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Abstract 

Base isolation systems generally perform well under design-level ground motions to 

reduce both interstory drift and acceleration demands. During a larger than anticipated 

earthquake, however, large displacements in the base level may cause pounding between the 

structure and perimeter moat wall, which can lead to very high acceleration in the 

superstructure. A phased passive control system, or ógap damperô, has been conceived to 

control base isolator displacement during extreme events while having no effect on the 

isolation system performance for earthquakes up and including the design level. After a 

threshold displacement demand is reached, the gap damper system triggers additional energy 

dissipation by engaging existing hysteretic and viscous damping mechanisms during large 

earthquakes to limit displacements. Use of this gap damper device eliminates undesirable 

effects often exhibited with large amounts of supplemental damping at lower intensity 

motions. This research will present development, experimentation and implementation of gap 

damper system.  

In this project, the gap damper concept is developed through computational 

simulation and experimentation. Preliminary computational feasibility and optimization 

studies are conducted to (1) validate the concept of phased damping to control displacement 

demands in very large earthquakes while having no effect in a design earthquake, (2) 

determine which form of damping mechanism would be most effective to control 

displacements, and (3) develop a rational method for selecting the damper properties. 

Numerical studies suggest that gap damper models incorporating viscous damping are 

preferable over hysteretic damping to control the isolator displacement, with the tradeoff of 

greater superstructure acceleration due to the sudden engagement of a viscous damping 

device. An optimization procedure is developed to select energy dissipation to minimize a 

performance index that balances competing objectives of limiting both displacements and 

superstructure acceleration demands.  

Following this, the report describes the design and experimental validation of a 

prototype gap damper for practical implementation. The gap damper device uses four viscous 

dampers oriented around a bumping surface. The device was designed, fabricated, and tested 

in Auburn Universityôs Structural Research Lab.  The gap damper system test was carried out 

at the NEES facility at University of Nevada, Reno to simulate the gap damper system 

functioning within a base isolated building during large motions. Two test configurations 

consisting of a base isolated building without and with a gap damper system were tested. To 

the extent possible, the same trials were carried out in both configurations to quantify the 

influence of the gap damper on isolator displacements and superstructure accelerations 

compared to the isolated building without a gap damper. The gap damper is found to be more 

effective in limiting isolator displacements during pulse-type motions compared to cyclic 

motions, and in predominantly unidirectional motions compared to motions with a strong 

bidirectional component. In addition, several factors are identified that limited the 

effectiveness of the gap damper relative to predictions from numerical simulations, which are 

possible to overcome in the design process. Superstructure accelerations are found to increase 

as a result of activation of the gap damper, but these high frequency acceleration spikes are 

not seen to be detrimental to the overall structural performance relative to a conventionally 

designed building with no special seismic protection. 



 

 

ii  

 

The report concludes with the development of a design procedure for practical 

application, and a sample case study implementation. The design procedure is applied to a 

case study 3-story base-isolated steel moment frame building that has been used in several 

life cycle analysis studies. The case study building is analyzed in OpenSees and SAP2000 for 

a comparison basis and demonstration of practical modeling techniques. The results of the 

case study clearly show the reduction of displacements at the isolation level with some 

consequences in the superstructure for extreme ground motions. Overall, the gap damper 

system shows promise in providing a performance-based system that can effectively reduce 

isolation level displacements without affecting response in low-to-moderate level intensity 

motions. 
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Chapter 1.  Introduction  

1.1 Background 

A seismic isolation system protects a building and its contents during an earthquake 

by decoupling the superstructure from the ground. The low horizontal stiffness of the 

isolation system lengthens the fundamental period of the isolated structure, which leads to 

smaller base shear demand and subsequently smaller structural accelerations and 

deformations. However, the flexibility of the isolation system increases the displacement 

relative to the ground during an earthquake. To limit isolation system displacements to an 

acceptable level, most isolation systems incorporate an energy dissipation mechanism to 

introduce a significant level of damping into the structure [Buckle et. al. 1996]. Figure 1-1 

shows how the main functions of an isolation system ï to lengthen the natural period and 

increase the overall damping ï affects spectral acceleration and displacement demands. 

Period lengthening due to isolators function leads to reduction in the spectral acceleration and 

increase in spectral displacement demands. Increasing damping decreases both spectral 

acceleration and displacement demands. 

 

 

Figure 1-1: Typical design spectra for: (a) acceleration and (b) displacement 
 

Two common types of seismic isolation devices are mainly used in United States: 

elastomeric bearings and sliding bearings [Naeim and Kelly, 1999]. Elastomeric bearings 

incorporate alternating layers of steel and low or high damping rubber. Steel shims provide 

vertical stiffness for the bearing to withstand the superstructure weight and rubber layers 

provide horizontal flexibility to isolate the structure. Lead rubber bearings (LRB) are a type 

of elastomeric bearings that have a lead plug inserted in the core of isolator to provide 

hysteretic energy dissipation. Sliding bearings (also called friction bearings) can be 

categorized based on the sliding surface shape as either flat sliding bearings or spherical 

sliding bearings. Spherical sliding bearings are also known as friction pendulum bearings.   

Similar to elastomeric bearings, sliding bearings are also designed to be flexible in the 

horizontal direction to limit the shear force transfer across the isolation system while being 

stiff enough to sustain gravity loads from the superstructure. 

Numerical studies [e.g. Lin and Shenton 1992; Dolce and Cardone 2003], shake table 

studies [e.g. Taniwangsa and Kelly 1996; Fenz and Constantinou 2008; Sato et. al. 2011] and 
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physical observations in earthquakes [e.g. Stewart et. al. 1999; Nagarajaiah and Sun et. al. 

2000; Nagarajaiah and Sun et. al. 2001; Kani et. al. 2006] have shown very good 

performance of seismically isolated structures during moderate to design-level earthquakes. 

However, during motions larger than design level, such as maximum considered earthquake 

(MCE) and beyond, or near fault motions with pulse like characteristics that introduce 

extreme displacement demands to seismically isolated structures, many of benefits of 

isolation systems are lost [Hall et. al. 1995; Jangid and Kelly 2001]. During such extreme 

events, increasing isolation system damping to limit isolator displacement demands may not 

be sufficient since the response of the structure is more sensitive to the nature of the damping 

mechanism rather than the amount of energy dissipation provided [Makris and Chang 2000]. 

Extreme displacement demands in the isolation system during extreme events may lead to 

pounding or collision of the structure against the outer moat wall, which transfers very high 

acceleration demands to the superstructure and increases probability of the building collapse 

[Masroor and Mosqueda 2012]. One study showed that wide discrepancy in displacement 

demands may be observed due to statistical variation in the motions selected to represent an 

MCE, increasing the possibility of pounding between the base isolated structure and the 

surrounding moat wall [Erduran et. al. 2011]. These studies indicate an ardent need to 

develop reliable methods for limiting isolator displacement demands in extreme ground 

motions and preventing impact with the outer moat wall.  

Different approaches to control isolator displacement demands have been studied. 

One approach to limit isolator displacements is to design the isolation system to stiffen at 

large displacement demands [Kelly 1999]. Isolation systems capable of stiffening at large 

displacements could be developed by the following design approaches: 

1. Utilizing high damping rubber with strain induced crystallization property in elastomeric 

bearings to increase stiffness and damping at large displacements [Clark et. al. 2007].  

2. Designing the slider in friction pendulum isolators to have larger curvature and friction 

near the outer edges of the sliding surface corresponding to the displacement limit 

[Panchal and Jangid 2008; Panchal and Jangid 2009; Lu et. al. 2009]. 

3. Utilizing a skid system alongside elastomeric bearings that engages at preset level of 

isolator deformation and subsequent shortening in the bearings [Kelly et. al. 1980]. 

In addition to passive technologies, other approaches using active and semi-active 

control methods have been developed and evaluated. Although active strategies can be very 

effective in limiting displacement demands, large power requirements, expensive control 

equipment and system stability problems have limited research and investment in these 

systems. Semi-active ñsmart isolation systemsò that provide controllable stiffness, 

controllable damping, or a combination of the two have been also investigated. An example 

of such device is magnetorheological elastomer (MRE) which is a modified elastomeric 

element that incorporates a composite layer of passive elastomer and MRE to make a variable 

stiffness and damping isolator (VSDI) [Behrooz et. al. 2014 (I) and (II)]. Experimental study 

on VSDI shows significant reduction of the acceleration and relative displacement of the 

superstructure floors [Behrooz, 2014 et. al. (I) and (II)].  

Perhaps the most common approach to limit isolator displacements is to use 

supplemental damping alongside the isolation system when sufficient damping and energy 

dissipation cannot be provided by isolators. Both passive and semi-active devices have been 
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investigated for this purpose. Some notable examples of semi-active control systems that 

have been developed to be used in parallel with isolation are: magnetorheological (MR) 

dampers under a neuro-control system with lead-rubber isolation bearings [Bani-Hani and 

Sheban 2006], MR dampers with sliding isolators [Sahasrabudhe and Nagarajaiah 2005], and 

piezoelectric friction dampers [Bitaraf et. al. 2010]. In some of these cases, either 

displacement demands are actually larger with the semi-active isolation system [e.g. Bani-

Hani and Sheban 2006, Bitaraf et. al. 2010], or superstructure acceleration and overall base 

shear demands increase, as a severe tradeoff for displacement reduction [Sahasrabudhe and 

Nagarajaiah 2005]. While smart isolation systems have demonstrated improvements in 

performance, a well-designed passive device may be able to achieve the desired variable 

damping for different ground motion intensities without the negatives associated with a 

controlled device.  

The passive devices that have been used alongside isolation systems include those 

with plastic, friction and viscous damping mechanisms. Such devices can be generally 

categorized as either velocity dependent passive control devices or displacement dependent 

passive control    devices. Velocity dependent ï often referred to as rate-dependent ï passive 

control devices incorporate viscous fluid dampers. Viscous fluid dampers consist of a 

cylinder filled with a fluid, typically silicon, and a piston with orifices on the face (Figure 1-

2). The movement of the piston through the viscous fluid inside the cylinder provides energy 

dissipation. The viscous dampers can be either linear (with velocity power coefficient = 1.0) 

or nonlinear (with velocity power coefficient Í 1) depending on the arrangement of the 

orifices on the face of the piston. Application of viscous fluid dampers in parallel with 

isolation systems led to significant displacement demand reduction in some studies [Hussain 

et. al. 1998]. The San Bernardino Medical Center and the Los Angeles City Hall are 

examples of projects that utilized the isolation systems and dampers in a parallel 

configuration [Hussain et. al. 1998].  

Displacement dependent, often referred to as hysteretic, passive control devices 

usually incorporate plastic or friction damping mechanisms that use the large inelastic 

capabilities of the device to provide energy dissipation. The two most common hysteretic 

devices are metallic yielding and friction devices. Metallic yielding devices rely heavily on 

the plastic action of the metal ï typically mild steel ï to provide energy dissipation. Various 

devices and configurations have been designed, researched and implemented with success 

using this concept. Examples of isolation systems using metallic yielding passive devices 

include the following:  

1. Devices with shape memory alloys (SMAs) such as a base isolation system that 

combined laminated rubber bearings and SMAs [Wilde et. al. 2000] or a Nitinol-based 

SMA in parallel with a rolling isolation system [Dolce and Cardone 2001]. Recent studies 

on application of shape memory alloys in isolated structures suggest their feasibility and 

effectiveness [Alvandi and Gassemieh 2014]. 

2. U-shaped steel dampers that provide hysteretic energy dissipation. Such devices can be 

built by integrated rubber bearing or in separated configuration from the bearings.  

Friction passive control devices are another type of displacement control devices. Slotted 

bolted connections (SBC) are a type of friction device often used due to the relative ease of 

design and construction [Levy et. al. 2000]. This device incorporates bolts that connect two 
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plates together with a clamping force. Once the slip force is reached, the coefficient of 

friction and bolt compression dissipate energy through heat. 

 

 

Figure 1-2: Typical viscous fluid damper (Hussain et. al. 1998) 

 

Although using supplemental damping alongside isolation system is a common 

approach, studies have shown that for typical broadband frequency motions, too much 

additional damping increases superstructure floor accelerations and interstory drifts 

associated with increased higher mode response [Kelly 1999].  Therefore, an optimal 

approach is required that provides supplemental damping during an extreme event but does 

not affect damping in a smaller design level event. The concept of a phased system was first 

investigated to reduce peak inelastic response of a sequentially coupled lateral resisting 

system [Weidlinger 1996]. Recently, a hybrid passive control device with phase behavior was 

developed; this device incorporated a viscoelastic high-damping rubber sandwich damper and 

buckling restrained braces (BRBs) [Marshall and Charney 2010]. In this configuration, a 

rubber damper is engaged in the first phase, followed by later engagement of BRBs. The 

rubber damper reduces the response and eliminates damage for small to moderate events, 

while the BRBs provide life safety in larger events due to their large hysteretic energy 

capacity.  

This report presents the investigation of a phased passive system that can trigger 

additional damping when a specific displacement demand is reached. The proposed passive 

system, called the ógap damperô, provides phased behavior by combining a gap element with 

an energy dissipation device. The energy dissipation of the system can be provided by 

various combinations of hysteretic and/or viscous damping mechanisms. The added damping 

slows the isolated structure during extreme events and prevents pounding at the isolation 

level and subsequent damage. In this configuration, by selecting an appropriate initial gap, 

the damper will not engage at low to medium intensity shaking in order to preserve the 

optimal performance of the isolators at this range of earthquake intensity.  

 

1.2 Research Objectives 

The objectives of this research are: (1) to investigate the effectiveness of gap damper 

system to reduce the displacement demand of isolated structures while limiting superstructure 
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acceleration and story drifts to acceptable levels; (2) to optimize the gap damper system 

performance during numerical studies by selecting the optimal combination of damping 

mechanisms and the optimal level of energy dissipation; (3) to develop and validate the gap 

damper system overall function through a component test conducted at Auburn University; 

(4) to provide experimental proof of the gap damper system effectiveness in limiting 

displacement demands through a system test of the gap damper implemented in a base-

isolated building at University of Nevada, Reno; and (5) to develop and demonstrate a 

performance-based design procedure for the gap damper system.  

A large portion of this report focuses on the system test conducted in the NEES 

facility at University of Nevada, Reno. Alternate configurations of a base-isolated 3-story 

steel frame specimen ï with and without a gap damper system ï were tested, and responses 

of both the isolation system and the superstructure were studied. The extensive data recorded 

from the test are used to compare the response between the 2 configurations, develop and 

validate analytical models, and investigate and understand the response of the gap damper 

system, isolation devices (LRBs) and the structural system under extreme earthquakes. 

 

1.3 Organization of the Report  

This report is organized into nine chapters with the following contents: 

Chapter 2 presents a numerical feasibility study of the gap damper system. The 

chapter starts by introducing the numerical model considered, the gap damper concept and 

function, a calibration procedure for the damper properties, and various considered gap 

damper models. This is followed by a numerical example of the gap damper application and 

how the gap damper system would affect the response of isolated structures. An optimization 

study concept is introduced to find the optimal gap damper parameters based on the 

efficiency of the model to limit the displacement demands while satisfying superstructure 

response acceptability criteria. Also, the optimal energy dissipation level of gap damper 

models is determined for various isolation systems with different effective periods and 

damping ratios. Finally, the effects of residual displacement in gap damper system 

configuration on the system performance are investigated. 

Chapter 3 describes the design of the gap damper system to be used in both the 

component and system tests, and presents component test results. The properties of lead 

rubber bearings selected for the gap damper system test are described. Also, the effective 

damping mechanism for the gap damper system component is selected and the component 

properties are designed. Finally, the gap damper component test, performed at Auburn 

University to verify gap damper function, is summarized. 

Chapter 4 presents the design procedure of a one-bay by one-bay three story steel 

frame specimen, designed at University of Nevada, Reno. This frame was constructed for the 

gap damper system test. The chapter introduces load cases and combinations considered for 

the steel frame design along with the final frame member sizes and connection details. 

Chapter 5 presents the test plan for the gap damper system test performed at 

University of Nevada, Reno. The test plan includes the base isolated configuration and base 

isolated with gap damper configuration, hereafter called only gap damper configuration. This 
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chapter illustrates the steel frame specimen assembly sequence for both test configurations, 

the design of safety cables to be used with the safety frame, the test instrumentation, the test 

plan, and the test data processing algorithms. The test plan description includes the criteria 

for selecting the test motions and sequence of motions applied during the experimental 

testing.  

Chapter 6 presents the results observed during gap damper system test. This chapter 

starts by presenting an example of gap damper system performance during one of the trials. 

Then, statistics of the system test results including base displacement, superstructure 

acceleration and torsional response in both base isolated and gap damper configurations are 

presented. The influence of ground excitation characteristics on gap damper system 

performance are presented to investigate why gap damper performs inconsistently when 

subjected to different motions. Then, factors that limited the gap damper effectiveness during 

experimental relative to theoretical studies are discussed. Finally, the steel frame floor 

acceleration and interstory drift responses are presented. 

 Chapter 7 presents analytical simulation results. This chapter describes the 

development of the analytical models of the building specimen, lead rubber bearings and gap 

damper system in detail. The analytical model is developed using the Open System for 

Earthquake Engineering Simulation (OpenSees) and used to validate experimental test 

results. 

Chapter 8 develops a performance-based design procedure for the gap damper system 

and demonstrates the procedure by application in a case-study building. The design 

procedure is compatible with new design requirements for seismically isolated buildings. 

Philosophically, the gap damper system may be developed as a backup system or as an 

integral part of the isolation system. Finally, the design procedure is demonstrated through a 

case study of a base isolated structure with the proposed gap damper system. This building is 

modeled in both OpenSees and SAP2000, and the two models are compared to evaluate the 

overall gap damper performance in limiting isolators displacement demands and 

superstructure acceleration demands.  Using the design procedure developed for the gap 

damper system, its effectiveness in limiting isolated structure displacement demands will be 

investigated.  

The findings from both analytical and experimental studies are summarized in 

Chapter 9. 
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Chapter 2.  Feasibility Study of Gap Damper System 

As explained in Chapter 1, to limit isolator displacements during extreme events such 

as maximum considered earthquake (MCE) and prevent pounding between the structure and 

surrounding moat wall, gap damper system is proposed to trigger additional damping when a 

threshold displacement demand is reached. The selection of an appropriate initial gap allows 

the gap damper system to activate only during large earthquakes to control displacements. In 

this chapter, various combinations of hysteretic and viscous damping mechanisms are 

considered to develop different numerical models for gap damper. Then, a numerical study is 

devised to evaluate the ability of various gap damper models to reduce the base displacement 

by at least 25%. Preliminary studies on the gap damper system show that due to sudden 

engagement of a damping device, the roof level acceleration increases. The optimal level of 

energy dissipation in the damper that limits displacement while simultaneously avoiding 

large accelerations in the superstructure is determined through an optimization study [Zargar 

et. al. 2012].  

In addition, the effect of initial offset on the gap damper performance is studied. 

Upon gap damper activation, the dampers will elongate or shorten and displace permanently 

until they are engaged again, whereas the isolator will tend to re-center. The residual 

displacement in dampers after each activation leads to a permanent offset in the device that 

changes initial gap damper system configuration. To assess initial offset effects on the gap 

damper performance, numerical simulations with different initial gaps for gap element are 

performed [Zargar et. al. 2014]. 

 

2.1 System Considered 

A simple numerical model of an isolated building has been developed to examine the 

gap damper concept. This system consists of a linear single story shear structure supported 

atop a bilinear base isolation system (Figure 2-1(a)). The superstructure roof mass is M and 

base mass is 0.25M, representing a multi-story building, where the majority of the weight is 

above the base level. The superstructure has period Ts = 0.5 sec and damping ratio ɝs = 5%. 

 

2.1.1 Base Isolation System Properties Calibrated for Target MCE Spectrum 

The base isolation system is assumed to have a bilinear force-deformation relation 

(Figure 2-1(b)). The properties of the isolator are calibrated for a target secant or effective 

period TM and effective damping ratio ɝM corresponding to the isolator displacement DMCE in 

an MCE earthquake. A target MCE spectrum with 1.0 sec spectral acceleration SM1 = 1.11·g 

and short-period spectral acceleration SMS = 2.2·g has been selected. To find DMCE, the target 

spectral acceleration (Sa) was determined by: 

Ὓ       (2-1) 

where g is ground acceleration and B is a damping factor. The damping factor is a scale 

factor that represents the spectral response at the system effective damping ratio (ɝM) in 

comparison to damping ratio of 5% at the MCE target spectral intensity, computed by: 
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ὄ
Ȣ

Ȣ Ȣ  
                 (2-2) 

For damping ratios (ɝM) smaller than 5%, B is smaller than 1, and for damping ratios larger 

than 5%, B is greater than 1. Finally, the isolator displacement at MCE earthquake (DMCE) 

was computed by: 

Ὀ                   (2-3) 

The effective stiffness of the isolation system KM was computed using: 

ὑ                  (2-4) 

where Mtotal is the total mass of superstructure atop of isolation system (0.25M + 1.0M = 

1.25M). The characteristic strength Qd and post-yield stiffness Kd are computed from KM, the 

effective stiffness corresponding to TM, and ɝM according to: 

ὗ                  (2-5) 

ὑ                  (2-6) 

 where Dy was assumed to be 0.4ò (1.0 cm). The moat width, or distance to outer moat wall, 

is assumed to be 10% higher than DMCE (Figure 2-1(b)). The primary objective of the gap 

damper is to limit the base displacement to be less than the moat width to avoid impact of the 

structure with the neighboring moat wall.  

 

 

Figure 2-1: (a) Numerical model of single story base-isolated building and (b) bilinear force-

displacement relation of isolation system 

 

2.1.2 Base Isolation System Properties Calibrated for Target Design Spectrum 

According to the US design procedure [e.g. ASCE 7-10], the target design spectrum 

is 2/3 of the MCE spectrum (i.e., SD1= 2/3·SM1 and SDS=2/3·SMS). Given Qd and Kd from 

Equations (2-5) and (2-6), the design displacement DD, period TD, and damping ratio ɝD are 

determined by iteration [Ryan and Chopra 2004]. The following iterative procedure was used 

to calibrate the isolation properties for the target design spectrum: 

1) Deformation demand from design spectrum (DD) was set to 2/3·DMCE.  
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2) The isolator force (Fmax) was computed using the following equation: 

Ὂ ὗ ὑ Ὀ                (2-7) 

3) The isolator effective period and damping ratio were updated according to: 

Ὕ ς“                 (2-8) 

‚ Ȣ )               (2-9) 

where KD is isolator design effective stiffness and computed by KD=Fmax/DD.  

4) Using updated values of T and ɝ, DMCE [Equations (2-1) to (2-3)] and subsequently DD 

(2/3·DMCE) were updated. Steps 1-3 were repeated with updated values of T and ɝ until 

successive estimates of DD converged. 

As an example, Figure 2-2 illustrates the MCE acceleration and displacement spectra 

for a base isolation system with TM = 3.0 s and ɝM = 15%. It is by using the iterative 

procedure that the design parameters of this reference isolation system are TD = 2.7 s, ɝD = 

23.6%, and DD = 30 cm, which is about 1/2 of DMCE. The design spectra are also shown in 

Figure 2-2. The dots on Figure 2-2 pinpoint the accelerations and displacements at TM = 3.0 s 

for the MCE spectrum (ɝM = 15%) and TD = 2.7 s for the design spectrum (ɝD = 23.6%). 

 

 

Figure 2-2: (a) Target acceleration spectra and (b) target displacement spectra for MCE and 

design-level earthquakes 

 

2.2 Ground Motion Selection and Scaling 

A suite of 24 ground motions was selected from the motions in the PEER NGA 

database [Chiou et. al. 2008] and the motions prepared for the SAC Steel Project [Somerville 

et. al. 1997]. Two sets of scale factors are utilized for scaling earthquakes. To define the 

over-moat scale factors, the selected ground motions are scaled such that when applied to the 

base-isolated system, the isolator displacement exceeds the moat width (1.1·DMCE) by exactly 
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25%; that is, isolator displacement = 1.375·DMCE. Scaling to a common starting displacement 

demand allows for systematic evaluation of the gap damper ability to reduce the 

displacement by a large amount (25%). To define the design scale factors, ground motions 

are scaled such that the isolator displacement demand is exactly equal to the design 

displacement DD. Note that the scale factors vary with variation in the properties of the 

isolation system. Initially, a larger set of ground motions was considered. After the over-moat 

scaling procedure was applied to a representative isolation system, ground motion records 

with scaled peak ground acceleration greater than 1·g or scaling factors greater than 3 were 

eliminated, to minimize the potential that the scaled records have unrealistic properties. The 

retained ground motions are listed in Table 2-1 along with essential characteristics including 

earthquake, station, magnitude, closest distance to fault rupture, and peak ground acceleration 

before scaling. 
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2.3 Gap Damper System Concept 

As discussed before, the gap damper is a passive control system that engages at a 

threshold displacement to prevent the structure from impacting the perimeter moat wall 

during extreme seismic events. For this study, the initial gap (threshold displacement) is 

selected as 0.6·DMCE, which generally exceeds the design displacement DD so that the 

additional energy dissipation is not active in a design earthquake. When the base 

displacement reaches the initial gap, the energy dissipation device (hysteretic, viscous or 

combination of two) is assumed to engage through contact with the isolated structure. During 

the contact phase, the structure is susceptible to an acceleration shock because of a sudden 

change in lateral stiffness at the isolation plane, which is taken into consideration in 

evaluation of the gap damper performance. 

 

2.3.1 Gap Damper Properties Calibration 

The parameters of the damper are calibrated to a reference level of energy dissipation 

EDPMCE, which is the theoretical energy dissipated by the reference isolation system as it 

moves from the MCE displacement DMCE to the over-moat displacement 1.375·DMCE. EDPMCE 

is visually equivalent to the dashed-enclosed area in Figure 3. EDDAMPER is defined as the 

energy dissipation of the device as it moves from the initial gap 0.6·DMCE to DMCE. As a 

starting point for calibration, EDDAMPER is selected to be equivalent to EDPMCE; that is, the 

energy dissipated by the damper prior to reaching DMCE is equal to the energy dissipated by 

the isolation system as it moves from DMCE to 1.375·DMCE. In one complete cycle of 

amplitude equal to the over-moat displacement, the energy dissipated by the isolation system 

in moving beyond DMCE (2· EDPMCE in Figure 2-3) is: 

ςὉὈ τὗ ρȢσχυὈ Ὀ ρȢυὗὈ      (2-10) 

Suppose the energy dissipation of the gap damper is provided by a hysteretic 

mechanism represented by elastic-perfectly plastic force-displacement with initial stiffness Ki 

and yield force Fy (Figure 2-4(a)). In this case, the energy dissipated by the damper in a 

complete cycle [2· EDDAMPER in Figure 2-4(a)] is: 

 ςὉὈ ςὊ πȢτὈ            (2-11) 

As the performance of a hysteretic gap damper was found to be insensitive to Ki, in 

this study Ki is equated to the initial stiffness of the isolation system. Equating EDPMCE to 

EDDAMPER (hysteretic) leads to: 

Ὂ
Ȣ Ȣ Ȣ

           (2-12) 

Alternatively, both linear and nonlinear viscous energy dissipation mechanisms are 

also considered for the gap damper. In the viscous models, the force is a function of velocity 

ὼ as given by: 

Ὂ ίὫὲὼὅὼ               (2-13) 

where C is a coefficient and Ŭ is the power applied to the velocity (which ranges from 0.3-

2.0) of the viscous dashpot. For a linear viscous dashpot, Ŭ reduces to 1.0, and the force-
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displacement relation under cyclic loading is an ellipse (Figure 2-4 (b)). It is by using 

numerical integration that the general expression for energy dissipated by the damper in a 

complete cycle [2· EDDAMPER in Figure 2-4 (b)] is: 

ςὉὈ ςὅ‫ ᷿ Ὀ ὼ
Ȣ

Ὠὼ   (2-14) 

In Equation 2-14, the displacement x was assumed to be a sine function with 

frequency ɤ. Equating EDPMCE to EDDAMPER (viscous) leads to: 

ὅ
Ȣ

Ȣ᷿

     (2-15) 

For the calibration, ɤ is assumed to equal the natural frequency of the isolation 

system. For the linear viscous model (Ŭ = 1.0), Equation 2-15 simplifies to: 

ὅ σȢσυ      (2-16) 

 

 

 

Figure 2-3: (a) Calibration of gap damper properties using equivalent energy dissipation 

approach: (a) reference level of energy dissipation by isolation system and (b) energy dissipation 

by gap damper 

 

 

Figure 2-4: Energy dissipated by: (a) hysteretic damper and (b) linear viscous damper 
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2.3.2 Gap Damper Numerical Modeling 

A series of gap elements and specific damper models were used to model the gap 

damper system in OpenSees. Two zeroLength elements using elastic perfectly plastic gap 

materials were assembled in parallel (to represent damper engagement in positive and 

negative directions) to define system gap elements. The initial gap was assigned to be 

0.6·DMCE for the gap elements. The gap element yield strength or force was assigned to a 

very high value to avoid yielding. The gap element stiffness was assigned to be relatively 

large to provide a realistic estimate of the impact force, ensure small impact duration and 

limit the penetration or overlapping of the colliding structures During initial simulations, the 

gap element stiffness was assumed equal to 10·Ki (isolator initial stiffness) which validated 

later by results of experimental test on gap damper system (Chapters 6 and 7). The parallel 

model of gap elements was assembled in series with a specific damper model (hysteretic or 

viscous) to create single-phase model. Later on this chapter, multi-phase models will be 

introduced (Section 2.3.4) which incorporated two parallel single-phase models with different 

initial gaps. A hysteretic damper was modeled using a zeroLength element with elastic 

perfectly plastic material and the following properties: stiffness equal to the initial stiffness 

(Ki) of reference level isolation system and yield force Fy determined by Equation (2-12). A 

viscous damper was modeled using a zeroLength element with viscous material and damping 

coefficient of C [Equation (2-15)] and power of velocity Ŭ. 

This numerical model of the gap damper system activates the damper in both positive 

and negative directions. Figure 2-5 shows the general gap damper system model. The figure 

in the left illustrates numerical single-phase gap damper model assembled in parallel with 

base isolator. The figure in the right shows the physical model of single-phase gap damper 

model. According to this model, dampers will not engage as long as the isolation 

displacement demand is smaller than 0.6·DMCE. Once the isolator displacement demand 

exceeds the initial gap (initial gap between isolator and damper closes due to isolator 

movement), the device will engage and respond to impact.  

 

 

Figure 2-5: Numerical model of gap damper system 
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2.3.3 Gap Damper Response Behavior 

To show how the gap damper functions, the response of a viscous gap damper under 

harmonic load with increasing amplitude (Figure 2-6), applied to the base level of numerical 

model (Figure 2-1 (a)), is illustrated by cycles. For this illustration, the gap damper is 

assumed to be a linear viscous damper, where force is a function of velocity, and the force is 

normalized by the weight W of the structure. The dampers engages initially when the isolator 

displacement demand reaches 0.6·DMCE in either direction. In this example, the damper is 

first activated in negative direction at a base displacement of -0.6·DMCE (Figure 2-7 (a)).  The 

damper force is very small, due to small velocity of loading at the initial cycle. Figure 2-7 (b) 

shows the damper force versus isolator displacement plot for this example. The gap damper 

engages in the positive direction at +0.6·DMCE (Figure 2-7 (c) and (d)). In this case, the 

damper elongates by 0.05·DMCE until unloading starts. In the next step, the device engages at 

-0.55·DMCE (Figure 2-7 (e)). Physically, the initial gap changes due to permanent shift of 

dampers in the positive direction and the fact that system does not re-center upon 

disengagement.  Also, since the total gap distance in the two directions remains constant 

(1.2ĀDMCE), the initial gaps on the positive and negative sides both move accordingly by a 

distance 0.05·DMCE in the same direction (Figure 2-7 (c) and (d)). This shifting ability of the 

gap damper system causes the dampers to activate sooner in the return direction and increases 

the energy dissipation compared with a re-centering device. In Figure 2-7 (gïh), the damper 

engages at +0.5ĀDMCE, this time due to the permanent displacement of the damper in the 

negative direction. Clearly, the energy dissipated by the gap damper increases as the 

displacement amplitude and velocity dependent force in the dashpots increase at larger 

displacement amplitudes (Figures 2-7 (b), (d), (f) and (h)). 

 

 

Figure 2-6: Harmonic loading with increasing amplitude 
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Figure 2-7: Step by step illustration of the engagement of a viscous gap damper under harmonic 

loading with increasing amplitude 

 

2.3.4 Gap Damper Models Considered 

Considering different combinations of hysteretic and viscous energy dissipation 

mechanisms, several hybrid models have been developed. The models considered in this 
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study can be categorized as single-phase and multi-phase models. Single-phase models are 

classified by the engagement of one or two energy dissipation devices at the same time, and 

thus with the same initial gap. Multi-phase models, on the other hand, engage more than one 

energy dissipation device in different phases, classified by different initial gaps. Figure 2-8 

illustrates the single-phase and multi-phase models considered in this study. 

1. The hysteretic gap damper is an elastic-perfectly plastic spring that serves as the energy 

dissipation device, in series with a gap element with an initial gap of 0.6·DMCE (Figure 2-

8 (a)). The two gap elements shown in Figure 2-8 (a) each represent device engagement 

in one direction. Figure 2-9 (a) shows the force-displacement of the combined base 

isolator and hysteretic gap damper subject to harmonic loading with increasing amplitude 

(Figure 2-6). 

2. The viscous gap damper consists of a viscous dashpot in series with a gap element 

(Figure 2-8 (b)). The total force-displacement of the base isolator - gap damper element 

for a linear dashpot (Ŭ = 1.0) - is shown in Figure 2-9 (b). Increased displacement 

amplitude leads to increased energy dissipation in the viscous gap damper compared with 

the hysteretic one because the relation between force and velocity means the energy 

dissipation in this model is proportional to displacement to a power greater than 1 (2.0 for 

linear dashpot) (Equation 2-14). 

3. The Kelvin gap damper is a single-phase model that combines a hysteretic element 

(elastic perfectly plastic spring) in parallel with a linear viscous dashpot that engages at 

the same initial gap (0.6·DMCE) (Figure 2-8 (c)). Similar with the previous models, the 

energy dissipation devices are in series with gap elements. The combination of viscous 

and hysteretic energy dissipation tends to limit the force compared with a pure viscous 

element (Figure 2-9 (c)). 

4. The two-phase viscoelastic gap damper is a multi-phase model that combines a linear 

viscous dashpot with a linear elastic spring. The dashpot and spring are activated at 

different gaps, and thus, each element in the model is combined in series with an 

independent set of gap elements (Figure 2-8 (d)). In the example shown in Figure 2-9 (d), 

the dashpot engages first at an initial gap of 0.6·DMCE, and the linear elastic spring 

engages later at 0.8·DMCE (Figure 2-9 (d)). 

5. The two-phase viscoplastic gap damper is similar to the two-phase viscoelastic gap 

damper but utilizes an elastic-perfectly plastic spring in place of a linear elastic spring 

(Figure 2-8 (e)). As an example, the viscous dashpot engages at the initial gap of 

0.6·DMCE, and the hysteretic spring engages at 0.8·DMCE (Figure 2-9 (e)). The 

displacement at which each device engages shifts independently to maintain the correct 

total distance between positive and negative engagements according to the prescribed 

initial gap of each device. 
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Figure 2-8: Gap damper models considered: (a) hysteretic, (b) viscous, (c) Kelvin, (d) two-phase 

viscoelastic and (d) two-phase viscoplastic 

 

 

Figure 2-9: Total isolator-gap damper force versus isolator displacement plots for gap damper 

models: (a) hysteretic, (b) viscous, (c) Kelvin, (d) two-phase viscoelastic and (d) two-phase 

viscoplastic 
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2.4 Example of Gap Damper Performance Subject to Erzican, Turkey 1992 

To illustrate the functionality and efficiency of the gap dampers in controlling the 

system displacement, an analysis of the system with various gap dampers to the 1992 

Erzican, Turkey (Table 2-1 and Figure 2-10) ground motion is presented. Figures 2-11 and 2-

12 compare displacement histories at the base level for a base isolation system alone and the 

same system with hysteretic and linear viscous (Ŭ = 1.0) gap dampers. Roof acceleration 

histories (Figure 2-13) and total base-level force versus displacement (Figure 2-14) for the 

same systems are also presented. The reference base isolation system is calibrated for TM = 

3.0 sec and ɝM = 15% (DMCE = 23.6ò), and the over-moat scale factors are applied to the 

ground motions. At 5 sec, the base isolator without a gap damper reaches the over-moat 

displacement of 32.5ò, equal to 1.375· DMCE (Figure 2-11). The hysteretic gap damper cannot 

quite limit the displacement to less than the moat width of 26ò=1.1·DMCE, denoted by black 

envelope lines. The maximum base-level displacement for this case is 26.8ò (Figure 2-12 

(a)), which will lead to slight pounding with the outer moat wall. On the other hand, the 

viscous gap damper limits the displacement to less than the moat width for this example 

(Figure 2-12 (b)). The maximum base-level displacement of 23.6ò occurs at 3.5 sec, which 

means the viscous gap damper reduces the peak displacement by 37.5%. The selected 

acceleration objective is to limit the roof acceleration to 3 times the median peak roof 

acceleration observed under the design scale factors for the suite of records, denoted ADM. 

The effects of pounding between the system and perimeter moat wall were not modeled, so 

the acceleration history results only show how adding the gap damper would affect the roof 

acceleration. The hysteretic gap damper meets this acceleration objective (Figure 2-13 (a)), 

whereas the viscous gap damper does not (Figure 2-13 (b)). 

The engagement of the gap damper and its resulting effects can also be deduced from 

these figures. The damper is activated when the positive and negative gap distance - indicated 

by dashed blue lines in Figure 2-12 (a and b) - becomes coincident and moves outward 

simultaneously with the base displacement, and disengagement occurs at the displacement 

reversals. Both the hysteretic and viscous gap dampers engage at about 3, 4.5, and 6 sec, and 

acceleration spikes occur at roughly the same time instants (Figure 2-13). These spikes are a 

result of the sudden increase in force at the base level when the damper is engaged, as 

confirmed by force versus displacement of the system (Figure 2-14). The viscous gap damper 

(Figure 2-13 (a)) is subject to larger acceleration jumps because, as explained earlier, the 

force in the viscous damper is larger because of its relation with velocity. The dampers first 

engage at a displacement of -14.2ò, but engage at different displacements subsequently 

(about 4.7ò in the second cycle and between 0 and -7.9ò in the third cycle) because of the 

shifting of the damper described earlier. Any shift in the gap damper lines from the centered 

position at the end of the record represents the permanent offset in the gap damper 

mechanism, which is relatively small in this example. In Section 2-6, the effects of the gap 

damper initial offset will be discussed in more details. 

Base-level displacement and roof acceleration histories for Kelvin, two-phase 

viscoelastic and two-phase viscoplastic gap dampers, are also shown in Figure 2-15. The 

Kelvin gap damper and two-phase viscoelastic gap damper control displacement well (Figure 

2-15 (a and c)), but similar with the viscous gap damper, they cause larger than desired 

acceleration spikes (Figure 2-15 (b and d)). On the other hand, the system with two-phase 
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viscoplastic gap damper essentially meets both the displacement objective (Figure 2-15 (e)) 

and the acceleration objective (Figure 2-15 (f)). The acceleration spike for this case is softer 

at the peak compared with other models because (i) the portion of viscous damping is 

reduced compared with a viscous gap damper, and (ii) the hysteretic component, which 

engages at a larger displacement (initial gap = 0.8·DMCE), is out of phase with the viscous 

component and therefore does not increase the overall peak force. 

 

 

Figure 2-10: Erzican, Turkey 1992 ground motion recorded at Erzican station (ERZ-NS) 

 

 

Figure 2-11: Isolator displacement in system without gap damper subjected to Erzican, Turkey 

1992 ground motion 
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Figure 2-12: Isolator displacement and gap element history of base isolated system with: (a) 

hysteretic gap damper and (b) viscous gap damper subjected to Erzican, Turkey 1992 ground 

motion 

 

 

Figure 2-13: Roof acceleration history of reference base isolated compared with system with: (a) 

hysteretic gap damper and (b) linear viscous gap damper subjected to Erzican, Turkey 1992 

ground motion 
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Figure 2-14: Total force at the base level versus displacement of base isolated system with: (a) 

hysteretic gap damper and (b) linear viscous gap damper subjected to Erzican, Turkey 1992 

ground motion 

 

 

Figure 2-15: Isolator displacement and roof acceleration history of base isolated system with: (a 

and b) Kelvin gap damper, (c and d) two-phase viscoelastic gap damper and (e and f) two-phase 

viscoelastic gap damper subjected to Erzican, Turkey 1992 ground motion 
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2.5 Optimization Study 

2.5.1 Theoretical Concept 

The numerical examples suggest that a trade-off occurs between base-level 

displacement and roof acceleration; that is, the gap damper models that more effectively 

control displacement generally produce higher roof acceleration. For a particular gap damper 

model, an increase in the energy dissipation capacity relative to the calibrated values (Figure 

2-4) is expected to reduce displacement and increase acceleration, whereas a reduction in 

energy dissipation capacity has the opposite effect. The energy dissipation capacity of the gap 

damper can be adjusted to achieve the ideal balance of displacement and acceleration. For 

this purpose, a normalized energy dissipation level (EDL) is introduced: 

ὉὈὒ      (2-17) 

where a number greater (or less) than unity indicates the gap damper possesses a higher (or 

lower) energy dissipation capacity than that calibrated to reduce the isolator displacement 

from the over-moat displacement to DMCE (Figure 2-3). 

Optimized gap damper models shall be selected by considering EDL in the range of 

0.5-2.25. The effectiveness of gap dampers is evaluated for reference base isolation systems 

with different target values of period (TM = 2.5, 3.0, 3.5, and 4.0 s) and damping ratio (ɝM = 

10%, 15%, and 25%) at the MCE level. The corresponding MCE displacement (DMCE), 

design properties (DD, TD and ɝD), and ground motion scale factors differ for each reference 

system. The design displacement DD in the reference systems ranges from 0.45·DMCE -

0.55·DMCE, such that the gap damper - with an initial gap of 0.6·DMCE - never engages during 

a design earthquake. 

A PI is introduced as a means of evaluating the relative efficiency of various gap 

damper models to control displacement and acceleration. The displacement performance 

objective is to reduce the base-level displacement from the over-moat displacement 

(1.375·DMCE) to no more than the moat displacement (1.1·DMCE), which is a target reduction 

of 0.275·DMCE. From a statistical perspective, the gap damper system is effective if it can 

achieve the target reduction for the majority of ground motions. Thus, the achieved reduction 

is defined as 1.375·DMCE - DO84, where DO84 is the 84th percentile (median plus one standard 

deviation) base-level displacement resulting from application of the scaled ground motion 

suite. The performance index for base-level displacement PID is thus: 

ὖὍ ρ
  

 
ρ

Ȣ

Ȣ
   (2-18) 

A value of 1.0 for PID indicates that the displacement objective is achieved, and 

values less than 1.0 are possible if the achieved reduction exceeds the target reduction for 

base displacement. As presented earlier, the target acceleration to preserve superstructure 

safety is defined as 3·ADM (3 times the median observed roof acceleration of the reference 

base-isolated system to the scaled design ground motions). The achieved acceleration of the 

system with gap damper is defined as the median roof acceleration resulting from application 

of the ground motion suite with over-moat scale factors, or AOM. Thus, the PI for acceleration 

PIA is: 
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ὖὍ
 

 
      (2-19) 

Again, the performance objective for acceleration is met if PIA  1.0. Combining these two 

performance criteria, we have the composite PI: 

ὖὍ άὥὼ ὖὍȟὖὍ       (2-20) 

The gap damper is considered to meet both performance objectives if the composite PI  1.0. 

Note that the displacement objective (84th percentile displacement must meet target 

displacement) is stronger than the acceleration objective (median acceleration must meet the 

target acceleration). 

  

2.5.2 Optimization Results 

Next, PI is evaluated for a wide range of calibrated EDLs to identify the optimum gap 

damper model for each reference base isolation system. As an example, Figure 2-16 depicts 

PI versus EDL for various gap damper models and a reference base isolation system with TM 

= 3.0 sec and ɝM = 15%. The optimum calibrated EDL for a given gap damper model 

corresponds to the EDL with the minimum PI. If PI at the optimum EDL is around 1.0, the 

corresponding gap damper model can control the base displacement without an undue 

influence on the acceleration. When EDL is less than optimum (corresponding to the portion 

of PI-EDL curve to the left of the optimum point), the displacement criteria controls, or PI = 

PID. In this case, the energy dissipation capacity of the damper should be increased to better 

control displacement. When EDL exceeds the optimum (corresponding to the portion of the 

PI-EDL curve to the right of the optimum point), the acceleration criteria controls, or PI = 

PIA. In this case, the acceleration increase as a trade-off of controlling displacement is no 

longer acceptable, and the energy dissipation capacity of the damper should be decreased to 

limit acceleration to acceptable levels. At the optimum point, PID  PIA. 

Comparing the different gap damper models (Figure 2-16), the hysteretic gap damper 

appears to be significantly less effective than other models in controlling base-level 

displacement. On the other hand, all gap damper models that incorporate a viscous dashpot 

control displacement well for this reference isolation system. The two-phase viscoelastic and 

viscoplastic models are the most effective to simultaneously limit base-level displacement 

and roof acceleration, approaching optimum PI close to 1.0 (1.04). 

Several of the models were optimized by selecting the model parameters that led to 

the best performance (lowest PI), and Figure 2-16 reflects results for the optimized systems. 

For the viscous model, the coefficient Ŭ was optimized. Figure 2-17 compares PI versus EDL 

for viscous gap dampers with varying coefficient Ŭ for a reference base isolation system with 

TM = 3.0 sec and ɝM = 15%. The optimum PI decreases slightly as Ŭ increases up to 1.0; for 

values of Ŭ 1.0, the optimum PI is approximately constant. The EDL at which the optimum 

PI is observed decreases as Ŭ increases, which means the optimum coefficient C decreases as 

Ŭ increases (Equation 2-15). A compelling argument that a nonlinear viscous damping model 

improves performance relative to linear viscous damping cannot be made; thus, the linear 

viscous dashpot is considered to be the optimized viscous model. 
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Figure 2-16: PI-EDL curve for various gap damper models applied to a reference isolation 

system with TM = 3.0 sec and ɝM = 15% 

 

 

Figure 2-17: PI-EDL curve for viscous gap damper models with various power of velocity 

coefficient Ŭ applied to a reference isolation system with TM = 3.0 sec and ɝM = 15% 
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and two-phase viscoplastic models), and the most favorable initial gap for the second 

component of two-phased models (applicable to two-phase viscoelastic and two-phase 

viscoplastic models). Table 2-2 lists the optimized parameters for the hybrid models. 

Performance is improved in two-phase models by providing the majority of the energy 

dissipation through a viscous component, but engaging an elastic or hysteretic component at 

a later displacement when the viscous component starts to lose its effectiveness. Because they 

are not viscous, the second-phase components are less likely to produce sharp and 

undesirable acceleration spikes. In summary, the two-phase viscoelastic and viscoplastic gap 

dampers are the most effective for this reference isolation system, followed by the viscous 
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gap damper. However, none of the proposed systems satisfy the performance objectives 

because PI > 1.0. 

 
Table 2-2: Optimized Parameters of Hybrid Gap Damper Models 

Hybrid 

Gap 

Damper 

Portion of Energy 

Dissipation by 

Viscous Component 

Portion of Energy 

Dissipation by 

Hysteretic 

Component 

Initial Gap 

for Viscous 

Component 

Initial Gap 

for 

Hysteretic 

Component 

Kelvin 75% 25% 0.6·DMCE 0.6·DMCE 

Two-phase 

Viscoelastic 
100% NA 0.6·DMCE 0.8·DMCE 

Two-phase 

Viscoplastic 
70% 30% 0.6·DMCE 0.8·DMCE 

 

To provide further insight into the gap damper performance, the response distribution 

is presented in Figure 2-18, which plots peakïbase displacement versus roof acceleration 

observed in individual ground motions. For this plot, the gap dampers were calibrated for 

optimized EDL (Figure 2-16), and the reference isolation system (TM = 3.0 sec and ɝM = 

15%) was considered. Besides the scatter points for individual ground motions, the 84th 

percentile achieved displacement (DO84) versus median achieved acceleration (AOM) for each 

gap damper model is highlighted. Figure 2-18 suggests that when a gap damper model is 

effective at controlling a response, the variation in that response parameter over the suite of 

ground motions is limited. For instance, the hysteretic gap damper, which can best control 

acceleration, shows a small range for accelerations (0.7ï0.79g) but a large range for 

displacements (18.5ò-31.1ò). On the other hand, gap dampers with viscous components, 

which can better control displacement, limit displacement scatter to a smaller range (21.3ò-

28ò) but show a very wide variation in acceleration (0.4ï0.75g). Because multiple evidence 

suggests that the hysteretic model and Kelvin models do not achieve performance objectives 

(minimize PI) as well as other models, they are eliminated from further consideration. 
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Figure 2-18: Scatter plot of peak base level displacement versus peak roof acceleration for 

individual ground motions with various gap damper models applied to a reference isolation 

system with TM = 3.0 sec and ɝM = 15% 

 

Next, the gap damper models are optimized for base isolation systems with different 

reference parameters. Several trends are indicated in Figures 2-19 to 2-21, which present PI 

versus EDL curve for a viscous, two-phase viscoelastic and two-phase viscoplastic gap 

damper models. These figures also present the values for optimum PI and EDL for all gap 

damper models and reference isolation systems. According to these figures, first, as the 

effective isolation period TM increases, the optimum PI increases, meaning that overall 

performance is not as good. This observation is a result of the changing value of target 

acceleration (3·ADM), which becomes lower as TM lengthens and the isolation system 

becomes increasingly effective for a design earthquake. Thus, the target acceleration 

becomes harder for the gap damper system to meet in such systems. This result might suggest 

that a single and unchanging target acceleration would be more appropriate. However, the 

present criterion was chosen with the expectation that selection of longer isolation periods is 

generally motivated by higher performance criteria. Second, as the damping ratio ɝM in the 

reference system is increased, the EDL corresponding to the optimum PI reduces, or the 

optimum point shifts to the left. This means that relatively less energy dissipation is needed 

to provide a satisfactory reduction in base displacement when the reference base isolation 

system has a higher initial level of effective damping. Furthermore, the acceleration objective 

controls the PI at lower levels of relative energy dissipation with increasing damping in the 

reference isolation system. On the other hand, the gap damper efficiency (optimum PI) 

appears not to be much affected by the reference system damping ratio. Third, comparing 

curves provided for various gap damper models shows that the two-phase viscoelastic model 

generally performs better (less optimum PI) for reference isolation systems with effective 
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period of 2.5-3.0 sec, while viscous and two-phase viscoplastic models perform slightly 

better for systems with TM 3.5 to 4.0 sec. 

For several gap damper models, optimum PI is plotted as a function of isolation 

period TM and damping ratio ɝM in Figure 2-22. The tendency for optimum PI to increase 

with increasing period is confirmed for viscous and two-phase gap damper models, and PI < 

1.0 can generally be achieved only for TM = 2.5 sec. The relation between optimum PI and 

damping ratio is unclear, although PI decreases consistently at the largest considered 

damping ratio of 25%. 

 

 

Figure 2-19: PI versus EDL curve for the viscous gap damper model applied to various reference 

isolation systems with: (a) TM = 2.5 sec, (b) TM = 3.0 sec, (c) TM = 3.5 sec and (d) TM = 4.0 sec 
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Figure 2-20: PI versus EDL curve for the two-phase viscoelastic gap damper model applied to 

various reference isolation systems with: (a) TM = 2.5 sec, (b) TM = 3.0 sec, (c) TM = 3.5 sec and 

(d) TM = 4.0 sec 

 

 

Figure 2-21: PI versus EDL curve for the two-phase viscoplastic gap damper model applied to 

various reference isolation systems with: (a) TM = 2.5 sec, (b) TM = 3.0 sec, (c) TM = 3.5 sec and 

(d) TM = 4.0 sec 
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Figure 2-22: PI versus effective damping ratio ɝM in different reference isolation systems with: 

(a) viscous, (b) two-phase viscoelastic and (c) two-phase viscoelastic gap damper models 

 

2.6 Effect of Initial Gap Offset on Gap Damper Performance 

As explained earlier, gap damper activation leads to damper motion that may induce a 

permanent offset at the end of the motion. On the other hand, the isolation system tends to re-

center at the end of motion. Therefore, the gap damper system initial configuration may be 

affected by residual displacement in dampers. In this section, first, numerical examples 

illustrate the possibility of early or late activation of the gap damper due to initial offset in the 

gap damper system. Then, numerical simulations and an optimization study in systems with 

different initial gap configurations show how residual displacement affects the gap damper 

performance. 

 

2.6.1 Numerical Example of Initial Offset 

In the example shown in Figure 2-12, the isolation system re-centered during strong 

ground motion, and permanent offset of the dampers was not obvious. Therefore, another 

example is presented here. Figure 2-23 (a) and (b) presents an analysis of a base isolated 

system calibrated for TM = 2.5 sec, ɝM = 25% and DMCE = 16.3ò, with and without a viscous 

gap damper model subjected to the 1995 Kobe at Takatori (TAK) ground motion (Table 2-1). 

The gap element displacement history is presented in Figure 2-23 (b). The damper is 

activated for the first time at 3 sec and an isolation displacement of -9.8ò (-0.6·DMCE) and 

moves 1.6ò in the negative direction (-0.1·DMCE). The base isolator movement causes damper 

engagement two more times in negative direction and three times in positive direction. After 

the damper is engaged for the last time at around 8.5 sec, the amplitude of the cyclic 

displacement of the base isolator reduces until the system is re-centered. But due to last 

engagement of gap damper system, the damper stay elongated at the end of motion (Figure 2-

23 (b)). In general, this changes the initial gap to a value other than 0.6·DMCE for a potential 

follow-up earthquake. In this example, the gap elements initial gap changed to +12.9ò 

(+0.8·DMCE) and -6.5ò (-0.4·DMCE). In a follow-up earthquake, the gap will  close sooner in 

the negative direction (-0.4·DMCE) and later in the positive direction at (+0.8·DMCE) compared 

to the gap damper system with no offset.  
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To study how residual displacement in gap damper model affects the overall system 

performance, three gap damper models with different initial offset conditions are examined 

(Table 2-3). Case 1 represents the original gap damper configuration, while Cases 2 and 3 

represent gap damper models with residual displacement of +0.3·DMCE and -0.3·DMCE, 

respectively. Figures 2-24 (a) and 2-25 (a) illustrate the roof acceleration history and base 

level displacement history, respectively, for Cases 1-3 subject to the 1995 Kobe, TAK ground 

motion. Figures 2-24 (b) and 2-25 (b) highlight the same results for the time frame from 2.5 

sec to 6.5 sec. The Case 1 gap damper system is first engaged in the negative direction at 3.1 

sec with corresponding acceleration spikes shown in Figure 2-24 (b). These acceleration 

spikes show that the damper activates sooner in Case 2 compared to Case 1, and not at all in 

Case 3 (no acceleration spike) due to the larger initial gap in negative direction. The roof 

acceleration increases to 0.5·g and 0.45·g for Cases 1 and 2, respectively, while remaining at 

0.25·g for Case 3. Figure 2-26 plots the gap damper force versus base level displacement, 

incremented in each subfigure after each half cycle of engagement. Figure 2-26 (a), which 

shows the damper force vs base level displacement relations up until 3.1 sec, verifies the 

damper does not activate in Case 3. Therefore, the base isolator displacement amplitude in 

this cycle is larger for Case 3 (-0.82·DMCE = -13.4ò) in comparison to Cases 2 (-0.66·DMCE = -

10.8ò) and 1 (-0.77·DMCE = -12.6ò). The next damper activation occurs around 4 sec and in 

the positive direction (Figures 2-24 (b), 2-25 (b) and 2-26 (b)). This time the damper engages 

at the smallest displacement for Case 3 at 0.3·DMCE = 4.9ò, which limits the isolator 

displacement to 0.35·DMCE = 5.7ò. Due to damper activation at larger displacements, the base 

level displacement amplitude reaches 0.55·DMCE = 7.5ò and 0.71·DMCE = 11.6ò in Cases 1 

and 2, respectively.  

The next gap damper activation occurs at 6.0 sec, again in the positive direction, and 

corresponds to the largest displacement demand for this earthquake record. The damper 

activates at about 0.35·DMCE = 5.7ò, 0.53·DMCE = 8.6ò and 0.65·DMCE = 10.6ò for Cases 3, 1 

and 2 respectively (Figure 2-26 (c)). The gap damper activation leads to acceleration spikes 

of 0.74·g for Case 3, 0.7·g for Case 2 and 0.71·g for Case 1 (Figure 2-24 (b)). Early 

activation of the damper in Case 3 limits the isolator displacement to 0.95·DMCE = 15.5ò, 

while late activation in Case 2 allows the peak displacement to reach 1.1·DMCE = 17.9ò 

(target displacement limit). The corresponding displacement amplitude for Case 1 is 

1.05·DMCE = 17.1ò. Figure 2-26 (d) shows the damper force versus isolator displacement at 

the end of ground motion. These results indicate that a change in the initial configuration of 

gap damper can affect gap damper system performance by either improving or reducing the 

effectiveness of the system in limiting the isolator displacement. 

 
Table 2-3: Initial Offset of Gap Elements in Three Different Simulation Cases 

 
Case 1 (No 

Offset) 

Case 2 (0.3·DMCE 

Offset) 

Case 3 (-

0.3·DMCE Offset) 

Initial Gap (+) 0.6·DMCE 0.9·DMCE 0.3·DMCE 

Initial Gap (-) -0.6·DMCE -0.3·DMCE -0.9·DMCE 
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Figure 2-23: Isolator displacement in system: (a) without gap damper and (b) with viscous gap 

damper subjected to Kobe, Takatori 1995 ground motion 

 

 

Figure 2-24: Roof acceleration history of isolated building with viscous gap damper subjected to 

1995 Kobe, TAK ground motion: (a) complete history and (b) window from 2.5 sec - 6.5 sec 
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Figure 2-25: Isolation level displacement history of isolated building with viscous gap damper 

subjected to 1995 Kobe, TAK ground motion: (a) complete history and (b) window from 2.5 sec - 

6.5 sec 

 

 

Figure 2-26: Viscous damper force versus isolator displacement plot at time instants of: (a) 3.0 

sec, (b) 4.0 sec, (c) 6.0 sec and (d) 40.0 sec subjected to 1995 Kobe, TAK ground motion 
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2-20). Here, the same suite of 24 ground motions provided in Table 2-1 was utilized. Here, to 

avoid a possibility of directionality bias, each motion was applied in both directions. First, an 

optimization study was performed to determine the optimum EDL and PI for a reference 

isolation system with an effective period of TM = 2.5 sec and damping ratio of ɝM = 25% with 

no initial offset of the gap damper.  According to Figure 2-27, the optimum PI and EDL are 

1.01 and 0.8, respectively. Then, the optimization study was repeated for the gap damper 

models with initial offsets of 0.1, 0.2 and 0.3·DMCE (Figure 2-27). Figure 2-27 suggests that 

the optimum EDL can change in the presence of an initial offset.  

In order to realistically compare the PI of different cases, optimum PI of all cases are 

determined for the optimum EDL of the case with no initial offset (0.8), since the initial 

offset cannot be anticipated in design. Therefore, the computed PI for offsets of 0.1, 0.2 and 

0.3·DMCE are 1.01, 1.04 and 1.09, respectively. The gap damper effectiveness in controlling 

both isolator displacement and roof acceleration slightly reduced (by 3%) for initial offsets 

up to 0.2·DMCE (which is 1/3 of the initial gap). Even for offsets as large as 50% of the initial 

gap (0.3·DMCE), the system performance only reduces by 8%.  

Figure 2-28 presents the optimum performance index (PI) sensitivity to system initial 

offset for reference base isolation systems with varying effective periods and damping ratios. 

For each specific reference isolation system, optimum PI was obtained at the optimum EDL 

for the corresponding case to zero initial offset. As explained earlier, the optimum EDL 

varies for different isolation systems. Also, the gap damper was earlier shown to be more 

effective for isolation systems with shorter effective periods. Therefore, Figure 2-28 only 

presents results for isolation systems with periods of 2.5 and 3.0 sec. For TM = 2.5 sec and ɝM 

= 25%, increasing the initial offset reduces performance (PI increases). However, such 

results were not observed for systems with the same period and damping of 10% and 15% 

(Figure 2-28 (a)). For these two cases, performance improves (PI decreases) for larger initial 

offsets. Therefore, a solid conclusion cannot be made on how the presence of an offset can 

change the gap damper performance. This suggests that the development of permanent offset 

in initial configuration is not a matter of much concern. 

When the effective period is 3.0 sec (Figure 2-28 (b)), increasing the initial offset 

increases the optimum PI for damping ratios of 15% and 25%. Generally, increasing isolation 

system damping ratio increases the influence of initial configuration (initial offset) on the PI. 

For example, while the optimum PI in system with TM = 3.0 sec and ɝM = 10% is relatively 

insensitive to initial offset changes, optimum PI increases by 3% and 11% at initial offset of 

0.3·DMCE for systems with damping ratios of 15% and 25%, respectively. 
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Figure 2-27: PI versus EDL for base isolation system (TM =2.5 sec and ɝM = 25%) with viscous 

gap damper with various initial offsets (I.O.) 

 

 

Figure 2-28: Optimum PI versus initial offset of gap damper for base isolation system with 

different damping ratios ɝM and periods of: (a) TM = 2.5 sec and (b) TM = 3.0 sec; 
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control the displacement demand of a base isolation system during an MCE level event. The 
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threshold displacement, or initial gap. The initial gap is selected so that supplemental 

damping is provided only in very large earthquakes, but not during a design-level earthquake. 

The damping mechanisms considered include viscous damping, hysteretic damping, and 

various combinations of the two. Models that engage one or more damping mechanisms at a 
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chapter, the effects of possible permanent offset in gap damper system after a strong ground 

motion which can lead to change in the gap damper system initial configuration for a future 

earthquake has been investigated. A simple numerical investigation and optimization study of 

various gap damper models in addition to a numerical study of a gap damper system with 

different initial offsets have led to the following observations and conclusions. 

1. The initial gaps at positive and negative displacements are assumed to move with the 

damper, maintaining a constant distance between the two gaps. This shifting ability of the 

gap damper not only increases the energy dissipation compared with a re-centering 

device but also leads to small residual displacements in the gap damper. 

2. An acceleration pulse is observed at the roof level when the damping device engages. In 

general, the amplitude of this acceleration pulse increases as the energy dissipation 

provided by the damper increases. This suggests that the energy dissipation capacity of 

the damper should be optimized to achieve a balance between base displacement and 

structural accelerations. 

3. A PI has been developed to evaluate the relative effectiveness of different gap damper 

models. The PI evaluates the 84th percentile reduction in displacement relative to a target 

reduction and the median roof acceleration relative to a target acceleration. The energy 

dissipation provided by the damper can be optimized to minimize the PI, thereby 

providing the best possible performance. 

4. Gap dampers with a viscous mechanism (the viscous gap damper and its multi-phase 

derivatives) control base displacement more effectively than dampers with just a 

hysteretic mechanism. On the other hand, the viscous damping mechanism tends to 

introduce larger acceleration spikes into the system. The two-phase viscoplastic gap 

damper, which engages a viscous element followed by a hysteretic element, effectively 

controls both displacement and acceleration by limiting the viscous damping and 

introducing hysteretic damping after the force in the viscous element subsides. 

5. The performance of the gap dampers, as evaluated by PI, is better for isolation systems 

with shorter effective periods of isolation. This observation is a result of the lower target 

acceleration imposed on increasingly flexible isolation systems, such that acceleration 

limits the optimum EDL of the dampers. As the effective damping ratio of the reference 

isolation system increases, optimum performance is observed with a smaller level of 

energy dissipation provided by the gap damper. 

6. Changing the gap damper system gap distance can lead to either sooner or later activation 

of the system. Earlier activation of gap damper system can lead to larger acceleration 

spikes and smaller base level displacement peaks while late activation causes reduction in 

gap damper system efficiency in limiting displacement. 

7. The overall system performance is not very sensitive to a change in the initial gap of the 

gap damper. For representative cases, a 50% relative change in the initial gap leads to a 

10% increase in the performance index, or 10% decrease in performance. 

8. Generally, increasing the base isolation system period and damping ratio increases the 

sensitivity of the system performance index to an initial gap offset. 
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Chapter 3.  Design and Characterization of Isolation and Gap  

   Damper Systems  

3.1  Overview of Gap Damper Component and System Tests 

In order to verify gap damper system function and effectiveness in reducing isolator 

displacements during extreme events, two test series were designed. The first test series was 

designed and executed at Auburn Universityôs Structural Research Lab. In these tests, 

hereafter referred to as the ñcomponent testò, a gap damper system was built and driven 

cyclically by a hydraulic actuator to validate that it functions as designed and to characterize 

the system properties. The component test and its results are summarized in Section 3.3. Data 

and metadata from the component test are permanently archived in the NEES Project 

Warehouse Gap Damper Project (Project 1080) as Experiment 1 [Rawlinson et. al. 2014 (II)].  

To simulate the gap damper system functioning within a base isolated building during 

large motions, a second test series - hereafter referred to as the ñsystem testò- was designed 

and conducted. The system test was performed in the new Earthquake Engineering 

Laboratory at the University of Nevada, Reno on a biaxial shake table. The gap damper 

system was installed within a base-isolated steel frame building that was designed and built 

for the test. For the system test, two specimen configurations were required. The first 

configuration consisted of the base isolated building without a gap damper system, while the 

second configuration consisted of the base isolated building with the gap damper system. All 

motions were scaled to induce a target displacement demand of 1.375·DMCE in the base 

isolation configuration, where according to Chapter 2, DMCE represents the isolator 

displacement in an MCE earthquake. As much as possible, the same motions with the same 

scale factors were applied to both configurations to investigate the ability of the gap damper 

system to reduce the peak displacement demand to 1.1·DMCE (25% reduction). Discussion of 

the steel frame design, test setup, data analysis and simulation are covered in Chapters 4 to 7 

and comprise the remainder of this report. In addition, data and metadata from the system test 

are permanently archived in the NEES Project Warehouse Gap Damper Project (Project 

1080) as Experiment 2 for the base isolation configuration and Experiment 3 for the base 

isolation with gap damper configuration [Zargar and Ryan 2015 (I) and (II)]. 

Based on limitations of performing the system test at large-scale, all tests were 

conducted at a reduced scale. A length scale of 1/4 was chosen for the model domain. As a 

result, a smaller gap damper system and isolators were selected, which led to cost-effective 

tests. Table 3-1 shows the relation between the model scale and the prototype scale for 

various parameters.  
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Table 3-1: Model Domain Scaling Factors 

Parameters Model Domain Prototype Domain 

Length 1/4 1 

Time 1/2 1 

Velocity (Length/Time) 1/2 1 

Acceleration (Length/Time2) 1 1 

Force 1/16 1 

Stiffness (Force/Length) 1/4 1 

Damping Ratio 1 1 

 

3.2  Design of Isolation and Gap Damper Systems 

3.2.1  Isolators 

Before designing the gap damper system for both tests, the isolation system 

properties in the model domain for the system test were chosen. For the system test, four 

bearings from a previous project [Monzon 2012] were reused. These bearings were lead 

rubber bearings (LRBs) consisting of alternating layers of laminated rubber and steel, a lead 

core, and steel flange plates for mounting to the structure. The rubber layers provide lateral 

flexibility while the steel plates provide axial stiffness and stability. The energy dissipating 

lead core in these bearings provides damping by deforming plastically when the isolator 

moves laterally in an earthquake (Figure 3-1(a)). The bearings were 8.5ò in diameter (bonded 

diameter of 7.5ò) and 6.946ò tall, with a 1.25ò diameter lead core. The top and bottom plates 

were 3/4ò thick (Figure 3-1(b)). Each bearing had 11 layers of 1/4ò thick rubber. The lateral 

stiffness of the lead core and rubber layers configured in parallel leads to bilinear force 

displacement behavior as shown in Figure 3-2. In this figure, Qd, Kd and Ki represent isolator 

characteristic strength, post-yield stiffness and initial stiffness, respectively. 

 

 

Figure 3-1: (a) Diagram of a lead-rubber bearing; (b) photo of bearing used in the previous test 

configuration 
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Figure 3-2: Bilinear force-displacement relation of isolation system 

  

The design parameters to be selected included the overall frame weight and target 

isolator displacement, which together with the bearing force-displacement properties 

determine the isolation system effective period TM and damping ratio ȋM. The overall weight 

of 80 kips was chosen to be applied on four bearings (20 kips on each bearing), which 

provided large isolation period and consequently large displacement demands in bearings. 

This weight was selected based on the weight capacity of biaxial shake tables in UNRôs 

Earthquake Engineering Laboratory and availability of supplementary weight to be used in 

the test. These limitations will be discussed in more detail in Chapter 4. 

To characterize the bearing properties and find the displacement demands for the 

assumed weight of 80 kips, their force-displacement hysteresis loops from the previous test 

program were acquired. Among the provided history analyses data, the bearingsô hysteresis 

behavior subjected to Sylmar motion, Northridge earthquake (1994), with scale of 200% was 

chosen (Figure 3-3). To find isolator characteristic strength, post-yield stiffness and initial 

stiffness, the isolator properties were characterized using the Sylmar motion data. The 

following steps were applied to find the bearing properties for the provided motion [Ryan et. 

al. 2012]:  

i. From the isolator displacement history (Figure 3-4 (a)), the cycle containing the largest 

peak-to-peak displacement (Figure 3-4 (b)) was identified and selected.  

ii. Energy dissipation of selected cycle was determined by numerically integrating the shear 

force versus lateral displacement. 

iii.  Finally, isolator properties were determined by fitting a bilinear loop to the recorded 

hysteretic loop such that the energy dissipated and effective stiffness of the two loops 

were equal (Figure 3-5).  
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Figure 3-3: Hysteresis behavior of test bearings subjected to Sylmar motion, Northridge 

earthquake (1994) 

 

 

Figure 3-4: (a) Displacement history of the bearing, and (b) cycle with largest peak-to-peak 

displacement subjected to Sylmar motion, Northridge earthquake (1994) 
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Figure 3-5: Bilinear loop fitted to the recorded hysteresis loop for selected cycle 

 

To obtain the best fit between the bilinear loop and the recorded hysteresis loop, the 

initial stiffness of bearings, Ki, was assumed 20Kd. Table 3-2 summarizes the bearing 

characterized properties. It should be noted that the bearings characterized properties are 

displacement sensitive. Here, the cycle with displacement amplitude of 6ò was selected to 

find bearings properties, since this was on the order of the desired displacement demand in 

the system level test. Cycles with smaller displacement amplitudes provided smaller 

hysteresis loops (energy dissipation) (Figure 3-3), which would likely lead to smaller 

characteristic strength and larger post-yield stiffness if used for characterization.  

 
Table 3-2: Bearings Characterized Properties 

Bearing Properties 
Characterized value - 

Model Domain 

Characterized value - 

Prototype Domain 

Characteristic Strength (Qd) 1.94 kips 31.04 kips 

Post-yield Stiffness (Kd) 1.01 kips/in 4.04 kips/in 

Initial Stiffness (Ki) 21.27 kips/in 85.08 kips/in 

Yield Displacement (Dy) 0.1 in 0.4 in 

 

The characterized bearing properties were used to estimate the bearing displacement 

DMCE, effective period TM and damping ratio ȋM of isolators to be used in gap damper test.  

The target MCE spectrum in Chapter 2 with 1.0 sec spectral acceleration, SM1 = 1.11·g and 

short-period spectral acceleration SMS = 2.2·g was applied here. The parameters were first 

defined in the prototype domain by using bearing characterized parameters in prototype 

domain (Table 3-2) and applying the weight scale factor (factor of 16) from Table 3-1 to the 
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system weight. DMCE was computed as the damped spectral displacement from the target 

spectrum: 

Ὀ Ὀ Ὕ      (3-1) 

where FvS1 = SM1/g = 1.11; g = 386.4 in/sec2, and the damping factor ɓL was determined as: 

‍
Ȣ

Ȣ     (3-2) 

where ȋM was defined by following relation: 

 ‚      (3-3) 

The maximum shear force in bearings is FM = KMDMCE, where KM is the effective stiffness of 

the bearings. The effective period of bearings was determined by: 

Ὕ ς“       (3-4) 

where Wb is the weight on each bearing. By combining Equations (3-1) to (3-4) to solve for 

KM: 

ὑ ρρȢρς
Ȣ

Ȣ Ȣ         (3-5) 

In Equation (3-5), both KM and DMCE are unknown, but are also related through the bearing 

force-deformation relation (Figure 3-2): 

ὑ ὑ              (3-6) 

The two Equations (3-5) and (3-6) were solved iteratively using trial and error for isolator 

displacement DMCE and effective stiffness KM. The values of DMCE and KM were substituted 

into Equations (3-4) and (3-3) to find the isolation system effective period TM and damping 

ratio ȋM. Table 3-3 summarizes these results in both prototype and model domains. As 

discussed earlier, in order to study the gap damper ability in limiting isolators peak 

displacement demand to 1.1·DMCE = 4.6ò (25% reduction), the test plan was designed to 

target a displacement of 1.375·DMCE = 5.8ò in the base isolation configuration. This target 

displacement is close to the peak displacement of the cycle utilized to characterize the 

bearings (6ò). Therefore, simulations to predict the isolator peak displacement are expected to 

be more accurate near the target displacement.  
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Table 3-3: Bearings Parameters in Model and Prototype Domains 

Bearing properties Prototype Domain Model Domain 

Displacement, DMCE 16.8 in 4.2 in 

Effective stiffness, KM 5.88 kips/in 1.47 kips/in 

Effective period, TM 2.36 sec 1.18 sec 

Effective damping ratio, ȋM 19.86% 19.86% 

 

Knowing the isolator target displacement demand, the stability of the isolation 

bearings under anticipated loading is investigated next to see if the displacement capacity 

will be sufficient. The bearing lateral displacement limit as a function of supported axial load 

is determined from stability principles. Increasing lateral displacement together with axial 

load increase due to overturning may lead to instability in elastomeric bearings [Buckle et. al. 

2002 and Sanchez et. al. 2013]. Once the bearing reaches equilibrium with the critical axial 

load and lateral shear force but has no additional lateral force capacity, the stability limit is 

reached [Sanchez et. al. 2013]. The critical load for the bearings in the deformed 

configuration, Pcr, is estimated as [Buckle and Liu 1993]: 

ὖ ὖ      (3-7) 

where Ar = vertically overlapping area between top and bottom of bearings as the bearing 

deforms laterally, A = total bearing area, and Pcro = critical load in the undeformed 

configuration. The calculation of Pcro depends on the bearing shape factor, S: 

Ὓ
    

    
   (3-8) 

For a circular bearing, the equation for S specializes to the following: 

Ὓ                 (3-9) 

where d = bearing diameter = 7.5ò and t = rubber layer thickness = 0.25ò. The bearing shape 

factor was found to be equal to 7.5. Since S > 5, Pcro was determined as [Haringx 1948, 1949 

(a) and (b)]: 

ὖ      (3-10) 

where Er = rotational modulus; G = shear modulus = 0.055 ksi; A = area and I = moment of 

inertia of the bonded rubber area; and Tr = total rubber layer thickness. To determine Er, the 

following relation was used:  

Ὁ Ὁρ πȢχτςὛ     (3-11) 

where rubber modulus of elasticity E = 3G or 0.165 ksi since rubber is incompressible. Er 

was computed to be 7.05 ksi. Substituting the required parameters into Equation (3-10), Pcro 

was found equal to 59 kips. 
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To find the bearing critical load in the deformed shape, first Ar was determined as: 

ὃ          (3-12) 

where ū is calculated according to:  

  ςÁÒÃÃÏÓ          (3-13) 

D represents the lateral displacements of the bearings, and d = 7.5ò is the bearing diameter. 

Equations (3-12) and (3-10) were substituted into Equation (3-7) to find the bearing critical 

load as a function of lateral displacement.  

The peak compressive axial force demand, PDEM, on each bearing is a combination of 

gravity and overturning forces acting at the maximum lateral displacement. To estimate the 

axial demand force, some assumptions about final superstructure geometry were made. In 

order to accommodate four bearings underneath superstructure, a three story frame with four 

columns and one bay by one bay in each direction was considered. The frame floor plan was 

assumed to be square. The height of each story was assumed to be half of frame bay width. 

The axial load acting on each bearing due to gravity was equal to W/4 (Figure 3-6). The total 

shear force due to lateral movement of frame equals the sum of shear force in four bearings: 

ὠ τὊ τὗ ὑὈ         (3-14) 

where Qd = 1.94 kips and Kd = 1.01 kips/in were substituted from Table 3-2. Figure 3-6 

shows the shear force (V) acting at 2/3 of frame height produces an overturning moment that 

leads to tension in one bearing and compression in the other one. For moment equilibrium 

around the bearing in the left, the compressive axial force (C) was computed to be equal to 

2F. The total axial force demand on each bearing at maximum lateral displacement was 

estimated as: 

ὖ ὡȾτ ςὗὨ ὑὨὈ       (3-15) 

The critical and demand axial loads are plotted together in Figure 3-7 to find bearing 

lateral displacement at which the system is projected to reach instability. The red curve 

shows the critical axial load and blue lines shows the demand axial load. The two curves 

intersect at bearing lateral displacement 4.0ò and axial force 31 kips. Although the stability 

check suggested the bearing displacement should limit to 4.0ò, some recent studies on 

bearing stability [e.g., Weisman and Warn 2012] have suggested that the overlapping area 

method conservatively estimates the critical load capacity of bearings in comparison to 

experimental results. Therefore, the decision was made to cautiously proceed with 

development of a test plan that included isolator displacement demands up to 5.8ò in the 

system level test, where larger displacements would be approached conservatively through a 

series of ramp up scaling intensities.  
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Figure 3-6: Axial force due to combination of gravity and overturning forces on each bearing 

 

 

Figure 3-7: Bearings stability study 

 

3.2.2  Gap Damper System 

After the bearing properties were determined, a gap damper was designed for the 

system experimental tests. According to the study reported in Chapter 2, the viscous and two-

phase viscoplastic models were predicted by numerical simulation to have the best 

performance among five considered gap damper models. To test both models, the gap 

damper was designed for viscous dampers (to represent the viscous model) in one direction, 

and for viscous dampers in combination with a friction damper (to represent the two-phase 

viscoplastic model) in the other direction. Due to difficulties with the friction damper, the 

two phase viscoplastic model was not successfully implemented in the component tests. 

Therefore, the system test incorporated viscous dampers with different damper coefficients in 

each direction.  
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Figure 3-8 shows the gap damper component test configuration with the viscous 

dampers in each direction attached to a contact surface. An isolation nub, which in a real 

application would extend down from the base of the building to sit inside the contact surface, 

was connected to a hydraulic actuator. An initial gap of 2.5ò (0.6ĿDMCE = 0.6 × 4.1ò = 2.5ò) 

was provided between the isolation nub outer surface and the inner contact surface. When 

subjected to a harmonic load from the hydraulic actuator, the isolation nub moves uniaxially 

in the direction of applied load. The dampers are not activated until the actuator displacement 

amplitude reaches the initial gap in the system. When the gap is closed, the dampers are 

activated and impact forces transferred from the isolation nub to the contact system are 

absorbed. The objective of the component test was to validate the overall functionality of the 

gap damper and the force displacement hysteresis behavior relative to numerical simulation. 

 

 

Figure 3-8: Gap damper component test setup at Auburn 

 

An optimization study for uniaxial models was used to select the damping 

coefficients, C, of the viscous dampers. This optimization study utilized a numerical model of 

an isolated building similar to that described in Chapter 2. The model, built in OpenSees, 

consisted of a linear single story shear structure supported atop a bilinear base isolation 

system. The bilinear properties of isolators were the characterized bearing properties in the 

model domain (Table 3-2). The system mass M was distributed as 0.75·M to the 

superstructure roof and 0.25·M to the base level, which was considered to be representative 

of the multi-story building to be tested. The superstructure was modeled with period Ts = 0.25 

sec and damping ratio ɝs = 5%. The optimization study was conducted for pure viscous and 

two phase viscoplastic models similar to the procedure defined in Chapter 2. Figure 3-9 

shows the optimized energy dissipation level (EDL) and performance index (PI) for the 

models considered. The optimized EDL was found to be 0.75 and 0.95 for the viscous and 

two phase viscoplastic models, respectively.   

The viscous damping coefficients were selected with the assumption of two dampers 

in each direction (Figure 3-8). For the pure viscous model, all additional energy dissipation 
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was provided by the dampers. To find the damping coefficient of viscous dashpots, the 

relation developed in Chapter 2 (Equation 2-16) was used, which is repeated here for 

convenience: 

ὅ  σȢσυ ὉὈὒ                            (3-16)  

In this equation, ɤ is the isolation system natural frequency and Qd represents the 

characteristic strength of the isolation system summed over the four bearings. Recall that 

Equation (3-16) was developed by equating the energy dissipated by the isolation system in 

moving from the target to the overgap displacement to the energy dissipated by the gap 

damper from its initial engagement out to the target displacement. The EDL was taken to be 

0.8 instead of the optimized value (0.75) to provide greater energy dissipation to further limit 

the displacements. Accounting for two dampers acting along the isolation system in a given 

direction, C for an individual damper was found to equal 0.465 kip.sec/in.  

The properties of the two dampers acting in the other direction were selected based 

on the assumed two-phase viscoplastic model. Optimization studies suggested that the PI was 

optimized when 70% of energy dissipation is provided by viscous damping and 30% by 

friction damping. Therefore, Equation 3-16 was modified as follows to select the damping 

coefficient, C for two phase viscoplastic model: 

ὅ σȢσυ ὉὈὒ  πȢχ          (3-17) 

Furthermore, the EDL was set to 1.0 instead of the optimized value (0.95), which led to the 

damping coefficient C = 0.407 kip.sec/in for each damper. 

 

 

Figure 3-9: Optimization results for viscous and two-phase viscoplastic gap damper model 
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3.3  Gap Damper Component Characterization Tests 

3.3.1 Component Test Setup 

Section 3.2.2 summarized the gap damper test setup for component testing performed 

at the Structural Research Laboratory at Auburn University. Here, further details of the test 

setup and results are provided, as originally presented in [Rawlinson et. al. 2014 (I)]. As 

shown before, the gap damper was assembled from the following parts: 

1. Four viscous dampers: These dampers were fabricated by Taylor Devices Incorporated. 

Each damper was 34.25ò in length with a 55 kip force capacity and +/-3ò stroke capacity. 

East/West and North/South (Figure 3-8) damper damping coefficients were 0.465 and 

0.407 kip.sec/in, respectively. 

2. Contact surface and isolation nub: These parts were designed using strength limit states. 

The initial gap required before damper activation was 2.5ò. The contact surface consisted 

of four HSS 6òĬ6òĬ1/2ò members welded at the diagonals to form the square contact 

system in Figure 4-9. The isolation nub was comprised of 6òĬ6òĬ3/4ò built-up section 

with a stiffener plate added to the bottom to aid in force transfer.  

3. Clevis attachments: Four pin and clevis connections were used to attach the viscous 

dampers to the contact system to allow rotation. The opposite side of each damper was 

attached to a reaction support with a pin and clevis connection as well. The off center 

location of the clevis attachments on the contact system (Figure 3-10) provided resistance 

to rotation due to eccentric impacts. 

 

 

Figure 3-10: Plan view of contact surface and isolation nub 

 

3.3.2 Component Test Setup and Instrumentation 

Figure 3-8 shows the nominal concentric gap damper configuration. The East/West 

dampers were connected to reaction blocks at one end and to the contact surface at the other 

end by clevis attachments. Two North/South dampers were connected in a similar way. Once 
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the dampers and contact surface were connected together, the isolation nub was centered 

inside the contact system with a 2.5ò gap on all sides. The isolation nub was connected 

rigidly to a hydraulic MTS 243.35 actuator, which applied displacement-controlled loading in 

the west-east direction. The East/West dampers activated axially once the isolation nub 

displacement reached 2.5ò. The North/South dampers were activated only minimally in the 

transverse direction as a result of contact surface movement in west-east direction.  

To investigate the range in behavior of the gap damper, four geometry test setups 

were implemented (Figure 3-11). In the concentric configuration, as described previously, the 

isolation nub was centered inside the contact system (Figure 3-11 (a)). In the eccentric 

configuration, the nub was positioned 1ò or 2ò from center in the direction perpendicular to 

the stroke (Figure 3-11 (b)). To capture the gap damper response to oblique impacts, the 

isolation nub was rotated by up to 5 degrees for a concentric rotated configuration (Figure 3-

11 (c)) and an eccentric rotated configuration (Figure 3-11 (d)).  

Several sensors were attached to the gap damper parts to record various responses. 

Table 3-4 lists the sensor name, sensor type, measurement units, and a description of the 

response that was recorded. A load cell recorded the axial force and an LVDT measured the 

displacement of the actuator. All dampers were attached to 50 kip tension/compression load 

cells to record the forces across the dampers. In addition, a stringpot was attached to each 

damper in the axial and transverse direction to measure the damper stroke and rotation.   

 

 

Figure 3-11: Load case configurations: (a) concentric, (b) eccentric, (c) concentric rotated, and 

(d) eccentric rotated 
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Table 3-4: Summary of Sensors Used for Component Test 

Sensor Label 
Sensor 

Type 

Sensor 

Measurement 

Units 

Comment 

Act-LC Load Cell lb Forces in actuator 

Act-LVDT LVDT In Actuator displacement 

East-LC Load Cell lb Forces in east damper 

East-Axial Stringpot In Axial displacement in east damper 

East-Transverse Stringpot In Transverse displacement in east damper 

North-LC Load Cell lb Forces in north damper 

North-Axial Stringpot In Axial displacement in north damper 

North-Transverse Stringpot In Transverse displacement in north damper 

South-LC Load Cell lb Forces in south damper 

South-Axial Stringpot In Axial displacement in south damper 

South-Transverse Stringpot In Transverse displacement in south damper 

West-LC Load Cell lb Forces in west damper 

West-Axial Stringpot In Axial displacement in west damper 

West-Transverse Stringpot In Transverse displacement in west damper 

 

3.3.3 Loading Protocol 

An input signal was applied to drive the actuator, which in turn activated the gap 

damper. Two different types of signals were considered, a Sine Wave and a constant velocity 

triangular function. Figure 3-12 shows a sample Sine Wave input with +/-4.2ò amplitude and 

0.125 Hz loading frequency. Figure 3-13 shows a sample triangular function with the same 

amplitude and frequency. In total, 24 different load cases were applied to evaluate the gap 

damper response, as summarized in Table 3-5. The loading frequency was either 0.125 or 0.2 

Hz. Eight of the load cases were concentric or concentric rotated configurations while 16 of 

the load cases were eccentric or eccentric rotated configurations. The 5 degrees clockwise 

(CW) or counter-clockwise (CCW) rotations is indicated in Table 3-5, where applicable.  
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Figure 3-12: Sine Wave loading 

 

 

Figure 3-13: Triangle function loading 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 20 40 60 80 100 120
-5

0

5

Time (sec)

D
is

p
la

c
e
m

e
n
t 

(i
n
)

0 20 40 60 80 100 120
-5

0

5

Time (sec)

D
is

p
la

c
e
m

e
n
t 

(i
n
)



 

 

52 

 

Table 3-5: Load Cases 

Load 

Case 

Loading 

Frequency 

(Hertz) 

Displacement 

Range (in) 

Rotation (5 

degrees) 

Eccentricity 

(in) 

Wave 

Form 

1 0.125 ±4.2 - 0 Sine 

2 0.2 ±4.2 - 0 Sine 

3 0.125 ±4.2 - 0 Triangle 

4 0.2 ±4.2 - 0 Triangle 

5 0.125 ±4.0 CW 0 Sine 

6 0.2 ±4.0 CW 0 Sine 

7 0.125 ±4.0 CW 0 Triangle 

8 0.2 ±4.0 CW 0 Triangle 

9 0.125 ±4.2 - 1 Sine 

10 0.2 ±4.2 - 1 Sine 

11 0.125 ±4.2 - 1 Triangle 

12 0.2 ±4.2 - 1 Triangle 

13 0.125 ±4.2 CW 1 Sine 

14 0.2 ±4.2 CW 1 Sine 

15 0.125 ±4.2 CCW 1 Sine 

16 0.2 ±4.2 CCW 1 Sine 

17 0.125 ±4.2 - 2 Sine 

18 0.2 ±4.2 - 2 Sine 

19 0.125 ±4.2 - 2 Triangle 

20 0.2 ±4.2 - 2 Triangle 

21 0.125 ±4.0 CW 2 Sine 

22 0.2 ±4.0 CW 2 Sine 

23 0.125 ±4.0 CCW 2 Sine 

24 0.2 ±4.0 CCW 2 Sine 

 

 

3.3.4 Experimental Test Results 

Results for Load Cases 1 and 3 for the concentric configuration are presented here. 

The gap damper properties have been calibrated against an analytical model of the damper 

that was built in OpenSees and subjected to the displacement-controlled loading protocol 

used in the experiments. The sum of the forces in the East/West dampers versus actuator 

displacement is plotted in Figure 3-14 for Load Case 1 and 3-15 for Load Case 3. Preliminary 

comparisons indicated the experimentally observed damping coefficient was lower than 

design damping coefficient (0.465 kip.sec/in) due to preload loss. Therefore, for calibration 

the damping coefficient in the analytical model was lowered by 15% to 0.395 kip.sec/in. 

Figures 3-14 and 3-15 indicate that the experimental and analytical hysteresis loops match 

well after modifying the damping coefficients.  
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As illustrated Figure 3-14, for Load Case 1 the isolation nub moves without 

activating the damper (no damper force) until the initial gap closes at +2.5ò (Loop 1 in Figure 

3-14). In this time step, the East damper was in compression, while the West damper 

experienced tension. The dampers then activated in the reverse direction at a lower 

displacement (-2.3ò), since the contact surface shifted after the damper was activated for the 

first time (Loop 2 in Figure 3-14). As discussed in Chapter 2, the shifting ability of proposed 

gap damper provided larger energy dissipation capacity in comparison to a configuration with 

no shifting capability. Since the displacement loading for this case was Sine Wave, the 

velocity in the dampers was nonlinear which produced the elliptical force displacement 

curves.  

During the triangle loading function (Load Case 3), the dampers activated for the first 

time at -2.5ò (Loop 1 in Figure 3-15). The triangle loading function produced constant 

velocity which led to constant force in the dampers (rectangular force vs displacement 

curves). For both cases, as the input displacement amplitude in a given cycle is increased, the 

loading velocity also increases. Since the damper forces are velocity dependent, larger force-

displacement loops are observed at larger displacement amplitudes.  

The damper force versus damper displacement in both the West and East dampers are 

plotted in Figures 3-16 and 3-17 based on the recorded displacement from the axial stringpot 

on each damper. Relative to Figures 3-14 and 3-15, these figures measure the damper stroke 

and do not include the movement across the gap. Figure 3-18 also illustrates how the curve 

for damper force vs. global displacement (displacement across the actuator) relates to the 

curve for individual damper force vs. displacement across the damper. The damper 

displacements did not reach their stroke capacity of 3ò. In addition, the discrepancy between 

the experimental and analytical hysteresis loops in individual dampers (Figures 3-16 and 3-

17) is greater than for the complete gap damper (Figures 3-14 and 3-15).  

 

 

Figure 3-14: Damper force vs. actuator displacement subjected to Sine Wave motion (Load Case 

1) 
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Figure 3-15: Damper force vs. actuator displacement subjected to triangle motion (Load Case 3) 

 

 

Figure 3-16: Damper force vs. displacement subjected to Sine Wave motion: (a) West damper, 

and (b) East damper 
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Figure 3-17: Damper force vs. displacement subjected to triangle motion: (a) West damper, and 

(b) East damper 

 

 

Figure 3-18: (a) Damper force vs. component global displacement and (b) damper force vs. 

displacement across the damper for Sine Wave loading case 

 

3.3.5 Individual Damper Qualification Tests 

Due to the gap damper configuration in the component test, only the East/West 

dampers properties were activated in the damper axial direction. Thus, qualification tests 

were also performed on individual dampers to verify response characteristics and determine 

the damping coefficient of all dampers [Rawlinson 2015]. For qualification testing, the 

dampers were installed between the actuator and reaction block as shown in Figure 3-19. 

Each damper was instrumented with a drawstring wire gage attached to the damper 

(measuring displacement across the damper) and a load cell attached to clevis (measuring 

force in damper). Each damper was subjected to a Sine Wave loading with frequency of 0.3 

Hz and displacement amplitude of 1.75ò, which corresponded to maximum velocity of 3.24 
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in/sec at mid stroke. Table 3-9 summarizes the observed damping coefficients for different 

dampers from the qualification test. As illustrated in this table, the damping constants were 2-

16% lower than intended values. 

 

 

Figure 3-19: Damper qualification test setup 

 

 
Table 3-6: Observed Damping Coefficients from Qualification Testing 

Damper 
Design Damping Coeff. 

(kip.sec/in) 

Observed Damping Coeff. 

(kip.sec/in) 

North 0.407 0.398 

South 0.407 0.38 

East 0.465 0.42 

West 0.465 0.389 

 

3.4 Conclusion 

This chapter summarized the design and characterization of isolators and gap 

dampers for gap damper component and gap damper system tests. The chapter starts with 

bearings characterization procedure and bearings stability check. Using characterized 

properties of bearings, bearings effective period (TM = 1.18 sec), damping ratio (ɝM =19.86) 

and MCE displacement (DMCE = 4.2ò) were computed. The bearings instability check showed 

that the maximum displacement in bearings should be limited to 4ò. However, it was decided 
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to approach conservatively larger displacement demands during gap damper system test 

through series of ramp up scaling intensities. 

The chapter continues with gap damper system design procedure.  Here, due to 

complexities involved building hysteretic dampers, only viscous gap damper models were 

designed and tested. To find viscous dampers damping coefficients, the optimization study 

was conducted. Two set of dampers with different damping coefficients were designed 

(larger dampers with damping coefficient of 0.465 kip.sec/in and smaller dampers with 

damping coefficient of 0.407 kip.sec/in).  

Then, the considered assumptions for gap damper component test and results 

observed during the test were discussed. Two Sine Wave and triangle function loadings were 

applied during the gap damper component test. This test confirmed general function of gap 

damper (developed in Chapter 2, Section 2.3.3) with similar shifting ability and similar force 

displacement trends. Qualification tests were also conducted on individual dampers. These 

tests showed the dampers damping coefficients were lower than designed values. During the 

test, smaller dampers damping coefficients lowered by 2.3%-7.1% and larger dampers 

damping coefficients lowered by 10.7%-19.5%. 
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Chapter 4.  Design of 3-Story Steel Test Frame 

4.1 Overview of Frame Design  

This chapter describes the design of a one-bay by one-bay 3-story steel frame 

specimen that was constructed for the gap damper system test. The frame properties were 

chosen for a single table test using one of the three biaxial shake tables in UNRôs Earthquake 

Engineering Laboratory. Each table measures 14ô Ĭ 14.6ô, can produce a maximum stroke of 

± 12ò and a peak acceleration of 1g at a payload capacity of 50 tons (approximately 100 

kips). The ¼ length scale single bay configuration was chosen based on the shake table 

specification. The model bay widths were chosen to be 8ô in both directions, and the story 

height was 4ô, leading to an overall height of 12ô for the specimen. As mentioned earlier, the 

bearings and gap damper were selected and designed based on an assumed specimen weight 

of 80 kips, the majority of which would be provided by supplementary weight attached to the 

frame. Both frames in each direction were designed to resist the lateral forces; the resistance 

was provided by braced frames in the North-South direction and moment frames in the East-

West direction. The 3-story steel specimen and connections were detailed by the project team 

and fabricated by Yajima structural & specialty steel fabricator. 

 

4.2  Specimen Loads 

To provide the requisite mass for the specimen, the frame was designed to 

accommodate a combination of steel plates and lead baskets that would be installed to the 

frame. Available steel plates were selected that would span between the frame beams and a 

secondary beam at half-span. These 1ò thick plates measured 48ò × 36ò and weighed 0.5 kips 

each. Four plates would be placed on each floor to provide 2 kips per floor or 8 kips overall 

for the specimen. The steel plates also provided a base slab on each floor to support the lead 

baskets. 

Table 4-1 shows the dimensions of lead baskets and their measured weights. Each 

lead basket was filled with a number of 50 lb. and 100 lb. lead weights. Lead baskets 3-4, 1-

2, 7-8 and 5-6 were selected for the base, first, second and third floors respectively. Figure 4-

1 shows photos of two representative lead basket configurations used  in the test. Table 4-2 

summarizes the total supplemental weight from steel plates and lead baskets on each floor 

that was considered in the steel frame design. Note that this weight is less than the 80 kips 

assumed for design, but does not include the weight of the frame. 

To find the lateral load demands (earthquake loads) on the frame, the lateral load 

transfer path was defined first. As illustrated in Chapter 3, the gap damper is designed to be 

activated by impact of the isolation nub with the bumper surface. For the system test, the 

isolation nub was to be connected to bottom of the base isolated frame, which would transfer 

the impact force to the frame upon activation. So, the design lateral load was determined by 

the story shears generated by impact of the isolation nub against the bumper surface, as 

estimated by analytical simulation. 
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Table 4-1: Measured Lead Baskets Weight and Dimensions 

Lead Basket Dimensions (in) Weight (kips) 

1 65.5 58 12.4 7.62 

2 65.5 58 12.4 7.72 

3 65.5 58 12.4 7.72 

4 65.5 58 12.4 7.82 

5 51 51.5 12.4 7 

6 51 51.5 12.4 6.9 

7 51 51.5 12.4 7.72 

8 51 51.5 12.4 7.82 

    
60.32 

 

 

Figure 4-1:  (a) Lead basket 4, and (b) lead basket 7 

 

 
Table 4-2: Extra Weights on Specimen Floors 

Floor Weight (kips) 

Base 17.54 

First 17.34 

Second 17.54 

Third 15.9 

 
68.32 

 

The design lateral loads were estimated based on numerical simulation of the 

simplified structural model mentioned in Section 3.2.2 that was also used for the optimization 

study. The optimized damping coefficient (C = 0.465 kip.sec/in) for the viscous gap damper 
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was introduced, and the 24 ground motions from Chapter 2 scaled by over-moat scale factors 

were applied to the uniaxial model. The total design lateral force or base shear V in steel 

frame was taken to be the 84th percentile (median plus one standard deviation) maximum 

shear force in superstructure over the suite of motions. The numerical model predicted V 

equal to 37.3 kips for 80 kips of specimen weight (Chapter 3). The base shear was distributed 

to the floor levels [according to Equation 12-8-11 of ASCE 7-10], where the lateral seismic 

force Fx at level x is computed by: 

Ὂ ὅ ὠ     (4-1) 

where Cvx is a vertical distribution factor computed as [Equation 12-8-11 of ASCE 7-10]: 

ὅ
В

    (4-2) 

In Equation (4-2), Wx and Wi are the total effective seismic weight assigned to Level i or x; hi 

and hx are the height (ft or m) from the base to Level i or x; and k is an exponent related to the 

structure period. Since the steel frame specimen was expected to be stiff with a period 

smaller than 0.5 sec, k was taken to be 1. The design floor weights and height were 

substituted into Equation (4-2) to find vertical distribution factors. The computed lateral 

seismic force and story shear for the different levels of the specimen are summarized in Table 

4-3. 

 
Table 4-3: Lateral Seismic Forces for Design of the Steel Specimen 

Floor Wi (kips) hi (ft.) Cvx Fx (kips) Vx (kips) 

Base 17.54 0 0 0 37.30 

First 17.34 4 0.17 6.46 37.30 

Second 17.54 8 0.35 13.07 30.84 

Third 15.9 12 0.48 17.77 17.77 

 

4.3  Steel Specimen Design 

4.3.1  Member Sizes 

After steel frame geometry and loading were determined, the steel specimen was 

modeled in SAP2000 v.15 software. First, using 3D frame model from the software 

templates, the steel frame was built as a three story frame with one bay in each direction. The 

base floor primary beams, all secondary beams, braces and isolation nub were added to the 

model. The base was fully fixed in the moment frame direction and pinned in the braced 

frame direction. Moment releases were applied for all primary beams in the braced frame 

direction, all secondary beams and all braces. Rigid diaphragm constraints were introduced 

for each floor to remove out of plane local modes and improve modal analysis results. 

Steel material properties were introduced for different steel sections such as wide 

flange, box and angle sections. The properties of each steel material type were chosen 

according to AISC Steel Construction Manual v. 13. Table 4-4 shows the steel type, 
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minimum yield strength Fy and minimum tensile strength Fu for each section type, the steel 

plates and the isolation nub. The following properties were assumed for all types: steel 

modulus of elasticity E = 29000 ksi, Poissonôs ratio ɜ = 0.3 and weight per unit volume = 490 

lb/ft3. To start, all frame section sizes were assigned automatically using the program default 

section sizes.  

 
Table 4-4: Steel Material Properties 

Section Type Steel Type 
Minimum Yield 

Strength, Fy (ksi) 

Minimum Tensile 

Strength, Fu (ksi) 

Wide Flanges A992 50 65 

Angles A36 36 58 

Box Girders (HSS) A500 - Gr. B 46 58 

Plates A36 36 58 

Isolation Nub 1018 Mild Steel 53.7 63.8 

 

As explained before, one secondary beam was considered on each specimen floor to 

support the steel mass plates. In the base floor, the secondary beam also provided connection 

surface for the isolation nub. Preliminary evaluations showed there was a large demand on 

the isolation nub as a result of simultaneous device activation in both directions, which could 

lead to double curvature bending on isolation nub. Therefore, to increase the isolation nub 

capacity, four stiffeners were attached to the nub as shown in Figure 4-2. To provide 

adequate supports for the stiffeners, a cross shape configuration was selected for base floor 

secondary beams. The combination of two secondary beams, the isolation nub and stiffeners 

will hereafter be referred to as the ñcross elementò. This element was added to specimen 

model to complete the model geometry.    

 

 

Figure 4-2: Four stiffeners to increase isolation nub capacity for gap damper system test 
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The steel mass plates on different floors were modeled by thin plate elements since 

their length to thickness ratio was 48 [Ventsel and Krauthammer 2001]. The steel plates were 

divided into 108 elements, each 4ò Ĭ 4ò square, to improve the accuracy of the stress 

calculations. The lead baskets were not modeled explicitly, but their weight on different 

floors was distributed as uniform dead load (gravity) on the steel plates.  

The lateral loads in braced and moment frames direction calculated by Equation (4-

1), were applied as earthquake load (Figure 4-3). Since the relative lateral stiffness of the 

vertical resisting elements (specimen 4 corner columns) and the diaphragm were equal, the 

seismic design story shear was evenly distributed over the floors. Specifically, the derived 

lateral seismic forces were applied equally to the four corner nodes on each floor to represent 

earthquake loading on the steel frame. To apply bidirectional earthquake loading, the same 

lateral forces were applied in each orthogonal direction. Figure 4-3(a) shows the distributed 

earthquake loads in braced frame direction while Figure 4-3(b) shows the same loads in 

moment frame direction.  

 

 

Figure 4-3: Earthquake loading in: (a) braced frame direction and (b) moment frame direction 

 

The load combinations for steel frame design compliant with ASCE 7-10 were 

introduced as follows: 
1) 1.4 × D 

2) 1.2 × D ± 1.0 × EQB ± 1.0 × EQM 

3) 0.9 × D ± 1.0 × EQB ± 1.0 × EQM 
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where D represents dead load, EQB shows earthquake loading in braced frame direction and 

EQM shows earthquake loading in moment frame direction. Recall that the earthquake loads 

include the effect of impact of the isolation nub against the bumper surface. Load 

combinations 2 and 3 each included 4 combinations to cover all possible maximum demands.  

The steel specimen was designed for a conservative factor of safety against yielding 

under the various load combinations. Once specimen geometry, sections and loading were 

defined, the steel frame was analyzed to find maximum demand force in different elements. 

The frame was designed (in SAP) using the AISC, LRFD for Structural Steel Buildings 1999 

steel code, which used mentioned load combinations in the design procedure.  

According to LRFD design method, the force demands on an element (required 

strength) would be compared with element force capacity (design strength) in order to 

determine section adequacy in satisfying following equation: 

Ὑ   Ὑ      (4-3) 

where Ru is required strength, ū is resistance factor, Rn is section nominal strength and ū× Rn 

is design strength.  

For example to design a girder or moment frame, the moment diagram of element and 

maximum moment demands (Mu) were determined by analysis. Then, the flexural nominal 

strength of element (Mn) was determined by selected code based on the limit states of 

yielding, lateral torsional-buckling and local buckling in the element. The resistance factor 

for flexure (ūb) is equal to 0.9. The peak moment demand divided by the section moment 

capacity (design strength: ūb × Mn) was computed to determine section moment 

demand/capacity ratio. Also, girders shear capacity was checked separately in similar 

procedure. Once peak shear force demand was determined, the shear demand/capacity ratio 

was computed. In the girders, the moment demand/capacity generally governed the selection 

of the section size.  

To find demand/capacity ratio in columns, the interaction between of flexure and 

compression was considered: 

(a) For πȢςȡ 

    (4-4) 

(a) For πȢςȡ 

    (4-5) 

where ūc is resistance factor for compression and equal to 0.85 [According to AISC Steel 

Construction Manual, v. 13: ūc=0.9]. Pu is the maximum axial force demand and Mu33 and 

Mu22 are peak moment demands. Pn is the available axial compressive strength and 

determined based on the controlling buckling mode. 

To find appropriate sections, a list of wide flange sections was created for columns, 

girders and secondary beams, and a list of angles was created for the braces. Sap 2000 
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software checked automatically the demand/capacity ratio for all frame elements and selected 

the most efficient sections from auto selection list. After frame elements demand determined, 

the capacity of selected auto selection sections were checked. The following key points were 

applied to select final steel frame sections: 

1) For sufficient conservatism against yielding, all components demand/capacity ratios were 

reduced to 1/3, or a factor of safety of 3 against yielding. Such modification was 

considered since the effects of impact loading can be damaging.  

2) The number of different section types was limited to reduce the frame construction cost 

and effort.  

Table 4-5 summarizes the selected frame sections satisfying the above-mentioned 

criteria. Figure 4-4 shows the demand/capacity ratio of these sections. With the exception of 

the isolation nub with a demand/capacity ratio of 0.69, all other sections have ratios less than 

0.5 according to the color bar next to the frame. The weight of steel frame by this 

configuration was 6.88 kips, which refined the estimated total specimen weight on the 

bearings to 75.2 kips or 18.8 kips/bearing. The first mode periods were found to be 0.18 sec 

in the moment frame direction and 0.1 sec in braced frame direction. 

The cross element was designed for local effects of impact loading. To find the 

demand on the isolation nub, a procedure similar to finding the lateral force demand on the 

frame was considered. Here, the 84th percentile (median plus one standard deviation) 

maximum axial force in the viscous dampers produced by the suite of ground motions was 

applied as an impact load on isolation nub. This force was found to equal 34.3 kips and was 

applied bidirectionally on the isolation nub. Once the moment, shear and axial force demands 

were predicted for different parts of cross element, the element design included the following 

components: 

1) Secondary beams: Intersecting base floor secondary beams were composed of a box 

girder HSS8×8×5/16 and a wide flange W6×25 section. A factor of safety of 3 was 

applied to design these sections (Figure 4-4). 

2) Isolation nub: The isolation nub was a 6ò×6ò×3/4ò box section welded to the bottom of 

the box girder. Since the demand was very high on this section, a factor of safety of only 

1.5 could be provided for reasons of economy. 

3) Stiffeners: Four 5/8ò thick plates were welded to the nub and the secondary beams to 

increase the nub capacity. To design the stiffeners, their maximum axial loads were 

determined, and a factor of safety of 3 was applied to the demand. Then, using the 

procedure of Example II.C-5 [AISC, Steel Construction Manual, Example Designs], the 

plate thickness was calculated. To control the thickness, the limits in buckling [AISC, 

Steel Construction Manual: Eqn. E3-1, E3-2 and E3-4] and tension yielding [AISC, Steel 

Construction Manual: Eqn. J4-1] were checked.  
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Table 4-5: Summary of Steel Specimen Sections 

Component 
Number of 

Components 
Section Section Type 

Column 4 W 10 × 26 Wide Flanges 

Girders - Moment Dir 8 W 8 × 24 Wide Flanges 

Floors Girders - Braced Dir 6 W 6 × 15 Wide Flanges 

Base Girders - Braced Dir 2 W 6 × 15 Wide Flanges 

Base Beams - Moment Dir 2 W 6 × 25 Wide Flanges 

Base Beam - Braced Dir 1 HSS 8 × 8 × 5/16 Box Girders (HSS) 

Floors Beams - Moment Dir 3 W 6 × 15 Wide Flanges 

Braces 6 L 5 × 5 × 1/2 Angles 

Isolation Nub 1 Box Section 6 × 6 × 3/4 Isolation Nub 

 

 

Figure 4-4: Steel specimen demand / capacity ratio 

 

Steel plates were checked for stress and deflection. Figure 4-5 shows the stress 

distribution on steel plates. The stress demand ranged from 11.1 to 13.3 ksi, which is smaller 

than the steel plate yield stress of 36 ksi. The allowable plate deflection was defined as L/100, 

where L was the spanôs length, according to AISC Steel Construction Manual v. 13. The steel 
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plate length of 48ò led to an allowable deflection of 0.48ò. The deflection demand was 

estimated from: 

‫      (4-6) 

where q =0.00246 ksi was the uniformly distributed dead load, b = 36ò was the plate 

width, D = h3E/12(1-ɜ2) = 2656 kips-in was bending stiffness using plate thickness h = 1ò. 

The parameter Ŭ was found to be 0.0681 based on the maximum deflection at the plate center 

[Table 4a ï Bastia 2010]. The deflection demand was determined as 0.0106 in, which is 

smaller than the allowable deflection.  

Figures 4-6 to 4-9 show the AutoCAD drawings that summarize the frame design. 

Figures 4-6 and 4-7 indicate the plan views of different floors of the steel frame.  Included in 

these drawings are the columns sections, girders sections and lengths, beams sections and 

lengths, and all connection locations and their names. A different naming convention was 

used for similar sections, such as W6 × 15 (I), (II) and (III) to differentiate length and section 

hole patterns for connections. Figure 4-8(a) shows the elevation view of the moment frame, 

and identifies lengths, section names for columns and girders, location of the base floor 

secondary beam shear tabs, and locations of the welded unreinforced flange-welded web 

(WUF-W) moment frame connections. Figure 4-8(b) shows the elevation view of the braced 

frame and identifies lengths, sections for columns, girders and braces, locations of secondary 

beam shear tabs on each floor, and locations of braced connections. The plan and elevation 

views of the cross element are shown in Figure 4-9(a) and (b). 

 

 

Figure 4-5: Steel plates stresses (units: ksi) 
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Figure 4-6: Plan view of base floor 

 

 

Figure 4-7: Plan view of floors 1-3 
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Figure 4-8: Elevation view of: (a) moment frame and (b) braced frame 

 

 

Figure 4-9: (a) Cross element plan view, (b) cross element elevation view  

 

4.3.2  Connection Design 

Different types of connections were designed for the steel frame assembly. In the 

moment frame direction, girders were connected to columns using WUF-W connections. On 

the other hand, in the braced frame direction, girders were connected to columns by bolted 

connections. Finally, secondary beams were connected to girders using shear tabs. Since 
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connecting member sizes or connection locations were different in some cases, different 

detailing was required for similar connections in the same category. Figures 4-10 to 4-12 

explain and illustrate these representative connection types in more detail. 

1) WUF-W connections: Welded unreinforced flange-welded web or WUF-W 

connections were used to create fully restrained connections between primary beams 

and the columns in the moment-frame direction. The WUF-W connection was also 

used to connect the box section of the cross element to the base W6×25 beam. This 

type of moment connection is prequalified by some codes and documents like 

FEMA-350 for use in ordinary moment frame (OMF) and special moment frame 

(SMF) within certain parameter limitations [Table 3-3 ╖ FEMA-350]. These 

connections utilize complete joint penetration (CJP) groove welds to join girder 

flanges directly to column flanges. To join the girder web to the column flange, CJP 

groove welds are also used. Shear tabs are designed to resist shear in the connection. 

Figure 4-10 shows the details of a representative WUF-W connection between the 

base floor girder and the frame column. To create perfect WUF-W connections, many 

details including different weld types and sizes between girders and columns, shear 

tab thicknesses and fillet weld sizes, weld access holes, and web doubler plate and 

continuity plate details were provided. 

2) Braced Connections: This type of connection joined a brace, a girder and a column 

together. The connection of the brace to the gusset plate, the gusset plate to the 

column, gusset plate to the girder, and the girder to the column were all designed. 

Figure 4-11 shows representative details. Six 3/4ò and two 1/4ò plates were specified 

to connect diameter A325 bolts the brace leg to the gusset plate. The gusset plate 

checks showed that a 3/8ò plate would be adequate for the considered demands. To 

connect the gusset plate to the girder section, a 24ò long 1/4ò fillet weld was 

specified. Double angle shear connections with three rows of 3/4ò diameter A325 

bolts were used to connect the base floor girder to the column. Two rows of bolts 

were used to connect the girder sections to the columns in floors 1-3. Tension-shear 

action and prying action checks were performed to validate the connection strength. 

3) Shear connections: Shear connections were used to join secondary beams to girders 

in three different locations: W6×15 secondary beams to W6×15 girders in floors 1-3 

(Figure 4-12), W6×25 beams to W10×26 girders in the base floor (Figure 4-13), and 

HSS8×8×5/16 beam to W8×24 girders in the base floor (Figure 4-14). To connect the 

secondary beams to girders in floors 1-3, two 3/4ò diameter A325 bolts (Figure 4-12 

(a)) and 3/8ò shear tab plate (Figure 4-12 (b)) was used. The plate was welded to web 

and flanges of girders using 3/16ò fillet weld at both sides. The secondary beams 

were coped in both flanges. In the connection between W6×25 beam and W10×26 

girder in base floor, larger shear tab plate was used (Figure 4-13 (a) and (b)). To 

connect the box beam to the shear tab on the W8×24 girder in base floor, the 3/8ò 

plate was welded to the HSS section using 3/16ò fillet weld at both sides as shown in 

Figure 4-14(a) and (b). Then the welded plate was connected to shear tab using two 

single rows of 3/4ò diameter A325 bolts to resist shear demand on the connection 

(Figure 4-14(a)). 
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Figure 4-10: WUF-W connection: (a) elevation, (b) shear tab and (c) plan 
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Figure 4-11: Braced connection: (a) side-view elevation, (b) gusset plate and (c) inside-view 

elevation 

 

 

Figure 4-12: Shear connection details between beams and girders in floors 1-3: (a) side-view 

elevation, (b) shear tab plate dimensions 
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Figure 4-13: Shear connection details between base floor beam W6×25 and girder W10×26: (a) 

side-view elevation, (b) shear tab plate dimensions 

 

 

Figure 4-14: Shear connection details between base floor beam HSS8×8×5/16 and girder 

W8×24: (a) side-view elevation, (b) inside-view elevation, (c) shear tab plate on W8×24 girder 

and (d) welded plate on HSS 8×8×5/16 beam 
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Finally, the cross element connection details were specified. The two secondary 

beams were connected together using WUF-W connections. Then, the isolation nub was 

welded to the bottom of box girder by CJP groove welds all around the perimeter. Stiffener 

plate sizes and connection details were specified according to details D and E (Figures 4-9 

and 4-13). Figure 4-13 shows stiffener dimensions and fillet weld size and length for 

connecting the stiffeners to the nub and secondary beams. The minimum fillet weld size to 

connect the stiffeners to the secondary beams and isolation nub was determined to be 1/4ò 

[Table J2.4 of AISC Steel Construction Manual v. 13]. A 5.5ò long fillet weld was needed on 

both sides of the connection to provide adequate strength to resist the estimated demands. 

 

 

Figure 4-15: Isolation nub stiffener details 
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Chapter 5.  Gap Damper System Test Plan 

5.1 Overview 

As described previously, the gap damper was experimentally validated by testing an 

isolated frame with and without the gap damper. The test specimen components consisted of 

the steel frame, the isolators, the gap damper, the steel plates and the lead baskets. The ñbase-

isolatedò configuration (Experiment 2) consisted of the three story steel specimen atop four 

lead rubber bearings. The ñgap damperò configuration (Experiment 3) consisted of the base 

isolated configuration with a gap damper component added on. Comparing the response of 

the base-isolated frame without and with the gap damper (Experiments 2 and 3) provided the 

opportunity to investigate the effectiveness of the gap damper in controlling the isolator 

displacements. 

As mentioned previously, the steel frame was constructed by Yajima, a specialty steel 

fabricator, and the isolators were available from a previous project at UNR. Following 

component testing at Auburn University, the gap damper device was shipped to UNR for 

reuse in the system level test. The steel plates and lead baskets used as mass for the specimen 

were available for general use for research projects at UNRôs NEES facility. 

This chapter overviews the test setup and test plan for the gap damper system test. 

Section 5.2 describes the specimen construction and assembly sequence. Section 5.3 details 

the design and assembly of a backup safety frame and cable system. Section 5.4 describes the 

instrumentation used to record the responses. Section 5.5 describes the test plan, including 

ground motion selection. Finally, Section 5.6 describes how the data channels were processed 

to derive the desired responses. 

 

5.2 Steel Frame Specimen Construction Sequence  

The isolated frame specimen was assembled on shake table number 3. The table has 

alternating strong holes and weak holes to tie down structures. The working clamp load for 

strong holes = 30 kips and weak holes = 20 kips. Figure 5-1 shows the shake table strong and 

weak tie-down holes location. The steel frame dimension and placement on shake table were 

selected such that more strong holes were used. Figure 5-2 shows the cardinal directions in 

earthquake engineering laboratory. The east and north directions are consistent with the 

positive x and positive y directions, respectively, of the assumed coordinate system.  
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Figure 5-1: Shake table tie-down locations: (a) strong tie-downs and (b) weak tie-downs 

 

 

 

Figure 5-2: Shake table directions 

 

Figure 5-3 shows an overview of how the specimen is connected to the table. The 

frame was supported atop the isolation bearings, which were placed on top of load cells. For 

the gap damper configuration, the dampers and the bumper system were connected to the 

table directly. A series of plates were designed to connect the isolators and gap damper to the 

table. Figure 5-4 shows all of the support plates, which include: 

1. Bearing Plates: Each 36ò Ĭ 36ò Ĭ 2ò bearing plate transferred the specimen loads through 

the isolators to the shake table. The center to center distance between these plates in each 

direction was 8ô. 

2. Bumper Surface Plate: A 60ò Ĭ 60ò Ĭ 1ò bumper surface plate was installed in the center 
of table for the bumper surface to slide on during the tests. 

3. Damper Supports: Each damper support absorbed the impact forces transferred through 

viscous dampers to shake table. These supports were placed such that the gap damper 
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component configuration from Experiment 1 could be repeated. Figure 5-5 shows the 

AutoCAD drawing of the support details. Two 3/4ò thick triangle shaped plates (III) were 

welded to the base plate (I) and the support plate (II) with 1/4ò fillet weld to stiffen the 

support plate.  

 

 

Figure 5-3: 3-story steel specimen on the shake table 3 
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Figure 5-4: Shake table support plate configuration 

 

 

Figure 5-5: Damper support plates details: (a) plan, (b) elevation and (c) 3/4 in triangle shaped 

plate 

 

The first step in the construction sequence was to tie down the support plates. All 

plates were tied down to the shake table using 1 in diameter rods and nuts or A307 heavy hex 

bolts by applying 375 lb-ft torque for strong tie-downs and 250 lb-ft torque for weak tie-

downs.  All rods or bolts were a minimum of 5ò long to sufficiently engage the shake table 

holes.  

Next, the bearing load cells were seated on the bearing plates. Each load cell was 

connected to the corresponding bearing plate using four Grade 5 fully threaded 1ò diameter 

bolts. Then the four bearings were placed on top of the load cells (Figure 5-6). The bearing 

top plates and bottom plates had different hole patterns. The 15ò Ĭ 15ò bearing top plate had 

four holes spaced 12òapart. The bearing bottom plate was the same size with four holes 

spaced 11ò apart. Each bearing bottom plate was tightened to the load cell using four 1ò 
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diameter A325 bolts with 350 lb-ft torque, which is the same as the torque used in all lower 

connections. 

 

 

Figure 5-6: (a) Bearing and load cell configuration, (b) bearing placed on top of a load cell 

 

Prior to assembling the frame on top of bearings, the gap damper was assembled on 

the table. There was no need to assemble the gap damper component for Experiment 2; 

however, the gap damper component test at Auburn U. indicated that the gap damper 

component installation and assembly could be challenging. Therefore, the gap damper was 

assembled on the shake table initially to mark the exact location of the bumper surface and 

the dampers, and subsequently removed for Experiment 2. The gap damper was assembled 

by placing following components on the shake table: the bumper surface, the four viscous 

dampers, and a load cell and two clevises for each damper to transfer the load to the adjacent 

components. Figure 5-7 shows the gap damper component installed on the shake table. As 

illustrated here, this configuration is very similar to the one for the component test 

(Experiment 1, Figure 3-7). The viscous dampers with damping coefficient C = 0.465 

kip.sec/in were placed in the East-West direction, while the viscous dampers with C = 0.407 

kip.sec/in were placed in the North-South direction. Figure 5-8 shows a more detailed picture 

of an individual damper connection. As shown, each damper was connected to one clevis at 

each end using 1 1/4òdiameter pins. The clevises at the bumper surface ends were welded to 

the bumper surface using 5/16ò fillet weld. The clevises at the support ends were connected 

to damper load cells using 1ò diameter rods. The load cells were attached to damper supports 

using 1 1/2ò diameter rods and nuts.  

Next, the steel frame specimen and mass were assembled. First, the frame without 

secondary beams was placed on top of the four bearings oriented with the moment frame in 

East-West direction and brace frame in North-South direction. The 1ò thick steel s base plates 

on the bottom of the frame were connected to the bearings using four 1ò diameter A325 bolts 

(Figure 5-9). These bolts were pre-tensioned by applying 350 lb-ft torque.  
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Figure 5-7: Gap damper configuration 

 

 

 

Figure 5-8: Connection details for viscous damper 

 

Following the placement of the frame, the cross element was transported by crane 

over top of building, lowered down inside the frame (Figure 5-10(a)), and then rotated 

clockwise to fit inside the base level (Figure 5-10(b)). As explained in Chapter 4, the cross 

element was a prefabricated component consisting of the base floor secondary beams 

(HSS8×8×5/16 and W6×25), the isolation nub, and stiffeners. Once the cross element was in 

place, the isolation nub location inside the bumper surface was investigated (Figure 5-11 (a)) 

to ensure an initial gap of 2.5òbetween the nub and the bumper on all four sides (Figure 5-11 

(b)). Since the gap damper placement was correct, the dampers were removed for the base-

isolated tests (Experiment 2) and the bumper surface was strapped to the cross element. 

 




































































































































































































































































































































































































