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ABSTRACT 

This dissertation describes the analytical research as part of a comprehensive 

research program to develop a new floor anchorage system for seismic resistant design, 

termed the Inertial Force-limiting Floor Anchorage System (IFAS).  

The IFAS intends to reduce damage in seismic resistant building structures by 

limiting the inertial force that develops in the building during earthquakes. The 

development of the IFAS is being conducted through a large research project involving 

both experimental and analytical research. This dissertation work focuses on analytical 

component of this research, which involves stand-alone computational simulation as well 

as analytical simulation in support of the experimental research (structural and shake table 

testing).  

The analytical research covered in this dissertation includes four major parts:  

(1) Examination of the fundamental dynamic behavior of structures possessing the 

IFAS (termed herein IFAS structures) by evaluation of simple two-degree of freedom 

systems (2DOF). The 2DOF system is based on a prototype structure, and simplified to 

represent only its fundamental mode response. Equations of motions are derived for the 

2DOF system and used to find the optimum design space of the 2DOF system. The 

optimum design space is validated by transient analysis using earthquakes.  

(2) Evaluation of the effectiveness of IFAS designs for different design parameters 

through earthquake simulations of two-dimensional (2D) nonlinear numerical models of 

an evaluation structure. The models are based on a IFAS prototype developed by a fellow 

researcher on the project at Lehigh University. 
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(3) Development and calibration of three-dimensional nonlinear numerical models 

of the shake table test specimen used in the experimental research. This model was used 

for predicting and designing the shake table testing program.  

(4) Analytical parameter studies of the calibrated shake table test model. These 

studies include: relating the shake table test performance to the previous evaluation 

structure analytical response, performing extended parametric analyses, and investigating 

and explaining certain unexpected shake table test responses.   

This dissertation describes the concept and scope of the analytical research, the 

analytical results, the conclusions, and suggests future work. The conclusions include 

analytical results that verify the IFAS effectiveness, show the potential of the IFAS in 

reducing building seismic demands, and provide an optimum design space of the IFAS.  
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1. INTRODUCTION  

In current earthquake engineering, seismic-resistant structures are designed to 

dissipate earthquake energy through yielding of their structural elements. Thus, structures 

are intended to incur damage during strong earthquakes. This damage may be direct 

yielding, but can also be accompanied by local buckling and low cycle fatigue fracture for 

steel members and cracking crushing and spalling of concrete members. The design 

objective of seismic codes to date has been to prevent collapse of the structure, therefore 

ensuring its occupants survive the event. If possible, the damage can be repaired afterward 

(yellow tag) though in severe cases, the building will have to be demolished (red tag). 

Further, nonstructural components (cladding, glazing, partitions, ceilings, etc.) can also 

incur damage that can be more costly than structural damage. The level of damage to both 

the structural and nonstructural components is typically closely correlated to the level of 

lateral deformation (drift) in the structure. Finally, building contents and equipment can be 

damaged or lose functionality due to high floor accelerations.   

Thus, a well-designed structure may survive the earthquake, but severe damage can 

make it costly to repair or even not worth it to repair. The temporary closure of building 

service may also cause economic loss and business downtime. In recent decades, the 

concept of performance-based seismic design has taken hold. In this approach, a level of 

desired performance is related to different earthquake intensities, with more critical 

structures tending toward immediate operability. One promising trend in this regard is the 

recent development of low-damage systems. These structural systems attempt to eliminate 

or minimize the damage in structures during earthquakes.  
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Traditional building structures consist of a gravity load resisting system (GLRS) 

and a lateral force resisting system (LFRS). The GLRS, which comprises most of the 

structure, is the portion of the structure (gravity system columns and the floor system)  that 

carries the gravity load (dead and live loads) to the foundation. The LFRS, usually a limited 

number of specially placed elements (e.g. shear walls, braced frames, moment frames, etc.), 

is used to resist lateral forces such as wind or earthquakes. In essence, the LFRS provides 

the lateral stability to the GLRS. These systems are connected by the floor diaphragm 

anchorage (e.g. dowel bars extending from shear walls, studs extending from a braced 

frame beam, etc.), which is essentially a rigid connection. When earthquakes occur, the 

majority of the inertial force is generated within the GLRS (through the large mass of the 

floor system) and must be transferred to the LFRS.  

The new low-damage system being developed in this research, the Inertial Force-

limiting Floor Anchorage System (IFAS), has the potential to reduce both the structural 

and nonstructural component damage in earthquakes by partially isolating the large floor 

mass through a deformable diaphragm connection between the GLRS and the LFRS. This 

Ph.D. dissertation focuses on the analytical research related to the development of the IFAS.  

1.1 IFAS Concept 

The IFAS is proposed as a response-limiting system for building structures to 

minimize the earthquake damage. The IFAS reduces seismic response by partially 

uncoupling the GLRS and LFRS response, therefore partially isolating the floor mass. This 

objective is achieved by providing a deformable (ductile) connection between the floor 

system and the primary vertical plane elements of the LFRS (e.g. shear walls or braced 

frames). This deformable diaphragm connection possesses a predefined strength. At 



36 

 

diaphragm force levels below this strength, for instance daily wind events or small 

earthquakes, the floor anchorage is essentially rigid, and thus the building responds like a 

traditional structure (See Fig. 1-1a). However, when the diaphragm force reaches the IFAS 

strength, as will occur in a strong earthquake, the floor anchorage deforms, transforming 

the diaphragm seismic demands into relative horizontal displacement between the GLRS 

and LFRS, therefore limiting the seismic forces transferred to the LFRS (See Fig. 1-1b). 

This action will reduce LFRS drift demands and floor accelerations in comparison to 

traditional building structures, therefore mitigating both structural and nonstructural 

component damage. Elastic restoring elements, stabilizing elements, and if needed, re-

centering elements to eliminate residual displacements in the floor system, complete the 

IFAS. 

 
Fig. 1-1.Structure deformation under lateral forces: (a) without slip; (b) with slip. 

The idea of partially uncoupling the GLRS is attractive since most of the structureôs 

mass originates in the GLRS. Thus by limiting the force transfer, the IFAS has the potential 

to limit diaphragm inertial forces, therefore lowering floor accelerations and reducing 

LFRS seismic demands as mentioned previously. This condition will result in less damage 
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to the structure, non-structural elements and building contents, and prevents failure of the 

floor diaphragm itself.  

The concept of decoupling the building mass from the LFRS was originally 

proposed by [1]. In this work, a smart frame was developed for uncoupling the GLRS and 

LFRS [1]. The smart frame involves spring and viscous damper placed between the GLRS 

and LFRS (See Fig. 1-2a), and isolators under each GLRS column so that the period of the 

structure lengthens toward lower earthquake demand.  

A similar floor decoupling concept to the IFAS was pilot tested in [2]. In this work, 

a small scale shake table test on two six-story building specimens (See Fig. 1-2b) was 

conducted [2]. One specimen represented a traditional building with a rigidly connected 

slab; the other utilized hysteretic energy dissipation connections (triangular-plate added 

damping and stiffness elements or TADAS) between the slabs and the LFRS. The response 

comparison indicated that the use of the energy dissipation connection reduced the 

displacement and acceleration with respect to the specimen using the traditional rigid 

connection, but also had higher residual deformation.  

 
Fig. 1-2. Early IFAS Concepts:  (a) smart frame [1]; (b) shake table test specimen [2]. 

 

TADAS
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A tradeoff exists for the IFAS in that as inertial forces and floor accelerations are 

lowered, the magnitude of the relative displacement between the floors and LFRS increases. 

Thus, an optimum IFAS strength must be identified that lowers seismic demand, yet limits 

the relative floor displacement within an acceptable range with respect to architectural 

requirements. Further, for very low IFAS strengths, the lateral drifts of the gravity system 

columns may also become too large. The GLRS column lateral drifts must be limited to 

assure a stable structure [3]. 

A key design parameter is the ñcut-offò strength of the IFAS. A dimensionless 

parameter a is used to express the relative strength of the IFAS to current code diaphragm 

design force Fpx [4, 5], defined as Ŭ = S Fy / Fpx, where the summation occurs for all LFRS 

connections acting in the direction of Fpx (i.e. NS or EW directoin). Note that since the 

diaphragm anchorage is part of the collector system, the system overstrength factor ɋo is 

applied (in addition to the shear strength reduction factor )ʟ in the design [4, 5]. This leads 

to a current code nominal strength a value not of unity, but instead Ŭ = ɋo /  ʟ(typically 

~3.33).  Fig. 1-3 shows the general structure response trends at different IFAS strength.  

 
Fig. 1-3. Anticipated benefits and tradeoffs in response at different IFAS strength. 
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1.2 Overall Research Program to Develop the IFAS 

The IFAS is being developed through a large multi-university research program 

with significant design consultant input [6]. The research program includes both analytical 

and experimental research. Pertinent details of the research program are described in 

Section 1.4. However, for context, the main points of the research program are summarized 

below: 

The analytical research (this dissertation) involves five main activities: (1) 

developing numerical models of IFAS buildings; (2) performing parametric studies to 

examine the potential effectiveness and to determine a preliminary IFAS design space; (3) 

performing numerical predictions of the tests to support the experimental program; (4) 

updating and calibration of numerical models using the test data; and, (5) conducting 

parameter studies with the calibrated model to determine final design recommendations. 

The experimental research involves two primary testing programs:  

(1) Real-time dynamic tests on a full-scale specimen representing the IFAS and 

surrounding floor region to one wall on one floor of a reinforced concrete structure (See 

Fig. 1-4a). The objective of this test program was to: (a) determine the characteristics of 

the IFAS prototype (See Section 1.3); and, (b) examine constructability and performance 

aspects. The specimen was subjected to different excitation, including sinusoidal and 

predefined displacement histories [13]. 

(2) A shake table test of a half-scale four-story reinforced concrete structure (See 

Fig. 1-4b). The objective of this test program was to: (1) demonstrate the IFAS prototype 

in a structure subjected to earthquake excitations; (2) directly compare the IFAS structure 

to a traditional structure; and, (3) validate the numerical models of the shake table test 
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specimen. The test specimen, which was converted between an IFAS and traditional 

structure, possessed an eccentric layout in order to examine IFAS response to structure 

twist in plan. The test specimen was subjected to multiple strong motions. 

 
Fig. 1-4. Photos of test specimens: (a) full-scale sub-structure; (b) half-scale shake table 

test specimen. 

Additionally, component testing was performed on a bumper element that serves as 

a key device in the IFAS prototype (described in Section 1.3). The bumper was originally 

tested under quasi-static loading rates to determine hysteretic properties for 

implementation into numerical models.  Later, dynamic tests of the bumper were conducted 

to determine its force-deformation behavior under high loading rate.  

1.3 IFAS Prototype Development 

A key deliverable from the first phase of the research program was the development 

of an IFAS prototype for use in the shake table test. The IFAS prototype is composed of 

state-of-the-art devices to achieve the needed behavior: (1) predefined and controllable 

strength; (2) efficient energy dissipation; (3) elastic restoring/centering; (4) LFRS 

stabilization (described subsequently), and (5) relative displacement limiting. 
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The first step in developing the IFAS prototype was to evaluate different energy 

dissipation devices for suitability. Candidate devices included metallic dampers [11], 

viscous dampers [12], friction dampers (termed FD in this dissertation) [13], and buckling 

restrained braces (BRB), normally used as diagonal braces in braced frames [14, 15]. Of 

these, the FD and BRB were selected for the IFAS prototype due to their superior energy 

dissipation capabilities, large deformation capacity, high initial stiffness and well-defined 

and repeatable strength [16].The device selected for elastic restoring and LFRS 

stabilization is a rubber bearing (RB) typically used on  bridges. Each RB consists of a 

laminated rubber pad bonded between steel plates. The laminated rubber pad consists of 

rubber layers laminated to steel shim plates, which reinforce the rubber for stability [13].  

In the development of the concept, more aggressive designs (lower IFAS strength) 

to minimize response in the design basis earthquake (DBE) were found to be possible if 

the resulting large relative displacement in the maximum considered earthquake (MCE) 

could somehow be limited [3, 7, 8]. A special bumper device was introduced for limiting 

relative displacement. The bumper also serves to reduce impact force between the floor 

and the LFRS (e.g. wall) when the floors undergo excessive relative displacement. Fig. 

1-5a-d shows the individual devices that comprise the final IFAS prototype. 

 
Fig. 1-5. IFAS devices: (a) BRB; (b) FD; (c) RB; (d) bumper. 

Fig. 1-6a,b show an elevation and plan view of the IFAS prototype in a structure. 

The deformable connection (FD or BRB) connects between the vertical LFRS element (a 
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shear wall in this case) and the floor. The connection is installed underneath the floor slab 

(in the ceiling space) and connected to one end of the wall (See Fig. 1-6a). In order to 

accommodate the relative displacement between the LFRS and GLRS, a moat is required 

(See Fig. 1-6b). The moat creates an unbraced LFRS element (wall) that will not be stable 

out of plane. Thus, the RB is placed between the wall and slab within the moat at each floor 

level to ensure wall stability (See Fig. 1-6b). In addition, the RB provides an elastic 

restoring force to the floor system to assist in re-centering after an earthquake. Bumpers 

are installed on the slab within the moat at each end of the wall (See Fig. 1-6). A gap is 

provided between the bumper and the wall corresponding to the maximum allowable 

relative displacement between the wall and floor.  

 
Fig. 1-6. IFAS Prototype System: (a) elevation view; (b) plan view. 

1.4 Scope of Dissertation Research 

The dissertation focuses on analytical research supporting the development of the 

IFAS concept toward an effective IFAS prototype. This analytical research includes: 

(1) An examination of the fundamental behavior of the IFAS structure through 

classical dynamic analysis of two-degree of freedom (2DOF) systems; 

(2) Parametric studies to determine the influence of design parameters on IFAS 

performance. The studies were performed as earthquake simulations of two-dimensional 
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(2D) nonlinear numerical models of an evaluation structure. The parameters varied 

included IFAS strength, stiffness, and structure properties (building height, LFRS 

overstrength, LFRS type, etc.). Additionally, the kinematics of the IFAS response was 

studied (moats vs. ledges, bumper gap magnitude, etc.).  

 (3) Development of three-dimensional (3D) nonlinear numerical models of the 

shake table test specimen tested in the project. These models were used for predicting the 

response of the specimen in the shake table test program. These predictions assisted in 

design on the specimen, both for structural elements and the IFAS, as well as selecting the 

appropriate ground motion records for the test program. The simulations of the shake table 

test also assisted in determining where to position instrumentation on the specimen and to 

ensure safe construction of the specimen.    

(4) Calibration of the 3D model using the shake table test results. Models were first 

updated for actual material and device properties. Validation of the model is crucial for 

IFAS development by making possible extensive analytical research with high fidelity 

models. Such analytical research can cover a wider ranges of design parameters than is 

possible with physical experiments, and provide these results with a high level of 

confidence. The updated model was subjected to a sequential analysis that follows the test 

program to examine the ability of the model to capture cumulative damage during the 

testing. Model calibration involved adjusting strength and stiffness parameters in the 

analytical models to match experimental results during different stages of the shake table 

test sequence. A calibrated model that can successfully match a point in the test sequence 

will provide more effective comparisons to a pristine model rather than performing 

sequential runs. Once the 3D model is validated, the responses between the 3D and 2D 
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model can be compared. This comparison can be used to show the the level of difference 

between the 2D and 3D model.   

 Further, future analytical work can be imagined. The 2D and/or 3D models can be 

extended to apply to a range of IFAS building structures, including different structural 

systems. Thus, a parametric study investigating the IFAS design space for different types 

of structural systems can be performed. Other aspects of earthquake response that may 

influence IFAS performance can be considered, including different structure layouts and 

earthquake loading, different IFAS strength distributions, different mass distributions 

between the LFRS and GLRS, and different interface conditions. 

1.5 Dissertation Research Unique Intellectual Contribution  

The unique intellectual contribution of this dissertation research are related to the 

development of an innovative seismic response reduction system, the IFAS. These 

contributions include: (1) The development and analysis of simple models to provide the 

fundamental behavior of structures with the IFAS; (2) extensive parameter studies to 

determine the effect of key design parameters and to identify the optimum design space for 

the IFAS; (3) the development, updating, calibration and evaluation of 3D structure models 

to examine the response of the IFAS structure. These accomplishments will lead to design 

guidelines for the IFAS. 

1.6 Organization of Dissertation  

The dissertation is organized as follows:  

Chapter 2: Background on low-damage systems and diaphragm design 

Chapter 3: IFAS: 2DOF System Investigation 
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Chapter 4: IFAS: 2D Evaluation Structure Models 

Chapter 5: IFAS: 3D Model Development and Calibration 

Chapter 6: IFAS: Calibrated 3D Model Analyses  

Chapter 7: Bumper Impact Testing  

Chapter 8: Conclusions and Suggested Future Work 

Note that results from each stage of the work described in Chapters 3-7 are shown 

in that section. Some of the related background information (derivation of equations, 

description of the methods, etc.) is provided in Appendices at the end of this dissertation. 

The status (progress, future work and deliverables) of each of these dissertation research 

topics is summarized in Table 1-1. 

Table 1-1. Dissertation work summary. 

Research 

Focus 

Chapters in 

Dissertation 
Status Description 

Fundamental 

Behavior of 

Structures 

with IFAS 

 

 

3 

Activities 

¶ Creation of simple 2DOF systems  

¶ Derivation of dynamic equations for the elastic 2DOF 

system 

¶ Harmonic analysis of the elastic 2DOF system model 

¶ Single-objective and multi-objective design 

optimization of the elastic 2DOF system 

¶ Align nonlinear 2DOF systems to seismic design code 

parameters 

¶ Nonlinear time history analyses of nonlinear 2DOF 

systems using earthquakes across range of design 

parameters: IFAS strength, GLRS mass ratio, IFAS 

initial stiffness, IFAS secondary stiffness 

Deliverables 

¶ Influences from the design parameters listed above to 

the 2DOF system responses  

¶ Optimum IFAS design space based on the 2DOF System 

response  

Suggested 

future work 
¶ Creation of relationship between the 2DOF system 

response and evaluation structure response  

Seismic 

Response of 

Structures 

with IFAS 

4 Activities  

¶ Selection and design of Evaluation Structures 

¶ Creation of 2D nonlinear models of Evaluation 

Structures 

¶ Parametric study of seismic performance for different 

IFAS strength, building height, LFRS overstrength and 

LFRS types 
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¶ Secondary parameter studies on IFAS initial stiffness, 

IFAS secondary stiffness, GLRS stiffness, GLRS 

strength, IFAS eccentricity, IFAS strength pattern along 

the height 

¶ Evaluation of effectiveness of different IFAS 

configuration schemes (ledges, pockets, etc.) 

Deliverables 

¶ Influences from the design parameters listed above to 

the 2D structure model responses  

¶ IFAS design space and preliminary design guidelines 

for multi-story structures  

Suggested 

future work 
¶ Examination of aggressive designs using calibrated 

bumper model 

Developmen

t and 

updation of 

3D IFAS 

Structure 

Models 

5 

Activities 

¶ Development of a 3D nonlinear model of the shake table 

test specimen 

¶ Analyses in support of design and construction of the 

shake table test specimen  

¶ Prediction of shake table tests by numerical analysis 

¶ Post-processing of the shake table test data 

¶ Calibration of the 3D nonlinear model 

Deliverables 
¶ Validation of a numerical modeling methodology on 

IFAS and precast reinforced concrete structure with 

generic scenario 

Suggested 

future work 
¶ Sequential analysis of the updated 3D model 

Analysis of 

IFAS using 

Updated and 

Calibrated 

Model  

6 

Activities 

¶ Analytical studies on LFRS offset, bumper stiffness, 

transverse wall strength 

¶ Investigation of unexpected test specimen responses 

through analytical study 

Deliverables  ¶ Defense of the IFAS effectiveness 

Suggested 

future work 

¶ Bi-direction earthquake simulation of the test specimen 

¶ Summarization of the analytical work from design 

perspectives 

Bumper test 

under high 

loading rate 

7 

Activities 

¶ Establishment of relationship between different 

parameters for the bumper test from the measured 

relative displacement in shake table test 

¶ Investigation of bumper force-deformation property 

under high loading rate 

Suggested 

future work 
¶ Development and implement of a better bumper model 

for the numerical analysis 
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2. BACKGROUND  

2.1 Structure Damage and Economic Loss in Past Earthquakes 

In current seismic design approaches, life safety and collapse prevention are 

targeted for building structures to permit occupants to survive the earthquake [9]. 

Reconnaissance of recent large earthquakes indicates that the amount of damage, economic 

loss due to downtime, and repair cost of structures were unacceptably high [26]. Building 

damage also makes rescue activities and critical facility operations more difficult to 

execute because of the loss of lifelines and cascading events [10, 18-25]. Recent 

earthquakes show that countries with well-developed seismic codes can still undergo 

significant financial loss in large earthquakes [27]. For example, the 2010 Chile Earthquake 

caused about US$15-30 billion in economic losses [28], the 2011 Christchurch Earthquake 

caused about NZ$8-16 billion in economic losses [29], and the 2011 East Japan Earthquake 

caused about US$200-300 billion in economic losses [30].  

Researchers have increased their interest in nonstructural component performance 

in earthquakes in recent decades [31-35] as nonstructural damage is a main source of 

economic loss. A nonstructural damage database was developed [34] in 1999 focusing on 

the nonstructural components and contents performance in previous earthquakes, and 

expanded in 2003 [35]. The expanded database shows examples of the cost breakdown 

between structural, nonstructural and contents for office buildings, hotels and hospitals 

[35]. This cost breakdown shows that nonstructural and contents costs dominate the overall 

construction costs of all these buildings (82%, 87% and 92% respectively for office 

buildings, hotels and hospitals) [35]. This result implies that the protection of nonstructural 
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components and contents of the building from earthquake demands is a key factor in 

avoiding excessive economic loss.  

Extensive research has been conducted on economic loss from earthquakes [36-46]. 

Several methodologies have been developed for evaluating the potential economic loss for 

a community so that decision makers can assign resources according to the estimate 

economic risk [37-40]. The losses consist of direct losses and indirect losses. The direct 

losses consist of physical destruction and additional impacts following the physical 

destruction, such as fire after earthquakes. The indirect losses are resulted from the 

consequences of physical destruction, such as interruption of business or industries. 

Indirect loss is more difficult to measure than direct loss [41]. Research shows that the 

impact of indirect losses are large and can continue into a long term [42, 43, 44].  

Building damage is thus unavoidable in earthquakes based on current seismic 

design. In order to reduce structural and nonstructural damage, reduce repair cost and 

economic loss in earthquakes, several low-damage structure systems have been developed. 

The IFAS concept treated in this dissertation is an example of such a low-damage system. 

Other low-damage structure systems are reviewed briefly in Section 2.2. 

2.2 Development of Low-damage Structure Systems 

Several low-damage systems have been proposed for reducing building response in 

earthquakes. These systems often attempt to reduce building seismic forces, lateral 

deformation (drift) and floor accelerations. Reducing these response quantities will tend to 

reduce the building damage, and thus economic loss in earthquakes.  

New low-damage structures recently or currently under development include: self-

centering rocking system [47-58]; horizontal self-centering system [59, 60]; replaceable 
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energy dissipation devices [61-69] that control the force transferred to the structural system 

and protect the structural components; base isolation technique for reducing building 

acceleration response [71]; active or semi-active control to improve structure performance 

in earthquakes [72-75]; negative stiffness devices to reduce structure base shear demand 

and to limit the structure deformations and accelerations in strong earthquakes [76-79]. 

In particular, base isolation is a design concept which decouples the horizontal 

motion of the superstructure from the foundation in earthquakes. Several types of base 

isolation devices have been developed, such as high damping rubber, lead-rubber 

elastometric bearings, friction pendulum bearings. Viscous dampers can be added in 

parallel as a supplemental damping device for energy dissipation purposes [85].  

Designing structures with isolation system shifts the structural fundamental period 

to a longer period and changes the fundamental mode shape. This period lengthening 

reduces the acceleration and inter-story drift of the superstructure, but increases the 

displacement demand of the superstructure at the same time. Supplemental damping can 

be added into the isolation system to reduce the structure displacement response [86]. 

Several buildings using base isolation techniques have been built in the past several 

decades. Some of these buildings performed well in comparison to traditional fixed base 

buildings in earthquakes [10,71,80,82,83].   

2.3 Floor Isolation Systems 

Floor isolation systems [81,84] are similar in concept to base isolation but can be 

more cost effective since they do not require special foundations [84,98]. Floor isolation 

typically introduces a secondary floor system within a traditional fixed base building [84], 

allowing equipment to be protected against earthquakes. Some floor isolation systems 
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proposed and investigated include: using roof isolation systems to reduce the building 

response under earthquakes [87, 88] in a manner similar to the use of tuned-mass damper 

[89]; applying an isolation layer in intermediate levels of high rise structures [90]; locating 

single-story isolations system or multiple isolation systems in a building [91]; dividing the 

superstructure of a base-isolated building into several segments by isolation layers [92]. 

Several isolation system devices have been developed for floor isolation purposes, 

including spring (linear and nonlinear) and damper (viscous and hysteretic) [87, 90, 97], 

wire rope systems [96] and friction pendulum systems [93,94,95]. Semi-active control 

techniques can be applied to the floor isolation to pursue lower structural response in 

earthquakes [98]. A negative stiffness platform has been proposed between the key non-

structural equipment and the structure [99] for mitigating equipment high accelerations. 

2.4 Diaphragm Design 

Diaphragms are designed to transfer the seismic forces from the floor system to the 

vertical elements of the LFRS. Diaphragm design forces, Fpx, are determined by an 

equivalent lateral force (ELF) procedure [4, 5]. These forces are used to design the 

diaphragm reinforcement: chords, shear reinforcement, collectors and anchorages [100]. 

In the ELF procedure, the expected total lateral force in the design earthquake is 

estimated for the structure, termed ñbase shearò, Vb. The lateral forces causing this base 

shear, Fi, are distributed at each floor level based on the fundamental mode of the building 

structure, thus essentially an inverted triangle, with slight modifications for cantilever 

structures (Fig. 2-1). 
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Fig. 2-1. ELF design: (a) lateral seismic force; (b) base shear; (c) diaphragm design force. 

The base shear, Vb, is calculated as shown in Eqn. 2-1 [4, 5]: 

ὠ
Ⱦ
ὡ     (2-1) 

where SDS is the design spectral response acceleration parameter at short periods calculated 

from seismic maps in [4, 5], W is the total structure weight, R is a response modification 

coefficient and Ie is an importance factor. Note that R significantly reduces the design 

forces from their elastic levels (up to 8 times) based on the amount of ductility and energy 

dissipation possible in the building; thus, in surviving the earthquake, a typical building is 

expected to undergo damage. 

Lateral seismic forces Fi for a given level x, Fx, is calculated based on Eqn. 2-2: 

Ὂ
В

ὠ    (2-2) 

where wx and wi are the portion of the total effective seismic weight of the structure located 

or assigned to level x and i. hx and hi are the height from the base to level x and i. k is an 

exponent related to the structure period. The diaphragm design forces, Fpx, are calculated 

based on Eqn. 2-3: 

Ὂ
В

В
ύ     (2-3) 
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Code ELF Diaphragm design force
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where wpx is the weight tributary to the diaphragm at level x. Note that while the diaphragm 

forces and structure seismic forces refer to the same action, the diaphragm design forces 

Fpx and the seismic design forces Fi follow different patterns because Fi (used for design of 

the vertical elements) is a profile representing the response of the structure at a given instant; 

while Fpx (used for design of each floor element) is an envelope of maxima for each level 

occurring at different times in the earthquake. The diaphragm design force is further limited 

by the design code as follows: 

Ὂ πȢςὛ Ὅύ     (2-4) 

Ὂ πȢτὛ Ὅύ     (2-5) 

Recent research indicates that current code diaphragm design forces may 

significantly underestimate the actual inertial forces that develop in the floor system during 

strong earthquakes [101, 102] because of the importance of higher modes during inelastic 

structural response [103]. The upcoming code version [104] will reflect these findings. 

Nonetheless, the IFAS strength used in concept development is referenced to Fpx using the 

non-dimensional ratio a, as was introduced in Sec. 1.1 and will be further discussed in 

Section 4.   
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3. IFAS: 2DOF SYSTEM INVESTIGATION  

3.1 Overview 

The identification of optimum IFAS designs is being determined primarily through 

nonlinear time history analysis of 2D models of multi-story evaluation structures (as will 

be described in Section 4). These analyses provide the IFAS seismic response, but are 

sufficiently complicated to prevent arriving at satisfactory answers regarding fundamental 

behavior. For this reason, an investigation of a simplified 2DOF system of the IFAS 

structure is performed, as has been done in the past with other response reduction systems, 

for instance tuned mass dampers (TMDs). 

The objectives of the study include: (1) describing the fundamental response of the 

IFAS structures; and (2) providing insight on selecting optimal IFAS properties. This 

chapter summarizes work performed on a simplified 2DOF system. The simplified 2DOF 

system resembles the classical representation of the TMD. Thus, the classical solutions for 

the TMD [113] are used to guide and interpret the results of this study.  

3.2 2DOF System 

The 2DOF system is a simplified version of the full 2D numerical model of the 12-

story evaluation structure. In the full 2D model (described in detail in Chapter 4), the LFRS 

is represented as a 12-story cantilever column with lumped masses at each floor level, while 

the GLRS is a 12-story frame model (See Fig. 3-1a). In the simplified 2DOF system, each 

of these components is represented by a single DOF (See Fig. 3-1b): the LFRS is DOF 1; 

the GLRS is DOF 2. The IFAS is represented by a Kelvin-Vogit model: a dashpot (c3) in 

parallel with an elastic spring (k3). In the study, optimum IFAS properties (k3, c3) are sought 
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as the relative values of the LFRS properties (k1, m1) and the GLRS properties are (k2, m1) 

are varied. The total structure properties, stiffness (k1 + k2) and mass (m1 + m2) are 

determined using generalized parameters: effective modal mass (ὓᶻ), effective modal 

stiffness (ὑᶻ), and effective modal height (Ὄᶻ) of the fundamental mode of the evaluation 

structure with a traditional (rigid) anchorage between the LFRS and GLRS (See Apdx A.1).  

Two 2DOF IFAS models are examined: (a) an elastic 2DOF system See Fig. 3-1b); 

and (b) an inelastic 2DOF system (See Fig. 3-1c). The elastic 2DOF system provides 

insight on optimum IFAS stiffness, either an elastic stiffness, or more appropriately an 

equivalent elastic stiffness that can be assigned to the nonlinear IFAS device. The 2DOF 

model was extended to an inelastic system (See Fig. 3-1c) by introducing: a base plastic 

hinge for capturing nonlinear property of the LFRS, and an elastic-perfectly plastic IFAS.  

 
Fig. 3-1. IFAS Models: (a) evaluation structure; (b) elastic 2DOF; (c) inelastic 2DOF. 

The primary design parameters evaluated using the elastic 2DOF system are: mass 

ratio ɛ = m2/m1, IFAS stiffness ratio ɓ = k3/k1, GLRS stiffness ratio ʟ = k2/k1 and IFAS 

damping ratio ɝ = c3/cc, where cc is the critical damping of an equivalent traditional (rigidly 

connected) building system. The elastic 2DOF system is investigated using harmonic 

motions with maximum amplitude ag and frequency The inelastic 2DOF .(See Fig. 3-1b) ‫ 

system is investigated using earthquake motions. 
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It will be useful to provide insight on typical values of the design parameters:  

GLRS Stiffness Ratio f : In typical structures, the lateral stiffness of the GLRS is 

much lower than that of the LFRS. Thus, typical values of  ʟwill be much smaller than 

unity. As an example, ʟ=0.03 for the 12-story reinforced concrete evaluation structure [7, 

8]. Different GLRS stiffness ratios are studied to determine the influence of GLRS stiffness. 

Mass Ratio m : As opposed to the TMD, where the TMD to structure mass ratio 

m2/m1 is small, the typical values of ɛ for the IFAS structure are much larger than unity. 

This outcome occurs because most of the mass in a building is associated with the floor. 

For a typical IFAS configuration, the IFAS resides between the LFRS and the floor (See 

Fig. 3-2a). This configuration leads to ɛ=10 for the 12-story evaluation structure. In the 

study, alternate IFAS configurations are evaluated where the device acts between portions 

of the floor, leading to lower values of ɛ (See Fig. 3-2b). For instance, an IFAS device 

located in the middle of the floor would result in a value ɛ=1. The IFAS could also be used 

between a building and an external stair tower, leading to ɛ smaller than unity.  

 
Fig. 3-2. Floor isolation schematic drawing: (a) Full floor; (b) Partial floor. 

IFAS Stiffness Ratio b : The IFAS deformable connection is envisioned to be an 

inelastic device (See Fig. 3-3a), however it could also be a viscoelastic damper (See Fig. 

3-3b, c). The inelastic IFAS device can be simplified to be an equivalent (secant) stiffness 

[105] (See Fig. 3-3a) and an equivalent damping based on the maximum IFAS connector 
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deformation. Thus, the value of ɓ can either represent the actual (elastic) stiffness or an 

equivalent stiffness of an inelastic system.  

 

Fig. 3-3. IFAS hysteresis: (a) inelastic IFAS; (b) linear elastic spring; (c) viscous damping. 

IFAS Damping Ratio x : The IFAS deformable connection will dissipate energy 

through inelastic hysteretic action (See Fig. 3-3a) or with added (e.g. viscous) dampers 

(See Fig. 3-3c) for a linear elastic spring. Typical values for supplemental damping from a 

viscous damper are in the range of x = 5% ï 50% [107]. 

3.3 Background: TMD  Modeling as a 2DOF System 

The TMD is a device for reducing structure vibration response, primarily in tall 

building response to wind. The TMD is created by placing a large mass inside the structure 

(though much smaller in relation to the overall mass of the structure) and connecting it to 

the structure using a spring-dashpot system.  

The TMD is primarily designed for reducing the fundamental mode of the main 

structure [112]. Den Hartog [113] proposed a method to optimize the response of an 

undamped main structure with a damped TMD under harmonic force. This method was 

accomplished by controlling locations of two ñfixed pointsò in the frequency response 

curve. Villaverde [89] proposed and proved that adding a small heavily-damped vibration 

absorber can increase the damping of a structure and thus reduces its responses in 

earthquakes. Miyama [114] mentioned that small TMD mass (less than 2% of the 1st mode 

effective mass of the building) is not effective to reduce the structure response in 
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earthquakes. Tsai and Lin [120] proposed a numerical searching procedure to determine 

the optimum parameters of the TMD for reducing damped main structures responses under 

harmonic motions. Sadek et al. [115] improved the method proposed in [89] and formulated 

new equations for calculating the optimum damping of the TMD for a given mass ratio.  

The classical TMD optimization method [113] is briefly reviewed. Fig. 3-4a shows 

a simple representation of an undamped structure (Ὧ, ά ) with a damped TMD (Ὧ, ά , 

ὧǶ). A harmonic external force (ὖÓÉÎ‫ὸ) acts on the structure. Fig. 3-4b shows the structure 

(ὼ) frequency response at different assigned damping ratios (‚) for a given TMD 

configuration. ὼ  is the displacement of ά  under static external excitation, ὖ. ɤ is the 

frequency of external excitations. ʖn is the natural frequency of the structure.  

 
Fig. 3-4. TMD structure: (a) schematic; (b) frequency response. 

As seen, the ὼ frequency response curves always pass through two ñfixed pointsò 

(P,Q) for any ‚ value, implying these locations are independent from damping level. Den 

Hartog proposed an optimization procedure for minimizing the structure with as two steps 

[113]: (1) balance the two ñfixed pointsò for a given design by adjusting the TMD 

frequency; (2) find a proper damping that produces the frequency response curve 

horizontally passes through one of the ñfixed pointsò.  Since all frequency response curves 

pass the ñfixed pointsò, the damping which produces the curve horizontally passes the 
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ñfixed pointsò provides the minimum response or a response close to the minimum 

response. This selected damping is termed optimum damping (xopt). The structure response 

at the xopt is named as optimum response. Sometimes there are two different xopt for the 

two ñfixed pointsò respectively, and the average of them is assumed as the finalized xopt. 

It is noted that there are three primary differences between the TMD structure and 

the 2DOF IFAS system: (1) In the 2DOF IFAS system, a spring k2 (representing the GLRS 

lateral stiffness) connects m2 to the foundation; (2) In the TMD structure, m2 is typically 

much smaller than m1, while m2 is typically larger than m1 for the 2DOF system; (3) 

Response minimization of x1 is the primary concern for the TMD structure, while response 

minimization of x1 , x2, ü2 are the objectives of the IFAS (x1, x2, ü2 were shown in Fig. 3-1b 

and defined in Section 3.4). Therefore, while the optimized TMD structure may not be 

directly applied to the 2DOF IFAS system, a similar approach to [113] is explored in the 

next section to determine the properties of an optimum IFAS design. 

3.4 IFAS: Elastic 2DOF System  

The 2DOF IFAS elastic response is derived here. The dynamic response of the 

system (See Fig. 3-1b) is normalized by the static (2DOF) response of a traditional structure, 

that is with a rigid anchorage between the LFRS and GLRS (k3 = b = Ð), termed rigid 

2DOF system. The static response of this rigid 2DOF system is expressed as:  

ὼ       (3-1) 

The circular natural frequency of the rigid 2DOF system is:  

ʖ Ὧ Ὧ Ⱦά ά     (3-2a) 

with the frequency of the individual LFRS and GLRS being: 
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ʖ ὯȾά        (3-2b) 

ʖ ὯȾά       (3-2c) 

3.4.1 Dynamic Equation Derivation  

The main response parameters for the 2DOF system are (refer to Fig. 3-1b): (1) the 

LFRS lateral displacement, x1; (2) the GLRS lateral displacement, x2; (3) the relative 

displacement between the LFRS and the GLRS, x2-x1; (4) the LFRS absolute acceleration 

ü1; and, (5) the GLRS absolute acceleration ü2. Dynamic amplification equations for these 

response parameters are derived based on classical methods [116] and expressed in terms 

of the dimensionless parameters (ɛ, ɓ, ,ʟ ɝ). The derivation is shown in Apdx A.2.1. The 

resulting response parameter expresssions (x1, x2, x2-x1, ü1, ü2), normalized by xst or ag , are: 

ȿ ȿ
   

 (3-3) 

ȿ ȿ
   

 (3-4)  

ȿ ȿ
  

 (3-5)  
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ȿ ȿ
  

 (3-6) 

ȿ ȿ
  

 (3-7)  

The equations are verified by numerical analysis using OpenSees1 of an example 

case (See Fig. 3-5). Note that x = c3/cc, where cc is the critical damping of the rigid 2DOF 

system, Ã ςʖ ά ά . 

 
Fig. 3-5. Validation of the equations: (a) x1; (b) x2; (c) x2 - x1; (d) ü1; (e) ü2. 

3.4.2 Modal Analysis  

The modal properties of the 2DOF IFAS system are first considered. The 2DOF 

IFAS system eigenvalues can be obtained by equating the real term of the denominator in 

                                                 

1 Open System for Earthquake Engineering Simulation, http://opensees.berkeley.edu/. 
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Eqns. 3-3ï3-7 to zero. The resulting general expression for the 1st and 2nd natural 

frequencies (:‫n2), normalized by wn, is ,‫n1  

ȟ ᶸ
        (3-8) 

Equations 3-9aïc are special cases of Eqn. 3-8 for when b=0 and m=f: 

ȟ ᶸ
   (ɓ = 0)     (3-9a) 

ρ   ρ    (m = f)  (3-9b,c) 

Fig. 3-6a shows the natural frequencies of the 2DOF IFAS system for the typical 

GLRS stiffness ratio  ʟ=0.03. Solid and dashed lines represent (.‫n2), respectively ,‫n1 

Black and grey lines represent 2DOF systems with ɓ=0 and ɓ=0.2 respectively. The results 

shows that the 1st mode (solid lines) contribution is from the LFRS when m < f and from 

the GLRS when m > f .  This ñswitch pointò, ɛ = ʟ  is indicated as a blue circle in Fig. 3-6b 

inset. When ɓ=0.02, the switch to the 2nd mode occurs at a larger m.   

 
Fig. 3-6. Natural frequencies vs. µ: (a) full plot; (b) close-up at m=f. 

Fig. 3-7 shows the 2DOF system modal properties vs. IFAS flexibility at different 

m. Fig. 3-7a-c show the effective modal mass ratio, 3 3ȾÍ  (3 В Ó) vs ɖ at 
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different m, where ɖ =1/b. sji represents the effective modal mass from mi in the j th mode, 

ί ɜά‰  [116, 118]. mtotal represents the total mass of the 2DOF system. Fig. 3-7d-f 

show the expansion of 3 in each mass of each mode, Sji/mtotal vs ɖ, at different m. 

 
Fig. 3-7. Effective modal mass ratio for: (a) m=1; (b) m=0.25; (c) m=10; Modal expansion 

of effective modal mass ratio for: (d) m=1; (e) m=0.25; (f) m=10. 

Fig. 3-7a-c show that 3 decreases from unity in the 1st mode and increases from 

zero in the 2nd mode. This trend indicates that the 2DOF system is actually one single-

degree-of-freedom (SDOF) when the IFAS is rigid (a=0). The 2DOF system turns to two 

isolated SDOF systems when a=Ð. 3 and 3 are m/(1+m) and 1/(1+m) respectively when 

a=Ð. More details are provided in Appdx. A.3. 

3.4.3 Optimization Procedure 

The optimization procedure for the elastic 2DOF IFAS system follows a similar 

approach to that used for the TMD [113]. Fig. 3-8a shows the x1 frequency response (Eqn. 

3-3) for a representative example case: ɛ=0.5, ɓ=0.02 and ʟ=0.03. Results are shown for a 

range of damping ratios, including undamped (ɝ=0) and highly damped (ɝ = 1000). The 
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frequency response is seen to be independent of damping at three ñfixed pointsò (P, Q, M). 

The derivation of the frequency values at P, Q, M, Ὣ  Ὣ  Ὣ , is shown in Appdx. A.2, 

where the term w/wn is replaced with Ὣ for convenience. 

Several observations can be made about Fig. 3-8: (1) Ὣ  and Ὣ  straddle the 

resonance frequency. (2) the response becomes unbounded at resonance for ɝ = 1000; in 

other words the isolating effects of a low stiffness IFAS (b = 0.02) is negated by the 

excessive damping force across the interface. (3) For the undamped system (ɝ = 0), 

response becomes unbounded at values outside of Ὣ  and Ὣ .Since due to the curve shape, 

x1P is always smaller than x1Q (at least when b > 0), the procedure will focus on controlling 

and minimizing the response at only two of the fixed points,  Ὣ  and Ὣ . 

The criteria of the optimization is to minimize the maximum response of the 

frequency response of the 2DOF IFAS system across a broad band of expected frequencies. 

This optimization procedure includes three steps: (1) ñbalanceò the response at fixed points 

Q and M (See Fig. 3-8b); (2) minimize the response at these points (See Fig. 3-8c); and (3) 

find the optimum damping (ɝopt) to minimize response across the broad band of expected 

frequencies (See Fig. 3-8d), with the responsed at optimum damping, ɝopt, shown in red. 

 
Fig. 3-8. Optimization Procedure: (a) General Response; (b) Balanced Nodes; (c) 

Minimized Nodes; (d) Optimum Damping. 
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Balancing the ñfixed pointsò response (Step 1) can be achieved by generating a 

relationship among ‘, ɓ and ʟ , termed a target curve. The target curves are presented in the 

next section. The derivation of the target curves is provided in Appendix A.2.2.  

It is important to note that the target curve optimization approach, which was used 

successfully to optimize the TMD [113], is not fully effective for the IFAS due to the mass 

ratio (ɛ) ranges associated with the IFAS (ɛ up to 10+). The target curve provides negative 

ɓ (designs optimized with a negative IFAS stiffness) in certain ranges of ɛ (ɛ > 2.0) (See 

Fig. 3-9 for example). Thus, the design range is divided into two parts for optimization: (1) 

Region I (ɓ Ó 0); (2) Region II (ɓ < 0). Region I follows the optimization procedure 

described in this section, as will be presented next in Section 3.4.4. Region II requires an 

alternative method, as will be discussed in Section 3.4.5.  

 
Fig. 3-9. x1 Target Curve for 2DOF IFAS when ‰=0.03. 

3.4.4 Region I: Target Curves 

A challenge for optimizing the IFAS response is that both the LFRS and GLRS 

responses (x1, x2, ü2) need to be minimized. The Region I target curves for the LFRS 

displacement x1 (analogous to lateral system drift), the GLRS displacement x2 (analogous 

to gravity system drift), and the GLRS acceleration ü2 (analogous to floor accelerations), 

are given in Eqns. 3-10a,b, c and plotted in Fig. 3-10a, b, c for different ʟ  values: 
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 ‍      (3-10a) 

‍      (3-10b) 

‍      (3-10c) 

 
Fig. 3-10. Target Curve: (a) x1; (b) x2; (c) ü2. 

It is seen in Fig. 3-10 that the target curves (and positive ɓ regions for that matter) 

for x1, x2 and ü2 do not coincide. Regardless, the optimization of x1 alone is first pursued:  

Minimizing x1 response at the ñfixed pointsò (step 2) was seen to be achieved by 

increasing ɛ. An example case for x1, using the typical GLRS (  ʟ= 0.03), is shown in Fig. 

3-11. Fig. 3-11a shows the target curve for x1, with a focus now on Region I. Fig. 3-11b 

shows the x1 response curves from the design points on the target curve (colored lines in 

Fig. 3-11b correspond with colored circles in Fig. 3-11a). The results indicate that, in 

Region I at least, the optimized x1 response decreases as ɛ increases.  

  
Fig. 3-11. Response: (a) x1 target curve; (b) optimized x1 in Region I. 
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