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PREFACE
In this study, the effects of viscoelastic dampers on two dimensional frames are dealt
by using Wilson 6 step by step integration method and a comparison of the response
Is made between traditional structures and damper added structures.
I would sincerely like to thank Prof. Dr. Hasan Boduroglu for his guidance during

my study.

13.05.2002 M.Umit OZKAN
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ABBREVIATIONS

VE : Viscoelastic

SDOF : Single Degree of Freedom
MDOF : Multi Degree of Freedom
Acc. : Acceleration

Vel. : Velocity

Disp. : Displacement



1. TABLESLIST

Table 3.1.  Attachment Coefficients

Table 4.1.Calculation Steps

Table 5.1.Result values for two storey shear frame
Table 5.2.Result values for five storey shear frame

Table 5.3.Result values for five storey shear frame
Table 5.4.Result values for five storey shear frame
Table 5.5.Displacements of the traditional five storey shear frame
Table 5.6.Displacements for case 1

Table 5.7.Displacements for case 2

Table 5.8.Velocities for the traditional frame
Table 5.9.Velocities for case 1 (¢ damped)

Table 5.10.Velocities for case 2 (5¢ damped)
Table 5.11.Accelerations for the traditional frame
Table 5.12.Accelerations for case 1 (¢ damped)
Table 5.13.Accelerations for case 2 (5¢c damped)
Table 5.14.Base shear forces

Table A1.The known results

Table A2.Results of the example solved with MS Excel

Page Number

12
21
26
32

38
44
53
54
55
61
62
63
69
70
71
77
82

82



FIGURES LIST

Figure 1.1
Figure 1.2
Figure 2.1
Figure 2.2
Figure 3.1
Figure 3.2
Figure 3.3
Figure 4.1
Figure 4.2
Figure 5.1
Figure 5.2
Figure 5.3
Figure 5.3a
Figure 5.3b
Figure 5.4
Figure 5.5
Figure 5.6
Figure 5.7
Figure 5.8
Figure 5.9
Figure 5.10
Figure 5.11
Figure 5.12
Figure 5.13
Figure 5.14
Figure 5.15
Figure 5.16
Figure 5.17
Figure 5.18
Figure 5.19
Figure 5.20
Figure 5.21
Figure 5.22
Figure 5.23
Figure 5.24
Figure 5.25
Figure 5.26
Figure 5.27
Figure 5.28
Figure 5.29
Figure 5.30
Figure 5.31
Figure 5.32
Figure 5.33
Figure 5.34

Page Number

:ViscoelasticSolidDamper.........coovvevveieiieie e 2
:Damping Effects on SDOF SyStems..........cccooeveieneiencneninnn 3
:VE Shear Stress-Strain Relationship...........ccccoooveveiieiieie e, 6
:Temperature Effect on VE Materials...........ccccoooovniiiiiiennn 8
:Typical Damper BraCings ........ccccovevvieeiivenesiiesee e sie s 10
IMOre ReCENt BraCingS......coueoververierieninieniseeiesee e 11
:Spring Dashpot Arramgements...........cccvevveveeieieerieseese e 12
BIOW UD...iii e 18
:Linear Variation Assumption of Wilson-6 Method................... 19
:TWO Storey Shear Frame.........cccccvevveveeviece s 23
:Damper Added Two Storey Shear Frame............ccoccocvvvvenenn, 25
:Displacement graph of 1. StOrey........cccccevvevevieiieie e, 27
:Five Storey Shear Frame.........ccccooviiiiiiiciiicec e 31
:Damper Added Frame..........ccceoveeeevieeieiccececreee e, 31
:Displacement graph of 2. STOrey ........ccccvvviiieieninisicecee, 27
:Velocity Graph of 1.StOreY.........cccceevevieiiviceiiscceececeeeeee 28
Velocity Graph of 2.St0rey........coccoveriiiiiiiieece e 28
:Acceleration Graph of 1.Storey..........cccooevviievieiicie e, 29
:Acceleration Graph of 2. STOrey........cccevvvereneiiinieie e 29
:Displacement Graph of 1.Storey..........cccocevveeveeveviieiecieeeee, 33
:Displacement Graph of 2.St0rey.........ccovvviriiiniiiencnesee 34
:Displacement Graph of 3.Storey........c.cccoeevveveiie i, 35
:Displacement Graph of 4.St0rey.........ccccoovvvrininiinencne e 36
:Displacement Graph of 5.5torey..........ccccceevveveiii e, 37
Velocity Graph of 1.StOreY.......ccoccvveviiininiiiee e 39
:Velocity Graph of 2.Storey........ccceveiveiiciccceece e, 40
Velocity Graph of 3.StOrey........coccovviiiiiininee e 41
:Velocity Graph of 4.Storey........ccoeveeieviecie e 42
Velocity Graph of 5.StOreY........ccccoviiiiiiiiinice e 43
:Acceleration Graph of 1.Storey........ccccceveveeveiiccicseece e, 45
:Acceleration Graph of 2.StOrey.......cccceviiiininiiiieienc e 46
:Acceleration Graph of 3.Storey........ccccceveiiiiieicecceceece e 47
:Acceleration Graph of 4.StOrey.......ccccvvvieieninieieiese e 48
:Acceleration Graph of 5.5torey........cccccevvvviiivie v, 49
:Five storey shear frame..........ccccooeiiiiiiiiseneee e 52
:Damper added frame..........cccooeeeiiceeieeccce e 52
:Displacements 0f 1.StOMeY........cccocvrereireieieeseree e 56
:Displacements 0f 2.StOrBY.........ccccceiveieieiicieiee e, 57
:Displacements 0f 3.StOMeY.........cccvvereiieiiiceseee e 58
:Displacements Of 4.StOrEY........ccevvereiieiieie e 59
:Displacements 0f 5.5tOM€Y.........ccccvvvevieiievicicecce e 60
:Velocity graphs Of 1.StOr€Y.......ccecvreeieeiieiinieeieee e 64
:Velocity graphs of 2.5t0rey.........cccccvevviiveieiiiccsee e, 65
:Velocity graphs of 3.StOreY.......cccovvvvveiiiiiiisieee e 66
:Velocity graphs of 4.5t0r€Y.........cccccvevvieieieiiicccece e, 67

Vi



Figure 5.35
Figure 5.36
Figure 5.37
Figure 5.38
Figure 5.39
Figure 5.40
Figure 5.41
Figure A.1
Figure A.2
Figure A.3

:Velocity graphs Of 5.5tOreY.......cccccviveeveeveiie e
:Acceleration Graphs of 1.StOrey........cccoovvvviiiiiiiiiininiesineees
:Acceleration Graphs of 2.StOrey.........ccccoevevvivieiiii i
:Acceleration Graphs of 3.StOrey..........ccocvvviiiiiieiininesinee
:Acceleration Graphs of 4.StOrey.........cccocvevviveiiiivieeiesie e
:Acceleration Graphs of 5.StOrey........c.ccoovvvvviiieninieniniceee,
:Base shear force comparison between traditional str. and dam.
:The Graph of the Known Results
:Solution with MS Excel
:Comparison of TWO SOIULIONS...........cooiiiiiiieieccce s

vii



SYMBOLS LIST

G’ : Elastic shear stiffness
G” : Viscous stiffness

B : Damping ratio

Y : Shear strain rate

O : Frequency

: Damper stiffness

: System stiffness

. Area

: Height

: Damper damping coefficient
: System damping coefficient
: Loss factor

. Stiffness matrix

: Damping matrix

: Mass matrix

. Attachment coefficient

: Force

: Displacement

: Velocity

- Acceleration

: Time step

. Increase in time

: Period

: Wilson’s parameter

: Load matrix

: Wilson’s integration constants

~ X
a

n

PS> HCCTRZIORS S L TP

viii



OZET

Gliniimiizde, deprem yonetmeliklerindeki minimum yatay kuvvet sartlarina
uygun olarak tasarlanan yapilarin beklendigi sekilde davranmadigr goriilmistiir.
Yakin ge¢misteki depremler gostermistir ki, en yeni yonetmeliklerle tasarlanan ve
insaa edilen yapilar da bile hasarlarin maddi biiyiikliigii ve bu hasarlarin onarimi igin
gereken siire tahmin edilenden fazladir. Birgok arastirmaya gore yalnizca yatay
tasarim kuvvetlerini arttirmak bir ¢6ziim olmamaktadir. Yapilarin sismik kuvvetlere
kars1 dayanimini arttirmak icin birgok yeni teknikler uygulanmaktadir. Bu calisma
ilave enerji yutucu sistemlerden olan kat1 viskoelastik soniimleyiciler iizerine

odaklanmaktadir.

Enerjinin yutulmasi, dinamik yikler altinda mekanik ve yapisal sistemlerin
asirt vibrasyonunun etkili sekilde kontrol edilmesini saglayan bir sistem olarak
taninmugtir. Deprem yOnetmelikleri sabit bir yatay yilik katsayist kabulii iistiine
kurulmus olup bugiin ise spektral yaklasimlar kullanilmaktadir. Bu tasarim
spektrumu yaklasiminda yapinin belli bir tahmini yiizdede i¢sel soniime sahip oldugu
varsayilmaktadir.  Yapmin tasarim depreminde inelastik davranig gosterecegi
varsayilir ve yatay deprem kuvvetleri azaltilir. Elastik davranig kabulii ve yiiklerin
azaltilmasi ile birlikte yapilar, yapisal elemanlarinin kapasiteleri kadar soniime sahip
olurlar. Bu durumda elemanlar bilyiik deplasmanlar1 yapabilecek sekilde
boyutlandirilmalidir. Bu sekilde olusan hasar genellikle tamir edilebilir diizeyde

olmalidir. Hasarin boyutu, tamirat i¢in gereken finans ve zamani etkiler.[1]

Bu calisma deprem yiiklerine karsi tasarlanan yeni yapilarin ve mevcut
yapilarin sismik performanslarinin enerji yutucu cihazlarla iyilestirilmesini
incelemektedir. Goriilmiistiir ki yapilar ilave edilen soniimleyiciler sayesinde soniim
yiizdeleri arttig1 i¢in daha az yanal deplasman yapmakta bdylece hasara yol agan

yerdegistirmeler sinirlandirilmis olmaktadir.



SUMMARY

Buildings designed in accordance with minimum code lateral force
requirements do not necessarily produce buildings that behave as expected. Recent
earthquakes have shown that buildings designed and constructed in accordance with
the newest codes post of damage repair and the time needed to implement these
repairs are greater than anticipated. Many researches have proved that increasing the
design force levels alone doesn’t improve aspects of the performance. New
techniques have been proposed for use individually or in combination to improve
earthquake building performace and are at various stages of development and
acceptance. This thesis is focused on supplemental energy dissipation system
approach of viscoelastic solid dampers.

Energy dissipation has long been recognised as an effective means for
controlling excessive vibration of mechanical and structural systems under dynamic
loads. Earthquake resistant design requirements in building codes have evolved from
a constant lateral force coefficient to current code requirements that are based on
design spectral approaches. These design spectra assume that the elastic structural
system’s inherent damping is a guessed acceptable percentage of critical damping.
Assuming that the building will go into inelastic response during the design level
earthquake allows further reduction of the seismic design lateral forces. The
reduction from elastic responce forces is attributed to the limits of elastic member
capacities and to the increase in effective damping caused by the nonlinear hysteretic
energy dissipation. In this case, components and systems must be constructed so
they can sustain their load capacities while undergoing large deformations. This
action results in damage that usually must be repaired. The extent of the damage can
influence the time and cost required to make the repairs. [1]

The study focuses on the information of dissipation devices in designing
new earthquake resistant buildings and also upgrading the seismic performance of
existing buildings. It is seen that buildings denote less lateral drift when their
damping ratios are increased by adding dampers to the structure which limits the

damage dependent to the displacements.
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1 INTRODUCTION

A number of imaginative approaches for improving eartquake responce
performance and damage control of buildings, bridges and other structures have been
developed. One of these approaches is passive systems such as supplemental energy
dissipation devices. Viscoelastic energy dissipation devices will be focused on and
basic working principles, application of these devices will be dealt. Some
applications will be shown and the difference between the systems without dampers
case will be compared with systems with dissipated energy cases. Approaches will

be made by using Wilson-6 method of step by step integration.

1.1. Energy Dissipation Devices: Viscoelastic Devices.

VE devices are solid or fluid devices, which dissipate energy through
deformation of VE polymers , deformation of viscous fluids, or fluid orificing. Their
energy dissipation depends on both relative displacements and relative velocities
within the device. In this study only the VE solid devices will be focused.

The use of VE solid devices in civil engineering structures appears to have
begun in 1969, when 10,000 VE dampers were installed in each of the twin towers of
New York’s World Trade Center to help resist wind loads. More recently, further
analytical and experimental studies on the dynamic response of VE energy
dissipators and seismic response of viscoelastically damped structures have been
carried out. VE materials used in civil engineering structures are typically
copolymers or glassy substances. A typical VE solid device, consists of VE layers
bonded with steel plates is shown in figure 1.1. VE solid devices dissipate energy
through shear deformation of the VE layers, which also depends on the vibrational

frequency, strain, and ambient temperature.[1]



When incorporated to a structure, dampers dissipate earthquake induced
energy and may add stiffness and strength to the structure.

VE Material

Figure 1.1: Viscoelastic Solid Damper.

1.2. Damping Changes Under Effect of Ground Motions.

The presence of some damping in conventional buildings has been recognized
and accepted. Although the nature of energy dissipation inherent in buildings has not
been explictly identified, inherent equivalent viscous damping of about 2-5% of
critical damping has become accepted in practice for linear response analyses of
typical buildings. In fact, most of the design spectra developed assume 5% of critical
viscous damping in the system. However the addition of dampers can substantially
increase damping.

As an example a single degree of freedom system that has less than critical
viscous damping initially when the system is at rest is considered. It’s subjected to a
ground motion impulse that creates an initial velocity, much like an earthquake
ground acceleration pulse. The resulting free vibration of the structure is shown in
Figure 2 for 2%, 5%, 10% and 50% of critical viscous damping. Two primary
effects of increasing the damping are seen. The initial amplitude of the structural
response decreases with increases in damping. The number of cycles to reduce the

initial amplitude to half that amplitude are also decreased.



When the earthquake ground motion is thought of as a series of individual
pulses, the response of a building to the series of pulses would be just a summation
of the motions from each pulse, as shown in figure 1.2, shifted in time to the time
when the pulse occured. It’s easily concluded that the response of more highly
damped systems will be smaller that of the lightly damped systems, because the
initial amplitudes are smaller, and the responses decay more quickly.
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Figure 1.2: Damping Effects on SDOF system.
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1.3. Significant Increases in Damping.

Damper added structures exhibit significantly higher modal damping ratios
than those associated with traditional structures. This is particularly true in higher
modes, where damping ratios can reach values close to or even exceeding their
critical values. Hence, the damping term in the equation of motion of a damper

added structure becomes important in determining the structure’s modal properties.



Moreover, the effect of adding dampers to a structure is not only a significant
increase in but also a redistribution of modal dampings. Some modal response
components that have minor contributions to the total response of the structure may

become important after dampers are added.

1.4. Nonproportional Damping.

For analytical convenience, proportional damping is usually assumed in the
analysis of a traditional structure. This simplifies the structural analysis by using
modal superposition. The consequence of adding dampers to a traditional structure
depends on the locations and characteristics of the selected devices. If the added
damping is proportional-that is, if the undamped mode shapes of the structure with
added stiffnesses that are due to the damping devices diagonalize the structure’s
damping matrix- then the structure has proportional damping. In this case, the
traditional modal analysis approaches work well. That is, the normal modes of
vibration of the damped system are identical to those for the undamped structure,
making the calculation of modal properties a routine procedure.

The proportional damping assumption, however, is generally not valid for
damper added structures, because it may not be practical to try to match added
damper characteristics to the variations in the structural stiffness and mass of the
building. In fact in some cases it may be desirable to add dampers only at spesific
floors in the building. Thus, the distribution of the damping properties within the
structure will probably not be proportional. In this situation, modifications of the

traditional model analysis must be considered.[1]



2 CHARACTERISATION AND APPLICATION OF
VISCOELASTIC SOLID DAMPERS

Mechanical properties and mathematical modelling of dampers and some
general discussion on their applicability is considered. The concept of replacing
complicated and often nonlinear behaviour of dampers by equivalent linear stiffness
and viscous characteristics has enormous benefits for the preliminary analysis and
design of damper added structures. This linear approximation is emphasized.

2.1 Viscoelastic Solid Devices.

VE materials used in structural applications are typically copolymers or
elastomeric substances that dissipate energy when subjected to shear deformation. A
typical VE device consists of one or more layers of VE material bonded to steel
plates. The device is mounted in the structure so that relative floor displacement
causes shear deformation of the device. The mechanical properties of VE materials
depends on temperature and frequency. The expected frequencies of the device
motion can be approximated for sufficient accurancy to establish the proper
frequency property for a spesific application. The device temperature will increase
from the initial ambient temperature of the device as the dissipated energy is
converted to heat. This range of expected temperature for which the device operates
must be included in the design of the device for a spesific application.

The main VE material properties used in designing VE devices are the shear
storage modulus, G’ , which provides the “elastic” shear stiffness of the material, and
the shear loss modulus, G’> , which represents the velocity-dependent or viscous

stiffness of the material. The material stress-strain relationship can be expressed as

T =Gyt £G” y'(t)/ ® (2.1)



where T(t) is the shear stress as a function of time, t; y’(t) is the shear strain as a

function of time; y’(t) is the shear strain rate of change (shear velocity) as a function

of time; and  is the circular cyclic frequency in radians per seconds. This
relationship is illustrated in figure 2.1. It’s seen that the stress-strain relationship is
an ellipse with a nonzero slope. The slope is associated with the G’ term, and the
area of the ellipse is related to the G’ term. Thus a simple relationship between the
energy dissipated by VE materials and viscous dampers can be established. Figure

2.1 shows its dependence on cyclic amplitude and frequency, or rate dependence.
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Figure 2.1: VE shear stress-strain relationship.

Consider a sheet of viscoelastic material bonded between two plates with
area A and thickness h. The effective or equivalent stiffness of the device is

ka=AG’ (@) /h (2.2)

and the effective or equivalent viscous damping coefficient is

ca=AG” (®)/ ®h (2.3)



It’s convenient to define a loss factor, 1, as the ratio of the shear loss
modulus to the shear storage modulus.
That is,

n=G"(®)/ G (M) (2.4)

Experimental data have shown that, although G’(®) and G’’((®) are

functions of excitation frequency, the loss factor, n, is generally not sensitive to .

When the loss factor is used, the effective viscous damping can be expressed as

Ca=kin/ o (2.5)

At a given frequency o, it is seen that the damping coefficient is proportional
to the stiffness. [1],[5].[6]

2.1.1. Frequency, Temperature and Strain Amplitude Effects.

It has been observed that the variations in G’ and G’ fall into straight lines on
a log-log plot with respect to cyclic frequency. Thus, at a given temperature, only
two tests at different frequencies are needed to define this log-log straightline
relationship.

The properties of VE materials change from galssy behaviour at low
temperatutes to rubby behaviour at high temperatures, as illustrated in figure 2.2.
The highest loss factor materials usually have the smallest temperature transition
range, which is the change in temperature from glassy behaviour to rubbery
behaviou, and the highest loss factor occur near the midpoint of this range. Materials
science research of VE materials has developed numerous approaches for defining
the effects of ambient temperature anf changes in material temperatures during
operation. In general, the effects of temperature can be combined with the efects of
frequency in simple log-log plots that characterise both efects. This variation with

frequency and material temperature is shown in figure 2.2. This characterization



provides a simple means for establishing the frequency dependence of the VE
material properties.
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Figure 2.2: Temperature effect on VE materials.

A concern has been that VE materials exhibit nonlinear behaviour when
subjected to large strains. It has been found that single-amplitude cyclic strains as
large as 125% are essentially linear, as long as the temperature rise is taken into
account, linear properties can be used to predict large strain behaviour. The material
properties return to their initial properties when the device material has turned to its

initial temperature.[5]

2.2. Applicability.

A direct consequence of adding dampers to a structure is to increase its
energy dissipation capacity. More importantly, dampers dissipate the energy that
must otherwise be dissipated by the structural lateral system, thus eliminating or
reducing potential damage to structural elements or connections. Different devices
provide different means by which energy is dissipated. Viscoelastic devices also
add structural strength and stiffness. Though energy dissipation, the addition of
dampers to a structure results in a reduction in drift and hence reduction of damage.
An increase in strength or stiffness reduces the effective structural period, thus
further reducing the maximum displacement; on the other hand, such an increase

may also increase the total lateral force exerted on the structure.



On the basis of the dynamic characteristics and practical limitations of
dampers, some general observations can be made about how their applicability to
structures compares with more conventional strengthening schemes, such as base
isolation or installation of braced braced frames or shear walls.[1]

Building types which dampers are added, applying dampers to existing
structures and new constructed ones, effects of dampers on architecture,
envoirmental effects, aging, cost and selection of damper types are things to consider

more over VE dampers.



3 ANALYSIS OF DAMPER ADDED STRUCTURES

The objective is to provide analysis over structures with added damping and
to make a relation with the analysis of traditional structures. Since nonproportional

damping occurs in this systems usage of step by step integration to solve the system
as with proportional damping is required. A method of this special case , Wilson-0

method for analysing will be used in further sections.
3.1 Nonlinear Structure and Linearized Damper Procedure.

The equivalent linear damping and sriffness characterisrics of the dampers are
first integrated with those of the structural elements. This step allows nonlinear
analysis of damper added structures to follow the procedures used with traditional
structures with modified damping and stiffness elements.

Before the development of this integration scheme, it should be noted that
dampers are usually incorporated into structures through bracing. Typical damper
bracing forms are shown in figure 3.1. Figure 3.2 shows the more recent used toggle

or scissor-jack configurations.
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Figure 3.1: Typical damper bracings.
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Figure 3.2: More recent used bracings.

In each case, bracing has finite stiffness so that the behaviour of the damper
bracing assembly is such that one or more spring elements, representing bracing
stiffness, are in series with the damper. Conventional analytical models of the
traditional structure assume a discrete spring dashpot mass system for each storey as
shown in figure 3.3. For damper added structures, when linear characterization ofthe
damper is used, there is a more complicated spring dashpot arrengement, as shown in
figure 3.3. In this figure, ks and c; are, respectively, lateral structural storey stiffness
and the damping coefficient; kq and cq4 are respetively, axial damper stiffness and the
damping coefficient; ky, is the axial bracing stiffness; and o, and oy are, respectively,
attachment coefficients that take into acount the effect of brace-damper configuration
as depicted in figures 3.1 and 3.2 and the transformation from axial coordinates to
the horizontal coordinates of the brace/damper force-displacement relationship.
Their expressions are given in table 3.1. The damper assemblies cited in this table
are shown in figures 3.1 and 3.2. Depending upon the values of 61 and 6,, attachment

coefficients y1, 2, and y3 can be significantly greater than one.

In table 3.1, v1, y» and y3 are derived to be

v1= [SinB; / cos (0:+6,)] + sinb, (3.2)
V2= sin@, / cos (91+92) (32)
3= €001 / tan0,)] (3.3)
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Figure 3.3: Spring dashpot arrangements.

Table 3.1: Attachment coefficients.

Damper Assembly - o o,
Diagonal bracing cos’# cosid
Chevron or cross bracing Zeos’@ 1

1 :
Upper loggle bracing i 4]
Lawer toggle bracing :.—;' y:
Scissor-jack bracing ¥i yi

Considering the equivalent stiffness and damping coefficients of a damper
added structure, taking into account a spesific brace damper configuration. Under

harmonic oscillations with frequency o, equivalent storey stiffness and damping of
the damper added structure, k and ¢ can be derived to be

K—K + oo aKoKa(ooKe+oLaka)+w2ouba 2KeC?

s (otoko+oeka)2+m?02C?

(3.4)
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OLdOLdekb

c=C+ (ooks+oeka)?+mw20i2c?
(3.5)
If kp = kq then k and c are reduced to
B oubot Ko (otoKoKa+m20L4C2)
=k, + a2k2+m20.2C?
(3.6)
coc o Gikice
- a(k2+owec?)
(3.7)
As ki, — oo, as with rigid bracing, k and ¢ becomes, as expected,
k= ks + aqKqg (3.8)
C=Cs + 0,g Cqg (3.9

If ksand cs are replaced in the traditional structure at each floor by k and c as
derived above, then the analysis of a damper added structure, either linear or
nonlinear, can be carried out by conventional procedures within the following
important exceptions:

A damping increase can be significiant in the damper added structure. Hence
the usual assumption that the modal periods and mode shapes of the damped
structure are identical to those of the undamped structure may no longer be valid.
Sample calculations have shown that, for proportional damping of up to about 50%
of critical damping, the undamped mode shapes can be retained, and the damped
natural periods can be calculated.

Adding dampers to a traditional structure generally results in nonproportional
damping. However the effects of this nonproportionality usually can be ignored
when the added dampers are distributed throughout the building height. When there

13



is any doubt, the potential significance of nonproportional damping can be
determined by premultiplying and postmultiplying the added damping matrix by the
undamped elastic mode shapes. If the off diagonal terms of this uncoupled damping
matrix calculation are not sufficiently smaller than the diagonal terms, then dynamic
coupling will occur and the nonproportionality effects can be significant. If
proportional damping is assumed in the design steps and the nonproportionality
effects remain in doubt, then a response history analsis of the completed design
should be made to verify the expected dynamic response. Response history by direct
integration ofthe equations of motion can be used, but combining modal integration
solutions cannot be used, because it will not correctly represent the effects of
damping nonproportionality.[1]
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4 COMPARISON OF TRADITIONAL STRUCTURES AND
DAMPER ADDED STRUCTURES

The behaviour of damper added structures forces the designer to use direct
integration methods in solving the problems of nonproportional damping. To do so

numerical evaluation of dynamic responses and time stepping methods are used. As

mentioned before in direct integration solutions, Wilson-6 method is used.

4.1. Time stepping Methods.

The objective is to solve numerically the system of different equations

governing the response of multi degree of freedom systems.

mii + cu + ku = p(t) 4.2)

with the initial conditions

u=u(0) and  u=u(0) 4.2)

att=0. The solution will provide the displacement vector u(t) as a function of time.
The time scale is divided into a series of time steps, usually of constant

duration At. The excitation is defined at discrete time instants t; = iAt; at this time,

denoted as time i, the excitation vector is p; = p(t}). The response will be determined

at the same time instants and is denoted by i = wij(t), u; = u(ti), and ui= u(t).

The known response of the system at time i ;

mijj + cui + kuj = Pj (4.3)

15



time stepping methods enables to step ahead to determine the response iij+1, Ui+1,

and ujs; of the system at time i+1 ;

miij+; + CUj+y + KUis1 = Pisg (4.4)
When applied succesively with i=0,1,2,3,.......... the time stepping procedure gives
the desired response at all time instants i=1,2,3,......... The known initial conditions

at time i=0 provide the information necessary to start the procedure.

The numerical procedure requires three matrix equations to determine the
three unknown vectors iij+1, Uis1, and Uj+1. Two of these equations are derived from
either finite difference equations for the velocity and acceleration vectors or from an
assumption on how the response varies during a time step. The third is equation
(4.1) at a selected time instant. If it is the current time i, the method of integration is
said to be an explicit method. If the time i+1 at the end of the time step is used, the
method is known as an implicit method.

For a numerical procedure to be useful, it should converge to the exact
solution as At decreases, be stable in the presence of numerical round-off errors and
be accurate. The stability criteria were shown not to be restrictive in the response
analysis of SDF systems because At must be considerably smaller than the stability
limit to ensure adequate accurancy in the numerical results. Stability of the
numerical method is a critical consideration, in the analysis of MDF systems. In
particular, conditionally stable procedures can be used effectively for analysis of
linear response of large MDF systems, but unconditionally stable procedures are

generally necessary for nonlinear response analysis of such systems. [2]

4.1.1 Analysis of Nonlinear Systems.

Numerical evaluation of the dynamic response of systems responding beyond
their linearly elastic range is computationally demanding for systems with a large
number of degrees of freedom. The N equations for an N-DOF system are usually
solved in their original form, because classical modal analysis is not applicable to

nonlinear systems. However, even the displacements of nonlinear system can be
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expressed as a combination of the natural modes of the undamped system
vibrating within the range of its linear behaviour:

u(t) = n§1¢nqn(t)
(4.5)

This transformation will serve to uncouple the equations of motion of a
classicaly damped system only as long as the structure remains linear. After
yielding, the modal equations would become coupled, precluding classical modal
analysis. Despite this complication, it may seem attractive to truncate the modal
transformation of eq.(4.5) to include only th first J (typically J « N) modes that
contribute significantly to the response, and then solve the J coupled equations in
modal coordinates instead of the N equations in phsical coordinates. However, this
approach is usually not effective for general nonlinear systems but can be used with
advantage for structures composed of linear subsystems connected through nonlinear
systems . Although the equations being solved are not uncoupled equations, it is
convenient for the discussion to follow to think of the response in terms of its modal
decomposition.

Direct solution of eq.(4.1) is equivalent to including all the N modes in the
analysis, although only the first J terms may be sufficient t1 represent accurately the
structural response. It would seem that the choice of At should be based on the
accurancy requirements for the Jth mode, At=T;/10 where T; is the period of the Jth
mode of undamped linear vibration. This choice of At implies that the higher mode
(J+1 to N) terms in eq.(4.5) would be inaccurate, but this should not be of concern
because its concluded that these higher mode contributions to the response were
negligible. Although this choise of At would seem to provide accurate results, it may
not be sufficiently small to ensure stability of the numerical procedure. Accurancy
is required only for the first J modes, but stability must be ensured for all modes
because even if the response in the higher modes is insignificant, it will “blow up” if

the stability equirements are not satisfied relative to these modes.
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This problem is illustrated figure 4.1

Numerical solutions
Direct solution by linear acceleration method

- = = = Two-mode solution from Example 15.1

s, Tt

Time, sec

Figure 4.1: Blow up.

The curve shows a solution of an example using linear acceleration method
with At=0.1sec. When the original equations are solved by the same method using
the same time step, this direct solution “blows up” around t=1 sec.

Requiring stability for all modes imposes very severe restrictions on At.
Consider a system in which the highest mode with significant response contribution
has a period T; =0,10 sec., whereas the period of the highest mode is Ty =0,001 sec.
If the linear acceleration method is used, the numerical solution would be reasonably
accurate if At is chosen as T;/10. To ensure stability of the procedure, however, At
should be less than 0,551 Ty. This choice of At implies that about 2000 time steps are
necessary to compute the response of the system for 1 sec. of the excitation. It is
obvious that the numerical procedure used should be unconditionally stable. Then a
time step of 0,01 sec should be used in this example without the solution blowing up.
The same conclusion applies to linear systems if their equations of motion are not

transformed to a truncated set of J modal coordinates.

Only Wilson-0  method will be presented in this section. It is intended for

the solution of eq.(4.1) for linear or nonlinear systems. [2]
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4.1.2. Wilson-0 Method.

A method developed by E.L. Wilson is a modification of the conditionally
stable linear acceleration method that makes it unconditionally stable. This
modification is based on the assumption that the acceleration varies linearly over an
extended time step ot = OAt, as shown in figure 4.2. The accurancy and stability
properties of the method depend on the value of the parameter 0, which is always

greater than 1.

. ¥
f:fl 1 r 7 | _I
(b L
L ag | O
| |
. | 1
|
L i
I il Tirn
L Ar
| -'-l
| br:_B Al |

Figure 4.2: Linear variation assumption of Wilson-6 method.

Let & denote the increase in time, where 0 [ O [ © At ; then for the time

interval t to t+0 At, it is assumed that

Ut+8 — Ut +ﬁ(Ut+9At _ Ut)
(4.6)
Integrating eq.(4.6)
Ut+5 - U + Ut6+%(01+em _ Ut)
4.7)
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UHB:U1+U(8+lUSZ+ 1 63(Ut+9AI_UI)

2 60At
(4.8)
Using (4.7) and (4.8) we have at time t + OAt,
 t+0At ot
U Y +%(Ut+em+ut)
(4.9)
t+0At t ot
U =U +0AtU + 225U 120"
(4.10)
from which we can solve for "**'(J and "***'U in terms of "**'U :
_t+oat 6 6 ot
_ t+0At _ t __o _ ot
U =gV U -gagV —2U
(4.11)
) t+0At 3 ot eAt t
_ 3 ALty _ BAt
v T OAt (U u)-2u 2 U
(4.12)

To obtain the solution for the displacements, velocities and accelerations at
time t + At, the equilibrium equations are considered at time t + OAt. However,
because the accelerations are assumed to vary linearly, a linearly projected load
vector is used . The equation employed is

Mt+9AtU + Ct+6AtU + Kt+eAtU — t+0At R (4 13)

where HAMR =R+ 0 (""R-'R) (4.14)

Substituting eq(4.11). and (4.12) into (4.13), an equation is obtained from which

#95ty can be solved. Then substituting ***'U into(4.11) we obtain *%*'U, which is
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used in (4.12), (4.13) and (4.14), all evaluated at & =At to calculate “*'U, **'U
and "*'U. The complete algorithm used in the integration is given in table 4.1.

The Wilson 6 method is also an implict integration method, because the
stiffness matrix K is a coefficient matrix to the unknown displacement vector. It may
also be noted that no special starting procedures are needed, since the displacements,
velocities and accelerations at time t+At are expressed in terms of the same quantities
at time t only.[2],[4]

Table 4.1: Calculation steps.

A: Initial Calculations:

1. Form stiffness matrix K, mass matrix M and damping matrix C.

2. Initialize U% U° and U°,

3. Select time step At and calculate integration constants, 6 =1.4 (usually):
a0 =6/ (0At) ; a; =3/ 0At; a, =24 ; a3=OAt/2; ay =
/0,
as=-a,/0; as=1-(3/0); a7=At/2: ag=At’/6

&

Form effective stiffness matrix K : K=K +ay M + a; C.
5. Triangularize K : & =LDL".

w

: For each time step :

1. Calculate effective loads ar time t + At:
HAR =R+ ("R-R)+M (@ 'U+a,'U+2)+C(a;'U+2'U+a3'0)
2. Solve for displacements at time t + OAt:
LD LT t+9AtU — t+6AtR
3. Calculate displacements, velocities and accelerations at time t + At:
tRALT as (t+9AtU B tU) + as U + 2 Yy
t+AtU = a; (t+AtU + tU) + tU
tAY = ag (t+AtU +2 tU) +U+AtIU
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5 EXAMPLES

5.1. Example 1: Two Storey Shear Frame.

A system given is solved for its given values and ®;=6,279 rad/sec. and
®,=13,364 rad/sec. for the system in undamped case is found. Then the system is
loaded with R=44.4 kNs. The load is applied to the system from the second storey
height. A solution with Wilson-6 method is done. After that, two viscoelastic
dampers, one damper per each storey, are installed to the system. It is assumed that
the VE dampers are rigidly braced. The same load, R=44.4 kN is applied and the
system is solved. In the first case only the systems inherent damping is effective but
in the second case the VE dampers are effecting the systems stiffness and damping
matrices. It can be easily seen that the displacements are reduced nearly 60% when
VE dampers are added to the system. In order to find out the optimum solution for
the system, three different cases of damper installations are used and a comparison is

made .
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2
m=1.75 kN-sec /cm.

PR

k=172.4 kN/cm.

k=258.6 kN/cm.

k4 4

Figure 5.1: Two storey shear frame.

The system is shown in figure 5.1. A constant load R=44,4 kN is applied.

06 =14 and At=0,25sec. The stiffness, mass and the damping matrices are ;

M= (kN-s®/cm) 3,5 0

0 1,75

C= (kN-s/cm)| 1,64 -0,87

-0,87 3,74

K= «Nem)| 431 -172.4

-172,4 172,4

Initial conditions are found to be ;

"l L

Constant values for the solution with the current © and At values are;
a=306,12, a;=2142, a,=4284, a;=0,07, au= 218,65, as=-15,3,
as=-1,14 , a;=0,05, ag= 0,00166

respectively.

23



The selection of VE damper stiffness kq and loss factor n is a trial-and-
error procedure. These values can also be determined on the basis of the principle
that the added stiffness that is due to VE dampers should be proportional to the
storey stiffness of the primary structure. This is obtained from modifiying the modal

strain energy method for each storey as

Otdikdi = ksi (ZB/H-ZB) (5.1)

where B is the targeted added damping ratio; ay; is the attachement coefficient from
table 1 and kg and ks are the contributions of damper added stiffness and the
structural storey stiffness without added dampers at the ith story, respectively. For
this example the thickness of the VE dampers are 0,76 inches, G’=17.6 kg/cm2 and

constant temperature is 25°C. An area of 45 cm? is chosen. Loss factor n=1,1

Cy=2*45*1,1*17,6/6,279*0,76=3,65 KN-sec/cm.
0,4=c0s°0=0,8

0,4C4=2,92 kN-sec./cm.
kq=2*17,6*45/6,279*0,76=3,32 kKN/cm.
ogkg=2,655 kN/cm.
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Figure 5.2: Damper added frames.

Added damper stiffnesses are shown in figure 5.2. After including dampers
values K and C are calculated again. After that Wilson 6 method is used.
Accelerations, velocities and displacements are found for both two cases and plots
are made to show the results. Table 5.1 shows all the results. Figure 5.3 and figure
5.4 shows the displacement comparisons. Figures 5.5 and 5.6 compares the velocities
and figures 5.7 and 5.8 compares the accelerations of the two storey shear frames.

The added stiffness and damping matrices are given below for each case.

For case 1;

K=| 444,27 -183,02 C= 16,24 -12,55
-183,02| 183,02 -12,55 15,42
For case 2;

K=] 444,29| -175,05 C=]| 16,24 -3,79
-175,05| 175,05 -3,79 6,66
For case 3;

K=] 436,31| -175,06 C= 7,48 -3,79
-175,06| 175,055 -3,79 6,66
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5.2. Example 2: Five Storey Frame.

A five story frame system is given as in figure 5.3. The period of the system

is 0.3 seconds. The stiffness and the mass matrices are given as follows.

84,372 -26,23 0 0 0
26,23 52,44 -26,23 0 0
K=| 0 -26,23 52,44 -26,23 0 |(kN/cm)
0 0 -26,23 52,44 -26,23
0 0 0 -26,23 26,23
5,83 0 0 0 0
0 5,65 0 0 0
M=| o0 0 5,65 0 0 |(kN)
0 0 0 5,65 0
0 0 0 0 4,982

The traditional structure is loaded by using EI Centro May 1940 NS record.
The accelerations, velocities and displacements are found by using Wilson-6 method.
Then, the same dampers with the same damping coefficient are installed at each
storey and the system is solved under the same dynamic loads. The system with
added dampers are shown in figure 5.4. The results are ploted and the comparison is
made. It is seen that using VE solid dampers effects on the drift of the storeys and
reduces the displacements.

The dampers used in the systems has a stiffness of 13,04 kN/cm. at the first
storey and 10,62 kN/cm. at typical storeys. The damping at the first storey is 0,926
kN-sec/cm. and 0,755 kN-sec/cm. at the typical storeys. These are the ogCq and oKy
values which are directly inserted into the relevant matrices. The final added stiffness

and damping matrices are as follows.

103,3 -34,73 0 0 0
34,73 69,44 -34,73 0 0
K=| 0 -34,73 69,44 -3473 0 [(kN/cm)
0 0 -26,23 69,44 -3473
0 0 0 -34,73 34,73
1,34 -0,6 0 0 0
-0,6 1,2  -0,6 0 0
c=| o -0,6 1,2  -0,6 0 [(kN/cm)
0 0 -0,6 1,2  -0,6
0 0 0 06 06

30



Figure 5.3a: Five storey shear frame.

Figure 5.3b: Damper added frame.
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5.3. Example 3: Five Storey RC Frame.

A five story frame system is given as in figure 5.24. The system is assumed to
be an existing structure with low stiffnesses and material quality. The concrete used
in the structure is C16 and the cross sections are 30*30 cm. in the first three storeys
and 25*25 in the top two storeys. The period of the system is calculated as 0,52
seconds by using earthquake resistant code of Turkey 1975. The stiffness and the

mass matrices are given as follows.

162 -81 0 0 0
-81 162 -81 0 0
K=[ o0 -81  120,1 -39,1 0 |(kN/em)
0 0 -39,1 782 -39,1
0 0 0 -39,1 39,1
300 0 0 0 0
0 250 0 0 0
M=[ o 0 250 0 0 |(kN)
0 0 0 250 0
0 0 0 0 200

The traditional structure is loaded by using EI Centro May 1940 NS record.
The accelerations, velocities and displacements are found by using Wilson-6 method.
Then, the same dampers with the same damping coefficient are installed at each
storey and the system is solved under the same dynamic loads. The system with
added dampers are shown in figure 5.25. The results are ploted and the comparison is
made. It is seen that using VE solid dampers effects on the drift of the storeys and
reduces the displacements. Another solution by using dampers with a damping ratio
that is five times greater than the first case is made to compare the effects of the
damping. The results are shown in table 5.5-13 and figure 5.26-40. The base shear
forces are also compared in table 5.14 and shown in figure 5.41.

The dampers used in the systems has a stiffness of 10,62 kN/cm. at all
storeys. The damping is 0,926 kN-sec/cm. at all storeys. For the second case the
values are five times greater than the first one. These are the agCq and ogky values
which are directly inserted into the relevant matrices. The added stiffness and

damping matrices are as follows.
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For the first case;

K= 0
0
0

C= 0
0
0

179
-89,5

1,48
-0,74

-89,5 0

179 -89,5

-89,56 137,1
0 -47.,6
0 0

-0,74 0

1,48 -0,74

-0,74 1,48
0 -0,74
0 0

For the second case;

247
-123,5
K= 0
0
0

7,4
-3,7
C= 0
0
0

-123,5
247
-123,5
0
0

-3,7

7,4

-3,7
0
0

0
-123,5
2051
-81,6
0

-3,7

7,4

-3,7
0

0

0
-47.,6
95,2
-47.,6

74
1,48
-0,74

0

0
-81,6
163,2
-81,6

-3,7
7,4
-3,7

0
0

-47.,6
47,6

-0,74
0,74

0

0

0
-81,6
81,6

-3,7

3,7

(kN/cm)

(kN/cm)

(kN/cm)

(kN/cm)
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Figure 5.24: Five storey RC shear frame.

Figure 5.25: Damper added RC frame.
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6 CONCLUSION

This study is presenting the effects of viscoelastic solid dampers on two
dimensional frames by solving some examples, using a step by step integration
method to make a time history analysis. The mathematical method is chosen to be
Wilson-6 method since the damping mentioned is to be nonproportional and it is one
of the best ways to produce appropriate results.

The behaviour of the traditional structures are kept and adding dampers have
increased stiffness and damping in the systems. The strong ground motion record El
Centro was used. When the damper added structures are compared with their
traditional forms after loading , it was clearly seen that the reduction in the
displacements were reaching 60% and the velocities and accelerations were also
decreasing. The VE dampers dissipate the earthquake energy and turn it into heat by
doing some shear deformation. The rate of the deformation depends on the materials
used in the damper layers and the temperature is also an effect in the dampers
performance. The bracing type and members are directly effecting the case, because
of their inherent stiffnesses and damping constants. It can be seen that all this facts
are directly effecting the systems behaviour.

The results show that the usage of energy dissipation devices on structures are
increasing the systems damping and stiffness. The storey drifts are getting smaller
than they were before and it can be expected that damages connected to large
displacements can be minimized by using this devices. Even if damage occurs, the

time needed to implement the repairs and the cost will be lowered.
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Appendix A:

The solutions of the examples in section 5 are made by using a simple
programme in MS Excel. In order to prove that the programme is running correctly,
an example with a known solution is done by using it. The known answers of the
example are given in table A.1 and the displacement graph is drawn in figure A.1.
The results of the example found with MS Excel is presented in table A.2 and plotted
in figure A.2. A final plot which compares the two solutions is made as figure A.3.

K=6 -2 M= 2 0
2 4 0 1

As the parameter of Wilson 6 =1,4 and At=0,28 . R=10 kips constant force. [4]
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