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ABSTRACT

Decoupling buildings from the damaging effects of the ground motion produced by a strong earthquake, which is generally
referred to as “base isolation”, has now achieved recognition as a practical design altemative. This technique is based on shifting the
fundamental period of the superstructure sufficiently away from predominant period of most earthquakes so that the behavior of the
entire structure can be govemned by its first mode where the deformations are concentrated at the isolation level, while the

superstructure moves almost rigidly.

Even though the impulsive aspect of the near-fault ground motion records was originally identified more than three decades
ago, the lack of adequate number of near-source ground motions has hindered quantifying near-fault ground motions. Recently,
obtaining records from near-source sites has raised serious question about efficiency and viability of base isolation technique for
seismic protection of buildings. Impact of these rare strong pulses on base-isolated systems can lead to large isolator displacement. It is
a common practice to reduce displacement demand on the isolators by means of high damping in the isolation system. The

supplemental damping does control displacement, but at the expense of increasing transmitted acceleration and interstory drift.

Although design of isolator and superstructure is based on Design Basis Earthquake (DBE) level, safety of isolation system
should be confirmed at Maximum Capable Earthquake (MCE) level. Displacement control at MCE level, which represents a very
large and very rare event, may result in a too stiff and heavily damped system. The solution to this dilemma is how provide control

displacement for large input earthquakes while maintaining good performance for more frequent minor to moderate events.

Variable Fluid Damper has been proposed and small-scaled prototype device has been fabricated at Tohoku University to

decrease base displacement of isolation system especially under extreme excitations (see Figure 1). The Variable Fluid Damper
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(VFD) has been developed to control base displacement of seismically isolated structure by providing linear damping to minimize
counter effect on superstructure at moderate ground motions and enhancing energy dissipation capacity through nonlinear behavior
when base isolated system is subjected to extreme event such as near-field excitation. Motivated by control of isolator displacement
under severe condition and providing functionality of seismic isolation at design level, a systematic experimental and analytical study

on application of Variable Fluid Damper in base isolation system has been carried out in this dissertation.

The research activities to achieve the objectives involved the following steps: Behavior and mechanism of Variable Fluid
Damper was discussed; Properties of the VFD were identified through harmonic loading test; Performance of the small-scaled VFD
was investigated experimentally and analytical model was developed to simulate response of the VFD; A series of shaking table test
were conducted on base-isolated single-story test structure incorporating VFD to verify analytical simulation; Thus numerical model
msonébly was employed for assessment of VFD response; Comprehensive analytical and parametric study was conducted to
investigate performance of the VFD within different isolation system; and, Application of the VFD was considered for base isolation

system of full-scale relatively high-rise building.
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Figure 1 Variable Fluid Damper: (a) Schematic diagram; (b) Photograph
Distinctive features of the proposed Variable Fluid Damper are as follow: VFD is regulated by an internal mechanism
independent of power supply, sensor, and monitoring; VFD normally behaves as a linear viscous damper to provide functionality at
frequent events; and When displacement overreaches preset value energy dissipation is increased through nonlinear behavior to

reduce isolator displacement at extreme condition.

The configuration of the VFD consists of a run-through fluid damper combined with a bypass loop (Figure 1a). The bypass
loop is connected to two pilot-cylinders. The bypass loop has an orifice and a valve that is adjusted by a control mechanism. A pointer
is installed on piston rod of the damper. The pilot-cylinders are fastened with appropriate distance, referred to as set length, from initial
position of the pointer. As soon as damper’s displacement exceeds set length, the pointer dislocates piston of the pilot-cylinder.
Consequently, spring is compressed proportional to volume of fluid discharged from the pilot-cylinder, thus valve is obstructed.

Damper response has two modes, when valve is open and when valve is close.
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In normal mode, valve is open and damper forced is proportional to relative velocity of the damper rod with respect to the
damper cylinder (Figure 2b). Linear viscous behavior, even though fluid can flow across orifice and valve, is mainly due to valve
effect. In nonlinear mode when maximum displacement overreaches set length, valve is closed by valve-spring interaction; damper
force is proportional to square of velocity (Figure 2c). When internal pressure of the damper surpasses spring-valve interaction, which
is equivalent to a limiting force for nonlinear behavior (), then valve is pushed back. The limiting force defines upper bound of

nonlinear response of the damper.
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Figure 2 Bypass loop: (a) Detail; (b) Linear stage (c) Nonlinear stage
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The damper response in different stages was expressed by simple mathematical formulas. The ideal mathematical simulation

of the VFD in linear and nonlinear stages is illustrated in Figure 3.
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Figure 3 Damper force versus velocity and displacement: (a) Linear stage (b) Nonlinear stage

To identify dynamic properties of the VFD, response of the prototype damper was studied experimentally subjected to
sinusoidal motion over a range of frequencies. Damper configurations consisted of using different set length, changing type of
pilot-cylinder, and replacing of the control system. Results of harmonic loading test on prototype damper were compared with values
predicted by formulas developed for numerical model of the damper behavior. Numerical simulation of the damper force agreed

reasonably well with experimentally measured results, so accuracy of simulation model for damper force was validated.
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Shaking table test was conducted on single-story isolated test structure incorporating the prototype VFD to investigate
performance of VFD experimentally and to assess validity of numerical simulation. Details of the test structure is depicted
schematically in Figure 4a. Structural properties of the test structure were identified through quasi-static loading, free vibration,

harmonically forced vibration, and white noise excitation in different conditions.

Lumped-mass models was used for simulation of the test structure. The simulation model of bare frame (without bracing) was
a two degree of freedom (2-DOF) system. When the frame was braced, relative displacement of the mass respect to the base was so
small that corresponding degree of freedom could be disregarded; therefore, simulation model was a single degree of freedom

(SDOF) system, to which attributed mass was equal to total mass.
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Figure 4 Shaking table test on isolated structure incorporating VFD: () Detail of test structure
(b) Sample of experiment results for 2-DOF system under scaled Kobe ground motion compared with analytical simulation

Experimental investigation of the VFD utilized in base isolation demonstrated that the developed damper could reduce
maximum base displacement through increasing energy dissipation while transmitted acceleration might be increased. Numerical
simulation of the damper was verified by carrying out shaking table test on isolated test structure incorporating VFD, so performance

of the VFD within isolation system can be evaluated adequately by analytical study. For instance, comparison of experiment with

analysis is presented in Figure 4b.

Performance of the Variable Fluid Damper incorporated into base isolation system was evaluated through comprehensive
analytical study. To understand influence of the VFD, response of a mid-rise isolated building was investigated utilizing lumped-mass,
shear-building model subjected to different ground motions. Superstructure was an eight-story reinforced concrete moment-resisting
frame building, while simple isolation system (including linear spring and damping elements) and sliding isolation system were

considered for seismic isolation. A parametric analytical study was carried out to recognize influence of properties of the VFD on
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response of base-isolated building. The main goal was recognizing effect of the VFD on the response of isolation system under

near-fault and far-fault earthquake records.

Among parameters, that control response of the VFD, nonlinear stage limiting force and set length had major role. Limiting
force represents amount of additional damping force provided by VFD when maximum base displacement exceeds preset value. Set
length regulates response of the VFD in different stages. Analytical study results revealed that VFD could be recommended to be
applied as a safety (supplementary) device within isolation system, where this damper normally has small contribution in total

damping of isolation system.

Application of the VFD within base isolation system of relatively high-rise building was investigated by means of analytical
survey. Physical properties of the full-scale building were estimated for simulation model. Superstructure was an eighteen story RC
frame building. To include nonlinear behavior of the superstructure, bilinear origin-oriented model was adopted for shear-drift
constitutive law to take effect of cracking into account. The isolation system, which had bilinear load-deformation relationship, was a
hybrid passive energy dissipation system consisting of Sliding-Elastomeric Bearings and Laminated Rubber Bearings. In addition,

properties of base isolation system were determined to find isolation system similar to the isolated building,

Three far-fault records (Hachinohe, EI Centro, and Tohoku), four near-fault records (Kobe, Sylmar, Tabas, and Imperial
Valley), and one artificial record (Sannomalu recommended for design of isolation systems) were utilized for analytical study. As the
common design practice of Japan implies, ground motions were scaled to have 025 m/s, 0.5 mis, and 0.75 m/s PGV as service
criterion, design criterion and safety criterion respectively. Design requirements were considered to ensure safety of building content at

service level (L.1), functionality at design level (L2), and isolator performance at safety level (L3).

Two cases were considered for application of VFD in base isolation: Main element of isolation system and safety device that
is added to isolation system. Analytical study on application of the VFD for both cases revealed that at over-design loading level,
supplementary damping was necessary that might be provided by the proposed damper. Appropriate properties of the VFD that met
design requirements of base isolated system at safety loading level were found. Effectiveness of the VFD to keep base displacement
bellow allowable limit was confirmed subjected to over-design ground motions. It was shown that using VFD as supplementary

device was advantageous.

Experimental study on prototype damper and analytical study based on modeling VFD showed that the proposed idea and
objective could be achieved. The VFD enhanced robustness of base isolation system at extreme events while performing well at

design level earthquakes.
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