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PREFACE 

The National Center for Earthquake Engineering Research (NCEER) was established to expand and 
disseminate knowledge about earthquakes, improve earthquake-resistant design, and implement 
seismic hazard mitigation procedures to minimize loss of lives and property. The emphasis is on 
structures in the eastern and central United States and lifelines throughout the country that are found 
in zones oflow, moderate, and high seismicity. 

NCEER's research and implementation plan in years six through ten (1991-1996) comprises four 
interlocked elements, as shown in the figure below. Element I, Basic Research, is carried out to 
support projects in the Applied Research area. Element II, Applied Research, is the major focus of 
work for years six through ten. Element III, Demonstration Projects, have been planned to support 
Applied Research projects, and will be either case studies or regional studies. Element IV, 
Implementation, will result from activity in the four Applied Research projects, and from Demonstra
tion Projects. 

ELEMENT I 
BASIC RESEARCH 

• Seismic hazard and 
ground motion 

• Soils and geotechnical 
engineering 

• Structures and systems 

• Risk and reliability 

• Protective and intelligent 
systems 

• Societal and economic 
studies 

ELEMENT II 
APPLIED RESEARCH 

• The Building Project 

• The Nonstructural 
Components Project 

• The Lifelines Project 

The Highway Project 

ELEMENT III 
DEMONSTRATION PROJECTS 

Case Studies 
• Active and hybrid control 
• Hospital and data proceSSing 

facilities 
• Short and medium span bridges 
• Water supply systems in 

Memphis and San Francisco 
Regional Studies 

• New York City 
• Mississippi Valley 
• San Francisco Bay Area 

ELEMENT IV 
IMPLEMENTATION 

• ConferenceslWorkshops 
• EducationlTraining courses 
• Publications 
• Public Awareness 

Research in the Building Proj ect focuses on the evaluation and retrofit ofbuildings in regions of moderate 
seismicity. Emphasis is on lightly reinforced concrete buildings, steel semi-rigidfrarnes, and masonry walls 
or infiUs. The research involves smaU- and medium-scale shake table tests and full-scale component tests 
at several institutions. In a parallel effort, analytical models and computerprograrns are being developed to 
aid in the prediction of the response of these buildings to various types of ground motion. 
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Two of the short-tenn products ofthe Building Project will be a monograph on the evaluation oflightly 
reinforced concrete buildings and a state-of-the-art report on unreinforced masonry. 

The protective and intelligent systems program constitutes one ofthe important areas of research in the 
Building Project. Currenttasks include the following: 

1. Evaluate the performance of full-scale active bracing and active mass dampers already in place in 
tenns ofperfonnance, powerrequirements, maintenance, reliability and cost. 

2. Compare passive and active control strategies in tenns of structural type, degree of effectiveness, 
cost and long-tenn reliability. 

3. Perform fundamental studies ofhybrid controL 
4. Develop and test hybrid control systems. 

As stated above, one of NCEER's current tasks in the protective systems area is to perform 
comparative studies of their capabilities and limitations. While a large variety of these systems exist 
and have found applications, there is a lack of common basis on which the performances of these 
systems can be evaluated and compared to arrive at a recommendation under certain specified 
conditions such as control objectives, structural type, loading conditions, and system configuration. 
This report documents one part of NCEER's efforts in this direction involving performance 
evaluation of several passive energy dissipation devices. It presents the evaluation of elastomeric 
dampers used as additional braces in reinforced concrete frame structures based on analysis and 
shaking table experiments performed on a 1: 3 scale reinforced concrete frame. The elastomeric 
spring damper is a special type of fluid damper that possesses recentering characteristics. 
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ABSTRACT 

This experimental study describes the use of elastomeric spring dampers, which have 

a distinct re-centering capability. The dampers were used to retrofit a non-ductile, previously 

damaged 1/3 scale model reinforced concrete building frame. The structure was then 

subjected to a variety of ground motions in shaking table tests. A velocity dependent 

analytical model is developed and verified for the elastomeric spring dampers. This model is 

implemented in the widely available non-linear dynamic time history analysis computer 

program DRAIN-2DX to produce response predictions which are in good agreement with 

experimental observations. The elastomeric spring damper devices significantly attenuate the 

seismic response of the structure and provide a considerable amount of energy dissipation 

while the main non-ductile reinforced concrete structural load carrying elements remain 

elastic. The effect of varying the damper configuration on the structural response was also 

investigated. 

v 





ACKNOWLEDGEMENTS 

The damper specimens (modified BCIC devices) and partial funding for this study 

were provided by Jarret, Inc. The scale model building was constructed and initially tested 

under the direction of Prof A.M. Reinhorn in conjuction with the second author and under 

financial support of the National Center for Earthquake Engineering Research (NCEER). 

NCEER technician, Mark Pitman, assisted with conducting the shaking table tests. After 

removal of the dampers, final testing of the bare frame under 0.3 g EI Centro earthquake was 

undertaken by graduate student Mr. Chen Li. All are gratefully acknowledged. 

Vll 





TABLE OF CONTENTS 

TITLE PAGE 

SECTION 1 

INTRODUCTION ............................... ................. .. 1-1 

1.1 Friction Devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 1-2 
1.2 Metallic Damping Devices .................................... 1-4 
1.3 Viscoelastic Devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 1-5 
1.4 Viscous (Fluid) Devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 1-9 
1.5 Force Deformation and Energy Absorption Characteristics of Various 

Dampers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 1-10 
1.6 Present Study - Objectives and Scope ........................... 1-10 

SECTION 2 

PROPERTIES OF ELASTOMERIC SPRING DAMPERS 2-1 

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 2-1 
2.2 Damper Testing ............................................ 2-3 

2.2.1 Model Damper - BC 1 C ............................. " 2-3 
2.2.2 Prototype Damper - BC5A ............................ 2-7 

2.3 Analytical Characterization and Implementation of the Damper Behavior 
.................................................... 2-10 

2.3.1 Analytical Modeling of the Dampers .................... 2-10 
2.3.2 Implementation of the Model in DRAIN-2DX ............. 2-12 

SECTION 3 

TEST STRUCTURE AND SHAKING TABLE TEST PROGRAM ........... 3-1 

3.1 Intruduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 3-1 
3.2 Shaking Table Test Setup and Instrumentation. . . . . . . . . . . . . . . . . . . .. 3-3 
3.3 Test Program .............................................. 3-9 

SECTION 4 

SHAKING TABLE TEST RESULTS 4-1 

4.1 Introduction ............................................... 4-1 
4.2 Preliminary Tests on the Undamped Structure ..................... 4-2 

4.2.1 Initial Dynamic Properties of the Test Structure ............. 4-2 
4.2.2 Simulated Ground Motion Test Results ................... 4-4 

IX 

Preceding page blank 



TABLE OF CONTENTS - CONT'D 

TITLE PAGE 

4.3 Tests on the Structure with Dampers on All Stories ................. 4-9 
4.3.1 Initial Dynamic Properties of the Test Structure ............. 4-9 
4.3.2 Simulated Ground Motion Test Results ................... 4-9 

4.3.2.1 Test Results - Taft N21E ...................... 4-12 
4.3.2.2 Test Results - EI Centro NS ................... 4-13 
4.3.2.3 Test Results - Pacoima Dam S16E .............. 4-14 
4.3.2.4 Test Results - Hachinohe NS ................... 4-14 

4.4 Tests on the Structure with Dampers on the First Two Stories Only .... 4-34 
4.4.1 Initial Dynamic Properties of the Test Structure. . . . . . . . . . .. 4-34 
4.4.2 Simulated Ground Motion Test Results .................. 4-34 

4.5 Test on the Structure with Dampers on the First Story Only .......... 4-41 
4.5. 1 Initial Dynamic Properties of the Structure . . . . . . . . . . . . . . .. 4-41 
4.5.2 Simulated Ground Motion Test Results .................. 4-48 

4.6 Test on Bare Structure After the Dampers were Removed ........... 4-48 
4.6.1 Initial Dynamic Properties of the Test Structure ............ 4-49 
4.6.2 Simulated Ground Motion Test Results .................. 4-49 

SECTION 5 

GENERAL DISCUSSION OF STRUCTURAL RESPONSE AND ANALYTICAL 
PREDICTIONS ............... ................................... .. 5-1 

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 5-1 
5.2 DRAIN-2DX Computational Model of the Test Structure ............ 5-1 
5.3 Comparison of the Structural Performance with Different Damper 

Configurations ...... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 5-2 
5.3.1 Structural Dynamic Properties .......................... 5-2 
5.3.2 Response of the Structure ............................. 5-4 
5.3.3 Energy Response .................................... 5-6 
5.3.4 Column Axial Forces ................................. 5-6 

5.4 Final Remarks on Response Comparisons ......................... 5-7 

SECTION 6 

SUMMARY AND CONCLUSIONS 6-1 
6.1 Future Research .......................................... " 6-2 

SECTION 7 

REFERENCES .................................................... 7-1 

x 



LIST OF ILLUSTRATIONS 

FIGURE TITLE 

1.1 
1.2 
1.3 
1.4 
1.5 

2.1 
2.2 

2.3 
2.4 
2.5 
2.6 
2.7 
2.8.a 

2.8.b 

3.1 
3.2 
3.3 
3.4 
3.5 
3.6 

4.1 
4.2 
4.3 
4.4 
4.5 
4.6 
4.7 
4.8 
4.9 
4.10 
4.11 
4.12 
4.13 
4.14 
4.15 

Friction Devices (Pall 1987) 1-3 
Sumitomo Friction Device (Aiken 1990) 
Added Damping and Stiffness Device (ADAS) (Whittaker et aI, 1991) 
Viscous Device (VE) 
Force-Deformation Relationships of Various Dampers 

Elastomeric Spring Damper 
Effect of Test Frequency on the Force-Displacement 
Behavior of a Model BC 1 C Damper 
Effect of Amplitude on Response - BC 1 C 
Specimen Test Results ofBCSA Prototype Damper 
Comparison of Prototype and Model DamperBehavior 
Modelling of Dampers 
Effects of Damper Parameters 
Comparison of Experimental and Analytical Responses
EI Centro 0.3 g - BC1C 
Comparison of Experimental and Analytical Responses -
Taft 0.3 g - BC1C 

Test Structure - Front and Side Elevations 
Retrofitted Columns 
Details of Column Retrofit 
Test Structure with Elastomeric Spring Dampers 
Instrumentation of the Test Structure 
Sample Scaled Acceleration Records 

Quick Release Test Results (QUIKREL) 
Experimental Results - EI Centro 0.3g (DBFEL30) 
Experimental Results - Taft O.2g (EBFTA020) 
Story Transfer Functions Bare Frame - Before the Dampers Installed 
Quick Release Test Results (JQCKREL) - Dampers on All Stories 
Experimental Results - Taft 0.2g (ATA020) 
Damper Force-Deformation Behavior - Taft 0.2g (ATA020) 
Experimental Results - EI Centro 0.3g (BEL030) 
Damper Force-Deformation Behavior - EI Centro O.2g (BEL030) 
Experimental Results - Taft 0.3g (CTA030) 
Damper Force-Deformation Behavior - Taft 0.3g (CTA030) 
Experimental Results - Pacoima 0.2g (DPA020) 
Damper Force-Deformation Behavior - Pacoima O.2g (DPA020) 
Experimental Results - Pacoima O.4g (EPA040) 
Damper Force-Deformation Behavior - Pacoima O.4g (EPA040) 

Xl 

PAGE 

1-6 
1-7 
1-8 
1-11 

2-2 

2-4 
2-5 
2-8 
2-9 
2-13 
2-14 

2-16 

2-17 

3-2 
3-4 
3-5 
3-7 
3-8 
3-12 

4-3 
4-6 
4-7 
4-8 
4-10 
4-15 
4-16 
4-17 
4-18 
4-19 
4-20 
4-21 
4-22 
4-23 
4-24 



LIST OF ILLUSTRATIONS - CONT'D 

FIGURE TITLE 

4.16 
4.17 
4.18 
4.19 
4.20 
4.21 
4.22 
4.23 
4.24 
4.25 
4.26 
4.27 
4.28 
4.29 
4.30 
4.31 
4.32 
4.33 
4.34 
4.35 
4.36 
4.37 

5.1 
5.2 

5.3 
SA 
5.5 
5.6 
5.7 
5.8 
5.9 
5.10 
5.11 
5.12 
5.13a 
5.13b 

Experimental Results - Taft 0.4g (FTA040) 
Damper Force-Deformation Behavior - Taft OAg (FTA040) 
Experimental Results - EI Centro 0.4g (GEL040) 
Damper Force-Deformation Behavior - EI Centro OAg (GEL040) 
Experimental Results - Hachinohe O.2g (HHA020) 
Damper Force-Deformation Behavior - Hachinohe O.2g (HHA020) 
Experimental Results - Hachinohe 0.3g (IHA030) 
Damper Force-Deformation Behavior - Hachinohe 0.3g (IHA030) 
Story Transfer Functions - Dampers on all Stories 
Experimental Results - Taft 0.2g (KTA020) 
Damper Force-Deformation Behavior - Taft 0.2g (KTA020) 
Experimental Results - EI Centro 0.3g (LEL030) 
Damper Force-Deformation Behavior - EI Centro O.3g (LEL030) 
Story Transfer Functions - Dampers on First 2 Stories Only 
Experimental Results - Taft 0.2g (NTA020) 
Damper Force-Deformation Behavior - Taft O.2g (NTA020) 
Experimental Results - El Centro 0.3g (OEL030) 
Damper Force-Deformation Behavior - El Centro O.3g (OEL030) 
Story Transfer Functions - Dampers on the First Story Only 
Experimental Results - Taft 0.2g (QTA020) 
Experimental Results - EI Centro 0.3g (REL030) 
Story Transfer Functions Bare Frame -After Removal of Dampers 

Normalized Transfer Functions 
Seismic Response of the Structure with and without Dampers 
EI Centro 0.3g 
Seismic Response of the Structure with and without Dampers Taft 0.2g 
Effect of Damper Configuration on the Seismic Response El Centro 0.3g 
Effect of Damper Configuration on the Seismic Response Taft 0.2g 
Story Shear vs. Interstory Displacement Comparison El Centro 0.3g 
Story Shear vs. Interstory Displacement Comparison Taft 0.2g 
Damper Force-Deformation Behavior - EI Centro 0.3g 
Damper Force-Deformation Behavior - Taft 0.2g 
Seismic Energy Comparison 
Maximum Response Envelopes - EI Centro 0.3g 
Maximum Response Envelopes - Taft 0.2 g 
Benefits of Added Damping under Major Earthquake Ground Motions 
Benefits of Added Damping under Major Earthquake Ground Motions 

xu 

PAGE 

4-25 
4-26 
4-27 
4-28 
4-29 
4-30 
4-31 
4-32 
4-33 
4-36 
4-37 
4-38 
4-39 
4-40 
4-43 
4-44 
4-45 
4-46 
4-47 
4-51 
4-52 
4-53 

5-9 

5-10 
5-11 
5-12 
5-13 
5-14 
5-15 
5-16 
5-17 
5-18 
5-19 
5-20 
5-21 
5-22 



LIST OF TABLES 

TABLE TITLE PAGE 

2.1 Specimen Test Results - BCIC 2-6 
2.2 Specimen Test Results - BC5A 2-7 
2.2 Parameters for BC 1 C and BC5A Dampers 2-12 

3.1 Concrete Poperties 3-1 
3.2 Description of Monitored Channels 3-6 
3.3 Test Log of Model Structure with 

Elastomeric Spring Dampers 3-10 

4.1 Summary of Maximum Response - Bare Frame 4-5 
4.2 Summary of Maximum Response - Dampers on 

All Stories 4-11 
4.3 Summary of Maximum Response - Dampers on 

the First Two Stories Only 4-35 
4.4 Summary of Maximum Response - Dampers on 

the First Story Only 4-42 

5.1 Comparison of Structural Dynamic Properties 5-3 
5.2 Maximum Reponses 5-5 

xiii 





SECTION 1 

INTRODUCTION 

As modern structures become taller, more slender and lighter with the invention of 

new structural materials and the enhancement of design and construction techniques, control 

of effects of seismic excitation and/or wind on structures has become an important goal of 

researchers. Many design and analysis methods for structures subjected to seismic excitations 

have been proposed following analytical and experimental studies. 

Conventional ductile design requires that structures passively resist earthquakes 

through a combination of strength, deformability and energy dissipation. Sufficient stiffness 

must also be provided to avoid excessive relative floor displacements (interstory drifts) which 

cause non-structural damage. Lateral strength to the structure must then be provided to resist 

seismic loads in the form of moment resisting frames, shear walls, concentric or eccentric 

braces or a combination of these. To prevent collapse during severe earthquake excitation 

and to achieve an economical design for frame structures, shear walls are permitted to crack 

and yield, concentric braces are permitted to buckle, and eccentric brace shear links are 

designed to yield so as to reduce the inertia forces during earthquake shaking. Thus, during 

strong ground motions, due to lack of lateral strength, structures invariably deform beyond 

their elastic limit. 

Inelastic deformation takes the form of localized and/or spread plasticity in hinges 

which result in increased flexibility and energy dissipation. This inelastic action results in 

damage to the structural members, which is generally intended to occur in specially detailed 

critical regions of lateral force resisting systems, e.g., in the beams near the beam-column 

joints. Following a strong earthquake, damage to these plastic hinge regions is to be 

expected, but without structural collapse, to ensure the preservation oflife-safety. To some 

designers, particularly designers of essential or critical structures, this ductile philosophy is 

untenable. This has led many researchers to investigate alternate forms of energy dissipation 

within the structures to minimize permanent damage through yielding of members. 

There are indeed a number of situations where ductile structural behavior may be 
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either unattainable, or desirable. Consider first many older structures especially those located 

in the eastern and central United States that were designed only for gravity loads (1.4D+ 1. 7L) 

per non-seismic detailing provisions of the codes. During a moderate earthquake the non

seismic ductile detailing of the structural elements may lead to excessive interstory drifts 

resulting in distress of nonstructural elements. During strong shaking, an undesirable soft

story failure mechanism may form and subsequent collapse. Secondly, well designed and 

detailed reinforced concrete frame structures may be quite flexible, and under earthquake 

excitations the interstory drifts may be excessive leading to the distress of nonstructural 

elements; the result is often undesirable damage and permanent deformations. Secondly, 

important structures such as hospitals, schools and fire departments may be required to be 

serviceable after an earthquake; the ductile design philosophy with the associated permanent 

deformations in such cases is inappropriate. Thus, if seismic energy dissipation can be 

achieved by means of separate non-load-bearing supplementary damping devices which also 

provide a re-centering capability, the load-bearing structure can remain largely elastic with 

continuing serviceability. 

A number of investigations have shown that a significant amount of seismic energy 

can be dissipated by specially designed non-structural damping elements, allowing the primary 

structural elements to remain within the elastic limits after a major seismic event. These 

elements can be categorized in three main groups: Friction Devices, Metallic Yielding 

Devices, Viscous (fluid) Devices and Viscoelastic Devices. A brief discussion of these groups 

of devices is given in what follows: 

1.1 Friction Devices 

Pall (1987, 1991) proposed a type of friction device which was located at the 

intersection of a cross-bracing as shown in Figure 1.1. This device has been used in three 

buildings in Canada. Seismic loading induces cycles of tension-compression forces in the 

braces such that the tension brace causes slippage at the friction joint, therefore forcing the 

compression brace to slip as well. A number of experimental studies (Filiatrault 1987, Aiken 

1988) were performed using these devices after which design methodologies were developed 
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for friction-damped structures (Filiatrault 1990). 

Sumitomo friction dampers (Figure 1.2) which were developed for railway 

applications, consist of copper alloy pads which generate fuction due to contact with the inner 

surface of the steel casing. Aiken (1990) conducted shaking table tests of a 9-story model 

structure with Sumitomo dampers. 

All of these friction dampers have Coulomb friction characteristics as they generate 

rectangular hysteresis loops. Fluor Daniel Inc., however, has developed a friction device 

called the Energy Dissipating Restraint (EDR) which has a double-flagged hysteresis loop. 

Richter et al. (1990) and later Nims et al. (1993) and Aiken et al (1993) investigated the self 

centering capabilities ofEDRs. 

Fitzgerald et al. (1989) used slotted bolted connections in the braces allowing slip and 

energy dissipation at the connection. Further investigation of this type of friction connections 

was done by Grigorian and Popov. (1992, 1994). 

These studies have shown that friction devices could be utilized in building structures 

so as to enhance their seismic performance. In general, story drifts were reduced when 

compared to moment resisting frames, increasing the energy dissipation capacity. Story 

shears were also reduced moderately and transferred to braces which in turn allowed lower 

design forces for primary structural elements. 

1.2 Metallic Damping Devices 

In this group of damping devices, yielding steel systems are the most extensively 

investigated types of dampers. The most common characteristic of these devices is that they 

deform into the plastic range utilizing flexural, shear, or extensional deformation modes. The 

fact that the mild steel can go through a considerable number of stable inelastic cycles has led 

to the development of this class of device. After Kelly et al. (1972) and Skinner et al. (1980) 

have developed these dampers, Tyler (1978) and Stiemer et al. (1981) used mild steel plates 

with triangular or hourglass shapes so that the yielding would spread almost uniformly 

throughout the material. Tyler (1985) also developed an energy dissipating system which 

used mild steel round bars in cross-bracing as the energy absorbing elements. 
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Inspired by the X-shaped damping supports for piping systems (Stiemer et al. 1981), 

Whittaker et al. (1991) studied the Bechtel Added Damping and Stiffness (ADAS) devices. 

As shown in Figure 1.3, the ADAS device consists of multiple X-steel plates supported by 

rigid plates such that the X-plates deform in double curvature. ADAS elements have been 

experimentally tested by Bergman and Goel (1987) and Whittaker et al. (1991). It has been 

shown that these elements can increase the stiffness and strength of the structure while 

reducing the energy dissipation demand on the structural elements. 

Lead Extrusion Devices (LED) and Shape Memory Alloys (SMA) are the other two 

types of metallic damping devices. LED (Skinner et al. 1993) has essentially the same 

rectangular hysteresis behavior as friction devices, and the effect of number of loading cycles 

is minimaL However, LED is rate-dependent and temperature dependence is observed as well 

either due to ambient changes or to the absorption of energy during an earthquake. These 

devices have been used mostly in New Zealand: in three bridges and to provide damping for 

a ten-story building supported by flexible piles. It has also been installed in the walls to 

improve the seismic performance of two buildings in Japan. 

SMA can yield repeatedly without any permanent deformation. These devices are also 

shown to be effective in reducing the seismic response of structures (Aiken et al. 1992, 

Witting and CozzareIli 1992). 

1.3 Viscoelastic Devices 

Mahmoodi (1969) first described the characteristics of a double-layer, constraint layer, 

viscoelastic (VE) shear damper. In his first attempt to model the VB damper, Mahmoodi 

used linear viscoelastic theory and did not consider frequency and temperature effects. Since 

then, studies have focused on the investigation of various parameters affecting the behavior 

of this class of dampers. It was found that the stiffness and damping properties of VE 

dampers are controlled by the temperature, the frequency of the loading and the level of 

induced shear deformation in the material. 

Viscoelastic materials consist of polymers or glassy substances. They dissipate energy 

in the form of heat when subjected to deformations. A typical VB damper which is subjected 
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to longitudinal force is shown in Figure 1.4. VB dampers have been effectively used as 

energy dissipators in reducing the structural response due to dynamic loadings such as wind 

(Keel 1986, Mahmoodi et al. 1987), earthquake (Lin et al. 1988, Aiken and Kelly 1990). A 

number of earthquake simulator tests have been conducted on large-scale steel frames with 

VE dampers. Various desing methodoligies were suggested by Abbas and Kelly (1993) and 

Zhang and Soong (1992). 

Recently Lobo et al. (1993) performed shaking table tests on a 1/3 scale, non-ductile 

reinforced concrete model structure which is also the model used in this study. Investigation 

of the influence of viscoelastic dampers on the inelastic response of reinforced concrete 

structures was carried out performing a series of simulated ground motion tests. Test results 

have shown that story drifts and story shears can be reduced significantly and the damping 

ratio can be increased up to 20 percent of critical. Hysteretic energy dissipation is transferred 

from the load bearing elements to non-load bearing elements, i.e., viscoelastic braces. 

A viscous-damping wall system was developed by Oiles and Sumitomo Construction 

has been found to provide 10 to 30 percent damping with about 50 to 60 percent reduction 

in the maximum response in general. 

1.4 Viscous (Fluid) Devices 

There are no known applications of fluid viscous devices within the framework of a 

building structure for seismic protection. However, there have been a number of applications 

for the seismic protection of bridges. These devices maintain linear viscous behavior and very 

little temperature dependence is observed. 

Experimental and analytical studies of a typical fluid viscous device on both building 

and bridge structures were performed by Constantinou et al. (1993). Very large response 

reductions were observed with the incorporation of fluid viscous dampers in structures. One 

of the major advantages of viscous dampers (compared to viscoelastic dampers) is that it 

appears to be more robust and is not temperature sensitive. A second advantage is that a pure 

viscous damper does not add any stiffness to the structure; therefore member forces are not 

increased in columns which may be seismically vulnerable. The most appealing characteristic 
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of the pure viscous damper is that the damping is out-of-phase with the maximum forces (and 

the maximum displacement) in the structural elements. 

1.5 Force-Deformation and Energy Absorption Characteristics of Various Dampers 

Force-deformation relationships of some of the dampers discussed which are 

investigated both experimentally and analytically are shown on Figure 1.5. Sumitomo friction 

devices (Figure 1.5a) and LED devices (Figure 1.5b) essentially have "Coulomb damper" 

characteristics which consist of rectangular hysteresis loops. Energy absorbed is a maximum 

for a particular force and stroke. Experimental studies have shown that ADAS devices have 

stable hysteretic performance (Figure l.Sc). Design of EDR devices is similar to that of 

Sumitomo fiction devices. Various forms of force-deformation relationships can be obtained 

by changing the preload and initial gaps in the damper. Analytical force-deformation 

relationship for an EDR with lion-zero preload but no initial gap is shown in Figure 1.Sd. 

VE dampers have two components in their force-deformation behavior (Figure 1.5d): 

a viscous (energy absorbing) part andan elastic (energy restoring) part. Experimental studies 

have shown that VE devices have a significant temperature dependency due to which energy 

absorption capacity decreases. Finally, viscous (liquid) devices have linear viscous behavior 

characteristics and generally capability to operate over a temperature range of -40°C to 70 

°C. 

Elastomeric spring dampers combine the shear and compressibility characteristics of 

silicone compounds which are stable over a wide range of temperature of -60°C to 200 0c. 
Details of the behavior of elastomeric spring dampers are given in Section 2. 

1.6 Present Study - Objectives and Scope 

In the present study a type of single-acting damper device previously employed in the 

railroad and steel industries is used. These stock off-the-shelf devices, called elastomeric 

spring dampers, exhibit a distinct re-centering characteristic and were modified to operate in 

a double-acting fashion and used to retrofit a lightly reinforced, previously damaged 1/3 scale 
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model of an office building. The model reinforced concrete structure was tested under 

simulated earthquake loading on the shaking table at the State University of New York at 

Buffalo. The structure was previously designed and tested by Bracci et al. (1992a). The 

model structure has already been retrofitted with various supplemental damping devices such 

as viscoelastic dampers (Lobo et aI., 1993), as well as friction dampers, viscous dampers 

(Reinhorn et aI, 1995) and tested under various earthquake ground motions. 

The principal objectives of investigating the performance of the present supplemental 

elastomeric spring damper system are: 

(1) to determine the mechanical properties of elastomeric spring dampers and 

analytically model their behavior, 

(2) to investigate the experimentally-observed and analytically-predicted response 

characteristics of the building structure with such dampers, 

(3) to investigate the alternate configurations for employing the elastomeric 

spring dampers in the tested building structure. 

To achieve these objectives, the following tasks were undertaken: 

(1) Perform preliminary tests of elastomeric spring dampers supplied by Jarret 

Inc. prior to shaking table tests, 

(2) Develop a model to simulate the hysteretic behavior of the dampers, 

(3) Incorporate the damper model into the DRAIN-2DX (Prakash et al. 1992) 

time-history dynamic analysis computer program, and predict structural 

responses prior to shaking table tests, 

(4) Establish the instrumentation of the dampers and the three-story model 

structure to be tested on the shaking table, 

(5) Perform shaking table tests of the structure with dampers, on each story, on 

the first and second stories, on the first story only, and without dampers, 

(6) Set up an analysis procedure for determining the structural response of the 

structure from the experimental results. 
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SECTION 2 

PROPERTIES OF ELASTOMERIC SPRING DAMPERS 

2.1 Introduction 

The dampers used in this study contain a silicone-based elastomer that has the 

appearance of silly-putty. The consistency of this material gives both compressibility and 

viscous attributes. Thus dampers can be designed to give both spring and hysteretic behavior. 

The performance of the elastomeric spring dampers results from the interaction of the 

following parameters; (1) the precharge pressure of the elastomer, (2) the compressibility 

characteristic of the elastomer, (3) the viscosity and shear characteristics of the elastomer, (4) 

the design of the piston head, (5) the size and the shape of the plunger, (6) the piston 

rod/plunger cavity volume relationship, and (7) seal friction. These parameters can be 

modified to produce a wide variety of required damper performance characteristics and 

energy absorption capability. 

Over the last three decades the type of elastomeric spring damper investigated in the 

present study has enjoyed much use in a wide range of industrial, defense and civilian 

applications. Railway engineering applications in various parts of the U.S. and Europe for 

this class of shock absorbing device include end-of-track buffers and part of the car-to-car 

coupling systems on rapid transit trains. The dampers are used in many industrial applications 

including steel mills, manufacturing and process treatment industries, as well as heavy duty 

material handling systems such as cranes. Military applications include shock absorption 

devices on missile and torpedo launching systems, gun recoil systems, and suspension systems 

for tanks. This class of shock absorber has also been applied to a wide range of civil 

engineering systems including the seismic protection of highway and railroad bridge systems, 

swing and lift bridges, sliding roof and lock gate protection systems, and offshore drilling 

platforms. It is thus evident that this type of damper has historically exhibited good reliability 

and longevity in a variety of chemically and thermally hostile environments. It is therefore 
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considered, that based on this previous track record, that this class of shock absorber which 

utilizes the unique compressibility characteristics of silicon elastomer, is a viable candidate for 

the seismic protection of buildings. 

Single-acting (compression only) dampers were modified to enable the application for 

seismic protection of building structures, by building a housing around the damper to give 

similar tension and compression attributes. Figure 2.1 shows the physical arrangement of the 

double-acting damper. The steel damper's inner cylindrical casing shown in Figure 2.1 is filled 

with the elastomer and pressurized to a predetermined level. When loaded, the piston head 

is driven into the cylinder, further compressing the elastomer. The damper thus acts as a soft 

spring. While the piston is being forced into the casing, some ofthe elastomer is free to flow 

around the annular space at the position head. This orificing effect provides velocity 

dependent resistance as well as hysteretic damping. When the piston velocity reduces to zero, 

the flow of the elastomer around the piston head ceases, thus allowing the pressure of 

elastomer to equalize on both sides of the piston. The internal spring force tends to push the 

piston out to its initial position. Figure 2.1 also shows a section of an outer casing which is 

used to convert an ordinary off-the-shelf, single-acting damper into a double-acting damper 

which was used in the present experimental studies. 

2.2 Damper Testing 

2.2.1 Model Damper - BCIC 

Each damper was tested in order to investigate their force-deformation relationships 

pnor to shaking table tests. Specimen tests consisted of applying 3-5 cycles of 

displacement-controlled sinusoidal motions at specific frequencies (0.5 - 2 Hz) and 

amplitudes (6.5 -24 mm). Built-in load cells were designed and installed on the exposed rod 

protruding from the dampers. These were needed to accurately record the damper force 

history during the shaking table tests. Hence, initial specimen tests were also conducted for 

purposes of calibrating the load cells. 
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A total of 20 tests were performed on six damper specimens. Selected specimen 

test results for various amplitudes and test frequencies are plotted in Figure 2.2 and test 

results are summarized in Table 2.1. The table includes the maximum tension and 

compression side damper displacements as well as corresponding damper forces. 

Dissipated energy was calculated as the area of the hysteresis loops. These results show 

some frequency dependency with stable and repeatable hysteretic behavior. What 

distinguishes this particular damping system from most of those previously studied is its 

distinct re-centering capability. Force-deformation relationships of two tests which have 

approximately the same test velocities but different amplitudes are compared on Figure 

2.3. The slight increase in the damper stiffness is due to the fact that elastomer pressure 

increases as the piston rod is forced into the plunger cavity, further tightening the seal 

shown in Figure 2.1. 

Table 2.1: Specimen Test Results - BC1C 

Specimen Testing # of Max/Min Max/Min Energy 

Test Id. Freouencv. Hz CYcles Stroke mm Force kN kNmm 

Sl 2 5 5.8/-6.5 9.3/-9.1 275 

S2 1.5 5 7.5/-8.3 11.4/-10.3 428 

S3 1 5 10.6/-10.6 12.6/-13.7 669 

S4 0.5 5 10.6/-10.6 11.7/-12.4 596 

S5 1 3 10.5/-10.5 10.6/-11.3 273 

S6 0.5 5 10.6/-10.6 10.0/-10.9 456 

S7 1 3 10.6/-10.5 11.9/-12.0 339 

S8 1 3 10.6/-10.5 11.3/-10.9 318 

S9 1 3 10.6/-10.5 12.6/-13.3 344 

SlO 1 3 10.6/-10.5 12.4/-12.8 308 

Sl1 1 3 10.6/-10.5 10.6/-10.7 262 

S12 0.5 5 23.7/-23.3 24.7/-24.2 1423 

S13 0.5 5 23.6/-23.2 26.8/-27.2 1839 

S14 0.5 5 23.7/-23.3 24.8/-25.3 1560 

S15 0.5 4 23.7/-23.2 24.7/-23.7 1305 

S16 0.5 5 23.6/-22.9 25.2/-25.5 1599 

S17 0.5 5 23.6/-23.1 24.9/-25.3 1509 

S18 0.5 5 23.7/-23.2 24.7/-25.2 1475 

S19 0.5 5 23.7/-23.2 27.1/-24.2 1906 

S20 0.5 5 23.7/-23.2 26.8/-26.5 1765 

2-6 



2.2.2 Prototype Damper - BC5A 

Specimen tests of a BCSA type damper which essentially has the prototype damper 

properties for the shaking table test structure were conducted on an axial loading machine. 

Specimen test results of this single-acting damper are summarized on Table 2.2. Force

deformation relationships for two different test amplitudes with various testing frequencies 

are plotted on Figure 2.4.a and 2.4.b. As can be seen from these figures, frequency 

dependency is more pronounced for this damper. Normalized force-deformation 

relationships of a BC5A and BCIC damper are compared in Figure 2.S for the testing 

frequencies of 1 Hz and 2 Hz respectively. In general, the post-yield stiffenss can be 

altered during design by varying the piston rod/plunger cavity volume relationship and 

elastomer compressibility. In this figure damper displacement is normalized with respect 

to damper stroke capacity. Nominal stress on elastomer was determined approximately 

dividing the damper force by the internal area of the plunger. 

In the following paragraphs, development of an analytical model of this unique 

behavior is presented. An alternate analytical model for re-centering devices is described 

by Tsopelas and Constantinou (1994). 

Table 2.2: Specimen Test Results - BC5A 

Specimen Testing # of Damper Damper Energy 

Test Id. Frequency, Hz Cycles Stroke, mm Force, kN kNmm 

PI 0.025 2 -63.6 -129.1 7339 

P2 0.01 1 -59.2 -118.3 4670 

P3 0.033 2 -63.6 -125.8 6954 

P4 0.1 2 -63.6 -136.1 8182 

P5 0.1 2 -25.6 -76.9 2386 

P6 1.0 2 -25.2 -90.7 3355 

P7 0.3 2 -25.7 -80.0 2842 

2-7 



o ~--------------------------------------------~ 

-20 

z -40 
.::t:. 
Q)~ 

e -60 
o 
u.. ... 
8.. -80 
E 
CIS 
0_100 

-120 

---j=0.0025Hz 
_________ /= 0.01 Hz 
________________ / = 0.033 Hz 
________________ j = 0.1 Hz 

-140 +-----~------~----~------~----~------~----~ 

-70 -60 -50 -40 -30 -20 -10 o 
Damper Displacement, mm. 

o ~----------------------------------------------~~~ 

-20 

z -40 
.::t:. 
Q)~ 

e -60 
o u.. ... 
8.. -80 
E 
CIS 
0_100 

-120 

----/= 0.1 Hz 

-----1= 0.3 Hz 
____________ / = 1.0 Hz 

-140 +------,------,------,------,------,------,-----~ 

-70 -60 -50 -40 -30 -20 -10 o 
Damper Displacement, mm. 

Figure 2.4 Specimen Tests Results of BC5A Prototype Damper 

2-8 



Actual Damper Displacement, mm 

-23 
0.0 

-20 -15 -10 -5 0 
0.0 

~ 
it 

-0.5 Prototype - BC1C z 
d)~ .¥ 

tl f = 2 Hz -3.0 d)~ ... 
~ 0 

Py = 5.3 kN u.. 0 ... u.. 
d) ... 
0.. 8. E -1.0 
ca 

-6.0 E 
C ca 

~ 
C 
ca 
::I 

ca 
-1.5 

1:) 
E c( ... 
0 z -9.0 

-2.0 -10.6 
-1.0 -0.8 -0.6 -0.4 -0.2 -0.0 

x/xmax 

Actual Damper Displacement, mm 
-101 

0.0 
-80 -60 -40 -20 0

0 

>-
Q. 

-20 -LL Model- BC5A z 
cD -0.5 ~ 

0 f = 1.0 Hz Gf .... -40 0 () 

LL Py = 62 kN 
.... 
0 .... LL 

Q) 
10.. a. -60 Q) 

E -1.0 a. 
cu E Q ca 
1J -80 Q 
Q) 1ii .!::! ::::J 
cu -1.5 "0 E -100 < .... 
0 z 

-2.0 -124 
-1.0 -0.8 -0.6 -0.4 -0.2 -0.0 

X/xmax 

Figure 2.5 Comparison of Prototype and Model Damper Behavior 

2-9 



2.3 Analytical Characterization and Implementation of the Damper Behavior 

In this subsection, analytical modeling of the dampers behavior based on the 

specimen tests is described. The model is verified using damper displacement histories 

recorded during the shaking table tests. Very good agreement between the experimental 

and analytical force-deformation relationships was observed. Implementation of this model 

in the well-known non-linear structural dynamic analysis program DRAIN-2DX (Prakash 

et al. 1992) is given next. 

2.3.1 Analytical Modeling of the Dampers 

It was observed from the specimen test results that the dampers exhibit a significant 

velocity dependency which was expected due to the nature of the elastomeric material and 

orificing as described above. The total damper force can be calculated as the sum of the 

spring force Fs and the velocity-dependent (viscous) force Fv: 

FD == F + F s v (2.1) 

The spring component has in essence a bilinear relationship and is shown in Figure 

2.6. The four-parameter model proposed first by Menegotto and Pinto (1973) may be 

used to define this skeleton curve as follows: 

[ 

Kr x R ]lIR 
1 +-

Py 

(2.2) 

in which x == the damper displacement or stroke, Kr == the initial stiffness when the 

damper and connecting rod are fully extended, K2 == elastomeric stiffness that is activated 

when the prestress has been overcome, Py = damper static prestress force, and 

R = curvature shape parameter. 

The viscous part of the hysteresis model [Eq. (2.1)] should reflect the self-centering 

characteristic of the dampers as well as the velocity dependency. Therefore, a non-linear 

viscous-rate dependent m9(iel was modified to include the self-centering characteristics of 
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the damper as follows: 

Fv := C sign (x) Ixl ex 
x p (2.3) 

in which C := the damper constant, x := the damper velocity, xmax := the damper stroke 

capacity, and a , p are positive real exponents. It should be noted here that a is the 

velocity exponent while p is a mechanical configuration exponent. It was found that a := p 
for a double-acting damper modified from a single acting unit as shown in Figure 2.1, 

otherwise p = O. Except for the shape factor R in Eq. (2.4), the spring force 

parameters can be determined graphically from the experimental damper force-deformation 

plots. Calibration of test results suggests that a shape factor of R := 2 is best to define 

the skeleton curve. 

Thus, for the dampers used in the present investigation the proposed model takes 

the following form: 

+ C sign(x) 
. x x--

xmax 

ex 

(2.4) 

Having determined these static parameters (K1, K2, Py), the viscous component term 

is determined from the experimentally observed force-deformation results. A verage values 

of the parameters for the BCIC type damper used subsequently in this study are given in 

Table 2.2. Also included in the table are the corresponding values for the BC5A damper. 

It should be noted here that compression and tension properties differ slightly due 

to the constraints imposed by the mechanical modification to achieve " similar" 

force-deformation behavior in two directions. 

Figure 2.7 shows the effects of damper parameters (Eq. 2.4) on the shape of the 

hysteresis loop. One of the advantages of the model developed above is that the model 

parameterscorrespond to distinct physicals characteristics. It is well-known that orificing 

in such viscous dampers produces a velocity dependent viscous force proportional to I x I ex • 
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Table 2.2: Parameters for BCIC and BC5A Dampers 

Damper Loading C ex p Py KI K2 x.nax 

Direc. (kN/mm/sec) (kN) (kN/mm) (kN/mm) (mm) 

BC1C Compo 0.17 0.2 0.2 3.3 7 0.66 23 

Tension 0.19 0.2 0.2 2.7 5.3 0.79 23 

BC5A Compo 1.92 0.2 0.15 26.7 62 1.14 101 

A desired IX coefficient can be achieved by a certain orifice configuration, depending on 

the type of damper performance needed (Figure 2.7.c). The size of the orifice also 

controls the amount of the viscous material flow which determines the level of viscous 

force (Figure 2.7. f). The damper static prestress force is obtained by precharging the 

elastomer to a certain pressure which acts to bring the device back to its original position. 

An optimum prestress level can therefore be readily determined for a specified maximum 

damper force requirement (Figure 2.7.d). p is the mechanical configuration exponent and 

reflects the self-centering characteristics of the damper as shown in Figure 2.7 .g. 

Model prediction is given in Figure 2.8 in comparison with the experimentally 

observed results. It should be noted here that the actual damper displacement histories 

obtained from the shaking table tests were used in these plots. 

2.3.2 Implementation of the Model in DRAIN-2DX 

The non-linear time history analysis computer program, DRAIN-2DX, for general 

inelastic dynamic analysis of structures subjected to earthquake loadings originally 

developed at University of California at Berkeley (Prakash et a1. 1992), was extended to 

include the force-deformation behavior of the dampers described above. 
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Figure 2.7 Effects of Damper Parameters 
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The modeling of the dampers consists of using two "damper" elements in parallel, 

one of which acts in tension (goes slack in compression) while the other acts in 

compression only (gap opens in tension). This feature enables the assignment of different 

tension and compression properties for a double-acting damper, as well as allowing 

modeling single-acting dampers for other possible cases. Hence, the double-acting 

elastomeric spring dampers used in this study were modeled in the modified DRAIN- 2DX 

program as depicted in Figure 2.6. 
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SECTION 3 

TEST STRUCTURE AND SHAKING TABLE TEST PROGRAM 

3.1 Introduction 

The model structure tested in this study was a I/3-scale three-story, three bay by one

bay, lightly reinforced (non-ductile) concrete frame building representing an interior bay of 

a typical office building. Figure 3.1 shows the principal model dimensions. This structure 

was constructed and tested under various simulated base motions using the shaking table in 

the Seismic Laboratory at the State University of New York at Buffalo (Bracci et al. 1992a). 

The concrete used in this frame had a target strength of 24 MP a, but the final strength 

of different components had differences due to variable casting conditions. The concrete 

specimen test results are summarized in Table 3.1. The slab reinforcing steel was a Gauge 

12 (2.8mm dia.) galvanized, square mesh with a wire pitch of 51 mm. The transverse 

reinforcing steel was Gauge 11 (3.0mm dia.) black wire whereas the longitudinal reinforcing 

steel of beams and columns was annealed D4 (5.7mm dia.) and D5 (6.4mm dia.) rebars, 

respectively. Concrete blocks (8.9 kN, 6 per floor) and lead bricks (0.07 kN, 288 per floor) 

Table 3.1: Concrete Properties 

Pour # - Location f / E E E spall c c co 

(MPa) (MPa) 

1- Lower 1 st St~ry_ Columns 23 20,100 0.0020 0.011 

2- Upper 1 st Story Columns 30 27,000 0.0020 0.017 

3- 1st Story Slab 34 27,000 0.0021 0.009 

4- Lower 2nd Storr Columns 30 27,000 0.0026 0.014 

5- Upper 2nd Story Columns 26 23,200 0.0022 0.020 

6- 2nd Sto!}, Slab 20 20,200 0.0015 0.020 

7- 3rd Story Columns 23 26,200 0.0019 0.020 

8- 3rd Story Slab 28 23,200 0.0021 0.012 
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were used to comply with the mass similitude requirements of the shaking test building. 

Further details of the test structure can be found in Bracci et al. (1992a). 

The structure was first tested under simulated base motions which had a peak 

acceleration of 0.3 g (Bracci et aI. 1992b). Considerable non-linear behavior was observed; 

hence the structure was damaged such that an incipient column sidesway mechanism was 

apparent. Subsequently, the damaged building was retrofitted by strengthening the interior 

columns of the building using concrete jacketing method. Complete details of the retrofitted 

structure is shown in Figures 3.2 and 3.3. First, the existing columns were encased in a 

concrete jacket with additional longitudinal and transverse reinforcement. Then longitudinal 

high strength column reinforcing bars were post-tensioned. The beam-column joints were 

also strengthened with a reinforcing concrete fillet (Figure 3.3). Later, the retrofitted 

structure was again subjected to various base motions (Bracci et al. 1992c). 

This damaged building provided the setting for the further studies of retrofits using 

various types of dampers such as viscoelastic, friction dampers and viscous wall systems. In 

this study, elastomeric spring dampers were installed on the diagonal bracings as shown in 

Figure 3.4.a and in the photograph of Figure 3.4.b. 

3.2 Shaking Table Test Setup and Instrumentation 

A total of 88 data channels were used to monitor the model structure response. A 

complete list of these channels and corresponding descriptions are given in Table 3.2. After 

the test structure was fixed to the shaking table platform, a set of transducers and 

accelerometers were installed as shown in Figure 3.5. 

Linear sonic transducers were used to measure the absolute response displacements 

in the longitudinal (N-S) direction of the base and each story level of the model during the 

shaking table tests. The displacement transducers had a global displacement range of ± 25 

mm, ±20 mm and ± 15 mm, respectively and were conditioned by a generic power supply and 

manufacturer amplifier-decoders. The same type of transducers were also installed on the 

dampers as shown in Figure 3.4.b, in order to record the damper displacement history during 

the shaking table tests along with the built-in axial load cells. 
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Table 3.2: Description of Monitored Channels 

Channel N arne Full Scale Units Channel Description 

AH# (1-8) 10.2 G's Horizontal acceleration at the floor 
levels - two on each level 

AV# (1-8) 4.1 G's Vertical acceleration at the floor levels -
two on each level 

AT# (1-8) 4.1 G's Transverse acceleration at the floor 
levels - two on each level 

D# (1-8) 260 mm Horizontal displacement of the floor 
levels - two on each level 

N# (1-8) 182.2 kN Column axial force - first and second 
stories only 

MX# (1-8) 666.4 kNm Column x-axis (NS) moment - first and 
second stories only 

MY# (1-8) 666.4 kNm Column y-axis (EW) moment - first and 
second stories only 

SX# (1-8) 22.8 kN Column x-axis shear force - first and 
second stories only 

SY# (1-8) 22.8 kN Column y-axis shear force - first and 
second stories only 

DDE# (1-3) 52 mm East side dampers' diSfllacement 

DDW# (1-3) 52 mm West side dampers' displacement 

FDE# (1-3) 91.1 kN East side dampers' force 

FDW# (1-3) 91.1 kN West side dampers' force 

DLAT 156 mm Shaking table horizontal displacement 

ALAT 2.0 G's Shaking table horizontal acceleration 

DVRT 126 mm Shaking table vertical displacement 

AVRT 4.1 G's Shaking table vertical acceleration 
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Resistive accelerometers were used to measure the story level accelerations. They 

were positioned as shown in Figure 3.5, to record the accelerations in the direction of the 

motion (AH#), transverse to the motion (AT#) and vertical motion (A V#). The longitudinal 

accelerometers were placed on both east and west sides of the structure to detect any 

torsional response. The accelerometers were conditioned with 2310 Vishay Signal 

Conditioners, which filtered the frequencies above 25 Hz. during the tests. Accelerometers 

were calibrated for an acceleration range of ± 2 g per 10 vol t s . 

Special load cells to measure the internal force response of the model, which included 

axial load, shear forces and bending moments were installed at the mid-height of first and 

second story columns. A more detailed description of the load cells can be found in Bracci 

et al. (1992a). 

3.3 Test Program 

Prior to installation of the elastomeric spring dampers one quick release test was 

conducted to generate free vibrations on the structure by pulling the structure from the roof 

level. Hence, the initial dynamic characteristics were identified from Fourier Transforms of 

the story level acceleration time histories. In order to make a "before and after" damper 

installation comparison, two simulated minor ground motion tests followed this identification 

test, namely Elcentro 0.3 g and Taft 0.2 g. After the dampers were mounted on all three 

levels, one more quick release test was conducted to investigate the preliminary effect of the 

dampers on the structural dynamic properties. 

In this experimental study, seventeen shaking table tests were conducted using four 

different ground motions, namely Taft 1952 N21E, El Centro 1940 NS, Pacoima Dam 1971 

S16E, and Hachinohe1968 NS at various peak ground acceleration (PGA) levels (0.2 g to 

0.4 g). Ground motions were time scaled (by a factor of 1/ {3) in order to meet the 

similitude requirements. Sample acceleration-time histories for these ground motions are 

given in Figure 3.6. 

Three different damper configurations were tested removing one set of dampers each 

time from one story level to study the effects of damper configuration on the seismic 
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response. Preliminary analyses showed that the bare structure could withstand Taft and EI 

Centro ground motions at 0.2 g and 0.3 g PGAs, respectively, without a catastrophic 

structural failure. Hence, these ground motions formed the basis for a comparison of seismic 

responses with different damper configurations. 

A wide banded (0 to 50 Hz) white noise base excitation applied by the shaking table, 

was used for determining the dynamic characteristics of the model after each simulated 

earthquake test. The peak acceleration was scaled to 0.05 g to provide enough excitation 

such that the modes of vibration could be identified. A complete list of the ground motions 

used in the study and test program is given in Table 3.3. 

Table 3.3: Test Log of Model Structure with Elastomeric Spring Dampers 

Test Id. Test Date Table Motion Nominal 
PGA{g) 

QUIKREL 6.13.1994 Quick Release -
(13.3 kN at rooflevel) 

DBFWH05 n White Noise 0.05 

DBFEC30 n El Centro NS (86%) - Imperial 0.30 
Valley, Ma~ 18 1940 

EBFWH05 n White Noise 0.05 

EBFTA20 n Taft N21E (128%) - Kern County, 0.20 
July 21 1952 

FBFWH05 n White Noise 0.05 

JQCKREL 1 
.. 6.16.1994 Quick Release -

(13.3 kN atrooflevel) 

AWN005B 6.17.1994 White Noise 0.05 

ATA020 n Taft N21E (128%) 0.20 

AWN005A n White Noise 0.05 

BEL030 n El Centro NS (86%) 0.30 

BWN005A n White Noise 0.05 

CTA030 6.20.1994 Taft N21E (192%) 0.30 

CWN005A n White Noise 0.05 

DPA020 n Pacoima Dam S16E (17%) - San 0.20 
Fernando, February 9 1971 

DWN005A n White Noise 0.05 

EPA040 n Pacoima Dam S16E (34%) 0.40 

EWN005A n White Noise 0.05 

FTA040 n Taft N21E (256%) 0.40 

3-10 



Table 3.3: Cont'd 

Test Id. Test Date Table Motion Nominal 
PGA (2) 

FWNOOSA " White Noise 0.05 

GEL040 6.23.1994 El Centro NS (114%) 0.40 

GWNOOSA " White Noise 0.05 

HHA020 " Hachinohe NS (87%) - Tokachi, 0.20 
May 16 1968 

HWNOOSA " White Noise 0.05 

lHA030 " Hachinohe (13 1 % ) 0.30 

IWNGGSA " White Noise 0 . .05 

JWNOO5Bz "/ " White Noise .0 . .05 

JTA005 " Taft N21E (32%) 0.05 

JWNOG5A 6.23.1994 White Noise 0.05 

KTAG20 " Taft N21E (128%) 0.20 

KWNGGSA II White Noise .0 . .05 

LEL030 II El Centro NS (86%) 0.30 

LWNOGSA II White Noise .0.05 

MWNG05B3 6.24.1994 White Noise 0.05 

MTAGGS II Taft N21E (32%) 0.05 

MWNGGSA II White Noise .0 . .05 

NTA020 II Taft N21E (128%) .0.2.0 

NWNGG5A II White Noise .0 . .05 

OELG3G II El Centro NS (86%) .0.3.0 

OWNG05A II White Noise .0 . .05 

PWNG05B4 II White Noise .0 . .05 

PTAGG5 II Taft N21E (32%) .0 . .05 

PWNGG5A II White Noise .0.05 

QTAG20 II TaftN21E (128%) .0.2.0 

QWNOG5A II White Noise .0 . .05 

RELG30 " El Centro NS (86%) .0.3.0 

RWNGG5A II White Noise .0 . .05 

1 Dampers on all levels installed 
2 Dampers removed from third story level 
3 Dampers removed from second story level 
4 Dampers removed from first story level: bare frame 
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Figure 3.6 Sample Scaled Acceleration Records 
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SECTION 4 

SHAKING TABLE TEST RESULTS 

4.1 Introduction 

In this section experimental results are presented along with the analytical predictions 

obtained from the enhanced DRAlN-2DX computational model described in Section 2. 

These results are further discussed in Section 5. Effects of supplemental damping on the 

structural response are identified from the shaking table tests in terms of the following 

response types: story displacement, story shearlbase shear and energy dissipation. 

Experimental results are given in the following paragraphs and are summarized in tables. 

Story displacement time histories, interstory displacement-story shear, damper force

displacement relationships and energy time histories are plotted for the test cases; (a) without 

dampers, (b) dampers on all stories, ( c) dampers on first two stories, and (d) dampers on the 

first story only. Energy time histories are plotted in terms of input energy, kinetic energy and 

energy dissipated by the dampers. It was assumed that the rest of the energy input was 

dissipated by hysteretic and/or other means of energy dissipation inherent to the model test 

structure as given in the following equation (Uang 1990): 

E = E +E +E +E +E 
I K 5 H ~ D (4-1) 

in which, EK = the kinetic energy, Es = the strain energy stored, EH = the hysteretic energy 

dissipated by the inelastic action of the structural members, and E~ = the viscous damped 

energy, and ED = the energy dissipated by the dampers. The latter is defined as the sum of the 

areas within the force-deformation loops of each damper. 

In presenting the shaking table test results, major emphases are placed on the overall 

response of the test structure subjected to simulated ground motions as well as the 

corresponding response of the dampers themselves. As with most of the supplemental 

damping systems, stiffening of the structure due to installation of the damping devices is also 
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a major concern, since increase in stiffness leads to an increase in the seismic energy input. 

This input energy must be dissipated by the damping devices and/or inelastic action of the 

structural members. While the damping devices might perform merely as energy dissipators 

or drift limiters for virgin structures (none or a few yielded structural elements), self-centering 

characteristics (if any) of such devices would be more beneficial in retrofit applications of 

already damaged structures. Hence, from this point of view, the advantage of using self

centering elastomeric spring dampers will be noted in the forthcoming sections. 

4.2 Preliminary Tests on the Undamped Structure 

4.2.1 Initial Dynamic Properties of the Test Structure 

One quick release test (QUIKREL) was conducted to identify the natural frequencies 

and the first mode equivalent viscous damping characteristics of the model structure. The pull 

force at the time of release was 13.3 kN. Fourier transforms of the free vibration-story level 

acceleration records were used to determine the natural frequencies. Half Power (Band

Width) Method (Clough and Penzien, 1993) was applied as the kth mode damping ratio was 

determined from the frequencies for which the response at the kth natural frequency is 

reduced by 1/[2. Hence, the natural frequencies ofthe structure were 1.50, 5.96 and 1l.80 Hz 

for the three modes of the undamped structure. Corresponding first mode equivalent viscous 

damping ratios were 8.0,3.5 and 4.5%. Story level accelerations and corresponding Fourier 

transforms are shown in Figure 4. 1. 

Following the quick release test, the model structure was subjected to a white noise 

shaking table excitation with a peak table acceleration of 0.05 g (DBFWH05) in order to 

characterize the dynamic structural properties more thoroughly. Story level transfer functions 

were again used to determine the dynamic properties, namely, natural frequencies, mode 

shapes, stiffness matrices and equivalent viscous damping ratios. Hence, the natural 

frequencies were 1.42, 5.59 and 11.89 Hz with the equivalent viscous damping ratios of8.9, 
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5.4, 1.9%, respectively, for the three modes of vibration. Selected story level transfer 

functions are plotted on Figure 4.4. 

This test together with the quick release test also served to assess the level of damage 

imposed on the structure by the previous shaking table tests as noted in Section 3. These 

experimental results were used to calibrate the analytical model accordingly. Preliminary 

analyses therefore showed that the model structure could withstand El Centro and Taft 

ground motions at PGA levels of 0.3 and 0.2 g without collapse. These ground motions 

were also used to generate the benchmarks for response comparisons of different damper 

configurations. 

4.2.2 Simulated Ground Motion Test Results 

The test structure was subjected to two simulated ground motions, namely Taft 0.2 g 

and EI Centro 0.3 g, before the dampers were installed (Table 3.3). White noise tests were 

conducted after each ground motion test to identify the changes in the dynamic properties of 

the structure. Table 4.1 summarizes the maximum response of the structure to these ground 

motions in terms of base and story level acceleration, velocity, interstory displacement 

(normalized with respect to story height), story shear (normalized with respect to story 

weight) and column axial force. Experimentally obtained story displacement time histories, 

story shear vs interstory displacement and energy time histories are plotted on Figures 4.2 and 

4.3. 

The measured maximum base acceleration was 0.29 g where the observed maximum 

interstory drift was 2.4% for the El Centro 0.3 g (DBFEL30) test. Corresponding values for 

the Taft 0.2 g test (EBFTA20) were 0.21 g and l.5%. The maximum story velocities 

occurring in the third story level were 321 and 303 mm/sec for the DBFEL30 and EBFTA20 

tests, respectively. Normalized story shears were 17.6, 18.3% for the first story and 12.9, 

2.1 % of the story weight for the second story, respectively. As it was expected, interior 

column axial forces were higher than those of exterior columns for the undamped structure 

due to stiffer interior columns. 

4-4 
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Natural frequencies of the undamped test structure for the 3 modes determined from the white 

noise tests conducted after each ground motion test were 1.42, 5.59, and 11.89 Hz. 

Corresponding equivalent viscous damping ratios were found to be 8.9, 5.4, and 1.9%. These 

were the same for both tests, namely, EBFWH05 and FBFWH05, whose story level transfer 

functions are plotted on Figure 4.4. 

4.3 Tests on the Structure with Dampers on All Stories 

4.3.1 Initial Dynamic Properties of the Test Structure 

After the dampers were installed on all stories, one quick release test (JQCKREL) 

was conducted. Maximum pulling force at the time of release was 13.3 kN. Fourier 

transforms of the free vibration-story level acceleration records were used to determine the 

first mode of natural frequency and corresponding equivalent viscous damping ratio. 

Higher mode frequencies could not be identified due to the fact that the test structure was 

highly damped. Hence, the higher modes could not be excited. Therefore, the first mode 

natural frequency and equivalent viscous damping ratio were 2.25 Hz and 40%, 

respectively. Story level accelerations and corresponding Fourier transfonns are plotted 

on Figure 4.5. 

One white noise test was conducted prior to ground motion tests in order to identify 

the dynamic properties of the test structure accurately. Hence, the natural frequencies 

were 2.76, 11.18, 15.97 Hz, respectively, for the three modes of vibration. 

Corresponding equivalent viscous damping ratios were found to be 23.0, 18.0 and 4.3 %. 

Story level transfer functions are shown on Figure 4.24. 

4.3.2 Simulated Ground Motion Test Results 

The test structure was subjected to four different simulated ground motions at 

various peak ground accelerations (a total of nine tests; see Table 3.3) after the dampers 

were installed in the bracings at each level. For each ground motion, the maximum PGA 

4-9 
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level that the structure could withstand without collapse was predetermined based on the 

analytical model introduced in Section 2 and further described in Section 5. According 

to this analytical study, it was concluded that the ground accelerations higher than 0.4 g 

for the ground motions Taft N21E, El Centro 1940 NS, Pacoima Dam S16E and higher 

than 0.3 g for Hachinohe NS, would likely cause a catastrophic failure of the structure. 

Therefore, using these ground motions, PGA levels were so chosen that one moderate and 

one severe ground motion test could be conducted for each. 

Table 4.2 summarizes the maximum response of the structure to these ground 

motions in terms of base and story level acceleration, velocity, interstory displacement 

(normalized with respect to story height), story shear (normalized with respect to story 

weight) and column axial force. Experimentally obtained story displacement time 

histories, story shear vs interstory displacement, damper force-displacement and energy 

time histories are plotted on Figures 4.6 to 4.23. 

Natural frequencies of the structure were determined from white noise test results 

conducted after each test. Selected story level transfer functions are plotted on Figure 

4.24. According to these results, frequencies and corresponding equivalent viscous 

damping ratios did not change, i.e. they were 1.42, 5.59, and 11.89 Hz, with equivalent 

viscous damping ratios 8.9, 5.4, and 1. 9 % . 

4.3.2.1 Test Results - Taft N21E 

Three tests were conducted using Taft N21E at nominal 0.2 g, 0.3 g and 0.4 g 

PGAs (ATA020, CTA030, FTA040). However, measured base accelerations were 0.23 

g, 0.33 g and 0.46 g, respectively. Results are shown in Figures 4.6 and 4.7,4.10 and 

4.11, and 4.16 and 4.17. The maximum recorded interstory drifts were 0.8, 1.8 and 2.8% 

covering the range of minor-moderate to severe ground motion for the test structure. A 

similar trend can be observed in comparing the third story velocities which were 189, 340 

and 444 mm/sec, respectively. Normalized second story shears were 9.3, 10.9 and 14.9% 

4-12 



where that of the first story were 14.1, 11.9 and 18.8 % of the story weight. It should be 

noted here that although the story level accelerations were almost doubled, increase in the 

story shears were compansated by the dampers. Maximum column axial forces were 

recorded during the Taft 0.4 g test, as 29.8 kN and 12.8 kN for the first floor exterior and 

interior columns, respectively. 

Finally, total seismic input energy increased from 3.3 kNm to 10.1 kNm for Taft 

0.2 g and Taft 0.4 g tests, respectively. 87% of the input energy was dissipated by the 

dampers during Taft 0.2 g test, where this ratio dropped down to 73% for Taft 0.3 g and 

to 71 % for Taft 0.4 g tests. 

4.3.2.2 Test Results - EI Centro NS 

The test structure was subjected to EI Centro ground motion at nominal 0.3 g and 

0.4 g PGAs. The measured maximum base acceleration was 0.32 g where the observed 

maximum interstory drift was 1.5% for the EI Centro 0.3 g (BEL030) test. 

Corresponding values for EI Centro 0.4 g (GEL040) test were 0.41 g and 2.2 %. The 

maximum story velocity occurring in the third story was 319 and 373 mm/sec for the 

BEL030 and GEL040 tests, respectively. Normalized story shears were 14.1, 14.8% for 

the fIrst story and 9.3,11.4% for the second story, respectively. The maximum column 

axial forces measured during the GEL040 test were 22.5 kN and 11.7 kN in the first floor 

exterior and interior columns, respectively. Results are shown in Figures 4.8, 4.9, 4.18 

and 4.19. 

Total seismic input energy increased from 5.0 kN m to 7.4 kN m for EI Centro 

0.3 g and EI Centro 0.4 g tests, respectively. Some 75% of the input energy was 

dissipated by the dampers during the EI Centro 0.3 g test; this ratio is similar to the 74% 

observerd for EI Centro 0.4 g test. 
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4.3.2.3 Test Results - Pacoima Dam S16E 

Two tests were conducted using Pacoima S16E at nominal 0.2 g and 0.4 g PGAs 

(D P A020, FP A040). The characteristics of this ground motion that distinguish it from the 

other ground motions are its short duration and its impulse nature. The measured base 

accelerations were 0.20 g and 0.40 g, respectively. The maximum recorded interstory 

drifts were 1.1 and 2.8% covering the range of moderate to severe ground motion for the 

test structure. Similar observation can be made in comparing the third story velocities 

which were 200 and 415 mm/sec, respectively. Normalized second story shears were 6.3 

and 15.0% where that of the first story were 10.5 and 19.1 % of the story weight. Results 

are shown in Figures 4.12,4.13,4.14 and 4.15. 

Finally, total seismic input energy increased from 1.1 kNm to 6.4 kNm for 

Pacoima 0.2 g and Pacoima 0.4 g tests, respectively. Some 73% of the input energy was 

dissipated by the dampers during the Pacoima 0.2 g test; this ratio dropped down to to 

60% for the Pacoima 0.4 g test - the difference is presumably due to hysteretic energy 

absorption (inelastic action) by the structural elements. 

4.3.2.4 Test Results - Hachinohe NS 

The test structure was subjected to Hachinohe ground motion at nominal 0.2 g and 

0.3 g PGAs. The measured maximum base acceleration was 0.21 g where the observed 

maximum interstory drift was 1.6% for the Hachinohe 0.2 g (HHA020) test. 

Corresponding values for the Hachinohe 0.3 g (IHA030) test were 0.34 g and 2.5 %. 

The maximum story velocity occurring in the third story was 302 and 427 mm/sec for 

HHA020 and lHA030 tests, respectively. Normalized story shears were 12.7, 17.0% for 

the fIrst story and 9.8, 15.4 % of the story weight for the second story, respectively. The 

maximum column axial forces measured during IHA020 test were 28.1 kN and 11.3 kN 

in the fIrst floor exterior and interior columns, respectively. Reults are shown in Figures 
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4.20,4.21,4.22 and 4.23. 

Total seismic input energy increased from 4.6 kN m to 8.2 kN m for the 

Hachinohe 0.2 g and Hachinohe 0.3 g tests, respectively. A total of 77% of the input 

energy was dissipated by the dampers during the Hachinohe 0.2 g test; this ratio was 72 % 

for the Hachinohe 0.3 g test. 

4.4 Tests on the Structure with Dampers on the First Two Stories Only 

4.4.1 Initial Dynamic Properties of the Test Structure 

After the third story dampers were removed, one white noise test was conducted 

in order to identify the structural dynamic properties of the test structure with dampers 

only on the first two stories. Story level transfer functions were used to determine the 

natural frequencies, equivalent viscous damping ratios, mode shapes and story stiffnesses. 

The natural frequencies were found to be 2.71, 7.96 and 14.43 Hz with corresponding 

equivalent viscous damping ratios of 22, 6.9, and 4.6%. Story level transfer functions for 

this test are plotted on Figure 4.29. 

4.4.2 Simulated Ground Motion Test Results 

The test structure was subjected to three simulated ground motions, namely Taft 

0.05 g, Taft 0.2 g and E1 Centro 0.3 g (Table 3.3). Since the first of these tests led to 

minor response, only the results of the latter two will be discussed. White noise tests were 

conducted after each ground motion test to identify the changes in the dynamic properties 

of the structure. The white noise test results show that the natural frequencies, equivalent 

viscous damping ratios and mode shapes did not change after these tests. Selected story 

level transfer functions are plotted on Figure 4.29. Table 4.3 summarizes the maximum 
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response of the structure to the ground motions in terms of base and story level 

acceleration, velocity, interstory displacement (normalized with respect to story height), 

story shear (normalized with respect to story weight) and column axial force. 

Experimentally obtained story displacement time histories, story shear vs interstory 

displacement, damper force-displacement and energy time histories are plotted on Figures 

4.25 to 4.28. 

The measured maximum base acceleration was 0.33 g where the observed 

maximum inters tory drift was 1.5% for El Centro 0.3 g (LEL030) test. Corresponding 

values for Taft 0.2 g test (KTA020) were 0.22 g and 0.9%. The maximum story 

velocity occurring in the third story level was 302 and 212 mm/sec for LEL030 and 

KTA020 tests, respectively. Normalized story shears were 12.0, 9.0% for the first story 

and 9.6, 9.7 % of the story weight for the second story, respectively. Maximum column 

axial forces recorded during the EL Centro 0.3 g test were 17. 1 kN and 9.3 kN for the 

first floor exterior and interior columns, respectively. Corresponding values for the Taft 

0.2 g test were 14.8 kN and 7.9 kN. Total seismic input energy was 4.4 kNm for El 

Centro 0.3 g and 3.1 kNm for Taft 0.2 g. A total of 75% of the input energy was 

dissipated by the dampers during the El Centro 0.3 g test; this ratio was 78 % for Taft 0.2 g 

test. 

4.5 Test on the Structure with Dampers on the First Story Only 

4.5.1 Initial Dynamic Properties of the Structure 

After the second story dampers were removed, one white noise test was conducted 

in order to identify the structural dynamic properties of the test structure. Story level 

transfer functions were used to determine the natural frequencies, equivalent viscous 

damping ratios, mode shapes and story stiffnesses. The natural frequencies were found 

to be 2.02, 7.18 and 12.30 Hz with corresponding equivalent viscous damping ratios of 

17, 6.1, and 3.1 %. Story level transfer functions for this test were plotted on Figure 4.34. 
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Figure 4.33 Damper Force-Deformation Behavior - EL CENTRO O.3g (OEL030) 
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4.5.2 Simulated Ground Motion Test Results 

The test structure was subjected to three simulated ground motions, namely Taft 

0.05 g, Taft 0.2 g and El Centro 0.3 g. White noise tests were conducted after each 

ground motion test to identify the changes in the dynamic properties of the structure. As 

in the previous cases, the white noise test results have shown that the natural frequencies, 

equivalent viscous damping ratios and mode shapes did not change after these tests. 

Selected story level transfer functions are plotted on Figure 4.34. Table 4.4 summarizes 

the maximum response of the structure to the ground motions in terms of base and story 

level acceleration, velocity, interstory displacement (normalized with respect to story 

height), story shear (normalized with respect to story weight) and column axial force. 

Experimentally obtained story displacement time histories, story shear vs interstory 

displacement, damper force-displacement and energy time histories are plotted on Figures 

4.30 to 4.33. 

The measured maXImum base acceleration was 0.32 g where the observed 

maximum interstory drift was 1.3 % for the El Centro 0.3 g (OEL030) test. 

Corresponding values for the Taft 0.2 g test (NTA020) were 0.21 g and 0.8%. The 

maximum story velocity occurring in the third story level was 262 and 255 mm/sec for 

OEL030 and NTA020 tests, respectively. Normalized story shears were 10.8, 10.5% for 

the first story and 13.0, 12.4% of the story weight for the second story, respectively. 

Maximum column axial forces recorded during the El Centro 0.3 g test were 13.3 kN and 

10.6 kN for the first floor exterior and interior columns, respectively. Corresponding 

values for Taft 0.2 g test were 12.6 kN and 8.4 kN. Total seismic input energy was 3.6 

kNm for El Centro 0.3 g and 2.5 kNm for Taft 0.2 g. Some 62% of the input energy 

was dissipated by the dampers during both the El Centro 0.3 g and Taft 0.2 g tests. 

4.6 Test on Bare Structure After All the Dampers were Removed 

The purpose for retesting the structure after all dampers were removed was to 

obtain an indication as to the level of structural deterioration that took place due to the 
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numerous tests conducted with dampers. Frequency shifts and changes in apparent viscous 

damping are indicators of structural (hysteretic) damage. 

4.6.1 Initial Dynamic Properties of the Test Structure 

After the first story dampers were removed, one white noise test was conducted 

inorder to identify the overall damage to the structure. Story level transfer functions were 

used to determine the natural frequencies, equivalent viscous damping ratios, mode shapes 

and story stiffnesses. The natural frequencies were found to be 1.42, 5.86 and 12.72 Hz 

with corresponding equivalent viscous damping ratios of 7.8, 3.1, and 2.4 % . Story level 

transfer functions for this test were plotted on Figure 4.37. 

4.6.2 Simulated Ground Motion Test Results 

The test structure was subjected to three simulated ground motions, namely Taft 

0.05 g, Taft 0.2 g and EI Centro 0.3 g (Table 3.3). White noise tests were conducted 

after each ground motion test to identify the changes in the dynamic properties of the 

structure. As in the previous cases, the white noise test results show that the natural 

frequencies, equivalent viscous damping ratios and mode shapes did not change 

considerably, after these tests. Selected story level transfer functions are plotted on Figure 

4.37. Table 4.1 summarizes the maximum response of the structure to the ground motions 

in terms of base and story level acceleration, velocity, interstory displacement (normalized 

with respect to story height), story shear (normalized with respect to story weight) and 

column axial force. Experimentally obtained story displacement time histories, story shear 

vs interstory displacement and energy time histories are plotted on Figures 4.35 and 4.36. 

The measured maximum base acceleration was 0.29 g where the observed 

maximum interstory drift was 2.7% for the El Centro 0.3 g (REL030) test. Corresponding 

values for Taft 0.2 g test (QTA020) were 0.21 g and 1.9%. The maximum story 

velocity occurring in the third story level was 343 and 239 mrnIsec for the REL030 and 

QTA020 tests, respectively. Normalized story shears were 17.4,14.1 % for the first story 
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and 7.7, 10.1 % of the story weight for the second story, respectively. Maximum column 

axial forces recorded during the EL Centro 0.3 g test were 8.5 kN and 13.3 kN for the 

first floor exterior and interior columns, respectively. Corresponding values for Taft 0.2 g 

test were 8.9 kN and 8.7 kN. Total seismic input energy was 3.2 kNm for El Centro 0.3 g 

and 2.1 kNm for Taft 0.2 g. 
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SECTIONS 

DISCUSSION OF STRUCTURAL RESPONSE AND ANALYTICAL 

PREDICTIONS 

5.1 Introduction 

This section is intended to furnish an overall discussion on the structural response 

observed from shaking table tests which were reported in the previous section. Preliminary 

effects of the four different damper configurations on the behavior of the test structure are 

discussed mainly referring to the following type of responses: 1) Story displacement, 2) Story 

shear, 3) Damper force-displacement relationship, and 4) Energy response. 

Performance of the DRAIN-2DX computational model in predicting the structural 

response under simulated ground motions is also reviewed in comparison with the 

experimental results. In so doing, Taft and El Centro earthquakes, respectively scaled to 0.2 g 

and 0.3 g peak ground accelerations, were utilized as the comparative benchmark motions 

for the reasons mentioned earlier. Story displacement time histories, story shear-interstory 

displacement response, damper force-deformation relationships and seismic energy time 

histories were chosen to form the basis for the comparison. 

5.2 DRAIN-2DX Computational Model of the Test Structure 

Time history analyses were performed for two earthquake motions: El Centro 0.3 g and 

Taft 0.2 g with different damper configurations. All of the analyses were performed using 

the shaking table response signals as input for the analysis. 

A general observation of the test results given in the previous section shows that 

analytically obtained story displacement time histories are in very good agreement with those 

experimentally obtained, especially for the model with the elastomeric spring dampers. 

However, analytical response for the unretrofitted (undamped) model has a better fit, 

generally for the first 10 sec. of ground motions, than the rest of the response histories. This 
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can be explained by the fact that the highly damaged-inelastic model structure became more 

flexible. Crack openings at the column base connections for the lower amplitude motions are 

small, therefore the structure is stiffer. This type of behavior (rocking behavior) can be 

accurately modeled with an element whose force deformation relationship possesses the 

necessary details. However, although it is not impossible to model this in DRAIN-2DX, it 

was decided that the regular beam-column element with a specified P-M interaction would 

suffice to capture the overall behavior. This is not an unrealistic assumption, since the 

dampers reduced the rotation demand at the column ends significantly and kept the load 

bearing elements mostly within the elastic region. 

5.3 Comparison of the Structural Performance with Different Damper 

Configurations 

5.3.1 Structural Dynamic Properties 

Dynamic properties of the test structure with and without dampers were determined 

from the story level transfer functions as explained in Section 4 and shown in Figure 5.1. 

Table 5.1 summarizes the natural frequencies, mode shapes, stiffness matrices and equivalent 

viscous damping ratios for the three different damper configurations and for the bare 

structure. Comparison of the story transfer functions (Figure 5.1) for the damped and 

undamped structure reveals that the effects of higher modes on the seismic response are 

reduced to a negligible level by the elastomeric spring dampers. 

Natural frequencies of the structure were 1.42, 5.59 and 11.89 Hz for the three 

modes of the undamped structure and increased to 2.76, 11.18 and 15.97 Hz after the 

dampers were installed on all stories. This increase reflects the stiffness contribution of the 

damper braces. The equivalent viscous damping ratios increased approximately three times 

from 8.9, 5.4, l.9% to 23.4, 17.7, 4.3% ,respectively. It should be noted here that for 

small displacement amplitudes, dampers behaved more like bracing elements while still 

dissipating energy. For large displacement amplitudes energy dissipation characteristics, 

rather than stiffening, dominated the response. A comparison of two white noise test results 
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(Table 5.1) for the undamped structure before and after the earthquake ground motion tests 

indicates that the structure did not suffer any significant damage during these experiments. 

This implies that the elastomeric spring dampers, while dissipating a major portion of seismic 

input energy, kept the structural elements within their elastic ranges of behavior as discussed 

in the following paragraphs. 

Table 5.1: Comparison of Structural Dynamic Properties 

Natural Mode Shape Stiffness Matrix Story Damp. 

Freq. Stiff. Ratio 

Hz kN-m kN-m % 

f42} 
1.00 -0.74 -0.52 10.4 -14.1 4.8 tI

) n No Dampera 
5.59 0.86 0.28 1.00 -14.1 26.0 -15.6 15.6 5.4 

11.89 0.51 1.00 -0.69 4.8 -15.6 18.1 2.5 l.9 

r6) 1.00 -0.81 -0.64 33.6 -37.3 0.4 

r) t:} 
Dampers on All 

11.18 0.92 0.50 1.00 -37.3 52.7 -14.4 14.4 
Stories 15.97 0.67 1.00 -0.54 0.4 -14.4 34.7 0.3 

f71 ) 
1.00 -0.83 -0.32 1l.6 -17.4 2.3 

f4) t:) Dampers on First 2 
7.96 0.72 0.73 l.00 -17.4 46.3 -21.7 1.7 

Stories 14.43 0.42 1.00 -0.70 2.3 -21.7 29.2 7.5 

r2} 1.00 -0.65 -0.59 12.6 -15.8 5.5 rs

) Fl 
Dampers on First 

7.18 0.76 0.50 l.00 -15.8 25.3 -14.6 14.6 
Story Only 12.30 0.32 1.00 -0.87 5.5 -14.6 26.7 12.1 

r2) l.00 -0.74 -0.51 10.3 -14.1 3.9 tI

) tl No Damperb 
5.86 0.86 0.31 l.00 -14.1 26.0 -14.7 14.7 

11.72 0.50 l.00 -0.67 3.9 -14.7 17.9 3.2 

a. Bare frame results before dampers installed. 

b. Bare frame results after removal of all dampers. 
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5.3.2 Response of the Structure 

Experimentally obtained story drift time histories for the structure with dampers at all 

stories and without dampers are compared for the El Centro 0.3 g ground motion and the 

Taft 0.2 g record in Figures 5.2 and 5.3, respectively. Also plotted on the figures is the 

analytical response obtained from the enhanced DRAIN-2DX computational model. It should 

be noted that good agreement has been obtained between analytical and experimental results. 

Maximum interstory drifts and normalized story shears observed during El Centro 0.3 g and 

Taft 0.2 g tests for different damper configurations and the undamped structure are 

summarized in Table 5.2. Significant (50-60%) reduction of inters tory drifts can be observed 

from the table. Story shears were also reduced by some 20-35% compared to the undamped 

case. Also given in Table 5.2 are the story level accelerations for different damper 

configurations. 

First story displacement time histories of different damper configurations are plotted 

in Figures 5.4 and 5.5 for EI Centro 0.3 g and Taft 0.2 g, respectively. It can be seen from 

these figures and Table 5.2 that adding dampers to the top story provides little or no response 

reduction. However, it should be noted here that all the dampers used in this experimental 

study had similar characteristics. Had the damper properties been chosen for the best 

performance for specific story levels, response of the structure could be improved. This 

important issue will be pointed out in the next section. 

Figures 5.6 and 5.7 plot the experimental and analytical interstory displacement vs. 

story shear response of the structure with and without dampers for the EI Centro 0.3 g and 

Taft 0.2 g tests. The nonlinearity evident in the undamped case is indicative of column 

damage. With a more extreme ground motion, this damage would likely lead to a "soft story" 

collapse mechanism. 

Force-deformation behavior of the dampers for the 0.3g EI Centro and 0.2 g Taft 

tests are plotted in Figure 5.8 and 5.9, respectively. Dampers exhibited hysteretic 

behavior which was regular, repeatable and accurately predicted from the enhanced 

DRAIN- 2DA "mputational model. No reduction in strength and/or stiffness was 

observed upon repeated cycling. Self-centering behavior of the elastomeric spring 
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Table 5.2: Maximum Responses 

Shaking Table Test Acceleration Intprstor~ Disp). Sto:q Shear 

g. Story Height" Story Weighth 

Story 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 

No damper 0.313 0.145 0.260 0.019 0.008 0.004 0.144 0.101 0.087 

Taft O.2g 
Dampers on 0.254 0.195 0.264 0.012 0.008 0.005 0.105 0.124 0.089 

First Story 

Dampers on 0.200 0.158 0.293 0.009 0.006 0.003 0.090 0.097 0.099 

First 2 Stories 

Dampers on 0.153 0.168 0.237 0.007 0.006 0.003 0.093 0.090 0.072 

All Stories 

No Damper 0.285 0.186 0.268 0.024 0.011 0.005 0.176 0.129 0.089 

EI Centro 
Dampers on 0.192 0.191 0.247 0.013 0.009 0.005 0.108 0.130 0.081 

O.3g 
First Story 

Dampers on 0.201 0.232 0.237 0.Q15 0.008 0.004 0.120 0.096 0.080 

First 2 Stories 

Dampers on 0.222 0.231 0.281 0.017 0.008 0.003 0.141 0.093 0.097 

All Stories 

a. 1.22 m 

b. 360 kN 
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dampers can be observed as well from these figures. One of the drawbacks of some types 

of damping devices is that they may not be as effective in reducing the initial large peak 

response as they are in reducing the overall response. However, as can be seen in Figures 

5.4 to 5.7, elastomeric spring dampers performed quite well in damping out both the 

initial peak response and the overall response. 

5.3.3 Energy Response 

The primary objective of using supplemental damping devices is to dissipate the 

seismic input energy so as to keep the structural hysteretic energy to a minimum. The 

seismic input energy can be identified considering the different energy dissipation 

mechanisms (Uang 1990) as given in Section 4, Equation (4-1). 

Experimentally obtained seismic input energy and energy dissipated by the 

elastomeric spring dampers are plotted in Figure 5.10. As can be seen from the figure, 

dampers dissipated 50 to 80% of the seismic input energy, leaving only a small amount 

to be dissipated by the structural elements and by other means. There is some increase 

in the seismic input energy E] going from the bare structure case to the fully-damped 

case due to the additional stiffness provided by the damper braces. However, in each case 

the increase in the input energy was dissipated by the dampers reducing the hysteretic 

energy in the structure as well. In general, the amount of energy dissipated by the 

dampers did not change significantly between the fully-damped and two-story damped 

cases. 

5.3.4 Column Axial Forces 

Addition of the damper braces to the structure changes the load transfer pattern in 

the structure. Hence, more force is induced especially in the columns near the dampers. 

As can be seen from Tables 4.1 to 4.4, interior column axial forces whereas exterior ones 

increased about 30 to 50% for the ground motions studied. Therefore, in design of 

structures employing these types of dampers, care should be taken. A conclusive 
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statement can not be made in the present case, due to the fact that the columns in the test 

structure were already slightly damaged. 

5.4 Final Remarks on Response Comparisons 

Maximum response envelopes for the three-story test structure without and with 

elastomeric spring dampers are presented in Figures 5.11 and 5.12 for the EI Centro 0.3 g 

and Taft O.2g tests respectively. As can be seen from these figures, overall response of 

the structure is significantly reduced by the addition of the dampers. It is interesting to 

note that there is a little or no difference in the performance of the structure with dampers 

on all stories and dampers only on the first two stories. This observation leads to the 

conclusion that optimum placement and optimum damper properties should be studied for 

the most effective response control before implementing the dampers to the structure. 

Significant reduction in total and column shear forces imply that the elastomeric 

spring dampers worked well in reducing the shear demand in the columns. A similar 

conclusion can be drawn based on the reduction in overturning moments. A different 

comparison of shear responses which presents profiles of shear coefficients at the three 

levels of the test structure is also given on Figures 5.11 and 5.12. An inspection of the 

recorded damper forces for different damper configurations shows that structural 

response is controlled with slight increase in the damper force in each case, keeping the 

total story column shear at minimum. 

Interstory drift and story total column shears for Hachinohe 0.3g, EI Centro 0.3g 

and OAg, and Pacoima OAg earthquake ground motions are compared in Figure 5.13 for 

the structure with and without the presence of the elastomeric spring dampers. Also 

shown in these figures are the interstory drift limits at which story collapse is expected 

and story shears when the full plastic mechanism of the frame forms. It must be noted 

here that results for the bare structure under Hacrunohe 0.3g, EI Centro OAg and Pacoima 

OAg earthquakes are obtained analytically. Figure 5.13 clearly shows that for the bare 

frame structure (with no dampers) a collapse mechanism generally forms, and collapse 

(due to high interstory drifts) is expected, when the peak ground acceleration approaches 

to O.4g. However, with the presence of the elastomeric spring dampers, the column 
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shears are reduced, and columns thus remain essentially elastic. The interstory drifts are 

still substantial in the first story, but these are reduced some 30% to 40% when dampers 

are used. 

It is thus evident that, based on interstory displacement limitations, a significantly 

greater interstory ground shaking can be withstood if dampers are used. 
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SECTION 6 

SUMMARY AND CONCLUSIONS 

Shaking table tests were conducted on a 1/3 scale nonductile reinforced concrete 

structure both with and without supplemental elastomeric spring damper devices. The 

self-centering characteristics and frequency dependency of the dampers were investigated 

experimentally. A simple, yet powerful analytical damper model based on an extended 

Menegotto-Pinto formulation was developed and incorporated into the non-linear time history 

analysis computer program DRAIN-2DX (Prakash et al. 1992). This was then used to 

compare the analytically predicted response with the experimental behavior of the structure 

both with and without dampers installed. The analytical predictions compared very well with 

the experimental results. The efficacy of a practical and accurate analytical tool is thought to 

be encouraging for future analytical-parametric studies as well as for design studies. 

In this study, results offour ground motions are reported: Taft N21E, El Centro 1940 

SOOE, Pacoima Dam S 16E, and Hachinohe NS at various PGA levels. The former two at 0.3 g 

and 0.2 g PGA levels, respectively, formed the basis for comparisons between different 

damper configurations. The effectiveness of the elastomeric spring dampers was 

demonstrated both experimentally and analytically. It should here be noted that although 

these dampers were originally designed for impact velocities which are much higher than 

those observed in seismic events (100-400 mm/sec), they performed well in reducing the 

seismic response to a level at which the structural elements were kept in the elastic range. It 

is believed that the response can be further improved by employing elastomeric spring 

dampers which are designed to be optimally effective within the expected range of interstory 

displacements. The self-centering characteristic of the dampers is especially desirable for 

retrofit of inelastic structures for which permanent deformations are otherwise inevitable. 

Based on the experimental and analytical results reported above, the following 

conclusions are drawn: 

1. Elastomeric spring dampers reduced the overall seismic response of the structure 

while reducing the initial peak response as well. 
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2. The effectiveness of the elastomeric spring dampers was obvious as they contributed 

to reducing the response by dissipating 50-80% of the input seismic energy. 

Meanwhile, 20-40% reduction in story shears was observed along with 50-60% 

reduction in interstory drifts. However, effects on the column axial forces should be 

further investigated. This is especially important in retrofit applications where there 

is a possibility of axial load increase and potential buckling. 

3. From the shaking table test results, it is clear that the energy dissipation contribution 

of the devices more than compensated for the effects of the increased stiffness due to 

the damper braces. However, it was also observed that the top story dampers did not 

contribute to the response reduction as much as they did to the stiffness increase of 

the structure. This raises the question of optimum damper design and placement 

which should carefully be considered in design of structures with supplemental 

damping devices. It is believed that had the third story dampers been designed for the 

expected interstory drifts at that level, response reduction would be further improved. 

4. The DRAIN-2DX computational model modified for the incorporation of the damper 

formulation presented herein provide reliable predictions for behavior of the 

reinforced concrete frame structure as retrofitted with elastomeric spring dampers. 

6.1 Future Research 

In light of the experimental results and discussion given in previous sections, the 

following recommendations are made: 

1. Optimum design and configuration of elastomeric spring dampers in application to 

structures should be analytically investigated. 

2. Retrofit design studies of reinforced concrete structures with elastomeric spring 

dampers should be performed. 

3. Further investigations should be carried out for steel structures which comprise 

various types of frame systems such as moment frames and braced frames. The use 

of elastomeric spring dampers in semi-rigid steel frames would be attractive, since the 

dampers can reduce the low-cycle fatigue demand on the connections. 
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4. Development of simplified design procedures with elastomeric spring dampers for 

both reinforced concrete and steel structures should be pursued. 

5. The suitability of using elastic/inelastic response spectra approach in design of 

structures with elastomeric spring dampers should be investigated. 

6. The effectiveness of elastomeric spring dampers in bridges as well as building 

structures should be studied both experimentally and analytically, from the point of 

view of mitigating impulse loadings as well as seismic loading. Due to its self 

centering and energy dissipation capability, elastomeric spring dampers can be utilized 

as part of an isolation system in bridges - in conjuntion with rubber or sliding bearings, 

and for displacement control at girder seats - in conjunction with cable restrainers. 

This will reduce the displacement demand on such bearings while improving the 

energy dissipation characteristics. 
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