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SUMMARY

This paper presents the results of an experimental study of the seismic response of buildings with
supplemental fluid damping devices. These devices operate on the principle of fuid fflow through orifices
specially shaped so as to produce damping forces proportional to the velocity, i.e. the devices operate as
linear viscous dampers. The experimental results demonstrate that the addition of Auid dampers to the
tested steel model structure resulted in reductions of interstory drifts, floor accelerations and story shear
forces by factors of two to threc in comparison with the response of the same structure without the dampers.

l. INTRODUCTION

The conventional approach towards seismic hazard mitigation is to resist earthquakes through
a combination of strength, deformability and energy absorption capability. The energy absorp-
tion capability of structures is typically low unless they are deformed inelastically. Commonty,
structures are designed to absorb earthquake energy through localized damage of their lateral
force resisting system.

An alternative approach has been advanced recently that introduces energy dissipating devices
within the structural system and prevents the development of damage to the structural system.
The means by which energy is dissipated in these added mechanical devices includes the yielding
of mild steel,'=* sliding friction,*~* viscoelastic action in rubber-like materials® 1°-'2 and fluid
orificing.'? A critical review of the various energy absorbing systems has been provided by the
authors in a report'> and in an accompanying paper in this journal,

Attaching energy dissipating devices to moment resisting frames reduces drift and thus bending
moment in the columns. However, they change the behavior of the structural system to that of
a braced frame. Accordingly, they introduce additional axial forces in the columns.!® In devices
with hysteretic behavior, such as [riction and yielding steel dampers and devices with viscoelastic
behavior, the additional axial forces in the columns are completely or partially in-phase with
the peak bending moment. In contrast, purely viscous devices introduce axial force with its peak
value being out-of-phase with the peak bending moment. As explained in Reference 13, this
difference in behavior among energy dissipating devices is of importance in the design of damped
tall structures. _

This paper describes an experimental study of the seismic response of structures with supple-
mental fluid dampers that exhibit essentially linear viscous behavior. The mechanical characteris-
tics of these devices are experimentally obtained over a wide range of frequencies of motion and
of temperature. Shake table tests of a series of structural models are reported, Mathematical
models that describe the behavior of the devices are presented and experimentally verified.
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2. DESCRIPTION OF DAMPERS

Damping devices that utilize fluid flow through orifices were originally developed for use as
energy absorbing buffers on overhead cranes and then extensively used for the shock isolation
of military hardware. The construction of the device tested is shown in Figure 1. It consists of
a stainless steel piston, with a bronze orifice head and an accumulator. It is filled with silicone
oil. The orifice flow is compensated by a passive bi-metallic thermostat that allows operation
of the device over a temperature range of —40°F to 160°F (—40°C to 70°C).

The force generated by the fluid damper is due to a pressure differential across the piston
head. During motion of the piston head, the fluid volume is changed by the product of travel
and-piston rod area. Since the fluid is compressible, this change in fluid volume is accompanied
by the development of a spring-like restoring force. This is prevented by the use of the
accurnulator. The tested device showed no measurable. stiffness for piston meotions with
frequency less than about 4 Hz. In general, this cut-off {requency depends on the design of the
accumulator and may be specified in the design.

The existence of the aforementioned cut-off frequency is a desirable property. The devices may
provide additional viscous-type damping to the fundamental mode of the structure (typically
with a frequency less than the cut-off frequency) and additional damping and stiffness to the
higher modes. This may, in effect, completely suppress the contribution of the higher modes of
vibration.

Typical fluid dampers utilize cylindrically-shaped orifices (known as ‘square law’ or
‘Bernoullian® orifices). Such orifices produce damper forces proportional to the square of the
velocity of the piston rod, a usually unacceptable performance in shock isolation. The orifice
design in the tested fluid damper produces a force that is not proportional to velocity squared.
The orifice utilizes a series of specially shaped passages to alter flow characteristics with fluid
speed. A schematic of this orifice is shown in Figure 2. It is known as a “fluidic control orifice’.
It provides forces proportional to |i|%, where a is a predetermined cocfficient in the range 0:5
to 2:0. In earthquake engineering applications, a design with « = 1 appears to be the most
desired. Tt results in essentially linear viscous behavior. The devices utilized in this testing
program were designed to have this behavior.

The mechanical characteristics of the dampers have been determined using a testing
arrangement in which a hydraulic actuator applied a dynamic force along the axis of the damper.
The force needed to maintain a specified motion of the damper piston rod was measured by a
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Figure 2. Fluidic control orilice

load cell which was connected between the damper and a reaction frame. The recorded
force-displacement relationship was used to extract the mechanical characteristics of the

dampers.

The:frequency and amplitude of the motion of the damper: piston was.specified:for.each test.
The-actuator was.run-under displacement control such: that the:resulting-motion ofthe damper
piston was sinusoidal. The damper motion is given by

u = ugsin (wt) : o (1

where "uo»is the amplitude. of the displacement, w-is the-f:equcncy-;of»:mo.ti_on,:afnd ALis.the time.
For steady-state conditions, the force needed to: maintain-this motion is. R
P = P,sin{wt + ) (2)

where P, is the amplitude of the force and J is the phase angle.. The area within the recorded
force-displacement loops can be measured to determine the energy dissipated in a single cycle
of motion

W, = é;P du = nPyu, sin (8) (3)
Introducing the quantities
P
K, ==2cos(8), K,= fo in (8) (4)
itg Uy

where K; is the storage stiffness and K, is the loss stiffness, (2) may be written as
K
w

In this equation, the first term represents the force due to the stiffness of the damper, which is
in phase with the motion, and the second term represents the force in the damper due to the
viscosity of the damper, which is 90° out of phase with the motion. The damping coefficient is
given by

C=—= : (6)
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Figure 3. Recorded force-displacement loops at low temperature (I in = 25-4 mm; [ Ib = 445 N)

The loss stiffness and phase angle are determined from (3) and (4) to be

W,
K, = n_;% (7
§=sin! (K;uo) ‘ (8)
0

Eqguations (4) and (6) through (8) were used to obtain the. mechanical properties of the damper
from experimentally measured values of W, P, and u,. A total of 58 tests were conducted in
the frequency range 01 to 25 Hz, peak velocity range 0-65ins™! to 182ins~! (165 to
4623 mm s~ ') and at three temperatures: about 0°C, room temperature (about 22°C), and
about 50°C. In all tests, five cycles were completed. The low-temperature tests were conducted
with the damper encased in a plastic cylindrical tube containing a pack of ice with alcohol to
lower the temperature. The high temperature tests were conducted with the damper encased in
a cardboard cylindrical tube wrapped with teflon tape. A temperature adjustable heating unit
was wrapped around the tube several times. The heat generated by the heating unit was
transferred to the space between the damper and the cylindrical tube. In all cases, a thermocouple
monitored the surface temperature of the housing of the device.

Typical recorded force-displacement loops are presented in Figures 3 through 5 at tempera-
tures of 1°C, 23°C and 47°C and frequencies of 1, 2 and 4 Hz In this range of frequency of
motion, the device exhibits insignificant storage stiffness and its behavior is essentially lincar
viscous. At frequencies above about 4 Hz, the device exhibits storage stiffness reaching values
approximately equal to the loss stiffness at frequencies exceeding 20 Hz. Figure 6 demonstrates
this behavior in a test at a frequency of 20 Hz and an amplitude of 0-05in (127 mm),

The mechanical properties of the device were found to be almost completely independent of
the amplitude of motion. This was confirmed in tests conducted at the same frequency and
different amplitude. Within a temperature range of about 0°C to 50°C, the device apparently
exhibits a dependence of its mechanical properties on temperature, but this dependence is not
significant.
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3. MATHEMATICAL MODELING OF DAMPERS

Over a large [requency range, the damper exhibits viscoelastic fluid behavior. The simplest model
to account for this behavior is the Maxwell model.'*
The Maxwell model is defined at the macroscopic level as

P4 AP = Cy )

where A is the relaxation time and C, is the damping constant at zero [requency. A more general
Maxwell model may also be considered in which the derivatives are of fractional order:'3

P+ ADTP] = CoDo[u] (10)

where D'[ f(1)] is the fractional derivative of order r of the time dependent function f. For
complex viscoelastic fluid behavior, Equation (10) may offer more control than {9) in modeling
the behavior. .

The generalized Maxwell model was considered initially. The parameter ¢ was set equal to
unity based on the assumption that the damping coefficient of the device is independent of the
velocity over a wide range of values. For ¢ = 1, the parameter C, becomes the damping constant
at zero frequency. Parameters 1 and r were then determined by fitting the curves of the
experimental values of C and K, versus the frequency of motion. Analytical expressions for the
mechanical properties are given by

Codw! *7 sin (E?.f)
K, = y (8]
g CO[I + Ao cos (52-’3)]
C= ;2 = y (12)
d =1+ 0¥ + 240" cos ("Er) (13)
& =tan"? (%) (14)
1

The calibration ol the model (10} was performed for the case of room temperature, for which
experimental data over a wide frequency range were available. The calibration resulted in
parameters r = 1, g =1, 1 = 0006 s and C, =88 Ibsin~! (1545 N s mm™"). Interestingly, the
calibrated model is the classical Maxwell model. A comparison of experimental and analytically
derived properties of storage stiffness, damping coefficient and phase angle is presented in Figures
7 and 8. The comparison is very good except for frequencies above 20 Hz, where the model
underpredicts the storage stiffness. Such frequencies are typically not considered in seismic
analysis. Furthermore, the model predicts non-zero storage stiffness in the low frequency range
{ <2 Hz). The predicted storage stiffness is insignificant for practical purposes.

The damper exhibits a relaxation time of only 6 ms. This indicates that for low rates of damper
force, the term AP in (9) is insignificant. This occurs for frequencies below a cut-off value of
about 4 Hz. Accordingly, for typical structural applications the term AP may be neglected. The
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model of the damper below the cut-off frequency is simply

P = Cyii

(15)

and, thus, for most practical purposes the damper behaves as a linear viscous dashpot.

The effect that temperature has on the single parameter of the model, C,, is investigated in
Figure 9. The recorded peak force in each test is plotted against the imposed peak velocity for
the three values of temperature. It may be seen that the experimental results may be fitted to
straight lines of slope C,. For room temperature (24°C) and above, the behavior is indeed
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Figure 9. Recorded values of peak force versus peak velocity for low, room and high temperature tests (1 in = 254 mm;
11b = 445 N}

linear viscous to velocities of about 20 in s~ ! (508 mm s~ !) and beyond. As temperature drops,
the experimental results deviate from linearity at a lower velocity.

The values of the constant C, in Figure 9 demonstrate that the damper exhibits a stable
behavior over a wide range of temperatures. Between about 0°C and 50°C, constant C, reduces
by a factor of less than 2. Assuming that a design for a building application will be anchored
at a temperature of about 24°C, variations of temperature in the range 0°C to 50°C will result
in variations in the damping ratio of +44% to —25%,. That is, if a design calls for a damping
ratio of 20% of critical, extreme temperature variations will-alter the damping ratio in the range
of 15%, to 29% of critical.

4. ONE-STORY AND THREE-STORY STEEL STRUCTURES

A scries of tests was performed on a model structure {see Figure 10). The structure was a
three-story 1:4 scale steel frame which modeled a shear building by the method of artificial
mass simulation.'® The model does not represent a similitude-scaled replica of a full-scale
building. Rather, the test structure was designed as a small structural system. The model has
been used in a number of prewous earthquake simulation studies. The mass of each floor of the
three-story model was 546 1bs? in~! (958-kg) for a total mass of 16-38 Ibs*in~' (2874 kg).
For some of the tests, the structure was modified by rigidly bracing the second and third stories
so that the frame would act as a one-story structure. The one-story model had a total mass of
167 Ib s? in~! (2930 kg).

For the one-story structure, the dampers were placed at the first story and consisted of either
two or four damping units (see Figure 11). For the three-story structure, the dampers were placed
at the first story for the two and four damper cases and at all three stories for the six damper
cases (see Figure 12).

Testing proceeded in the following sequence. First, the one-story configuration without and
with fluid dampers was tested. The structure suffered damage in previous testing and exhibited
both low stiffness and strength. Cracks existed on the webs of the structural tees forming the
first story columns. Propagation of the cracks was prevented by drilling small holes at the tip
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of each crack. In this condition, the one-story structure was identified to have, at small amplitudes
of vibration, a frequency of 2 Hz and damping ratio of 0-55% of critical. In seismic excitation,
damping was estimated to be about 2% of critical.

Subsequently, the one-story structure was tested in a stiffer configuration. Steel plate
stiffeners were welded at the top and bottom of each first-story column. The properties of
the structure at small amplitudes of vibration were identified to have a frequency of 3-13 Hz and a
damping ratio of 2%, of critical. Under seismic excitation, damping was estimated at about 3%
of critical. Tests were conducted in this one-story configuration both with and without fluid
dampers.

Recognizing that damping in the structure without fluid dampers may be low, a different
configuration was created and tested. A system of wire rope cables and pulleys was attached to
the one-story stiffened structure as shown in Figure 13. The pulleys were tocked so that during
deformation the cables slid on the pulley guides. During motion, the cables did not change
length so that they introduced frictional damping without increasing the stiffness. In seismic
excitation, this damping was estimated to be about 5% of critical. In this configuration, tests
were conducted without fluid dampers.

In the three-story configuration, the bracing of the top two stories was removed. The structure
was identified at small amplitudes of motion to have a fundamental frequency of 2 Hz and a
corresponding damping ratio equal to 1-74% of critical. Tests were conducted both with and
without dampers. :
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5. TEST PROGRAM AND RESULTS

A total of 66 earthquake simulation tests were performed on the model structure. The carthquake
signals and their characteristics are listed in Table I. Each record was compressed in time by a
factor of two to satisly the similitude requirements of the quarter-length scale model. As an
example, Figure 14 shows recorded time historics of the table motion for the El Centro
earthquake. The acceleration and displacement records were directly measured, whereas the
velocity record was obtained by numerical differentiation of the displacement record. It may be
observed that the peak ground motion was reproduced well, but not exactly, by the table
generated motion. Figure 14 also shows the acceleration response spectrum of the table motion.
This spectrum is compared with the spectrum of the actual record to demonstrate the good
reproduction of the motion by the table.

The experimental results for the unstiffened and stiffened one-story structure are summarized
in Tables H and IlI, respectively. For each test, the peak values of the table motion in the
horizontal direction, the structural system conditions, and the excitation, arc given. The
excitation is identified with a percentage figure representing a scaling factor on the acceleration,
velocity and displacement of the actual record. For example, the ligure 200%, denotes a motion
scaled up by a factor of two in comparison with the actual record. The displacement and
acceleration responses were measured directly, whereas the velocity response was determined
by numerical differentiation of the displacement record. The peak drift is given as a percentage
of the story height which was 32 in (813 mm). In addition, the peak drift has been determined
based upon the horizontal component of the damper displacement. There is a quantitative
difference between the two values of the peak drift which has been attributed to slipping at the
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Table I. Earthquake motions used in test program and characteristics in prototype scale (1 in = 25-4 mm)

Predominant Peak Peak  Peak
’ frequency  acceferation velocity displ.
Notation Record Magnitude range (Hz) (g) (ins™Y) (in)

Imperial Valley,
E! Centro SOOE < May 18, 1940, 6.7 1-4 0.34 13.17 428
component SO0E

July 21, 1952, 7.2 0.5-5 0.16 6.19 2.64
component N21E

Kern County,
Talt N21E

San Fernando,
Pacoima 874W {February 9, 1971, 6.4 0.25-2 1.08 2273 426
component S74W

Tohoku University,

ol an. O 4 Sendai, Japan, - 1
Miyagi-Ken-Oki {June 12, 1978, 74 0.5-5 0.16 555 200

component EW

Tokachi-Oki earthquake,

Hachinohe Japan, 79 0.25-1.5 0.23 1406  4.68
May 16, 1968,
component NS

bolted connections between the structural frame and the lateral bracing. The peak base shear was
calculated from the known masses and recorded accelerations and is given as a fraction of the
total weight (6446 1b or 28743 N) of the structure.

Resuits in graphical form for some tests are presented in Figures 15 to 19. The figures present
recorded loops of base shear force over weight ratio versus the first-story drift. Furthermore,
for each test, the figures also present the contributions to the base shear from the fluid dampers
and the columns. It is evident in these graphs that the contribution from the fluid dampers to
the base shear—drift loops is purely of a viscous nature and accordingly the dampers display no
stiffness. This confirms that the additional column axial load due to the damper forces occurs
out of phase with the peak drift so that column compression failure is not a concern.
Furthermore, Figure 16 illustrates response to only horizontal motion whereas Figure 17
presents the response to both horizontal and vertical input motion.

The experimental results for the three-story structure tests are given in Table IV. For each
test, the peak values of the table motion in the horizontal direction are given, The peak drift is
given as a percentage of the story height which was 32 in (813 mm) for the first story and 30in
(762 mm) for the second and third stories. In addition, the peak drift of the first story has been
determined based upon the horizontal component of the damper displacement. The quantitative
difference between the two values is again a result of slipping at the bolted connections between
the structural frame and the lateral bracing. The peak acceleration at each floor is given and
the peak shear force at each story is given as a fraction of the total weight (6332 Ib or 28235 N)
of the structure. Plots of recorded story shear force over total weight ratio versus story drift for
some tests are presented in Figures 20 to 22.
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shaking table excited with El Centro 100% motion (I in = 25-4 mm)

A number of observations related to the effectiveness of fluid dampers are made from the
results of Tables II through 1V and from Figures 15 to 22, A comparison of responses between
the one-story structure both with and without fluid dampers reveals ratios of peak story drift
in the damped structure to peak story drift in the undamped moment-resisting frame structure,
RD, in the range 03 to -7 and ratios of peak base shear force in the damped structure to peak
base shear force in the undamped structure, RBS, in the range 0-4 to 0-7. These significant
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Figure 15. Experimental results for the one-story unstiffened structure with no dampers subjected to Taft 100% motion
(1 in = 25-4 mm)
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Figure 16. Experimental results for the one-story unstiffened structure with two dampers subjected to Taft 1007, motion
(1in = 254 mm)

reductions in response are the result of increased ability to dissipate energy and are not the
result of changes in stiffness.

The corresponding ratios of story drift and story shear force in the three-story structure are
lower and typically in the range 0-3 to 0-5. The lower values of these ratios in the three-story
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Figure 17. Experlmcntal results for the one-story unstiffened structure with two dampers subjected to horizontal and
vertical components of Talt 100% motion (1in = 25-4:mm)
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Figure [8. Experintental results for the one-story unstiffened structure with four dampers subjected to Tall 100 motion
(lin = 254 mm)
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Figure 19. Experimental results for the one-story unstiffened structure with four dampers subjected to Taft 300%, motion
{l in = 25-4 mm)

structure in comparison with the one-story structure is the result of lower damping in the bare
frame of the three-story structure.

A comparison of responses of the three-story structure both with and without fluid dampers
is presented in Figure 23. Clearly, the addition of fluid dampers resuited in a significant overall
reduction of acceleration, story shear force and interstory drift.

A different comparison, presented in Figure 24, shows the response of the three-story structure
both with and without dampers at two different levels of the same earthquake. The responses
of the two systems are approximaltely the same for two significantly different levels of the same
earthquake. [t may be stated that, for this particular earthquake, the addition of fluid dampers
has increased the earthquake resistance of the moment resisting bare frame by three-fold. This is
generally not the case, however, and may be seen by an inspection of acceleration spectra of the
input motion which shows that the reduction achieved by increasing damping from 5 to 20%;
of critical depends on the period of the structure and the frequency content of the excitation.

In Figure 24, the base shear force in the damped structure is larger than that of the undamped
structure despite the overalt lower accelerations. This is explained by considering the differences
in the contribution of the higher modes of the two systems. In the undamped structure, the peak
values of floor acceleration occur at different times as a result of contributions from the higher
modes. In the damped structure, higher modes are almost completely suppressed and the peak
values of floor accelerations occur at almost identical times.
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Figure 20. Experimental results for the three-story structure with no dampers subjected to Taft 100% motion
{lin = 254 mm)

An observation to be made from Tables Il and 1V is the effect that the vertical ground motion
has on the response of the damped structure. The response, in terms of story drifts and shear
forces, is affected. The effect is either a2 minor mixed increase and decrease of varibus response
quantities or a minor net reduction of response. In general, this effect appears to be negligible.

The effect of fluid dampers on the behavior of a structural system to which they are attached
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Figure 21. Experimental results for the three-story structure with six dampers subjécled to Taft 300% motion
(I in = 25-4 mm}

is vividly illustrated in graphs of the time history of the energy dissipated by various mechanisms
in the structure. Figire 25 shows energy time histories for the one-story structure subjected to
the Taft 100% motion. The energies were calculated from the equation of motion after
multiplication by du and integration over the time interval O to . The result is!?

E=Ek+Es+Eh+Ed (16)
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Figure 22. Experimental resulis for the three-story structure with four dampers (installed at the first story only) subjected
to Taft 200%, motion (Il in = 254 min)

where
t
E= J m(i + i) du, (17

0

is the absolute energy input,
Ee = bm(i + )" (18)
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Figure 23. Acceleration, story shear and interstory drift profiles of three-story structure
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Figure 24. Comparison of response profiles for two dilferent levels of the same earthquake

is the kinetic energy,
E, = }ku? (19)

is the recoverable strain energy,

E,= J- nP, du 20)
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Figure 25. Encrgy time histories in one-story stilfened structure subjected to Tait 1003 motion (I kip = 4-45 kN;
1in = 254 mm)

is the energy dissipated by the fluid dampers, and E,, is the energy dissipated by other mechanisms
in the structural frame (by viscous and hysteretic actions).

Figure 25 demonstrates a reduction of the absolute input energy with the addition of fluid
dampers. Furthermore, the kinctic and strain energies are reduced. This demonstrates the
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reduction of structural deformation. However, the most beneficial effect is the significant
reduction of the energy dissipated in the structural frame in exchange for energy dissipation by
the fluid dampers.

The three-story structure was tested in two different configurations. In the first, fluid dampers
were placed at all stories (the case of six dampers). In the second, fluid dampers were placed
only at the first story (the cases of 2 and 4 dampers). The primary effect of the difference in
configuration was that damping in the fundamental mode varied from 9:9%, (two dampers) to
17-7% (four dampers) to 19-4% of critical (six dampers). The secondary effect was substantial
differences in the higher mode characteristics of the three systems.

In terms of the response of the three systems, Figure 23 provides a comparison of the systems
for two earthquakes. Evidently, the concentration of the fluid dampers at one level did not have
any adverse effect. The observed differences in the response of the three systems is just a result
of a difference in the damping of the fundamental mode.

It should be noted that, in general, this behavior can be achieved by placing fluid dampers
at those stories where the largest interstory velocity is expected. For response primarily in the
first mode, this occurs at the story with maximum drift in the mode shape. In effect, increases
in damping may be achieved cither by the distribution of several fluid dampers over the height
of the structure, or by strategically placing larger dampers at a few locations. The only drawback
of such an approach is the development of larger forces at a few joints and the reduction in
damper redundancy.

6. COMPARISON WITH OTHER ENERGY ABSORBING SYSTEMS

Direct comparison of responses of different structural systems to earthquakes is very difficult.
Typically, a relatively small difference in the period of the structure may lead to dramatic changes
in the response when the spectrum of the excitation exhibits significant changes in the range of
periods containing the respective fundamental periods. -

However, comparisons of indirect response quantities, such as the ratios of a particular
response quantity in the damped structure with the same quantity in the undamped structure,
may provide some limited insight into the behavior of various energy absorbing systems.

For this, we utilize recorded ratios of peak drift responses, RD, and peak base shear force,
RBS. Table V provides a comparison of these quantities for various energy absorbing systems.
The results in Table V demonstrate that all systems may produce comparable reductions in
drift. Furthermore, fluid dampers produce reductions in base shear force that are not realized
in the other energy absorbing systems. The reason for this behavior is the effectively viscous
nature of fluid dampers. As stated earlier, this behavior has a further advantage in that the
additional column axial forces are out-of-phase with the peak drift."?

Table V. Comparison of drift (RD) and base shear force (RBS)
response ratios of various energy absorbing systems

System RD RBS Reference
Viscoelastic dampers 0-5-09 ~1 Aiken and Kelly, 1990
Friction dampers 0-5-09 ~1 Aiken and Kelly, 1990

Yielding steel dampers  03-07  0:6-125  Whittaker et al. 1989
Fluid dampers 03-07  04-07 This study
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In summary, the addition of fluid dampers significantly reduced both the peak base shear and
peak drift in all tests performed. The simultaneous reduction of both of these response quantities
is desirable in that the shear forces transmitted to the supporting columns are reduced and, at
the same time, the non-structural elements are subjected to lower levels of relative displacement.
With currently available seismic protection techniques, other than seismic isolation, it is often
difficult to reduce both of these response quantities simultancously.

7. COMPARISON WITH ACTIVE CONTROL

Active control systems are based on the development of external forces (e.g. those developed by
actuators or actively moving masses) and have been' studied extensively. Soong'® demonstrated
that the effect of the active control is primarily to modify the structural properties of stiffness
and damping. In fact, successful experimental studies with an active tendon system!®:1?
demonstrated that the primary effect of active control was to increase damping of the tested
system with only minor or insignificant modification of stiffness.

In this respect, the achicvements of active control may be reproduced and exceeded by fluid
viscous dampers with the following additional advantages. . -

(a) -Low cost. This is primarily -achieved by utilizing the:motion- of ithe -structure itselfl to
generate the required-damping forces rather: than-using-other-means ‘external to the
structural system (e.g. actuators).

(b) ‘Reliability. Fluid. dampers have demonstrated good. performance over-the fast twenty years
in“military applications.

(c} Power requirements. Fluid dampers do not have external power requirements.

(d) Longevity. Fluid dampers have survived subjection to many years of continuous use in
the harsh environment of military applications.

In Table VI, the experimental results obtained using the three-story model structure are
compared with the resuits obtained using the same structure with an active control system.!8:19
This table compares the recorded response of the structure subjected to the 1940 El Centro,
component SOOE excitation when uncontrolied and when controlled by either an active tendon
system or by fluid dampers. It is evident from this table that the effect of the active tendon
system is only to modily damping, an cffect that can be reliably produced by fluid dampers.
Actually, the level of damping achieved by fluid dampers is such that, for this particular structure
and excitation, the fluid dampers exhibit a clearly superior performance to that of active control.

8. ANALYTICAL PREDICTION OF RESPONSE

8.1. Equations of motion

The equations of motion of a base excited elastic multi-degree of freedom lumped mass
structure with one degree of freedom per floor may be written in the following form:

[M3{ia} + [C){u} + [KM{ul + {Pu} = —[M {1} 21
where [M] is the mass matrix; [C,] is the damping matrix; [K ] is the stiffness matrix; iiy is the

ground acceleration; and {i}, {#t} and {u} are the vectors of relative acceleration, velocity and
displacement of the degrees of freedom, respectively. Furthermore, {1} is a vector which contains
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units. Vector {P,} contains the horizontal components of damper forces acting on the floors:

( HuPu \

(22)

Nl

{Pd} = { UTLY Rl TTRY o P

\ P — P

where #; is the number of dampers at the jth story (j=1,..., N) and P, is the horizontal
component of force in a damper at the jth story, It is assumed here that all dampers at a given

story are identical,
The general constitutive equation describing the damper force P, is (classical Maxwell model

(€))]
dp; d
R;+A-a—t-{=CDCQSZ aja(uj—'uj-_l) (23)

in which 0; is the angle of placement of damper- j with respect. to:the-horizontal-and .u, = 0
(=D

8.2, Time history-analysis
Application of Fourier transform to (21)-(23) results in
[S)]{a} = —[M]I{1}d, (29)
in which the overbar denotes the Fourier transform and matrix [S] represents the dynamic
stiffness matrix: '
[S()] = —w’[M] + iw[C,] + [K]+ [D{w)] (25)

Matrix [D] contains the contribution of the damper forces to the dynamic stiffness matrix.
The construction of matrix [D] is given below for two of the three tested configuratons of
the three-story structure depicted in Figure 12. It should be noted that all dampers are identical.
iw
D] = C 26
(D] R l[ ] (26)

where for the case of two dampers at the first story

00 0
[C]=]0 0 O 2n
0 0 C
and for the case of six dampers
o —C, 0 ,
[Cl=] -C, G+C; -G, (28)

0 -C G+
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In the above equations,
C,=2C,cos*8; i=1,2and3 29)
where (g is the damping constant of one fluid damper.
The Fourier transform of (23) is
_  iwC,ycos? 8, -
P=—"2"" (@, —a,. 30
J l + iwA. (uj uJ l) ( )

Now (24) and (30) may be solved numerically by employing the discrete Fourier transform
method:2°

(o)} = —;11:1 J " ST M1} A, ¢ doo 31

P = - j B ¢t doo (32)
2n ) _

Relative acceleration vectors are determined by an expression identical with (31) but with the
term —w? multiplying the inverse of the dynamic stiffness matrix, [S1~ i, The total acceleration

vector, {ti,}, is then obtained from
{i} = {a} + {1} 33)

The computed total acceleration histories are used in the calculation of the story shear forces.

8.3, Transfer functions

Transfer functions are useful in the identification of the vibrational characteristics of structures.
An acceleration transfer function is defined as the ratio.of the Fourier transform of the total
acceleration of a degree of freedom to the Fourier transform of the ground acceleration.

Defining the inverse of matrix [S] as [H], {(24) may be solved for {ii}. Upon multiplication
by --w?, the Fourier transform of the relative acceleration vector is obtained:

{#} = O’ [HIMK1}4, (34)

The transfer function of the jth degree of freedom is by definition

=" 35)
uS
or
K
k=1

where H, are elements of matrix [H] and m, is the lumped mass at the kth floor.

8.4. Eigenvalue problem

For the determination of frequencies and damping ratios of the damped structure, (21) and
(22) with i, set equal to zero are written in the form

[B1{Z} + [A}{Z} = {0} 37
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where
{8}
{Z} =4 {u} (38)
{Fs}
(M} [0]1 [0]
(Bl=| (0] {i1 (o] (39
(o] [0} ALr]
[G] [K] [}
fA1=| —-[11 [0] [0O] (40)
—-[C] 101 (1]
and [I] is the identity matrix. For a solution of the form
{Z}) ={Z,} " @1
where y and {Z,} are the complex cigenvalue and eigenvector, respectively, (41) reduces to
' (AN Zo} = ~u[B1{Zo) (42)

This equation describes a gcnerahzed eigenvalue problem..The-solution. of this- prob!em (see, for
-example, Reference 21) will result in values of the eigenvalue u.
The frequency w, and damping ratio £, of the kth mode of vibration are determined from

0 = [ 43)
o= ) | @
e

where || stands for the modulus and R for the real part of u.'?

8.5. Response spectrum analysis

The formulation described in (21) to (44) is valid for the case in which the fluid dampers are
modeled as Maxwell elements. However, it has been noted that the dampers exhibit purely
viscous behavior for frequencies below a certain cut-off frequency. This behavior may be
described by (21)—(44) by simply setting A = 0. In this respect, a structure with added fluid
dampers may be modeled as a non-proportionally viscously damped system, This enables the
development of an approximale method of dnaly.«,is using responsc spectra. The advantage of
this method over a time history analysis is that it gives the peak response directly by use of the
usual design specification (i.e. the design spectrum).

The application of the response spectrum analysis method requires estimates of the structural
properties to be available. Approximate methods for the determination of the frequencies, mode
shapes and damping ratios of non-classically damped structures have been successfully applied
in problems involving soil-structure interaction.?*?* Veletsos and Ventura?* have presented a
comprehensive treatment of the method,

The method starts with the assumption that frequencies and mode shapes of the non-
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classically damped structure are identical with those of the undamped structure. Typically, these
quantities are determined in a standard eigenvalue analysis.

The modal damping ratios are determined from an analysis involving energy considerations.
The damping ratio in the kth mode of vibration may be expressed as

Wi

=&, +—— 45

Gk = Sstr anL, (45)

where £, is the damping ratio duc to damping inherent to the structure, I, is the work done

by the dampers in a single cycle of free vibration, and L, is the maximum strain energy. W, may
be expressed as

T
W, = Z f Pyd(u; — uj_ 4} (46)
Fi 1]

where P; is the horizontal component of the force in the dampers at the jth story, and u; is the
displacement of the jth floor. Using (23), W, may be expressed as

W, = mw, 3, C;c0s? O(; — $;-1)° (47)
i

where ¢, is the modal displacement of the jth floor in the kth mode of vibration and e, is the
frequency of vibration in the kth mode. Furthermore, C; is the combined damping coefficient
of the dampers at the jth story.

The maximum strain energy is equal to the maximum kinetic energy, so that

1
L = (KE)yax = EZ mj‘f’}wf (48)
J

Combining (45)-(48), the damping ratio of the structure in the kth mode of vibration is
determined to be

126 cos? 0(¢, “2 $;-1)° (49)
2 oy 3 md;
It is clear from (49) that in order to have the greatest contribution to the modal damping ratio,

the dampers should be placed at story levels where the modal interstory drift (¢; — ¢;-,) is
maximum,

c‘k = ésln‘ +

8.6. Comparisons with experimental results

Comparisons of analytical and experimental story shear force versus story drift loops of the
three-story structure under seismic excitation are presented in Figure 26. Furthermore, Figure 27
compares loops of the total axial damper force at the first story versus axial damper displacement
in the three-story structure. The comparison shows good agreement. The analysis was based on
the more general Maxwell model for the fluid dampers. However, time history results obtained
by the simple viscous model (4 = 0) gave nearly identical results.'?

Figures 28 and 29 compare analytical and experimental amplitudes of acceleration transfer
functions of the tested three-story structure. The experimental functions were obtained in shake
table testing of the model with a banded 0 to 20 Hz white noise input of 0-05 g peak acceleration.
The good agreement between the experimental and analytical transfer functions confirms the
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Figure 26. Comparison of experimental and analytical resulls for the three-story steucture with six dampers subjected
to El Centro 1503 motion (1 in = 25-4 mm)
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dampers (1 in = 254 mm)
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Figure 28. Comparison of analytical and experimental amplitudes of transfer functions of three-story structure with
two dampers

accuracy of the analytical model. Thus, the verified analytical model may be used to extract the
free vibrational characteristics. This approach was followed in the determination of the
fundamental frequency and corresponding damping ratio reported in Tables 11 to IV,

The accuracy of the various methods presented {or determining the damping ratios of the
tested three-story structure is demonstrated in Table VII. The table includes the damping ratios
calculated by the complex eigenvalue approach of (37)-(44) wherein the calibrated rigorous
Maxwell model is utilized for the fluid dampers. The calculation was repeated by utilizing the

Table VII. Comparison of damping ratios of three-story model structure

Rigorous method, Rigorous method, Energy approach,
Maxwell model viscous model viscous model

Number of 2
dampers Mode! Mode2 Model Mode!l Mode2 Moded Model Mode2 Mode3l

2 0-099 0147 0-050 0-100 0-154 0-049 0-100 0149 0:051
4 0177 0-319 0113 0-183 0-326 0-081 0-183 0:291 0-098
6 0194 0447 0-380 0-193 0-428 0490 0-193 0428 0-490
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Figure 29. Comparison of analytical and experimental amplitudes of transfer functions of three-story structure with six
dampers

simple viscous model and, thus, solving exactly the eigenvalue problem of the
non-classically damped structure (1 was set equal to zero). Finally, the energy approach of
{49) was employed.

The results demonstrate that the damping in the fundamental mode is predicted very well by
the energy approach. In addition, the energy approach provides reasonable approximations to
the damping ratios of the higher modes. The error in the calculation of the higher mode damping
ratios is due to neglect of the stiffening effect of the tested fluid dampers at frequencies exceeding
about 4 Hz.

Comparisons of the peak responses of interest in design (i.c. story shear forces and interstory
drifts) are presented in Table VIII for the three-story structure with six dampers subjected to
the El Centro 150% excitation. The peak response is given experimentally and analytically as
calculated by time history analysis and by the response spectrum approach. For the application
of the response spectrum approach, high damping displacement and acceleration spectra for the
calculated damping by the energy approach were utilized.

The peak responses as determined by all four methods compare well. The prediction of story
shear forces is very good. The simple response spectrum approach yields results that are accurate

enough for design purposes.
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Table VIII. Comparison of peak response to El Centro 150%, excitation of three-story structure with six
dampers as determined experimentally and by various analytical methods

Time history, Time history, Response spectrum

Response Experimental Maxwell model viscous model approach

2nd Story shear 0178 0-198 0177 0176
Weight

2nd h

Zcstory Shear 0298 0:307 0295 0294
Weight

st St h

“s—m:ysﬂ 0-368 0387 0-368 0365
Weight

3rd Story drift

e 0882 0:889 0876 0896
Height

2nd St i :

LSM %) 1-492 1-323 [-302 1:306
Height

ist drift

Ist Story drit 1436 1-498 1-465 1-468

Height

8.7. Analysis by commercially available .computer programs

Any commercially available program capable of performing response spectrum analysis may
be used to obtain the peak global response (accelerations, story drifts and story shear forces)
of buildings with supplemental fluid dampers. The presented approximate energy method for
computing damping ratios is useful in the construction of the applicable high damping response
spectra. The only complexity in the application of this approach is that of constructing the high
damping response spectra from the usually specified 5%-damped spectra. A recent study on this
problem has been reported by Wu and Hanson,?® However, it may be appropriate to include
de-amplification factors of design spectra at high damping in future design requirements of
structures with supplemental damping devices. This will ensure uniformity, reasonable con-
servatism and avoidance of gross errors.

The response spectrum approach is incapable of providing information on the forces in the
dampers and the effect that these forces have on the structural members to which they are
attached. To obtain this information, it is necessary to perform analysis with explicit modeling
of individual dampers. For most practical applications, it is sufficient to model each fluid damper
by the viscous model of (15). A variety of computer programs such as ANSYS,?® ABAQUS??
and DYNA3D,?® are capable of modeling this behavior.

Explicit modeling of fluid dampers by more general models of viscoelasticity, such as the
Maxwell model (9), is possible with computer programs ABAQUS?’ and DYNA3D.?® In
general, any linear viscoelastic force-displacement relation may be expressed in the form!'*

P= f G(t - ¢')a(t') dv’ | (50)

o

where G(¢) is the relaxation modulus. For the Maxwell model (9), the relaxation modulus is
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given by

_G ]
G(t) = 7 cxp[ ft] (51)

The programs DYNA3D?® and ABAQUS?" have the capability for modeling relaxation moduli
which includes the form of (51).

9. CONCLUSIONS

A combined experimental and analytical study of an energy absorbing system for structures
consisting of fluid viscous dampers has been presented. Tests were conducted on one- and
three-story model structures with various configurations of dampers. Dampers were placed either
along the entire height of the three-story structure, or concentrated at the level of expected peak
interstory drift. Tests were also conducted on the bare frame in a configuration resembling a
moment resisting frame.

A comprehensive component test program on the fluid dampers was conducted. The test
program evaluated the behavior of the dampers in a range of frequencies varying between
essentially zero and 25 Hz, a range of amplitudes of essentially zero to 1in (254 mm), and a
range of temperatures between about zero and 50°C, The component tests resulted in a database
of mechanical properties which enabled the development of a rigorous mathematical model.

The mathematical model was utilized in the time history analysis of the tested structures with
very good results. Furthermore, simplified models and methods of analysis were developed,
evaluated and shown to produce results in good agreement with the experiments.

.The important conclusions of this study are summarized below.

(a) Fluid viscous dampers may be designed to exhibit a behavior that is essentially linear
viscous for frequencies of motion below a certain cut-off frequency. For the tested damper
this frequency was equal to about 4 Hz. Beyond this frequency the dampers exhibit

© viscoelastic behavior. ‘

(b) Fluid dampers may be modeled over a wide range of frequencies by the classical Maxwell
model. However, since the cut-off frequency is usually (or can be designed to be) above
the frequencies of dominant modes of the structure, the dampers may be modeled as
simple linear viscous dampers.

(c) Temperature has a minor effect on the behavior of the tested fluid dampers. Owing to a
special design with a passive temperature-compensated orifice, the tested dampers
exhibited variations of their damping constant f[rom a certain value at room temperature
(24°C) to +44%, of that value at 0°C to —25%, of that value at 50°C. This rather small
change in properties over a wide range of temperatures is in sharp contrast to the extreme
temperature sensitivity of viscoelastic dampers.

(d) The inclusion of fluid viscous dampers in the tested structures resuited in reductions in
story drifts of 30% to 70%. These reductions are comparable to those achieved by other
energy dissipating systems such as viscoelastic, friction and yielding steel dampers.
However, the use of fluid dampers also resulted in reductions of story shear forces by
40% to 70%, while other energy absorbing devices were incapable of achieving any
significant reduction. '

(e) Fluid dampers are capable of achieving and surpassing the benefits offered by active
control systems with the additional benefits of low cost, no power requirements, longevity
and reliability.
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{f) Owing to their viscous nature, fluid dampers reduce drifts and thus column bending
moments, while introducing additional column axial forces which are out-of-phase with
the bending moments. In effect, this behavior prevents the possibility of compression
failure of weak columns in retrofit applications.

(g) Time history analyses of structures with added fluid dampers may be more conveniently
performed by application of the discrete Fourier transform, since the dampers exhibit
linear behavior. Such analyses were performed for the tested structure with the results
being in good agreement with the results of the experiments.

(h) A simplified method for calculating the modal characteristics of structures with added
fluid dampers was developed and verified. The method was used to obtain estimates of
peak response of the tested structures by utilizing the response spectrum approach. The
results obtained demonstrated that the simplified method is sufficiently accurate for design

purposes.
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