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1.INTRODUCTION

The past 20 years a number of energy dissipation systems with constant restoring 
force, as the main component, have been proposed by engineers and researchers to 
minimize the structural damage in structural systems due to seismic motions. 
Constant restoring force can be achieved either through prestressing of structural 
elements (beams, columns, walls, and bridge piers) through tendons (Cheok and 
Stone, 1994; Mander and Cheng, 1997; Kwan and Billington, 2003; Kurama et al. 
1999; Pampanin, 2005; Priestley and MacRae, 1996; Priestley and Tao, 1993; 
Mander, Contreras, and Garcia, 1998; Christopoulos et al. 2002; Christopoulos et al. 
2008; Tremblay, et al 2008) or through pressurization of a fluid column in fluid based 
energy dissipation devices (Tsopelas and Constantinou 1994; Peckan et al. 1995; 
Pekcan, et al., 2000) Rocking based systems, which bridge piers and columns 
belong, have recently drawn considerable attention by researchers and engineers due 
to their potential for reduced fabrication and maintenance costs.

The effect of constant force as a restoring force mechanism in an energy dissipation 
system is investigated in this study. Multi story structural models are adopted in the 
study and are excited by two suites of seismic excitations, one representative of far- 
field and one representative of near-fault seismic motions. The main objective of the 
study is to investigate if the constant restoring force in energy dissipation systems is 
beneficial in reducing displacements of a structure (multi story frame) without 
resulting in increased story shear forces and floor accelerations, and how their 
performance compares to energy dissipation systems possessing displacement 
proportional restoring forces and damping mechanisms.

Section 2 presents in detail the characteristics of the two suites of the seismic motions 
considered in this study. Section 3 presents the considered energy dissipations 
systems and their corresponding devices. The fluid device with constant restoring 
force is presented analytically. For the other devices the main characteristics with 
their hysteresis loops are presented. At the end of this section the equivalent systems 
between them are constructed in order to have a clear view for the influence of the 
constant restoring force and the results can be comparable. In the next section the 
mathematical modeling for all the analysis that performed in this study is presented. 
At last are presented the results of the analyses in tables and comparing graphs.

A number of devices (Tsopelas and Constantinou 1994; Pekcan et al 1996) and 
systems (Christopoulos ), have been proposed to reduce structural responses 
(displacements and/or forces) under dynamic excitations which have a strong 
“impact/high velocity” component. Such excitations are the near fault type of seismic 
motions as they have come into the earthquake and structural engineering research 
attention after the 1994 Northridge, 1995 Kobe, and 1999 Taiwan earthquakes.

In the present study the effect of constant restoring force of a seismic isolation system 
on the responses of a seismically isolated bridge model excited by near-fault motions 
is examined extensively. In order to evaluate that effect , the system responses 
(isolation system displacements, deck accelerations, pier accelerations, piers shear

1

Institutional Repository - Library & Information Centre - University of Thessaly
20/05/2024 03:28:13 EEST - 3.135.209.245



forces) have to be compared to the responses of the isolated bridge when another 
seismic isolation system (e.g. viscoelastic in nature with linearly increasing restoring 
force) is utilized on the bridge.

Following this approach, one has to design/create a seismic isolation system which 
will provide similar isolation (stiffness or period) and energy dissipation (damping) 
properties to the isolation system with the constant restoring force. One has to 
recognize that designing such system might not be possible since an isolation system 
with constant restoring force has a highly non-linear behavior which can only be 
approximated (for a given level of displacement amplitude) by a system with effective 
properties, if the choice of a base system to compare against is a simple linear visco
elastic isolation system.

Two isolation systems consisting of two components are considered in the present 
study. The first component, which is common to both isolation systems, is the sliding 
bearings, which provide normal load carrying capacity as well as energy dissipation 
through friction. The second component, which is different for the two isolations 
systems and is presented for each one below, provides restoring force and viscous 
damping capacity.

• In the first isolation system Fluid Restoring Force and Damping Devices 

(FRFDD) providing constant restoring force and non-linear viscous damping 

capacity.

• In the second isolation system visco-elastic devices provide linear restoring 

force (linear spring) and linear viscous damping capacity.

1.1 Constant Restoring Force

The constant restoring force mechanism of a restoring force device or a damping 
device is depicted in Figure (1-1) as compared to the linear restoring force mechanism 
provided by a regular linear spring.

(a) Constant Restoring Force (b) Linear Restoring Force

Figure (1-1) Force displacement relationships of a a) Constant Restoring Force 
Spring, and b) Linear Restoring Force Spring

The restoring force provided by a linear spring is proportional to displacements, 
implying that as the spring deformation increases/decrease the restoring force (the

2
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spring imposes on the mass of a spring-mass dynamic system), increase/decresase. It 
is important to note that at the vicinity of the equilibrium position the restoring force 
for the linear spring takes very small values and the only force on the mass is the 
“inertial force” which can be seen as the velocity the mass is crossing (passing 
through) the equilibrium position.

When considering a Constant Restoring Force Spring (CRFS), the restoring force 
remains constant in amplitude throughout the motion/oscillation. This property has a 
significant effect in the behavior of a spring-mass system: at the vicinity of zero 
displacement the velocity which a mass crosses the neutral position is much larger 
than the velocity of a mass when the restoring force is provided by a linear spring. 
This can be easily seen considering the potential energy stored in the two springs at 
max deformation which in turn is transformed into kinetic energy at the equilibrium 
position.

The potential energy stored in a constant restoring force spring with force Fmax and

deformation u0 is EcRFS~Ima?^o and the energy stored in a linear spring extended

by the same deformation and reacting by the same force is : 2
From these energy expressions becomes clear that the potential energy to be 
transformed to kinetic energy, manifested by velocity, is almost twice for the constant 
restoring force spring. The velocity at the point of equilibrium in an oscillatory 
motion is very important since it is nothing more than the initial condition (initial 
velocity) for the motion of the mass when the displacement is zero (crosses zero). If 
that value is high then the maximum displacement which is going to be reached (in 
the following half cycle) in the oscillation in the direction of the velocity is going to 
be high also. To demonstrate this point, consider a SDOF system which undergoing 
free vibrations with initial conditions of velocity only. The system is going to deform 
more in the first cycle when the initial velocity is higher.

Exactly this point might be the one where an engineer has to be cautious when 
systems with constant restoring forces are used.
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2.INPUT SEISMIC EXCITATIONS

The models used in this study were analyzed for two types of seismic motions. 
Firstly the analysis performed for far filed motions and secondly for near filed 
motions. In the next topics the characteristics of these excitations are presented in 
detail.

2.1 Far field seismic excitations

In the analysis were used 20 scaled far field seismic excitations, provided from 
the study of Tsopelas et al. (1997). The scaling process was presented in the study 
mentioned. These motions are the horizontal components of ten earthquakes. Table 2- 
1 presents these motions and their scale factors.

Table 2-1 Motions used in Analysis and Scale Factors

Year Earthquake Station Components Scale Factor

1949 Washington 325 (USGS) N04W, N86E 2.74
1954 Eureka 022 (USGS) N11W, N79E 1.74
1971 San Fernando 241 (USGS) N00W, S90W 1.96
1971 San Fernando 458 (USGS) S00W, S90W 2.22
1989 Loma Prieta Gilroy 2 (CDMG) 90,0 1.46
1989 Loma Prieta Hollister (CDMG) 90,0 1.07
1992 Landers Yermo (CDMG) 360, 270 1.28
1992 Landers Joshua (CDMG) 90,0 1.48
1994 Northdridge Moorpark (CDMG) 180, 90 2.61
1994 Northdridge Century (CDMG) 90, 360 2.27

The earthquakes were selected to have magnitude larger than 6.5,epicentral 
distance between 10 and 20 km and site conditions of soft rock to stiff soil. The 
scaling performed in order to provide a balance contribution to the average response 
spectrum and preserves the frequency content. Figure 2-1 presents the average, 
maximum and minimum response spectrums of the 20 scaled motions comparing to 
the target NEHRP design response spectrum. Figure 2-1 demonstrates the variability 
in the characteristics of the scaled motions, which is implicit in the definition of the 
seismic hazard.
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Figure 2-1 Maximum, average and minimum spectral acceleration values of 
scaled motions (from Tsopelas et al. 1997)

2.2 Near field seismic excitations

Near- field ground motions

Earthquake ground motions could be classified as near-field (fault) and far-field and 
their destructive potential in a certain location, depends on event’s magnitude, source 
characteristics, distance and direction from the rupture location and local soil 
conditions. Far-field motions are characterized from high frequency signal and sharp 
acceleration records while near-fault motions result to large ground displacements, 
from 0,5 m to more than 1 m, with distinct pulses in their velocity and displacement 
records. Near-fault motions and their effect on seismically-isolated structures, long- 
span bridges and flexible buildings have gained considerable attention from 
earthquake engineering researchers.

First Housner and Trifunac (1967) identified, from the 1966 Parkfield, California 
earthquake, the coherent long period pulses in velocity and displacement time 
histories, dissociating this record from a typical far-field signal. Then such the 
existence of these pulses are verified from a representative data set of recorded ground 
motions worldwide, Bertero et al. (1978) observed the severe implications on flexible 
structures, when after the 1994 Northridge California earthquake this scientific area 
was accepted from the majority of engineers.

Near-fault motions are the result of stress waves moving in the same direction as the 
fault ruptures, thereby being crowded together to produce a long-duration pulse
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(Nikos Makris). Although the large collected records from stations located near the 
causative fault, these intense pulses are not distinguished in the majority of the 
records. Effects as directivity and fling are often responsible for the pulse generation 
furthermore the relative position of the station that recorded the motion with respect to 
the direction of propagation of the rupture front on the fault plain is employed with 
the pulse existence (George P. Mavroeidis and Apostolos S. PapageorgiouliMSOfficeii

2.2.1 Directivity effect

Directivity effect is related to the direction of the rupture front and it is distinguished 
as forward and backward directivity. Forward directivity observed when the site is 
away from the epicenter (it can be near the fault) and the rapture front propagates 
toward the site, where the station is located. Backward directivity occurs when the 
site is near the epicenter and the rapture propagates away from it. The velocity pulse 
is characterized by a positive and negative swing (reversing pulse), caused by the 
constructive interference of SH waves, generated from the parts of the rapture, which 
are being activated in an earthquake. The finite time that the rapture occurs is 
responsible for this effect. Another feature of directivity effect is the under-predicted 
incoming pulse from the attenuation-relation models when the rupture propagates 
toward to the site, while for the reverse case more conservative pulse would be 
predicted. In addition with the far-field records, where the strong horizontal 
component seems to be random, in directivity effect the strong components is 
constantly appeared in the strike-normal direction, for strike-slip and also for dip-slip 
faults. It is expected, from definition that the coherent pulse perpendicular to the 
strike to be larger.

2.2.2 Fling Effect

Fling is related to the permanent tectonic deformation at a site, which is located near 
the fault with distance mindless from the epicenter. In ground-displacement record, a 
permanent offset of the ground is identified as fling effect. The velocity time history 
plot is characterized by a one-sided velocity pulse, which in the strike-slip faults, is 
associated with the fault-parallel component. Fling for the strike-slip and dip-slip 
faults, is associated with the fault-parallel and fault-normal component, respectively.
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3.DAMPING DEVICES

When structures are subjected to dynamic loadings, such as seismic motions, a large 
amount of energy is coming into the structure. This energy if there is no other 
mechanism to absorb it in the structure could be potentially absorbed by structural 
members through inelastic behavior and damage. The last two decades engineers 
have been developing devices and systems which improve the dynamic response of 
the structures and make them able to survive from destructive earthquakes by 
absorbing the seismic energy entering the structures. These devices could be friction 
dampers, solid visco-elastic dampers, steel yielding dampers, linear or nonlinear fluid 
viscous dampers and others.

The force deformation characteristics of any damping device has a form of 
hysteresis/loop, with the enclosed area in a cycle of motion representing the energy 
dissipated by the damping mechanism or mechanisms of the device.

This section is presenting in detail the fluid restoring force/ damping device 
considered in this study as well as the main characteristics of other energy dissipation 
systems which are also examined in this study. Finally, the method for developing 
equivalent damping systems to the one with the constant restoring force mechanism is 
presented.

3.1 Fluid Restoring Force/Damping Device

These devices are placed between two successive floors of a building structure. The 
fluid restoring force/damping device (FRFDD) and its construction is shown in Figure 
3-1. Typical force-displacement loops of one device under static and dynamic loading 
conditions are presented in Figure 3-2.

Each device features a preload F0, stiffness Ka (slope for forces exceeding the 
preload) and a viscous force component. Furthermore, the device is double-acting 
with the identical properties in tension and compression.

Figure 3-1 Construction of Fluid Restoring Force/ Damping Device
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Figure 3-2 Force- Displacement Relationship of FRFDD

The devices are compressible fluid springs which are pressurized in order to develop 
the preload. Furthermore, fluid orificing is utilized to produce viscous damping force. 
The principles of operation of the devices are illustrated in Figure 3-3. A hydraulic 
cylinder is completely filled with silicon oil. A rod of area Ar is forced into the 
cylinder. Thus, the volume of the fluid is reduced by Aru, u being the imposed rod 
motion. The overpressured p in the cylinder is

F

and is related to the volume change AV = Aru

where, K is the fluid bulk modulus and V is the fluid volume.

(3-1)

(3-2)

Figure 3-3 Principles of operation of FRFDD
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Therefore,

F = (3-3)

This relation is depicted in Figure 3-4(a). In general, this relation is nonlinear due to 
the dependency of the bulk modulus to the total pressure pr and the fact that volume

V is not constant but rather equal to V0 — Arii ^ where V0 is the fluid volume at zero 
displacement. More accurately. Equation (3-3) should be written as

F= [K(Prh
!K~A,u

■du

4)
where K(pT) is the pressure dependent in bulk modulus.

(3-

Friction in the seal of the devices alters the force-displacement relation to the form 
depicted in Figure 3-4(b). By pressurizing the device to an initial pressure of pQ, a 

preload F0 develops

Fo=4 Po (3-5)

This preload must be exceeded for the rod to move. The resulting force-displacement 
relation is shown on Figure 3-4(c).

(a) (b)

(c)
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Figure 3-4 Components of FRFDD

This piston head supports the rod and provides resistance to fluid transfer across the 
head during stroke. The area and shape of the orifices on the piston head determine 
the level and nature of the developed viscous forces. This viscous forces are, of 
course, related to the velocity of the piston rod. A complete force-displacement loop is 
depicted in Figure 3-4(d). It may be noted that the loop in this figure is shown with 
the viscous force being more in one direction than the opposite direction. This 
behavior is produced by utilizing additional orifice area in only one direction. The 
behavior is desirable because it provides high damping force when the stroke 
increases, that is when needed, while it provides low damping force on return. This 
behavior however, might lead to unwanted large velocities as the device is returning 
towards and passing through its equilibrium position, since it might not be slowed 
down enough as discussed previously.

This type of compressible fluid restoring force/damping device has been used by 
U.S.Military since the 1970’s. The device that was used in these tests is virtually the 
same as that used as the arresting hook centering spring-damper on the carrier based 
Lockheed S-3 Viking aircraft. Other applications include those of weapons grade 
shock isolation systems for the NATO MK49 ring laser gyro navigator, the shipboard 
version of the sparrow missible, the MX missible and the Seawolf submarine. Output 
force ranges for these applications are between 1 and 1500 KN.

Furthermore, compression-only versions of these devices with designs dating prior to 
1970 are still used as shock absorbers in industrial applications. Moreover, such 
compression-only shock absorbers have been used in a number of bridge applications 
in Italy (Greiner 1991). The devices were used as shock absorbers for preventing 
impact of the deck on the abutments. One application described by Greiner, 1991 is 
on a 25000 ton bridge which utilized four compression only shock absorbers, each 
with 500 ton peak output force at displacement of 500 mm.

3.1.1 Analytical Model for Fluid Restoring Force/Damping Devices

The force in a restoring force/damping device consists of a preload (the constant 
restoring force), a mild restoring force proportional to the displacements, the friction 
force at the seal and the fluid damping force. Section 3.3 presents a discussion on the 
origin of the components and Figure 3-7 illustrates these components. The four 
components may be mathematically expressed as follows:

F, = F0 [l - exp(-<5|w|)]sgn(w)+K0w + [Fmjn+ ζΚ0|ιι|]ζ, + Fd sgn(ii) 

Fj - FA u\ when u u > 0

f,=f2
Λ\

u
V J

when uu < 0

(3-6)

(3-7a)

(3-7b)

in which F0 is the preload, K0 is the stiffness, Fmin is the seal friction at zero 
displacement and Fd is the fluid damping force, which depends on velocity and
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direction of motion. Furthermore, Zt, is a hysteretic variable governed by the 
following equation:

Υ,Ζ,+γ\ϋ,\Ζι\Ζ,\ + βϋιΖ,2-U, =0 (3-8)

u is the device displacement and u’ is the device velocity (actually displacement and 
velocity of one end of the device with respect to the other end).

The term ζ K0 |«| accounts for increased friction in the seal as a result of increased
internal pressure during stroking. The seal typically consists of very soft material that 
cold flows under the internal pressure to seal microscopic surface finish patterns. Thus 
as pressure increases during stroking, so does friction. Herein we use a linearly 
increasing friction force based on the experimental results. Furthermore, we selected a
linear restoring force as an acceptable approximation to the actual condition,
which has a mild nonlinear behavior. The physical origin of this nonlinearity has been 
explained previously.

The preload term should, for ideal conditions, be presented by a term F0 Sgn(«). In 
reality, the stiffness of the device is not infinitely large at zero displacement. Rather, it 
is dependent on the velocity of motion of the piston rod. This behavior is accounted 
for in the model by the exponential term for the preload Fp = F0 [l - exp(- <5|w|)]sgn(w)
, in which δ is a function of velocity. The experimental results suggest an exponential 
form for variable δ:

δ = (50 · exp(- 5, |zi|) (3-9)

It is esily shown that the slope dFp/du at zero displacement is equal to Fob. It is, thus, 
only dependent on velocity.
The damping force is accounted for by the dual term of Equation (3-2). This 
difference in behavior is due to the utilization of lower orifice area when stroke 
increases than when it decreases. Approximate expressions for the damping forces Fi 
and F2 are:

= ^Vn«xy6-exp(-Sy|ώ|)] , j=l,2 (3-10)

This expression was found to be appropriate for the tested device and for velocity up 
to about 500 mm/sec. A limitation of this expression is that it predicts constant 
damping force at large velocities, which is apparently incorrect. An alternative 
expression, which could account for the actual behavior at velocities beyond the range 
of testing is

F =Ci 1 '“'ll -> u < U\

F2 = C2| Ml + C2
f \ °2

M - Ml -» M
V )

> Ml

(3-1 la)

(3-1 lb)
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with ύ, equal to about 50 mm/sec and a} equal to about 0.3

The various parameters in the model of Equations (3-1) to (3-6) are illustrated in 
Figure 3-1. The calibrated parameters of the fluid device used herein are presented 
analytically in Section 3.

3.2 VISCOELASTIC DAMPERS

In this study a visco elastic damper was used to approximatelly account for the 
behavior of a fluid restoring force and damping device. Many types of viscoelastic 
devices and their corresponding mathematical models have been reported in the 
literature. In this work solid visco elastic devices are considered. These devices are 
similar to the one shown in the Figure 3-5 in construction. In general, the behavior of 
these dampers depends on frequency, strain ratio, and ambient temperature. The 
simplest mathematical model which has been proposed is the Kelvin model. It 
consists of a linear spring of stiffness K and a linear viscous dashpot with damping 
constant C. Figure 3-5 illustrates a viscoelastic damper.

Figure 3-5 Viscoelastic Damper (Ramirez et.al 2001)

The values of K and C used in the analysis herein are these that used in Ramirez, as 
evaluated in the work of Constantinou. Further information about viscoelastic 
dampers may be found in the works of Zimmer (1999), Constantinou et al. (1998), 
Soong and Dargush (1997).

The experimental results have shown that the hysteresis loop of these devices has an 
elliptical shape. The area of this loop is the amount of energy that dissipated from the 
damper during a dynamic load. Figure 3-6 illustrates typical hysteresis loops of a 
viscoelastic damper. It can be easily observed the strong dependence of the visco 
elastic dampers to frequency. Even though such dampers are strongly influenced by 
temperature, this is not accounted for in this study since it is not within its scopus.
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Hysteresis loop of Viscoelastic damper

Figure 3-6 . Typical hysteresis loop of Viscoelastic device.

3.3 METALLIC YIELDING DEVICES

Metallic yielding devices are also considered in the present work. More specifically, 
triangular plate steel damping devices as the one shown in Figure 3-7 are considered.

/

Figure 3-7 . Triangular plate damping device (Ramirez et.al 2001)

The geometry and the material properties as well as the design process of a structure 
with these devices is presented in Ramirez et al. (2002). The device has yielding stress 
and yielding strain which depend on the dimensions and the number of plates. The 
triangular shape ensures yielding over the entire height of the device. The hysteresis 
loop is elastoplastic, and the values need to describe it, is the yielding force and 
yielding displacement.

Displacement

Figure 3- 8. Typical Hysteresis loop of Metallic Yielding Device 

3.4 LINEAR VISCOUS DAMPERS
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The linear viscous dampers provide the structure with added damping. The difference 
with the viscoelastic dampers is that linear viscous dampers do not have a stiffness 
component. These devices have a hysteresis loop with elliptical shape. To describe 
their behavior a dashpot with constant damping C is required. Their behavior is a 
function of frequency as depicted in Figure 3-9.

Linear Viscous Loops

Displacement

Figure 3- 9. Typical Hysteresis Loops of Linear Viscous Damper

3.5 EQUIVALENCY OF DAMPING SYSTEMS

The devices which are examined in the present study were presented. The objective of 
this work is to gain an insight on the influence of the constant restoring force in the 
dynamic response of multi story structures. This is objective is met through 
comparisons of the dynamic response of structural systems fitted with 
dampers/devices with constant restoring force to the dynamic response of the same 
structures fitted with other dampers/devices (e.g. visco-elastic, steel yielding, and 
fluid viscous). In order to have as clear view as possible, the devices, the one with the 
constant restoring force and its equivalent, are calibrated in a way that the energy 
absorbed, by both of them, per cycle of motion, as well as the maximum forces (if 
that is possible) are equal. That means for the same velocity and displacement time 
histories the areas of the force-displacement loops of the devices are equal and the 
maximum forces are comparable.

This equivalency is achieved by adjusting the damping force term of the fluid 
restoring force/damping device in the corresponding damping term of the comparable 
device. The damping force terms for all the considered devices are:

Viscoelastic and linear viscous: FD = C ■ it (3-12)
Steel yielding device: FD = Fy · ZD (3-13)

Fluid restoring force/damping device: FD = Fy · sgn ύ (3-14)

where C is damping coefficient, u is the velocity, Fy is the yielding force of the steel 
yielding damper, and Zd is a dimensionless parameter described by the following 
equation:
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uyd-ZD+ 0.5 u. ‘ D IzJ"'1 +0.5w|Zor -w = 0 (3-15)

The equations for the fluid restoring force and damping device were presented in 
detail in Section 3.1.

3.5.1 Effective Linear-Viscous and Visco-Elastic devices to the Fluid Restoring 
Force and Damping Devices.

To ensure that the linear viscus and the viscoelastic device give the same damping as 
the For the equivalency to the viscoelastic and linear viscous, the damping term of the 
fluid device is replaced by the linear term of Equation (3-12). Thus, practically 
exactly the same damping for the comparing devices is achieved.

The devices are excited by the same harmonic displacement and velocity time
histories.

U = Ulmx-COs(fiW) (3-16)

v = M-Umax-sir(co-t) (3-17)

ω = 2π/Τ (3-18)

The target of this process is that both the damping capacity (area under the force- 
displacement loop) and the maximum damping force, for the same displacement and 
velocity histories, are equivalent for the visco elastic or viscous devices and the 
constant restoring force devices. Umax in Equations (3-16) and (3-17), was selected to 
be the average maximum displacement of the dynamic response from the analysis of 
the structural model with the viscous damping devices. More specifically, nonlinear 
time history analyses were performed with the linear viscous dampers in the structural 
model under the suite of seismic motions considered in this study. The average of the 
maximum responses were calculated and were used to calibrate the parameters of the 
visco-elastic and the constant restoring force devices. For these Umax and for periods 
T= 0.5, 1, 2 sec, the force-displacement loops of the viscous and the visco-elastic 
dampers are illustrated in Figures 3-6 and 3-9. Then with the same data, we plot the 
hysteresis loops of the fluid device. Next the suitable values of constant restoring 
force must be selected.

The values of the constant restoring force, F0, are critical for the structural response. 
These values should be such that they could not result in larger maximum damping 
forces than the maximum damping forces which are developed during the dynamic 
response of the building with the fluid viscous damping. Since the damping ratio C is 
constant, the values of the damping forces depend on the velocity, and in the case of 
the visco-elastic system, in addition, depend on displacements.

For the three aforementioned periods and for Umax= 125 mm the corresponding 
maximum damping forces for the harmonic velocity and displacement history for the
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case of the visco-elastic damper (see Figure 3-10) are for T=0.5 sec Fd=1 187 KN, for 
T=1 sec FD=716 KN, and for =2 sec FD=537 KN.

For periods 0.5 and 1 sec the velocities of the harmonic excitations are high when 
compared to the velocities experienced by the building during actual seismic 
excitations. Therefore the corresponding damping forces are unrealistic for the models 
that are examined herein. The maximum average damping force from the dynamic 
response of the structure with viscous dampers is 530 KN. Therefore, the parameter 
F0 of the FRFDD corresponding to the constant restoring force is chosen to be 75%, 
50% and 25% of Fmax, with Fmax= 530 KN.

Hysteresis Loops of Viscoelastic system

Figure 3-10 Force-Displacement loops of Viscoelastic dampers excited with 
harmonic displacements of T= 0.5,1, and 2 sec and Umax= 125 mm.

In the following figure are plotted the hysteresis loops of the visco-elastic and the 
constant restoring force device, with Fo= 0.75*Fmax= 397 KN and T=2 sec. Practically 
the area under the two loops is identical (the energy dissipated per cycle of motion is 
equal) but the way the devices respond is different (for the visco-elastic device the 
restoring force is proportional to displacements; for the FRFDD the restoring force is 
constant).

Equivalent systems Viscoelastic - Fluid Device

Figure 3-11 Hysteresis Loops of Visco-Elastic and Fluid Restoring Force and 
Damping Device (F0= 0.75*Fmax) for harmonic excitation of period T=2 sec and

amplitude 125mm.

For linear viscous systems, following the same process (harmonic excitation with 
Umax= 102 mm, and T=0.5 sec FD=2935 KN, and for T=1 sec FD=1467 KN) the 
velocities are larger than the velocity response of the model. Again the appropriate 
values are for harmonic excitation with T=2 sec and Umax= 102 mm Fd=733 KN. The
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forces of the linear viscous damper are larger than these of the other devices because 
the damping ratio is high enough, and these devices were used in the six story 
building.
For the period of 2 second, the maximum damping force is 733 KN, and the 
corresponding force from the dynamic response is 700. These are close enough and 
provide a good estimation for the equivalency. In Figure 3-13 are illustrated the 
equivalent hysteresis loops for the devices for period T=2 sec, Fo=0.75*Fmax= 550 KN 
and Umax-102 mm.

Hysteresis Loops of Linear Viscous Damper

Figire 3-12 Hysteresis Loops for Linear Viscous System

Equivalent Systems Linear Viscous - Fluid Device

Figure 3-13 Hysteresis Loops of Linear Viscous and FRFD Device for period
1=2 sec and Umax= 102 mm.

Again the areas of the loops are equal however the maximum forces of the FRFD 
device are larger from the equivalent devices as illustrated in the previous graphs. 
That happens because of the replaced damping term of the fluid device. With the 
replaced term is unbounded and the maximum value of the damping force is depented 
on the velocity and the restoring force. For smaller restoring force the corresponding 
damping force is smaller too.

3.5.2 Equivalency Metallic Yielding Device to FRFD Device

The structural model with the steel yielding dampers (see Section 4) is a 3- story 
building. The design requirements for that structure called for different damping 
force in each floor, Fqi= 320 KN in the 1st floor, Fd2= 240 KN in the 2nd floor, and
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FD3= 187 KN in the 3rd floor. Therefore for this study an equivalent FRFD device has 
to be calibrated for each floor.

The behavior of the metallic dampers/devices is independent of frequency and its 
maximum damping force (it is constant) is the yielding force. The maximum 
damping force of the FRFD device for motion away from neutral FmaxI and for motion 
towards the neutral point is Fmax2. The limits of the steel yielding damper force are 
Fdi and -Fdi· The constant restoring force of the FRFD device is F0 and has to 
always be smaller than Fdi, therefore the values of Fmax! and Fmax2 have to be 
calibrated satisfying Fmax!= FD, - F0 and Fmax2= FD1 + F0.
Figure 3-12 presents the force displacement loop of a FRFD device with these values 
and for Fdi= 320 KN and Umax=150 mm.

Hysteresis loop of fluid damper

Figure 3-14 Hysteresis loop of fluid damper for Fmaxi= Fdi - F<> and
F max2= FDi + Fo·

It is clear from the Figure that the maximum force is not 320 KN in the vicinity of the 
neutral position. It is Fo+Fmax2. Subsequently is described the process which was 
followed to overcome this discrepancy.

The restoring force depends on the displacement. For small displacements, F0 has not 
reach the maximum value. After a displacement threshold, F0 is constant at its 
maximum value. This is illustrated in Figure 3-13 where the slope is the stiffness of 
the device and is controlled from the variable So of Equation 3-9. The term Fmax2 is 
added to Fo in the second and fourth quartile, Figure 3-14.

Constant Restoring Force of Fluid Device

Figure 3-15 Constant Restoring Force- F0 of Fluid Device
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Hysteresis Loop - Restoring Force

600

_____ J
1

fauxi

200 1 0 -100 -50 j
------------------------------------------------------^

50 100 *0
Fmax2 J 210

■400

-600
V

Displacement (mini

Figure 3-16 Hysteresis Loop- Restoring Force of Fluid Device

This problem was solved by adjusting Fmax2. From constant it is setted variable. At 
every point is added to the restoring force the value need to reach and not overcome 
the maximum force, ie the X-distance + Constant Force FmaX2 as shown in Figure 3- 
15.

Figure 3-17 Graphical Definition of Variable Fmax2

With this definition of Fmax? the equivalents fluid systems are constructed and we plot 
the equivalency graph of the first floor for Umax= 150 mm.

Hysteresis Loops for Steel Yielding - Fluid Devices 1st floor

Figure 3-18 Hysteresis Loops for the 1st floor for Steel Yielding- Fluid Restoring
Force and Damping Devices
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4. ANALYTICAL MODELING

4.1 Introduction

In this section are presented mathematically the models that analyzed in the present 
study. In the work of Ramirez were analyzed buildings with energy dissipation 
systems. Adopted from the work of Ramirez et al. (2002), here 2 buildings were 
selected for the analyses, a 3-story, and a 6-story. The buildings firstly were designed 
and then analyzed inclusive the energy dissipation systems. The design of the dampers 
was presented in Ramirez et al (2002). The main characteristics and the data used for 
the analysis of the devices were presented in Section 3.

The designed buildings are illustrated in Figure 4-1. In this study the buildings were 
simulated as stick models with shear building type of behavior. The models are 
excited by far field and near field seismic motions.

As mentioned previously, three types of restoring force and damping devices are 
examined and their behavior is compared to the behavior of the same structural model 
with FRFD devices. The two buildings considered in this study are illustrated in 
Figure 4-1. In the parametric analyses the three types of devices, which their behavior 
is compared to the corresponding behavior of the FRFD devices, are utilized as 
follows within the two structural models:

• Model 1: 3- Story building with Visco-elastic devices
• Model 2: 3- Story building with Steel Yielding devices
• Model 3: 6- Story building with Linear Viscous devices

The buildings in Ramirez have three spans. Herein we made the equivalent shear
model. For the shear model were calculated the equivalent stiffness, yielding force, 
yielding displacement and the post- yielding ratio.

The analyses follow the following steps:
STEP#1: The 3 models with the damping devices were analyzed.
STEP#2: The aforementioned models with FRFD devices were analyzed, with the 
effective parameters as were obtained in Section 3-5.

4.2 Non-Linear Time History Analysis

Non-linear time history analysis performed for each model by integrating the system 
of equations of motion with respect to time. The equation of motion is:

[M]{ u } + [Ff ]+[Fd] = [M] {w g } (4-1)
Where, M is the mass matrix of the model, is a matrix that describes the inelastic 
behaviour of the model and FD is the damping force matrix that describes the behavior

of the examined damping device, u is the relative acceleration and u g is the ground

acceleration. The solution of the differential equations is a vector <u„ u „ Z/r„ Zo,>,

where w, is the relative displacement, u j is the relative velocity, Zf, and Z^, are
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dimensionless parameters for the building force and the damper's force respectively, 
and i=l, 2,...,n where n is the number of the model’s floors. The relative acceleration 
is calculated by Equation 4-1 with the vectors known.

4.2.1 Description of the Building Behavior

The behavior of the models is smooth perfect bilinear and is described with the 
following equations:

Ff= a —— u + (1 -a) Fy Zp (4-2)

DyZ F + 0.5 ZF\Z[ η-\ + 0.5 u Iz, = 0 (4-3)

Dy is the yielding displacement of the model, Fy the yielding force, a is the pre
yielding to post yielding stiffness ratio, Zf is a dimensionless parameter described by 
the differential Equation 4-3, and η is a dimensionless parameter that controls the 
smoothness of the transition from elastic to inelastic area. Figure 4-4.

4.2.2 Description of Devices

The behavior of the devices is described by the hysteresis loops that presented in the 
previous section. FD is the damper’s force, and the following expressions were used 
for the analysis:

• Viscoelastic

Fd — Ku + C u (4-4)

• Linear Viscous

FD = Cu (4-5)

• Steel Yielding

Fd - Fd Zd

DydZ D + 0.5 Zd\Z, l’Z-1 + 0.5u \z, 1*7-1 - u = 0

(4-6)

(4-7)

u , u are the relative velocity and relative displacement, K and C are the stiffness and 
the damping ratio of the damper with constant values. Fd, Dyd are the yielding force 
and displacement of the device respectively, Zd is a dimensionless parameter 
described by the differential equation 4-7. For these three cases was performed non
linear time history analysis. The results are presented in the next section.
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4.2.3 Description of Fluid Device

The general equation describing the behavior of the fluid device is Equation (3-6):

F, exp(- 5|w|)]sgn(w) + K0m + [Fmin+ ζΚ0 |u|]z, + Fd sgn(w)

In the previous sections were explained and presented the changes that made in the 
model in order to have equivalent systems, so that the results could be comparable and 
the influence of the constant restoring is more clear. Analytically used the next 
mathematically expressions:

• For equivalent system to Linear Viscous and Viscoelastic

Fd =^o[l-exp(- <5|w|)]sgn(w)+K0zr + [Fmjn+ ζΚ0|υ| ]z, + Cwsgn(w) 

• For equivalent system to Steel Yielding

Fd = Fo I1 “ exp(-<%|)]sgn(w)+K0m + [Fmjn+ CK0|u|]z, + Fd sgn(zi)

where for mm >0
. Λ

Fd =^DaxlO-eXP -el M
\ J

for mm <0

Fd~ |F0 sgn(MXl - exp(-5|w|)) + Fmax2 sgn(M^ · (1 - exp(-e2 ))

(4-8)

(4-9)

(4-10)

(4-11)

Viscoelastic Damping Device (TYP.)

8230 8230 mm 8230

Figure 4.1(a) 3- story building equipped with viscoelastic dampers ( from
Ramirez et al. 2002)
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W14x26

Figure 4.1(b) 3- story building equipped with steel yielding dampers ( from
Ramirez et al. 2002)

W16x31

OCO

•«ΙοCO

oCO
■Ί*oCOxr
o

5

i-W14x90 W16x40

Viscoelastic Damping Device 
02.25 kN-s/mm 
K=6.25 kN/mm

4~ W21x44

rW14x132 W21x50

Viscoelastic Damping Device 
' 02.98 kN-s/mm 

K®7.83 kN/mm

W21x62

■*- W14x176 «24x62

Viscoelastic Damping Device 
.02.90 kN-s/mm 
K=7.72 kN/mm

W77?,

All Steel 
Fy=345 MPa 

(50 Ksi)

All Braces: 
TS8x8x1/2

? 0=27.6 (Typ.)

ws=1567kN 

ws=2900 kN 

w,=2900 kN 

w3=2900 kN 

w2=2900 kN 

w,=2900 kN

W,=16067 kN

V7m.
8230 8230mm 8230

<27-00”)

Figure 4.1(c) 6- story building equipped with linear viscous dampers 
Figure 4.1 The buildings that examined in this study equipped with damping

devices (from Ramirez et al. 2002)

u3

_> ul

Figure 4-2 Three story shear model with one degree of freedom, displacement at
X-axis.
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4.2.4 Design of steel moment frames.

The steel moments frames designed to meet NEHRP (1997) criteria without damping 
systems. The designed frames are presented in the next figures.

W18x46

xfoCOxr W21x50

xfo
Xf W24x62

oCM All Columns All Steel
XT W14x211 (Fy=50 ksi)

TRIBUTARY
WEIGHT

w6=1567kN

w2=2900 kN

w,=2900 kN 

W,=7367 kN

8230 8230 mm 8230
, „

{27 -00 )

Figure 4.3(a) 3-Story Special Steel Moment Frame Designed to Meet NEHRP 
(1997) Criteria without a Damping System (Ramirez 2002).

W21x44

Tf
O
CO
o·

oCOΧί

οCOTf

o
3

o

9
o
CM
5

W21x50
.................................( ...

W24x68

(
x----- W14x211

W24x76

W27x84

!
V. -4  W14x233

W27x94

All Steel 
(Fy=50 ksi)

- ■ (
4___ W14x257

we=1567kN

ws=2900 kN

w4=2900 kN

W3=2900 kN

w2=2900 kN

W!=2900 kN 

W,=16067 kN

8230 8230mm 8230

(27-00')

Figure 4.3(b) 6-Story Special Steel Moment Frame Designed to Meet NEHRP 
(1997) Criteria without a Damping System (Ramirez 2002).
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5. SUMMARY OF THE RESULTS AND CONCLUSIONS

The results from the nonlinear time history analysis are tabulated in this section. Each 
table contains the maximum parameter (interstory drift, floor acceleration, velocity, 
shear force, and damper force) at every floor of the model and for all the ground 
excitations considered in the particular analysis. The PGA for each seismic excitation 
are indicated in the top row of each table.

The analyses are divided in three groups. In the first and second group (indicated as 
Model 1 and Model 2 below), the 3-story structural model presented in a previous 
section is utilized. In the third group (indicated as Model 3 below)the 6-story 
structural model, also presented in a previous section is utilized, and the Following 
the analysis cases are presented with graph of the hysteresis loop. First with the letter 
A are described the far field motions, B for the near field and with the numbers the 
models as presented in the previous section. Thus:

TABLE 5-1
Structural

Model Energy Dissipation System

MODEL 1

CASE Al-1 Visco-elastic Damper

CASE Al-2 3-Story
Fluid Restoring Force/Damping Device 

Fo=0.75-Fmax
CASE Al-3 FRFDD F0=0.5 Fn
CASE Al-4 FRFDD F0=O.25-Fn

MODEL 2

CASE A2-1 Steel Yielding Damper
CASE A2-2 FRFDD F0=0.75-Fn
CASE A2-3

CASE A2-4 3-Story
FRFDD F0=O.5 Fn

FRFDD F0=0.25 Fn
CASE A2-5 FRFDD F0=0.75-Fn
CASE A2-6 FRFDD Fo=0.75-Fn

MODEL 3

CASE A3-1 Linear Viscous Damper ·
CASE A3-2 FRFDD F0=0.75 F
CASE A3-3 FRFDD F0=0.5-Fn
CASE A3-4 6-Story FRFDD F0=O.25-Fn

CASE A3-5 FRFDD Fo=0.75-Fmax (different value at 
____________every 2 floors)____________

CASE A3-6 FRFDD Fo=0.75-Fn
CASE A3-7 FRFDD F0=0.75 F
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Fo
rc

e (
KN

)

Model 1

------Viscoelastic-------Fluid device

Figure 5-1. Hysteresis loops of model 1, Visco-elastic and the equivalent Fluid
device for cases 1-1 to 1-4.

Model 2

----- Steel Yielding Device------Fluid Device

Figure 5-2. Hysteresis loops of model 2, Steel Yielding and the equivalent Fluid
device for cases 2-1 to 2-4.
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5.1 CONCLUSIONS AND RECOMMENDATIONS
Previously, the response of three models equipped with damping devices and the equivalent 
fluid/ constant restoring force systems under near-field and far-field seismic excitations was 
examined in detail.

The influence of the constant restoring force is beneficial comparing with the other devices, 
when the constant restoring force has a value 50% or larger of the maximum force of the 
compared device. Generally, a high value of constant restoring force, mitigates the 
displacement response of the structure, the displacement of the first floor is slightly reduced, 
but a significant reduction is presented in the drifts between the floors, sometimes even in the 
level of 50%, comparing with the response of the other dampers. The reduction is 
proportional to the value of the constant restoring force. Moreover the permanent 
displacements are reduced significantly.

The presence of the constant restoring force results in increased accelerations and shear 
forces. By adding damping this problem is overcomed and the accelerations are reduced. 
Another worth mentioning result that is observed for all the response quantities, is that 
although the peak response value maybe the same or even larger for the fluid device, at the 
rest of the time history, the values are significant lower until the motion is finished, this can 
be clear from the plotted time histories. For the 3-story model, the constant restoring force 
mitigates the displacements and the added damping mitigates the accelerations, without 
affecting the displacements significant. But for the 6-story model, the added damping is 
extremely effective in the reduction of the displacement. Hence, a high value of constant 
restoring force with the appropriate added damping, leads to an improved dynamic response 
and an attractive design may achieved.

5.2 Comparing Results of the analysis
Comparing results of Viscoelastic Device - Fluid Device

Figures (6-1) to(6-8) present the results of floor displacements, velocities, accelerations and 
shear forces of the 3-story structure with the viscoelastic devices and the three designs of 
FRFDD devices. It is clear from these figures that the presence of constant restoring force is 
beneficial when it takes values larger than half of the maximum viscoelastic force. For these 
values the displacement response is better, and there is a great reduction in the drifts

For the 3-story structure, figure (6-9) to (6-17) compare the results between the steel yielding 
dampers and their equivalent FRFDD devices. The steel yielding device results in large 
accelerations, but for the equivalent cases of the fluid device are significantly reducted. The 
shear forces are proportional to the response of the displacements, large mitigation of 
displacement result in proportional mitigation of the shear forces.

Figures (6-18) to (6-24) compare the results for a 6-story structure with fluid viscous dampers 
and FRFDD devices. For model 3, as previous, the fluid device presents the same mitigation 
for the displacement response. Although the reduction of the displacements is satisfactory, 
important increasing in the shear forces occurs. This undesirable increasement is not reduced 
by adding damping. Totally the response for this model is not as satisfactory as for the 
models 1 and 2 where the shear forces are kept in satisfactory levels.
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Results of model 1 for far field motions.

Model 1 - Far Field - Displacement

—♦— Al-l

—A—Al-3 

-*-Al-4

Figure 6-1 Displacements of Model 1 for Far-Field motions.

Model 1- Far Field - Velocity

-♦—VISCOELASTIC 

—®—FRFDD-0.75F0

..A·..FRFDD-0.5F0

—*-FRFDD-0.25F0

Figure 6-2 Velocity of Model 1 for Far field motions.
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Model 1 - Shear Forces - Far Field

VD

FRFDD-0.75F0

FRFDD-0.5F0

FRFDD-0.25F0

Shear Force S/W

Figure 6-4 Shear Forces of Model 2 for Far Field motions
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Results of model 1 for near fault motions.

Figure 6-5 Displacements of Model 1 for Near Fault motions.

Figure 6-6 Velocities of Model 1 for Near Fault motions.
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Figure 6-7 Accelerations of Model 1 for Near Fault motions.

Model 1 - Near Fault - Shear Forces

•Viscoelastic

•0.75

0.5

-4*—0.25

Shear Force S/W

Figure 6-8 Velocities of Model 1 for Near Fault motions.
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Results of model 2 for far field motions.

Model 2 - Far Field - Displacements

■4— A2-1 

m— A2-2 

Jr- A2-3 

■*— A2-4 

A2-5 

A2-6

Displacement (mm)

Figure 6-9 Displacements of Model 2 for Far-Field motions.

Figure 6-10 Velocities of Model 2 for Far-Field motions.
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Model 2 - Far Field - Acceleration

♦—A2-1 

9— A2-2 

Jkr A2-3 

*— A2-4 

■*— A2-5 

A2-6

Acceleration (g)

Figure 6-11 Accelerations of Model 2 for Far-Field motions.

Model 2 - Far Field - Shear Forces

-4—A2-1 

—A2-2 
-*~Α2-3 

—A2-4 

A2-5 

—·—A2-6

Figure 6-12 Shear Forces of Model 2 for Far-Field motions.
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Results of model 2 for near fault motions.

Model 2 - Near Fault - Displacement

B2-1

B2-2

B2-3

B2-4

B2-5

B2-6

Figure 6-13 Displacements of Model 2 for Near Fault motions.
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Figure 6-14 Velocities of Model 2 for Near Fault motions.

Model 2 - Near Fault - Acceleration

B2-1

B2-2

B2-3

B2-4

B2-5

B2-6

Acceleration (g)

Figure 6-15 Accelerations of Model 2 for Near Fault motions.

Model 2 - Near Fault - Shear Forces

Shear Force S/W

—B2-1 
—·— B2-2 

—A—B2-3 

-*-B2-4 

—*-B2-5 

B2-6

Figure 6-16 Shear Forces of Model 2 for Near Fault motions.
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Results of model 3 for far field motions.

Model 3 - Far Field - Displacement

-Jr* A3-3 

--K--A3-4 

• A3-5 

■ A3-6 

- A3-7

Figure 6-17 Displacements of Model 3 for Far-Field motions.

—«-Α3-1 

H*-A3-2

"Ά..A3-3

-*-A3-4 

—A3-5 

-«—A3-6
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Figure 18 Velocities- of Model 3 for Far-Field motions.

Model 3 - Far Field - Acceleration

■ A3-1 

> A3-2

< WH ' ^ Λ -j _ -2

— >*- A3-5 

A3-6 

A3-7

Acceleration (g)

Figure 19 Accelerations of Model 3 for Far-Field motions.

Model 3 - Far Field - Shear Forces

—A3-1 

—A3-2

..A...A3-3

-*r-A3-4 

—A3-5 

*'**♦***■ A3-6 

-H—A3-7

Shear Force S/W

Figure 20 Shear Forces of Model 3 for Far-Field motions.
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Results of model 3 for near fault motions.

Model 3 - Near Fault - Displacement

—B3-1 

—B-B3-2 

-±- B3-3 

—44—B3-4 

-*-B3-5 

—B3-6 

—i—B3-7

Figure 6-21 Displacements of Model 3 for Near Fault motions.

Model 3 - Near Fault - Velocity

■ B3-1

■ B3-2 

B3-3

-X- B3-4 

"*....B3-5

—4—B3-7
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Figure 6-22 Velocities of Model 3 for Near Fault motions

. Figure 6-23 Accelerations of Model 3 for Near Fault motions

Model 3 - Near Fault - Shear Forces

—4—B3-1 

B3-2 

-Λ-Β3-3 

-*-B3-4 

B3-5

..φ-" B3-6

—4— B3-7

Shear Force S/W

. Figure 6-24 Shear Forces of Model 3 for Near Fault motion
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7 APPENDIX A

Herein are presented indicative the plotted time histories for the first motion for each model.

Viscoelastic - Fluid device, for F0= 0.75 Fmax.
X-axis is time (second) BLUE=Fluid device, GREEN= Viscoelastic
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Steel Yielding - Fluid device, for F0= 0.75 Fmax.
X-axis is time (second) BLUE=Fluid device, GREEN- Steel Yielding
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Steel Yielding - Fluid device, for F0= 0.75 Fmax.
X-axis is time (second) BLUE=Linear Viscous, GREEN= Fluid device
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