems, as shown in 

previous chapters (i.e., Chapters 3 to 6). The elastic response spectrum used to generate those 
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synthetic seismic motions was defined in accordance with the NEHRP Recommended Provisions 

for Seismic Regulations for New Buildings and other Structures (NEHRP 2003) for Sherman 

Oaks, California, and site soil-type class B, the site of the Multidisciplinary Center for 

Earthquake Engineering Research (MCEER) Demonstration Hospital (Yang and Whittaker 2002) 

chosen for this project. At that time, the design spectral accelerations for this site were SDS=1.3g, 

and SD1=0.58g for 2% probability of exceedance in 50 years. When the project reaches the stage 

of conducting parametric study for the combined systems consisting of SDOF structural fuse 

frames and isolated floor system (i.e., the topic of this chapter), the design spectral accelerations 

for the same site and site soil-type class B were checked again from the USGS data for seismic 

design of buildings (USGS (2009): http://earthquake.usgs.gov/hazards/design/buildings.php) and 

found to have been updated to SDS=1.0g, and SD1=0.4g for 2% probability of exceedance in 50 

years, resulting in Ts=0.4 s and T0=0.08 s. Therefore, a new elastic response spectrum was 

generated here following the same process as in Chapter 3, but according to these new values for 

design spectral accelerations, together with new spectra compatible acceleration time histories 

corresponding to this new target spectrum. Considering the requirements for nonlinear time 

history analysis in the NEHRP Recommended Provisions for Seismic Regulations for New 

Buildings and other Structure (NEHRP 2003) (i.e., for design values of structural response 

quantities to be taken as the average value of response values obtained from the analyses), seven 

new synthetic seismic motions were generated. Each has a duration of 40 s to ensure duration of 

strong motions long enough to capture possible long period effects on the response of the 

structural fuse frame (Vargas and Bruneau, 2006a). The comparison between the average of the 

elastic response spectra from the seven artificial accelerograms and the newly generated NEHRP 

2003 target spectrum for 5% of critical damping is shown in Fig. 8.1. Good agreement can be 

found from this figure.  
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Figure 8.1 Comparison between the Average of Elastic Response Spectra from Synthetic 

Acceleration Time Histories and the Target NEHRP Spectrum (5% of Critical Damping) 

 

8.3  Model Setup and Selection of Parameters 

 

For the parametric study here, there are two ways to build the model of the combined systems 

consisting of SDOF structural fuse frames and isolated floor systems: coupled and uncoupled 

models. A combined system consisting of a base SDOF structural fuse frame and an isolated floor 

system is used for the parametric studies in this chapter to illustrate these two different modeling 

approaches. 

 

The coupled model includes everything in the combined system as shown in Fig. 8.2. In this figure, 

sfM  is the mass of the base SDOF structural fuse frame, sfK  represents the stiffness (i.e., 

force-displacement relationship) of the structural fuse frame, sfC is the damping coefficient for the 

structural fuse frame (which is taken to correspond to 5% of critical damping here), iM  is the mass 

supported by the isolated floor system, iK  represents the stiffness of the isolated floor system 

(which correspond to the elastic response part of the force-displacement relationship in Isolated 

Floor System I as shown in Fig. 7.9, or the force-displacement relationship of the multi-directional 

spring units used in Isolated Floor System II), and iC  is the damping coefficient for the isolated 

floor system (which corresponds to the sum of friction from edge plates and between the rolling 
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balls and working plates of the concrete BNC isolators used in Isolated Floor System I,  or the sum 

of friction from edge plates and from the casters used in Isolated floor system II). Note that, because 

different structural analysis programs (i.e., SAP2000 (CSI, 2004) and IDARC2D (Valles et al. 1996 

and Reinhorn et al. 2009)) were used to model the behaviors of different isolated floor systems as 

described in Chapter 7, different elements were used in each case to construct the model of the base 

frame in the corresponding different programs. In SAP2000, sfK  can be modeled with a link 

element with Wen plasticity property (Wen, 1976), and sfC  may be simulated using a linear 

viscous damping link element, as shown in Chapter 3. However, in IDARC2D, sfK  is modeled 

with column and beam elements by connecting the force-displacement relationship of the structural 

fuse frame into a corresponding moment-curvature relationship, and sfC  can be modeled with a 

visco-elastic brace element.  

 

Fig. 8.3 illustrates the uncoupled model, which is also called a “system-in-cascade” in some 

references (e.g., Igusa and Der Kiureghian 1985b, and Villaverde 1997). It consists of two separate 

SDOF systems. First, the model of the base structural fuse frame is built using the same approach 

mentioned above, and nonlinear time history analyses are conducted on this SDOF model subjected 

to the artificial earthquake motions. The absolute acceleration response histories of the floor of the 

SDOF frame are recorded and used as inputs to analyze the second SDOF model corresponding to 

the isolated floor system, which can be built using the same approach as mentioned in Chapter 7. 
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                               (a)                                (b) 
 
Figure 8.2 Coupled Model       Figure 8.3 Uncoupled model: (a) Base SDOF Frame, 

and; (b) Isolated raised floor 
 
 

 

 

 

 

 

 

 

 

 

Figure 8.4 Pushover Curve of Structural Fuse Frame 

 

The typical trilinear pushover behavior of a SDOF structural fuse frame is shown in Fig. 8.4, where, 

as defined in Vargas and Bruneau (2006a): 1K  is the initial stiffness which is equal to the sum of 

fK  (i.e., initial stiffness of the pure structural frame without structural fuses) and aK  (i.e., the 

initial stiffness of the structural fuse); yV  is the yield force of the complete structural fuse frame 

corresponding to the restoring force value of the complete structural fuse frame at the yield 
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displacement of the structural fuse, yaΔ ; pV  is the load capacity of the complete structural fuse 

frame at the yield displacement of the pure frame, yfΔ ;  ydV  and yfV  are the yield force of the 

structural fuses and the yield force of the pure frame; R  and maxμ  are separately the response 

modification factor and maximum ductility that can be developed in the structural fuse when the rest 

of the structural fuse frame to remain elastic (Vargas and Bruneau, 2006a).  

 

Note that only three parameters are used to define the structural fuse frame in this report, namely 

T , R , and α , which are respectively the natural vibration period, the response modification 

factor, and the post yielding stiffness ratio of the structural fuse frame. This approach differs 

somewhat from the four parameters (i.e., T , η , maxμ , and α ) used in Vargas and Bruneau 

(2006a), although both sets of parameters can be related through some calculations as explained 

below. This demonstration proceeds starting from the expressions for spectral displacement, dS , 

and maximum system displacement response, maxΔ , as expressed by Eqs. 8.1 and 8.2: 

    
1 1

ye
d ya

RVVS R
K K

= = = Δ                        (8.1) 

max maxyf yaμΔ = Δ = Δ                       (8.2) 

According to the provisions in NEHRP 2003, when the natural vibration period, T , lies in the 

constant velocity range (i.e., sT T≥ ), the equal displacement rule theory is valid, as expressed in    

Eq. 8.3. 

maxdS = Δ                                (8.3) 

Substituting Eqs. 8.1 and 8.2 into Eq. 8.3 gives, 

maxR μ=  (8.4) 

Therefore, for the three-parameter system, the relationship of the maximum ductility equals to the 

response modification factor is valid for cases with sT T≥ . 
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For cases with T  in the constant acceleration range of the NEHRP spectrum, as per the provisions 

in NEHRP 2003, the maximum nonlinear displacement of the structure can be obtained from the 

corresponding spectral displacement multiplied by a modification factor as shown in Eq. 8.5. 

max
( 1)1 1 s

d
R T S

R T
−⎛ ⎞Δ = +⎜ ⎟

⎝ ⎠
 (8.5) 

Substituting Eqs. 8.1 and 8.2 to Eq. 8.5 gives, 

max
( 1)1 sR T

T
μ −

= +  (8.6) 

Although the structural fuse system is trilinear, because displacement response is limited to remain 

less than yfΔ , only the first two linear segments of the system need to be modeled. This eliminates 

some modeling complexities. Note that if the results from nonlinear time history analysis exceed the 

maximum displacement ( yfΔ ) determined from above relationships, the analysis results would have 

to be rejected since the use of a bilinear model of the first two segments of the trilinear curve would 

be insufficient to capture the proper inelastic response.  

  

Under this three-parameter system, some of the parameters shown in Fig. 8.4 can be expressed per 

the following Equations 8.7 to 8.1, which can be used to calculate the values of the input parameters 

required in the modeling of the structural fuse frame for the parametric study here and for the design 

of the structural fuse frame in Chapter 9. 

.                                 (8.7) 

(8.8) 

(8.9) 

(8.10) 

(8.11) 
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where, sfM  is the mass of the structural fuse frame; ,a TS  represents the spectral acceleration (in 

the generated NEHRP spectrum) at the natural vibration period of the structural fuse frame, T .  

 

A first parametric study was conducted using the coupled model with a small mass ratio, rM , of 1% 

(which is the ratio of the isolated mass over that of the base structural fuse frame). The intent of that 

parametric study was to identify the range of the three parameters under which the structural fuse 

concept works, which is here defined as “the acceptable range”. The reason selecting a small mass 

ratio for this parametric study is to minimize the effect of the interaction between the isolated floor 

system and the response of the base frame. 

 

For this initial parametric study, the values of the three parameters defining the structural fuse 

frame were selected as: T = 0.05s, 0.25s, 0.5s, 1.0s, 1.5s, 2.0s; α =0, 0.25, 0.5, 1.0; and R =1, 

5, 10. Note that the periods chosen cover the initial ascending segment, the constant acceleration 

segment, and the constant velocity segment of the NEHRP spectrum. Also note that the cases of 

α  equal to 0 and 1.0 respectively correspond to the perfectly elasto-plastic case and linear 

elastic case for the SDOF structural fuse frame. Finally, the chosen values of R encompass the 

range of values that would be used in design.  

 

8.4  Initial Parametric Study on Coupled Models 

 

8.4.1 Isolated Floor System I 

 

As mentioned in Section 8.3, an initial parametric study was conducted using the selected 

parameter values and the low mass ratio of 1% to determine the acceptable range of the three 

parameters defining the SDOF structural fuse frames. This study was first conducted on the 

systems consisting of SDOF structural fuse frames and Isolated Floor System I with 

polyurethane balls for the concrete BNC isolators.  
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From the sensitivity study in Chapter 7, it was observed that the response of Isolated Floor 

System I is sensitive to the equivalent friction coefficient, with lower friction coefficients 

resulting in bigger displacement response (which is a key factor in the design of isolated floor 

systems). Therefore, for the parametric study here, the smallest friction coefficient obtained 

previously for the system with polyurethane balls was considered to get the worst displacement 

response. For the friction coefficient in the parametric study here, the friction effect from the 

edge plates in the tests shown in Chapter 6 was first averaged to each rolling ball. The value of 

this friction effect is about 441 N (99.11 lb), which, when averaged over the 24 balls in the tested 

isolated floor specimen, is 18.37 N/ball. This is a constant value regardless of the gravity load 

acting on each ball during the characterization tests in Chapter 6. However, note that it will 

change with the size of the edge plates as mentioned in Chapter 7. Under a certain value of 

gravity load per ball, denoted as x  here, the total friction effect in terms of friction coefficient, 

considering both the rolling ball friction (i.e., the linear relationship between the equivalent 

rolling friction coefficient (i.e., μe) and the average load per rolling ball, as shown in chapter 7) 

and the friction coefficient from edge plates, can be expressed as,  

                                                                         (8.12) 

From Equation 8.12, the smallest friction coefficient was determined to be 0.054 under the load 

per ball of 958.3 N (215.45 lb) for Isolated Floor System I using polyurethane balls. This friction 

coefficient value is used in all parametric studies for cases including Isolated Floor System I with 

polyurethane balls. The weight of the isolated floor system was back calculated as 24 times of 

the load value per ball of 958.3 N corresponding to the minimum friction coefficient, which is 

23000 N (5170.91 lb). As mentioned in Section 8.3, the mass ratio chosen for the initial 

parametric study is 1%. Therefore, the weight of the primary structural fuse frame can be 

calculated as 100 times of the above weight of the isolated floor system (i.e., 23000 N). Note that 

other absolute values of the mass of the isolated floor system could have been chosen as long as 

18.370.00002 0.0157x
x

μ = + +
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the minimum friction coefficient is used, the mass ratio between the isolated floor system and the 

base SDOF structural fuse frame remains 1%.  

 

The average peak response of the structural fuse frame from this initial study is shown in     

Fig. 8.5, in terms of the ductility of the structural fuse frame, μ , which corresponds to the 

“global ductility” defined in Vargas and Bruneau (2006a). Here, the “average peak response” 

means the average of the peak responses obtained from the nonlinear time history analyses 

conducted separately using the seven synthetic acceleration time histories as ground motions. 

 

From this figure, it can be noted that for cases with R value of 1.0 and cases with α  value of 

1.0 (i.e., cases where the structural fuse frame is elastic), the μ  values obtained from nonlinear 

time history analyses in SAP2000 are almost the same as the target ones, regardless of the values 

of the natural vibration period of the structural fuse frame. This also confirms that the spectra 

compatible acceleration time histories work well. Although almost all these cases are 

“acceptable”, where the frames behave in its elastic range, these are not true examples of the 

structural fuse concept since the structural fuses have not yielded. Second, it can also be found 

from this figure that most acceptable cases which satisfy the structural fuse concept, except the 

elastic cases mentioned above, are the ones with α  values of 0.25 and 0.5 and with R  values 

of 5 and 10. So, the range of α  values between 0.25 and 0.5 and the range of R  values 

between 5 and 10 are selected as the preferred range of values for the parameters defining the 

structural fuse frame.  

 

Note from Fig. 8.5 that most of the cases with natural vibration period of the structural fuse 

frame less than Ts (i.e., 0.4 s, over the range where the equal energy theory applies, and for which 

the modification factor for the nonlinear response of such cases is taken as per NEHRP 2003), 

except the elastic cases mentioned above, are not acceptable (i.e., the μ  value obtained from 

analysis is bigger than the corresponding target). Chapter 9 will discuss this aspect further in the 
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perspective of the design of SDOF structural fuse frame in such cases. In addition, note that the 

response of the isolated floor system is not the focus at this stage of parametric study, and will 

instead be addressed in following sections. 

 
 
                                     (a)                                   (b) 

 
 
 
 
 
 
 
 
 
 
                                  (c)                                   (d) 
 
 
 
 
 
 
 
 
 

 R=1      ▲ R=5      ■ R=10 
 

Figure 8.5 Average Peak Response of the SDOF Frame from Limited Parametric Study 

of Combined Systems Using Isolated Floor System I (Polyurethane Balls): (a) to (d) 

respectively correspond to α  values of 0, 0.25, 0.5, and 1.0 
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8.4.2 Isolated Floor System II under Lower Bound Load 

 

Following an approach similar to what was presented in Section 8.4.1 for Isolated Floor System I 

(using polyurethane balls), this section focuses on the initial parametric study for systems 

consisting of SDOF structural fuse frames and Isolated Floor System II. For this purpose, the 

stiffness of the spring in the multi-directional spring units first had to be determined in 

accordance with the following procedure. 

 

As shown in Chapter 5, the maximum acceleration response of Isolated Floor System II is 

controlled by the restoring force from its multi-directional spring units and the friction effects 

from both the edge plates and the casters. If the values of all the friction effects in Isolated Floor 

System II are specifically given, then, the peak acceleration response of the isolated floor will be 

controlled by the restoring force provided by the multi-directional spring units used in this 

system. From the physical model of multi-directional spring units in Chapter 4, note that the 

restoring force is controlled by the force-displacement relationship of the pure spring inside the 

steel tube, the friction coefficient between the steel cable and the brass bushing, and the friction 

force between the pure spring and the steel tube. Further, the force-displacement relationship of 

the pure spring is controlled by its stiffness if the force-displacement relationship is assumed to 

be perfectly linear. Also, note that under same restoring force, the acceleration response of the 

isolated floor will decrease with an increase in the weight of the isolated floor based on Newton’s 

second law. 

 

Then, to choose a stiffness for the spring of the multi-directional spring units, an acceleration 

response limit (i.e., the peak acceleration response on top of the isolated floor) must first be 

specified for the isolated floor system. Here, 0.2g was arbitrarily chosen for this limit. Second, a 

gravity load range must be determined for the isolated floor system. For the parametric study 

here, the specimen from the characterization tests in Chapter 5 was used. Two different ranges of 
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the gravity loads applied on the isolated floor were selected: first, from 0 psf (corresponding to a 

total isolated weight of 1916 lb, i.e., the self-weight of Isolated Floor System II) to 50 psf 

(corresponding to total isolated weight of 8096 lb, i.e., the total weight of the self-weight of the 

isolated floor and the load on top) and second, from 25 psf (corresponding to a total isolated 

weight of 5126 lb) to 50 psf. The weight of the SDOF structural fuse frame was calculated as 100 

times of the corresponding weight of the isolated floor system to match the selected mass ratio of 

1%. Then, the values of the friction effects from edge plates and casters of Isolated Floor System 

II were taken as the same value as those found in the characterization tests of Chapter 5 (i.e., the 

friction coefficient between the casters and the base concrete slab was 0.035 and friction force 

from the edge plates was about 298 N (67 lb)).  

 

After this, the maximum restoring force provided by the multi-spring units were determined by 

using the lower bound of the total isolated weight (including both the self-weight of the isolated 

floor specimen and the load applied on that floor) and the acceleration limit (i.e., 0.2g): 

1) First, subtract the effect of the friction on the acceleration response of the isolated floor 

system out of the acceleration limit to get the acceleration contribution of the restoring 

force from the spring units;  

2) Then, the maximum restoring force is taken as the total isolated mass multiplied by the 

acceleration contribution of the restoring force obtained in 1); 

3) Finally, the stiffness of the springs of the multi-directional spring units were determined 

assuming that springs behave perfectly linearly and that two identical spring units were 

used in the isolated floor system being studied. The same geometry and parameters used 

in Chapter 4 are also used here for consistency. The resulting stiffness is given by 

Equation 8.13 (in units of lb and in), derived based on Eq. 4.16.  

 

(8.13) 

 

max

2,max
( /2 )
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where, sK  is the spring stiffness to be determined; 2,maxF  is the maximum horizontal restoring 

force as mentioned above (corresponding to the force from the two spring units at the maximum 

displacement of the isolated floor, maxΔ ); maxβ  is the maximum contact angle of the cable with 

the quarter-cycles of the bushing as shown in Fig. 4.28, which corresponds to the maximum 

displacement of the isolated floor, maxΔ ; ,maxsΔ  is the maximum spring extension 

corresponding to maxΔ ;  kμ  is the sliding friction coefficient between the steel cable and the 

brass bushing; f  is the friction effect between the spring and the steel tube, value 2 means two 

pieces of spring units with same properties were used in such isolated floor system, and the value 

of 10 is obtained as follows. 

 

As shown in Chapter 4, in cases with 51 mm (2 in) pretension applied, the springs tested there 

behaved linearly, except of course for the effect of friction between the spring and the tube. 

However, in cases without any pretension, they exhibited a high initial stiffness before they 

behaved per their nominal stiffness. This is because the springs were pre-twisted to a certain 

extent during their manufacturing process. Some deformation is needed to overcome this 

pre-twisting that is responsible for the high stiffness before the spring can behave in accordance 

with its nominal stiffness. The pretension elongation of 51 mm (2 in) exceeds the original 

deformation required to overcome the pre-twisting effect. Considering that the starting force for 

the springs with such a pre-twisting together with a pretension of 51 mm (2 in) is equal to 10 

times its nominal stiffness when units of in and lb are used, the initial force in the springs used 

here for parametric study is consistently assumed to be achieved at 10 times the corresponding 

spring nominal stiffnesses in units of in and lb. This explains the presence of the number “10” in     

Eq. 8.13. Furthermore, it is assumed that the maximum restoring force is provided by the 

complete spring units at a maximum displacement of 254 mm (10 in) (i.e., maxΔ =10 in).  

 

In addition, Equation 8.13 can also be expressed in units of N and mm as, 
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(8.14) 

 

The value of the sliding friction coefficient in Equations 8.13 and 8.14, kμ , was selected to be 

0.181, which is the average of the two values used in Chapter 4 (i.e., 0.171 for the 2627 N/m 

spring unit and 0.190 for the 1313 N/m spring unit). The friction force between the spring and 

the steel tube, f , is selected as 18 N (4 lb), again the same value as in Chapter 4. The resulting 

stiffness is 656 N/m (3.75 lb/in) for the 0 psf load case and 2133 N/m (12.18 lb/in) for the 25 psf 

load case. According to the model for Isolated Floor System II described in Chapter 7, the 

straight lines to model the loading branch of each physical model of the spring units using the 

springs developed above were expressed as follows (in units of lb and in),  

 

For each 656 N/m spring unit,   

                          21.037y x=  (when 3.571x ≤  in)         (8.15) 

                       8.066 46.322y x= +  (when 3.571x >  in) (8.16) 

For each 2133 N/m spring unit,  

                          64.225y x=  (when 3.595x ≤  in)             (8.17) 

                       25.875 137.902y x= +  (when 3.595x >  in) (8.18) 

The corresponding expressions of Equations 8.11 to 8.14 in units of N and mm are, 

                         3.684y x=  (when 90.711x ≤  mm)             (8.19) 

                      1.413 206.04y x= +  (when 90.711x >  mm) (8.20) 

                         11.247y x=  (when 91.304x ≤  mm)             (8.21) 

                      4.531 613.19y x= +  (when 91.304x >  mm) (8.22) 

 

The corresponding values of the input parameters required in the IDARC2D model were 

determined according to the procedure shown in Chapter 7 as: for each 656 N/m spring unit: 

0 3.684K =  kN/m, 334.2yF =  N, 1 0.403α = , 20n = , and 0.348η = ; for each 2133 N/m 

max
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spring unit, 0 11.247K =  kN/m, 1027yF =  N, 1 0.403α = , 20n = , and 0.336η = . Note that 

in the model of the corresponding isolated floor system, two spring units of same properties were 

used in parallel. Therefore, two times of the values of 0K  and yF  were used as input of the 

modified hysteretic brace element in IDARC2D to simulate the behavior of two spring units.  

 

Similar to Section 8.4.1, the average peak response of the structural fuse frame from the 

parametric study in this section are shown in Fig. 8.6 and 8.7, also in terms of the ductility of the 

SDOF structural fuse frame, respectively, for load cases of 0 psf and 25 psf. From these figures, 

similar observations can be made as those in Section 8.4.1. More specifically, most of the cases 

corresponding to elastic SDOF structural fuse frames are acceptable to achieve the structural fuse 

concept. However, these are not true examples of the structural fuse concept since the structural 

fuses have not yielded. The preferred value ranges for the parameters defining the primary 

structural fuse frame are also selected as 0.25 α≤ ≤ 0.5 and 5 R≤ ≤ 10. Also note that the results 

in Figs. 8.6 and 8.7 are almost the same as to the corresponding ones shown in Fig. 8.5. This is 

reasonable because the mass ratio in the parametric study is only 1% and hence the interaction 

between the isolated floor systems and the base frames is negligible, which will be confirmed 

through the comparison of results between coupled and corresponding uncoupled models in 

following sections. Note again that the response of the isolated floor systems is not the focus of 

this initial parametric study, and will be addressed in following sections. 
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                                     (a)                                   (b) 

 
 
 
 
 
 
 
 
 
 
                                  (c)                                   (d) 
 
 
 
 
 
 
 
 
 

 R=1      ▲ R=5      ■ R=10 
 

Figure 8.6 Average Peak Response of the SDOF Frame from Preliminary Parametric 

Study of Combined Systems Using Isolated Floor System II (0 psf Load Case): (a) to (d) 

respectively correspond to α  value of 0, 0.25, 0.5, and 1.0 
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                                     (a)                                   (b) 

 
 
 
 
 
 
 
 
 
 
                                  (c)                                   (d) 
 
 
 
 
 
 
 
 
 

 R=1      ▲ R=5      ■ R=10 
 

Figure 8.7 Average Peak Response of the SDOF Frame from Preliminary Parametric 

Study of Combined Systems Using Isolated Floor System II (25 psf Load Case): (a) to (d) 

respectively correspond to α  value of 0, 0.25, 0.5, and 1.0 

 

8.4.3 Isolated Floor System II under Upper Bound Load  

 

As shown in Section 8.4.2, under a given restoring force, the acceleration response will decrease 

with increases in the isolated weight. Therefore, the lower bound value of the load range 

considered was used there to determine the stiffness of the springs used in the system. However, 

note that, for a given restoring force, the displacement response may increase under a bigger 

isolated weight and may affect the response of the structural fuse frame consequently. Therefore, 
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some parametric study using coupled model were done to check the response of the isolated floor 

system under the corresponding upper bound value (i.e., 8096 lb) of the two load range (i.e., 0 

psf to 50 psf, and 25 psf to 50 psf) used for Isolated Floor System II in Section 8.4. Note that all 

the sets of parameters considered in Section 8.4.2 were considered here too. The only difference 

between the parametric study here and that in Section 8.4.2 is that the isolated weight here is 

changed to that corresponding to the upper bound load value. Note that the corresponding 

friction effect from the casters was also changed in proportion with the change of the weight of 

Isolated Floor System II. However, the properties of the spring units and the structural fuse frame 

here remained the same as in Section 8.4.2. 

 

The results of such parametric studies are shown in Tables 8.1 and 8.2, in terms of comparison 

with those from the parametric study using the corresponding lower bound load values in  

Section 8.4.2, where “ risD ”, “ absiA ”, “ rsD ”, and “ abssA ” are all average peak response quantities, 

which means that they were obtained as the average of the corresponding peak response values 

from the nonlinear time history analyses using the seven synthetic acceleration time histories as 

ground motions. They represent, respectively, the average peak response of the relative 

displacement response between the isolated floor system and the base frame, the absolute 

acceleration of the isolated floor system, the relative displacement of the frame with respect to 

the ground, and the absolute acceleration of the structural fuse frame. 

 

It can be found from each table that rsD  in Column 10 and abssA  in Column 11 obtained from 

the parametric study using upper bound load values are almost the same as the corresponding 

ones in Columns 6 and 7 corresponding the lower bound load values for Isolated Floor System II. 

This is reasonable because the mass of the isolated floor system is still a low value relative to the 

mass of the structural fuse frame (although the upper bound load value was used) which will not 

introduce significant interaction into the combined system as presented in following sections. 

Also, note from each table that while the values of absiA  in Column 9 corresponding to the 
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parametric study using upper bound load values are lower than those in Column 5 from the 

parametric study using lower bound load values, which has been predicted above, the values of 

risD  in Column 8 are higher than the corresponding ones in Column 4, which indicates that the 

relative displacement will increase under higher load values of isolated weight. Finally, it can be 

noted from these tables that in some cases with T =1.0s, and especially in most cases with 

T =1.5 s and 2.0 s (except the cases where the structural fuse frame is elastic as mentioned in 

Section 8.4.1), the isolated floor system is not effective because the acceleration response of the 

isolated floor is equal or even bigger than that of the corresponding structural fuse frames or the 

isolated floor system hardly moves.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



348 
 

Table 8.1 Results from Parametric Studies Using Lower and Upper Bound Isolated Load 

Values (0 psf to 50 psf) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.05 47.0 0.11 0.5 0.78 78.5 0.06 0.5 0.78
0.25 83.3 0.14 15.6 1.01 116.7 0.06 15.5 1.00
0.5 144.8 0.16 50.2 0.81 192.3 0.07 49.7 0.81
1 179.4 0.18 99.6 0.40 196.3 0.07 98.5 0.40

1.5 241.4 0.20 143.2 0.26 263.2 0.08 140.7 0.25
2 240.0 0.20 191.6 0.19 304.7 0.08 185.7 0.19

0.05 47.0 0.11 0.5 0.78 78.5 0.06 0.5 0.78
0.25 83.3 0.14 15.6 1.01 116.7 0.06 15.5 1.00
0.5 144.9 0.17 50.2 0.81 192.3 0.07 49.7 0.81
1 179.6 0.18 99.9 0.40 196.6 0.07 98.7 0.40

1.5 241.5 0.20 143.2 0.26 263.2 0.08 140.7 0.25
2 240.7 0.20 191.6 0.19 305.0 0.08 185.7 0.19

0.05 47.0 0.11 0.5 0.78 78.5 0.06 0.5 0.78
0.25 83.3 0.14 15.6 1.01 116.7 0.06 15.5 1.00
0.5 145.0 0.17 50.2 0.81 192.3 0.07 49.7 0.81
1 198.1 0.18 100.4 0.40 197.1 0.07 98.9 0.40

1.5 241.6 0.20 143.2 0.26 263.2 0.08 140.7 0.25
2 241.4 0.20 191.5 0.19 305.3 0.08 185.7 0.19

0.05 47.7 0.11 0.5 0.80 78.5 0.06 0.5 0.79
0.25 83.3 0.14 15.6 1.01 116.7 0.06 15.5 1.00
0.5 145.1 0.17 50.2 0.81 192.3 0.07 49.7 0.81
1 181.6 0.18 101.1 0.41 198.4 0.07 99.2 0.40

1.5 241.8 0.20 143.2 0.26 263.2 0.08 140.7 0.25
2 242.8 0.20 191.5 0.19 305.9 0.08 185.7 0.19

0.05 44.4 0.11 12.3 0.27 75.5 0.06 12.4 0.27
0.25 51.5 0.11 37.1 0.25 87.2 0.06 36.8 0.25
0.5 61.2 0.12 74.8 0.20 101.4 0.06 74.4 0.20
1 25.3 0.09 103.9 0.10 94.0 0.06 102.7 0.10

1.5 0.0 0.07 106.6 0.07 47.8 0.05 110.5 0.07
2 0.0 0.06 179.0 0.05 6.2 0.04 185.3 0.05

0.05 48.7 0.11 1.1 0.57 79.3 0.06 1.1 0.57
0.25 66.6 0.13 17.3 0.44 103.2 0.06 17.2 0.44
0.5 81.3 0.14 38.9 0.28 122.8 0.06 38.8 0.28
1 59.5 0.12 76.3 0.14 118.0 0.06 75.5 0.14

1.5 20.7 0.09 112.8 0.09 101.6 0.06 112.0 0.09
2 1.1 0.07 148.9 0.07 60.0 0.06 151.4 0.07

0.05 47.1 0.11 0.7 0.63 77.6 0.06 0.7 0.63
0.25 71.2 0.13 15.7 0.61 113.5 0.06 15.7 0.61
0.5 97.6 0.15 39.3 0.40 148.0 0.07 39.0 0.40
1 101.8 0.32 83.2 0.21 138.6 0.07 81.8 0.21

1.5 80.0 0.13 116.4 0.13 169.7 0.07 115.1 0.13
2 43.4 0.11 164.9 0.10 159.1 0.07 163.4 0.10

0.05 41.1 0.11 19.9 0.24 73.9 0.06 19.9 0.24
0.25 36.4 0.10 52.7 0.16 72.3 0.06 52.0 0.16
0.5 27.6 0.09 82.6 0.12 74.8 0.06 82.3 0.12
1 0.0 0.07 93.9 0.06 13.9 0.05 97.3 0.06

1.5 0.0 0.06 148.7 0.04 0.0 0.04 152.5 0.04
2 0.0 0.06 188.3 0.03 0.0 0.04 187.7 0.03

0.05 50.9 0.11 1.3 0.61 82.6 0.06 1.3 0.61
0.25 77.2 0.14 22.5 0.45 113.2 0.06 22.4 0.45
0.5 76.7 0.13 42.2 0.24 126.3 0.06 41.9 0.23
1 33.1 0.10 81.8 0.12 110.4 0.06 81.6 0.11

1.5 10.2 0.08 134.6 0.08 75.0 0.05 136.3 0.08
2 0.2 0.07 193.1 0.07 40.7 0.05 195.6 0.07

0.05 47.3 0.11 0.8 0.68 76.9 0.06 1.8 0.68
0.25 80.3 0.14 19.5 0.68 150.5 0.07 44.0 0.40
0.5 100.4 0.15 44.4 0.40 100.4 0.15 44.4 0.40
1 125.2 0.16 92.1 0.21 163.9 0.07 90.4 0.20

1.5 90.7 0.13 137.8 0.14 183.7 0.07 135.3 0.14
2 54.4 0.12 193.9 0.11 202.0 0.07 195.1 0.11
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Table 8.2 Results from Parametric Studies Using Lower and Upper Bound Isolated Load 

Values (25 psf to 50 psf) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.05 58.8 0.11 0.5 0.78 69.8 0.09 0.5 0.78
0.25 98.2 0.14 15.6 1.01 117.9 0.11 15.6 1.01
0.5 153.9 0.16 50.3 0.81 190.3 0.12 50.2 0.81
1 196.8 0.18 99.6 0.40 196.7 0.13 99.4 0.40

1.5 271.1 0.21 142.3 0.26 271.6 0.14 141.9 0.26
2 329.0 0.23 190.0 0.19 347.0 0.16 188.9 0.19

0.05 58.8 0.11 0.5 0.78 69.8 0.09 0.5 0.78
0.25 98.2 0.14 15.6 1.01 117.9 0.11 15.6 1.01
0.5 154.0 0.16 50.3 0.81 190.4 0.12 50.2 0.81
1 197.3 0.18 100.0 0.40 196.9 0.13 99.8 0.40

1.5 271.2 0.21 142.3 0.26 271.6 0.14 141.9 0.26
2 329.5 0.23 190.0 0.19 347.5 0.16 188.9 0.19

0.05 58.8 0.11 0.5 0.78 69.8 0.09 0.5 0.78
0.25 98.2 0.14 15.6 1.01 117.9 0.11 15.6 1.01
0.5 154.1 0.16 50.3 0.81 190.5 0.12 50.2 0.81
1 198.1 0.18 100.4 0.40 197.3 0.13 100.2 0.40

1.5 271.2 0.21 142.3 0.26 271.6 0.14 141.9 0.26
2 330.0 0.23 190.0 0.19 347.9 0.16 188.9 0.19

0.05 58.8 0.11 0.5 0.79 69.8 0.09 0.5 0.79
0.25 98.3 0.14 15.6 1.01 118.0 0.11 15.6 1.01
0.5 154.2 0.16 50.3 0.81 190.6 0.12 50.2 0.81
1 200.4 0.18 101.2 0.41 198.1 0.13 100.9 0.41

1.5 271.3 0.21 142.3 0.26 271.6 0.14 141.9 0.26
2 331.0 0.23 190.0 0.19 348.8 0.16 188.9 0.19

0.05 56.8 0.10 12.3 0.27 66.2 0.08 12.3 0.27
0.25 68.1 0.12 37.1 0.25 80.2 0.09 37.1 0.25
0.5 75.6 0.12 74.8 0.20 89.9 0.10 74.7 0.20
1 65.9 0.11 103.4 0.10 85.9 0.09 103.2 0.10

1.5 24.0 0.07 106.4 0.07 42.3 0.07 107.0 0.07
2 0.9 0.05 179.0 0.05 6.9 0.05 179.7 0.05

0.05 59.4 0.11 1.1 0.57 68.9 0.09 1.1 0.57
0.25 77.9 0.12 17.3 0.44 92.7 0.10 17.3 0.44
0.5 95.8 0.13 38.9 0.28 106.8 0.10 38.8 0.28
1 97.4 0.14 75.9 0.14 116.5 0.10 75.8 0.14

1.5 73.8 0.11 112.3 0.09 96.4 0.09 112.1 0.09
2 32.1 0.08 148.7 0.07 53.6 0.08 149.1 0.07

0.05 58.2 0.11 0.7 0.62 68.4 0.09 0.7 0.63
0.25 84.1 0.13 15.7 0.61 99.6 0.10 15.7 0.61
0.5 111.9 0.14 39.3 0.40 124.4 0.11 39.2 0.40
1 132.1 0.15 82.8 0.21 143.4 0.11 82.6 0.21

1.5 153.6 0.16 115.4 0.13 173.8 0.12 115.0 0.13
2 121.5 0.14 164.1 0.10 152.9 0.11 163.7 0.10

0.05 53.8 0.10 19.8 0.24 63.6 0.08 19.8 0.24
0.25 51.3 0.10 52.7 0.16 62.7 0.08 52.7 0.16
0.5 51.1 0.10 82.4 0.12 64.1 0.08 82.4 0.12
1 5.1 0.05 93.9 0.06 13.7 0.05 94.5 0.06

1.5 0.0 0.05 148.7 0.04 0.0 0.04 149.4 0.04
2 0.0 0.04 188.3 0.03 0.0 0.04 188.4 0.03

0.05 61.3 0.11 1.3 0.61 70.3 0.09 1.3 0.61
0.25 83.5 0.13 22.5 0.45 100.5 0.10 22.5 0.45
0.5 95.3 0.14 42.2 0.24 102.5 0.10 42.1 0.24
1 81.5 0.12 81.5 0.12 103.1 0.10 81.4 0.12

1.5 51.1 0.10 134.3 0.08 74.0 0.09 134.5 0.08
2 23.3 0.07 192.9 0.07 40.0 0.07 193.3 0.07

0.05 57.4 0.10 0.8 0.68 67.3 0.09 0.8 0.68
0.25 94.5 0.14 19.5 0.68 105.6 0.10 19.5 0.68
0.5 114.2 0.15 44.4 0.40 123.5 0.11 44.4 0.40
1 161.1 0.16 91.7 0.21 163.6 0.12 91.4 0.21

1.5 169.0 0.17 136.9 0.14 203.6 0.13 136.3 0.14
2 127.7 0.14 193.3 0.11 179.7 0.12 193.4 0.11
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8.5  Selected Targeted Parametric Studies 

 

Section 8.4 presented the results of an initial parametric study using coupled model (albeit with a 

low mass ratio that made it behave like uncoupled one) to determine a preferred range of the 

parameters defining the primary SDOF structural fuse frame. It suggested that this preferred 

range consists of parameter values selected as 0.25 0.5α≤ ≤ , and 5 10R≤ ≤ . This section 

focuses on further parametric studies conducted using selected values from the preferred ranges 

of parameter for 1) checking the effect of interaction between the isolated floor system and the 

primary base SDOF structural fuse frame, and; 2) investigating the behavior of the combined 

systems under different mass ratios of the isolated floor system on top to the base structural fuse 

frame. The selected values of the parameter are: α =0.25, 0.5; R =5, 10, and  T = 0.25 s, 0.5 s, 

1.0 s, which brackets the parameter values used in actual design of SDOF structural fuse frames.  

 

8.5.1 Parametric Study Using Uncoupled Model 

 

Under the selected parameter values above and a mass ratio of 1%, some nonlinear time history 

analyses were done using uncoupled model to confirm that the interaction between the isolated 

floor system and the base structural fuse frame is negligible under those cases, through 

comparison with the results from the three series of preliminary parametric study presented in 

Section 8.4. The differences between the results from the uncoupled model and the 

corresponding ones from the corresponding preliminary parametric study using coupled model 

presented are shown in Tables 8.3 and 8.4, respectively, for systems consisting of structural fuse 

frames and Isolated Floor System I using polyurethane balls and systems consisting of structural 

fuse frames and Isolated Floor System II under 0 psf load case. In the footnotes to these two 

tables, the “ risD ”, “ absiA ”, “ rsD ”, and “ abssA ” have the same meaning as mentioned in    

Section 8.4.3. The subscripts “coupled” and “uncoupled” indicate whether the results are 

obtained using coupled or uncoupled models.  
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Note from these two tables that the maximum difference in the results between the uncoupled 

and coupled model is only 5.4% for the difference in the average peak relative displacement 

between Isolated Floor System I and the base frame, and happens in Table 8.3 for the case 

T =1.0 s, 5R = , and 0.5α = , for which T  is the same as the natural vibration period of the 

Isolated Floor System I (i.e., resonant case). All the other differences are less than 3% for 

Isolated Floor System I, and 1.6% for Isolated Floor System II, which can be negligible. This 

confirms that, as expected, the interaction between the isolated floor system and the base 

structural fuse frame is insignificant under a low mass ratio, rM .  

 

Table 8.3 Difference of the Results between Uncoupled and Coupled Models for Systems 

Using Isolated Floor System I (Polyurethane Balls) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.25 0.1 0.0 0.4 0.3
0.5 0.3 0.0 0.3 0.2
1 2.6 0.0 0.7 1.3

0.25 0.1 0.0 0.3 0.3
0.5 0.8 0.0 0.8 0.5
1 0.9 0.0 1.3 1.1

0.25 0.0 0.0 0.4 0.3
0.5 1.0 0.0 0.4 0.6
1 5.4 0.3 -0.2 0.8

0.25 0.1 0.0 0.4 0.3
0.5 0.4 0.0 0.8 0.7
1 1.2 0.0 1.5 1.3

*, DDris=(Dris,u ncoupled-Dris,coupled)/Dris,coupledx100%;
**, Daabsi=(Aa bsi, uncou ple d-Aabsi,coupled)/Aa bsi,coup ledx100%;
***, DDrs=(Drs,un co uple d-Drs,coupled)/Drs,co upledx100%;
#, DAabss=(Aabss,uncoupled-Aa bss, cou ple d)/Aab ss,coup ledx100%.

0.25

0.5

10

0.25

0.5

a
(2)

Tsf

(s)
(3)

DDris*
(%)
(4)

DAa bsi**
(%)
(5)

DDrs***
(%)
(6)

DAa bss#
(%)
(7)

R
(1)

5



352 
 

Table 8.4 Difference of the Results between Uncoupled and Coupled Models for Systems 

Using Isolated Floor System II (Load Case of 0 psf) 

 

 

 

 

 

 

 

 

 

 

8.5.2 Parametric Study on Mass Ratio 

 

From the description of the two modeling approaches in Section 8.3, it can be noted that the only 

difference between these two models is that in the uncoupled model, the interaction between 

those two SDOF systems is not considered. Section 8.4 confirmed that the uncoupled model can 

provide accurate results when the mass ratio of the isolated floor system to that of the structural 

fuse frame is low (e.g., the cases with a mass ratio of 1% was compared above). Here, another 

parametric study using the selected parameter values mentioned at the beginning of Section 8.5 

was conducted this time, to investigate the effect of bigger mass ratios on the response of the 

combined system (i.e., to investigate the effect of the interaction between the isolated floor 

system and the structural fuse frame on the response of the combined system). Note that to 

compare the behavior of the structural fuse frame and the corresponding elastic system, 1.0 was 

also selected as a value of α . Both the combined systems consisting of SDOF structural fuse 

frames and Isolated Floor System I (using polyurethane balls and rubber balls, respectively) and 

those consisting of SDOF structural fuse frames and Isolated Floor System II (the case of load 

0.25 0.1 0.1 0.2 0.3
0.5 0.4 0.1 0.1 0.4
1 1.0 0.4 -0.3 0.3

0.25 0.3 0.1 0.2 0.2
0.5 0.5 0.1 0.4 0.5
1 1.6 0.5 0.4 0.6

0.25 0.2 0.1 0.3 0.4
0.5 0.8 0.4 0.1 0.3
1 1.2 0.3 -0.4 0.3

0.25 0.3 0.1 0.3 0.4
0.5 0.5 0.2 0.6 0.7
1 1.5 0.5 0.5 0.8

*, DDris=(Dris,u ncoupled-Dris,coupled)/Dris,coupledx100%;
**, Daabsi=(Aa bsi, uncou ple d-Aabsi,coupled)/Aa bsi,coup ledx100%;
***, DDrs=(Drs,un co uple d-Drs,coupled)/Drs,co upledx100%;
#, DAabss=(Aabss,uncoupled-Aa bss, cou ple d)/Aab ss,coup ledx100%.
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range of 0 psf to 50 psf) were considered. The values of the mass ratio are selected as: rM =0.01, 

0.03, 0.05, 0.07, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0. Note that the results for the 

cases with rM =0.01 are taken from the study in Section 8.4.  

 

8.5.2.1  Isolated Floor System I 

 

A parametric study was first conducted on systems consisting of structural fuse frames and 

Isolated Floor System I using polyurethane balls. Note that the same friction coefficient 

determined for Isolated Floor System I (using polyurethane balls) in Section 8.4.1 was used here.  

Also, note that in this parametric study, the structural fuse frame was kept the same as in Section 

8.4.1, and the only model change was for the isolated floor system. Here, it was just assumed that 

the floors of multiple rooms, each of which is the same as that used in Section 8.4.1, were 

isolated corresponding to different mass ratios. For example, for rM =0.01, this case 

corresponds to the case in Section 8.4.1. When rM =0.5, the model properties for the isolated 

floor system reflect the corresponding properties that would be obtained in the presence of 50 

such isolated floor systems in Section 8.4.1.  

 

The results are shown here as in Figs. 8.8 to 8.11, respectively for the average peak response of 

risD , rsD , absiA , and abssA . There are three plots in each of these figures, respectively 

corresponding to cases with T =0.25 s, 0.5 s, and 1.0 s. Note from part b of each of these figures 

that some additional analyses were also conducted and included here (i.e., cases with additional 

α  values of 0.125 and 0.375 under mass ratios of 0.01 and 1.0).  

 

It can be noted from Fig. 8.8 that the average peak relative displacement between Isolated Floor 

System I (using polyurethane balls) and the structural fuse frame (i.e., risD ) decreases in all 

cases with increasing values of rM . It can also be noted that for a given value of R , risD  is 

bigger for the cases with bigger values of α , and under a given value of α , risD  is bigger for 

cases with bigger values for R  in most cases (except the cases with parameter sets of T = 0.5 s, 
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and 1.0 s, R =5, 10, and α =0.25, where the reverse trend is observed). In addition, for the cases 

with T  (i.e., 0.5 s and 1.0 s) exceeding Ts (i.e., 0.4 s) where the equal displacement rule applies 

per NEHRP 2003, the cases with α =1.0 (i.e., elastic frame response cases) produced the biggest 

value for risD , and the cases with T  (i.e., 0.25 s) lower than Ts where the equal energy rule 

applies per NEHRP 2003, the cases with α =1.0 (i.e., elastic cases) produced the smallest value 

for risD . Finally, in comparing the three plots in Fig. 8.8, note that in most cases (i.e., except the 

cases with parameter sets of T =1.0, R =5, 10, and α =0.25) the values of risD  are bigger for 

cases with bigger T  at relatively small values of rM , and drop faster to lower values of risD at 

relatively big values of rM . 

 

From Fig. 8.9, it can be noted that, in most cases, the average peak relative displacement of the 

structural fuse frame to the ground (i.e., Drs) first decreases when rM  is relatively low, and then 

increases (even to a rsD  value higher than the corresponding value at rM =1%) when rM  

takes relatively high values. It can also be noted that for a given value of R , rsD  is smaller for 

the cases with bigger values of α . However, for a given value of α , rsD  is bigger for cases 

with bigger values of R . In addition, for the cases with T  (i.e., 0.5 s and 1.0 s) exceeding Ts 

(i.e., 0.4 s) where the equal displacement rule applies per NEHRP 2003, the cases with α =1.0 

(i.e., elastic frame response cases) produced the biggest value for rsD  at relative low values of 

rM , and the cases with T  (i.e., 0.25 s) lower than Ts where the equal energy rule applies per 

NEHRP 2003, the cases with α =1.0 (i.e., elastic cases) produced the smallest value for rsD . 

Finally, in comparing of the three plots in Fig. 8.8, note that, with the increasing of rM , the 

values of rsD  are bigger for cases with bigger T  and go up earlier and faster to higher values 

of rsD . 

 

It can be found from the three plots in Fig. 8.10 that the values of absiA  is a constant (i.e., 

0.154g) which is determined to be a function of the geometry of the working plates and the 

friction effects between the polyurethane balls and the concrete working surfaces and from the 
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edge plates as mentioned in Chapter 7. Note that there are also some cases where absiA  is lower 

than the constant value mentioned above. A closer looking into the data revealed that in these 

cases, the rolling balls did not roll over to the straight parts of the working surfaces of the 

concrete plates. 

 

From Fig. 8.11, note that the average peak absolute acceleration response of the structural fuse 

frame (i.e., abssA ) decreases with increases in rM  It can also be noted that for a given value of 

R , abssA  is bigger for the cases with bigger values of α . However, for a given value of α , 

abssA  is either almost equal or smaller for cases with bigger values of R  (except the cases with 

parameter sets of T = 0.25 s, R =5, 10, and α =0.5. In addition, the cases with value of α  

equal to 1.0 (i.e., elastic frame response cases) give the biggest values for abssA  in each plot of 

Fig. 8.11. Finally, from comparing of the three plots in Fig. 8.11, note that the values of abssA  

are bigger for cases with smaller T . 

 

The minimum friction coefficient for these isolated floor systems using rubber balls can be found 

through the same procedure for those using polyurethane balls described in Section 8.4.1. The 

friction coefficient equation under such cases (as done by Eq. 8.12 for systems using 

polyurethane balls) can be expressed as: 

(8.23) 

From Equation 8.19, the smallest friction coefficient can be found to be 0.105 under the load per 

ball of 677.7 N (152.35 lb) for Isolated Floor System I using rubber balls and was used as the 

friction coefficient to build the model for the selected parametric study here. The analyses 

conducted on combined systems using Isolated Floor System I with rubber balls investigated the 

behavior of this system under different mass ratios mentioned above and the parameter set of 

T =0.5 s, R =5, and α =0.5. The results are shown in the four parts of Fig. 8.12, respectively 

corresponding to the results of risD , rsD , absiA , and abssA . The same trends mentioned above 

can also be observed from these figures. 

18.370.00004 0.0507x
x

μ = + +
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Figure 8.8 Average Peak Relative Displacement Response of Isolated Floor System I to 

Structural Fuse Frame ( risD ): (a) to (c) Respectively Correspond to Cases with T =0.25s, 

0.5 s, and 1.0 s 
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Figure 8.9 Average Peak Relative Displacement Response of Structural Fuse Frame in 

Systems Using Isolated Floor System I ( rsD ): (a) to (c) Respectively Correspond to Cases 

with T =0.25s, 0.5 s, and 1.0 s 
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Figure 8.10 Average Peak Absolute Acceleration Response of Isolated Floor System I ( absiA ): 

(a) to (c) Respectively Correspond to Cases with T =0.25s, 0.5 s, and 1.0 s 
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Figure 8.11 Average Peak Absolute Acceleration Response of Structural Fuse Frame in 

Systems Using Isolated Floor System I ( abssA ): (a) to (c) Respectively Correspond to Cases 

with T =0.25s, 0.5 s, and 1.0 s 
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Figure 8.12 Average Peak Responses of Combined System Using Isolated Floor System I 

with Rubber Balls (T =0.5 s, R =5, and α =0.5): (a) to (d) Respectively Correspond to 

Results of risD , rsD , absiA , and abssA  
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8.5.2.2 Isolated Floor System II 

 

Selected parameter study was then conducted on combined systems using Isolated Floor System 

II to investigate the effect of mass ratio, rM , on the behavior of such combined systems. The 

spring units developed for the load range of 0 psf to 50 psf and the friction effects mentioned in 

Section 8.4.2, together with the selected parameter values described in the early part of this 

section, were also used here. Also, note that in this parametric study, the structural fuse frame 

was kept the same as in Section 8.4.2, and the only model change was for the isolated floor 

system. Here, it was just assumed that the floors of multiple rooms, each of which is the same as 

that used in Section 8.4.2, were isolated corresponding to different mass ratios. For example, for 

rM =0.01, this case corresponds to the case in Section 8.4.2. When rM =0.5, the model just use 

the property for the isolated floor system corresponding the total property for 50 such isolated 

floor systems in Section 8.4.2.  

 

The parametric analysis results are shown in Figs. 8.13 to 8.16, respectively corresponding to the 

results of risD , rsD , absiA , and abssA . In each of these figures, there are also three plots, 

respectively corresponding to cases of T =0.25 s, 0.5 s, and 1.0 s. Observations on the results are 

the same as those for the prior selected parametric study on combined systems using Isolated 

Floor System I with polyurethane balls, with the few differences outlined below: 

1) For risD , the cases with α =1.0 (i.e., elastic frame response cases) produced the biggest 

value for risD  regardless of the values of T ; 

2) The average peak absolute acceleration response (i.e., absiA ) of the isolated floor system 

decrease with the increasing in rM  as shown in Fig. 8.15, which is different than the 

constant value observed for cases using Isolated Floor System I; 

3) Under a given value of R , absiA  is bigger for the cases with bigger values of α , and 

under a given value of α , rsD  is bigger for cases with bigger values of R (except for 

cases with parameter sets of T =0.5 s and 1.0 s, R =5, and 0.25α = ); 

4) In addition, the cases with α =1.0 (i.e., elastic structural fuse frame cases) produced the 
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biggest value for absiA  in each plot of Fig. 8.15; 

5) Finally, through the comparison of the three plots in Fig. 8.8, note that in most cases (i.e., 

except the cases with parameter sets of T =1.0, R =5, 10, and α =0.25) the values of 

absiA  are bigger for cases with bigger T  at relatively small values of rM ; 

 

Since the other trends found here are the same as those observed from the selected parametric 

study on systems using Isolated Floor System I with polyurethane balls in the early stage of 

this section, they are not repeated here. 
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Figure 8.13 Average Peak Relative Displacement Response of Isolated Floor System II to 

Structural Fuse Frame ( risD ): (a) to (c) Respectively Correspond to Cases with T =0.25s, 

0.5 s, and 1.0 s 
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Figure 8.14 Average Peak Relative Displacement Response of Structural Fuse Frame in 

Systems Using Isolated Floor System II ( rsD ): (a) to (c) Respectively Correspond to Cases 

with T =0.25s, 0.5 s, and 1.0 s 
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Figure 8.15 Average Peak Absolute Acceleration Response of Isolated Floor System II 

( absiA ): (a) to (c) Respectively Correspond to Cases with T =0.25s, 0.5 s, and 1.0 s 
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Figure 8.16 Average Peak Absolute Acceleration Response of Structural Fuse Frame in 

Systems Using Isolated Floor System II ( abssA ): (a) to (c) Respectively Correspond to Cases 

with T =0.25s, 0.5 s, and 1.0 s 
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8.5.3 Explanation of the Observed Trends 

 

Through the selected targeted parametric study, some trends were observed in Sections 8.5.2. 

Furthermore, most of the trends, obtained from parametric studies on different systems, are the 

same. Here, some efforts are made to try to explain these trends in physical terms. Given the 

complexity of the nonlinearity in the structural system analysis, it is of interest to first investigate 

the trends in the corresponding elastic systems (i.e., both the isolated floor system and the 

primary SDOF structural fuse frame are assumed to be elastic). The combined system using 

Isolated Floor System I is used to show the corresponding trends under elastic assumptions. 

Mass ratio values of rM =0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 are used. A 

natural vibration period of T=0.5 s is selected for the structural fuse frame. Such analysis follows 

the process for earthquake analysis of linear systems in Chopra (2001) and complete quadratic 

combination (CQC) rule is used. The results are shown in Figs. 8.17 to 8.20, respectively 

corresponding to the results for risD , rsD , absiA , and abssA . Note that in each of these figures, 

the contributions from modes, together with the total combination of the response quantities, are 

illustrated. It can be found that:   

1) As shown in Fig. 8.17, with the increasing values of rM , the contribution from Mode 1 

decreases and the contribution from Mode 2 increases for risD . The total combination of 

risD  decreases along with the increases in rM ;  

2) Fig. 8.18 shows that the contribution from Mode 1 increases and the contribution 

decreases along with the increases of rM . The total combination of rsD  first decreases 

when rM  is relatively low, and then increases when rM  takes relatively high values; 

3) Fig. 8.19 illustrates that for absiA , the contribution from Mode 1 increases and the 

contribution of Mode 2 decreases with the increases of rM . The total combination of 

absiA  decreases along with the increases in rM ; 

4) As shown in Fig. 8.20 with the increases in rM , the contribution from Mode 1 decreases 

and the contribution from Mode 2 increases for abssA . The total combination of abssA  
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Figure 8.17 Analysis Results of Systems Using Isolated Floor System I: risD  

 

 

 

 

 

Figure 8.18 Analysis Results of Systems Using Isolated Floor System I: rsD  

 

 

 

 

 

Figure 8.19 Analysis Results of Systems Using Isolated Floor System I: absiA  

 

 

 

 

 

Figure 8.20 Analysis Results of Systems Using Isolated Floor System I: abssA  



369 
 

These observations agree with the corresponding ones described in Section 8.5.2, except for 

absiA . Along with the increases in rM , the value of absiA  for Isolated Floor System I decreases 

instead of keeping a constant value found in Section 8.5.2. This is because the isolated floor 

system here is assumed to be an elastic system as mentioned at the beginning of this section 

while the property of the isolated floor system I was input as nonlinear behavior in Section 8.5.2.  

 

The above shows the investigation of the behavior of elastic combined system along with the 

increasing values of rM . However, this modal combination approach cannot be directly used for 

the analysis of combined systems with nonlinear behaviors, which may be the topic of the future 

research. The following shows the efforts made to explain the observations in Section 8.5.2 using 

different approaches.      

 

Note that all the results presented in Section 8.5.2 are the average peak response values from the 

nonlinear time history analyses on the corresponding systems using the seven synthetic 

acceleration time histories. The trends found there are from these averaged values. In some 

individual cases, out of the seven cases separately subjected to the seven synthetic accelerograms, 

the behavior of the combined structural system shows a trend which is reverse to the one 

observed from the corresponding averaged value. However, the individual value in the opposite 

direction is so small that it cannot significantly affect the average results which are in the 

direction of most peak response values responding in the same direction.  Also, in some cases, 

the trend observed at large values of rM  is reverse to the one observed at relatively small 

values of rM . This is attributed to the fact that more cases among the seven cases behave in a 

trend which is reverse to the ones observed at relatively small values of rM . It may be because 

the mass ratio affects the response phases of both the isolated floor and the base frame. Here, a 

couple of typical cases are used as examples to show how the phase conditions may induce 

different response trends. The system consisting of Isolated Floor System I using polyurethane 

balls with parameter set of T =0.5 s, R =5, and α =0. 5 is used in this example. The value of 
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rM  was separately taken as 0.01 and 1.0. Figs. 8.21 and 8.22 illustrate the responses of the 

isolated floor riD , the structural fuse frame rsD , and the relative displacement between these 

two risD  for these two cases, respectively. The peak response points for rsD  and riD  are 

identified in these two figures. Note that the two peak values are not reached at the same time. 

The maximum displacement of the structural fuse frame (i.e., rsD ) when subjected to one of the 

artificial seismic motions is 41.5 mm in the case with rM =0.01, and decreases to 28.0 mm in 

the case with rM =1.0.  

 

It can be noted from Fig. 8.21 that before rsD  reaches its peak value, the structural fuse frame 

moves in the positive direction, the isolated floor on top moves in the negative direction and the 

relative displacement between these two is increasing. This motion condition indicates that the 

isolated floor system is trying to stop the motion of the structural fuse frame in the positive 

direction. This corresponds to a trend of decreasing the peak value of rsD  and decreasing the 

peak value of the absolute acceleration of the structural fuse frame accordingly.  

 

Fig. 8.22 illustrates that before rsD  reaches its peak value, both the structural fuse frame and the 

isolated floor on top move in the positive direction, and the relative displacement between these 

two is increasing (i.e., the isolated floor moves faster than the structural fuse frame). This motion 

condition indicates that the isolated floor system is trying to drag the structural fuse frame to 

move more in the positive direction. This corresponds to a trend of increasing the peak value of 

rsD  and increasing the peak value of the absolute acceleration of the structural fuse frame 

accordingly.  

 

To show the phase change of the motion of the structural fuse frame under different rM  in a 

more explicit manner, the comparison of the displacement time history between the two cases 

with rM =0.01 and 1.0 is shown in Fig. 8.23. 
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Figure 8.21 Displacement Responses of System Using Isolated Floor System I: rM =0.01 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.22 Displacement Responses of System Using Isolated Floor System I: rM =1.0 
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Figure 8.23 Comparison of Displacement Responses of Structural Fuse Frame 

 

In addition, the trends observed in Section 8.5.2 can be attributed to the fact that the mass ratio 

introduces changes to the energy flow in the combined system. Here, as an example, the 

hysteretic energy flow history of a combined system consisting of a SDOF structural fuse frame 

and an Isolated Floor System I, using polyurethane balls with a parametric set of T =0.5 s, 

R =10, α =0.5 and under mass ratios of 0.01, and 1.0, is calculated following the definition and 

energy calculation process described in Christopoulos and Filiatrault (2006). Such calculation is 

based on the results from time history analysis using one specific synthetic seismic motion as 

input, where the weight of the isolated floor system was selected to be 1 time and 100 times the 

value of 23 kN (5171 lb), corresponding to cases with rM =0.01 and 1.0, respectively. The 

values of risD , rsD  are, respectively, 95.9 mm and 45.4 mm for the case with rM =0.01, and 

67.2 mm and 35.5 mm for the case with rM =1.0. This indicates that both rsD  and risD  

decrease with the increase in rM  from 0.01 to 1.0. The calculated hysteretic energy history for 

both the isolated floor, _Eh Iso (which is directly related to the relative displacement response 

to the structural fuse frame), and the base frame, _Eh str  (which is directly related to the 
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deformation of the structural fuse frame) are shown respectively as the two parts of Figure 8.24.  

 

Note from Fig. 8.24 that the maximum hysteretic energy of the isolated floor system 

corresponding to the case with 1.0 is equal to 45 times the value for the case with rM =0.01, and 

that the maximum hysteretic energy of the base structural fuse frame corresponding to the case 

with rM =1.0 is 0.91 times the value for case with rM =0.01. 

 

If the response of the isolated floor when rM =1.0 is the same as that when rM =0.01, the 

maximum hysteretic energy of the isolated floor corresponding to rM =1.0 should be 100 times 

of the hysteretic energy in the case when rM =0.01. However, as mentioned above, the actual 

value obtained is only 45 times larger. This may be because the maximum displacement response 

of the isolated floor decreases in the case when rM =1.0, as found from the nonlinear time 

history analysis results. In a similar way, if the response of the structural fuse frame when 

rM =1.0 is the same as that when rM =0.01, the maximum hysteretic energy of the structural 

fuse frame will be equal to that in the case when rM =0.01. However, as mentioned above, the 

maximum hysteretic energy in the case with rM =1.0 is smaller than that when rM =0.01. It 

may be because the maximum relative displacement response, rsD , of the structural fuse frame 

decreases in this case, as observed from the nonlinear time history analysis results. This method 

is called the “energy check method” in this report. As shown above, it can be used to partially 

explain the trends observed from results of nonlinear response history analysis. However, due to 

the complexity of the nonlinearity in the structural system analysis, the complete explanation (in 

physical terms) of all the observations found in Section 8.5.2 goes beyond the scope of the 

current research, and may be the subject of future research.   
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Figure 8.24 Energy Flow Time Histories: (a) and (b) Respectively Correspond to the 

Histories of Hysteretic Energy of the Isolated Floor System and Hysteretic Energy of the 

Structural Fuse Frame 

 

8.6  Observations 

 

This chapter presented the results of parametric studies on combined systems consisting of 

SDOF structural fuse frames and isolated floor systems, subjected to seven synthetic spectra 

compatible acceleration time histories as the ground seismic motions. An initial parametric study 

on combined systems respectively using Isolated Floor Systems I and II together with the 

primary SDOF structural fuse frame was fist conducted. The coupled models and a mass ratio of 

0.01 were adopted. From this initial parametric study, the acceptable range of the three 

parameters defining the structural fuse frame (i.e., T , R , and α ) were found, and based on 

this range, a preferred range (in which most cases satisfying the structural fuse concept fall) for 

the three parameters was also recommended for the design of structural fuse frames, namely: 
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5 R≤ ≤ 10, 0.25 α≤ ≤ 0.5, and no limit is set for T  at this time.  

 

For the cases including Isolated Floor System II, two spring units were developed by separately 

using the lower bound load value of two gravity load ranges: 0 psf to 50 psf, and 25 psf to 50 psf. 

From the comparison of the results from cases with the lower bound load value and upper bound 

load value of each gravity load range, it is found that the acceleration response of the isolated 

floor system from cases under upper bound gravity load is smaller than that obtained from cases 

under the lower bound load condition. However, the displacement response under the upper 

bound gravity load is bigger than that using the lower bound load.  

 

After the initial parametric study, selected targeted parametric studies were conducted. The 

results from the parametric study using uncoupled models and a mass ratio of 0.01 were 

compared with those from the corresponding cases using coupled models. It is observed that the 

results from these two kinds of models under a low mass ratio are almost same, confirming that 

the interaction between the isolated floor system and the primary SDOF structural fuse frame is 

insignificant when the mass ratio is small.  

 

Using the parameter values selected from the preferred range, more parametric studies were 

conducted on systems, respectively using Isolated Floor System I (respectively using 

polyurethane and rubber balls) and II together with the structural fuse frame, to investigate the 

effect of the mass ratios on the response of such combined systems. A number of trends observed 

for the response quantities with respect to the mass ratio and the three parameters defining the 

structural fuse frame. These trends can be used in the design of the combined systems consisting 

of the isolated floor systems and the structural fuse frames which is the topic of Chapter 9.  

 

The trends found for combined systems using Isolated Floor System I are:  

1) For risD , it was found that, with increasing the values of the mass ratio rM , risD  

decreases. Under same value of R , risD  is bigger for the cases with bigger values of α , 
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and under same value of α , risD  is bigger for cases with bigger values of R  in most 

cases. In addition, in most cases, the values of risD  are bigger for cases with bigger T  

at relatively small values of rM , and drop faster to lower values of risD at relatively big 

values of rM ;  

2) For rsD , in most cases, rsD  first decreases when rM  is relatively low, and then 

increases (even to a rsD  value higher than the corresponding value at rM =1%) when 

rM  takes relatively high values. It is also found that for a given value of R , rsD  is 

smaller for the cases with bigger values of α . However, for a given value of α , rsD  is 

bigger for cases with bigger values of R . In addition, with the increase values of rM , 

the values of rsD  are bigger for cases with bigger T  and go up earlier and faster to 

higher values of rsD ;  

3) For absiA , note that the values of absiA  is a constant value as long as the rolling balls run 

into the straight part of the working surfaces of the concrete BNC isolators’ working 

plates, and;  

4) For abssA , note that with the increase in rM , abssA  decreases. Also, for a given value of 

R , abssA  is bigger for the cases with bigger values of α . However, under a given value 

of α , abssA  is either almost equal or smaller for cases with bigger values of R  in most 

cases. In addition, the values of abssA  are found to be bigger for cases with smaller T .  

 

For cases using Isolated Floor System II, most of the observations are the same as mentioned 

above for systems including Isolated Floor System I except for:  

1) The average peak absolute acceleration response (i.e., absiA ) of the isolated floor system 

decrease with the increasing in rM , which is different from the constant value observed 

for cases using Isolated Floor System I; 

2) Under a given value of R , absiA  is bigger for the cases with bigger values of α , and 

under a given value of α , rsD  is bigger for cases with bigger values of R ; 

3) In most cases the values of absiA  are bigger for cases with bigger T  at relatively small 

values of rM . 
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Some efforts were made to explain the trends observed in the parametric studies. Given the 

complexity of the nonlinearity in the structural system analysis, the behavior of the elastic 

systems was first studied using modal the combination method. Same trends in the behavior as 

those from the parametric studies were found except for absiA  because the isolated floor was 

assumed to be an elastic system. For non-linear systems, both phase check and energy check 

methods were used to partially explain the trends observed from the parametric studies; based on 

those approaches, the change in the response quantities along with the change in the mass ratio 

were attributed to the phase change of the motions and the change in the energy flow of the 

systems. However, given the complexity of the nonlinearity in the structural system analysis, a 

complete explanation of all the trends for the response quantities found from the parametric 

studies needs further research.  
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CHAPTER 9 

 

DESIGN METHODOLOGY FOR SYSTEMS CONSISTING OF 

SINGLE-DEGREE-OF-FREEDOM STRUCTURAL FUSE FRAMES 

AND ISOLATED FLOOR SYSTEMS 

 

9.1  Introduction 

 

Chapter 8 highlighted a number of trends in response as a result of parametric studies on the 

combined systems consisting of single-degree-of-freedom (SDOF) structural fuse frames and 

isolated floor systems. This chapter focuses on the development of design concepts for such 

combined systems based on these observed response trends and the findings in other previous 

chapters.  

 

Corresponding to the two methods of modeling used in those parametric studies described n 

Chapter 8, two design procedures are developed in this chapter: a linear static method and a 

nonlinear response history method. Note that these two methods are named based on whether the 

isolated floor system design requires a nonlinear response history analysis. Also note that a 

nonlinear response history analysis is needed for the design of the SDOF structural fuse frame in 

both methods. The systems using Isolated Floor System I and those with Isolated Floor System II 

are separately considered. These two design methods are illustrated through design examples. In 

addition, a comparison is made between the resulting designs obtained from the two methods for 

each kind of isolated floor system. This comparison will show that a design obtained per the 
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linear static method is on the conservative side when the mass ratio (being defined as the mass of 

the isolated floor system divided by that of the SDOF structural fuse frame) is low. The design 

methodology developed in this chapter for combined systems of SDOF structural fuse frames 

and isolated floor systems provides a basis for the development of design concept for systems 

consisting of multi-degree-of-freedom (MDOF) structural fuse frames and isolated floor systems, 

which can be the topic of future research. 

 

9.2  Design Methodology For Systems Consisting of SDOF Structural Fuse Frames and           

Isolated Floor System I 

 

9.2.1 Linear Static Method 

 

The linear static method has been widely used in the design of seismically isolated structure and 

structures with damping systems (NEHRP 2003, Lee et al. 2007). This method is also adopted 

here for the design of the combined systems consisting of SDOF structural fuse frames and 

Isolated Floor System I. Note that this method does not consider the interaction between the 

isolated floor system and the structural fuse frame. So it is suitable for the design case with a low 

mass ratio of the isolated floor system to the structural fuse frame, under which the interaction 

between these two SDOF systems is insignificant as observed in Chapter 8. The flow chart of 

this method is shown in Fig. 9.1. Note that although the design of the isolated floor system does 

not need a nonlinear response history analysis in this method, the design of the SDOF structural 

fuse frame requires a nonlinear response history analysis. The following describes each step of 

this design method in detail. Note that Steps 1 to 12 of the design procedure in Fig. 9.1 and the 

following descriptions regarding these steps are almost the same as those in Vargas and Bruneau 

(2006a) except for the parameters required to define the structural fuse frame and the change of 

orders here for steps 2 and 3 in Vargas and Bruneau (2006a). 
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Step 1. Define the allowable drift as the upper limit of the lateral deformation, aΔ , which is 

usually expressed as a percentage of the story height, H ; 

Step 2. The values of the parameters, α  and R , are selected. From the parametric studies in 

Chapter 8, note that the preferred range of the values for these two parameter is: 

0.25 0.5α≤ ≤ and 5 10R≤ ≤ ; 

Step 3. Determine the elastic period limit, 
LT , corresponding to the drift limit from the target 

design spectrum, using Eq. 9.1 for flexible cases where 
L ST T≥ , and Eq. 9.2 for stiff 

systems where 
LT  < ST . After 

LT  is determined, select the elastic period of the 

frame, T ; 

 

  
2

1

4
L d

D

T S
S
π

=  (9.1) 

 

   

  

2
2 2 16(1 ) ( 1)

2

a
S S

DS
L

RR T R T
S

T

π Δ
− + − +

=  (9.2) 

  

Eqs. 9.1 and 9.2 are derived from the following procedure. As per the provisions in 

NEHRP 2003, in the constant velocity region (i.e., 
ST T≥ ) of the acceleration 

response spectrum, the equal displacement theory applies: the maximum displacement 

of a given nonlinear structure is assumed approximately to be equal to the maximum 

displacement of the corresponding linear elastic structure. Then, the allowable drift 

can be converted to a corresponding period limit by Eq. 9.1 where dS  is the elastic 

spectral displacement equal to the design drift limit. However, for the constant 

acceleration range (i.e., T  < ST ), the equal energy theory is considered. The inelastic 

displacement can be obtained from the spectra displacement by multiplying a factor 

as shown in Eq. 9.3, where dS  is the elastic spectral displacement and aΔ  is the 
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allowable design drift. Then, 
LT  can be back calculated from this equation to get  

Eq. 9.2;  

                     
1 ( 1) S

d
L

a

TS R
T

R

⎡ ⎤
+ −⎢ ⎥

⎣ ⎦Δ =        (9.3) 

Step 4  Given the mass, m , and the response modification factor, R , calculate the required 

yield base shear as:  

  a
y

mSV
R

=  (9.4) 

where, aS  is the spectral acceleration corresponding to the selected structural period, 

T .   

Step 5  Following Eq. 9.5-9.7, calculate the target stiffness for the structure, 1K , the bare 

frame, fK , and the damping system, aK , respectively, 

  
2

1 2

4K m
T
π

=  (9.5) 

  
1fK Kα=  (9.6) 

  1(1 )aK Kα= −  (9.7) 

Step 6. Determine the yield displacement for the damping system, 
yaΔ , and for the bare 

frame, 
yfΔ , respectively, as: 

  
1

y
ya

V
K

Δ =  (9.8) 

  yf yaRΔ = Δ  (9.9) 

Step 7. Calculate the base shear capacity for the frame, 
yfV , and the damping system, 

yaV , 

respectively, as: 

 yf f yfV K= Δ  (9.10) 
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 ya a yaV K= Δ  (9.11) 

Step 8 Design the bare frame and structural fuse elements to match as close as possible to 

the stiffness and the base shear capacity required by Eqs. 9.6, 9.7, 9.10, and 9.11. To 

do this for a pinned-base single-bay, one-story SDOF frame, the lateral stiffness,
fK , 

shear capacity, 
yfV  can be calculated using Eqs. 9.12 and 9.13. The required beam 

plastic modulus, 
BZ , can be obtained from Eq. 9.13 given the story height, H , and 

the frame steel yield stress, 
yfF . Then, it is allowed to select a beam section with a 

plastic modulus as close as possible to this calculated value. From Eq. 9.12, the 

required moment of inertia for the column, 
CI , may be calculated given the story 

height, H , the bay length, L , and the beam moment of inertia, 
BI , corresponding 

to the selected plastic modulus, 
BZ .  

                      
3

12 1

2

C
f

C

B

EIK I LH
I H

⎡ ⎤
⎢ ⎥
⎢ ⎥=
⎢ ⎥+
⎢ ⎥⎣ ⎦

 (9.12) 

 

 

  
2 yf BF Z

Vyf
H

=  (9.13) 

 

 For the selection of the metallic fuse element sizes and properties, a one-bay, 

one-story SDOF frame with a pinned-base and braced with 

buckling-restrained-braces (BRBs), as shown in Fig. 9.2 (from Vargas and Bruneau, 

2006a), is selected as an example here. Then, as shown in Vargas and Bruneau 

(2006a), the metallic damper lateral stiffness, 
aK , base shear capacity, 

yaV , and 

yield deformation, 
yaΔ , can be calculated following Eqs. 9.14 to 9.16. Area of BRBS 

can be determined from Eq. 9.14 for the selection of a plate cross sectional area. The 

required steel yield strength for the braces may be determined by using Eq. 9.15. For 

cases using other metallic energy dissipation devices mentioned, such as triangular 

added damping and stiffness (TADAS) devices and shear plates (SP), the selection of 

metallic damping element sizes and properties should follow the corresponding 
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equations shown in Vargas and Bruneau (2006a);  

    

  
34 ( )b

d
A EK cos
L

θ=  (9.14) 

 

  2 cos( )ya yd bV F A θ=  (9.15) 

  

  22 cos ( )
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F L
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Δ =  (9.16) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.2 Frame and BRB Properties (from Vargas and Bruneau (2006a)) 

 

Step 9.   Recalculate the values for parameters, α , R , and T , from the actual structure 

properties obtained in Step 8. From Chapter 8, the maximum displacement ductility, 

maxμ  is equal to the response modification factor, R , when 
ST T≥ . Then in theory, 

if the R  (i.e., maxμ ) is over the target, the bare frame will yield and the structural 



385 
 

fuse concept will not be valid. For cases with 
ST T< , maxμ  should be calculated 

according to Eq. 8.6;  

Step 10. Evaluate system response by modeling and performing nonlinear response history 

analysis on the designed SDOF structural fuse frame; 

Step 11. Verify that the structural fuse frame response is still satisfactory. If the structural fuse 

concept is not satisfied, a new set of frame and metallic damper properties may be 

chosen to improve the system seismic behavior, and the procedure is repeated from 

Step 9. Alternatively, a sensitivity study as shown in Section 4.4 of Vargas and 

Bruneau (2006a) can be conducted for the design of new systems; 

Step 12. Verify that the new parameters calculated in Step 9 are sufficiently close to the target 

parameters selected at the beginning of the design process. If not, new frame and 

damper properties should be selected to match as close as possible the target 

parameters, and the procedure is repeated from Step 9. Alternatively, in a worse case, 

it may be necessary to change the frame geometry and might even be possible to 

change the system mass, although project constraints make this difficult; 

Step 13. Based on the absolute acceleration response histories at the floor level recorded from 

the nonlinear time history analysis of the designed structural fuse frame in Step 10, 

the acceleration response spectra for the floor level of the SDOF structural fuse frame 

is determined;     

Step 14. Determine the acceleration response limits, LA , for the isolated floor system, and the 

distance between the isolated floor and surrounded walls, LD ; 

Step 15: Determine the allowable displacement for Isolated Floor System I, 1LD . It is equal to 

the displacement capacity of the isolators (but, of course, not bigger than LD ) 

divided by (1+ Rc/Dris), where Rc/Dris is the rotation effect discussed in Chapter 6 for 

Isolated Floor System I (and in Chapter 5 for Isolated Floor System II);  

Step 16.   Make layout of Concrete BNC Isolators and the isolated floor system. Also, select 
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ball type (i.e., polyurethane or rubber balls). For the first trial, the slope of the straight 

part in the working surface of the slope of the concrete BNC isolators may be selected 

as 1:10; 

Step 17.  Check the strength of the isolators and the isolated floor system following the 

procedure in Appendices A and B. If the design based on the layout in Step 16 is not 

satisfied to support the isolated objects, it is necessary to go back to Step 16 and make 

a new layout and new design of the isolated floor system; 

Step 18.  Calculate the self-weight of the designed isolated floor system(s) in Step 16, 2iW , and 

the friction from the edge plates ief . Note that when edge plates with sizes and 

weights different from those used in the characterization tests in Chapters 5 and 6, the 

friction from the edge plates should change accordingly; 

Step 19.  Calculate the lower and upper bounds of total isolated mass, i LM  and iUM , 

respectively, corresponding to the addition of the self-weight of the isolated floor 

system (obtained in Step 18) to the lower and upper bounds of the weight of the 

isolated contents, respectively; 

Step 20.  Calculate the lower and upper bounds of the average load on each rolling ball, i Lw  

and iUw ; 

Step 21.  Determine minimum and maximum total friction coefficient based on procedure 

shown in Section 8.2: minfμ , maxfμ ; 

Step 22.  Verify whether max 0.1f LAμ + > . If yes, it is necessary to try the following methods to 

make max 0.1f LAμ + ≤  . First, note from the characterization tests shown in previous 

chapters that the rubber balls will provide higher friction (inducing higher peak 

acceleration) than polyurethane balls under a given gravity load case. Therefore, if the 

first trial uses rubber balls as the rolling balls and max 0.1f LAμ + > , polyurethane 
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balls may be used alternatively in Step 16. The second method to make the isolated 

floor system satisfy max 0.1f LAμ + ≤  is to increase the number or isolator to reduce 

the average load on each ball corresponding to lower equivalent friction coefficient as 

mentioned in Chapter 7. Also note from the empirical model of the concrete BNC 

isolators shown in Chapter 3 that a smaller slope of the straight part of the working 

surface will generate a smaller peak acceleration response under a given gravity load. 

So the second method to satisfy max 0.1f LAμ + ≤  is to decrease the slope of the 

working surface. Note that if a new slope other than 1:10, Slo , is used, the 

relationship required to be checked in Step 22 should be maxf LSlo Aμ + > ; 

Step 23. Assume the displacement response of the isolated floor system, Δ ; 
 
Step 24. Calculate linear effective properties of the designed isolated floor system(s): 

effK , effβ , and effT  according to Eqs. 9.17 and 9.18, Eq. 9.19, and Eqs. 9.21 and 9.22, 

respectively; 

 

    The behavior of Isolated Floor System I is shown in Fig. 9.3. In this figure, the 

symbols of “Fy” and “Fr” correspond to the yield force of the concrete BNC isolators 

used in Isolated Floor System I and the friction in this system (i.e., sum of the friction 

from the rolling balls and that from the edge plates), respectively. “Δ y” is the 

displacement of the isolated floor when it reaches the transition point between the 

spherical and straight parts of the working surface. “ Δ ” is the maximum 

displacement of the isolated floor system. 
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Figure 9.3 Behavior of Isolated Floor System I 

  

 Similar to expressions in Lee etc. (2007), the effective stiffness, effK , and the 

effective period, effT , are respectively expressed as, 
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Δ
   (when yΔ ≤ Δ )                (9.17)             

                            y r
eff

F F
K

+
=

Δ
   (when yΔ > Δ )                 (9.18)     

                       2 i
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π=    ( iM  is the isolated mass)              (9.19)            

 According to the formula mentioned in Chopra (2001), the equivalent damping ratio, 

effβ , is derived for Isolated Floor System I ,  

                             2

2
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E F
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π π
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= =

Δ
                        (9.20)             

         Substituting Eqs. 9.17 and 9.18, respectively, into Eq. 9.20 gives;  
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   (when yΔ > Δ )                 (9.22)   
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 It can be noted from Eqs. 9.21 and 9.22 that the equivalent damping ratio is related to 

the maximum displacement when yΔ ≤ Δ , and is independent from the displacement 

when yΔ > Δ .                                                

Step 25.  Determine the damping coefficient B  based on the provision in NEHRP 2003 for 

seismic isolated structures or for structures with damping devices; 

Step 26. Divide the spectral acceleration 5%aS  (5% critical damping), which corresponds to 

effT  in the acceleration response spectra obtained in Step 13, by the damping 

coefficient B  found in Step 24; 

Step 27. Calculate 1Δ  using Eq. 9.23: 

                                  
2

5%
1 24

a effS T
Bπ

Δ =                             (9.23) 

Step 28. Check whether 1Δ is close to Δ . If yes, go to next step. If no, go back to step 23 by 

assuming another value for the displacement of the isolated floor system, and repeat 

Steps 24 to 27; 

Step 29.   Check whether Δ> 1LD . If no, the design is finished. And if yes, go to Step 30.  

Step 30.   There are two options when Δ> 1LD  :   

1) Choose new target parameter values for the base structural structure and repeat 

Steps 2 to 29; 

2) Select new LD and/or LA  and repeat Steps 14 to 29. 

         The iteration will not end until Δ≤ 1LD  is satisfied. 

 

Appendix E shows the design examples which follow the design steps of this linear static method. 

The set of the parameters defining the structural fuse frame, 0.25α = , 5R = , and 0.767T s= , 

is first used for the design of a combined system including Isolated Floor System I. After that, 
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new lower acceleration and displacement response limits are set for the isolated floor system and 

a lower allowable displacement is set for the structural fuse frame. To make the combined system 

work, the structural fuse frame is stiffened by using another set of the parameter values, 

0.25α = , 5R = , and 0.386T s= , and the slope of the working surface of the isolators is 

reduced. Also note that the latter design case is also an example where the natural vibration 

period of the structural fuse frame is less than the transition period of the response spectrum (i.e., 

sT ).   

 

9.2.2 Nonlinear Response History Method 

 

Compared to the linear static method where the floor acceleration response spectra and 

equivalent linear properties of the isolated floor system are generated as described in     

Section 9.2.1, the nonlinear response history method, which is the focus of this section, uses 

direct nonlinear analyses using coupled models consisting of both the base SDOF frame and the 

isolated floor system on top. Figure 9.4 illustrates the flow chart of this design method. It can be 

noted that Steps 1 to 12 for the design of the structural fuse frame in the nonlinear response 

history method are all the same as those in the linear static method. Also note that the Steps 13 to 

21 for the design of isolated floor system in the nonlinear response history method are actually 

same as the Steps 14 to 22 in the linear static method only except for the difference in the step 

numbers. These steps have been described in detail in Section 9.2.1. So it is not necessary to 

repeat them here. The following only describes the steps in the nonlinear response history 

method which are different from those in the static linear method. 

 

Step 22.  Model the designed combined systems consisting of the SDOF structural fuse frame 

and the isolated floor system using coupled models and run nonlinear response 

history analysis. Note that the isolated load under which the minfμ  is obtained (in 

order to get the worst displacement response of the isolated floor) and the isolated 
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load corresponding to the upper bound isolated mass iUM  (in order to investigate  

the interaction effect on the structural fuse frame) are separately used as the isolated 

weight for the isolated floor system in the model. Therefore, two nonlinear response 

history analyses need to be conducted by using the above two isolated loads, 

respectively;     

Step 23. Verify that the structural fuse frame response is still satisfactory using the results from 

the nonlinear response history analysis in Step 22. As mentioned in Chapter 8, the 

interaction between the isolated floor system and the structural fuse frame is 

insignificant when the mass ratio takes low values, but can affect the response of the 

structural fuse frame when the mass ratio take relatively high values. If the design 

does not meet the structural fuse concept, choose new target values for the parameters 

defining the structural fuse frame and repeat Steps 2 to 22;   

Step 24. Check whether the relative displacement of the isolated floor system with respect to 

the structural fuse frame, Δ , is bigger than the allowable displacement of the isolated 

floor system, 1LD . If no, the design is finished. And if yes, go to the next step. If yes, 

go to Step 25; 

Step 25.   There are two options when 1LDΔ >  :   

1) Choose new target parameter values for the base structural structure and repeat 

Steps 2 to 24; 

2) Select new LD and/or LA  and repeat Steps 13 to 24. 

         The iteration will not end until 1LDΔ ≤ is satisfied. 

The design examples for the nonlinear response history method are shown in Appendix F. The 

same two sets of parameter values as in Appendix E are used for the SDOF structural fuse frame 

design in Appendix F.  
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9.2.3 Comparison of Designs  

 

In this section, the designs using the linear static method are compared with the corresponding 

ones using the nonlinear response history method. This comparison is shown in Table 9.1. It can 

be noted that the displacement of the structural fuse frame, Umax, are almost same between these 

two design methods because the mass ratio is low and the interaction between the isolated floor 

and the structural fuse is insignificant. It can also be found that the relative displacement of the 

isolated floor with respect to the structural fuse frame, Δ, from the linear static method is bigger 

than that from the nonlinear response history method. This indicates the designs from the linear 

static method are on the conservative side when the mass ratio is low.  Note that such a 

comparison would not be logical is the mass ratio was high, since only the second method is 

reliable and recommended in that case. 

 

Table 9.1 Comparison of Designs_Combined Systems Using Isolated Floor System I  

Example 1*
(2)

Example 2**
(3)

Example 1#

(4)
Example 2##

(5)
Umax 56.9 27.7 56.9 27.9

Δ 170.9 149.9 141.2 102.4

Response
Quantity

(1)

Linear Static Method (mm) Nonlinear Response History  Method (mm)

 
Notes,  
# and *,  The parameters defining the structural fuse frame are: 0.25α = , 5R = , and 0.767T s= ; 

## and **, The parameters defining the structural fuse frame are: 0.25α = , 5R = , and 0.386T s= .   

 

9.3 Design Methodology For Systems Consisting of SDOF Structural Fuse Frames and           

 Isolated Floor System II 
 

9.3.1 Linear Static Method 

 

Similar to the development of the design methodology for combined systems using Isolated 

Floor System I, the linear static method is also developed for the combined system using Isolated 

Floor System II in this section. Fig. 9.5 shows the flow chart of this design method. The 
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comparison between Figs. 9.5 and 9.1 shows that the Steps 1 to 19 in Fig. 9.5 are exactly same as 

the corresponding ones in Fig. 9.1 except for Steps 16. In the meanwhile, it can be found that the 

Steps 22 to 29 in Fig. 9.5 are also exactly same as the Steps 23 to 30 in Fig. 9.1 only except for 

the difference in the step numbers, and for Step 23 in Fig. 9.5. These steps have been described 

in detail in Section 9.2.1. So it is not necessary to repeat them here. The following shows the 

Step 16, Steps 20 and 21, and Step 23 in the linear static design method for combined systems 

using Isolated Floor System II, which are different from the corresponding ones in Fig. 9.1 for 

combined systems using Isolated Floor System I. 

Step 16.   Make layout of spring units and the isolated floor system; 

Step 20.  Determine the spring stiffness by following the procedure described in Section 8.4.2; 

Step 21.  Select the isolated mass, iM , separately as the lower and upper bound, i LM  and 

iUM . It means both the lower and upper bound of the isolated mass will be used for 

checking the requirements defined in the following steps.  

Step 23. Calculate linear effective properties of the designed isolated floor system(s): 

effK , effβ , and effT  according to Eqs. 9.24 to 9.25, Eq. 9.26, and Eqs. 9.27 and 9.28, 

respectively. It can be noted that the expressions of these three terms are different 

than those for Isolated Floor System I because different kinds of isolators are used in 

these two systems. 

 

         The behavior of Isolated Floor System II is shown in Fig. 9.6. In this figure, the 

symbols of “Fy” and “Fr” correspond to the yield force of the spring unties used in 

Isolated Floor System II and the friction in this system (i.e., sum of the friction from 

the casters and that from the edge plates), respectively. “Δ y” is the yield displacement 

of the isolated floor, equal to the yield force of Fy divided by the initial stiffness of the 

spring units K0 . “Fp” is the force contributed from the spring unit at the displacement 

of “Δ ” which is the maximum displacement of the isolated floor system. All other 
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symbols have the same meaning as mentioned in Chapter 7 for the modeling of 

Isolated Floor System II.  

 

Figure 9.6 Behavior of Isolated Floor System II 

  

 Similar to the process in NEHRP 2003 and Lee et al. (2007), the effective stiffness, 

effK , and the effective period, effT , are respectively expressed as, 

                            0 r
eff

K FK Δ +
=

Δ
   (when yΔ ≤ Δ )                (9.24)             

                        
1 0

0

( )y
y r

eff

F
F K F

KK
α+ Δ − +

=
Δ

 (when yΔ > Δ )           (9.25)   

                        2 i
eff

eff

MT
K

π=    ( iM  is the isolated mass)            (9.26)             

 According to the formula mentioned in Chopra (2001), the equivalent damping ratio 

is derived for Isolated Floor System II here, 

 

                 
2

1 0
2

2
4

rD
eff

so eff

F KE
E K

ηαβ
π π

Δ + Δ
= =

Δ
  (when yΔ ≤ Δ )               (9.27)   
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1 0

0 0
2

2 2 ( ) ( )

4

y y
r y y

D
eff

so eff

F F
F F F K

K KE
E K

η η α
β

π π

⎡ ⎤
Δ + Δ + + Δ − Δ −⎢ ⎥

⎣ ⎦= =
Δ

   (when yΔ > Δ )   (9.28)             

 

Note that the effK  in Eqs. 9.27 and 9.28 is expressed by Eqs. 9.24 and 9.25, respectively.  

Appendix G shows the design examples which follow the design steps in this linear static 

method. The set of the parameters defining the structural fuse frame, 0.25α = , 10R = , and 

0.767T s= , is first used for the design of a combined system including Isolated Floor System II. 

After that, new lower acceleration and displacement response limits are set for the isolated floor 

system. To make the combined system work, the structural fuse frame is stiffened by using 

another set of the parameter values, 0.5α = , 5R = , and 0.767T s= .    

 

9.3.2 Nonlinear Response History Method 

 

Similar to the development of the nonlinear response history method developed for combined 

systems using Isolated Floor System I described in Section 9.2.2, this method is also developed 

for the combined systems using Isolated Floor System II. Fig. 9.7 illustrates the flow chart of this 

design method. The comparison between Figs. 9.7 and 9.4 shows that the Steps 1 to 18 in Fig. 

9.7 are exactly same as the corresponding ones in Fig. 9.4 except for Step 15. In the meanwhile, 

it can be found that the Steps 21 to 24 in Fig. 9.7 are also exactly same as the Steps 22 to 25 in 

Fig. 9.4 only except for the difference in the step numbers. These steps have been described in 

detail in Section 9.2.2 and are not repeated here. The following shows the Step 15 and Steps 19 

and 20 in the linear static design method for combined systems using Isolated Floor System II, 

which are different from the corresponding ones in Fig. 9.4 for combined systems using Isolated 

Floor System I. 

 

Step 15.   Make layout of spring units and the isolated floor system; 
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Step 19.  Determine the spring stiffness by following the procedure described in Section 8.4.2; 

Step 20.  Select the isolated mass, iM , separately as the lower and upper bound, i LM  and 

iUM . It means both the lower and upper bound of the isolated mass will be used to 

check the requirements defined in the following steps.  

 

Incidentally, note that because sensitivity analyses presented in previous chapters demonstrated 

the sensitivity of response to the magnitude of the friction coefficient, an additional option to all 

of the above design procedures (i.e., for all the combined systems considered in Sections 9.2.1, 

9.2.2, 9.3.1, and 9.3.2) is possible to consider a lower bound and a upper bound value approach 

to account for possible variation for possible variations in all the friction effects respectively 

used in the design procedure to make the designs more reliable (as typically done in conventional 

base isolation design). 

 

The design examples using this nonlinear response history method are shown in Appendix H. 

The same two sets of the parameter values as in Appendix G are used for the SDO structural fuse 

frame design in Appendix H.  

 

9.3.3 Comparison of Designs  

 

In this section, the designs using the linear static method are compared with the corresponding 

ones using the nonlinear response history method. This comparison is shown in Table 9.2. It can 

be noted here that the displacement of the structural fuse frame, Umax, are almost same between 

these two design methods for the same reason mentioned in Section 9.2.3. It can also be found 

here that the relative displacement of the isolated floor with respect to the structural fuse frame, 

Δ_Lower from the case when the lower bound isolated load is applied and Δ_Upper from the 

case when the upper bound isolated load is applied, from the linear static method is bigger than 

that from the nonlinear response history method. As the observation in Section 9.2.3, this also 



397 
 

indicates the designs from the linear static method are on the conservative side when the mass 

ratio is low.   

 

Table 9.2 Comparison of Designs_Combined Systems Using Isolated Floor System II 

Example 1*
(2)

Example 2**
(3)

Example 1#

(4)
Example 2##

(5)
Umax 63.2 55.4 65.0 56.9

Δ_Lower 137.2 137.2 50.3 104.4

Δ_Upper 203.2 190.5 124.0 143.8

Response
Quantity

(1)

Linear Static Method (mm) Nonlinear Response History  Method (mm)

 
Notes,  
# and *,  The parameters defining the structural fuse frame are: 0.25α = , 10R = , and 0.767T s= ; 

## and **, The parameters defining the structural fuse frame are: 0.5α = , 5R = , and 0.767T s= .   

 

Note here that even though the maximum displacements of the isolated floor systems in all the 

design examples considered in this chapter are satisfactory, it is recognized that in some 

instances (due to specific building properties or particularly severe earthquake demands), 

limiting the maximum displacement responses to tolerable values may be hard (or impossible) to 

achieve. Appendix I provides additional comments on this complex issue. The range of solutions 

that may work and may not work is unknown, and is the subject of future research.   

 

9.4 Observations 

 

This chapter developed the design methodology for the combined systems consisting both SDOF 

structural fuse frames and isolated floor systems. Combined systems using Isolated Floor I and II 

are separately considered. Both the linear static design method and nonlinear response history 

analysis design method are developed for each case. Note that the linear static method is only 

suitable for the design case with a low mass ratio because it does not consider the interaction 

between the two SDOF systems. The design examples show these two design methods work well. 

This confirms that the proposed combined solution of stiffening the primary structure using PED 

devices and isolating the floor of the room(s) to protect the acceleration sensitive components on 
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the room floor(s) of critical facilities is feasible, considering at least two kinds of possible 

isolated floor system. A comparison between the design examples using these two methods is 

made and it is found that the linear static method is on the conservative side for the design of the 

combined systems when the mass ratio is low. These design methods provide an important basis 

for the development of the design concepts for the combined systems consisting 

multi-degree-of-freedom (MDOF) structural fuse frames and isolated floor systems which can be 

the topic of further research.  
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     Figure 9.1 Procedure of Linear Static Design Method: Isolated Floor System I (Contd.)                                                 

Define Isolated Floor System(s) Geometry: Li, Wi; Lower and 
Upper Bounds of Weight of Isolated Contents: 1i LW , 1i UW  

Step 14: Determine Acceleration Limit of Isolated Floor 
System(s)

LA ; and Distance between Isolated Floor and Walls:, LD  

Step 16: Choose Slo  and Make Layout of Concrete BNC 
Isolators and System, and Select Ball Type 

Step 17: Capacity > 
Demand 

Step 15: Determine Allowable Displacement 
for Isolated Floor System: 1LD  

Step 18: Calculate Self-weight of Designed Isolated Floor 
System(s): 2iW ; and Friction from Edge Plates: ief  

Step 19: Calculate Lower and Upper Bounds 
of Total Isolated Weight: i LW , iUW  

Step 20: Calculate Lower and Upper Bounds of 
Average Load on Each Rolling Ball: i Lw , iUw  

Step 21: Determine Minimum and Maximum Total Friction 
Coefficient: minfμ , maxfμ  

A 

Step 22:  
maxf LSlo Aμ + >

B 
Choose Smaller Slo  or 

Increase Number of Isolators or 
Change Ball Type or Combined 

C 
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Figure 9.4 Procedure of Nonlinear Response History Design Method: Isolated Floor System I

Step 1: Establish allowable story drift: 
aΔ  

Step 2: Select Target Parameters: 
New: α , R ; Retrofit: R  

New: Define Frame Properties: H , L , m , yfF  
Retrofit: Given Frame Properties: H , L , BI , 

BZ , 
BI , 

CI , m , yfF  

Define Site Properties: 
DSS , 

1DS , 
sT  

Step 3: Determine Elastic Limit Period 
(

LT ) and Select Elastic Period (T ) 

Step 4: New: Calculate Required Yield Shea: 
yV ; Retrofit: Calculate 

Required Yield Shear: 
yV  

Step 5: Determine Required Stiffness and Parameters: 
New: 

1K , 
fK , 

aK ; Retrofit: 
1K , 

fK , α  

Step 6: Determine Yield Displacement: 
New: 

yaΔ , 
yfΔ ; Retrofit: 

yaΔ  

Step 7: Calculate Required Shear Capacity: 
New: 

yfV , 
yaV ; Retrofit: 

pV , 
ydV  

Step 8: Select Frame and Damper Sections:  
New: 

BI , 
BZ , 

CI , 
ydF  damper properties; Retrofit: 

ydF , damper properties 

Start 

Step10: Evaluate System Response: 
fμ , maxu  

Step 11:  
fμ >1 or max au > Δ  

Sensitivity 
Analysis 

Step 9: Recalculate 
Parameters: α , R , T  

Sensitivity 
Analysis 

Choose New Frame 
and Damper Properties 

Step 12: 
Frame Parameters 
Close to Targets 

A 

Step 22: Model Coupled System and 
Run Nonlinear Time-history Analysis 

Choose 
New 

Target 
Parameter 

Values End 

Step 25: 
New LD and/or LA  C 

B 

Step 23: fμ >1 or 
max au > Δ  

Step 24: 
1LDΔ >  
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Figure 9.4 Procedure of Nonlinear Response History Design Method: Isolated Floor System I (Contd.) 

Define Isolated Floor System(s) Geometry: Li, Wi; Lower and 
Upper Bounds of Weight of Isolated Contents: 1i LW , 1i UW  

Step 13: Determine Acceleration Limit of Isolated Floor 
System(s)

LA ; and Distance between Isolated Floor and Walls:, LD  

Step 15: Choose Slo  and Make Layout 
of Concrete BNC Isolators  

Step 16: Capacity > 
Demand 

Step 14: Determine Allowable Displacement 
for Isolated Floor System: 1LD  

Step 17: Calculate Self-weight of Designed Isolated Floor 
System(s): 2iW ; and Friction from Edge Plates: ief  

Step 18: Calculate Lower and Upper Bounds 
of Total Isolated Weight: i LW , iUW  

Step 19: Calculate Lower and Upper Bounds of 
Average Load on Each Rolling Ball: i Lw , iUw  

Step 20: Determine Minimum and Maximum Total Friction 
Coefficient: minfμ , maxfμ  

A 

Step 21:  
max LSlo Aμ + >

B 
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Change Ball Type or Combined 
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Figure 9.5 Procedure of Linear Static Design Method: Isolated Floor System II

Step 1: Establish allowable story drift: 
aΔ  

Step 2: Select Target Parameters: 
New Retrofit: α , R ; Retrofit: R  

New: Define Frame Properties: H , L , m , yfF  
Retrofit: Given Frame Properties: H , L , BI , 

BZ , 
BI , 

CI , m , yfF  

Define Site Properties: 
DSS , 

1DS , 
sT  

Step 3: Determine Elastic Limit Period 
(

LT ) and Select Elastic Period (T ) 

Step 4: New: Calculate Required Yield Shea: 
yV ; Retrofit: Calculate 

Required Yield Shear: 
yV  

Step 5: Determine Required Stiffness and Parameters: 
New: 

1K , 
fK , 

aK ; Retrofit: 
1K , 

fK , α  

Step 6: Determine Yield Displacement: 
New: 

yaΔ , 
yfΔ ; Retrofit: 

yaΔ  

Step 7: Calculate Required Shear Capacity: 
New: 

yfV , 
yaV ; Retrofit: 

pV , 
ydV  

Step 8: Select Frame and Damper Sections:  
New: 

BI , 
BZ , 

CI , 
ydF  damper properties; Retrofit: 

ydF , damper properties 

Start 

Step10: Evaluate System Response: 
fμ , R  

Step 11:       

fμ >1 or max au > Δ  

Sensitivity 
Analysis 

Step 9: Recalculate 
Parameters: α , R , T  

Sensitivity 
Analysis 

Choose New Frame 
and Damper Properties 

Step 12: 
Frame Parameters 
Close to Targets 

Step 13: 
Determine Acceleration Response 

Spectra of Frame Floor 

A 

Step 27: 
1Δ Close toΔ  

Step 26: Calculate 1Δ  Based 
on Floor Spectra and effT  

Step 22: 
Assume Design Displacement: Δ  

Step 23: 
Calculate Effective Properties of Isolated 

Floor System(s): effK , effβ , and effT  

Step 24: 
Determine B  

Step 25: 
Modify Spectral Acceleration 

Step 28: 

Δ> 1LD  
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New 

Target  
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End 

Step 29: 
New LD and/or LA  
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B 



404 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                                N 
 
 

                                        Y 
 
 
 
 
 
 
 
 
 
 
 
 
 

                         
 
                                                                

 
  Figure 9.5 Procedure of Linear Static Design Method: Isolated Floor System II (Contd.)                                                 

Define Isolated Floor System(s) Geometry: Li, Wi; Lower and Upper 
Bounds of Weight of Isolated Contents: 1i LW , 1i UW  

Step 14: Determine Acceleration Limit of Isolated Floor 
System(s)
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Step 15: Determine Allowable Displacement 
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2iW ; and Friction from Edge Plates: ief  
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of Total Isolated Weight: i LW , iUW  

Step 20: Determine Spring Stiffness Based on Physical Model,
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as iM  in series 
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Figure 9.7 Procedure of Nonlinear Response History Design Method: Isolated Floor System II

Step 1: Establish allowable story drift: 
aΔ  

Step 2: Select Target Parameters: 
New Retrofit: α , R ; Retrofit: R  
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BI , 

CI , m , yfF  

Define Site Properties: 
DSS , 

1DS , 
sT  

Step 3: Determine Elastic Limit Period 
(

LT ) and Select Elastic Period (T ) 

Step 4: New: Calculate Required Yield Shear: 
yV ; Retrofit: Calculate 

Required Yield Shear: 
yV  

Step 5: Determine Required Stiffness and Parameters: 
New: 

1K , 
fK , 

aK ; Retrofit: 
1K , 

fK , α  

Step 6: Determine Yield Displacement: 
New: 

yaΔ , 
yfΔ ; Retrofit: 

yaΔ  
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yfV , 
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ydV  
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Figure 9.7 Procedure of Nonlinear Response History Design Method: Isolated Floor System II (Contd.)                                                 

Define Isolated Floor System(s) Geometry: Li, Wi; Lower and 
Upper Bounds of Weight of Isolated Contents: 1i LW , 1i UW  

Step 13: Determine Acceleration Limit of Isolated Floor 
System(s)
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Step 16: Capacity > 
Demand 

Step 14: Determine Allowable Displacement 
for Isolated Floor System: 1LD  
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CHAPTER 10 

 

CONCLUSIONS AND FUTURE RESEARCH 

 
General design procedures implementing the structural fuse concept were developed by various 

researchers. In their study, passive energy dissipation (PED) devices (such as BRBs and other 

hysteretic devices) have been used to stiffen the structures and act as “structural fuses”. While 

this concept reduces the displacement responses of the building during seismic events, studies 

also show that it can result in an increase in the floor acceleration response in most cases. To 

protect acceleration sensitive devices in buildings that would have a structural fuse frame system 

(which would be important in some mission critical facilities, such as hospitals), a combined 

concept of stiffening the structures by using special cases of PED devices and isolating the floors 

supporting such acceleration sensitive devices has been proposed herein. Two kinds of isolated 

floor systems were studied here.  Both experimental and analytical studies were conducted for 

each type of isolated floor considered, from single isolators to complete isolated floor systems.  

 

Isolated Floor System I used a special kind of concrete ball-in-cone (BNC) isolators. Rubber and 

polyurethane spherical solid balls, instead of steel balls, were respectively used as the rolling 

balls between the top and bottom concrete bearing plates of these BNC isolators. A multi-

directional spring unit was used as isolators in Isolated Floor System II.  

 

The test results show that: 

• The design of both isolated floor systems is feasible for a broad range of design load 

cases; 

• The mechanical behaviors of the single isolator and of the complete isolated floor 

systems are stable;  
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• The maximum acceleration response of the isolated components is a constant value for 

Isolated floor system I. After a specific initial displacement, the maximum acceleration 

response of the isolated components also reaches a plateau for Isolated Floor System II; 

• The equivalent friction coefficient, accounting for the rolling friction between the rolling 

balls and the working surface of the concrete BNC isolator, rises with increases in the 

magnitude of the isolated loads; 

• The rolling friction from the casters in Isolated Floor System II has been estimated and 

should be included in the design of Isolated Floor System II;  

• The friction from the steel edge plates in both isolated floor systems has been observed 

and should be considered in the design of  these isolated floor systems; 

• The rotation effect of the isolated top part of the isolated floor systems has been 

estimated in both systems and should be considered in the design of these isolated floor 

systems; 

• The walking surface of Isolated Floor System II should be smooth enough to prevent the 

impact between the edge plates and the tilt edges. 

 

Based on the experimentally obtained mechanical behavior and the models (empirical or physical) 

respectively developed for the two kinds of isolation bearings used in the two isolated floor 

systems, both coupled and uncoupled models were built in computer programs to model the 

combined systems consisting of a base SDOF structural fuse structures and the two kinds of 

isolated floor systems, respectively. A three-parameter system was used for the design of the 

SDOF structural fuse frame. Through an initial parametric study, a preferred range of these 

parameter values (i.e., 0.25 0.5α≤ ≤ and max5 10μ≤ ≤ ) was recommended. It is found from 

selected targeted parametric studies that the interaction between the isolated floor system and the 

structural fuse frame is insignificant when the mass ratio is low and will affect the responses of 

both systems when the mass ratio is high. A number of trends in the behavior of the combined 

systems are observed with respect to the primary parameters defining the structural fuse frame 

and the mass ratio between the isolated floor system and the SDOF structural fuse frame. These 

trends act as a basis for the development of combined design concepts. A large number of 

parametric studies were conducted. 
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Finally, combined design concepts were developed for each kind of isolated floor system, 

including the designs of both the base SDOF structural fuse structures and the isolated floor 

systems on top. Both linear static and nonlinear response history design methods were developed 

for each case. Both methods were found to work well, as shown through design examples. The 

linear static design method, which only applies when the mass ratio of the isolated floor to the 

SDOF structural fuse is low, is found to give results on the conservative side. These methods can 

be used for the integrated design of isolated floor systems in SDOF frames having structural 

fuses.  

 

Based on all the findings in this report, further future research is recommended to:  

• Investigate the rolling friction between balls (rubber/polyurethane) and their rolling 

surface (i.e., concrete in the case of the concrete BNC isolator), and develop mechanistic-

based models of that phenomenon; 

• Investigate the long-term performance and maintenance of the isolated floor systems; 

• Explain in physical terms all the observations made from the parametric studies in this 

report, by expanding the scope of the parametric studies and simultaneously investigating 

the fundamental dynamic and seismic behavior of the coupled nonlinear systems ; 

• Develop a simple method (or methods) to directly generate the floor response spectrum 

under any given nonlinearity the SDOF structural fuse structure, the isolated floor 

systems, and the interaction between these two systems; 

• Expand the integrated design methodology proposed here to systems consisting of 

MDOF structural fuse frame and isolated floor systems; 

• Parametric studies on the design procedures by using different seismic inputs to find out 

the range of solutions that generate satisfactory displacement responses for the isolated 

floor systems; 

• Create a simple method (or methods) to directly generate the floor response spectrum 

under any given nonlinearity in both the MDOF structural fuse structure, the isolated 

floor systems, and the interaction between these two systems; 

• Introduce new base isolation devices to also isolate nonstructural components from 

vertical motions (in addition to horizontal motions). 
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