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Preface 

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national center of 
excellence in advanced technology applications that is dedicated to the reduction of earthquake losses 
nationwide. Headquartered at the University at Buffalo, State University of New York, the Center 
was originally established by the National Science Foundation in 1986, as the National Center for 
Earthquake Engineering Research (NCEER). 

Comprising a consortium of researchers from numerous disciplines and institutions throughout the 
United States, the Center's mission is to reduce earthquake losses through research and the 
application of advanced technologies that improve engineering, pre-earthquake planning and post­
earthquake recovery strategies. Toward this end, the Center coordinates a nationwide program of 
multidisciplinary team research, education and outreach activities. 

MCEER's research is conducted under the sponsorship of two major federal agencies: the National 
Science Foundation (NSF) and the Federal Highway Administration (FHW A), and the State of New 
York. Significant support is derived from the Federal Emergency Management Agency (FEMA), 
other state governments, academic institutions, foreign governments and private industry. 

The Center's NSF-sponsored research is focused around four major thrusts, as shown in the figure 
below: 
• quantifying building and lifeline performance in future earthquake through the estimation of 

expected losses; 
• developing cost-effective, performance based, rehabilitation technologies for critical facilities; 
• improving response and recovery through strategic planning and crisis management; 
• establishing two user networks, one in experimental facilities and computing environments and 

the other in computational and analytical resources. 

I. Performance Assessment of the Built Environment .. using 
Loss Estimation Methodologies 

! 
IV. User Network 

II. Rehabilitation of Critical Facilities 
• Facilities Network using 
• Computational Network Advance Technologies 

r 1 
l+ 

III. Response and Recovery 
using 

Advance Technologies 
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This report describes the development of a novel ideafor placement of damping systems in structures 
to reduce their vibrations and eliminate damage even in the case ofhig h ve loeity pulses expected near 
a fault. The work presents a detailed study of the new concept supported by rigorous nonlinear 
analytical modeling and simulations and moreover, supported by a consistent experimental study of 
scaled models tested on the shaking table. The study discusses the advantages of the proposed system 
and the remaining challenges to be resolved in the future, thus providing abase forfurther expansion 
of knowledge. The solution suggested in this study helps to advance the engineering knowledge of 
innovative structural applications. 
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ABSTRACT 

An experimental study to investigate the seismic behavior of steel structures under the 

simulated ground motions is described. It is argued that damper distribution should be based on: 

(i) either the interstory deformations or story shears, and (ii) the overturning moments generated 

by the lateral inertia loads. The former method was implemented in a non-ductile reinforced 

concrete frame (Pekcan et aI., 1995), while for the latter method an innovative prestressed load­

balancing tendon system was introduced in this report. Approximate alternatives were 

experimentally explored on a model steel structure. This load-balancing supplemental system 

consists of prestressed-draped tendons in the shape of the overturning moment diagram. The 

tendons are connected in series with the nonlinear dampers and sacrificial fuse-bars. It is 

concluded that the load-balancing tendon-fuse+damper system is an appropriate cost-effective 

method of mitigating the earthquake induced demands on a steel frame. By careful detailing, it 

is possible to ensure that under design earthquake loads the structure remains elastic, while under 

maximum credible motions fracture of the steel frame welded connections can be avoided. 
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SECTION 1 

INTRODUCTION 

1.1 BACKGROUND 

Since steel moment frame structures did not perform particularly well in the recent 1994 

Northridge earthquake, it is necessary for the profession to investigate both direct and indirect 

means of mitigating inherently faulty welded steel beam-column connection designs that were 

designed prior to the 1994 Northridge earthquake. Direct methods principally involve 

strengthening and/or enhancing the ductility of the welded beam-column connections. Much 

research sponsored by SAC has been directed to this end (SAC, 1995). It is the premise of the 

research presented here that indirect methods of mitigation should be investigated as an 

alternative or supplement to direct strengthening. Indirect methods embrace supplemental 

damping and/or bracing. 

Another important consideration in the earthquake resistant design and retrofit of the 

structures is the near-source ground motions and their damage potential especially on flexible 

buildings. Since the 1994 Northridge earthquake, there have been a considerable number of 

studies on the effects of near-source ground motions. This type of ground shaking, which is 

generally accompanied by large velocity and displacement pulses, has a greater damage potential 

than those adopted in current design codes. In one recent study (Hall et ai., 1995), it was pointed 

out that the displacement pulses at or near the natural period of vibration of the structure may 

cause severe damage to the structure as excessive interstory drifts are to be expected. If such 

pulses occur during the first cycle of response, maximum response is generally not a function of 

the damping in the structure. Furthermore, it can be shown that maximum deformation is 

attained at the end of the pulse. Therefore, the effect of dam ping in reducing the maximum 

response will be minimal since the dissipated energy will only be about one-fourth of that 

expected in one full cycle of response. This becomes and important issue in the design of 

structures with energy dissipation systems that rely merely on the added damping. For pulse-like 

ground motions such as those mentioned above, damper only systems will damp out the response 

after the initial peak response achieved but may only be of marginal value in mitigating the peak 

response. 
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Therefore, it follows that some additional and/or alternative means of damping is needed 

to arrest the impulse response. This experimental study investigates a system that employs 

strengthening through post-tensioned bracing coupled with a supplementary damping system. It 

consists of an approximate load-balancing tendon system with sacrificial fuse-bars which are 

used in parallel to elastomeric spring dampers (ESD). ESD devices were previously used to 

retrofit a three story - l:3 scale lightly reinforced concrete structure tested under simulated 

earthquake loading on the shaking table at the State University of New York at Buffalo (Pekcan 

et ai., 1995). The fuse-bars with a predefined yield load level provide a high (controllable) initial 

stiffness and limit displacements. However, the damping devices are still effective to attenuate 

the remaining motion following the first large peak and yielding of the fuse-bars. The system 

tested in this experimental study was designed to work only in tension. This had the advantage 

of being light-weight (no buckling problems), relatively unobtrusive and easy to install. 

1.2 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, referred to here in as 

elastomeric spring dampers (or ESD) , 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 113 scale model of an office building (Pekcan et ai., 1995). 

In the experimental part of the study, a 1:4 scale model steel structure was tested under 

various simulated ground motions using the shaking table in the State University of New York at 

Buffalo. Previously, the first experimental study on this model structure involved the testing of 

an active tendon system and active mass dampers (Reinhorn et ai., 1989). This previous 

experimental study was primarily intended to investigate the effectiveness of a simple active 

control system in response control of complex structures under earthquake type excitations. 

Various active tendon configurations were tested both in strong and weak directions under 

simulated ground motions which had peak ground accelerations up to 0.09 g. Mokha et al 

(1990) tested the six-story moment frame supported on rigid beams with four Friction Pendulum 

System (FPS) isolators. Al-Hussaini et al. (1994) removed the rigid base and added an 

additional story with FPS isolators to further investigate the effectiveness of the FPS isolation 

system with various bracing configurations. 

2 



In this study, ESDs (as well as fuses) were installed in a series arrangement with a 

tension-only working tendon system. The model structure was tested under various simulated 

ground motions using the shaking table at the State University of New York at Buffalo. The 

principal objectives of investigating the performance of the proposed supplemental system are: 

i) to determine the mechanical properties of ESDs and improve the previously 

developed analytical model (Pekcan et ai., 1995), 

ii) to investigate the experimentally-observed and analytically-predicted response 

characteristics of the model steel building structure with various supplemental 

system configurations, 

iii) to analytically study the effect of various tendon configurations on the overall 

response of the structure. 

1.3 ORGANIZATION OF THIS REpORT 

The primary emphasis is put on the experimental investigation of the proposed 

supplemental tendon system configuration (approximate load balancing tendon-fuse+damper 

system). The organization of the report is summarized in what follows. 

Section 2 presents the improved computational modeling of the type of supplemental 

energy dissipation device (ESD) that was used in this study. Its implementation in one of the 

most widely used nonlinear structural dynamic analysis program namely, DRAIN-2DX is given. 

An innovative design/retrofit alternatives using supplementary systems are introduced in Section 

3, following a general discussion of current design methodologies and retrofit strategies for 

reinforced concrete and steel structures. In Section 4, details of the test structure, test program 

and analytical modeling are presented. In Section 5, shaking table experiment results are given 

in comparison with the analytical predictions for the tested configurations. A discussion of the 

experimental results and observations are presented in Section 6 which is followed by 

subsequent analytical studies. Finally, conclusions are drawn and recommendations are made in 

Section 7. 
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SECTION 2 

PROPERTIES AND ANALYTICAL MODELING OF 

ELASTOMERIC SPRING DAMPERS (ESD) 

2.1 INTRODUCTIoN 

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 (ESD), exhibit a distinct re-centering characteristic and were modified to operate in 

double-acting fashion. ESDs were previously used to retrofit a lightly reinforced, previously 

damaged 1:3 scale model of an office building (Pekcan et al., 1995). 

Previously developed, two-component velocity-dependent model to simulate the force­

deformation behavior ofESD devices (Pekcan et al., 1995) is modified to improve the numerical 

stability of the solution of the equations of motion. The analytical model is implemented in the 

well-known nonlinear structural dynamic analysis program Drain-2DX (Parakash et al. 1992). 

Two alternative methods of solution for the nonlinear equations of motion are given in the 

following paragraphs. The analytical model and the solution methods are compared and 

discussed in detail. Finally, nonlinear viscous damper model is compared with that implemented 

in recently released commercially available SAP 2000 program. 

2.2 PROPERTIES OF EIASTOMERIC SPRING DAMPERS 

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, 
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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 considered, based on this previous 

track record, that this class of shock absorber that utilizes the unique compressibility 

characteristics of the silicon elastomer, is a viable candidate for the seismic protection of 

buildings. 

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 attnbutes. 

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; i) the 

precharge pressure of the elastomer, ii) the compressibility characteristic of the elastomer, iii) the 

viscosity and shear characteristics of the elastomer, iv) the design of the piston head, v) the size 

and the shape of the plunger, vi) the piston rod/plunger cavity volume relationship, and vii) seal 

friction. These parameters can be modified to produce a wide variety of required damper 

performance characteristics and energy absorption capabilities. 

2.2.1 ESDs used in the Previous Studies 

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 as shown in figure 2-1. These model BCl C dampers 

were previously used to retrofit a 1:3 scale reinforced concrete model structure. The dampers 

were tested prior to shaking table experiments at varying displacement-controlled amplitudes 

(6.5-24 mm) and frequencies (6.5-2 Hz.). A total of twenty tests were performed on six damper 

specimens. Some selected force-deformation relationships from these specimen test results are 

plotted in figure 2-2. 

Also tested was the prototype damper (BC5A). Force-deformation relationships for two 

different test amplitudes with various testing frequencies are plotted in figure 2-3. When 

compared to plots of figure 2-2, frequency dependency is more pronounced for BC5A type 

damper. The specimen test results were used to identify the computational model parameters 

introduced in the following paragraphs. 
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2.2.2 ESDs used in the Present Study 

A different set of ESDs was used in the present study in the same mechanical 

configuration shown in figure 2-1. These devices are in fact model BC1C dampers with slightly 

less pre-load level. Each device was tested under displacement-controlled sinusoidal motions at 

specific frequencies and amplitudes. Force deformation relationships obtained from the 

specimen tests are shown in figure 2-4. 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. In general, the post-yield stiffness can be altered during 

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

compressibility. 

An improved analytical model and corresponding properties of the ESD devices used in 

this study are given in what follows. 

2.3 ANALYTICAL CHARACfERIZATION AND IMPLEMENTATION OF mE DAMPER BEHAVIOR 

The need for a better engineering understanding of the nonlinear response of various 

structural elements subjected to earthquake ground motions brought modeling issues to the 

attention of researchers. In most of the cases, it is important to simulate the behavior of these 

elements to establish dependable design guidelines since analytical/mathematical models allow 

one to study various possible cases. Hence, many studies have been performed to develop 

mathematical models for concrete, steel and composite structural as well as nonstructural 

elements. These models were. then used to predict the overall structural response after being 

properly implemented in dynamic analysis programs. 

In general, simplified piecewise linear hysteretic models such as bi-linear and tri-linear 

force-deformation relationships provide satisfactory simulations of real behavior. However, 

continuous models can be developed that more factfully capture actual behavior, yielding more 

accurate predictions. One of the major considerations in choosing between a piecewise linear 

and smooth continuous model for an application is whether it can easily be implemented in 

computational analysis tools. Historically, experience has shown that that piecewise linear 

models tend to be more robust and therefore more desirable than their smooth continuous 

counterparts ~nless they are supported by powerful solution methodologies. With these facts in 

mind, a two component velocity dependent model described in the following paragraphs is 
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developed to simulate the force-deformation behavior of elastomeric spring dampers. However, 

it can easily be used to model a wide range of nonlinear as well as linear viscous based energy 

dissipation devices as will be pointed out in the next section. Two alternative methods of 

solution for the nonlinear equations of motion are described in detail. 

2.3.1 Development of the Analytical Model 

It was observed from the specimen (BCl C) test results that elastomeric spring dampers 

(ESDs) exlnbit a significant velocity dependency that was due to the nature of the elastomeric 

material and orificing. Therefore, a two component-velocity dependent model (figure2-5a) which 

conveniently ,de-couples the spring and dampmg characteristics is proposed. According to the 

model, the total damper force can be calculated as the sum of the "bi-linear" spring force, Fs and 

velocity-dependent (viscous) forceFv: 

FTD=Fs+ Fv (2·1) 

The spring force, Fs (figure 2-5a) has in essence a bi-linear relationship. The four­

parameter model proposed -first by Menegotto and Pinto (1973) is used herein to model the 

skeleton curve: 

( K J -K2)XD 

[1 + ITIRt 
(2·2) 

in which XD = the damper displacement or stroke, KJ = the initial stiffness when the damper 

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

prestress has been overcome, P y = damper static prestress force, and R = curvature shape 

parameter. However, it must be noted here that in implementing the model in DRAlN-2DX, a 

bi-linear link element with elastic loading-unloading option was used to model the spring force 

as shown in figure 2-6. 
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The viscous part of the hysteretic model (equation 2-1) should reflect the self-centering 

characteristic of the dampers as well as the velocity dependency. Therefore, a nonlinear viscous­

rate dependent model was modified to include the self-centering characteristics of the damper as 

follows: 

(2-3) 

in which CD = the damper constant, XD = the damper velocity, XR = the damper stroke 

capacity, and a, f3 are positive real exponents. It should be noted here that a is the velocity 

exponent while f3 is a mechanical configuration exponent. It was found that a = f3 for double­

acting damper modified from a single acting unit. 

The first proposed velocity dependent model for ESDs is modified to improve the 

numerical solution of the equations of motion. Figure 2-5b shows this modified model which in 

fact is a combined Maxwell-Kelvin model. Derivation of "differential force- displacement" 

relationship for this model is given in the following: 

The following set of relationships can be written modeling the nonlinear dashpot and 

spring in series arrangement shown on figure 2-5b: 

(2-4) 

in which Xv = the total deformation of the nonlinear damper and spring XD = the deformation 

of the dashpot element, XK = the deformation of the spring element. The dot over these 

quantities represents the derivatives with respect to time. The force response of the dashpot F v 

and spring in series F K are equal to each other: 

Fv = FD = FK (2-5) 

Therefore F v can be written as 

(2-6) 

Equation 2-6 can be solved for XD and after substituting XD , XD from equation 2-4, it takes the 

following form: 

14 



(2-7) 

The time derivative of the first equality in equation 2-6 is: 

FV = FK = KVXK (2-8) 

Consequently, substituting these two relationships (equations 2-6 and 2-8) for XK and XK in 

equation 2-7 and rearranging: 

\Fv\lIa 
F v = K v xv - sgn( F v) K v---'---'---:-:-­

plla 
xvFv 

Kv 
CD XR 

(2-9) 

Equation 2-9 conforms to the class of differential equations mentioned in the following 

subsection. A general semi-implicit Runge-Kutta method of solution is described in Section 

2.3.3 for the numerical solution of this type of equation. 

The first model (figure 2-5a).and the latter (figure 2-5b) yield identical results for high 

stiffness values, Kv. Both models can be used to model nonlinear viscous (Kl ... K2 ... 0) as 

well as viscoelastic damper (Kl =. K2) behavior without any difficulty. However, due to the 

nature of the mathematical model of the nonlinear dashpot, virtually infinite stiffness values take 

place at near zero velocity (maximum displacement, i.e. where the velocity changes sign). This is 

in fact physically not possible and induces numerical instability in analysis as will be explained in 

the next section. The modified mode~ however, is both more powerful and realistic due to the 

presence of the added spring element in series with the dashpot. Linear behavior of this spring 

element simulates the unloading characteristics of elastomeric material providing numerical 

stability to the solution of the equations. Moreover, it can be used to model damper-brace 

configurations as in real life applications dampers are usually installed on braces that have finite 

stiffness. 
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2.3.2 Solution of the Equations of Motion 

Newmark's (1959) constant acceleration procedure (y = 1/2,~ = 1/4) was adopted in 

DRAIN-2DX. In general, the equation of motion can be written in incremental form as follows: 

(2-10) 

in which Ilx,&,& = incremental displacement, velocity, acceleration, respectively, 

m = mass, Ko = initial stiffness of the system at the beginning of the excitation, 

KT = tangent stiffness of the system, A F v = F Vi+l - F Vi • It must be noted here that 

viscous damping of the structural system is considered to be proportional to mass and stiffness. 

The solution of equation 2-10 requires the damper force, F v at the i + 1 th time step. Two 

alternative solutions will be presented in the next paragraphs. 

2.3.2.1 One-Step Correction Method 

Equations of motions are solved in the same manner, i.e. by transferring the nonlinear 

damper force quantity to the right-hand side of the equation. However, zero damper force 

increment AFv is assumed and the equations of motions are solved as mentioned above. The 

damper force is then calculated using equation 2-9 that is in the form of 

(2-11) 

The solution of this differential equation is described in the next section. The calculated 

damper force, therefore, is treated as the unbalanced load vector and applied back to the structure 

in the next time step as the global unbalanced load is calculated by (Park et al., 1987): 

FUNB = {Applied Load) - {Internal Resistance) - {Inertial Response) (2-12) 

In equation 2-12, the applied load vector is the product of the ground acceleration and the 

story masses, and where internal resistance also includes the calculated damper force. 
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2.3.2.2 Iterative Solution Method 

Solution of the incremental equation of motion starts with the assumed damper force F~i+l 

at the end of the previous time step. After the first iteration damper response F~i+l can be 

calculated solving the differential-damper force equation after which the error term is calculated 

as 

E = P~i+l - F~i+l 

P~i+l 
(2-13) 

If E is smaller than a prescribed limit, the solution routine proceeds to the next time step 

initializing the damper force vector to the average of the last calculated and assumed values as: 

F Vi+l = 
Pc + pa 

Vi+l Vi+l 

2 
(2-14) 

In cases where B is not acceptable, the equation of motion is re-solved at the current time 

step by setting the assumed damper force equal to: 

P
a _ 
Vi+l 

+ Fa 
Vi+l 

2 

and the state is initialized to the state at the beginning of the current time step. 

(2-15) 

A schematic algorithm for the solution of the equations of motion with nonlinear dampers 

whose force displacement behavior can be modeled with equation 2-9, is given in table 2-1. 

As is clear from the above discussion, in applying the viscous damper force effects, no 

modification is made to the structure stiffness. Instead, a set of damper forces is calculated at the 

end of ~ach integration time step and added to the loads in the succeeding time step. These 

forces are computed at the element level and transferred to the global system coordinates through 

proper transformation matrices. 

One-step correction method was implemented for the unmodified model (figure 2-5a) for 

which the damper forces were calculated using the relationship given in equation 2-3. Because 

the damper forces acting during i + 1 th time step are based on the conditions at the end of i th 
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step, there may be a tendency for numerical oscillations developed in the integration process to be 

amplified with consequent numerical error or instability. Another source of numerical instability is 

that the unloading stiffness becomes practically infinite and this causes convergence oscillation 

effects (with aggravated unbalanced load) especially in the analysis of large size dampers (hence 

large damper forces). 

The modified model avoids most of the above mentioned problems. However, an 

iterative solution scheme is suggested if the overall structural model has too many nonlinear 

elements other than the damper elements. This is because, when yielding takes place, large 

equilibrium unbalances occur within the structural elements. Unbalanced forces cause inaccurate 

results when combined with the damper forces, unless they are calculated iteratively. It should 

also be noted here that due to high nonlitiearities very fine time steps (- 0.001 - 0.0001 sec) 

should be selected for the analysis, especially when high spring stiffness, Kv values are used. 

This is due to the fact that in the damper force-deformation space, if the change in force values 

from one time step to the next becomes large, high unbalanced'loads and/or flip-flops may take 

place. 

2.3.3 Solution of the Differential Damper Force Equation 

A general semi-implicit Runge-Kutta method of solution for the equations of the form: 

was first proposed by Rosenbrock (1963) and later utilized by Reinhom et al. (1995) for the 

solution of equations of similar nature, in incremental time-history analysis: 

(2-16) 

in which coefficients Ri are real constants and k., f., m" ... defined as 
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Table 2-1 Solution Algorithm Using Nonlinear Damper Force Relationship 

Al. Average acceleration method y = 1/2, ~ = 1/4 

linear acceleration method y = 1/2, ~ = 1/6 

A2. Newmark-Beta integration constants: 

ai = _1_ a2 = _1_ a3 = 1..-. a4 = l a5 =:i a6 = At(..1.-- I ) 
~ At I' ~ At)' 2~' ~At'~' 2~ 

B.l. Form the global initial stiffness matrix, Ko (stiffness matrix will be updated after each time step for 

the changes in element stiffnesses) of the structure from the element contnbutions, and form the global 
mass matrix, M . 

B.2. Form the mass and stiffness proportional damping matrix, C = aM + ~ K 0 • 

B.3. Initialize nonlinear damper force vector, { F v J 0 = 0 . 

B.4. . Form the effective stiffness matrix, K* = aIM + a4C + Ko . 
It should be noted here that the "first two terms on the right hand side of the above equation stay constant 
for the whole computation. Therefore, it can be stored permanently, however tangent stiffness matrix 
KT replaces the initial stiffness matrix, Ko as the stiffness matrix of the nonlinear structural elements 

changes. 

c.l. Assume the damper force, {Fa v Ji+1 = { F v}i . 

C.2. Therefore, damper force increment vector becomes, {AFav}i+1={ F av}i+1-{F v}i. 

C.3. Form the effective load vector at t = i + 1 ; 

P*i+1 = (Pi+l-(M Xi+ C Xi + KT Xi+ F vi)} + (a2M +a5C)Xi + (a3M +a6C)Xi -A Fa vi+1 

Note that, the first term in brackets is in fact the unbalanced load vector from the previous time step. 

C.4. Solve for the displacement increment!lx from; 

p* = K* AUi+1 

where K* = KT + a2C + aIM 
C.5. Calculate the corresponding velocity and acceleration increments and overall deformation vectors: 

AX = a4 AXi+l - as Xi + a6 Xi , 
AX = alA Xi+1 - a2 Xi - a3 Xi and 

Xi+1 = Xi + A Xi+1, Xi+1 = Xi + AXi+1> Xi+1 = Xi + AXi+1 

D.l. If modified model (figure 2-6b) is used, calculate the damper force vector { F C v }i+1 using the solution 

technique descnbed in Section 2.3.3. Otherwise, use the relationship given in equation 2-3 to calculate 
the damper force vector. Analysis proceeds to step D2 if iterative solution method is adopted. If 
however one-step correction method is used, proceed to the next time step 

D.2. Calculate the error term E : 

-
D.3. If E < E proceed to the next time step or else update the assumed damper force vector as: 

F C +Fa 
F = Vi+l Vi+l 

Vi+l 2 

and go to step C.2. initializing the current state to that at the beginning of the time step i + 1 . 
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kr = At f( F v,x,x )t-M + a1 kr 
[. ol( F v,x,x )t-M ] 

oFv 

ir = At[ I( F v + hI knx,x )t-M + 
of( F v + Cl knx,x )t-M 

ir] a2 
oFv (2-17) 

= At[ll'Fv+b2 k,+d1 R,) + 
af( p v + C2 kr + el ir )t-M 

m'l mr a3 
apv 

Linear implicit equation 2-16 can be solved successively to yield kn fn mn etc. The 

relationships amongst the coefficients, Ri' ai, bi, Ci, etc. can be established by comparing the 

power series of equation 2-16 in At and Taylor's series. In a two stage process, i.e., when only 

kr' fr' RI and R2 are involved, it can be shown that the six adjustable constants 

aI, a2, bI , CI, RI , and R2 in equations 2-16 and 2-17 are defined by the solution of the 

following system of equations: 

Rl + R2 = 1 

RIal + R2(a2+ hI) = t 
Rla1 + R2[ a~ + (al + a2)bl] = !; (2-18) 

R2(a2 Cl+fbi) = i 

Reinhom et al. (1995) suggested the following values for the fourth order truncation error 

that satisfy equation 2-18: 

(2-19) 

It must be noted here that since at( F v,x,x) / a F v may not be available or too complex, it 

can conveniently be calculated using finite difference equation without losing too much 

significant accuracy for small analysis time steps. 

A FORTRAN source code for the solution of the differential equations described in this 

section is given in table 2-2 and the variable parameters are described in table 2-3. A single­

degree-of-freedom system subjected to sinusoidal input motion was analyzed with four different 

dampers, namely one linear viscous (a=1), two nonlinear (a=0.5 and a = 0.2) and one ESD 

(a = ~=0.2). Corresponding damper force-displacement responses 
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Table 2·2 FORTRAN Code for the Solution of Differential Damper Force Equation 

SUBROUTINE INT _DAMP (DIS, VELO,ACCL,CD,AL,BE,XR,aKS,tst,FV ALO,DELFD) 
c DOUBLE PRECISION I LARGE 

include 'double.h' 

DATA RR1,RR2 /0.75,0.25/ 
DATA AA1,AA2,BBl /0.7886751,0.7886751,-1.1547005/ 

signf = dsign(l.,fvaIO) 
if (dabs(fvaIO).gt.O.) then 

ddelf = signf * fvalO * 1.d-5 
else 

ddelf = signf * l.d-lO 
end if 

CALL FUNC (dis, velo,cd,a~be,xr,aks,fvalO,funcO) 
fvall = fvalO + ddelf 
CALL FUNC (dis,velo,cd,al,be,xr,aks,fvall,func1) 
dderiv1 = (func1-funcO) I (fvall-fvaIO) 
cons1 = 1. - AA1 *tst*dderivi 
VKK = (1./consl) * funcO * tst 
fvaI2 = fvall + BBl *VKK 
CALL FUNC (dis,velo,cd,al,be,xr,aks,fvaI2,func2) 
fval3 = fval2 + ddelf 
CALL FUNC (dis,velo,cd,al,be,xr,aks,fval3,func3) 
dderiv2 = (func3-func2) I (fval3-fvaI2) 
cons2 = 1. - AA2*tst*dderiv2 
VLK = (1./cons2) * func2 * tst 

DELFD = RRI *VKK + RR2*VLK 

RETURN 
END 

SUBROUTINE FUNC (DIS,VELO,CD,AL,BE,XR,aKS,FF,FV) 
c DOUBLE PRECISION / LARGE 
include 'double.h' 

diff = dsign(1.,FF) 
FV = aKS*velo- diff*aKS* 

I abs(FF/(cd*dabs((dis-FF/aKS)/XR)**be ))**(1./al) 

RETURN 
END 
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Table 2·3 Variable Definitions 

VARIABLE NAME DESCRIYfION 

INPUT 

DIS Current deformation 

VEL Current velocity 

AL a 

BET f3 
XR Damper stroke capacity 

aKS Stiffness of the spring in series 

TST Time step increment 

FVALO Previous damper force 

OUTPUT 

DELF Damper force increment 

Table 2·4 Parameters for BCIC and BCSA Dampers 

Damper LoadingDi C a ~ Py Kl Kz x,.,.,. 
rec. (kN/mm/sec)G (kN) (kN/mm) (kN/mm) (mm) 

BC1C Compo 2.26 0.2 0.2 3.3 7.0 0.66 23 

(previous) Tension ~.53 0.2 0.2 2.7 5.3 0.79 23 

BC1C Comp./ 1.09 0.35 0.35 2.8 4.4 0.60 25 

(present) Tens. 

BC5A Comp. 25.5 0.2 0.15 26.7 62 1.14 101 
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are plotted on figure 2-7. Damper parameters are given on the figure. The stiffness of the spring 

(in series, see figure 2-5b) was taken as 500 kN/m for the viscous dampers and 200 kN/m for the 

ESD. 

2.4 VERIFlCADON OF mE ANALYTICAL MODEL 

The parameters defined in equations 2-2 and 2-3 were determined from the 

experimentally observed force-deformation results. Average values of the parameters for BCIC 

type damper subsequently used in the previous experimental study (Pekcan et al., 1995) and in 

the present study are given in table 2-4. Also included in the table are the corresponding values 

for the BC5A damper. 

2.4.1 Comparison of Nonlinear Viscous Damper («<1) Model with SAP 2000 

General-purpose nonlinear computational model, which was developed in mid 1995 (as 

introduced above) and implemented in Drain-2DX, is compared with that implemented in 

recently released commercially available SAP 2000 (version 6.11) program. It must be noted 

here that only nonlinear damper elements whose force-deformation behaviors are governed by 

the equation 2-20 are available in SAP 2000 nonlinear element library. 

(2·20) 

Hence, equation 2-19 is a special case of equation 2-3 with f3 = 0 (f3 ~ 0 is used to model 

elastomeric spr~g dampers). 

Several linear SDOF systems with natural periods of T = 0.75 and 1.5 sec. are modeled 

with linear as well as nonlinear damper elements. Inherent viscous damping is assumed to be 

5%. The damper exponents a = 1.0, 0.5 and 0.2 are used with various damper coefficients c = 

10 and 50 whose units depend on the damper exponent a. Comparisons are made using 

sinusoidal as well as ground motion inputs. The sinusoidal input used had an amplitude, A=1.0 g 

and and input frequency 00= 6.28 rad/sec. (T= 1.0 sec.) where 1994 Northridge - Arleta ground 

motion is used for the comparisons. Complete list of the cases for which comparisons are plotted 

in figures 2-8 and 2-9 is listed in table 2-5. As can be seen from the figures that Drain-2DX and 

SAP 2000 results compare very well. 
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Table 2-5 Nonlinear Damper Properties used in Drain-2DX - SAP 2000 Comparison 

Input T (sec) c (kN/(m/sec)U a Kspr (kN/m) 

Sinusoidal 0.75 50 1.0 100000 

" 0.75 50 0.5 100000 

" 1.50 10 0.2 50000 

" 1.50 50 0.2 100000 

Arleta 1.50 50 0.5 100000 

" 1.50 50 0.2 100000 

25 



---- SAP 2000 
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1.0 r--------------, 

E 0.5 ... 
c:: 
CD 

To = 1.5 sec 

E 
CD 0.0 -t-o:::---+--~r_-__I_--~--,I 
o 
~ 
Cl. 
en 
i:5 -0.5 

-1.0 +-------..----.....----------! 

20 

~ 10 
CD 

e 
~ 0 ..... 
CD 
Cl. 
E 
~ -10 

-20 

c = 10 kN/(m/sec/·2 

a= 0.2 

r/' --,. 

,_ x: 
r----"'" 

o 1 2 3 -1.0 -0.5 0.0 0.5 
Time, sec 

1.0 ,.-----------------, 

E 0.5 
~ 
CD 
E 
CD 0.0 +--:.::-----~-_____Ir__-_+--~~ 
o 
C'I:l 
0.. 
en 
i:5 -0.5 

-1.0 +--------.-------r--------! 

100 

~ 50 
cO 
~ 
~ 0 ..... 
CD c.. 
E 
~ -50 

-100 

Deformation, m 

c = 50 kN/(m/sec)O.2 
a= 0.2 

/'1' ~ ""'~ 

kI ~ 

o 1 2 3 -1.0 -0.5 0.0 0.5 
Time, sec Deformation, m 

Figure 2-8a Comparison ofDRAIN-2DX and SAP 2000 Nonlinear Damper Models­
Sinusoidal Input 
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---- SAP 2000 
- DRAIN-2DX 
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Figure 2-8b Comparison of DRAIN-2DX and SAP 2000 Nonlinear Damper Models -
Sinusoidal Input 
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---- SAP 2000 
- DRAIN-2DX 
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Figure 2-9 Comparison of DRAIN-2DX and SAP 2000 Nonlinear Damper Models -
Earthquake Input 
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2.5 SUMMARY AND CONCLUSIONS 

A new class of supplemental energy dissipation devices, namely elastomeric spring 

dampers was introduced A nonlinear-two component computational model was developed and 

relevant parameters were identified experimentally. Four-parameter Menegotto-Pinto model was 

used to model the first component of the computational model that captures the spring nature of 

the elastomeric spring dampers. The second component described is in fact a modified Maxwell­

Kelvin model and is intended to capture the nonlinear viscous nature of the devices. A fourth 

order Runge-Kutta method was used to solve the differential damper-force equations. 

Two different solution techniques for the nonlinear differential equations of motion were 

given, namely; one-step correction and iterative solution. It was noted that in the latter, iterations 

were performed on the above-mentioned nonlinear model. The model was successfully 

implemented in the well-known nonlinear structural dynamic analysis program DRAIN-2DX and 

verified using experimentally obtained deformation histories. Finally, nonlinear model was 

compared with that implemented in the recently released structural analysis program SAP 2000. 
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SECTION 3 

DAMPER CONFIGURATION AND PLACEMENT: CONCEPT DEVELOPMENT 

3.1 INTRODUCTIoN 

The main objective of this section is to present a new design and/or retrofit concept that 

deals with the placement and functional attnbutes of dampers. The new approach is firstly 

contrasted with the concept that is presently used by designers and advocated in FEMA 273/274 

(1997). Herein, the present practice of using story-by-story cross-braced damper configuration 

. will be referred to as a ''Damper-Truss Solution". The damper-truss system can be thought as an 

extension to conventional bracing system in building structures. The bracing elements are 

replaced with the so-called damper braces whose capacities are determined based on the 

corresponding story shear distribution. The load-path is then implicitly defined by the damper 

braces so as to reduce the story shear demand on the columns. Apart from the desired load path, 

benefits of added damping can be identified as a function of the damper properties and interstory 

deformations and velocities. The configuration for the proposed new retrofit/design concept is 

based on notions of load-balancing and uses a combination of tendons, fuse-bars and dampers 

preferably with re-centering (hence pre-load) characteristics. It is believed that the system has a 

direct effect in balancing the overturning moment demand on the structure. 

3.2 SEISMIC SHEARS AND OVERTURNING MOMENTS IMPOSED ON STRUCTURAL FRAMEs 

Seismic design concepts require consideration of two basic principles: i) visualization of 

the general nature of the deflected shape of the structure under dynamic" loads as a function of 

dominant response parameters, and, ii) understanding and being able to identify the continuos 

load path traveled by the lateral forces. Any design should then proceed in a way to oppose or 

negate the undesired effects of ground motion (deformations, forces etc.) imposed on the 

structural system. 

Earthquake ground motions are time dependent and create inertia or lateral forces by 

shaking the structure back and forth. The deformation of the structure at any instant of time is a 

function of the stiffness and damping of the structure and of the characteristics of the ground 

motion. However, what is of more concern in seismic design are the maximum response 
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quantities observed during ground shaking. Therefore, the maximum forces and deformations 

can be idealized with the equivalent lateral forces shown in figure 3-1. TIris is similar to saying: 

horizontal forces induced by the ground motion and transmitted to the structure cause a set of 

story deformations Ai. This in tum corresponds to story forces Fi that act upon the structure to 

cause the same deformations. A general seismic design approach is to develop these forces 

numerically so that they best represent the maximum ground motion as well as structural 

characteristics. This kind of representation of seismically induced forces allows one to 

determine story shear force distribution and overturning moment at the peak structural response 

as shown in figure 3-1. 

Story shears (~i) of the equivalent static system shown in figure 3-1 can be readily 

determined from the horizontal force equilibrium requirements. Similarly, externally applied 

overturning moments (Fj hi) are resisted by the structure due to either moment frame action, 

cantilever shear wall action, braced-truss action or connections of the former. This observation 

is thought to be the first step in determining a realistic load path traveled by the externally 

applied seismic loads. At this point, it is of great relevance that characteristics of bracing 

systems that include axial load paths be reviewed. A braced frame in a building is in essence a 

vertical cantilever beam. Therefore, shear and moment demands at any level are known from the 

statically determinate equilibrium conditions. Hence, for the design of braced frames the size of 

the bracing elements can be determined directly from the maximum design story shears. 

The supplemental damping devices for the seismic protection of building structures are 

most commonly implemented as the interstory bracings. Based on the above discussion, an 

alternative sizing of these supplemental damping devices when used in cross-braced 

configurations is discussed in the following paragraphs. Next, a new load balandng tendon­

fuse+damper system is introduced. 

3.3 DAMPER PLACEMENT TO RESIST INTERSTORY SHEAR FORCES: TRuss SOLUTION (DTR) 

Irrespect~ve of the type of device used, adding supplemental devices to a frame structure 

always involves increasing the lateral stiffness of the structure. However, a reduction in the 

lateral stiffness may also be observed when a braced-frame structure is replaced by a damper­

braced-frame structure. Lateral forces as well as deformations may increase or decrease in the 

structure, depending on the effect of devices and connections on the dynamic characteristics of 
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the structure, and on the characteristics of the ground motions. Moreover, the magnitude of the 

increased lateral stiffness in a typical structure varies depending on the type of device used. In 

all cases, however, the intensity of ground motion induced lateral forces is a function of the 

overall lateral stiffness of the structure. Consequently, these forces must be resisted by 

supplemental damping devices. 

Most building structures tend to have a fundamental mode of vibration, the distribution of 

supplemental devices is typically based on the level of maximum device forces and on the 

requirements as to how these forces are transferred within the structural system. It follows that 

devices should be distributed throughout a structure to ensure the stiffness regularity and 

redundancy. However, it is not essential that devices should be distributed over the full height of 

a structure. There may be cases in which supplemental devices can be installed only in the lower 

stories from a more economical design point of view. Moreover, interstory drifts and velocities 

will in general be less in the upper stories, which reduces the efficiency of such devices. The 

above statements are in fact supported by experimental findings (Pekcan et al., 1995) 

Another important fact is that lateral resisting forces increase cumulatively going from 

the top level to lower levels and finally to the foundation (base shear). Therefore, it implies that 

supplemental devices that resist and transfer the lateral seismic forces to the ground level should 

likely have capacities in proportion to the story shears at which they are installed. This forms the 

basis for the DTR solution. 

One of the most commonly used design methods is in fact based on the interstory 

deformations along the height of the building (figure 3-2a). Damping devices are sized to 

achieve required damping ratio at the design interstory deformations. Since a constant interstory 

drift is generally the objective for a regular building structure which has a first-mode dominant 

response, a uniform - one size damper would be dictated by this design. However, it is realized 

that if the total damper size is distributed in proportion to the design story shears, a desired 

moment frame-truss action can be achieved. Typical shear force distribution and corresponding 

force coefficients for unit base shear are shown in figure 3-2b. In application to the building 

structures, lateral seismic forces are transferred by the dampers installed on the gravity load­

carrying interior frames in all directions, therefore reducing the demand on the moment frames. 

This approach is supported by experimental studies conducted on model structures (Pekcan et al., 

1995). 
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Figure 3-2a Damper Placement to Resist Interstory Shear Forces: Truss Solution 
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Various design methods for building structures with supplementary damping systems in 

DTR configuration have been suggested by Shen and Soong (1996), and Gluck et al. (1996). 

Shen and Soong proposed a design method for multistory reinforced concrete structures that is 

based on the concept of damage control. In their study, they used equivalent SDOF system 

properties in determining damage index recommended by Park and Ang (1985) and included the 

effect of energy dissipating devices implicitly through maximum deformation and hysteretic 

energy quantities. Gluck et al. adopted optimal control theory using a linear quadratic regulator 

to design linear viscous or visco-elastic devices. It was proposed that the gain matrix obtained 

by minimizing a performance index that ensures optimality can be used to determine the 

damping system properties in terms of constant stiffness and damping coefficients. 

3.3.1 Effective Damping and Device Distribution 

Firstly, practical formulations should be established for added damping due to 

supplemental damping devices. For a linear viscous damping device, added damping due to 

linear viscous damping can be calculated from energy considerations as (Constantinou et al., 

1993): 

in which Wd = total dissipated energy is given in terms of interstory deformations, 

Wd = HOJk I Ci COS
2 8/12

ri 
i 

(3-1) 

(3-2) 

where OJ k = circular frequency o'f the kth mode of vibration, Ci = linear viscous damper 

coefficient located at the ith story, Il.ri = relative-interstory deformation between i-1 th and ith 

floors, as shown in figure 3-2a. 

Similarly, maximum strain energy Es, can be determined as it equals to the maximum 

kinetic energy, 

122 E = - ~ m.1l. .OJk s 2 tin (3-3) 

Finally, equivalent viscous damping can be calculated by substituting equations (3-2) and 

(3-3) into (3-1) as, 
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1 ~ ci cos
2 8/!1~ ;a = ....;;i ____ _ 

2 rok Lm/1: 
(3-4) 

i 

in which 8 i = damper brace inclination angle at the ith story. 

An effective damper coefficient C, which is determined for an equivalent SDOF system 

can be distributed assuming story shear forces as shown in figure 3-2a: 

i =1. .. N (3-5) 

where Vsi = story shear at story i, C =. total (equivalent SDOF) damper coefficient, xt = 

equivalent SDOF design velocity and N = number of stories. 

The above mentioned damper-truss solution is not the most desired configuration for 

relatively stiff structural systems as the interstory deformations are small. However, an 

innovative configuration based on the load-balancing concept can be employed in flexible as 

well as stiff structural systems. 

3.4 DAMPER PlACEMENT TO RESIST OVERTURNING MOMENTS: LoAD BALANCING PRE­

STRESSED TENDON-FusE+DAMPER SOLUTION (LPTFD) 

Prior to introducing the proposed load balancing approach to mitigate lateral loads in 

buildings, it is considered desirable to review a well-known analogous scenario. 

3.4.1 The Load Balancing Approach: Pre-stressed Concrete Beam Analogy 

Consider the design of a post-tensioned pre-stressed concrete beam. Using post­

tensioning along with a draped parabolic tendon profile it is possible to balance gravity loads as 

shown in figure 3-3. This approach was first developed by Lin (1963). If the tendon profile has a 

draped parabolic profile similar to the moment diagram then the gravity loads are balanced and 

deflections removed when 

WL2 
Fe=--

8 
(3-6) 

where F = te~don force, W = distributed load per unit length, L = length of the beam, e = 
maximum eccentricity as shown in figure 3-3. 

37 



w forceIunit length 

~ ~ 

e Exad Balancing: 
Draped Tendon Profile 

~-----------------L------------------~ 

Moment diagram 

Approximate Balancing: 
Harped Tendon Profile 

~...LL.L:z:=.-.._== __ ~.:::r::z.£N net moments on the strudure 

Figure 3-3 Prestressed Concrete Beam Analogy with Load Balancing Tendons 
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Alternatively, if it is not possible to use a draped tendon profile (such is the case for pre­

tensioning) deflections can be minimized by using a harped profile as shown in figure 3-3. 

Deflections only arise due to the difference between the parabolic shape of the gravity moment 

diagram and the piece-wise linear shape of the harped tendon profile (This is shaded region in 

figure 3-3). It should be noted that the harped tendon profile provide point forces where the 

tendon suddenly changes direction; the point force (P) being equal to 

P=Fsina (3-7) 

where, a = angle of deviation of the cable profile (that is the angle change where it is kinked). 

3.4.2 The Load Balancing Approach: Application to Cantilever Frames 

A second alternative configuration is proposed in which tendons are draped so as to 

generate lateral horizontal forces that balance the overturning moments. The proposed system 

works in tension only and is composed of two major components; pre-stressed tendons with high 

axial stiffness, and a supplementary damping system located at the foundation level. The draped 

tendon is anchored at one end and connected to the supplementary damping system in series at 

its other end (preferably at the foundation level). The tendon layout is designed to be piecewise 

continuous, i.e. in straight-line segments, so that each segment diagonally spans between holes 

bored (or cast in the case of a new structure) in the floor slab. Tendons are allowed to slide 

through these holes. The damping forces are therefore transferred in the horizontal direction by 

bearing of the tendons to the floor slab/transfer beams. Therefore, if the dominant load path for the 

structure is considered to be overtuining moments, the ''load balancing" concept can be ideally 

employed, which is reviewed in what follows. 

If a geometrically feasible system can be used in a building structure such that it exerts 

forces in equal magnitude and opposite direction to the applied lateral seismic forces, it will be 

referred to as a load balanced system (figure 3-4). It must be noted here that such systems when 

pre-stressed will enhance the ability of the overall structural system to initially resist lower levels 

of lateral loading with little or no deformation. This is especially desirable for structures 

subjected to wind loading. 

After the 1994 Northridge and 1995 Kobe earthquakes, engineers realized that the near­

source ground motions may be detrimental for tall flexible building structures due to high initial 

pulse in the ground acceleration history (Hall et al., 1995). Traditional supplemental damping 
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devices may be ineffective in mitigating the effects of this type of ground motion. In general, 

since the damping related terms on the left-hand side of general equation of motion (equation 

3-8) would physically be not sufficient for dampening the response, it becomes clear that 

stiffness characteristics of the building structure should be improved. 

rrii + ci + lex = -rrii g 
(3-8) 

Uniform stiffening may not be attractive, as stiffer structures attract larger forces that in turn 

should be resisted by the structural elements. Therefore, it is desirable to provide a system with 

a passively controllable or adaptive stiffness. Better still, a system can be controlled in such a 

way that the required amount of opposing force is induced in the system when the seismic 

impulse hits the building structure. Consequently, a load balancing pre-stressed tendon­

fuse+damper system that has the above-mentioned characteristics which can resist the reversing 

inertial loads is proposed. In this system, shown in figure 3-4, sacrificial yielding fuse-bars are 

used in parallel to the main supplemental damping devices. The fuse-bars provide a high 

initial stiffness and also limit displacements. The damping devices are primarily used to 

attenuate the response after the maximum displacement has occurred. 

Once the lateral design loads are determined, a tendon layout described above can be 

determined based on the assumed deformed shape and the lateral forces as shown in figure 3-

4. Details of the derivation of the design equations for the load balancing tendon layout 

geometry and supplemental system deformation are given next. 

3.4.3 Tendon Layout to Balance Lateral Loads and Supplemental System Deformation 

The horizontal force equilibrium at a node (figure 3-5) can be written by assuming very 

rigid beam and column elements. 

N 

FTi cose. = '" P-
I 1.4J J 

}-l+l 

i = O, ... ,N-1 (3-9) 

in which F Ti = force in the tendon at the i th level, e i = the angle of inclination of the ith floor 

tendon, Fj = horizontal lateral loads or story shear at level i. It must be noted here that the 

above equilibrium relation can be written for each level i as shown in figure 3-5 and as implied 

in equation (3-9). 
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Vertical force equilibrium at each floor level can be written similarly, noting that the 

resultant should equal ° (zero) force: 

i = O, ... ,N - 2 (3-10) 

Equation (3-10) can be rearranged by pre-multiplying and dividing both sides by cos 8 i / 

cos 8 i+1: 

Fn cosej 

FTj+1 cosej+l 

hj+2 /(Xj+2 - xj+l) 

hj+1/(xj+l - x;) 

tane j+1 

tanej 

Equation (3-9) can now be substituted in equation (3-11) to give: 

i = O, ... ,N - 2 

(3-11) 

(3-12) 

in which h i+1 = story height between levels i and i+l and, Rj,j+l = ~Fj / ~Fj is the ratio of 
}-.+1 j-H2 

the story shear at the ith to that at the i+ 1 th level. 

Equation (3-12) in fact defines a system of N-l simultaneous equations with N-l 

unknowns, Xi: 

=: (3-13) 

where Xo = 0, and XN = B, width of the frame structure. 

Finally, the tendon layout can be determined by solving the tri-diagonal matrix equation 

defined by equation (3-13). Assuming equal story heights (i.e. hi = hi+1): 

[R]{X} = {D} (3-14) 

where, 
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- (Ro'l +1) 
1 

[0] 

° 
R1,2 

- (R2 ,3 + 1) R2,3 

1 

[0] 

RN - 3,N-2 

-(R +1) N-2,N-l N-l,N-l 

is the characteristic vertical load distribution matrix, {X}T = {xl'x2 , ••• ,XN _1 } is the unknown 

column vector of tendon coordinates, and{Df = {O, ... ,B} 

The above derivation may be performed assuming pseudo static conditions of the frame 

structure. However, since the lateral deformations will only cause small angle changes, the 

lateral force distribution will in fact remain unchanged. It must be also noted here that the so­

called load balancing tendon layout is in fact has the shape of moment diagram scaled to the 

structure's plan dimensions. Nevertheless, above formulation allows easy implementation in a 

spreadsheet etc. 

It is evident that the draped tendon layout ideally provides a desired lateral load balancing 

damping force distribution. It must be noted here that in order to improve the effectiveness of 

the system and avoid the system become slack, tendons should be initially pre-stressed. 

3.4.4 Damper Deformation and Provided Effective Damping 

Once the lateral design loads are determined from the preliminary design stage, the 

geometry of the tendon layout described above can be determined using the method described 

above. 

Deformation of the supplementary system can be determined in terms of the geometry of 

the tendon layout, interstory deformations, and axial forces in the tendons, as follows: 

Interstory deformations, 6 i+1 between floor levels i+ 1 and i (figure 3-5) can be written 

as: 

i = O, ... ,N -1 (3·15) 

where Ai = absolute displacement at floor level i relative to ground. 
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As can be seen from figure 3-5, deformation of the supplemental system at the foundation 

level can be written as the sum of all the tendon segment elongations assuming zero tendon 

stiffness and subtracting the sum of all the actual tendon elongations due to tendon forces, F Ti: 

(3·16) 

where Ai = cross-sectional area, Ei = Young's Modulus and, Li = hi+1 / sin e i is the length of 

tendon segment i. 

Finally equivalent damping based on the equivalent power consumption approach 

introduced by Pekcan et aI. (1998) for nonlinear viscous nature dampers: 

(3·17) 

can be used along with the pseudo-exact velocity transformation (Pekcan et aI., 1998) to 

determine the added damping due to dampers in the load balancing tendon configuration as: 

(3·18) 

but FTi,h = caiA: _k_ -- is the horizontal component of the damping force at level i. 
( 

T )o.15a (2n)a 
0.75. Tk 

Therefore, equation (3-18) can be simplified using equation (3-11) as: 

(3·19) 

where FTi= force in the tendon between floor levels i-J and i. 

3.4.5 Approximate Load Balancing Solution - Straight Tendon 

An approximate load balancing solution can be employed in which the draped tendon 

system is replaced with a straight tendon as shown in figure 3-6. It must be realized that the 

straight tendon layout does not provide damping forces that fully oppose the inertial forces and 
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Figure 3-6 Approximate Load Balancing Solution 
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oppose the overturning moments induced in the structure. Hence, this approach is analogous to 

the approximate load balancing with harped tendon mentioned previously for the pre-stressed 

concrete beam. However, the net moments on the structure (shaded area in figure 3-6) can be 

minimized by carefully designing the tendon layout. As can be seen in the figure, overturning 

moment demand on the columns can still be significantly reduced. However, a potential 

disadvantage of this approach may be that a single point application of the damping forces may 

cause a so-called whipping action in the upper stories, and therefore excite higher modes. 

However, this undesired response can be effectively overcome by bracing the levels above the 

tendon system. Moreover, the bracing elements should ensure a continuous load path as shown 

in figure 3-6. 

3.5 DISCUSSION OF mE PROPOSED CONFlGURATION 

Various aspects of proposed load balancing tendon system are questioned and discussed 

in what follows. 

3.5.1 Tendon Layout and Higher Mode Effects 

Determination of tendon layout for building structures is not an easy task for especially 

tall-flexible building structures for which the higher mode effects are in general significant. If 

the tendon layout is designed based on the first mode vibration characteristics, possible higher 

mode contribution in the overall response is expected to adversely affect the performance of the" 

proposed configuration. However, it is possible to iteratively determine a tendon layout based on 

the altered first mode characteristics to minimize the higher mode effects. Moreover, a hybrid 

bracing system can be efficiently designed for relatively tall building structures which would 

ensure a dominant response, hence improving the load-balancing tendon efficiency in terms of 

balanced loads. 

3.5.2 Three Dimensional Response with LPT System 

Three-dimensional response of structures with load balancing tendons may pose 

important problems if it is not carefully considered in the design. A three dimensional view of 

tendons placed on the interior frames of a building structure is schematically shown in figure 3-7. 

Two pairs of tendons work in the XZ plane and only one tendon is shown in the YZ plane for 

clarity of the figure. Supplemental system is preferably (but no necessarily) placed at the lower 
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end of the draped tendon. When fuse-bars are used in parallel with the supplemental damping 

devices, they are designed to yield under a major ground shaking. Hence, after yielding of the 

fuse-bar(s), stiffness characteristics and distribution within the structural system will be 

modified. Since the simultaneous yielding may not take place, the stiffness change is likely to 

promote torsional response. Therefore, the overall supplemental system with the draped tendon 

profile should be designed to accommodate the undesired torsional effects. On the other hand, it 

must be noted that the proposed supplemental system can also be designed to eliminate any 

initial plan irregularities. Consequently, three dimensional nonlinear analysis tools should be 

developed and used in the analytical investigation of this phenomenon. 

3.5.3 Floor Slab Detail 

As was previously mentioned, the tendon layout is designed to be in piecewise 

continuous segments that span between holes bored in the floor slab. A typical detail is 

schematically shown in figure 3-8. As can be seen from the figure, the damping forces are 

transferred in the horizontal direction by bearing of the tendons to the floor slab. In fact, the 

bearing force F, has a horizontal as well as a .vertical component which must be reacted by the 

floor slab action. Therefore, the magnitude of the vertical component bearing forces must be 

carefully considered and the floor slabs around these holes must be reinforced if necessary. 

Another alternative to reduce the effect of vertical forces is to avoid friction at the contact 

surfaces by means of either a proper lubrication or durable-specially treated surfaces. 

3.5.4 The Benefits of Pre-stressing 

Initially,' tendons may be either slack or pre-stressed. If tendons are used, only one 

tendon of the diametrically opposing pair will work at any given time. However, if the tendon is 

stressed to say 50 percent of the fuse-bar yield stress, then the initial stiffness is doubled, as both 

tendons will act together, doubling the effectiveness of the system. The pair of tendons will 

continue to work together until the tendon on the compression side becomes slack. This relaxes 

the structure and as the composite system is more flexible, the demand is reduced. 

If the fuse-bars are pretensioned to a pre-determined level such that they start yielding at 

the onset of impulse load, they also contribute to the energy dissipation. The effect of pre­

stressing is in fact to produce a shift in the axis of the axial load-elongation relationship for the 

fuses as shown in figure 3-9. The shift results in an apparent compressive strength of the fuses 
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equal to the pre-stressing level. Similarly, apparent yield strength in tension is equal to the yield 

strength of the fuse minus the initial pre-stressing force. Various levels of pre-stress and its 

effects on the structural response should be investigated both experimentally and analytically. 

However, it can readily be said that the initial pre-tension should not exceed the initial pre-load 

level (if any) of damping devices and the deformation capacity should be carefully designed. 

It is further recommended that re-centering devices should be used as part of the 

supplemental system. A class of re-centering devices (Elastomeric Spring Damper, ESD) was 

previously investigated and tested on a 1:3 scale reinforced concrete model structure in DTR 

configuration (Pekcan et al., 1995). The unique characteristic of ESD is that it is strongly re-

. centering due' to the initial pre-load. In fact, it is a very desirable feature especially in 

applications to flexible-yielding structures. It can be readily said that the re-centering forces can 

be uniformly (as desired) distributed when these devices are used in the load balancing tendon 

configuration. Moreover, the pre-load level can be designed to accommodate the pre-tensioning 

forces and therefore avoids pre-stress losses. 

3.6 SUMMARY AND CONCLUSIONS 

The primary purpose of this section was to propose a new concept for mitigating lateral 

loads imposed on building frames - that is to balance the lateral loads with a pre-stressing 

tendon-fuse+damper system. The proposed system, which balances the applied overturning 

moments, is in contrast to the present vogue of using a damper-truss solution. The damper-truss 

solution reduces interstory shear deformations within a structure through added damping. 

However, due to the need to place dampers on each story, the damper-truss solution is evidently 

a more costly proposition than the proposed pre-stressed load balancing approach. Design 

formulations are given for the LPT system and various aspects are discussed. However, it must 

be noted that LPT system is designed to balance inertia forces whose distribution is based on the 

dominant mode of vibration of the structure. When considering various choices of dampers and 

their installation configuration open to designer, the LPT solution may not be the optimal 

approach for structures with significant higher mode effects. Nevertheless, a creative way of 

solving the higher mode response problem may be to install a secondary LPT system(s) for a 

particular higher mode(s). However, the efficacy of such a strategy should be both subject to 

future research and case-by-case design studies. 
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SECTION 4 

TEST STRUCTURE AND SHAKING TABLE TEST PROGRAM 

4.1INTRODUCI10N 

The model structure is a one-fourth scale, 6-story, space frame as shown in figure 4-l. 

Load balancing tendon-fuse+damper system and third floor connection details are shown in 

figure 4-2. This structure has been used previously in extensive experimental studies described 

below. The test structure represents a slice of a full-scale prototype of a moment resisting frame 

of a building structure. It has three bays in the strong (tested) long direction and one bay in the 

weak (short) transverse direction. Kentledge weights (ballast for similitude purposes) consisting 

of concrete blocks were used to ensure constant acceleration mass similitude requirements. 

This model structure was constructed and tested under various simulated ground motions 

using the shaking table at the State University of New York at Buffalo. The first experimental 

study on this model structure involved the testing of an active tendon system and active mass 

dampers (Reinhorn et aI., 1989). This experimental study was primarily intended to investigate 

the effectiveness of a simple active control system in response control of complex structures 

under earthquake type excitations. Various active tendon configurations were tested both in 

strong and weak directions under simulated ground motions which had peak ground· 

accelerations up to 0.09 g. Mokha et al (1990) tested the six-story moment frame supported on 

rigid beams with four Friction Pendulum System (FPS) isolators. Al-Hussaini et al. (1994) 

removed the rigid base (figure 4-1) and added an additional story with FPS isolators to further 

investigate the effectiveness of the FPS isolation system with various bracing configurations. 

In this study, ESDs (as well as fuses in parallel with ESDs) were installed in a series 

arrangement with a tension only working tendon system as shown in figure 4-1 and in the 

photographs of figure 4-3 through 4-5. Fuse-bars were fixed at their lower ends to the reaction 

beam in parallel to the ESD devices. Large washers were placed at both sides of the beams 

where fuse-bars were connected to the reaction and pull-beams. One washer was used on the 

pull side of the pull-beam to ensure the activation in tension only. Details of the test setup, 

instrumentation and testing program are given in the following subsections. 
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Figure 4-3 Photograph of the ~ Scale Model Test Structure: Rigid foundations (I-beams) 

were fixed to the shaking table platform and, the test structure with the 

supplementary system were placed on these foundation beams. 

Reproduced from 
best available copy. 
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Figure 4-4 Photograph of the Third Floor-Tendon Connection: Load cells with a capacity 

of ± 130 k."'i were installed in series with the tendon in order to record the 

supplementary system forces at this level. 4>25 mm-high strength threaded rods 

were used in the plate connections as shown. 

Reproduced from 
best available copy. 
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Figure 4-5 Photograph of the Supplementary System Detail: ESD devices and the fuse-bars 

were attached rigidly to the Oower) reaction beam. At the pull-end tendons had 

plate washers only on the pull side of the pull-beam, therefore worked in tension 

only. Note the fuse-bars in parallel to the ESD devices and the displacement 

transducers at the tendon-end. 

Reproduced from 
best available copy. 
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4.2 TEST SETIJP AND INSTRUMENTATION 

A total of 55 channels were used to monitor the model structure response. A complete 

list of these channels and corresponding descriptions are given in table 4-1. A schematic view of 

the instrumentation on the test structure is shown in figure 4-6. 

After the test structure was fixed on the foundation beams on the shaking table platform, 

a set of displacement potentiometers and, horizontal, vertical and transverse accelerometers were 

installed. Linear transducers (displacement transducers) were used to measure the absolute 

displacement response in the longitudinal (N-S) direction of the base and each story level of the 

model. Four additional displacement transducers were installed to monitor the relative 

translation between reaction beam and pull beam (hence, average damper/fuse deformations, 

figure 4-1) at the tendon's lower end. Horizontal accelerometers (in the direction of shaking) 

were installed on every floor level on both east (AHE#) and west (AHW#) frames to monitor 

torsional response (if any). Vertical (A V) and transverse (AT) accelerometers were only used on 

the base, 2nd
, 4th and 6th floors. 

Four #9 bars were provided to act as rigid tendons (one pair on each side) which had a 

nominal cross sectional area of 645 mm2 and weight per unit length of 0.05 kN/m. 

4.3 TEST PROGRAM 

In the experimental study, numerous shaking table tests were performed using seven 

different ground motions at various peak ground acceleration (PGA) levels with and without a 

load balancing tendon-fuse+damper system: 

(i) 1952 Kern County - Taft N21E, 

(i) 1968 Tokachi-Oki - Hachinohe NS, 

(ii) 1971 San Fernando - Pacoima Dam S16E and S74W, 

(iii) 1940 Imperial Valley - EI Centro NS, 

(iv) 1994 Northridge - Sylmar County 360 deg., 

(v) 1995 Great Hanshin - Kobe. 
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Table 4-1 Description of Instrumentation 

Channel Name Units Description/Remarks 

AH#E G's Horizontal acceleration at the floor levels - on the 
east frame (0-6) 

AH#W G's Horizontal acceleration at the floor levels - on the 
west frame (0-6) 

AT#N G's Transverse acceleration at alternating floor levels -
on the north end (0,2,4,6) 

AT#S G's Transverse acceleration at alternating floor levels -
on the south end (0,2,4,6) 

AV#N G's Vertical acceleration at the base, mid height and roof 
- on the north end (0,3,6) 

AV#S G's Vertical acceleration at the base, mid height and roof 
- on the south end (0,3,6) 

D#E mm. Horizontal (in the direction of shaking) displacement 

- on the east frame (0-6) 

D#W mm. Horizontal (in the direction of shaking) displacement 

- on the west frame (0-6) 

DD# mm. Fuse+damper system deformation - 1-2 on south end, 
3-4 on north end 

LC# kN Tendon force (load cell) - 1-2 on south end, 3-4 on 
north end 

DLAT mm. Shaking table horizontal displacement 

ALAT G's Shaking table horizontal acceleration 

DVRT mm. Shaking table vertical displacement 

AVRT G's Shaking table vertical acceleration 

Ground motions were time scaled (by a factor of 1 / .J4) in order to meet the constant 

acceleration similitude requirements. Time scaled acceleration-time histories of some of the 

ground motions used are shown in figure 4-7. The latter three records mentioned above were 

extensively used to form the basis for the comparison of various configurations tested. The first 

four ground motions were mainly used to gather enough experimental information to establish 

dependable models for further analytical studies. Various bracing configurations were tested 

using these ground motions of minor to moderate levels. A wide-band (0 to 50 Hz) white noise 

base excitation (0.05 g) was used before and after each configuration change to determine the 

dynamic characteristics of the test structure. A complete list of shaking table test program is 

given in table 4-2. A total of seven configurations were tested as schematically shown in figure 

4-8. 
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Table 4·2 Schedule of Shaking Table Experiments 

Test # Ground Motion PGA(g) FileName Remarks 

I White Noise 0.050 BIOAW05 "BI" configuration 

2 El Centro, SOOE 0.080 BIOEL07 

3 " 0.130 BlOEL12 

4 Taft,N21E 0.073 B10TA08 

5 " 0.115 BlOTA12 

6 Hachinohe, NS 0.075 B10HA08 

7 White Noise 0.050 BlOBW05 

8 White Noise 0.050 B20AW05 "B2" configuration 

9 El Centro, SOOE 0.121 B20EL12 

10 Taft,N21E 0.101 B20TA12 

11 Hachinohe, NS 0.082 B20HA08 

12 White Noise 0.050 B20BWOS 

13 White Noise 0.050 B30AW05 "B3" configuration 

14 El Centro, SOOE 0.084 B30EL08 

1S Taft,N21E 0.077 B30TA08 

16 Hachinohe, NS 0.088 B30HA08 

17 White Noise O.OSO B30BWOS 

18 White Noise O.OSO B40AWOS "B4" configuration 

19 EI Centro, SOOE 0.108 B40EL12 

20 Taft,N21E 0.108 B40TA12 

21 Hachinohe, NS 0.079 B40HA08 

22 White Noise 0.050 B40BWOS 

23 White Noise 0.050 MOMAWOS "BS" config - Moment :frame only 

24 EI Centro, SOOE 0.074 MOMEL12 

25 Taft,N21E 0.067 MOMTA12 

26 Hachinohe, NS 0.063 MOMHA08 

27 White Noise O.OSO MOMBW05 

28 White Noise O.OSO B41AW05 "B4" config with all fixtures on 
but dampers not active 

29 EI Centro, SOOE o.lio B4IEL12 

30 Taft,N21E 0.114 B41TA12 

31 Hachinohe, NS 0.089 B41HA08 

32 Pacoima, S74W 0.160 B41PA16 

33 n S16R O_lRO R41PA1R 

::\4 SvlmliT. 360 de~. 0.175 B41SY17 

35 Kohl>:. NS O_lf\R R41K017 

36 White Noise 0_050 R41HW05 
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Table 4-2 Cont'd 

Test # Ground Motion PGA (2) File Name Remarks 

37 White Noise 0.050 B43AW05 "B4" config - dampers active 
prestressed to 1.5+ kil's 

38 EI Centro, SooE 0.183 B43E120 

39 Taft, N21E 0.218 B43TA20 

40 Pacoima, S16E 0.200 B43PA20 

41 Sylmar, 360 deg. 0.218 B43SY20 

42 Kobe, NS 0.193 B43K020 

43 White Noise 0.050 B43BW05 

44 White Noise 0.050 B44AW05 "B4" config - dampers active 
prestressed to 1.5+ kips 

45 . EI Centro, SooE 0.306 B44EL30 

46 Sylmar, 360 deg. 0.350 B44SY30 

47 Kobe,NS 0.265 B44K030 

48 White Noise 0.050 B44BW05 

49 White Noise 0.050 B47AW05 "B4" config - dampers and fuses 
active prestressed to 5+ kips 

50 EI Centro, SooE 0.418 B47EIAO 

51 Sylmar, 360 deg. 0.495 B47SY4O 

52 Kobe,NS 0.373 B47K04O 

53 White Noise 0.050 B47BW05 

54 White Noise 0.050 B50AW05 "B5" config with all fixtures on 
but dampers not active 

55 ElCentro,SooE 0.172 B50El20 

56 Sylmar, 360 deg. 0.162 B50SY20 

57 Kobe,NS 0.164 B50K020 

58 White Noise 0.050 B50BW05 

59 White Noise 0.050 B51AW05 "B5" config - dampers active 
prestressed to 1.5+ kips 

60 EI Centro, SooE 0.280 B51EL30 

61 El Centro, SooE 0.332 B51EIAO 

62 Sylmar, 360 deg. 0.456 B51SY4O 

63 Kobe, NS 0.397 B51K04O 

64 White Noise 0.050 B51BW05 

65 White Noise 0.050 B52AW05 "B5" config - dampers and fuses 
active prestressed to 5+ kips 

66 El Centro, SooE 0.307 B52EIAO Table malfunction 
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4.4 COMPUTATIONAL MODELING OF THE TEST STRUCfURE 

Main load carrying structural elements (beams and columns) of the test structure were 

modeled using the beam-column elements with a specified P-M interaction that are available in 

the DRAIN-2DX element library. Modeling of the structure with load balancing tendon­

fuse+damper system is somewhat different and more involved than that of with various bracing 

configurations. Although, most of the modeling techniques and assumptions are still applicable 

to both systems, specific details are given in following two subsections, respectively. 

4.4.1 Modeling of the Braced Frame 

The braces were modeled using truss elements that have axial-bilinear force-deformation 

characteristics. The main assumptions considered in the analytical model with the braced 

configurations are as follows: 

(i) One of the two moment frames is modeled as a plane frame with rigid floor diaphragms, 

(ii) Half the total weight of the structure, hence masses are assumed to be lumped at the 

nodes of the elements at each floor level, 

(iii) Elastic axial deformations of the column members and elastic shear deformations of the 

beam members are included in the analyses, 

(iv) Bracing connections are assumed to be rigid, however slip at the bolted connections was 

taken into account by reducing the effective area of the truss elements used to model the 

bracings, 

(v) Earthquake excitation is defined in the horizontal direction and all support points are 

assumed to move in phase, 

(vi) P-Delta effects are included in the analyses, 

(vii) Viscous damping of the structure is considered using a Rayleigh damping model - that is 

a linear combination of the mass and the stiffness matrices. Damping values from the 

experiments were used as input for the analytical predictions. 
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Figure 4-9 Drain-2DX Computational Model of the Tendon System 

4.4.2 Modeling of the Structure with the Load Balancing Tendon-Fuse+Damper System 

Modeling of the structure with the load balancing tendon-fuse + damper system requires 

one modification to the above list of assumptions and additions as well. These are discussed in 

what follows. 

Rigid floor diaphragm assumption is not valid since prestressing of the tendon system 

imposes deformations in opposite directions that determine the initial conditions for the dynamic 

response analysis. Therefore, the previous analytical model was modified to· have four 

translationally and rotationally independent nodes on each floor level. 

The load balancing tendon-fuse+damper system has six elements in series/parallel. 

arrangement as shown in figure 4-9. These elements are used to model; a) tendon (#9 bar) that 

transfers the fuse + damper system's force to the 3rd floor exterior joints KT , b) the flexibility due 

to pull-beam deformation Kpb, c) tension only ESD devices and fuse-bars, d) the flexibility due 

to reaction-beam deformation ~b, and e) a dummy element with high axial stiffness (EA) ~. 

Additional masses are assigned to the joints 1-5 due to the self-weight of the connected elements. 

Load balancing tendon-fuse+damper system is modeled using ESD elements (defined in Section 

2) and special link elements (fuse-bars) that act only in tension and become slack under 

compressive deformations. Moreover, the elongated (yielded) fuse-bar becomes ineffective in 

tensions upon reloading of the structure until it is deformed to its new length. Although all of the 

eleme~ts shown in the figure should be modeled as truss elements that can only transmit axial 

forces (the pull and reaction-beams and the dummy elements), these are actually modeled using 

beam-column elements that have very small rotational stiffness (low EI). This is mainly because 

67 



of the fact that two or more truss elements when connected in series can cause numerical 

instability, especially in static loading cases. In fact, a single analysis requires two steps: a) non­

linear static analysis, b) non-linear dynamic analysis. In the static analysis part, a set of nodal 

loads are applied at joint 1 with controlled loading steps until the correct (experimental) initial 

prestress level is achieved in the tendon elements. The dynamic analysis then commences with 

t~e initial conditions attamed at the end of the previous static analysis. Hence, the ciummy beam­

column element with high axial rigidity (EA) serves to ''lock-in'' the initial prestress level. 
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SECTIONS 

SHAKING TABLE TEST RESULTS 

5.1 INTRODuCTION 

This section presents the experimental and analytical study that investigates the 

effectiveness of Elastomeric Spring Dampers (ESD) used to mitigate the seismic response of 

steel structures. In this study, well-known ground motions were used to investigate the 

performance of a one-quarter scale-model steel-moment frame structure. 

The advantage of utilizing ESD devices in retrofitting conventional non-ductile 

reinforced concrete frame structures was previously investigated both experimentally and 

analytically by Pekcan et al. (1995). However, one of the major differences between reinforced 

concrete and steel str:uctures is that linear behavior is expected in the latter, whereas bilinear 

elastic behavior exists in the former. Thus steel structures generally possess greater flexibility 

and lower inherent equivalent viscous damping than reinforced concrete structures. Larger 

interstory drifts can be expected which in tum causes distress to both structural and non­

structural elements. 

A total of seven different configurations were tested; however, emphasis is given to those 

with the supplemental systems. Prior to shaking table tests, ESDs and sample fuses were tested 

to determine their properties. In the following subsections experimental results are p~esented 

along with the analytical predictions obtained from the enhanced DRAIN-2DX computational 

model described in Section 2. 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 load balancing tendon-fuse+damper system itself. Further 

details of the properties of the ESD devices and fuse-bars, and experimental setup are discussed 

in the following. 

5.2 DISCUSSION OF PREVIOUS RElATED WORK 

Because steel moment frame structures did not perform particularly well in the recent 

1994 Northridge earthquake, it is necessary for the profession to investigate both direct and 

indirect means of mitigating inherently faulty welded steel beam-column connection designs that 
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were designed prior to the 1994 Northridge earthquake. Direct methods principally involve 

strengthening and/or enhancing the ductility of the welded beam-column connections. Much 

research sponsored by SAC has been directed to this end (SAC, 1995). It is the premise of the 

research presented here that indirect methods of mitigation should be investigated as an 

alternative or supplement to direct strengthening. Indirect methods embrace supplemental 

~ping and/or bracing. This research investigated a system that employs strengthening through 

post-tensioned bracing coupled with a class of supplemental damping. 

Since the 1994 Northridge earthquake, there have been a considerable number of studies 

on the effects of near-source ground motions on flexible buildings. This type of ground shaking, 

which is generally accompanied by large velocity and displacement pulses, has a greater damage 

potential than those adopted in current design codes. Thus, the adequacy of present codes has 

been questioned and opened to discussion. 

There are on-going studies in United States to form an International Building Code by 

mainly combining the three recently used building codes, namely, the Uniform Building Code 

(UBC), the Building Officials and Code Administrators Code (BOCA) and the Standard 

Building Code (SBC). Various documents such as "Tentative Requirements of SEAONC 

(Seismology Committee of the Structural Engineers Association of Northern California)", 

"National Earthquake Hazard Reduction Program (NEHRP) Recommended Provisions for 

Seismic Regulations for New Buildings (FEMA, 1995)" and "NEHRP Guidelines for Seismic 

Rehabilitation of Buildings (ATe, 1995)" provide some insight to recent developments in 

earthquake engineering and protective systems. These documents categorize some of the energy 

dissipating protective systems and prescribe analysis procedures such as equivalent linear 

procedures, nonlinear dynamic analysis etc. for buildings that incorporate such systems. 

Although widely recognized, the near-source ground motions and their damage potential 

especially on flexible buildings has not yet been addressed. In one recent study (Hall et aI., 

1995), it was pointed out that the displacement pulses at or near the natural period of vibration of 

the structure may cause severe damage to the structure as excessive interstory drifts are to be 

expected. If such pulses occur during the first cycle of the response, maximum response is 

generally not a function of the damping in the structure. Furthermore, it can easily be shown that 

maximum deformation is attained at the end of the pulse. Therefore, the effect of damping in 

reducing the maximum response will be minimal since the dissipated energy will only be about 
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one-fourth of that expected in one full cycle of response. This becomes an important issue in the 

design of structures with energy dissipation systems that rely merely on the added damping. For 

pulse-like ground motions, such as those mentioned above, damper-only systems will damp out 

the response after the initial peak response achieved but may only be of marginal value in 

mitigating the peak response. 

Therefore, it follows that some additional and/or alternative means of damping is needed 

to arrest the impulse response. In. this part of this study, a load balancing tendon-fuse+damper 

system has been adopted where sacrificial yielding fuse-bars are used in parallel to ESD devices. 

The fuse-bars 'provide a high initial stiffness and limit displacements. However, the damping 

devices are still effective to attenuate the remaining motion following the first large peak. The 

system tested in this experimental study was designed to work only in tension. This has the 

advantage of being light-weight (no buckling problems are encountered), relatively unobtrusive 

and easy to install. 

5.3 PROPERTIES OF THE ESD DEVICES AND FuSE-BARS USED IN THE EXPERIMENTAL STIJDY 

The ESDs tested in the experimental study were off-the-shelf devices. These devices 

were tested under displacement-controlled sinusoidal motions at various frequencies and 

amplitudes. Some selected force-displacement plots are shown in figure 5-1. These specimen 

tests were used to identify the parameters in the mathematical model that was defined in Section 

2 (equation 2-1) and repeated here for convenience: 

a 
FD = K2x + (Kl - K2 )x + CD sgn(x)x-X -

( )

2 xmax 

1+ ~yX 
(5-1) 

in which X = the damper displacement, Kl = the initial stiffness, Kz = elastomeric stiffness after 

the pre-stress has been overcome, Py = damper static pre-stress force, CD = the damper constant, 

x = the damper velocity, Xmax = the damper stroke capacity, and a is a positive real exponent. 

For the devices used in this study the following average values were identified from individual 

tests and used in subsequent analytical modeling: 
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Kl = 25.0 kN/mm, K2 = 0.6 kN/mm, Py = 2.78 kN, Xmax = 25.4 mm, 

CD = 1.09 kN/(mm/sec)O.35, and a = 0.35, giving 

F 0 6 (25.0 - 0.6)x 109 (·)1· x 1°·35 D = . X + +. sgn x X--

( 
25.0X)2 25.4 

1+ --
2.78 

Replaceable high strength, cp12 mm threaded rods were machined to have 7 mm diameter 

over a fuse length of 152 mm. The stress-strain curve for the fuse-bars is shown in figure 5-2. 

The fuse-bars had average yield strength of h=950 MPa, and ultimate strength of /su=1069 MPa. 

The strain at the offset of strain hardening was £sh=0.021 and that of at the ultimate stress was 

£su=0.054. Young Modulus was found to be E=200 GPa and post yield modulus Esh=2600 MPa. 

5.4 SHAKING TABLE TEST RESULTS 

This subsection first compares the structural dynamic characteristics obtained from the 

various white noise tests that use different setup configurations. These results demonstrate some 

of the stiffness characteristics of the test structure and effects of the supplementary tendon 

system. Secondly, response behavior under minor simulated ground motions is discussed in 

detail referring to the specific experimental results of various braced frame configurations next. 

Finally, comparative experimental results of the structure tested with and without the load 

balancing tendon-fuse + damper sy~tem are given in tables and discussed. When comparing the 

various structural responses, different PGA levels of the applied ground motions should also be 

kept in mind. 

5.4.1 Comparison of Structural Dynamics Characteristics of Various Configurations 

This subsection summarizes the structural dynamics properties of various tested 

configurations: a) structure without tendon system/with various brace configurations, b) structure 

with tendon system and top three stories braced, and c) Structure with tendon system and 

moment frame. One pair of white noise tests was conducted on the structure for each 

configuration tested in order to identify the mode shapes and corresponding natural periods of 

vibrations. Dynamic properties of the test structure were then determined from the story level 
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Table 5-1 Mode Shapes of the Moment Frame 

Modal Amplitude (values in parentheses are analytical) 

1 2 3 4 5 6 

~,% 2.78 1.26 0.96 0.20 0.57 0.17 

f, Hz 2.44 (2.44) 7.91 (7.63) 14.1 (13.5) 20.0 (19.8) 25.4 (26.1) 29.3 (30.8) 

6 1.000 -0.981 0.815 -0.432 0.401 -0.094 

(1.000) (-0.995) (0.8171 (-0.615) (0.409) (-0.180) 

5 0.942 -0.391 -0.480 0.673 -1.000 0.400 

(0.925) (-0.392) (-0.392) (0.909) (-0.977) (0.542) 

4 0.786 0.382 -1.000 0.090 0.943 -0.658 

(0.793) (0.401) (-1.000) (0.222) (0.858) ~-O.839) 

3 0.627 0.952 -0.093 -0.823 -0.038 0.838 

(0.611) (0.967) (-0.200) (-0.998) (-0.084) (1.000) 

2 0.419 1.000 0.891 0.249 -0.644 -1.000 

(0.393J i1.000) (0.892) (0.124) (-0.766) (-0.983) 

1 0.196 0.528 0.697 1.000 0.901 0.603 

(0.160) (0.516) ~0.812) (1.000) ~1.000) iO.718) 

transfer functions. Transfer "functions for the kth floor were calculated as the ratio of the Fourier 

Transforms of the kth floor acceleration time history to that of input acceleration at the rigid 

foundation. Approximate viscous damping ratios were calculated by using the Half Power 

(Band-Width) Method (Clough and Penzien, 1993). It must be noted here that not all of the six 

modes of vibrations could be identified accurately for the braced and damped frame 

configurations from the frequency domain analysis. 

The frequency domain analysis results reported herein identify the characteristic response 

parameters under low-level amplitude ground motions. In fact, as discussed in the next 

subsections, the experimental model structure showed slightly different response characteristics 

in case of moderate to high-level input ground motions. 

A comparison of story level transfer functions is shown in figure 5-3 for the braced frame 

configurations. Stiffening effect of braces can be seen, as the natural frequency becomes higher. 

Mode shapes that could be identified from the transfer functions are shown in figure 5-4. Three 

modes of vibration could be identified for the configuration in which both top and bottom three 

stories were braced (B20). Similarly, B40 configuration had its higher modes dampened as well. 
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BI0 

B20 

[4.39 Hi.31 29.9836.72 41.02 NIA]lIz 

1.00 -0.93 -0.66 -0.47 0.43 N I A 

0.88 0.26 0.56 0.47 -1.00 N I A 

0.69 0.47 1.00 -0.35 0.90 N I A 

0.52 0.95 -0.34 -0.49 -0.03 N I A 

0.34 1.00 -0.71 0.20 -0.34 N I A 

0.15 0.52 -0.72 \.00 0.62 NIA 

[4.0014.9430.57 NIA NIA NIA]lIz 

1.00 -0.98 -0.61 N I A N I A N I A 

0.93 -0.53 0.71 NIA NIA NIA 

0.81 0.27 0.39 N I A N I A N I A 

0.70 0.74 0.17 NIA NIA NIA 
0.56 1.00 -0.32 N I A N I A N I A 

0.22 0.61 -1.00 N I A N I A N I II 

[3.22 8.98 16.11 25.59 30.86 34.96] 112 

1.00 -0.28 0.29 0.39 -0.25 0.42 
B30 0.88 -0.94 -0.67 -0.96 0.37 -0.19 

0.64 1.00 -0.54 -0.35 -0.07 0.42 
0.42 0.54 1.00 -0.49 0.14 -0.82 
0.33 0.23 0.82 0.20 0.21 O.!!!! 
0.10 0.87 0.91 1.00 -1.00 -1.00 

B40 

MOM 

[2.73 13.09 26.66 N I A N I A N I A] 112 

1.00 -0.57 -0.46 NIA NIA NIA 

0.9!! -0.35 0.02 NIA NIA NIA 

0.92 0.09 0.55 NIA NIA NIA 

0.87 0.26 0.34 NIII NIA NIA 
0.61 1.00 -0.94 N I A N I A N I A 

0.2!! 0.69 -1.00 N I A N I A N I A 

[2.44 7.91 14.0620.0225.39 29.30] liz 

t.OO -0.98 0.82 -0.43 0.40 0.09 

0.94 -0.39 -0.48 0.67 -1.00 -0.40 

0.79 0.38 -1.00 0.09 0.94 0.66 

0.63 0.95 -0.09 -0.82 -0.04 -0.83 
0.42 1.00 0.89 0.24 0.64 1.00 
0.20 0.53 0.70 \.00 0.90 -0.60 

) 

Figure 5-4 Comparison of identified mode shapes-Braced configurations and moment 
frame 
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Figure 5-5 Comparison of story level transfer functions obtained from white noise 
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Figure 5-6 Comparison of identified mode shapes - Top three stories braced with 
supplementary system 
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Figure 5-7 Comparison of story level transfer functions obtained from white noise 
experiments - Moment frame with supplementary system 
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[3.42 8.79 14.0624.51 NIA NIA]lIz 

1.00 -0.69 -0.82 -0.21 N I A N I A 
B51 0.86 -0.21 0.47 0.66 N I A N I A 

0.61 0.40 1.00 0.44 NIA NIA 

0.37 0.83 0.16 -0.22 N I A N I A 
0.22 1.00 -0.76 0.20 N I A N I A 
0.10 0.59 -0.60 1.00 N I A N I A 

Figure 5-8 Comparison of identified mode shapes - Moment frame with supplementary 
system 
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Moreover, the model in this configuration can be approximated as a SnOF structure as can be 

seen from its first mode dominant behavior. Analytical and experimental mode shapes, natural 

frequencies and modal viscous damping ratios are compared for the moment frame (B50) in table 

5-1 to demonstrate the accuracy of the analytical model described in the previous subsections. 

Transfer functions obtained from white noise experiments conducted on B41, B44 and 

B47 configurations are compared in figure 5-5. Mode shapes and corresponding natural periods 

of vibrations are given in figure 5-6. 

These experiments were. performed after the prestress was applied to the tendon system . 

. Therefore, results also indicate the initial effects of the prestress load on the stiffness of the 

model structure. The structure's properties were identical to that of the B41 configuration before 

the prestress load was applied. As can be seen from figures 5-5 and 5-6, the structure's stiffness 

was slightly increased due to tendon prestress. The increase in stiffness is explained as follows. 

When prestress is not used, only one set of tendons can be activated at a time. This set of tendon 

will tend to stiffen the structure due to bracing action. However, if tendons are prestressed, both 

set of tendons will contribute to the stiffening of the structure. Only when a compressive-like 

tendon force exceeds the prestress force will the tendon become slack and in turn reduce the 

stiffness of the structural system to a level similar to the non-prestressed case. Transfer function 

amplitude was reduced by about 50% in the first mode of vibration at the 6th floor level. It is 

interesting to note that natural frequency of second mode vibration was reduced (longer period). 

This result was attributed to the fact that during the ground motion experiments on the B41 

configuration top three story brace connections were further loosened due to slip. Hence, the 

model structure had a lower apparent natural frequency in this mode. 

Similar comparisons are made for the structure without the top three story braces but with 

the tendon system attached as in the previous configurations. Two white noise tests were 

conducted before and after each configuration change, after the prestress was applied to the 

system. Story level transfer functions are compared for the three configurations, namely B50, 

B51 and B52, in figure 5-7 and the identified mode shapes are shown in figure 5-8. Stiffening 

and added damping due to the tendon system are evident from the figure. However, reduction in 

the transfer function amplitude especially in the first mode is marginal in the top three stories, 

which implies that effectiveness of the tendon system is less on the top stories. 
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Table 5-2 Comparison of 1st Mode Natural Periods and Viscous Damping Ratios 

B edC fi rac on if!Urations 

Configuration 
Natural Period, sec. Damping Ratio, % 

White Noise Ground Motion White Noise Ground Motion 

BI0 0.23 0.24 4.7 6.0 

B20 0.25 0.27 9.5 7.5 

B30 0.31 0.32 3.2 4.4 

B40 0.37 0.38 3.0 2.7 

MOM (B50) 0.41 0.41 2.8 2.3 

Table 5-3 Summary of Experimental Response - Braced Configurations 

Ground PGA Base Shear I OTM Roof. Max 
Motion Config. (g) Weight (kN) (kN.m) Displ.(mm) (ISD) 1 

(%) 
BI0 0.130 0.208 177 6.0 0.164 (2) 

B20 0.121 0.215 198 6.5 0.208 (2) 

El Centro B30 0.084 0.147 134 6.5 0.197 (3) 

B40 0.108 0.227 180 9.9 0.339 (2) 

MOM 0.074 0.212 180 12.8 0.328 (2) 

BI0 0.115 0.150 156 4.4 0.129 (2) 

B20 0.101 0.145 134 4.5 0.142 (2) 

Taft B30 0.077 0.155 122 6.1 0.186 (3) 

B40 0.108 0.323 249 14.7 0.470 (2) 

MOM 0.067 0.185 183 12.4 0.295 (2) 

BI0 0.075 0.102 89 2.8 0.087 (2) 

B20 0.082 0.105 93 2.9 0.109 (2) 

Hachinohe 830 0.088 0.134 97 4.3 0.098 (2,3) 

B40 0.079 0.125 110 6.2 0.219 (3) 

MOM 0.063 0.154 142 10.0 0.260 (3) 

1 Story at which the maximum response was recorded 
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These discussions provide a brief insight into the structure's behavior under low-level 

ground shaking. In the following subsections, qualitative comparisons are also given between 

the results discussed above and those obtained from the relatively high-level ground motion 

experiments. 

5.4.2 Tests on the Structure with Various Bracing Configurations 

Experiments of five different bracedlunbraced configurations were conducted for the 

following purposes: a) to validate the accuracy of the computational Drain-2DX model, b) to 

allow analytical as well as experimental response comparisons with the configuration having the 

supplemental dampers/fuses (i.e. B4# and B5# configurations in figure 4-8). 

Story weights used in the analytical model were 27.6 kN on the 6th, 5th and 4th stories, 

27.3 kN on the 3rd and 26.4 kN on the 2nd and 1st stories. Mode shapes and natural periods of 

vibration were identified from both white noise and simulated ground motion experiments. Due 

to low amplitudes and high damping owing the braced frame configurations not all six modes of 

vibrations could be identified accurately using the frequency. domain analysis. Moreover, results 

of ground motion experiments revealed the fact' that brace connections were not rigid and 

allowed considerable slip at the bolted joints. Hence, during the simulated ground motion 

experiments, the model had in general higher "apparent" natural period of VIbrations than those 

identified from white noise tests. This additional source of flexibility was taken into account in . 

the analytical model by reducing the effective area of the brace elements by 20% to 80% in some 

cases as the amount of slip increased from one experiment to another. 

First mode natural frequencies and damping ratios as obtained from both white noise and 

ground motion test for the braced configurations tested are summarized in table 5-2. As can be 

seen from the table, the test structure had lower natural frequencies (higher periods) in case of 

simulated ground motion tests. As can be seen from table 5-2, the model structure had higher 

stiffness and viscous damping ratios for the braced configurations. It must be noted here that 

B40 configuration had properties similar to the moment frame. Top three-story bracing had a 

marginal effect on the first mode properties, however damped out the higher modes. As 

mentioned above, the simulated ground motion tests were performed at varying peak 

acceleration levels. However, for a specific ground motion, identical input signals could not be 

generated due to difficulties induced by shaking table-structure interaction at certain frequencies 
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Figure 5-9 Experimentally observed and analytically predicted displacement time histories: 
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Damping System: none 
Bracing: upper and lower three stories braced 
Earthquake: El Centro, PGA=O.12g 
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Figure 5-10 Experimentally observed and analytically predicted displacement time 
histories: B20TA12 
Damping System: none 
Bracing: upper and lower three stories braced 
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Damping System: none 
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Bracing: lower three stories braced 
Earthquake: EI Centro, PGA=O.08g 

87 



10 
5 
0 

-5 6th Story 
-10 

10 
5 
0 

E -5 
E -10 

5th 

~ 

+-' 
c: 10 Q) 

E 5 
Q) 
(,) 0 
ctS 
0.. -5 
(J) 4th 

0 -10 
>- 10 ~ 

0 
5 +-' 

(f) 

0 
-5 3rd 

-10 

10 
5 

0 
-5 2nd 

-10 

10 I I I I I I I I 

5 - -

0 v 

1st 
--5 """ 

-10 I I I I I I I I I 

0 2 4 6 8 10 12 14 16 18 20 
Time, sec. 

Figure 5-13 Experimentally observed and analytically predicted displacement time 
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Damping System: none 
Bracing: lower three stories braced 
Earthquake: Taft, PGA=O.08g 

88 



10 

5 
0 

-5 6th Story 
-10 

10 
5 
0 . 

E -5 5th E -10 
~ ..... 

c 10 <l> 
E 5 
<l> 
U 0 
CO 
0. -5 4th (j) 

0 -10 
>- 10 ~ I I I I I I I I I 

0 ..... 5 - -(f) 

0 It Alt " ... 
"V"Y~V' 'lV' y v v~ 

-5 r- 3rd -

-10 1 ~ i 1 1 1 ~ 

10 1 I I I I I I 

5 f- -

0 II 1\ 
V" ~ v 

-5 - 2nd -

-10 I 1 1 1 1 1 I I 1 

10 I I 1 I I I I 

5 I-

0 
-5 - -1st 

-10 1 I I I I I I 1 1 

0 2 4 6 8 10 12 14 16 18 20 
Time, sec. 
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histories: B40T A12 
Damping System: none 
Bracing: upper three stories braced 
Earthquake: Taft, PGA=O.12g 

91 



20 
10 
0 

-10 6th Story 
-20 

20 
10 
0 . 

E -10 
E -20 

5th 

...... 
c: 20 Q) 

E 10 
Q) 
u 0 
CCS 
a.. -10 
(f) 4th 

0 -20 
>. 20 '-
0 

10 ...... en 
0 

-10 3rd 
-20 

20 I I I I I I T I 

10 f- -
II" 1\ vvvvv -v-v v v 0 

2nd 
--10 f-

-20 I I I I I I I I I 

20 I I T I I I I I I 

10 I- -

0 

1 st 
--10 f-

-20 I I I I I I I I I 

0 2 4 6 8 10 12 14 16 18 20 
Time, sec. 
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Damping System: none 
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Despite the differences, recorded responses for various configurations are still comparable. 

A summary of the experimental results is given in table 5-3 which includes the peak table 

accelerations and the maximum response of the structure in terms of base shear per total weight 

(162.9 kN), overturning moment at the base (OTM), roof displacement and interstory drift (lSD, 

Story height = 914 mm). Experimental and analytical story displacement time histories are 

plotted on figures 5-9 through 5-20. Excellent agreement between the experimental and 

analytical results can be observed. A comparison of the maximum response profiles for the three 

ground motions is plotted on figure 5-21 through 5-23. 

5.4.3 Tests on the Stmcture with ESDs and Fuse-Bars 

Three ground motions namely, 1940 Imperial Valley- El Centro NS, 1994 Northridge­

Sylmar County Hospital 360 deg., and 1995 Great Hanshin - Kobe were used at varying PGA 

levels from 0.19g to 0.51g in the rest of the experimental program. The latter two records were 

chosen since they had high early ground velocity /displacement pulses that in turn cause early 

peak response of flexible structures. Five percent elastic response spectra for the above­

mentioned time scaled ground motions are plotted on figure 5-24. The model structure had 

natural periods of vibration ranging from 0.25 to 0.40 sec., placing it on the response spectra 

within a critical period range from impulse response point of view. Two previously tested 

configurations, B40 and B50 (MOM) (figure 4-8), were retrofitted with the tension-only load 

balancing system (figure 4-1). Each configuration was first tested with six dampers only (three 

on each side of the model structure) in order to investigate the effectiveness of the ESDs in 

reducing the response of the structure. Two pairs of specially machined fuse-bars (one pair on 

each side) were then installed in parallel with the ESDs. Experimental results for the two 

structural configurations are given in the following subsections. 

5.4.3.1 Top Three Stories Braced (B4# Configurations) 

A set of ground motion experiments was performed on the test structure with the top 

three stories braced together with the load balancing tendon-fuse+damper system. The tendons 

were connected to connection plates at the third floor level. This anchoring location was chosen 

since this linear tendon layout was considered an adequate approximation to the optimum 

(draped) shape for the test structure. Mode shapes and natural periods of vibrations for each 
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Table 5-4 Comparison of 1st Mode Natural Periods and Viscous Damping Ratios 
T 3t·b edTd t f op sones rac - en on sys em ac Ive 

Configuration 
Natural Period, sec. Damping Ratio, % 

White Noise Ground Motion White Noise Ground Motion 

B41 0.37 0.39 3.6 5.2 

B44 0.27 0.33 - 0.38 7.1 6.9 -10.1 

B47 0.25 0.26 -0.28 6.3 4.4 - 5.5 

T bl 55 S a e - ummaryo fE t 1& T 3t· b edT d t active ~xpenmen a esponse- 0) sones rac - en on sys em 
Ground Pre-stress Base Shear! OTM Displacement Max 
Motion Config. PGA (kN)1 Weight(kN) (kN.m) (mm) (lSD)2 

(g) Total Col. ()'h n. 3n1 n. (%) 

EI B41 0.110 - 0.178 0.178 163 9.6 7.2 0.299 (2) 
Centro 

B44 0.306 11.4/12.1 0.401 0.183 421 19.0 11.6 0.481 (2) 

B47 0.418 58.4/53.1 0.554 0.059 615 20.3 9.0 0.623 (4) 

B41 0.175 - 0.207 0.207 203 11.7 8.9 0.368 (2) 

Sylmar B44 0.350 11.3/12.0 0.308 0.189 389 16.3 10.1 0.394 (2) 

B47 0.505 59.2/56.3 0.430 0.021 570 18.2 7.2 0.481 (4) 

B41 0.168 - 0.316 0.316 266 19.1 13.1 0.540 (2) 

Kobe B44 0.265 11.1/11.9 0.404 0.284 384 21.9 13.0 0.678 (4) 

B47 0.431 59.6/56.6 0.506 0.146 560 18.2 6.9 0.558 (4) 
1 Average load cell readmg. East/West 
2 Story at which the maximum response was recorded 
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configuration were identified using both white noise and simulated ground motion tests. Table 

5-4 summarizes the first mode periods of vibrations and viscous damping ratios obtained from 

the frequency domain analysis for the three different configurations tested namely, dampers/fuse­

bars not active (B41), dampers active only (B44), and dampers and fuse-bars active (B47). 

Maximum response of the structure is summarized in table 5-5 in terms of the base shear 

coefficient, overturning moment at the base (OTM), roof and 3rd floor displacement, and 

interstory drift (ISD). After the installation of the load balancing tendon system, shaking table 

tests were conducted at PGA levels of O.lg to 0.2g before the dampers were activated (B41). 

This configuration had first mode natural periods of 0.37 sec and 0.39 sec obtained from the 

white noise t.est and ground motion test, respectively. Corresponding viscous damping ratios 

were 3.6% and 5.2%. 

It was observed that when compared to the experiments conducted on the B40 

configuration, the peak response did not change; only a marginal increase in the viscous damping 

of the structure was observed. This is attributed to the friction induced at the pull-beam/tendon 

connection. Some selected displacement time history plots are shown in figures 5-25 through 5-

29 for B41 configuration. Note that in general, very good agreement is evident between the 

experiment and analytical predictions. 

Similar experiments were then conducted at similar input levels after the dampers were 

activated (B42). The load balancing tendon-fuse+damper system was not prestressed, mainly 

due to the existence of certain amount of slack in the system at the connections etc., dampers 

were engaged only when the relative displacements were high enough to remove th,e slack. 

Therefore, responses of the two configurations (i.e. B41 and B42) were essentially the same. 

After the low-level trial runs, the load balancing tendon-fuse + damper tendon system was 

prestressed to approximately 12 kN in each direction, therefore prestressing each damper to 

about 20% beyond their initial pre-load (2.8 kN). Prestress was applied by torqueing the 

anchorage nuts at the pull beam-tendon connection and by observing the change in the individual 

load cell readings. As can be seen in table 5-4, the first mode natural period of vibration for this 

configuration was found to be 0.27 sec from the white noise input and 0.33 to 0.38 sec from the 

ground motion inputs. The difference between those obtained from the ground motion and white 

noise experiments is again attributed to the slip at the bolted brace connections and the friction 
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Figure 5-25 Experimentally observed and analytically predicted displacement time 
histories: B41EL12 
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Figure 5-26 Experimentally observed and analytically predicted displacement time 
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Figure 5-28 Experimentally observed and analytically predicted displacement time 
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Damping System: none (tendons slack) 
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induced at the tendon connections. Another reason for period lengthening may also be the fact 

that the tendon system became slack at some instances during the ground motion tests. The 

viscous damping ratio increased from about 5.0% to 10.0% of critical. High frequency response 

as well as that of the dominant first mode were damped considerably by the ESD devices under 

ground motion input. Some selected experimental and analytical story displacement time 

histories and damper deformation-tendon force relationships are shown in figures 5-30 through 

5-45. It was realized that tendon responses on either side of the structure were not symmetric 

due to unequal initial prestress etc., therefore "average" analytical results are compared with 

experimental tendon force-deformations as recorded by individual load cells. Good agreement 

between the experimental and analytical re~ults can be observed. 

A comparison of the maximum responses summarized in table 5-5 for B41 and B44 

configurations suggests that an increase in peak ground acceleration of approximately two to 

three times resulted in comparable story displacements at the third and lower stories. Roof 

displacements did not reduce in comparison with those of third floor mainly due to two reasons: 

the damper-tendon system was not directly effective in the upper stories (4th, 5th and 6th floor 

levels), and slip at the bolted brace connections further increased after each test. Overturning 

moments at the rigid base increased in proportion to the total story shears. Maximum recorded 

interstory drifts were either reduced or stayed the same considering the level of the PGA that the 

structure was subjected to in B41 and B44 configurations, respectively. 

Fuse bars were installed between the reaction beam (fixed end) and pull-beam as shown 

in figure 4-1. The load balanCing tendon system was then further prestressed to a higher level. 

Approximately 60 kN was applied in each direction, therefore prestressing each damper to about 

their initial preload (2.8 kN) level while prestressing each fuse-bar to about 60-65% of their yield 

strength. Prestressing was done in two steps: 1) torque was applied to anchorage nuts at the pull 

beam-tendon connection until a total of 12 kN tendon force was read in each direction. 2) each 

fuse-bar was then torqued until a total load cell reading of 60 kN achieved in each direction. The 

same fuse-bars were used for all three consecutive experiments (B47) as there was minor 

yielding hence loss of prestress in the system. As can be seen from table 5-4, the first mode 

natural perioq of vibration was found to be 0.25 sec. from the white noise input and 0.26 sec. to 

0.28 sec. from the ground motion inputs. Slight shortening of calculated natural period renders 
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Figure 5-30 Experimentally observed and analytically predicted displacement time 
histories: B43EL20 
Damping System: dampers only 
Bracing: upper three stories braced 
Earthquake: EI Centro, PGA=0.20g 

109 



Z 
.:;t! 

Q) 
u ..... 
0 

LL 
..... 
Q) 
0-
E 

'" 0 

10 

0 
15 

10 

5 

0 
15 

10 

5 1---fHj~1/ 

o 
-2 

- Load Cell 1 

Initial Prestress 

o 2 4 6 -2 0 2 4 6 
Damper Deformation, mm. 

Figure 5-31 Experimentally observed and analytically predicted average tendon force­
deformation: B43EL20 
Damping System: dampers only 
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Figure 5-32 Experimentally observed and analytically predicted displacement time 
histories: B43T A20 
Damping System: dampers only 
Bracing: upper three stories braced 
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Figure 5-36 Experimentally observed and analytically predicted displacement time 
histories: B43SY20 
Damping System: dampers only 
Bracing: upper three stories braced 
Earthquake: Sylmar, PGA=O.20g 
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Figure 5-38 Experimentally observed and analytically predicted 
histories: B43K020 
Damping System: dampers only 
Bracing: upper three stories braced 
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Figure 5-40 Experimentally observed and analytically predicted displacement time 
histories: B44EL30 
Damping System: dampers only 
Bracing: upper three stories braced 
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Damping System: dampers only 
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the higher stiffness of the test structure due to the presence of the fuse-bars. An average 

equivalent viscous damping ratio of 6.3% was obtained from the response to white noise input 

and 4.4% to 5.5% from the ground motion inputs. These values, when compared to B41 and 

B44 configurations, are somewhat similar to the former and less than the latter. 

Experimental and analytical story displacement time histories and fuse+damper system 

deformation vs. tendon force relationships are plotted in figures 5-46 through 5-51. Maximum 

recorded responses for B47 configuration are summarized in table 5-5 in comparison with those 

of B41 and B44. As can be seen from table 5-5, although roof displacement response was 

improved markedly, the acceleration amplification factor stayed either the same or was only 

marginally less. However, the response reduction was much better in the lower stories. In fact, 

these observations suggest that the response was mostly controlled by the stiffening effect of the 

fuse-bars and not so much by the added damping due to ESD devices. Finally, envelopes of 

various response profiles are plotted on figure 5-52 through 5-54, which depicts the overall 

benefits of the load balancing tendon-fuse+damper system over the undamped and damper-only 

system. 

5.4.3.2 Moment Frame (B5# Configurations) 

Braces in the top three stories were removed to further investigate the effectiveness of the load 

balancing tendon-fuse + damper system on flexible moment frame structures under pulse-like. 

ground motions. One of the major differences between these and the previous configurations 

was that the former could be identified essentially as a SnOF system due to the nature of the 

braced top stories. However, the same tendon system layout was used as it still represents a 

good approximation to the optimum shape that balances the inertial forces. Mode shapes and 

natural periods of vibrations were identified using the experimental data from both white noise 

and simulated ground motion tests. First mode periods of vibrations and corresponding viscous 

damping ratios obtained from the frequency domain analysis for the three different 

configurations are given in table 5-6. These configurations were; a) dampers/fuse-bars not active 

(B50), b) dampers active only (B51) and, c) dampers and fuse-bars active (B52). Maximum 

response of the structure is summarized in table 5-7 in terms of the base shear coefficient, 

overturning moment at the base (OTM), roof and 3rd floor displacement, and interstory drift 
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Figure 5-46 Experimentally observed and analytically predicted displacement time 
histories: B47EL40 
Damping System: fuse-bars and dampers 
Bracing: upper three stories braced 
Earthquake: EI Centro, PGA=0.40g 
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(ISD). It must be noted here that the B52 configuration could not be tested under Sylmar and 

Kobe ground motions because of an unfortunate malfunction of the shaking table that terminated 

all experimentation. Therefore, only one experimental data set is available for the load 

balancing tendon-fuse+damper system on the moment frame. 

Preliminary simulated ground motion experiments were conducted on the moment frame 

at a PGA level ofO.17g before the activation of the damping system (B50). This configuration 

had a first mode natural period of vibration of 0.41 sec. as obtained from both white noise and 

ground motion tests. Corresponding viscous damping ratio was 2.4% that is slightly higher than 

that of the MOM configuration (tables 5-2 and 5-6). This increase in the viscous damping ratio 

was again attnbuted to the presence of the friction between the tendon and the pull-beam. 

However, peak responses are comparable to those obtained from the previous tests (MOM). 

Experiments were carried out on the damped structure. The tendon system was 

prestressed to about 15 kN which corresponded to about 150% of the initial pre-load (2.8 kN) on 

the ESD devices. Prestress was applied by torqueing anchorage nuts at the pull-beam/tendon 

connection and by observing the change in the individual load cell readings. Since the 

prestressing was performed on one tendon at a time, the prestress level differed by as much as 1 

kN on either side of the test structure. However, the difference was considered to be negligible 

from the torsional response point of view. In fact, no torsional response was observed during 

this series of experiments. 

As can be seen in table 5-6, the first mode natural period of vibration for this 

configuration was found to be 0.29 sec. from the white noise input and 0.33 to 0.35 sec. from the 

ground motion inputs. Equivalent viscous damping ratio was increased from about 2.4% to 9.0% 

when compared to undamped configuration. The benefit of the ESD devices (B51) configuration 

can also be seen in the same figure in comparison to B50 configuration, i.e. high frequency 

response as well as the first mode was damped out by the ESD devices. Experimental and 

analytical story displacement time histories and damper deformation-tendon force relationships 

are plotted in figures 5-55 through 5-60 for the three simulated ground motion experiments. 

Very good agreement between the experimental and analytical results can be observed. 
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Table 5-6 Comparison of 1st Mode Natural Periods and Viscous Damping Ratios Moment 
Frame - Tendon system active 

Configuration 
Natural Period, sec. Damping Ratio, % 

White Noise Ground Motion White Noise Ground Motion 

B50 0.41 0.41 2.4 2.4 

B51 0.29 0.33 - 0.35 3.0 6.5 - 9.0 

B52 - 0.26 - 9.7 

T bl 57 S a e - ummaryo fE 1& Gxpenmenta esponse - M omen tF rame- T d t en on sys em ac tive 
Ground Pre-stress Base Shear/ OTM Displacement Max 
Motion Config. PGA (kN)1 Weight (kN) (kN.m) (mm) (lSD)l 

(g) Total Col. ()'h o. 3rd o. (%) 

EI BSO 0.172 - 0.485 0.485 457 33.1 19.9 0.819 (2) 
Centro 

BSI 0.332 14.2/15.0 0.456 0.302 467 26.7 13.0 0.699 (4) 

BS2 0.307 68.9/60.2 0.416 0.018 550 25.5 7.7 0.842 (4) 

BSO 0.162 - 0.214 0.214 215 14.4 8.4 0.354 (3) 

Sylmar BSI 0.456 14.3/15.3 0.338 0.192 456 24.9 11.5 0.591 (4) 

BS2 - - - - - - - -

BSO 0.164 - 0.464 0.464 483 34.2 20.2 0.819 (2) 

Kobe BSI 0.397 14.1/15.0 0.572 0.387 574 35.6 17.1 0.809 (2) 

BS2 - - - - - - - -
1 Average load cell readmg. East/West 
2 Story at which the maximum response was recorded 
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In general, maximum-recorded responses were reduced by as much as two times 

considering the PGA levels that the structure was subjected to in B50 and B51 configurations. 

However, maximum ISDs stayed about the same and were recorded at the 4th story for B51 

configuration. This was expected as the tendon force ( damping force) was directly applied at the 

3rd floor. A remarkable reduction in the maximum total column shear as well as in the total base 

shear can be observed in table 5-7. Overturning moments at the rigid base either increased in 

proportion to the total story shear or stayed the same. 

A new set of fuse-bars was then installed in parallel with the ESD dampers as mentioned 

in previous subsections. The load balancing tendon-fuse+damper system was then prestressed 

to approximately 69 kN in each direCtion as described above. This total prestress load was 

distributed between the ESD devices and the fuse-bars such that ESD devices were subjected to 

an initial force of about 5% beyond their pre-load level whereas fuse-bars were at 65-70% of 

their yield strength. As mentioned before only one test could be conducted because of the 

shaking table malfunction. The first mode natural period of vtbration was found to be 0.26 sec. 

with an equivalent viscous damping ratio of 9.7%. Further reductions in maximum-recorded 3rd 

story displacement can be seen in table 5-7 for this experiment. Experimental and analytical story 

displacement time histories and Juse+damper system deformation vs. tendon force relationships 

are plotted in figure 5-61 and 5-62. Maximum response profiles are shown in Figures 5-63 

through 5-65, which presents the overall benefits of the load balancing tendon-fuse+damper 

system in controlling the earthquake response of the flexible frame structures. 

5.5 SUMMARY AND CONCLUSIONS 

Shaking table tests were conducted on a 1/4 scale, six story-flexible steel moment frame 

with and without supplemental ESD devices. An enhanced version of the non-linear time history 

analysis program DRAlN-2DX was used to analytically compare predicted response with the 

experimental behavior of the structure. 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 verification studies. 

In the experimental study, results for seven ground motions are reported: namely 1952 

Kern County -Taft N21E, 1968 Tokachi-Oki - Hachinohe NS, 1971 San Fernando - Pacoima 

Dam S16E and S74W, 1940 Imperial Valley - EI Centro NS, 1994 Northridge - Sylmar County 
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Figure 5-55 Experimentally observed and analytically predicted displacement time 
histories: B51EL40 
Damping System: dampers only 
Bracing: none 
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Figure 5-57 Experimentally observed and analytically predicted displacement time 
histories: B51SY 40 
Damping System: dampers only 
Bracing: none 
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Figure 5-61 Experimentally observed and analytically predicted displacement time 
histories: B52EL40 
Damping System: fuse-bars and dampers 
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360 deg., and 1995 Great Hanshin - Kobe at various PGA levels. One of the major objectives of 

performing this experimental study was to investigate the effectiveness of an innovative 

supplemental load balancing tendon-fuse+damper damping system in mitigating the response of 

flexible building structures under pulse-type ground motions. Therefore, only the latter three 

ground motions formed the basis for experimental and analytical cO!Dparisons between different 

configurations. The computational model was used to predict the response of the structure at 

PGA levels of 0.4 to 0.5g in two different configurations: ESD devices only and bare frame (no 

supplemental system, with or without top story bracing). These predictions were compared to 

experimental response of the structure with the load balancing tendon-fuse+damper system. 

Among the parameters investigated that have primary effect on the overall response are: 

a) bracings, b) ESD devices alone, c) fuse + damper system, d) tension only system and, e) 

prestress level. It must be noted that only one specific tendon configuration was tested This 

configuration is by no means the optimum system in which the tendon layout should follow a 

specific shape that optimally balances the inertial forces. However, the tendon layout used in the 

shaking table tests is thought to best approximate the optimum layout. Therefore, this 

experimental study should be considered as the first step in investigating ways of overcoming a 

very important problem in both retrofitting and designing flexible structures 

Based on the experimental and analytical results reported in the previous sections, the 

following conclusions are drawn: 

1. ESD devices alone as well as load balancing tendon-fuse + damper system reduced the 

overall seismic response of the structure. Initial peak response due to pulse-type input 

motions are controlled better by the load balancing tendon-fuse + damper system. This 

observation is consistent with the fact that dampers were only partially effective during 

the early impulse response. 

2. Added damping by either ESD devices alone or in the combined fuse + damper system was 

small mainly because of the relatively small deformations in the supplemental system. 

However, it is well known that high damping does not always mean improved response. 

In fact, for flexible structures even small amounts of added damping can reduce the 

structural response to acceptable limits. This is especially important in design and retrofit 

applications where optimum solutions are desired from both engineering and economical 

point of view. 
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3. Tension-only working tendon systems may be criticized as follows. When the tension is 

applied in later loading cycles (when the tendons are slack due to fuse yielding) the 

loading may be applied abruptly and may cause high accelerations through the height of 

the structure. A further concern is that the structure lacks redundancy. These drawbacks 

of tension-only systems can be overcome by prestressing the supplemental system 

together with the steel tendon. Depending on the initial prestress level, prestress helps 

delay, if not outright prevent, the systems' becoming slack. Thus, initial prestressing 

would eliminate, or at least significantly reduce the problems associated with the sudden 

loading of the supplemental system, as long as there is no appreciable creep or relaxation 

in the system. Furthermore, load balancing tendon-fuse+damper systems can be 

designed for and installed on the gravity load carrying-interior frames in all directions to 

achieve a redundant system. 

4. When the supplemental system is prestressed to a level which is less than the preload in 

the elastomeric spring dampers (i.e F<Py), the prestress force is transferred by a steel only 

system. In such cases there will be no creep losses in the system. 

5. High strength steel tendons can provide the building with lateral strength very efficiently, 

making prestressed load balancing tendon-fuse + damper system an attractive alternative 

when lack of strength and stiffness are the main deficiencies of an existing building, 

especially against pulse-type earthquake loading. Increase in stiffness usually means 

increase in the story shear forces, however, as can be seen from the experimental results: 

although story shears stayed at about the same levels, total column shears were 

significantly reduced. In real prototype applications, shear forces can be safely 

transferred to the foundation level by the tendons and they can be attached to a specially 

designed anchorage built apart from the main structure. Moreover, tendons could be 

stressed and then encased in fireproof concrete filled ducts. 

6. Fuse-bars were very effective in reducing the peak response at least to a level where the 

original structure responded at 2-3 times lower PGA inputs. As can be seen from the 

experimental results, fuse-bars yielded at high deformations. It is a common 

understanding that yielding in tension reduces the amount of initial prestress in the 

system. However, it does not necessarily lead to the total loss of the prestress. 

Therefore, fuse-bars can be allowed to yield without completely losing the prestress 
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force. In such cases, ESD devices act as a backup system and lock the prestress. This is 

consistent with the experimental observations as no prestress losses were recorded during 

the shaking table experiments. 
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SECTION 6 

DISCUSSION OF STRUCTURAL RESPONSE AND COMPARATIVE EVALUATION 

6.1INTRODUCI10N 

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

observed during the shaking table tests that were previously reported herein. Effects of the 

configurations tested on the behavior of the test structure are discussed referring to key response 

parameters. Analytical predictions are used to study the behavior under severe ground shaking 

since such input ground motions would cause catastrophic failure of the undamped structure. It 

is believed that the DRAIN-2DX model has been validated in the previous sections as an 

accurate computational tool. Accurate analytical models therefore allow comparative studies to 

be performed. Experimental response of the frames with "load balancing tendon-fuse + damper 

system" is compared with analytical predictions of the "dampers only" and ''bare frame" cases 

for the same ground motion input. In doing so, EI Centro, Sylmar and Kobe earthquakes, scaled 

to 0.419g (0.307g for the moment frame case), 0.505g and 0.432g PGAs respectively, were 

utilized as the comparative benchmark motions. 

6.2 DISCUSSION OF STRUCTURAL RESPONSE AND ANALYTICAL EVALUAll0N 

Experimental and analytical results are given in the previous sections. Assumptions 

adopted for the analytical modeling and analysis procedures for various cases are also descnbed 

in detail. It was shown that analytical simulations can reproduce the experimentally observed 

behavior very closely. Hence, the above-mentioned analytical models are extensively used with 

confidence, to predict and to study the behavior of the test structure under other severe ground 

motions. It must be noted that t!rree ground motions, namely, 1940 Imperial Valley - EI Centro, 

1994 Northridge - Sylmar County Hospital and 1995 Great Hanshin - Kobe are used in ,this 

comparative analytical study. 

It is well known that even a slight increase in the damping value may be significantly 

beneficial for flexible building structures with small inherent viscous damping. However, pulse­

type ground motions can result in early peak response that make it practically impossible to 

control by using regular damping systems, especially the latter two records which have a high 
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intensity over a relatively short duration. Such behavior is a unique feature of near-field ground 

motions. In general, near-field motions produce high acceleration, velocity and displacement 

responses over the long period range. Under such earthquake loading, excessive deformations 

may accumulate in the lower stories of flexible (long period) building structures which in turn 

may cause structural collapse. However, the load balancing tendon-fuse+damper system can be 

used to improve the stiffness characteristics by properly designing the sacrificial fuse-bars that 

will arrest the excessive displacements by improving lateral stiffness. ESD devices can be 

thought of a back-up system that will continue to function (after the fuse-bars have done their 

job) to damp out the rest of the response. 

Experimental results have shown that the response of the structure is significantly 

improved by using the supplemental load balancing tendon-fuse+damper system. ESD devices 

when used alone as the damping system, produced response reductions that were less than but 

still comparable to those attained with the load balancing tendon-fuse + damper system in 

general. The peak response was controlled better by the load balancing tendon-fuse+damper 

system. However, PGA levels were selected such that the structure stayed elastic at all times. 

Therefore, it is realized that cases in which the moment frame structure would yield/collapse 

should be analytically investigated. 

Another important parameter that affects the overall response is the amount of the initial 

prestress. Although it is evident from the experimental results that the response can be reduced 

by increasing the level of prestress, the effect of prestress should be further investigated with 

respect to the yield strength of the fuse-bars. Initial prestress is desirable for mainly three 

reasons: a) it removes any unwanted slack in the tendon system, b) it provides increase in lateral 

stiffness, c) the prestress doubles the effectiveness of the X-bracing, as both systems work 

together while the tension force is maintained. Depending on the initial prestress, fuse-bars may 

either yield early in the response history or stay elastic, which mayor may not be desirable. 

Experimental response of frames with load balancing tendon-fuse + damper system is 

compared with the analytical predictions of "dampers only" and "moment frame only" cases for 

the above mentioned ground motions. Top story displacement time histories, maximum story 

displacement, interstory drift, story shear and overturning moment envelopes are compared on 
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Table 6·1 Comparison of Maximum Responses - Upper Three Stories Braced 

Ground Motion EI Centro (0.419g) 

Configuration D+F-

Top Displ. 4 (mm) 20.3 

(51%) 

B.S.4 Total 43.2 

(kN) (15) 

Column 5.13 

(90) 

OTM4 (kN.m) 620 

(-8) 
1 Dampers and fuses - Expenmental 
2 Dampers only - Analytical, 

D2 B3 

27.5 41.8 

(34) 

47.8 50.7 

(6) 

33.2 50.7 

(35) 

520 570 
(9) . 

Sylmar (0.505 g) 

D+F D B 

18.2 23.8 34.3 

(47) (31) 

37.1 32.9 37.6 

(1) (13) 

1.77 18.0 37.6 

(95) (52) 

570 480 530 

(-7) (9) 

3 Braced (top three stories) moment frame - Analytical 
4 Values in parentheses are per cent reductions with respect to "B" configuration 

Kobe (0.432 g) 

D+F D B 

18.2 39.9 55.5 

(67) (28) 

43.7 66.4 52.9 

(17) (-26) 

12.6 44.6 52.9 

(76) (16) 

560 740 650 

(14) (-14) 

Table 6·2 Comparison of Maximum Responses - Bare Frame Only 

Ground Motion EI Centro (0.307 g) 

Configuration D+F-

Top Displ.4 (mm) 25.5 

(40) 

B .. S.4 Total 35.9 

(kN) (32) 

Column 1.57 

(97) 

OTM4 (kN.m) 550 

(-2) 
1 Dampers and fuses - Expenmental 
2 Dampers only - Analytical 
3 Bare-moment frame - Analytical 

D2 

27.4 

(35) 

45.2 

(15) 

30.0 

(43) 

520 

(4) 

4 Values in parentheses are per cent reductions 
with respect to "B" configuration 
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figures 6-1 through 6-4. Various peak responses are summarized on tables 6-1 and 6-2. Top 

floor displacement reductions were as high as 67% in case of Kobe earthquake. Interstory drifts 

are reduced as well, however both story displacement and interstory drift envelope plots suggest 

that stories where dampers are not "directly" effective (i.e. upper three stories) should be braced. 

Story shear response was marginally improved whereas overturning moments slightly increased. 

It must be noted here that the moment frame would suffer excessive yielding in all cases. 

Collapse is to be expected with a soft first story mechanism due to high deformation demands in 

the Kobe earthquake (figure 5-39). In genera~ early peak as well as rest of the response was 

reduced significantly. Finally, the same initial prestress levels recorded during the experiments 

were used in the simulations as well. 

6.3 EFFECT OF TENDON PROFILE 

Although the experiments described in this section possessed a straight tendon­

fuse+damper profile, it is of interest to investigate (for this model) the improved effectiveness of 

a more precise load balancing tendon profile. On other words: what is the improved 

effectiveness of the tendon system if a draped profile is adopted compared to the straight profile 

used in these experiments? In an attempt to answer this question the results of a series of 

analytical studies are presented for the 1940 Imperial Valley - El Centro NS and 1995 Great 

Hanshin - Kobe ground motion records. 

The optimum tendon layout is determined using the relationships given in Section 3 and 

shown in figure 6-5. Corresponding tendon layout geometry is tabulated in figure 6-5. Initial 

prestress levels are set to be equal to the corresponding experimental values as previously given. 

The results of the analyses with the load balancing draped tendon system are compared 

with the analytical predictions of approximate straight tendon with "dampers" and 

"fuses+dampers" cases for the above mentioned ground motions. Top story displacement time 

histories, maximum story displacement, interstory drift, story shear and overturning moment 

envelopes are compared in figures 6-6 to 6-9. Although a considerable reduction in the 

maximum story deformations is evident in the upper stories, the reduction is marginal at the 

lower stories when compared to the straight tendon case. A similar observation can be made for 

the interstory drifts. This result was expected, since the straight tendon is not effective in the 

upper stories as previously mentioned. However, story-overturning moments as well as story 
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shears are drastically reduced due to the more precise load balancing nature of the draped tendon 

layout. 

It was found that the first mode shape of the structure with the draped tendon profile is 

very close to that of the moment frame. Normalized (for unit base shear) first mode shape is 

plotted on figure 6-10 together with the normalized-balanced triangular load pattern described 

above. It can be seen from the figure that the inertial loads are somewhat under-balanced by the 

triangular distribution at the 3rd and 4th floor levels. This observation agrees with the analytical 

results presented in figures 6-6 to 6-9, as the interstory drift response is greater at these levels. 

Therefore, a tendon layout, which balances the inertial loads that are proportional to the first 

mode shape, is determined and the analyses are repeated for Kobe and EI Centro ground 

motions. The results of the case for Kobe with dampers and fuses are presented on figure 6-9 

with dot-dashed lines. As can be seen from the figure interstory drifts are controlled better 

which results in a uniform profile. However, no improvement was observed in the other cases. 

6.4 SUMMARY AND CONCLUSIONS 

The enhanced DRAIN-2DX computational model provides reliable predictions for the 

behavior of flexible moment frame structures as was pointed out in the previous sections. 

Therefore, further dependable analytical studies can be carried out to investigate the effect of 

various parameters in the design of the presented load balancing tendon-fuse+damper system. 

Analytical studies have shown the effectiveness of the load balancing draped tendon 

profile in reducing the overturning moments as well as story shears. It is evident from the 

experimental as well as analytical results that, in the upper stories where the supplemental 

system is not directly effective, bracings should be used, as the upper story deformations tend to 

amplify. Hence, this "whipping action" must be considered in the design. 

Initial prestressing can significantly modify the distribution of internal forces (bending 

moments and axial forces) of structural elements. Depending on the prestress level, the 

magnitUde of the induced forces due to prestressing may reach values that approach the capacity 

of the members. Therefore, this consideration may impose limitations· to the level of initial 

prestress and should be carefully considered in the design and particularly in retrofit applications. 

However, several column-strengthening techniques exist which may be easily applied in such 
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cases. Moreover, gravity load carrying-interior frames usually have sufficient reserve axial 

capacity to accommodate these additional compressive loads. 
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SECTION 7 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

7.1 EXECUTIVE SUMMARY 

The study reported herein consisted of two major stages: i) concept development, ii) 

concept verification. In the first stage, design/retrofit alternatives were developed from a 

performance-based engineering point-of-view. The conceptual development was based on 

fundamental structural engineering principles. The second stage involved both an experiment~l 

. and analytical' investigation of the seismic response of a typical steel moment frame model 

structures retrofitted with a special type of seismic energy dissipation device, namely, 

elastomeric spring damper (ESD). Also tested was a load balancing system composed of a 

combined supplemental system in which ESD devices were used in parallel with sacrificial fuse­

bars for improved stiffness. The experiments were intended to provide experimental data, which 

then were used to verify/improve alternative design concepts. Each of the above-mentioned 

stages is summarized in what follows. 

Computational Modeling 

The component tests performed on the ESDs revealed their mechanical properties. A 

simple two-component nonlinear computational model was then developed to model the velocity 

dependent force-deformation behavior of these devices. The model consists of a bilinear element 

that captures the stiffness characteristics of the elastomer and the preload in the device. The 

second component is velocity dependent (semi-viscous) element, which simulated the distinct re­

centering capability of ESDs. Hence, the component tests were used in the development as well 

as in the calibration of the computational model. 

The model was incorporated into the nonlinear t~e history analysis program DRAIN-

2DX. Two solution methods were introduced namely, a one-step correction method and an 

iterative solution method. In the former, device response was calculated based on the current 

deformations in the structure and considered as pseudo forces in the next time step of the time 

history analysis. This solution method had its drawbacks in which the unbalanced forces that are 

carried over from the previous time step may cause numerical instability when in large systems 
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and with excessive structural yielding. In order to improve and avoid numerical instability, an 

iterative solution technique was employed. The computational model was modified by adding a 

spring element in series with the spring-damper element. Hence, a differential force-deformation 

relationship was formulated for the improved model. The differential equation for the device 

force was solved using a Runge-Kutta method. The time history analysis program (DRAIN-

2DX) was then modified to iteratively solve the system equations of motion. Consequently, 

these models were utilized in analytically identifying the structural response observed in the 

subsequent experimental studies. 

Concept Development of Design/Retrofit Alternatives 

Two design and/or retrofit alternatives were introduced: "Damper-Truss Solution 

(DTR)"; and a "Load Balancing Prestressed Tendon Fuse+Damper Solution (PTFD)." The 

former approach was thought as an extension to present practice of using story-by-story cross­

braced damper configuration. The size of each damper was determined based on the story shear 

at the corresponding story level. The second solution approach was based on the concept of load 

balancing which is widely employed in prestressed concrete beam technology. The system is 

designed to work in tension only and is composed of two major components: a prestressed 

tendon with high axial stiffness and a supplementary damping/stiffness system located, e.g. at the 

foundation level. The layout is piecewise continuous and draped in the shape of overturning 

moment diagram induced by the assumed inertial forces at each floor level. 

The supplemental system ~onsists of energy dissipators (preferably with a preload 

capability) and sacrificial fuse-bars with a prescribed initial stiffness and displacement ductility. 

The damping forces generated in the supplemental system are transferred to the floor slabs 

opposing inertial loads. The prestressed tendon layout is preferably designed to counteract the 

inertial forces hence to reduce the overturning moments; a draped tendon results. However, a 

linear tendon profile may be used as a simplification of the lateral load balancing concept. 

Experimental Verification 

A sets of shaking table experiments were conducted on a 1/4 scale - 6-story steel moment 

frame structure. The physical model was tested on the shaking table at the University at Buffalo, 

SUNY. 
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A total of seven different retrofit configurations were tested on the model steel structure 

with braces, with and without the supplemental system (PTFD). In this experimental study, 

instead of a draped tendon configuration (which would ideally follow the shape of the 

overturning moment diagram), a straight tendon layout was used. This layout was considered to 

be a reasonable approximation to the optimal draped layout. Aspects of using tension-only 

systems were investigated forming the basis for further analytical studies. 

This study provided valuable experimental databases that were used to validate the 

computational modeling strategies. The experiments served not only in the verification of the 

design/retrofit 'concepts that are developed elsewhere (Pekcan et al. , 1998) but also in the 

improvement and identification of possible drawbacks. 

7.2 CONCLUSIONS 

The important conclusions drawn and observations made are listed under in what follows. 

1. Elastomeric Spring Dampers (ESD) reduced the overall seismic response of the tested 

structures while reducing the peak responses as well. 

2. ESD show high initial stiffness characteristics until the preload in the device is overcome 

after which the elastomeric stiffness prevails. When these devices are used especially as damper 

braces, this contributes to the overall structural system stiffness. However, experimental results 

have shown that the energy dissipation contribution of the devices more than compensated for 

the effects of the increased stiffness. 

3. High initial stiffness is considered to be beneficial under minor ground motions as well as 

wind loading. In fact, stiffening of the structure leads to further reduction of deformations but at 

the expense of increased acceleration response. 

4. In designing a supplemental system for building structures, the altered load-path 

compared to the bare structure m)Jst be carefully traced and addressed in both design and retrofit 

applications. In all of the cases, it is evident that a truss action is desirable in the comb4ted 

structural-supplemental damping system. 

5. While the self-centering characteristics of ESD devices should eliminate any permanent 

deformations in yielding structures, it also has a positive contribution in reducing the maximum 

response along with added damping. 

6. Tension-only tendon systems may be open to criticism. This is because when tension is 

applied in second and subsequent loading cycles the loading may be applied abruptly and may 

171 



cause high accelerations through the height of the structure. A further concern is that the 

structure lacks redundancy. These drawbacks of a tension-only system can be overcome by 

prestressing the supplemental system with the use of high-strength steel tendons. Depending on 

the initial prestress level, it may help delay the system in becoming slack. Thus, initial 

prestressing might eliminate or at least significantly reduce the problems associated with sudden 

loading of the supplemental system. Load-balancing tendon-fuse+damper systems can be 

designed for and installed on the gravity load carrying-interior frames in all directions to achieve 

a redundant system. 

7. Tension-only supplemental systems can be effectively implemented in the design of 

flexible frame structures as an economical feasible solution. However, it must be noted here that 

the supplemental system should be initially prestressed up to a prescribed level and that the 

devices should have preload in order to accommodate the applied prestressed forces. 

8. The load-balancing technique in the seismic design/retrofit of buildings proved to be 

promising as the seismic response was reduced considerably even by the approximate straight 

tendon solution implemented in the experimental study. 

9. Improved response due to presence of sacrificial fuse-bars was evident compared to 

damper-only tendon system. High initial stiffness of the fuse-bars provided increased capacity 

while at larger deformations damping due to yielding was supplemented by the dampers hence 

reduced the response. 

10. Although the system was initially prestressed to avoid the tendons becoming slack and 

cause undesirably high accelerations due to sudden loading during the ground shaking, floor 

accelerations were amplified especially at the upper stories where the tendon forces were not 

directly effective. 

11. Flexibility of the prestressed tendon and its anchorages should be carefully considered in 

the design of such systems since it has a direct effect on the effectiveness of the supplemental 

system. 

12. Unequal prestress in the tendons on either side of the frame structure must be avoided 

since this will cause undesirable torsional response of the structure. 

13. When the supplemental system is prestressed to a level which is less than the preload in 

the elastomeric spring dampers (i.e F<Py), the prestress force is transferred by a steel only 

system. In such cases there will be no creep losses in the system. 
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7.3 FuTuRE RESEARCH RECOMMENDATIONS 

1. Both the experimental and the analytical studies reported in this report suggest that load­

balancing approach is a promising retrofit and design alternative in mitigating the seismic 

response of building structures. However, since the basic concept has emanated from the 

fundamentals of structural engineering, it is believed that the method can be employed equally 

well in other engineered structures (such as bridges etc.) but some modifications to the design 

theory may be needed. For example tension-only straight tendons with or without supplemental 

systems can be used to transfer the inertial loads on the superstructure of a bridge to the 

substructure by-passing the supporting bearings. In fact, the efficacy of this approach was 

recently investigated analytically by Ye (1998). However, experimental studies should be 

undertaken to further validate the approach and investigate the effect of various configuration 

details on the seismic response of such structures. 

2. As was mentioned previously, determination of the optimum tendon layout for building 

structures is not an easy task for especially tall-flexible structures for which the higher mode 

effects may be significant. However, it is believed that if the higher mode effects are eliminated 

by other means such as bracing etc., a prestressed-draped tendon system can be effectively 

employed in seismic design/retrofit. 

3. Three-dimensional response of structures with load balancing tendons may pose 

important problems if it is not carefully considered in the design. Fuse-bars are designed to yield 

under a major ground motion shaking. Hence, after the first major peak response, stiffness 

characteristics and distribution ,in the structure will be modified due to yielding of the fuse-bars. 

This difference in stiffness is likely to promote torsional response. Therefore, the overall 

supplemental system should be designed to accommodate the undesired torsional effects. 

Moreover, three-dimensional non-linear analysis tools should be developed and used in the 

analytical investigations of this phenomenon. 
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