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PREFACE

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

NCEER's research and implementation plan in vears six through ten (1991-1996) comprises four
interlocked elements. as shown in the figure below. Element 1, Basic Research. is carried out to
support projects in the Applied Research area. Element I1. Applied Research, is the major focus of
work for vears six through ten. Element III, Demonstration Projects, have been planned to support
Applied Research projects, and will be either case studies or regional studies. Element IV.
[mplementation. will result from activity in the four Applied Research projects. and from Demonstra-
tion Projects.

ELEMENT | ELEMENT UL ELEMENT ttt

BASIC RESEARCH APPLIED RESEARCH DEMONSTRATION PROJECTS
+ Seismic hazard and ¢ The Building Project Case Studies

ground motion + Active and hybrid control

* The Nonstructural * Hospital and data processing

» Soils and geotechnical Components Project faciiities

engineering + Short and medium span bridges

* The Lifelines Project [ _ * Water supply systems in
s Structures and systems Memphis and San Francisco
The Highway Project Rugional Studies
+ Risk and reliability * New York City
* Mississippi Valiey

* Protective and intelligent + San Francisco Bay Area

systems
= Societal and economic

studies J_L [ I

V —V
ELEMENT IV
IMPLEMENTATION
Conferences/Workshops

+ Education/Training courses
« Publications
+ Public Awareness

Research in the Building Project focuses on the evaluation and retrofit of buildings in regions of
moderate seismicity. Emphasis is on lightly reinforced concrete buildings. steel semi-rigid frames. and
masonry walls orinfills. The research involves small- and medium-scale shake table tests and full-scale
component tests at several institutions. In a parallel effort. analytical models and computer programs
are being developed to aid in the prediction of the response of these buildings to various types of
ground motion.



Two of the short-term products of the Building Project will be a monograph on the evaluation of
lightly reinforced concrete buildings and a state-of-the-art report on unreinforced masonry.

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

1. Evaluate the performance of full-scale active bracing and acti ve mass dampers already in place
in terms of performance, power requirements, maintenance, reliability and cost.

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

3. Perform fundamental studi=s of hybrid controi.

4. Developandtest hybridcontrol systems.

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



ABSTRACT

The need for structures which function more reliably without damage during severe
earthquakes was reemphasized by the behavior of structures during recent earthquakes (Loma
Prieta 1989, Northridge 1994, Kobe 1995, etc.). The existing structures and often new ones must
rely on large inelastic deformations in hysteretic behavior to dissipate the motion's energy, while
the capacity to sustain such deformations is limited by previous non-ductile design or limitations
of materials. An alternative method to reduce the demand of energy dissipation in the gravity load
carrying elements of structures is the addition of damping devices. These devices dissipate energy
through heat transfer and reduce the deformation demands. In inelastic structures the
supplemental damping mechanism reduces primarily deformations with small changes in the
strength demand. The main benefit of added damping in the inelastic structures is the reduction of
the demand for energy dissipation in the gravity load carrying structural members, thus reducing
the deterioration of their low cycle fatigue capacity.

An experimental investigation of different damping devices was carried out to allow for
physical or mathematical modeling of their behavior. A series of shaking table tests of a 1:3 scale
reinforced concrete frame incorporating these devices were performed after the frame was
damaged by prior severe (simulated) earthquakes.

Several damping devices were used in this study: (a) viscoelastic, (b) fluid viscous, (c)
friction (of two types) and (d) fluid viscous walls. An analytical platform for evaluation of
structures integrating such devices was developed and incorporated in IDARC Version 3.2
(Kunnath and Reinhorn, 1994). The experimental and analytical study shows that the dampers can

reduce inelastic deformation demands and, moreover, reduce the damage, quantified by an index



monitoring permanent deformations. An evaluation of efficiency of dampers using a simplified
pushover analysis method was investigated as an alternative method for prediction of behavior
and design.

This report, first in a series, presents the evaluation of fluid viscous dampers used as

additional braces in reinforced concrete frame structures.
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SECTION 1

INTRODUCTION

Many reinforced concrete frame structures, designed according to old standards have
deficient nonductile details that make them vulnerable to future seismic events. Based on
conventional seismic design practice, a structure is capable to survive a severe earthquake without
collapse at the exbense of allowing inelastic action in specially detailed critical regions of gravity
load carrying members such as columns and beams near or adjacent to the beam-column joints.
Inelastic behavior in these regions, though able to dissipate substantial energy, often results in
significant damage to the structural members. The interstory drifts required to achieve significant
hysteretic energy diss oation in critical regions are large and usually result in permanent
deformations and substantial damage to non-structural elements such as infill walls, partitions,
doorways, and ceilings.

An innovative approach for earthquake hazard mitigation was introduced by adding
protective devices, non-load bearing, to redistribute the energy within the structure. During a
seismic event, the finite energy input is transformed partially into kinetic (movement) and
potential (stored) energy and partially dissipated through structure is inherent damping (heat) and
through hysteresis in gravity load carrying elements experiencing inelastic deformations. This last
energy component, i.e. the hysteretic, is responsible for reducing the structure capacity of carrying
gravity loads and its lateral strength or deformation capacities, thus increasing the
demand-capacity ratios near collapse. The structural performance can be improved if the total
energy input is reduced, or a substantial amount can be dissipated by supplemental damping

devices (non-gravity load bearing), and not by the gravity load bearing structural members.
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The energy balance equation (Uang and Bertero 1990) can be readjusted to include the effect
of damping devices:
Ei=Ex+Es+Ep+Ey+Esp (1-1)

where E; (= j(m u, )dug)is the total input energy, Ex(= m(u, )*/2) is the 'absolute’ kinetic energy,
Es (= (f,)%/2k) is the elastic strain energy in the structure, Ep (=J-cu2 dy) is energy dissipated

through structural damping , E,, is the total hysteretic energy dissipated in the structure and E, is
the energy dis-ipated by supplemental damping devices.

The total absolute energy input, E, , is the work done by the base shear over the foundation
ground movement. This energy contains the inertial forces in the structure, including the response
amrlifications.

In absence of supplemental damping, the inelastic response and the hysteretic energy demand
increase. However, besides the negative effect of increased damage in the structural members,
associated with the hysteretic energy dissipation, this increase has a positive effect in softening the
structure, thus reducing the inertia forces and the total energy input. This effect is at the base of
current seismic design provision which allow for inelastic response. Both energy input reduction
and reduction of hysteretic energy demand (thus reducing damage) can be obtained through
modern protective devices. The recently developed seismic base isolation (Buckle 1990, Kelly
1991, Mokha et al. 1991) accomplishes the task of reducing the total energy input by filtering the
input motion into the structure at its base and by dissipating part of this energy at same location
through local damping. The reduction of the energy input reduces the demand for energy
dissipation through inelastic action and hysteretic excursions. In most cases inelastic action is

avoided completely.
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More recently developed devices accomplish redistribution of internal energy, or reduce
substantially the total energy input, through active means, such as dampers or active braces

(Soong 1990, Reinhom 1992). These devices, incorporated in complex control systems, act based

on "real time " processed information from sensors, which anticipat. the further structural
movements. Although such systems are extremely efficient in small structures they require
additional energy, sometimes unreliable or expensive, in order to produce the energy
redistribution in large structures.

Another approach to improve performance and damage control through altering the energy
distribution are supplemental damping devices. These mechanical devices are incorporated in the
frame of structure and dissipate energy throughout its height. These devices dissipate energy by
either yield of mild steel, sliding friction, viscoeastic action in polymeric materials, piston or plate

movement within fluid, or fluid transfer through orifices. These systems are the subject of the

current research.
1.1 Viscoelastic devices

Viscoelastic dampers, made of bonded viscoelastic layers (acrylic polymers) have been
developed by 3M Company Inc. and were used in wind and seismic applications. Examples are the
World Trade Center in New York City (110 stories), Columbia SecFirst Building in Seattle (73
stories), the Number Two Union Square Building in Seattle (60 stories), and General Service
Administration Building in San Jos.: (13 stories).

The characteristics and suitability of viscoelastic dampers to enhance performance of
structures were studied by Lin et al. 1988, Aiken et al. 1990, Chang et al. 1991 and Lobo et al.

1993. Fig. 1-1 shows a typical damper and an installation detail in a steel structure.
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Figure 1-1 Viscoelastic Damper and Installation Detail (from Aiken 1990)
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The behavior of viscoelastic dampers is controlled by the shear of viscoelastic layers. The
acrylic material exhibits solid viscoelastic behavior with storage and loss (stiffness) moduli
dependent on frequency and temperature.

In the aforementioned studies, 3M Company's dampers were used. Other devices developed
by Lorant Group were studied by Hsu, 1992. Hazama Corp. in Japan developed similar devices
using similar materials (Fujita 1991). Shimizu Corporation developed viscoelastic walls, in which
solid thermoplastic rubber sheets are sandwiched between steel plates (Fujita 1991).

The use of dampers in elastic structures was proven efficient, in particular when the inherent
damping of the structure is low (Aiken 1990). The use of dampers in inelastic structures, studied
by Lobo et al. (1993}, Foutch et al. (1993) indicate that the viscoelastic material dissipates large
amount of energy reducing the demand for hysteretic energy dissipation. In gravity load carrying
components, the damping index (equivalent to damping ratio in elastic structures) reaches 20% to
22%. However, the overall base shear in the structure has the tendency to increase or only

minimally decrease in presence of dampers.

1.2 Viscous walls

Viscous damping walls, consisting of a plate moving in highly viscous fluid which contained
in a thin steel case (the wall) filled with highly viscous fluid (see Fig. 1-2), have been developed by
Sumitomo Construction Company, Ltd., and the Building Research Institute in Japan. The walls
were investigated by Sumitomo Construction Company (Arima, 1988) amd were already used in a
78.6 m high, 14 story building at the center of Shizuoka city, 150 km west of Tokyo, Japan.
Earthquake simulator tests of a S story, reduced-scale building model and a 4 story, full-scale

steel frame building embedding such walls have been carried out (Arima, 1988) and the most
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recently, a 3 story 1:3 scale reinforced concrete structure has been tested in Seismic Simulation
Laboratory at the State University of New York at Buffalo ( Reinhorn et al. 1994). The devices
exhibit nonlinear viscous behavior with stiffening characteristics at high frequencies.
1.3 Fluid Viscous Dampers

Fluid viscous dampers have been used in military application for many years because of their
efficiency and longevity. This kind of devices, which operates on the principle of fluid flow
through orifices, is the subject of this study. A detail description of this kind of device and it's
evaluation is the subject of this report.

The first production usage of a hydraulic damper was in the 75 mm French artillery rifle of

1897. The damper was used to reduce recoil forces and had a stroke of over 18 inches. Modern
fluid damping devices have only recently been used in large scale structural applications. The
device may designed to have linear or nonlinear viscous behavior and be insensitive to significant
temperature changes. The size of the device is very compact in comparison to force capacity and
stroke. Experimental and analytical studies of buildings and bridge structures incorporating the
damping devicc. fabricated by Taylor Devices, Inc., have recently been performed (Constantinou
et al. 1993). Very large reductions of elastic response were achieved by the introduction of these
devices. The feature of a pure viscous damper which the damping force is out-of-phase with the

displacement can be a particularly desirable attribute for passive damping applications to buildings
1.4 Hysteretic Devices

Hysteretic devices are devices which can dissipate energy through inelastic deformations of

their components or friction within their parts or properly designed surfaces.



1.4.1 Friction Devices

Friction devices have been developed and manufactured for many years by Sumitomo Metal
Ltd., Japan Fig.1-3). The devices have very high performance characteristics, with their behavior
nearly unaffected by amplitude, frequency, temperature and the number of applied loading cycles.
The original application of these devices was in railway rolling stock bogie trucks. It is only since
the mid of 1980's that the friction dampers have been extended to the field of structural and
seismic engineering.

Friction dampers were suggested as displacement control devices for bridge structure with
sliding supports (Constantinou, Reinhom, et al.) made of stainless steel-bronze surface. The
devices can be adjusted to provide a desirable level of resistance and stable energy dissipation in
numerous cycles.

Recently, a similar type of friction dampers, manufactured by Tekton company, Arizona, was
tested in the Seismic Simulation Laboratory at the State University of New York at Buffalo. This
type of dampers is made of simple components designed to minimize the cost of manufacture. The
"yielding” force of the damper, i.e. the friction level, can be adjusted through the appropriate
torque of bolts that control the pressure on the friction surfaces (Fig. 1-4). A detailed evaluation
of the dampers is presented by Li et al., 1995.

1.4.2 Metallic Systems

This category of energy dissipation systems takes advantage of the hysteretic behavior of
mild steel when deform into their post-elastic range. A wide variety of different types of devices
utilizing flexural, shear or extension deformation mode into the inelastic range. A particularly
desirable feature of these system is their stable behavior, long term reliability, and generally good

resistance to environmental and temperature factors.
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1.4.2.1 Yielding Steel Elements

The ability of mild steel to sustain many cycles of stable yielding behavior has led to the
development of a wide variety of devices which utilize this behavioi to dissipate seismic encrgy
(Kelly et al. 1972, Skinner et al. 1980, Henry 1978, 1986, Tyler 1983, 1985). Many of these
devices use mild steel plates with triangular or hourglass shapes (Tyler 1978, Stiemer et al. 1981)
st that the yielding is spread almost uniformly throughout the material. This results in a device
which is able to sustain repeated inelastic deformations in a stable manner, avoiding
concentrations of yielding and premature failure and buckling of braces, hence, pinched hysteretic
behavior does not occur. An energy absorbing device in the form of round mild steel rod with a
rectangular shape (Fig.1-5) introduced at the intersection of cross bracing, have been developed
in New Zealand (Tyler 1978, Skinner 1980). Some of these devices were tested on shaking table
at U.C. Berkeley as parts of seismic systems (Kelly 1980) . They have been incorporated in a
number of buildings in New Zealand and similar ones were widely used in seismic isolation
applications in Japan (Kelly 1988).

One such device that uses X-shaped steel plates is the Bechtel Added Damping and Stiffness
(ADAS) devices. ADAS elements are an evolution of an earlier use of X-plates, as damping
supports for piping systems (Stiemer, et al., 1981). Extensive experimental studies have
investigated the behavior of individual ADAS elements and structural systems incorporating
ADAS elements (Bergman and Goel, 1987, Whittaker, et al., 1991). The tests showed stable
hysteretic performance (Fig. 1-6). ADAS devices had been installed in two bay-story, non-ductile
reinforced-concrete building in San Francisco as a part of a seismic retrofit (Fiero et al. 1993), and

in two building in Mexico City. The principal characteristics which aftect the behavior of an
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ADAS devices are its elastic stiffness, yielding strength, and yield displacement. ADAS devices
are usually mounted as pant of a bracing system, which must be substantially stiffer that the
surrounding structure. The introduction of such a heavy bracing system into a structure may be
prohibitive.

Trianglar-plate energy dissipaters were originally developed and used as the damping
elements in several base isolation applications (Boardman et al. 1983). The triangular plate
concept has been extended to building dampers in the form of triangular ADAS, or T-ADAS,
element (Tsai and Hong 1992). Component tests of T-ADAS elements and pseudodynamic tests
of a two-story frame have been shown very good results (Fig. 1-7). The T-ADAS device
embodies a number of desirable features; no rotational restraint is required at the top of the brace
connection assemblage, and there is no potential for instability of the triangular plate due to
excessive axial load in the devices.

An energy dissipater for cross-braced structures, which uses mild steel round bars or flat
plates as the energy absorbing element, has been developed by (Tyler 1985). This concept has
been applied to several industrial warehouses in New Zealand. A number of variations on the steel
cross-bracing dissipater concept have been developed in Italy (Ciampi 1991). A 29-story steel
suspension building (with floors "hung" from the central tower) in Naples, Italy, utilize tapered
steel devices as dissipaters between the core and the suspended floors.

A six-story government building in Wanzanui, New Zealand, uses steel-tube
energy-absorbing devices in precase concrete cross-braced panels (Matthewson and Davey 1979).

The devices were designed to yield axially at a given force level. Recent studies have
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experimentally and analytically investigated a number of different cladding connection concepts
(Craig et al. 1992).

Several types of mild steel energy dissipaters have been developed in Japan (Kajima Corp.
1991, Kobori et al. 1988). So-called honeycomb dampers have been incorporated in 15 story and
29 story buildings in Tokyo. Honeycomb dampers are X-plates (either single plates, or multiple
plates connected side by side) that are loaded in plane of the X. (This is orthogonal to the loading
direction for triangular or ADAS X-plates). Kajima Corporation has alsc developed two types of
omni-directional steel dampers, called "Bell” dampers and "Tsudumi" dampers (Kobori et al.
1988). The Bell damper is a single-tapered steel tube, and the Tsudumi damper is a
double-tapered tube intended to deform in the same manner as an ADAS X-plate but in multiple
direction. Bell dampers have been used in a massive 1600-ft long ski-slope structure to permit
differential movement between four dissimilar parts of the structure under seismic loading while
dissipating energy. Both of these applications are located in the Tokyo area.

Another type of joint damper for application between two buildings has been developed
(Sakurai et al., 1992). The devices is a short lead tube that is loaded to deform in shear (Fig. 1-8).
Experimental investigations and an analytical study have been undertaken.

Particular issues of importance with metallic devices are the appropriate post-yicld
deformation range, such that a sufficient number of cycles of deformation can be sustained
without premature fatigue, and the stability of the hysteretic behavior under repeated post-elastic

deformation.
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1.4.2.2 Lead Extrusion Devices (LEDs)

The extrusion of lead was identified as an effective mechanism for energy dissipation in the
1970s (Robinson and Greenbank 1976). LED hysteretic behavior is very similar to that of many
friction devices, being essentially rectangular (Fig. 1-9). LEDs have been applied to a number of
structures, for damping in seismic isolation system, and as energy dissipaters within multi-story
buildings, In Wellington, New Zealand, a 10-story, cross -braced, concrete police station is base
isolated, with sleeved-pile flexible elements and LED damping elements (Charleson et al. 1987).
Several seismically-isolated bridges in New Zealand also utilize LEDs (Skinner et al. 1980). In
Japan, LEDs have been incorporated in 17 story and 8 story steel frame buildings (Oiles Corp.,
1991). The devices are connected between precase concrete wall panels and the surrounding
structural frame.

LEDs have a number of particularly desirable features: their load-deformation relationship is
stable and repeatable, being largely unaffected by the number of loading cycles; they are
insensitive to environmental factors; and tests have demonstrated insignificant aging effects

(Robinson and Cousins 1987) (Fig. 1-9).
1.4.2.3 Shape Memory Alloys (SMAs)

Shape memory alloys have the ability to "yield" repeatedly without sustaining any permanent
deformation. This is because the material undergoes a reversible phase transformation as it
deforms rather that intergranular dislocatior,, which is typical of steel. Thus, the applied load
induce a crystal phase transformation, which is reversed when the load is removed (Fig. i-lO).
This provides the potential for the development of simple devices which are self-centering ana

which perform repeatably for a Jarge number of cycles.
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Several earthquake simulator studies of structures with SMA energy dissipaters have been
carried out. At the Earthquake Engineering Research Center of the University of California
(Aiken ct al. 1992) a 3 story steel model was tested with Nitinol (nickel-titanium) tension devices
as part of a cross-bracing system, and at the National Center for Earthquake Engineering
Research (Witting and Cozzarelli 1992) a 5 story steel model wa, tested with
copper-zinc-aluminum modes were investigated. Typical hysteresis loops from these tests are
shown in Fig. 1-11. Results showed that the SMA dissipaters were effective in reducing the

seismic responses of the models.
1.4.2.4 Eccentrically Braced Frame (EBF)

Steel moment-resisting frames have been regarded by structural designers for their
earthquake-resistant behavior. However moment-resisting frames tend to be flexible, braced
frames are considered as a mean of providing increased structural stiffness. Although
Concentrically Braced Frames (CBFs) can easily provide the needed stiffness, the cyclic inelastic
behavior of concentrically braced frames is strongly influenced by the cyclic post-buckling
behavior of individual braces (Popov et al. 1976). Eccentrically Braced Frames (EBFs) have
emerged as a well recognized and widely used structural system for resisting lateral seismic
forces. Hysteretic behavior is concentrated in specially designed regions (shear links) of EBF (see
Fig. 1-12) and other structural elements are designed according to capacity design principle and
intended to remain elastic under all but the most severe excitations. Extensive research has been
devoted to EBF ( Roeder et al. 1978, Popov et al. 1987, Whittaker et al. 1987) and the concept
has seen rapid recognition and acceptance by the structural engineering profession since the

inclusion of design rules into seismic code of practice. These braces are using, however, some
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parts of the gravity load resisting elements which might need to be sacrificed in severe earthquake

with implication of substantial damage.
1.4.2.5 Slotted Bolted Connections (SBCs)

Slotted Bolted Connections are modified bolted connections designed to dissipate energy
through friction in rectilinear tension and compression loading cycles. The development of SBCs
as energy dissipaters is to attempt use simple modification of standard construction practice and
materials widely available commercially. The SBC is a bolted connection where the elongated
holes or slots in the main connecting plate, in which the bolts are seated, are parallel to the line of
loading (Grigorian and Popov 1993). The SBCs dissipate energy through friction steel plates and
bolts( Fig. 1-13). The characteristics of force-displacement relation is identical to that of friction

devices developed earlier by the author (Constantinou, Reinhorn, et al. 1991).

1.5 Code Provision for Design of Structures Incorporating Passive Energy Dissipating
Devices

It is imperative for implementation of the technology of energy dissipating devices to have a
code design specifications. Currently, such code specifications for structures with damping
devices do not exist. The absence of such code specification may prevent widespread use of the
technology. The existing codes, such as UBC and SEAOC have included provision for design of
base isolation systems. Many codes, such as NEHRP, UBC and SEAOC, have included design of
EBFs in their provisions. Efforts are made by code agencies (FEMA, ATC, SEAQC) to develop

guidelines for use of dampers based on studies of elastic structures.
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1.6 Objectives of This Investigation

This .esearch was developed to:
1. investigate experimentally the behavior of fluid dampers and structural response when the
structural systemn experiences inelastic deformations.
2. model analytically the viscous dampers as part of an inelastic structural model.
3. validate the analytical modeling using experimental data.
4. develop a simplified procedure to estimate the structural seismic demands in presence of
dampers
§. determine the contribution of dampers to the changing of the demand-capacity relation

(performance index) in severe ground shaking.
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SECTION 2

FLUID VISCOUS DAMPERS

2.1 Description of Fluid Viscous Damping Devices

Fluid viscous dampers which utilize fluid flow through orifices were originally developed for
shock and vibration isolation systems in automotive industry and military applications (see Fig
1-1). For some of these applications the input can reach large velocities in excess of 4 m/sec. (150
infsec.) and accelerations of the order of 200g over a duration of a few milliseconds
(Constantinou 1992). More recently, adapiation of these devices have been used or specified for
use either as seismic energy absorbing elements or as elements of seismic isolation system. More
notable of these application are the San Bernardino County Medical Replacement Facility with
233 dampers in its isolation system (Soong and Constantinou 1994) and Golden Gate Bridge .

An investigation of scaled dampers in steel frames with low damping characteristics,
determined the basic properties of such dampers and their efficiency (Constantinou et al. 1992).
The contribution of the dampers and their properties are presented in detail in the aforementioned
report. Some of these descriptions are reported here for sake of completion.

The fluid damper consists of a cylinder and stainless steel piston with a bronze orifice head
and an accumulator (see cross section in Fig. 2-1). The cylinder is filled with silicone oil with
stable properties over a wide range of operation temperatures. The orifice flow may be
compensated in a variety ways so that the mechanical characteristic of the devices are nearly
unaffected by temperature. The orifice configuration and mechanical construction can be adjusted

to produce various flow characteristics and complex resisting forces.
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For practical applications the devices are incorperated in structural braces or in structural

joints with large deformations (see experimental study in Section 4).

2.2 Operation of Dampers

The force in a damper is a result of flow through orifices leading 10 a pressure differential

across the piston head.

For dampers with cylindrical orifices the force is

b Ap= 2P ﬁ)z 2 com i
F—bAp—znzqz)(A0 u” sgnu 2-1)

where b is a constant and Ap is the pressure differentiate, which depends on the area of piston, A ,
area of orifice, A, number of orifices, n , density of fluid, p, and the discharge constant, C_. The
resulting force is a function of velocity squared. Most of the practical devices are built using
differently shaped orifices in which the pressure differential is depending on a ,ractional power of

velocity:

F=Cplu|®sgn u (2-2)

where sgn u indicates the sign of velocity # and o is a power between 0.5 to 2.0. A lower power

is used for high velocity shocks. For seismic protection applications a=1 seems to be more
appropriate. The devices used in the current research were designed to behave as linear dampers
with a=1.

The force is proportional to the pressure differential between the two chambers in the
cylinder. However, the fluid volume is reduced by the product of piston area and piston travel.
Since the fluid is compressible this reduction of volume is accompanied by development of a

restoring force. If the fluid is allowed to exit and reenter into reservoir or accumulator, then
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development of stiffness can be prevented. However, even with such a special provision, at large
frequencies the devices starts to display some stiffening due to the accumulator limitations.
Constantinou et al. (1992) reported that there was stiffening in fluid devices when frequency
exceeds 4 Hz. Alternatively, devices may be built with run-through rods, which preserves fluid

volume. Such construction does not result in fluid compression and it does not develop stiffness.
2.3 Testing of Damping Devices

Six devices were selected to develop approximately 5 kips at the operation velocities of
approximate 5 in/sec (126 mm/sec). They were of the type with accumulator. The devices were
constructed for the retrofit of a reinforced concrete structural model. These devices were tested
using a series of harmonic displacements and the resisting forces were measured simultancously.
The purpose of the testing was to determine the damping and stiffness characteristics and their
frequency dependency.

The test setup consisted of a servo-controlled actuator of 55 kips capacity attached to the
piston of the damper while the other side of the damper was connected to a load cell of 30 kips
capacity. The displacement of the piston about its cylinder was measured with a sonic
displacement transducer (temposonic). The actuator was forced to follow a harmonic (sinusoidal)
displacement history while the force-displacement relationship was recorded. Mechanical
characteristics of the dampers were derived from these relationships. Fig 2-2 shows the

dimensions of the damper (Model 3x4) used in this study.
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2.4 Mechanical Properties of Fluid Viscous Dampers

2.4.1 General Definitions

A damper was subjected to a sinusoidal displacement input:
u = uosin(dr) (2-3)
where u, is the amplitude of the displacement, Q is the frequency of motion, and t is the time. For
steady-state condition, the load cell measured also harmonic force with a delay in respect ‘o the
input:
F=F, sin(C4 +¢) (2-4)
where F, is the amplitude of the force, and ¢ is the phase angle.

It can be shown, (Constantinou et al. 1992), that a force displacement-velocity relation can be

derived from the above Equations (2-3) and (2-4) (see also Eq. 3-6 through 3-9):
F=Ku+Cu (2-5)
where K, is the storage stiffness, C is the damping constant. They can be expressed, along with

the phase angle ¢, as:

273
K = 5—3[1 - (gp—’;‘ﬂ) ] 2-6)a
W,
c=e 2-6)b
T (2-6)
6 =sin™ (Cg‘o ) 2-6)a



in which W, is the area enclosed in the force-displacement diagram. The damping constant, C. is
determined first, while the other quantities can be derived subsequently. It should be noted that if
the force-displacement relationship approaches an ellipse, then the damping coefficient can be

derived from the force at zero displacement:

F“n
C= m 2-7

2.4.2 Experimental Results for Fluid Dampers

A total of 27 tests were conducted in the frequency range of 0.1 to 20 Hz. with peak velocity
range of 0.32 in/sec (8.5 mm/sec) to 18.2 in/sec, at room temperature, about 22°C. In each test,
the damper was subjected to 5 cycles of vibration. The results are summarized in Table 2-1.

Typical recorded force-displacement loops are shown in Fig. 2-3. The dependency of
damping (C) and storage stiffness (K, ) on the frequency of testing should be noted. In particular
at higher frequencies the damping coefficient is reduced while the storage stiffness increases
substantially. For same test velocity, i.e. 6.28 in/sec, the damping coefficient reduces 5.5 times
from 1.15 k-sec/in to 0.2] k-sec/in, when the test frequency increases 20 times, from 1.0 Hz to
20.0 Hz. For such case a linear model with a constant coefficient, or even a power series
representing the damper force, is not capable to model the device response over the entire
frequency range. Alternative mathematical models which can model such behavior are presented
in Section 3.

It is worthwhiic to note that at low frequencies, below 2 Hz, the storage stiffness has small
value. Above this frequency the stiffness changes substantially. A structure equipped with such

devices, with its first mode in the low frequency range. will have minimal changes in its stiffness.



sadureq snodsiA piniq jo sdoor] wwawaoedsig-aoio [edAL €T Jndid

(U)) LNIW3OV1dSIA HIdWVA

0¢ o'l 00 0't- 0¢-
T “ T - v O.OPO

v L)

00

0'S

i -" " m M 0.0F

2-8

(sdiy) 30HOS HIJWVYQ



Higher modes will be stiffened, however. In case of seismic retrofit of structures, this is a positive
contribution tc both lower and higher modes (Lobo et al. 1993).

Table 2-1 Summary of Component Tests and Mechanical Properties*

damper | frequency | amplitude | force at u=0! peak force| dissipated | damping | sturape | phase peak

energy |coefficient| stiffness angle velocity

# (Hz) (in) (kips) (kips) (k-in) | (k-sec/in)! (k/in) | (degrees)! (in/sec)
(1) (2) (3) ) S | ® M (8) &) (10)
6 0.1 0.51 0.41 0.41 0.55 1.07 0.00 90.00 0.32
6 0.1 103 | 085 0.85 2.40 115 0.00 90.00 0.65
6 | 05 102~ 400 | 400 12.09 1.18 0.00 90.00 3.20
6 | 05 | 180 @ 615 ‘ 6.15 33.75 1.06 0.00 90.00 5.65
6 10 ! 100 728 1 748 | 22.64 11S 172 | 7670 | 6.28
6 ' 10 | 121 8.03 8.16 2978 . 1.03 1.21 79.70 7.60
6 | 18 0.50 5.31 575 : 783 089 442 | 6740 | 565
6 20 0.50 6.67 7.21 9.68 0.98 547 61.70 6.28
6 30 0.24 4.00 5.30 291 0.85 1449 | 49.00 452
6 50 0.12 3.35 4.18 1.23 083 2031 53.30 3.86
6 50 023 7.35 8.10 527 098 1457 | 65.10 7.35
6 10.0 0.08 2.45 4.17 0.65 0.52 4217 36.00 5.03
6 10.0 0.14 5.71 7.89 244 0.68 4030 | 46.40 8.48
6 20.0 0.05 1.28 2.80 0.20 0.21 49.81 27.20 6.28
6 20.0 0.09 3.84 6.97 1.14 0.33 62.57 33.40 11.69
5 1.0 121 7.21 7.34 27.35 0.95 1.14 79.20 7.60
5 18 0.50 5.10 5.51 8.00 0.90 4.17 67.80 5.65
4 05 1.02 3.94 3.94 12.04 117 0.00 90.00 3.20
4 1.0 1.00 7.35 7.50 2244 1.14 1.49 78.50 6.28
4 1.0 122 8.71 9.02 3199 1.09 192 74.90 767
4 18 0.50 6.12 6.81 9.12 1.03 597 64.00 565
3 1.0 122 8.16 8.47 31.38 1.07 1.86 74.45 767
3 1.8 0.51 6.67 7.28 9.83 1.06 572 66.30 5.77
2 1.0 1.23 7.76 8.09 29.54 099 1.86 73.60 773
2 1.8 0.50 6.33 6.87 9.57 1.08 5.34 67.10 5.65
1 1.0 1.21 7.69 799 29.52 1.02 1.79 74.20 7.60
1 1.8 0.50 6.16 6.87 9.13 1.03 6.08 63.70 5.65

* lin=254mm, | kip=4.46 kN
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The information obtained from the above tests is used further for modeling the behavior of
the damper and the structural retrofit of a structure using these devices. Additional information on

damper properties, can be found in Constantinou et al. 1992.
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SECTION 3

ANALYTICAL MODELING OF VISCOUS DAMPERS

3.1 Mathematical Modeling

The characteristics of complex dampers are usually determined from experiments performed
with harmonic motion of forces measuring the response characteristics as shown in Section 2.
Dampers display seldom simple linear behavior. Therefore complex models need to be often
developed. Analysis of nonlinear complex dampers with linear viscous or viscoelastic dampers are
often used to "linearize” the mathematical models to be used in the evaluation of structures.
Various models with increased complexity are reviewed in the following with emphasize on
increased dependency on frequency of it's parameter or on increased dependency on elastic plastic

properties.
3.1.1 Linear Viscous Dampers

A linear damper, velocity dependent, will display a resistance, F (t)

Fit)=C ulr (3-1)

where C is damping constant for linear viscous dampers and u is the velocity of movement of its

parts.

If this damper is subjected to an harmonic motion

u(t) = upsin S 3-2)
the damper force will be
F (1) = Cuo€2cos Su (3-3)
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Eliminating the time from equations (3-2) to (3-3), the relation between force and

displacement is obtained:

() (8 -

Equation (3-4) represents an ellipse with its amplitude u, and C€u, (see Fig. 3-1). The energy

dissipated by the devices is obtained from the area of the ellipse:
W4 =nCQu3 (3-5)
3.1.2 Linear Viscous and Stiffness Models
If the linear damper shows also stiffness dependency (see Fig. 3-2), then the force resistance
is obtained as:
Fi®)=Kut)+Cu () (3-6)
This model is also known as Kelvin model.
Using Eq. (3-2) through (3-5) in conjunction with Eq. (3-6) and the relation in Fig. 3-2, it is
possible to define the properties of the damper (Constantinou et al. 1992). Therefore from the

experimental data one can obtain the force deformation relationship:

() - ) e

the damping coefficient:

Wy

C=—%
e

(3-8)

and the storage stiffness:

e -(2e)]
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Fig. 3-1 Linear Damping Devices

Kp
u
.
ol o) "
CU()dQ Fd0=CUOQ

/s fiugs - el BN
P &Juo
(a) (b) (©

Fig. 3-2 Linear Damping and Stiffnes Device
(a) damper beharvior; (b) linear stiffness component; (c) linear damping component.



Most damping devices display frequency dependent properties, therefore the stiffness and
damping characteristics in Fig. 3-6 and 3-7 are dependent on testing frequency € (see also Fig.
2-3).

The frequency dependent forces can be easily determined from Eq. (3-6) by Fourier

transformation:

F4(0) = K(0) u(®) + ioC(w)u(m) (3-10)a
or

F(w) = (K () +iKz2(0))u(w) = K* (0)u(m) (3-10)b

where the complex stiffness K'(®) has a real component K (m) known as the "storage" stiffness
and an imaginary component K (w) defined as the "loss" stiffness:
K:(w) = o Clw) (3-11)
In the case of constant stiffness, in frequency domain, Eq. (3-10) represents the linear system.
For sake of simplicity in structural analyses more complex systems with mild dependency on
frequency are linearized by determining equivalent constant coefficients (Lobo et al. 1993).
3.1.3 Basic Frequency Dependent Model (Maxwell Model)
When a damper displays a strong dependency on frequency, a more refined model can be

obtained using "series damper-stiffness model (see Fig. 3-3)" of Maxwell model (Bird 1987). The

force in a damper can be defined by
FiD+AFs(®=Cpu1) (3-12)
in which A (=C /K, , where K, is the stiffness at "infinitely" large frequency) is the relaxation

time, and C, is the damping constant at zero frequency. This model was found suitable to
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represent fluid viscous dampers with accumulators (Constantinou et al. 1992) as shown in Section

32

For convenience of solution, Eq. (3-12) can be expressed as:
. _ . 1 §£ .
F(t)—f(F,u,u,t)--) F(+ Y u () 3-13)

which can be solved simultaneously with the other time dependent structural components in case

of an inelastic structure. The above model can be represented in frequency domain -y equation

(3-10) in which:

Aw? o)’ )
K =Cp}| ———— |=Kp|————= |; 3-14
Hw) D[l Yy )2) D[l+( 7z (3-14)

where K () is the storage stiffness, while the damping coefficient is

Kyw) ___Cp .
O 1+ Ow?’

C(w) = (3-15)

The plot in Fig. 3-4 shows the dependence of normalized damping and stiffness coefficients

on frequency.
3.1.4 Wiechert Model

Dampers which contain bituminous fluids, similar to viscoelastic solid materials, experience
stiffening at very low frequencies. A more accurate fit of their behavior can be obtained using a
combined Maxwell-Kelvin model, also known as Wiechert model (see Fig. 3-5). For this model,
the constitutive relation takes the form:

FaO)+AF (=K, s + K. u (3-16)

where K, and K, are the spring stiffness defined as "glossy" and "rubbery” stiffness, respectively,

while A = C/K, is the relaxation time constant. In terms of the above stiffness parameters, A is:
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Fig. 3-3 Maxwell Model for Damping Devices

Figure 34 Stiffness and Damping versus Frequency in Maxwell Model
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Fig. 3-5 Wiechert Model



__©Co

;'_(K——K_) (3-17)
8 e

The stiffness can be determined from experiments. This model is more suitable for viscous
solid behavior such as acrylic polymers or strong viscoelastic fluids.

A direct solution can be obtained (see also Section 5.2.2) solving the first order differential

equation;
Fa (t)=—-iF(t)+Kgu+Tu=f(F4,u,u) (3-18)

The solution of the same system in frequency domain can be obtained from Eq. (3-10) in

which:
K. + A 0)’K,
K = 3-19
(@) 1+ Aw? 3-19)
K2 (w) 1
Clw) = = 3-20
=" 1+ o)’ (20

Wiechert model was successfully used to model the behavior at low and moderate frequency

of viscoelastic dampers by estimating the glossy and rubbery stiffness (Shen 1994).

3.1.5 Models Based on Fractional Derivatives

More versatile modeling using a small number of parameters, best matching a wider range of
frequencies, can be obtained using Maxwell or Wiechert type models with fractional derivatives

(Bagley and Torvik 1983, Makris 1991 and Kasai 1993). The model suggested by Makris 1991,
F(1)+ A D'[F(] = CpD*[u(1)] (3-21)

in which D[F(t)] is a fractional derivative given by:

Ml —1__df' - N
D[F]_l‘(l—r)dt OF(r)(r )" dt (3-22)
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can be used for versatile modeling.

The model of Eq. (3-21) offers more control than Eq. (3-16) in modeling the behavior of
dampers. However, the solution of Eq. (3-21) and (3-22) requirc solution of convolution
integrals, which are extremely time consuming in analysis of inelastic structures.

The frequency representation of the above relations can be obtained for the case where q=1,

using again Eq. (3-10), in which the component stiffness are defined (Constantinou et al. 1992)

as:
o' sn(¥)|
Ki(w)= (3-23)
d
and
Cp[l +Am’cos (%)]
Clw) = — (3-24)
d
where
- 2 2 r nr 2
d=1+Aw +27«mcos(2) (3-25)

The parameters A, C,, r and q can be determined from tests of mechanical dampers and
suitable curve fitting.
3.1.6 Convolution Model for Viscoelastic Systems
Constitutive relations of viscoelastic behavior can be solved for the force (or stress) under
ce.tain conditions. This requires that in the Laplace space the transformed constitutive relation is
a convolution (Makris 1991). The result is a model of the form (Ferry 1980, Rosen 1982, Shen

1994), i.e.:
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Fan=[) K*(1) u(1—7)dt + K* () u(0) (3-26)a
or for u(0) = 0 (zero initial strains and deformations), as met in most cases:
Finy=[, K'(D) u(t-1)dt (3-26)b
where K'(t) is the force relaxation modulus. Based on the modified power law, K*(t) can be

represented (Williams 1964, Shen 1994) as:

Kg_Kg

K=K, +———
) [1+110)

(3-27)

where K, and K_ have the same definition as in Wiechert model and 7, and r are two additional
parameters providing smooth transition between glossy and rubbery behavior. The solution force

in Eq. (3-26) can be determined directly from convolution simultaneously with the solution of the

nonlinear system.
In the frequency domain, the resistance forces can be calculated using Eq. (3-10) with

corresponding coefficients obtained by approximation from the relaxation stiffness (Shen and

Soong 1994):

Ki(w)=K,+(K; — KT (1 - r)(otg) cos (% +WTo ) . (3-28)
as the storage stiffness, and

C(©) = K>(0) 0= &K, - K)T(1 - r)(wro)’sin (% +0T ) (3-29)

as the damping characteristics to the loss stiffness. I'(1-r) is the Gama function and all other
parameters were defined above. The frequency domain representation of the above stiffness was

used to model behavior of viscoelastic dampers (Shen 1994).
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3.1.7 Constant Parameter Kelvin Model Approximation

It is noteworthy to observe that at very low frequencies the dampers display almost constant
properties (see Table 2-1) and their representation by a simple linear Kelvin mode! (Eq. 3-10) is
sufficient. However, for the higher frequencies use of one of the more complex models to
represent tlie storage and loss stiffness become necessary. In each case, the solution of Maxwell
or Wiechert models in time domain are feasible in analysis of inelastic structures (as shown in
Section 5).

For more complex models, however, the time domain solution is prohibitive and their direct
use may be limited. However, those models can offer a more accurate series of parameters, if the

behavior occurs in a narrow frequency range. In such case a linearization of coefficients can be

obtained by simple average in the frequency range of iriterest, between @, and ®,:

Ky = Lo K10 3-30
leg [::? do (‘ )
and
[2 C(w)dw
_ o (3-31)

“ 122 dw

w)

witk such constant coefficients used in Eq. (3-10) one reduces the problem approximately to the
solution of Eq. (3-6) (Lobo et al. 1993). The selection of frequency band of interest depends on

the structural type and earthquake frequency content.
3.1.8 Model of Dampers in Analysis of Structural Systems

For the analyses of structures including damping devices, several possible models can be

used:



(a) For linear and elastic structures, the dynamic response can be most conveniently obtained in
the frequency domain by application of discrete Fourier Transform. The dampers can be
represented by Eq. (3-10) with suitable coefficients derived from all the models suggested above.
(b) For inelastic structures, the frequency domain approach is not rigorously applicable. In such
case, the 1esponse may be obtained by step-by-step time integration of equations of motion. The
dampers can be then represented by

(1) Kelvin model - for linear dampers.

(2) Maxwell model or Wiechert models with solutions in time domain for frequency

dependent parameters.

(3) Equivalent Kelvin model with linearized properties with the coefficients approximated

from one of the more complex models.

(4) Convolution integral approach.

For more detailed presentation of analysis procedures for inelastic structure. see Section 5.

3.2 Modeling of Tested Dampers

The dampers tested in this experimental study have strong frequency dependency (see Table
2-1 and Fig. 3-6). Therefore this dampers are modeled using a least square fitting based on
Maxwell model (Section 3.1.3). The parameters which completely describe the model are,
Cp=1.15 k-sec/in, and A = 0.014 sec.. The mathematical model shows a good agreement with the
experimental data. The phase angle approximation is shown in Fig. 3-7. The expected range of
fundamental frequencies of deteriorated structure in this study is between 1 Hz to 3.5 Hz. In this
range, all damper's parameters have mild variations with frequency. Therefore the damper can be

modeled also approximately by an average stiffness and damping in the same range of 1 Hz to 3.5
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Hzas K, =4.3K/in, C_, = 1.10 k-sec/in and average frequency of 2.2 Hz with (Aw)=0.18.

In further analytical studies, the dampers are modeled first using Maxwell model and then
using the equivalent Kelvin model with average parameters. It should be noted that the dampers
produce a substantial energy dissipation, while also inrrease the stiffaess of a structure. Their
effect in the structure cannot be assessed from their individual mechanical properties only. An

analytical model of the structure with the above devices is necessary (see Section 5).

3-15



SECTION 4
EXPERIMENTAL STUDY OF RETROFITTED STRUCTURE

EARTHQUAKE SIMULATOR TESTING

4.1 Retrofit of Damaged Reinforced Concrete Model

A three story 1:3 scale model structure with lightly reinforced concrete frames, damaged by
prior testing with moderate and severe earthquake (Bracci et al. 1992a, 1992b) was retrofitted by
conventional concrete jacketing of interior columns and joint beam enhancements and was
damaged again by several severe carthquakes (Bracci et al. 1992¢). The same structure was
further used to assess the possibility of retrofit of damaged frames with supplemental dampers
installed in braces attached to the concrete joints. The study was developed to assess efficiency
and structural interaction of various type of dampers, i.e.:

(a) viscoelastic dampers of 3M Company (Lobo et al. 1993, Shen et al. 1993).

(b) fluid viscous damper of Taylor Devices Inc. (this report).

(c) friction dampers of Sumitumo Construction Co. (Li et al. 1995a).

(d) viscous walls of Sumitumo Construction Co. (Reinhomn et al. 1995a).

(e) friction dampers of Tekton Co, (Li et al. 1995b).

The objectives of the retrofit was (a) to reduce overall damage progression in severe episodes
of earthquakes; (b) to provide data for analytical modeling of inelastic structures equipped with
linear and nonlinear dampers and (c) to determine the force transfer in the retrofitted structures
and its local effects.

The description of the model, the supplemental dampers and the testing program are

described in this section.
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4.2 Structure Model for Shaking Table Study

The structure was a three story 1:3 scale reinforced concrete frame structure original only for
gravity loads without any special seismic provisions. The model was scaled from a prototype
using mass simulation (Bracci et al. 1992a) The structural model had a floor weight of 120 kN
(27,000 1bs). The structure had 50.8 mm (2 in) thick slabs supported by 76.2x172.4 mm (3x6 in)
beams supported by 101.6x101.6 mm (4x4 in) columns before retrofit (see Fig. 4-1 and 4-2).
After the conventional retrofit the interior columns were increased to 152.4x152.4 mm (6x6 in) by
concrete jacketing with longitudinal postensioned reinforcement and with a column capital at each
floor obtained by a fillet of joint connection (see Fig. 4-3 and 4-4).

The columns were symmetrically reinforced using 1.2%, total reinforcement ratio, and the
beams had 0.8% positive reinforcement along entire beam and 0.8% negative reinforcement ratio
above the supports. Detail of reinforcement and material properties can be found in Bracci et al.
1992a. A summary of this information is included in Appendix A for sake of completion.

The moment and shear capacities of the sections before and after retrofit are listed in Table
4-la and 4-1b. The moment capacities were calculated based on data in the Appendix A. It should
be noted that the c:.cking and yielding of a section reduce the moment of inertia of sections and
therefore only a fraction of the gross stiffness is active during a seismic event (Bracci et al.
1992b).

The structure was subjected to earthquake simulated motion using the shaking table at
University of Buffalo. Moderate (peak ground acceleration PGA 0.2g) and severe episodes
(PGA=0.3g) were used to verify the seismic behavior and the efficiency of structure suffered

damage near collapse (90%, based on a damage index normalized to a unit which means collapse),
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Figure 4-1 Perspective View of 1:3 scale R/C Frame Structure
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Table 4-1a Moment Cagacitics of Structural Sections gunits ldgs in)

Columns Beams
Interior Exterior Interior Exterior

Moment Curvature Moment Curvature Moment Curvature Moment Curvature

_n (2) 3) 4) (3) ©) 7 (8) (9) (10)

Original Structure
3rd Top 22 0.01900 18 0.023 30 0.0155 30 0.0155
floor  Bowom 22 001900 18 0.023 80 00100 80 00100
2nd Top 29 0.01400 22 0.020 30 0.0155 30 0.0155
floor Bottom 29 0.01400 22 0.020 80 0.0100 80 0.0100
Ist Top 36 0.01100 28 0.017 30 0.0155 30 0.0155
floor Bottom 36 0.01100 28 0.017 80 0.0100 80 0.0100
After Conventional Retrofit

3rd Top 130 0.00048 18 0.015 50 0.0155 30 0.0155
floor Bottom 130 0.00048 18 0.015 80 0.0550 80 0.0550
2nd Top 130 0.00048 22 0.019 50 0.0155 30 0.0155
floor Bottom 130 0.00048 22 0.019 80 0.0550 80 0.0550
Ist Top 130 0.00048 28 0.025 50 0.0155 30 0.0155
floor  Bogom 70 000041 28 0.025 80 00550 80 00550

1 kips =4.45kN, 1 in =254 mm.

Table 4-1b Shear Capacities of Structural Sections (units kips)

Columns Beamns
Interior Exterior Interior Exterior
() (2 (3) (4) O
Original Structure -
3rd floor 0.978 0.800 2.619 2619
2nd floor 1.280 0978 2.619 2.619
1st floor 1.600 1244 2619 2619
After Conventional Retrofit
3rd floor 577 0.800 2.619 2619
2nd floor 577 0978 2.619 2619
1st floor 577 1.244 2.619 2.619

1 kips = 4.45kN



the conventionally retrofitted structure suffered less damage, in repairable range. The original
structure displayed a soft-column-side-sway mechanism. The conventionally retrofitted structure
developed a safer beam-side-sway mechanism, which explains the reduced damage.

However, the structure developed inelastic behavior and damage. Therefore the structure was

further retrofitted as presented in the next section.
4.3 Retrofit with Supplemental Fluid Viscous Dampers

The structure was retrofitted with additional braces in the middle bay of each frame at all
floors as shown in Fig. 4-5 and 4-6. The details of the braces are shown in Fig. 4-7 and 4-8.

The braces were connected to the floors at base and top of columns and transferred loads to
the joint through the beams and the fillet joint (see Fig. 4-8). The brace consists of an A36
1.5x6x172" steel angle connected through 1/2 in diameter bolts to allow for a pinned connection at

its ends.
4.3.1 Viscous Fluid Damper

The damper installed in the brace was selected from the catalog of Taylor Devices Inc. Model
3x4, rated to 10,000 lbs (44.6 kN) as shown in Fig. 2-2. The damper was connected to the brace
using a load cell with a capacity of 30,000 Ibs. The dampers (presented in Section 2) installed in
the structure as follows: #2 and #3 at first floor, #4 and #1 at second floor, and #6 and #5 at third
floor, where the first ones in the pairs indicate east frame of the structure (see damper properties
in Section 2).

The damper construction can prevent rotations between its two ends which is suitable to

prevent buckling in the brace assembly.
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Figure 4-5  Perspective View of the Frame with Installed Damiping Devices
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Figure 4-7  Perspective View of Fluid Viscous Dampers Installed in the Mid-bay of the Frame
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4.4 Instrumentation

The structure was instrumented with motion and force transducers to allow monitoring the
force transfer within the structure. A series of accelerometers were installed horizontally at each
floor and at its base. Five directional load cells ineasuring axial loads, shear forces in two
directions, bending moments in two directions were installed in the mid-height of each column of
east frame at first and second floor (see Fig. 4-2). For detailed description of load cells see Bracci
et al. 1992a. The braces were instrumented with an axial load cell and a longitudinal displacement
transducer (see Fig. 4-6) to measure the movement in the damper.

The structure was placed on the shaking table at SUNY/Buffalo. The shaking system was
monitored for displacements, velocities and accelerations in horizontal, vertical and rocking
directions. A total of 83 channels of data were recorded during each earthquake.

The instrumentation consisting of load cells, displacement transducers and accelerometers is
detailed in APPENDIX B with a list of monitored channels and their corresponding descriptions

are given in Table 4-2. A total of 83 channels were monitored.
4.5 Experimental Program

The study was performed using simulated ground motion of two types: (i) low level white
noise excitations in horizontal direction to identify structural properties of the structure at various
stages of testing and to verify functionality of instrumentation; and (ii) various levels of simulated
historical earthquakes scaled to produce elastic and inelastic response in the structure. The
structure was tested with and without dampers for comparison sakes. The testing schedule is
presented in Table 4-3. The tests without dampers (tests #39 through #44) were done at lower

maximum levels than the tests with dampers, to permit further repairing and testing (without
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Table 4-2 List of Channels (with reference to Fig. B-1)

CHANNEL | NOTATION | INSTRUMENT RESPONSE MEASURED
1 AHI ACCEL Longitudinal accel. - on the base, east side
2 AH2 ACCEL Longitudinal accel. - on the base, west side
3 AH3 ACCEL Longitudinal accel. - 1st floor, east side
4 AH4 ACCEL Longitudinal accel. -1st floor, west side
5 AHS ACCEL Longitudinal accel. - 2nd floor, east side
6 AH6 | ACCEL Longitudinal accel. -2nd floor, west side
7 AH7 | ACCEL Longitudinal accel. - 3rd floor, east side
8 AH8 |  ACCEL Longitudinal accel. -3rd floor, west side
9 AVl ACCEL | Vertical accel. - on the base, north east side
10 AV2 ACCEL |  Vertcal accel. - 1st floor, north east side
11 AV3 ~ ACCEL Vertical accel. - 2nd floor, north east side
12 AV4 ACCEL | Vertical accel. - 3rd floor, north east side
13 AVS ACCEL |  Ventical accel. - Ist floor. south east side
14 AV7 ACCEL Vertical accel. - 2nd floor, south east side
15 AVS ACCEL Vertical accel. - 3rd floor, south east side
16 AT! ACCEL Transverse accel. - on the base, east side
17 AT2 ACCEL Transverse accel. - 1st floor, east side
18 AT3 ACCEL Transverse accel. - 2nd floor, east side

T AT4 ACCEL Transverse accel. - 3rd floor, cast side
20 D1 DT Longitudinal accel. - on the base, east side
21 D2 DT Longitudinal accel. - on the base, west side
22 D3 DT Longitudinal accel. - 1st floor, east side
23 D4 DT Longitudinal accel. - 1st floor, west side
24 D5 DT Longitudinal accel. - 2nd floor, east side
25 D6 DT Longitudinal accel. - 2nd floor, west side
26 D7 DT Longitudinal accel. - 3rd floor, east side
27 D8 DT Longitudinal accel. - 3rd floor, west side
28 N1 LOAD CELL Axial force - 1st floor exterior column
29 MX1 LOAD CELL | Moment in N-S plan - 1st floor exterior column
30 MY1 LOAD CELL {Moment in W-E plan - 1st floor exterior column
31 SX1 LOAD CELL | Shear in N-S plan - 1st floor exterior column
32 SY1 LOAD CELL | Shear in W-E plan - 1st floor exterior column

ACCEL= Accelerometer, DT= Displacement Transducer; Longitudinal = North-South Direction
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Table 4-2 (Cont'd)

CHANNEL | NOTATION | INSTRUMENT] RESPONSE MEASURED
33 N2 LOAD CELL Axial force - 1st floor interior column
34 | MX2 I LOAD CELL ;| Moment in N-S plan - 1st floor interior column
38 I MY2 . LOAD CELL | Moment in W-E plan - 1st floor interior column
36 SX2 i LOAD CELL Shear in N-S plan - 1st floor interior column
37 | SY2 L LOAD CELL | Shear in W-E plan - Ist floor interior column
38 | N3 [ LOAD CELL Axial force - 1st floor interior column
39 MX3 | LOADCELL | Moment in N-$ plan - 1st floor interior column
40 MY3 LOAD CELL | Moment in W-E plan - 1st floor interior column
41 S$X3 LOAD CELL Shear in N-S plan - 1st floor interior column
42 SY3  LOAD CELL { Shear in W-E plan - 1st floor interior column
43 ‘ N4 L LOAD CELL L Axial force - Ist floor exterior column
44 | MX4 ' LOAD CELL | Moment in N-§ plan - st floor exterior column
45 l MY4 ' LOAD CELL | Moment in W-E plan - 1st floor exterior column
46 T SX4 i LOAD CELL | Shear in N-S plan - Ist floor exterior column
47 | Sy4 . LOAD CELL | Shear in W-E plan - 1st floor exterior column
48 L NS5 Y LOAD CELL | Axial force - 2nd floor exterior column
49 MXSs ' LOAD CELL l‘ Moment in N-S plan - 2nd floor exterior column
50 T OMYS LOAD CELL Moment in W-E plan - 2nd floor exterior column
S1 1 SXs3 LOAD CELL  Shear in N-S plan - 2nd floor exterior column
52 L SYS ' LOADCELL | Shear in W-E plan - 2nd floor exterior column
53 ‘ N6 x I.LOAD CELL Axial force - 2st floor interior column
54 L MX6 } LOAD CELL | Moment in N-S plan - 2st floor interior column
ss MY6 | LOAD CELL | Moment in W-E plan - 2st floor interior column
56 SX6 ' LOAD CELL Shear in N-S plan - 2st floor interior column
57 SY6 LOAD CELL ;| Shearin W-E plan - 2st floor interior column
58 N7 LOAD CEL.L Axial force - 2st floor intericr column
59 MX7  LOAD CELL | Moment in N-S plan - 2st floor interior column
60 MY?7 - LOAD CELL | Moment in W-E plan - 2st floor interior column
61 SX7 LOAD CELL Shear in N-S plan - 2st floor interior column
62 SY7 LOAD CELL | Shear in W-E plan - 2st floor interior column
63 N8 . LOAD CELL Axial force - 2nd floor exterior column
64 MX8  LOADCELL | Moment in N-S plan - 2nd floor exterior column
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Table 4-2 (Cont'd)

CHANNEL [NOTATION! INSTRUMNET RESPONSE MEASURED
65 MY38 LOAD CELL ! Moment in W-E plan - 2nd floor, exterior column
66 SX8 LOAD CELL Shear in N-S plan - 2nd floor, exterior column
67 SY8 LOAD CELL Shear in W-E plan - 2nd floor, exterior column
68 DFIE LOAD CELL Damper force - 1st floor, east side
69 DF2E | LOAD CELL Damper force - 2nd floor, east side
70 DFIW  LOAD CELL ! Damper force - 1st floor, west side
71 | DF2W LOAD CELL Damper force - 2nd floor, west side
2 DDIE ; DT Damper displacement - 1st floor, east side
73 } DD2E DT | Damper displacement - 2nd floor. east side
74 . DDIW [r DT Damper displacement - Ist floor, west side
75 1 DD2wW | DT Damper displacement - 2nd floor, west side
76 | DLAT - DT Lateral displacement on shaking table
77 L ALAT ACCEL Lateral acceleration on shaking table
78 | DVRT L DT Vertical displacement on shaking table
79 . AVRT ACCEL Vertical acceleration on shaking table
80 FORCE_ W LOAD CELL Accuator force - west side
81 | FORCE E . LOAD CELL Accuator force - east side
82 VFRC_SE | LOAD CELL Vertical accuator force - South east side
83 VFRC NE = LOAD CELL Vertical accuator force - North east side

ACCEL= Accelerometer. DT= Displacement Transducer

4-16



Table 4-3 Shaking Table Experimental Program

test ¥ motion PGA(g's) | no.of dampers | file name | date (1993) structural frequencies (Hz) notes
(H ) 3 4) (5) (6) D 8)
1 white noise 0025 6 FLOWA2S | Marchist | 194 | 794 | 1544 2
2 white noise C 0025 | 6 FLWWA2S | March2nd | 256 | 1000 | 1819
3 R%@ANAE | 0050 | 6 { FLWTAOS | March2nd | 206 902 | 1712
3 white naise L0 6 | FLWWBOS * March2nd | 256 | 1058 | 1931
5 128% WANZIE | 0.200 6 | FLWTA20 | March2nd | 151 8.31 16.12
6 white noise [ 00s0 6 _FLWWCSO | March2nd | 200 | 9.00 | 1690
7 192% @ftN2IE 0300 ' 6 FLWTA | MarchInd | 187 | 906 | 2090
8 white noise . 0050 6 . FLWWDS0 | March2nd | 193 | 900 . 1690 |
9 256% WNJAE | 0400 3 FLWTA40 | March2nd | 162 @ 812 . 1728 |
0 white noise 0050 | 5 FLWWESO | March2nd | 193 ;. 887 | 168i
11 | 288% @ N2IE | 0450 6 FLWTA4S | March2nd | 144 | 819 | 1675
12 ! white noise | 0.050 6 . FLWWFSO | March2nd | 187 | 875 | 1681
13 white noise 1 0050 6 FLWWFSB | March3rd | 187 | 875 | 168
14 86% clcentro SOOE | 0.300 6 . FLWEA0 | March3rd | 1.62 837 | 19.06
15 white noise 0050 5 FLWWGS0 | “iarch3rd | 194 | 906 | 1675
16 114% el-centro SO0E 0.400 6 | FLWEA40J‘ March 3rd 1.50 831 . 1756
17 white noise L0050 6 | FLWWHS0 | March3rd | 187 887 © 1881
18 hachinche © 0200 | 6 | FLWHA20 | March3rd | 1.62 787 | 1831 | 23
19 white notsc 0% 6 FLWWISO | March3rd | 1387 887 | 1665 | 2
20 131% hachinohe . 0300 | 6 FLWHA3 | Marchdd | 062 | 606 | 1244
a white noise T 0050 6 FLWWJSO | March3rd | 181 887 | 1681
© 22| 288%@ftN2IE | 0450 6 FLWTB4S | March 4th 5
233 | white novise L 00s0 6 FLWWKSO | Marchdth | 181 | 887 | 1681
24 | 87% hachinohe 0200 | 6 FLWHB20 | March4th | 162 | 869 | 1575
x| w! ‘te noise | oo0s0 6 FLWWLSO | Marcndth | 181 ° B87 | 168]
26 131%hachinohe |  0.300 6 FLWHB30 = March4th | 162 737 | 17.31
Y white noise " o050 6 FLWWMSO0 | March4th | 1.81 887 | 168l
28 white noise T 0050 6 FLWWNSO | MarchSth | 181 887 | 1681
29 | I7% pacoimaSIE | 0200 | 6 FLWPA20 | March Sth 4
30 white neise L0050 6 FLWWOS0 | MarchSth | 181 887 | 168i
3 26% pacoima SIE | 0.300 6 FLWPA30 | MarchSth | 1.31 787 | 1662
2 white noise 0.050 6 FLWWPS0 | MarchSth | 181 887 | 1675
3 34% pacoima SI6E | 0.400 6 FLWPA40 | MachSth | 131 787 | 1594
34 white noise 0.050 6 FLWWQSO | MarchSth | 87 | 887 | 1675
3s 43% pacoima S16E 0.500 6 FLWPASO | MarchSth | 131 787 | 1812
36 white noise 0.050 6 FLWWRSO | MarchSth | 181 887 | 1675
37 117% Mexicocity N9O | 0.200 6 FLWMA20 | MarchSth | 300 | 837 | 1231
s white poise 0.050 6 FLWWSS0 | MarchSth | 125 | 887 | 1675
39 white noise 0.050 0 FLOWASA | March Sth 1
40 white noise 0.050 | 0 FLOWASC | MarchSth | 162 | 694 | 1437
41 128% waft N21E 020 | © FLOTA20 | MarchSth | 1.31 656 | 1437
42 white noise 0.050 0 FLOWBSO | MarchSth | 162 | 7.00 | 1450
4 86% el-centro SO0E 0.300 0 FLOEA30 | March5th | 131 612 | 1400
41 white noise 0.050 0 FLOWCSO | MarchSth | 162 | 695 | 1443

Notes: 1. pretest; 2. bad file, 3. incorrect time scaling; 4. file missing:, 5. table demonstration
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necessity to repair extensive damage).

A total of 17 earthquake simulation tests were performed for the structure with dampers and
another two for bare frame. The simulated ground motion inciuded Taft N21E 1952, Elcentro
SOOE 1940, Hachinohe 1964, Pacoima Dam S16E 1971, and Mexico City N9OE 1985. The tests
were performed using the horizontal components only. The simulated requirements for a 1:3 scale

structure using artificial mass simulation dictated a reduction of the time interval for the horizontal

accelerogramof 1 : J3 . The acceleration, displacement and velocities and response spectra of the

shaking table simulated motion are shown in Fig. 4-9 through 4-14.
4.6 Identification of Structure Properties

A low level 0.05g narrow band (0-25) white noise excitation was used to shake the structure
in order to identify initial stiffness of structure before and after each severe shaking. The low level

dynamic properties, periods and mode shapes were determined as described below.
4.6.1 Experimental Identification of Dynamic Characteristics of Model

The structure is assumed to behave linearly elastic at low amplitude levels. The increased

structur.:| response is therefore:

. N .
U= (£ o, ) U, @ @)
F
where U; (0), U, (w) indicate the Fourier transforms of the absolute acceleration response (at
d.o.f i) and the base excitation, respectively, H(w) indicates the complex frequency absolute

acceleration response function;

2 .
ri+28&;ri

(1—rf)+2§, rji

H,((D) =

4-2)
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Figure 4-9  Simulated Ground Motion El-Centro SOOE Scaled to PGA 0.3g
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Figure 4-11  Simulated Ground Motion Taft N21E Scaled to PGA 0.2g
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rP28 i

(1—r})+2§, ryi

Hw)= @-2)

where r = n)/o)j is the model frequency ratio for mode j, and i= ,/: . In Eq. (4-1) ¢, are the

mass (m) normalized mode shapes satisfying the condition,

N 2

ZI¢T, m;=1 (forj=1,N), 4-3)
aad T, is the modal participation factor:

N

I', =_Zl d),',' m, (4‘4)
For well separated modes. as obtained in the response of this structure, the acceleration response
transfer function, which is defined as:

Ta(@) =U; (0}/ U, (@), (4-5)

is obtain~d at a resonant peak from single mode, k, contribution from Eq. (4-1) for

(H;(wi) ~ 0 for o # ®,):

Ta(0i) =Pu Hi(wy) Tx (4-6)
The ratio of modal shapes are obtained from ratio of transfer functions from Eq. (4-6):
Oic/djc = Tai @ )/ T oi(001) 4-7)

At the peak obtained for frequency @, , the absolute value of the complex