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Summary

Introduction

The research regarding damping in high rise
structures from wind-induced vibrations has
been split up into two investigations:

1. Investigation on viscoelastic damping
(VED)

2. Investigation on modeling a N mass
spring damper (N-MSD) system as a ba-
sis for the prototype tool

Literature showed that VEDs are most effec-
tive in shear and even though a VED is often
referred to as non-linear, the material behaves
linear for small values of the damping ratio.
This region has been studied in the investiga-
tion on VED.

Physical test set-up

In literature, no information is available on the
relation of VEDs to the load bearing structure
in buildings. Therefore, a physical test set-up
was built to study the relation. The physical
test set-up was constructed as a braced portal
frame structure with a slenderness of about
6. Layers of SBR (natural rubber) were ap-
plied to the bracing to simulate dampers in a
structure. Multiple dampers have been tested
with a variety in thickness. This was based on
the expectation that the thickness of the layers
would have an optimum value with regards to
the shear stiffness. The half-power bandwidth
method was used to determine the damping ra-
tio of the structure with and without damping
in the frequency domain. To verify the ob-
tained values, the damping ratio has also been
determined from the time signal through the
logarithmic decrement. Both methods showed
the same results.

N-MSD

In this research, a model has been presented
for the core structure with structural damping
by means of an N-MSD system. The model has
been validated in two ways. The stiffness ma-
trix was validated by finding the static behav-
ior of the structure and the eigenmodes from
the structure. Additionally, the peak values
for the accelerations come close to the max-
imum allowed values mentioned in NEN-EN
1990+A1+A1/C2-2011. Also, a mathematical
set-up for a braced portal frame structure in-
cluding an auxiliary damping component has
been presented. In this case, all elements in
the portal frame structure are described by a
continuous system. Additionally, a model for
the bracing with and without a damping com-
ponent is to be used.

Conclusions
The following damping factors were observed
within the damping component:

1. Damping by friction
2. Material damping
3. Damping by adhesive layer (glue)

If a higher damping coefficient is required to
reduce accelerations, each of these factors may
be changed. However, the exact energy dissipa-
tion by each individual factor in the damping
component and in the connections remains still
unknown. The only certainty is that the system
as a whole dissipates energy from the structural
system and reduces the accelerations. The
measurements were also influenced by many
factors, such as disturbances from higher fre-
quencies and executional factors.

The description of the core structure model and
of the portal frame structure prove that it is
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indeed feasible to develop a prototype tool to input of experimental data of the damping co-
determine the required amount of VED. How- efficient of the VEM layer is required.
ever, in case a prototype tool is to be developed,

| Eomnecion skminum
- B ig-coskarmn conneTion Aluminum
|
s8R
Bracing
Kl
Bracing-cobsmn connection
Conection aumiram
............ Fracng
£ Bracmg-aol usn comecTan
Withaut VED

Figure 1: Physical test set-up and N-MSD model
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List of symbols and abbrevations

Latin symbols, capitals
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surface area

structural factor

stagnation pressure coefficient
decay factor of the coherence y-direction (width)
decay factor of the coherence direction (height)
storage modulus longitudinal
loss modulus shear longitudinal
dynamic modulus shear longitudinal
energy

Young’s modulus

time dependent Young’s modulus
flexural rigidity

force

force

Coriolis force

Solari’s spectrum of wind load
wind load

storage modulus shear

loss modulus shear

dynamic modulus shear

shear modulus

frequency response function
turbulence intensity

rotational moment of inertia
dimensionless coefficient

length

scale of turbulence

moment

number of frequency intervals
resonance response factor
Reynolds number

real number

period

viii
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spectrum of accelerations
dimensionless spectral density function
spectrum of displacements

spectrum of wind gusts

volume

amplitude

Latin symbols, regular

Pe

\.N.

acceleration

width of the building
modal damping coefficient
damping coefficient
orographic factor

force coefficient

roughness factor
coherence of the wind speeds
zero-plane displacement
depth of the structure
frequency

dimensionless frequency

peak factor taking into account the wind gusts

height of the structure

aspect ratio

modal spring stiffness

spring stiffness

turbulence factor

peak factor

terrain factor

modal mass

mass

eigenfrequency of the structure
pressure at stagnation point
pressure at point e

distributed wind pressure
number of frequency

time

displacement in x-direction
mean part of the wind velocity
variable part of the wind velocity
velocity

velocity at stagnation point
basic wind speed

velocity at point e

average wind speed

parallel to wind direction
variable

perpendicular to wind direction
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LIST OF SYMBOLS AND ABBREVATIONS

height above ground level (vertical direction)

roughness length
minimum height
gradient height

Greek symbols, capital

o
LG

amplitude
reduction factor
phase shift rubber

Greek symbols, regular

SN D

exponent

magnification factor hysteresis loop
shear strain

logaritmic decrement of damping
strain

damping ratio

viscosity

loss factor

angle

phase angle

dynamic viscosity

friction coefficient

density

stress

standard deviation of wind load
standard deviation of wind gusts
shear stress

maximum Reynolds stress
rotation

aerodynamic admittance

phase shift between stress and strain
angular frequency

fundamental frequency

Matrix symbols

== Q
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. S

damping matrix

stiffness matrix

mass matrix

eigenvector matrix

transpose of eigenvector matrix

B
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Indices
a acceleration
ae aerodynamic
av average
d auxiliary damping
diss dissipated
dyn dynamic
eq equivalent
i number of eigenfrequency
¥ 4t interval in spectral density function
mazx maximum
min minimum
s structural
stat static
tot total
U displacement
T parallel to wind direction
Y perpendicular to wind direction
z vertical direction
©® rotational
Abbreviations
FD friction damper / damping
FRF frequency response function
RK4 foruth method of Runge-Kutta
1MSD single mass-spring-damper
NMSD n mass-spring-damper
SBRx styrene-butadiene (natural rubber); x being the thickness of
the layer in mm
VD viscous damper / damping
VED viscoelastic damper / damping

VEM

viscoelastic material
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Glossary of terms

Aeroelastic: Structure where the aerody-
namic, elastic and inertial forces interact

Amorphous: solid which is not fluid below its
solidification temperature and which does not
contain a crystalline or orderly structure

Drag: The drag of an object is the resistance
to motion caused by air

Gusts: Fluctuations of wind velocity around
the mean

High rise structures buildings which are af-
fected by lateral forces due to wind or earth-
quake actions to an extent that they play an
important role in the structural design because
of the building’s height and usually contain el-
evators and a lot of vertical transportation of
persons takes place in vertical direction

Passive damper: dampers which do not re-
quire additional energy and dissipate energy
from a structural system. The response of the
damper is quite slow but costs are relatively low
and it will never behave as a resonance system

Reynolds number: The Reynolds number
is defined as the ratio of fluid inertia forces
(the resistance to change or motion) to viscous

forces and it is a dimensionless number. The
Reynolds number is used to determine pressure
coefficients and to characterize different flows,
like laminar or turbulent flows. The formula to
determine the Reynolds number is: [13:27)

_ pVL
1

Re (1)

Reynolds stress: The Reynolds stress is de-
fined as the net rate of transfer of momentum
across a surface in a fluid resulting from turbu-
lence in the fluid

Slip trigger displacement: the value of the
displacement of a system at which it leaves its
stick state

Steady state motion: The stable motion of
a system in its equilibrium

Vortices: Circular, spinning motions of wind
in a turbulent wind flow by a periodic release
of Van Karman vortices. This release causes
an alternating load perpendicular to the wind
direction.

Wind: The perceptible flow of a current of air
from high pressure areas to low pressure areas
which arise from various causes

xii
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1 Introduction

High rise structures are an efficient way of using space since only a limited surface area at
ground level is required. Also, the structure provides a large floor area in the building because
of the many available floor levels. From an aesthetical point of view, architects and structural
engineers want to design a building which is taller and more appealing than buildings designed
by others. Of course the development of high rise structures brings along negative aspects as
well. For example, fire safety regulations are much harder to meet due to the height of the
building. However, past and current developments have led to better conditions in terms of fire
safety so it is expected this will become less of an issue over time. 137

As opposed to what the name suggests, a high rise structure is not defined by its height only.
Slenderness is governing for the vibrational behavior of the structure and thus high rise structures
are defined as:

Definition 1 High rise structures are buildings which are affected by lateral forces due to wind
actions with an aspect ratio of h/d > 5, because for these buildings the dynamic response is
largest which plays an important role in the structural design of the building. 37

Hence, the vibrational behavior must already be investigated during the design process of a
building. This will become more and more important since high rise structures will be built
more often in the future. Also, new regulations require better insight into the behavior of the
structure with regards to vibrations.

High rise buildings in the Netherlands are by far not as tall as structures elsewhere in the world.
This is caused by several factors from which the main factor is related to the Dutch building
regulations. For example, only a maximum depth of 7.2 meters is allowed for offices in day
light regulations which leads to smaller surface areas in the Netherlands compared to elsewhere.
However, the same aspect ratio for tall buildings is used and thus this leads to lower buildings.
Since the sensitivity of a building to vibrations is primarily determined by its aspect ratio, tall
buildings in the Netherlands are as sensitive to vibrations as buildings elsewhere. 111

1.1 Relevance of this thesis

The focus in this thesis lies on wind-induced vibrations in high rise structures in the Netherlands.
The low frequency vibrations in the building cause accelerations in the building which are
sensible for occupants in the building. The accelerations are a measure for the comfort level
of the occupants: once the perception threshold of occupants to accelerations is exceeded, the
building could be referred to as uncomfortable. This effect increases for the torsional motion

since this motion is bilateral. 3239

In the structural design phase of a high rise structure the structural designer could estimate the
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accelerations of the building by the application of a model. In case the perception threshold
is exceeded in accordance with NEN-EN 1991-1-4, auxiliary damping is required. However,
structural designers are not yet familiar with the influence of auxiliary damping on the structural
system in terms of numerical values.

Adjustments become more expensive in later stages of the design process while the impact on the
performance decreases in later stages, see Figure 1.1. From this figure it becomes clear that the
vibrational behavior of high rise structures have to be examined in an early stage of the design
process to reduce the costs to a minimum and to increase the impact on performances. The study
on the vibrational behavior partly requires a research on the damping of the structure: is the
damping in the building sufficient to suppress the wind-induced vibrations and its corresponding
accelerations to a level which is comfortable for the occupants? If this is not the case, auxiliary
damping is required to reduce the accelerations. 22

impact

increasing impact
on cost

decreasing impact
on performance

IDEA COMCEPT DESIGN - DETAILED DESIGN: COMSTRUCTION

PRE. DESIGM

Figure 1.1: Impact of adjustments to the design on costs during the process

Regulations do not provide a quantification of auxiliary damping and its position in the building
but expect the structural designer only to know the total value of auxiliary damping. Manufac-
turers then have to quantify this value into a number of dampers at a certain position in the
structure. However, this is a time consuming process and is not suitable for simple first checks,
which is desirable in the preliminary design phase of a high rise structure. [29;30]

For practical and aesthetic reasons, the dampers could only be implemented to certain parts
of the structure. Not all types of damping systems could be integrated to any position in the
structure. One of the damping systems which could be integrated to the structure easily is the
viscoelastic damper (VED). Viscoelastic materials (VEMs) are rubber like materials which are
partly viscous and partly elastic. Consequently, the energy dissipation from the structure by
the VED[ is ]caused by storing part of the energy in the VEM and transferring part of the energy
to heat. %17

All the above has not been taken into account by the development of current computer programs:
the programs do not suffice with regards to the quantification of damping systems in high rise
structures and the structural designer is only provided with information regarding the required
amount of auxiliary damping. Moreover, an actual required number of dampers and their
position is not proposed by the programs. 28]



4 CHAPTER 1. INTRODUCTION

1.1.1 A prototype tool

The above analysis led to the objective of this thesis:

A feasibility study on the development of a prototype tool to determine the required amount of
viscoelastic damping in a high rise structure to reduce accelerations from wind-induced vibrations’

To meet this objective, an analysis has to be executed into the behavior of VEDs in a structure
in order to quantify the damping of the discrete damping system. Also, this quantification has
to be studied for the theoretical model behind the prototype tool. The set-up of the tool is
displayed in Figure 1.2.

Type of Dimensions
structure building

Selection of
Slenderness
model

Material Aerodynamic
selection aspects

Selection of Calculation of
Cstructural Caero

Wind region

-
- ]

-

:

C additional

Calculation of

Load type(s) { additional

Damping
system

2
I Database I I Database }-

Calculation
amount of
material

Amount Costs Data,
of material of dampers - atabase

- = Input parameters
O = Computer process

‘ = Outcome on screen

Figure 1.2: Set up model

The squared shaped red boxes are to be adjusted by the structural designer. The structural
designer will be able to define the parameters of the structure from simple drop-down menus.
The tool will immediately show the result visually and by numbers. This set-up allows the
structural designer to adapt his parameters in a later stage of the design. Additionally, the
different positions of the damper could be studied to find an optimum between reducing the
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accelerations and practical aspects such as the position of a damper.

Considerations for the modeling phase

Formulas regarding dynamic wind load in NEN-EN 1991-1-4 are based on a single mass spring
damper (1-MSD) system. It is therefore required to create a corresponding dynamical model
of a high rise structure which is constructed from multiple MSDs or to find an equivalent 1-
MSD to apply the wind load to. The latter option is preferred over the first one because it
simplifies calculations. However the latter option will simply calculations, the N-MSD model
will be preferred because the modal stiffness, mass and damping can be taken into account and
thus this is a better method to model high rise structures. By first programming the N-MSD
system, the correctness of the model can be checked for a single situation. Then, the N-MSD
can be changed into a parametric model, which is the basis for the prototype tool. The input
parameters and formulas for the wind load will be adopted from NEN-EN 1991-1-4.

Next to that, the behavior of the VEM in a structure plays an important role and thus has to
be investigated. This will be done by means of a physical test set-up. The aim of this tests was
to examine the frequency dependence of the material as well as its behavior in the structure.
Layers of VEM with a variation in thickness have been applied to the structure in order to
investigate the influence on the stiffness to the structure. The results of the physical test set-up
have been used to model VEDs in high rise structures in the N-MSD.

1.2 How to read this report?

This thesis consists of three different parts, namely a literature review, the main report and
the appendices. In this report first a brief summary of the literature study will be presented in
Chapter 2. The next chapter provides the reader with information regarding the physical test
set-up and the results of the tests. In Chapter 4 the definition of a core and braced portal frame
structure will be presented. Then, in Chapter 5 the conclusions will be presented of the research
as well as some expectations for related topics. Also, recommendations for future research are
discussed. The final chapter of this report is a summary of Chapter 5, which should provide the
reader a quick insight into the result of this thesis.

Throughout the report references are made to the literature review and appendices. The reader
is recommended to consult these reports in case any additional information is required or any
background information regarding the topics in this report is desirable.



2 Results of literature review

This chapter is based on an extensive literature review which can be found in the
report ’Literature study’. The reader is referred to this report for more information
on regarding the topics discussed in this chapter.

In this chapter, the results of the literature review are briefly summarized and pre-
sented. The purpose of this chapter is to provide the reader with first clarifications
and justifications for considerations made in the modeling phase.

2.1 High rise structures

There are several structural systems for high rise structures. The structural systems considered
in this thesis are the braced frame structure, see Figure 2.1 and the core structure, see Figure
2.2. These structures are selected for the analysis because the structures are often used in high
rise structures. Even a combination of the two structures is often used; this principle will be

used for the model of the high rise structure. [1%31:37]
Deformation Deformation
total structure of a single frame
T l
— E
T
R }
Bending
—
—_—
E
<
> Shear

Figure 2.1: Model for a braced frame structure

In braced frame structures the horizontal members are connected to the vertical members by
hinges. Diagonal bracings are connected to these hinges for the sake of stability. As demon-
strated in Figure 2.1, the vertical members of the frame are loaded by axial forces, which are
caused by bending of the structure. Furthermore, the diagonals are activated as a response to
shear forces. Thus, the deformation of braced frame structures is a combination of shear and
bending deformations.
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Deformation

Core

1[0

—>
—
—
—
—
—
—>

Possible lay out of
a core (top view)

Figure 2.2: Model for a braced frame structure

The core structure type is the type of structure which is mostly applied for high rise structures.
Other structural systems are often a coupled system of a core structure and some other exten-
sional structure. A core structure consists of a group of shear walls applied over the height of
the building and its deformation is caused by bending, see Figure 2.2. Due to its large bending
stiffness, the core provides horizontal stiffness to the building. The attachment of floors and
beams to the core also contributes to the stiffness of the overall stiffness.

The height of high rise structures allows for large relative displacements to occur at the top of
the building. Consequently, its corresponding relative accelerations could be large as well, which
could negatively influence the comfort of occupants in the building. 3%

2.2 Dynamic wind load

In this thesis, the accelerations from wind-induced vibrations is studied. Wind loads have a
random and unpredictable character which makes regular load cases (such as harmonic ones)
not useful in a model. Consequently, regular load cases and models are not applicable for wind
loads. Fluctuations of the wind over time are considered random and thus the wind spectrum
is referred to as random proces, which comes down to the following: [42;43]

Definition 2 A random process is an unpredictable function from which the outcome is never
the same by any set of initial data.

The total wind load on a building as a whole is equal to the summation of loads on parts
of the surface area of the building. In mathematical form this leads to the following set of

equations: (9:13]
Fw = Z Cp,iAiqw,i (21)
1 1 1 1
Qo = 5pv° = 5p(0 +0)° = 5p0° + pi + S p0° (2.2)

In Equation 2.2, q,, resembles the wind pressure which is stochastically determined by introduc-
ing a mean wind velocity ¥ and fluctuating part © to resemble unpredictable character of the
wind, see also Figure 2.3. The fluctuating part of the wind velocity is determined stochastically
by introducing a standard deviation for the wind velocity. The standard deviation is dependent
on the location of the wind and the environment of the high rise structure.
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dl T‘
Wi i A ; ,;+
AVAI AR
1 hour t face of the earth

Figure 2.3: Wind spectrum over time (Obtained from Vrouwenvelder, 2004)

Due to the random character of the wind, its corresponding load and response functions of the
wind load must be obtained by means of a spectral analysis. The structure of this analysis is
presented in Figure 2.4.

Wind speed x10° Wind force
0

Accelerations top

i by i i i
0 50 100 150 200 250
0 L L i s i Time [s]

10 ‘Spectrum of wind force
o lradss]

o lrads]

>

Hy opl
s
pe

\

o [rads]

Figure 2.4: Steps to be taken to find dynamic response under dynamic wind load

Wind loads occur in three different directions: along-wind, crosswind and torsional direction.
In general, people are more sensitive to torsional wind loads than the other two directions due
to the effect of bi-lateral motion. 24

Although torsional wind loads are most important, in regulations torsional wind loads are con-
sidered as displayed in Figure 2.5 (left). However, another model is desired, namely the model
in Figure 2.5 (right). This arises from the assumption wind loads on buildings are uniformly dis-
tributed across its faces, and the resultant shear force acts in the direction of the wind. However,
this is rarely the case since torsional motion is possibly caused by the following causes: 2939

1. An unequal pressure distribution is caused by the stochastic character of the wind
2. Wind acting at a random angle to the building
3. Asymmetry in mass and stiffness of the building

4. Non-symmetric cross-sections.

See [(Nm)s]
S, M5
3

e {
i
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Figure 2.5: Torsion in requlations (left) and desired model (right)

In literature, models for torsional motion are mainly constructed from measurements in wind
tunnels and pressure areas at existing buildings. Nevertheless, the ideal situation for the struc-
tural engineer would be to have insight into the structure’s behavior in the preliminary design
phase. In case of unwanted torsional motion of the structure, the design can still be adjusted
rather easily in this phase of the building process. In addition to that, measurements in wind
tunnels are expensive so an accurate theoretical model is also desirable with respect to the
reduction of costs. 24

If the eigenfrequencies of the torsional and translational motion are about the same, the de-
formation shape will formed by a summation of both motions. In that case also the velocity
and acceleration profile will contain a translational and torsional component. The equivalent
acceleration in the along wind direction is found by:

. _ [ 2
Qequivalent = \/aalong * Qorsional (2:3)

In this formula the maximum accelerations for both directions are taken into account but accel-
eration is reduced by the square root in the above equation.

2.3 Structural dynamics

High rise structures could be modeled as NMSD systems or as a continuous system. The
fundamentals of NEN-EN 1991-1-4 regarding dynamic wind load are based on NMSD systems
and thus this method will be adopted in this thesis. For a broad description of all available
methods, see the Literature study report.

Mathematically, an NMSD system is expressed by the equation of motion:

Mi+ Cu+ Ku= F(t) (2.4)
The dynamic stiffness of the structure is then described by:

S =K —w’M +iwC (2.5)
Then, the transfer function for the displacement is obtained by its inverse H, = S~! and the
transfer function of the accelerations is descibed by:[720]

|Ha‘ = W2‘Hu| (26)
The transfer functions will used for the spectral analysis to determine the response of the struc-
ture, see Figure 2.4.
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2.4 Damping

In this thesis, three types of damping will be considered in accordance with NEN-EN 1991-1-4: [29]
(5t0t = 63 + 5(16 + 5d (27)

Respectively, this is the logarithmic decrement of the structural, aerodynamic and auxiliary
damping of the underdamped system. The auxiliary damping source has the largest impact on
the total damping of the system. The logarithmic decrement is related to the damping ratio by
the following relation:

2n¢

=i o

(2.8)

The general shape of current damping predictor models is shown in Figure 2.6 and in mathe-
matical form as follows: 2!

CS(X) =G+ CC(X) < gs,maac (29)
Cc(X) = 6Xa < Cc,ma;r for Xe < XlaXm > (210)

Structural
Damping
Rt Cs

> Amplitude X
X X linear-
clastic

limnit

Figure 2.6: General shape of current damping predictor models

In the above equation, (; is the base line damping ratio at the low-amplitude plateau. If
the amplitudes of vibration are above a certain value (X)), the damping ratio is determined
as a nonlinear function of amplitudes of vibration response within a certain range. Once the
amplitude X,, is reached, the damping remains constant at the high amplitude plateau at its
maximum (¢ maz for X > X,

The above damping model can be adopted directly for steady state motions under sinusoidal
vibrations. However, in case of random vibrations, the amplitudes of the responses will be varied.
By an increase of amplitude the natural frequencies tend to decrease, which is an illustration of
the amplitude dependency of the natural frequencies. However, the contribution of this factor
to the frequency changes contributes in the third decimal only which suggests that frequency
nonlinearity is relatively small for tall buildings and thus for this thesis a linear situation is
assumed. (221]

As a starting point, three types of passive dampers were considered in this thesis, namely:
viscous dampers (VDs), viscoelastic dampers (VEDs) and fricion dampers (FDs). A detailed
description of these type of dampers is presented the report 'Literature study’.
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The adopted type of damper in this thesis is the VED because VEDs are especially useful in
situations where high damping at low frequency is desired. Hence, VEDs are applicable very
well to suppress wind-induced motions. Additionally, the damper is easy to integrate into the
load bearing structure and the VEM is rather cheap. For instance, in Colombia Center Building
VE dampers were only 1.5% of the total building costs. This even included an extensive testing
program. VEDs partly store energy from the load bearing structure to the rubber by fluid
friction. The other part of the energy is dissipated by elastic energy. However, only 2-4% of the
energy is dissipated by fluid friction to the viscoelastic material (VEM). [32:41]

Amorphous polymers behave like glass at low temperatures, while at intermediate temperatures
above the glass transition temperature (T in Figure 2.7) the polymer behaves as a rubbery
solid. Once the melting temperature 7, is exceeded, the material behaves as a viscous liquid.
For relatively small deformations the mechanical behavior at low temperatures may be elastic
and at the highest temperatures viscous behavior occurs. The rubbery solid behavior in the
intermediate region is a combinations of these two extreme characteristics and is named vis-
coelasticity. The (energy) storage capacity of the material is expressed by the storage modulus
of the material, which changes by any shift in temperature. In a building, temperature control
is required in the surrounding area of the VED for instance by the integration of the VEM with
steel members because of the high conductivity of steel. [®]

Glassy region

| Viscoelastic region ]

l Leathery region

} Rubbery region
} Rubbery flow region

Relaxation modulus

Viscous flow region

Figure 2.7: Temperature dependence of VEM (Figure based on Callister, 2003)

The ratio between the viscous and elastic part differs for each material and defines the exact
behavior of the material. The stress-strain behavior of a fully elastic and viscous material are
displayed in Figure 2.8.

The stress-strain behavior lies somewhere in between the two extremes presented in this figure
and is indicated by a phase shift, .

The most most effective way to dissipate energy from the structure is by shear. The above
stress-strain relation also holds for shear. Then, the stress-strain behavior in shear of a VEM is
mathematically described by: [17:20]

dy(t)

T(t) = Telastic T Tviscous = G'Y(t) + 777 (211)
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------ stress @

) ———-stress ¢
strain ¢

——strain €

Figure 2.8: Stress-strain relation of an elastic material (left) and a viscous material (right)
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Figure 2.9: Relation of the loss modulus to the damping ratio

Calculations on VEDs are often costly due to the non-linear behavior of the material. Numer-
ical methods are often adopted for calculations on VEMs. However, the behavior can also be
described by linear relations, which is the case for small values of the damping ratio, see the
gray area in Figure 2.9. In that case, the loss modulus is related directly to the damping ratio
and damping coefficient of the VED by: [17:20]
n K’
_n — 2.12
(=35 + cvem =1 (2.12)
Where K’ is the storage modulus of the VEM. The behavior of the VEM becomes non-linear
for higher values of {. In that case, the loss modulus is to be obtained from:

2
1= {1-05(207} Aw

’r,:

Where s takes into account the reduction of the amplitude by 1/s from w,, at w; and ws. This
is the basis of the half-power bandwidth method, which is a method to determine the damping
ratio of a structure or material from the frequency respons function, see Figure 1.2.
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Figure 2.10: Basis of the half-power bandwidth method

In accordance with this figure, the damping ratio is determined by: 4]

w2 — Wy
= 2.14
¢ 2w, ( )
This method will be employed in Chapter 3 to determine the damping in the VEM in the
physical test set-up.

Hysteresis

The non-linear behavior of the damping material is implemented into the equation of motion as
follow:

mil + Fiomper(u, @) + ku = F(t) (2.15)

This new equation makes calculations more complex since it cannot be solved as a linear dif-
ferential equation. The force-displacement diagram of a non-linear material is resembled by a
loop. The exact shape and size of the loop are dependent on the type of material but form of
the hysteresis loop for VEM is displayed in Figure 2.11. The loop is observed by quickly loading
and unloading the material, and it is called a hysteresis loop. If such loop is observed, it means
the material is stretched more easily during unloading than during loading. This loop applies
to harmonically loaded materials and the area enclosed by the loop resembles the energy being
dissipated per cycle from the material. More energy is required during loading than during
unloading and therefore it holds:[* b11! p.57

Edissipated = Eloading - Eunloading (216)
In case of a harmonic load u = @sin (wt), the spring and damping force are described by:

Fs = kasin (wt)

2.17
F; = ctwsin (wt) (217)

The hysteresis loop is commonly used to describe the dampening behavior of a material or
damper. The shape of the hysteresis loop of a VED (Figure 2.11) can be explained by the
dependency on both velocity and displacement of the material. The viscous part of the material
is related to the velocity and the elastic part to the displacement.
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Figure 2.11: Hysteresis loops for different types of dampers

Equivalently, the hysteresis loop can be presented for the o — ¢ relation, see Figure 2.12. It
becomes clear from this figure the material damping can be modeled by adding a complex term
to the E-modulus. This is an important observation for modeling the portal frame structure in

Chapter 4.

Hooke's law Kelvin voigt model

[ [i]

Figure 2.12: Hysteresis loop as o — € relation. (Obtained from Berg, 2012)



3 Physical test set-up

In this chapter the set-up, results and interpretations of the results of the physical
test set-up will be discussed.

3.1 General description of investigations

Within this thesis, two investigations will be distinguished:
1. Investigation on VED
2. Investigation on modeling a N-MSD as a basis for the prototype tool

Both investigations are linked since the modeling of the VED has to be implemented into the
prototype tool. No literature was found on numerical values of the frequency dependent dynam-
ical properties of specific VEMs. These properties are required to determine the damping of the
VEM in a structure. Therefore, it is convenient to make a model which allows to gain insight
into the order of magnitude of the numerical values of the dynamical properties of VEMs.

Secondly, it is expected the thickness of the VEM layer in a structure could influence the overall
stiffness of the structure. This expectation arises from the analysis of Figure 3.1; the stiffness
of the layer of VEM is determined from:

F_{Gr“b’;”BL}u (3.1)

—_—
Stiffness rubber

Where the shear modulus G,per = 0.6 MPa. Hence, an increase of the thickness of the layer of
VEM results in a decrease of the stiffness of the VEM. Possibly, this could influence the stiffness
of the element in the structure the VEM is applied to.

Figure 3.1: Shear deformation of a layer of rubber

Taking into account both aspects, it is convenient to build a physical test set-up of a structure
which includes VEDs of different thicknesses to measure the response for different situations.

15
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The measurements could be studied to determine the influence of the VEM layer to the structure
and to determine the dynamic and damping properties of the VEM.

The prototype tool will be developed in Matlab. First, an N-MSD system will be modeled to
validate the results of the outcome of the model. If the results are correct, then the model will
be implemented into the prototype tool.

Beforehand, it was intended to make a comparison of the outcome of the Matlab model and
the results generated in Scia Engineer for the same structure and loading situation. However,
the dynamic package of Scia Engineer appeared to have limitations with respect to modeling
the dynamic load on the structure as well as the response of the structure. Scia Engineer is
only suitable to determine the eigenfrequencies of the structure for which it has been used to
design the physical test set-up. The initial plan of approach of the modeling phase is presented
in Appendix A and the conducted investigation in Scia Engineer is presented in Appendix B.

3.2 Model set-up

A steel braced portal frame structure will be used for the conduction of the experiments. Steel
structures are often light weight structures and commonly more sensitive to vibrations then con-
crete structures. Moreover, braced portal frame structures are often used in high rise structures
to stabilize the structure even if the stiffness of the structure is obtained from another structure,
such as a concrete core. Therefore, it is expected the results of a test with a braced portal frame
are also applicable to other types of other structures.

The test set up must correspond to the conditions of a damped high rise structure subjected
to wind load. Hence, vibrations of the structure must be analyzed in the low frequency range.
Therefore, the fundamental frequency of the portal frame should be in the low frequency range
in order to analyze the behavior of the structure and dampers. Since a fundamental frequency
below 1 Hz is hard to obtain for this experiment, the low frequency range is chosen to be larger.
Thus, dimensions of the structure are determined from the following relation:

Jk
fo= 27{7” ~ 1.0 — 6.0Hz (3.2)

As long as the eigenfrequency of the experimental structure is within this range, it is expected
the damper’s behavior can be properly analyzed.

In Chapter 1 a definition of high rise structures has been presented. Accordingly, a high rise
structure is defined by its slenderness, the h/d ratio, which should be 5 or larger. By increasing
the height of the building without increasing the size of the floor plan, its stiffness will decrease.
To obtain a fundamental frequency within the low frequency range the stiffness should be de-
creased as much as possible. Therefore, it seems reasonable to find a test set-up which low
fundamental frequency is obtained by a slender structure.

3.2.1 Viscoelastic damping

The auxiliary damping system will consist of multiple rubbers because this is an easy way to
build a damper. Additionally, rubber is cheap and therefore multiple dampers can be made with
a variation in thickness of the rubber. In literature it was made clear that SBR, (natural rubber)
and EPDM are often used as VED in buildings. 7]
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As was discussed in Chapter 2, the dynamic properties of VEM are frequency and temperature
dependent. As for the temperature, a range of 15-35 degrees Celsius is considered. According
to literature, the behavior of the SBR will be about the same for each temperature within this
range, see Figure 3.2. It is expected this range is applicable to buildings because large changes
in temperature usually do not occur due to insulation, heating and cooling devices. As a result,
a common temperature range in buildings is 15-22 degrees Celsius, where the exact temperature
is dependent on seasonal factors and the regulation of the before mentioned devices. However,
the local environment of the SBR layer will be exposed to higher temperatures because of the
energy dissipation in the rubber.
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Figure 8.2: Storage modulus (left) and loss factor (right) of SBR as a function of frequency

Additionally, the behavior of each VEM is frequency dependent. Again, any shift in frequency
causes a change in storage modulus of the material. In practice, one single operation com-
bines the effects of temperature and frequency into a single variable, which is called reduced

frequency. 7]

For this thesis, experiments have been conducted to analyze the frequency dependent behavior
of SBR in a structure as well as its influence on the response of the structure. Beforehand, it was
expected the frequency dependent material properties were representable by similar plot shapes
as the temperature dependent properties. Since only the low frequency range is of interest with
regards to structures subjected to wind load, the frequency dependent damping of the rubber is
best to be analyzed in a range of 0.01-25 Hz.

3.2.2 Design of the portal frame structure

In buildings, H-shaped profiles are often used for columns in case the load bearing structures
is erected from steel elements. Therefore, this was the starting point for determining the shape
and size of the elements and portal frame structure. Because the first set up was too stiff to
reach the low frequency domain, the structure was adjusted. Eventually, the braced portal frame
structure is constructed from T-shaped profile columns, strip shaped beams and bracings with
a circular cross section. The entire process of determining the dimensions of the frame and the
actual construction is presented in Appendix C. For an impression of the set-up, see Figure 3.4.

The structure was hit with a hammer at the top of the frame to introduce an impact force to the
structure. The response of the structure was measured for the structure with and without SBR.
Two different layers of SBR were analyzed, namely SBR, with dimensions 20x25x3 mm (SBR3)
and SBR with dimensions 20x25x5 mm (SBR5). These layers were connected to aluminum in
the bracing so the layers would be loaded by shear, see Figure 3.3.
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Figure 3.4: Test set up in the lab

3.2.3 Conduction of the tests

The experiments were divided into different 'runs’. Within each run, the test was conducted
multiple time. The result of each run is the average of the measurements obtained from each of
these tests. A schematic overview of the test set-up is presented in Figure 3.5. In correspondence
with this figure, each test consisted of the following steps:

e Step 1: Hit the structure with a hammer near accelerometer 1
e Step 2: Measure the response of the structure from each accelerometer
e Step 3: First verification of the results of each run by analysis on the computer

A detailed description of the steps taken for the execution of the experiment is in Appendix C.
Also, a log book of from the tests is presented in this appendix.
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Figure 3.5: Schematic overview of the test set-up

The consistency of the results of each run is resembled by the coherence of a run, see Definition
3.

Definition 3 The coherence of a run is defined as the similarity and consistency between the
measurements taken from different tests within a run.
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Figure 3.6: Coherence of Run 1.10

In case of full coherence, the coherence equals one. Otherwise, the coherence is between zero
and one. An example of a plot of the coherence of Run 1.10 is displayed in Figure 3.6. As is
displayed in Figure 3.6, the coherence is between 0.8 and 1.0 in the frequency range of 1.5 Hz to
100 Hz, which makes measurements outside this range not useful. However, the range of 1.5-100
Hz is too wide since only the low frequency range is of interest for this thesis.

Note: the range of 0.001-1.5 Hz will not be examined due to a lack of coherence.
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3.2.4 Other models of the structure

The braced portal frame structure is modeled with hinged connections between the members.
This is displayed by the circles in Figure 3.7.

I

)|

Figure 8.7: Model for experiments in Matrizframe

The dimensions of the frame are displayed in Figure 3.8 (left). In order to determine the stiffness
and behavior of the frame, a point load of 1 kN has been applied to the structure, see Figure
3.8 (right).
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Figure 3.8: Dimensions of the frame (left) and load on the structure (right)

The structure is welded to the floor plate. The strength of the connection is unknown and
therefore two situations (and thus two models) are considered with respect to the welds:

1. The welds rigidly connected the structure to the floor plate

2. The welds connect the structure to the floor plate by simple supports
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In accordance with Matrixframe, if rigid supports are considered, the displacement at the top
becomes 0.024 meters, see Figure 3.9A. The input of the model is presented in Appendix D. The
stiffness of the frame becomes:

F 1000
ky=—=-—" =41667 N/m = 4.17% 10* N 3.3
AT T 0.024 /m ¥ /m (3.3)

0.023 0.824 0.47% 0473
-0.000 0000 0.900 0,000

0.914 o014 0.063 ).064
-0,000 0.000 =0.000 0.600

|
A B C
Figure 3.9: Deformation of the portal frame structure rigidly connected to the ground with lower bracing
attached (A) and without lower bracing (B)

In case the welded connections at the bottom of the columns are modeled as simple supports,
the displacement at the top increases, see Figure 3.9B. The stiffness of the frame becomes:
F 1000
kp=—=——=12658 N/m =127+ 10* N 3.4
B T 0,079 /m i /m (34)
The influence of the bracing on the stiffness of the structure is investigated by the introduction
of Model C where the columns are rigidly connected to the ground and the bracing is removed
from the structure, see Figure 3.9C. Correspondingly, the stiffness of the frame without bracing
becomes:

F 1000 4
ko=~ = o=or = 5128 N/m = 0.51 %10 N/m (3.5)

Then it holds that:
Ak = ka — ko = 4.17% 10" — 0.51 * 10* = 3.66 * 10* N/m (3.6)

This is the contribution of the bracing to the lateral stiffness of the structure. Hence, the lateral
stiffness of the structure is increased tremendously by the application of the bracing. This also
becomes clear from Figure 3.9, where the deformation shape in Model A is different from the
shape in Model C due to the application of the bracing. The unbraced portal frame structure
in Model C may be modeled as a 1-MSD:

meffil + st + ksu = F(t) (37)
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The bracing in Model A provides lateral stiffness to the frame but is not positioned horizontally.
Additionally, it only provides stiffness to the upper part of the portal frame structure; the
lower part is still an unbraced structure. In this case, additional damping could have been
provided by the connection of the bracing to the column where frictional forces occur. Then,
the bracing changes into the left model displayed in Figure 3.10. The stiffness and damping of
the connections may be assumed governing if it holds:

kbracing - T >> Kconnection 3 Cs >>> Cconmection (38)

Then, in accordance with Appendix E, an operator Oy is introduced to describe the stiffness
and damping elements in the bracing;:

d
O, = 1 _ 1 B Econn + Ceonn g¢ 3.9
b= 2 T 2 - 9 (3.9)
kconn‘i‘cconn% kbrucing kconn=+Ceonn %

This operator can be implemented into the equation of motion to find the behavior of the portal
frame structure:

Mef il + cst + (ks + Op)u = F(t) (3.10)
Bracing-column connection
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Figure 3.10: Model of the bracing with and without VED

In the physical test set-up, VED was added to the bracing. Then, the model for the bracing
changes into the right model displayed in Figure 3.10. Since this model is rather complex, it is
convenient to determine what factors could be neglected in the above model. First, the shear
stiffness of the SBR layers will be determined. In accordance with Figure 3.11 and Equation 3.1
the shear stiffness of a single layer of SBRS is:

GsprsA 0.6 %100 % 0.025 * 0.02

_ 4
; 0008 =6+10" N/m (3.11)

ksprs =
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And the bending stiffness of the aluminum part is:

FI3 192E,1 192 % 69000 * £ (17)(2)3
= 2 000 12 =96%10° N
YT I92E,r B ’ 259 *10° N/m
(3.12)
The stiffness of the bracing is:
2Fstecl A 2 % 21000 1.5)?
y — 2Bstead 0, 222000007 * (15)7 o 6106 N/ (3.13)
! V2902 4 9252
Then, the operator O changes into:
1
Oy = 3 5 5 n 5 -5 (3.14)
kconn~+cCeonn % kbracing +Cb7‘ac7lng % kconn.al +Cconn.al % 2 (kSBR+CSBR %) kal

Additionally, it may be assumed that the damping provided by the bracing-column connection
is much lower than the damping provided by an auxiliary damping component. If this would
not be the case, the damping component would not have to be introduced. The damping in
the connection of the damping component to the bracing is not being neglected. Therefore, the
above equation reduces to:

o 1
b= "3 2 2 T 2 T2
kconn kbracing kconn.al+cconn4al% Q(kSBR'FCSBR%) kal

(3.15)

L,

Figure 3.11: Model of the VED

3.3 Results

In this section, an analysis will be conducted of the measurements taken from the physical test
set-up. Firstly, a summary of the analysis on the fundamental frequency is presented to point out
what aspects in a structure influence the global damping of the structure. Then, the damping
obtained from the damping component including SBR layers will be determined. All Matlab
scripts concerning this section are presented in Appendix F.
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3.3.1 Stiffness of the portal frame structure

For each model, the fundamental frequency has been calculated with the above stiffness and the
mass of the structure. The effective mass of the structure is estimated to be:
Meff = Miead + 0.5 % M frame = 80 + 0.5 % (2 % 1.85 % 3.72 + 6.236) = 90kg (3.16)

An analysis on the fundamental frequency will be presented in the next section. The fundamental
frequencies of the Matrixframe models from Section 3.2 are displayed in Table 3.1.

Table 3.1: Fundamental frequencies of different models

Model | wy [rad/s] | fo[Hz]
A 21.53 3.43
B 11.80 1.88

The fundamental frequency for the undamped frame was measured at 2.48 Hz, which lies in
between the values calculated in Table 3.1. Therefore, the connections of the frame structure to
the floor plate were somewhere between a rigid and simple supports.

By the relation ky = w%me rf the stiffness of the fundamental frequency has been calculated for
Model 1 to 3, see Table 3.2.

Table 3.2: Stiffness at the fundamental frequency of different models

Model | fo [Hz] | wo[rad/s] | ko[N/m]
1 2.484 15.607 21923
2 2.450 15.394 21328
3 2.484 15.607 21923

The frame stiffness has been calculated with Matrixframe in Section 3.2. Accordingly, it was
expected the actual stiffness of the frame would be:

1.27 % 10°N/m < Emeasurements < 4.17 * 102N /m (3.17)

Where the difference in stiffness is dependent on the supports of the portal frame structure. The
values presented in Table 3.2 indeed meet the expectation from Equation 3.17. The structure
was designed to be fully clamped by the welded connections but the above implies the structure
was not fully clamped to the foot plate. It becomes clear that the stiffness of the structure is
highly influenced by executional factors of the set-up of the structure.

The above analysis results in the following conclusions regarding the portal frame structure:

e The connections of the frame structure to the floor plate were somewhere between a rigidly
and simple supported connection

e Executional aspects highly influence the stiffness of the structure

3.3.2 Analysis of the portal frame structure

First, an analysis is conducted the the fundamental frequency of the portal frame structure to
determine the factors that influence the damping of the structure. Beforehand, the fundamental
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frequency was calculated to be approximately 5.2 Hz. However, the fundamental frequency
turned out to be 3.0 Hz at first and later, after the structure was slightly changed, fo = 2.5
Hz. The difference is occurred because the actual set-up was somewhat different from the initial
design. For instance, the structure was not entirely erected from steel but also from aluminum
parts. For an in-depth description of the construction of the frame, see Appendix C.

A summary of the analysis on the fundamental frequency is listed below and the complete
analysis is presented in Appendix C:

The natural frequency significantly reduces in case the bolts of the beam-column connec-
tion were set less tight, see Figure 3.12
The tightness of the bolts in the bracing-column connection determines how much load
is transferred to the bracing. Consequently, the contribution of the bracing to the global
damping is dependent on the same matter
The connection of the bracing (see Figure 3.13) had to be stiffened because it was vibrating
in the transverse direction and thus did not contribute to the global damping in the
longitudinal direction.
In order to reduce the fundamental frequency, the lower bracing was removed as well.
Indeed the frequency got lower. However, the damping was decreased as well
No difference in temperature was measured
The mass of the portal frame was not changed and thus any shift of the FRF (Af in
Figure 3.14) is caused by a change in stiffness

e g

A B

Figure 3.12: Bolts in beam-column connection
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e AFRF
K 1
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Figure 3.14: Shifting and enlargement of FRF

3.3.3 Determination of the damping ratio

The damping ratio can be determined from the FRFs of the tests and from the time signal.
Both methods will be presented in this section.

Frequency response function

The FRFs of the tests are studied in order to determine the frequency dependent behavior of
the SBR layers and the braced portal frame structure. Adoption of the half-power bandwidth
method results in a corresponding damping ratio per eigenfrequency for each considered model:

e Model 1: the undamped braced portal frame structure
e Model 2: the braced portal frame structure with SBR3 applied to the bracing
e Model 3: the braced portal frame structure with SBR5 applied to the bracing
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The FRF near the fundamental frequency of these models is displayed in Figure 3.15 (top) and
the corresponding damping ratios are presented in Figure 3.16. The peak in the FRF of Model
2 in Figure 3.15 is shifted slightly to a lower frequency compared to the peaks from Model 1
and Model 3. Since the mass of the structure has been the same for each model, this implies
a reduction in stiffness for Model 2. The peaks from Model 1 and Model 3 are located at the
same position, which implies the stiffness has not been changed by the application of SBR5.
The peak for Model 2 is somewhat lower than the peak of Model 1. However, the width of the
peaks is about the same.

From Figure 3.16 it becomes clear that the damping ratio of Model 1 is lowest and the damping
ratio of Model 3 is highest. However, the plateau shaped peak of Model 2 requires some extra
attention. Why is the top of the peak formed by a plateau? It is likely the actual fundamental
frequency is somewhere between the two measured points that form the plateau. Hence, the step
size between the two points could be too large which may have caused errors in the results. The
plateau implies a wide peak and consequently a high damping ratio. A smaller step size might
also give different results for Model 1 and 3. Hence, the obtained fundamental frequencies and
corresponding damping ratios could differ from the current values. Therefore, another method
will be employed to check the accuracy of the values, this will be done in the next section.

FRF nearfundamental frequency
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Figure 3.15: The FRFs of Model 1,2 and 3 near the fundamental frequency (top) and near the second to
fifth eigenfrequency (bottom)
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Figure 3.16: Damping ratio at the fundamental frequency of Model 1,2 and 3

Analysis of the frequency dependence of the damping ratio requires a study of the higher fre-
quencies in the FRFs, see Figure 3.15 (bottom). The second to fifth eigenfrequency are located
closely together: the second eigenfrequency of Model 1 is lower than the second eigenfrequency
of Model 2 and 3. This implies a decrease in stiffness for Model 1, which does not meet the
expectations: the rubber in Model 2 and 3 is expected to cause a decrease in stiffness of the
structure for higher frequencies. Study of the higher eigenfrequenies does meet the expectations:
the 5 eigenfrequency of Model 1 is higher than the 5" eigenfrequency of Model 2 and 3, the
structure including the rubber.

The above analysis leads to the conclusion the measurements for higher frequencies than the
first are not useful for further analysis because the signal is disturbed. This is probably caused
by the step size of the frequencies, which was 0.07 Hz. In future research the tests could be
conducted with a smaller step size between the measured frequencies, which should result in a
more clear signal for higher frequencies. Additionally, the peak of Model 3 in the FRF in Figure
3.15 could be approximated better as well.

Time signal

In the previous section has been discussed if the obtained values for the damping ratio and
eigenfrequencies are adequate. This is questionable and thus another method than the half-
power bandwidth method will be employed to check the adequacy of the obtained values. For
each model, the damping ratio will be determined again, this time from the time signal. First,
the fundamental frequency has been determined in accordance with Figure 3.17 through:

1

xj—:c,-

fo= (3.18)
See the third column in Table 3.3. The obtained values come close to the values found in the
FRFs, see the second column in Table 3.3. Therefore, the values for the damping ratios obtained
from the FRF and time signal may be compared.
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Figure 3.17: Principle of logarithmic decrement

In correspondence with Figure 3.17, the damping ratio for the fundamental frequency is deter-
mined from the logarithmic decrement:

¢= ! (3.19)

1+ 2
ln(ﬁ>

vj
Where y; is the amplitude of a certain peak in the time signal and y; is the amplitude of the
next peak in the time signal. This method has been adopted for the three models, from which
the result is presented in the fifth column of Table 3.3. The values in this column differ from
the values found through the application of the half-power bandwidth method, see the fourth

column in Table 3.3. However, the values are of the same order of magnitude which makes the
half-power bandwidth method a valid approach of the damping ratio.

Table 3.3: Damping ratios from the time signal for the three models

Model fO,FRF [HZ] fO,time [HZ] CFRF Ctime
Undamped frame 2.484 2.482 0.0192 | 0.0212
Frame with SBR3 2.450 2.463 0.0262 | 0.0299
Frame with SBR5 2.484 2.476 0.0227 | 0.0240

Discussion

The exact calculations of the damping ratio through the half-power bandwidth method are based
on FRF's constructed from points located at Af = 0.067Hz apart. This step size is rather large,
which makes the shape of the FRF and thus the obtained damping ratios, questionable.

The damping ratio has also been calculated by the logarithmic decrement method. The time
signal is constructed from points located at At = 0.001s apart, which is accurate. However, the
signal of the fundamental frequency is disturbed by higher frequencies and thus the peaks y;
and y; had to be estimated accurately.
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The calculated values for the damping ratio for both methods are different but are of the same
order of magnitude. The second method is more trustworthy than the first method because of
the step size of the measurements.

For the calculation of the fundamental frequency, the first method is more reliable than the
second one except for Model 2 because of the plateau-shaped peak in the FRF (Figure 3.15).
Hence, the results of this test remain questionable.

For further calculations the following will be assumed:
e The fundamental frequency of Model 1 and Model 3 are fy = 2.484Hz

e The damping ratios of the time signal will be assumed for Model 1 (¢ = 0.0212) and Model
3 (¢ = 0.0240)

e The result of Model 2 is questionable
3.4 Comparison of theory and practice

In the section the outcome of the test set-up will be compared to the theoretically calculated
outcome.

3.4.1 Determination of the damping coefficient

The damping coefficient of the fundamental frequency is calculated by the adoption of the
relation cq = (24/komeys, see Table 3.4 and Figure 3.18. Now, the loss factor of the structure

can be determined through: [17:40)
woCo
o = ko (320)

The results are displayed in Table 3.4. It is convenient to conduct an analysis on the damping
obtained by the application of the SBR layers. Therefore, the behavior of the undamped struc-
ture must be compared to the behavior of the damped structure for the fundamental frequency.
However, the fundamental frequency of Model 2 deviates from the fundamental frequency of the
undamped frame (Model 1). Hence, Model 2 will not be considered for this analysis and thus
only the SBR layer of 5 mm thick (Model 3) will be considered.

Table 3.4: Damping coefficients and loss factors of different models

Model | fo [Hz] | wo[rad/s] | caolNs/m] | no[—]
1 2.484 15.607 53.938 0.0384
2 2.450 15.394 62.900 0.0454
3 2.484 15.607 73.603 0.0524

In correspondence with Table 3.4, the damping coefficient ¢4 is increased by 73.603 — 53.398 =
19.665Ns/m by the application of the auxiliary damping component including SBR5. The com-
ponent is displayed in Figure 3.19A. Also, the loss factor 7 is increased by 0.0524—0.0384 = 0.014.
This implies an increase of the damping to the structure by the application of SBR5. However,
the exact damping coefficient by the layers of SBR remains still unknown. This will be explained
below.
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The damping system in the bracing has been modeled as a parallel system with the stiffness of
the structure. However, this would only be the case if the bracing would not provide stiffness to
the structural system. In Section 3.2.4 has been calculated that the stiffness of the bracing was
about 87.8% of the stiffness of the structure. Hence, the damping system is not in parallel with
the stiffness element of the structure but a combination of a series and parallel system. This has
also been presented in Section 3.2.4. The total damping of the structure was determined to be:

Ctot,undamped = 53398NS/H1 (321&)
Ctot,damped = 73603NS/H1 (321b)
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80 T
[ Model 3
I Model 2 |
7o {{ I Model 1

@
3

@
S

@
=]

Damping coefficient [Ns/m]
IS
S

)
=]

o

24 241 242 2.43 2.44 245 2.46 2.47 2.48 2.49 25
Fundamental frequency ofthe structure [Hz]

Figure 3.18: Damping coefficient at the fundamental frequency of Model 1,2 and 3

Since the behavior of the frame was not measured without the upper bracing, it remains unknown
what the contribution is of ¢; and ¢, to the total damping. Therefore, the exact damping
coefficient of the auxiliary damping component in Figure 3.19A cannot be determined and the
conclusion is only that the damping is indeed increased by 19.665Ns/m by the application of
the auxiliary damping component including SBR5.

What other factors could have influenced the additional damping in the structure? The damping
component in rest is displayed in Figure 3.19A. The layers of SBR are glued to the U-shaped
aluminum profiles, which are connected to the bracing by bolts. Figure 3.19B displays the
desired working principle of the damper: the layers of SBR were to be subjected to a shear
force which would result in a shear strain of the SBR layers. In accordance with the literature
review Chapter 5, the shear strain is related directly to the energy dissipation by the SBR layer.
However, in practice, the working principle of the damper was different, see Figure 3.19C. In
each test, the bolts were slightly released during the test by the application of the impact force
on the structure. Therefore, the bracing was moved along the gap in the aluminum profile,
which could have been an additional cause for damping since an additional friction force could
have been introduced. Consequently, the shear strain in the SBR layers has been reduced as
well and thus the energy dissipation by the dampers. The damping by friction could explain
the higher damping coefficient caused by the auxiliary damping component. On the other hand,
upon the release of the bolts, the stiffness of the bracing could have been reduced as well. This
was not the case for Model 3, which showed the exact same fundamental frequency as Model 1.

Also, the layers of glue have not been taken into account. The layers were rubbery itself and
may have caused some damping in the auxiliary damping component. However, this remains
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unknown because no tests have been conducted on the connection of the layers of SBR to the
aluminum profile.

The above analysis shows that the exact energy dissipation by the layers of SBR and corre-
spondingly, its damping coefficient are still unknown. Many factors could have influenced the
additional damping in Model 2. Hence, the layers of SBR cannot be studied in itself but the
auxiliary damping component can. From the tests and above analysis it may be concluded that
the damping component does indeed provides additional damping to the structural system but
the exact energy dissipation by the individual parts remains unknown.

1: Bolts
SBR

A
== 2: Shear strain EZQI
A: Damper in rest B: Desired working principle C: Actual working principle
of the damper of the damper

Figure 8.19: Auxiliary damping component in the bracing

3.5 Summary

In the above section the set-up and results from the physical test set-up were discussed. Two
methods were employed to determine the damping ratio of the fundamental frequency of three
different models and both methods showed similar results. However, a shift in frequency was
measured for Model 2, which did not meet expectations. Further analysis of the structure of
the FRF's implies the step size of the measured frequencies has been too big and thus the actual
eigenfrequencies have not been measured accurately.

The peaks at higher frequencies in the FRF and the plot of the time signal imply a disturbed
signal by higher frequencies. Therefore, higher frequencies could not be taken into account in
further analysis of this test set-up.

Additionally, the relation between the layers of SBR and the test set-up has been studied and its
influence on the overall behavior of the structure. It may be concluded the energy dissipation by
the layers of SBR remains still unknown but additional damping is retrieved from the additional
damping component which includes the SBR layers (Figure 3.19A). However, a 1-MSD model
has been presented for future research to accurately determine the damping coefficient of the
auxiliary damping component.

Also, an analysis has been conducted on factors that could possibly have influenced the damping
in the structure. Connections, application of bracings and executional factors have been studied
and each factor has a significant influence on the damping of the structure.



4 Vibrations in high rise structures

In this chapter, a mathematical model for a core structure and a braced portal frame structure
will be presented.

4.1 Model set-up

In practice, high rise structures are often built as a combination of a core and (braced) portal
frame structure. The basis of solving the NMSD system is the equation of motion:

Ft)

mnp

Mu+Ciu+ Ku=F(t) +— u+ 20wt +wiu= (4.1)

In Figure 4.1, the dynamical representation of a core structure is presented. The core structure
is modeled as a flexural beam. Equivalently, each floor level in the structure is represented by
a stiff element with elastic springs attached to it. The deformation of a single element causes
a displacement in the vertical direction in each spring, see the red box in Figure 4.1. This
displacement will be used in the next section to determine the stiffness matrix of the structure.

Since the along-wind direction is considered, it is convenient to find the stiffness of the structure
in the x-direction, see Figure 4.1 (right). The stiffness matrix will be constructed from the
relative displacement in the z-direction of each node. The relative displacement of node j is
dependent on the displacement of nodes 4,5 and k.

Fk

8k
M
N
Fj
28)
M
LSS Fi
— T g
Maodel of a single element Meodel of a multiple elements

Figure 4.1: Stiffness of the core structure

The aim of the model is to determine the accelerations at the top of the building for a building
with and without VEDs. These VEDs will be added to a braced portal frame structure. Before-
hand, it is expected the application of VEDs will reduce the accelerations. The accelerations

33
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will be calculated by the conduction of a spectral analysis; this method has been explained in

Chapter 2.

The analysis will be executed for the ’Zalmhaven Toren’, a 176 meter tall building which is
supposed to be located in Rotterdam, see Figure 4.2.

T ;.... it K[‘

o Rotterdam &
i Pk

Ectirianss.

............

Figure 4.2: Location Zalmhaven Toren

The load bearing structure was designed to its final stage by Zonneveld Ingenieurs but the
structure has not been built yet. An impression of the building is presented in Figure 4.3.

Figure 4.3: Impression Zalmhaven Toren

The structural properties were calculated and determined by Zonneveld Ingenieurs and are used
as input parameters in the N-MSD model: '

e The load bearing structure consists of a concrete core with a flexural rigidity ET of 6.6185x
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1013 Nm?2.

e The dimensions are h = 176m, b = 30m and d = 30.8m. The dimensions of the concrete
core are b = 10m and d = 10m. In reality, the height of the floor levels at the bottom and
top of the is taller than the floor levels in between. However, for the model it is assumed
the height of each floor level is the same, namely hgtorey = 3.09m. This simplifies the
model and it is expected the stiffness of the building will still be about the same in this
situation.

e The total mass of the building is 70413000 kg. The mass is equally distributed over the
57 storeys and thus becomes: 1.2353 % 10% kg per storey.

e The rotational stiffness of the foundation is estimated to be 8.52 x 1012 Nm/rad.

e The location of the building is in Rotterdam. This corresponds to terrain category IV and
wind area 2 from NEN-EN 1991-1-4. Hence, zp = 1m, 2z, = 10m and v, 9 = 27m/s.

4.1.1 Matrix definition

In this section, the definition of the matrices used for the equation of motion is presented. The
scripts of the matrix definitions in Matlab is presented in Appendix G.

Mass matrix

The mass matrix of a high rise structure with n floors is a diagonal matrix:

mi 0 0 0
0 mj 0 0

M = (4.2)
0 0 . 0
0 0 0 my

Where m; is the mass of the i*" floor.

Note: an equal mass distribution per floor level is assumed with: m; = mye/n.

Stiffness matrix
The stiffness matrix is constructed from a stiffness matrix of the core structure and the stiffness
matrix of the foundation. The method to derive these matrices is presented in Appendix H.

Stiffness of the core structure
In accordance with Figure 4.1, the stiffness matrix of the j-th floor level in the core structure is

determined by: (7]
1 -2 1
EI
kj,COTE - hgi —2 4 2 (43)
storey 1 -2 1

This element is implemented into the n * n matrix in which n resembles the number of floors.
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F —vow

7

Figure 4.4: Bottom element of the core structure

Rotational stiffness of the foundation

The bottom element of the structure is modeled differently, see Figure 4.4. The rotational
stiffness K, of the foundation is estimated to be 8.52% 1012 Nm/rad. The floor at ground level
is modeled as: (7]

1 1 1 -1
kfoundation = ﬁ 1 1 |:_1 1 :| (44)
26T T K,

This matrix will be added to the n * n matrix at positions (1,1), (1,2), (2,1) and (2,2).

Corresponding stiffness matrix
The corresponding stiffness matrix of the entire structure is defined by:

K = Keore + kfoundation (45)

This matrix can be verified by adopting F' = Ku — u = K '« in Matlab. The corresponding
shape of the deformation is displayed in Figure 4.5. This is obtained by subjecting the structure
to a distributed load of ¢ = 100kN/m.

Static deflection
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Figure 4.5: Static deflection of the structure

The result can be checked by hand by the use of a forget me not: (74
gh*
Utop = Ustructure T U foundation = 1.2 % ustrycture = 1.2 % SEI =1.2%0.18 =0.22m (46)

This corresponds to the displacement at the top in Figure 4.5 and thus the stiffness matrix is
derived correctly.
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4.1.2 Damping matrix

The damping ratio or logarithmic decrement of the damping of each floor is obtained from:
(=C+C+C ; 0=20s+0,+0dq (4.7)

Respectively, this is the the structural, aerodynamic and auxiliary damping. The logarithmic
decrement § and the damping ratio ¢ are related by § = (2.

Structural damping

The structural damping is obtained from Table F.2 from NEN-EN 1991-1-4 and is dependent
on the applied material for the load bearing structure. In case of the Zalmhaven Toren, the
structural damping is obtained from the concrete core. Hence, the logarithmic decrement of
concrete ds is 0.1 and its corresponding damping ratio (4 becomes 0.016.

Fk

Fk ——

Bk

Fj

28

Fi

Fi —— —_—

Figure 4.6: Structural damping in the core structure

The model for damping in the structure is displayed in Figure 4.6. Its corresponding damping
matrix is constructed by adopting the Rayleigh damping method: 39

Cstructure = aoM + a1 K (48)

Where ag and a1 are constants depending on the first two eigenfrequencies and their correspond-
ing damping ratios:

_ 2wiwe(Giwa — Gwr)

= 4.9
0 w% — w% ( a)
2 —
) = (C2WQ2 Céwl) (4.9b)
Wy — Wy
In this case, (; = (3 = 0.016.
Aerodynamic damping
In accordance with NEN-EN 1991-1-4, the aerodynamic damping is to be found by:
1 b
¢, = L crpbumz) (4.10)

2 2waMme
Hence, the aerodynamic damping varies along the height of the building.

Note: the aerodynamic damping will not be considered in this thesis
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4.2 Model of the concrete core structure

In this section will be explained how the spectral analysis on the Zalmhaven Toren was con-
ducted. First, a description will be presented on the model for the wind load on the structure.
Secondly, the dynamic properties of the structure will be determined. Then, the response of
the structure to the dynamic wind load will be studied. The influence on the response of the
structure by adding SBR to the structure will be analyzed as well as the energy dissipation by
the dampers. All Matlab scripts used for the calculations are to be found in Appendix G.

4.2.1 Wind load on the structure

The location of the building is Rotterdam. This corresponds to terrain category IV and wind
area 2 from NEN-EN 1991-1-4. Hence, 29 = 1m, 2y, = 10m and v, o = 27m/s. The velocity of
the wind consists of a mean and fluctuating part:

Vtot — 1j+17 (4.11)

According to equation 4.3 in NEN-EN 1991-1-4 the mean wind speed along the height of the
building of the wind may be described by: 29

(z) = ¢ (2)co(z)vp
0.19%( 20 )0'07 In (”T) 2 < Zoin (4.12)

20,11
0.07
0.19v ( Z ) In (%) Zmin < 2 < Zmaz

0
20,1T

The mean wind speed along the height of the Zalmhaven Toren is displayed in Figure 4.7. The
fluctuating part of the velocity of the wind is to be determined stochastically. First, the standard
deviation is determined in accordance with equation 4.6 of NEN-EN 1991-1-4:

% 0.07 1 0.07
vwind = kropk; = 0.19 [ —— k=019 —— 27 x1 =17.4334 4.13
Oy, wind VpRy <ZO,H> VpRY <0.005> * [m/s] ( )
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Figure 4.7: Wind speed along the height of the building
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The fluctuating part of the wind speed is defined by: [43]

N
0= Z agsin(wit + o) (4.14)
k=1

Where:

ag = \ﬂzsvv,windwk)

¢, = random number between 0 and 27

Hence, first the spectrum of the wind velocity is determined through:

0',3 * FD
Sm;,wind =

- (4.15)

The result is displayed in Figure 4.8 (top figure). In the above equation, Fp is Solari’s spectrum
and z is the dimensionless frequency described by: 43!

Fr = 6.8x
D= 1710.20)°3
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Figure 4.8: Spectrum of wind force

Combining Equations 4.14 and 4.15 leaves the fluctuating part of the wind velocity. Then, the
spectrum of the wind load can be determined through:

SFF = X2 (Cppairq_)A)Q va,wind (4.16)

Where x? is the aerodynamic admittance taking into account the coherence between different
points at the facade of the structure. Full coherence is assumed and thus x? = 1. The spectrum
of the wind force is displayed in Figure 4.8. With the load spectrum, the fluctuating wind force
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can be determined through:

N

Fy =Y apsin(wgt + o) (4.17)
k=1

Where:
ap = \/(ZSFka)

¢, = random number between 0 and 27

The velocity and wind load on the fagade are displayed in Figure 4.9.
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Figure 4.9: Wind speed including mean and fluctuating part

First eigenmode Second eigenmode Third eigenmode Fourth eigenmode Fifth eigenmode

Figure 4.10: First five eigenmodes of the high rise structure
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4.2.2 The structure’s sensitivity to vibrations

The properties of the structures are resembled by its corresponding M, K and C matrices.
The eigenfrequencies of the structure are found from the eigenvalues of the M and K matrix.
Its corresponding eigenvectors could be used to check if this is done correctly by finding the
eigenmodes of the structure. Hence, the first five eigenmodes of the modeled building are
displayed in Figure 4.10.

The shapes displayed in this figure are legitimate and thus the eigenfrequencies are calculated
correctly.

The M, K and C matrices could be used to determine the frequency dependent dynamic stiffness
Sy of the system. The dynamic stiffness coefficient may be used to find the transfer function
H, through the following relation:

Sy=K —w’M +iwC — H,={K—-u*M+iwC} " (4.18)

As was described in Chapter 2, respectively the displacement, velocity and acceleration of a
system are descibed by: (26

u=|H,p|F ; v=|Hyp|F=|wHyp|F ; a=|Hup|F=|w?H,p|F (4.19)
Then, the transfer functions at the top of the building are described by: 7]
N
| Hupn ()] = [Hurjn| (4.20a)
j=1
N
|Hypn(w)| = Z |\HyrjN| (4.20b)
j=1
N
|Horn(w)| = Z |HarjN| (4.20¢)
j=1
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Figure 4.11: Frequency response function of the structure without VED
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The result for the Zalmhaven Toren without SBR dampers is displayed in Figure 4.11. The fun-
damental frequency is about 1.3 rad/s, which corresponds to fy = 0.223Hz. The fundamental
frequency calculated by Zonneveld Ingenierus is 0.286Hz. The results differ because the N-MSD
model was assumed to have an equal storey height for each floor level while the height of the
storeys in the model of Zonneveld Ingenieurs differed. '

4.2.3 Response of the structure

The response spectra of the displacement, velocity and acceleration are obtained by: [43]

Suu = |Hur,n (w)[*SFr (4.21a)
Svw = |Hypn (w)[*Spr (4.21Db)
Sea = |Hap,n (W) |*Spr (4.21c)

The spectra of the Zalmhaven Toren without SBR dampers is displayed in Figure 3.13.
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Figure 4.12: Spectra of displacement, velocity and accelerations of the structure without VED

The response over time of the displacement, velocity and acceleration of the Zalmhaven Toren is
obtained from the above spectrum by finding its Fourier transform. Hence, the same procedure
is used as for the wind velocity (Equation 4.14) and wind force (Equation 2.2). The result is
displayed in Figure 4.13.
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Figure 4.13: Response of the structure without VED of the displacement, velocity and accelerations

The spectra in Figure 4.12 are used to find the standard deviations of the responses:

oy = /OO Sy (w)dw (4.22a)
0

oy = /OO Syw(w)dw (4.22b)
0

Oq = /00 Saa(w)dw (4.22¢)
0

The corresponding values are presented in Table 4.1. The peak values in this table have been
calculated by multiplying the standard deviations by the peak factor k, from equation B.4 of
NEN-EN 1991-1-4:

0.6

kyp = (T + eI (4.23)

[\)
B

With T' = 600s and v = 0.223Hz, k, = 3.3. The peak values obtained from this method cover
most of the peaks displayed in Figure 4.13. However, the highest peaks are higher in the figure
than the values in Table 4.1.

Table 4.1: Standard deviations of displacement, velocity and accelerations and the peak accelerations for
the structure with and without SBR3 and SBR5

Type | oulm] | oulm/s] | oaln/s?] | tpearlm] | Vpear[m/s] | dpealm/s]
Cs 0.0236 | 0.0292 0.0402 0.078 0.096 0.133
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4.3 A basis for a model of a portal frame structure

In this section a mathematical description will be presented for the elements in a single portal
frame structure to determine the dynamical behavior with and without damping.

This description is the basis for a model of stacked portal frames in a high rise structure.

Uzt - W2 U;'

¢ «C

Figure 4.14: Model of the portal frame structure and degrees of freedom (left) and support reactions
(right)

4.3.1 Definition of the elements

A single undamped braced portal frame structure consists of five elements, see Figure 4.14. In
correspondence with the physical test set-up, the structure is loaded at the top by a point load

F,. The force is transferred to the foundation to two supports. The corresponding balance of
forces in the nodes is presented in Figure 4.15.
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Figure 4.15: Balance of forces in each node

The columns of the portal frame structure are bending beams. Additionally, the columns are
axially loaded. The model of the columns is presented in Figure 4.16. The columns are assumed
to be prismatic and both to have the same cross-sectional area and material properties.
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Figure 4.16: Model of the columns of the portal frame structure

4.3.2 Dynamic stiffness matrices of the elements

In this section the dynamic stiffness matrix for each element will be derived.

Bending beam

In accordance with the Euler-Bernoulli beam theory the equation of motion for the bending
beam is described by:

4 5 2
E18w+E*18w . A@w

92t fioa1 T PG — A=) (424)

The above equation may be transformed to the frequency domain by the application of the
Fourier transform:

oo 4 5 2 . oo )
/ [Efaw + E*I 0w 0 w] e Whdt :/ q(z, t)e “dt (4.25)

91 104 T PG .

—00

Then, the displacement w becomes:
S .
W = / weWhdt (4.26)
—o0

Correspondingly, the governing homogeneous equation in the frequency domain becomes:

s 415 . 4 pA(.U2
—_ — h == 4.2
w B*W =0 with § T+ bl (4.27)

Correspondingly, the roots of the equation will become:

r?=p* with p*= A T = —Thl 3 T = —Tb3 (4.28)
EI +iwE*I ’

The homogeneous solution is expressed by: [26:3%]

Whom(x,w) = C1 cosh(B2) + Co sinh(52) + C5 cos(8z) + Cysin(Bz) (4.29)
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Where C; to Cy are integration constants to be determined from the boundary conditions. The
governing equation to find the particular solution is expressed by:

A //// 4 Q(Z, (,L)) 4 pAOJ2
— = ————-— with —_— 4.
BW = El+iwE*I F= El +iwE*1 (4.30)
In accordance with NEN-EN 1991-1-4, the load is expressed by:
— “\ —z/Bs
Q(z,w) = Qo(w) In <Z> - Qo (Bl + Boe ) (4.31)
0

Where B, Bs and Bj are coefficients to approach the logarithmic function by means of the
exponential function. This simplifies the method to define the particular solution. The particular
solution will be in the same form as the load on the structure. Therefore, the form of the
particular solution is: *!

Wpart(za W) == CO((AJ) —+ Cz(w)efz/B3 (432)
And thus:
_640 + _i 4 B l34 C e—z/Bg _ QO (Bl + B2e_Z/Bs) _ QOBI QOBQefz/Bg
i Bs ’ BT+ iwE*T BTt inb I T BT B
(4.33)

In correspondence with Equation 4.32 the constants in the particular solution are: !

—B1Qo(w) . (w) _ —B2Qo(w) 1
BY(EI + iwE*I) ' T BI4iwE* T <7L>4754
B3

Co(w) = (4.34)

The general solution to the system is the summation of the homogeneous and particular solution:

W(z,w) =Whom (2, w) + Wpart (2, w)
=C cosh(fz) 4+ Cysinh(Bz) + C3 cos(fBz) + Cysin(Bz) + Co(w) (4.35)
+ Cz(w)e_Z/B?’

The inverse Fourier Transform can be used to find the particular solution in the time domain:

1 o -
w(z,t) = 27r/ W (z,w)e“ dw (4.36)

The coefficients C7, Cy, C3 and Cy can be determined from the boundary conditions of the
specific element. This will be done in the next section.

Element 1
The boundary conditions in the frequency domain for Element 1:
1. 2=0; (EI +iwE*I)W" = k, W'
2. 2= 0; (B +iwB W = f°° [~ Hot(£) + Firacing.e1 ()] e71ds
3. z=h; (EI +iwE*YW" =
4z = i (B +iwB* W = f Nia(t)e et



4.3. A BASIS FOR A MODEL OF A PORTAL FRAME STRUCTURE 47

Implementation of the general solution into the above boundary conditions leaves:

B2(EI +iwE*I)[Cy — C3] — k,B[Co + Cy] = Fi4 (4.37a)
B3(EI +iwE*I)[Cy — Cy] = F15 (4.37b)
B2(EI +iwE*I)[C} cosh(Bh) + Cy sinh(Bh) — Cs cos(Bh) — Cysin(Bh)] = Fi3 (4.37c)
B3(EI + iwE*I) [Cy sinh(Bh) + Ca cosh(Bh) + Cs sin(Bh) — Cy cos(Bh)] = Fi4 (4.37d)

With Element 1 subjected to the load Q(z,w), the loads in the above equation are expressed by:

k. (EI+iwE*I)
Fii=—|5+——F—1|C: 4.38
1,1 [33 B§ ] Cy(w) ( a)
*° - o : EI +iwE*I
Fio= / Hy(te tdt + / Foracing a1 (t)e™“tdt + [(JFBZ;J)] C.(w)  (4.38b)
_ oo 3
Fiz=— [(EI—HWEI) h/Bg] C.(w) (4.38¢)
B3
* e El +iwE*I
Fi4= /_ F, (e Whdt + [(Bg) h/BS] C.(w) (4.38d)
The above in matrix notation:
! 7B<E1+’€;wE*I) -1 7B(E1+kiTwE7*I) gl 51,1
2 -k 0 B8 0 -3 2| _ 1,2
BH(EI +iwE™]) cosh(Bh) sinh(Bh) — cos(Bh) —sin(Bh) Cs| | Fi3 (4.39)

Bsinh(Bh) B cosh(Bh) Bsin(Bh) —B cos(Bh) Cy Fia4

Hence, the coefficients Cq, Co, C3 and Cy could now be determined and then be implemented
into the general solution.

Element 2
The boundary conditions in the frequency domain for Element 2:

2= 0; (BT +iwE* [YW" = k, W'
2. 2= 0; (Bl +iwE )W" = [ Hy(t)e “dt

3. z=h; (EI +iwE* I)W" =0

4. z=h; (BI +iwE*DW" = [*_[Fyracing23(t) — Nea(t)] e “tdt

—_

Implementation of the general solution into the above boundary conditions leaves:

BA(EI +iwE*I)[Cs — Cq] — k,3[Ce + Cs] = Fa1 (4.40a)

3(BI 4 iwE*I) [Cs — Cg) = Faz (4.40b)
B2(EI +iwE*I)[C5 cosh(Bh) + Cg sinh(8h) — C7 cos(Bh) — Cgsin(Bh)] = Faz3 (4.40c¢)
B3(EI +iwE*I) [Cs sinh(Bh) + Cg cosh(8h) + Crsin(Bh) — Cg cos(Bh)] = Fa (4.40d)

Element 2 is not being subjected to an external load and thus the loads in the above equation
are expressed by:

Fy1=0 (4.41a)
Fho = / h Hgo(t)e “dt (4.41b)
Fy3 = oioo (4.41c)
Poa = | Piracingss(®) = g (O] 7't (4.41d)
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The above in matrix notation:

1 *W -1 *W gs ?2,1
2 . % 0 0 — 6| 2,2
FHEL +iwE"]) cosh(Bh) sinh(Bh) —cos(Bh) —sin(Bh) Cr| | Fas (4.42)

Bsinh(Bh) B cosh(Bh) Bsin(Bh) —B cos(Bh) Cs sy

Thus, the coefficients C5, Cg, C7 and Cg could now be determined and then be implemented
into the general solution.

Axially loaded beam

The general equation to describe the motion for the axially loaded beam is described by: 20l

0%u Pu 0%u

EFEA— +FE"A A— = t 4.43

oa2 T E Az TG = 1) (4.43)

Where c¢; is the structural damping of the element. The governing differential equation in the
frequency domain becomes: 46!

w2pA .

—U=0 4.44

EA+iwE*A ( )

The corresponding characteristic equation and its roots is expressed by:

2
+ = — =4\ == 4.4
" “ 0 741’2 EA + ZWE*A ( 5)

[26;35]

0// +

The homogeneous solution is described by:

. ] w?pA
Uhom(z,w) = Aj cos(az) + Aasin(az) where: a = FA T iobA (4.46)

The governing equation for the particular solution becomes:
wpAd o Qa,w)

EA+iwE*A~  EI +iwE*A

The load ¢(z,t) = 0 and thus the general solution equals the homogeneous solution. Therefore,

the above equation will not be considered further.

U" + (4.47)

Element 1
The boundary conditions in the frequency domain for Element 1:

1. 2= 0; (EA+iwE* AU’ =0
2. z=h; (FA+iwE*A)U' =0

Implementation of the general solution into the above boundary conditions leaves:

a(BEA +iwE*A)Ay = Ny =0 (4.482)
a(EA + iwE*A) [—A; sin(ah) + Ag cos(ah)] = N2 =0 (4.48b)
And thus:
R 0 1 Al M
a(EA+iwE*A) _ sin(ah) cos(ah)} [A2] = [Nz} (4.49)

Element 3
The boundary conditions in the frequency domain for Element 2:
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1. 2=0; (EA + ZUJE*A)U/ — ffooo Fs2e—iwtdt
2. 2= hy (BA+iwE* AU = [ Fyracing z3e“Ldt

Implementation of the general solution into the above boundary conditions leaves:

a(EA+iwE*A)Ay = Ny = / h Fao(t)e “dt (4.50a)

a(EA + iwE* A) [~ Az sin(ah) + Ay cos(ah)] = N3 = / h Firacing.z3(t)e “'dt (4.50b)
And thus:

U(EA+iwE"A) { sir?(ah) coséah)} [ii] = [%ﬂ (4.51)

Model of the beam and bracing

The stiffness of the beam kj, is presented by %4, where [, is the length of the beam
Fy,, FAl1 —1] [ws
S 4.52
[F k63:| h (-1 1 w3 ( )

The stiffness ks of the bracing is presented by El—f, where [ is the length of the bracing. Hence,
for the undamped case presented in Figure 4.17A, Fyyqcing,1 is resembled by kg(w] — w), where
w) and wj are the displacements in the direction of the bracing. Correspondingly, the force from
the bracing in the undamped case can be rewritten as:

Fbracing 1:| EA |: 1 _1:| |:w/1:|
1| _ EA 4.53
|:Fbracing,3 ls -1 1 wé ( )

S S
u f = Wi Uq' - W u ' -y W U4f - Wi

" T U

A: Undamped frame B: Damped frame

Figure 4.17: Dynamic model of a portal frame structure

In Figure 4.17B the VED is added to the bracing. In this case, the equation of the force from the
bracing transferred to the two columns becomes more difficult and an equivalent spring stiffness
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is introduced, which includes the spring and damper elements in the bracing. Accordingly, the
equation for the bracing is described by:

Fbracing 1:| |: 1 _1:| |:w/1:|
|:Fb7"acing,3 ‘-1 1 wg ( )

Where kjeq is dependent on the layout of the bracing. An example has been presented in Chapter
3, where a formula was presented for the equivalent damping of the bracing in the test set-up.

In all the above equation the force in the direction of the bracing can be split up in its equivalent
horizontal and vertical part:

[?bracz:ng,xl] _ COS(Oz) |:1;:bracztng,1:| (455&)
bracing,x3 bracing,3
|:Fbracing,21:| _ Sin(O&) |:Fbracing,1:| (455b)
Fbracing,zS Fbracing,?)

4.3.3 Conclusion

The above descriptions of the bending beams and connected bracings can be used to determine
the behavior of a single portal frame structure. A system of eight equations and unknowns
has been derived for the bending beam and a system of two equations and two unknowns for
the axially loaded beam. Additionally, a method has been presented to connect the two beams
through additional elements, namely a horizontally positioned beam and a bracing.

4.4 The prototype tool

The interface of the prototype tool is displayed in Figure 4.18.
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Figure 4.18: Interface of the prototype tool
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Within the tool, four sections can be distinguished:

o1

1. Parameters of the building: the structural designer can make a selection from types of

structures, materials and the function of the building. Additionally, it allows the user to
define structural parameters such as dimensions, the bending stiffness and the mass of the
structure. After running the calculations, a visual presentation of the structure appears

. Wind region: selections can be made regarding the wind region of the building in accor-
dance with NEN-EN 1991-1-4

. Additional damping: allows the structural designer to define specifications of the aux-
iliary damping system. The position of the damper is presented visually in the image

. Output: this section provides the output of the calculations performed with the above
input. Structural parameters such as the stiffness and slenderness are calculated along
with the total logarithmic decrement of the structure and auxiliary dampers. Also, the
peak accelerations are calculated as well as the maximum allowed acceleration. In case
the requirements are not met, a warning will appear at the bottom of the interface which
recommends the user to add more damping to the structure.

In future research, this could be the starting point of the actual development of the tool.



5 Conclusions

In this chapter the conclusions with regards to the research will be presented. The
main objective for this thesis has been:

A feasibility study on the development of a prototype tool for engineering firms
which can be used to determine the required amount of viscoelastic damping in a
high rise structure to reduce accelerations to a comfortable level’

First, conclusions will be drawn for the two conducted investigations described in
Chapter 3 and 4. Then, the final conclusion will be a discussion on the above
objective. Next, expectations will be presented on how the obtained results will be
applicable to related topics. Finally, recommendations will be presented for future
research. A summary of this chapter is to be found in the next chapter.

5.1 Conclusions

As was presented in Chapter 3, the thesis has been divided into the following two investigations:
1. Investigation on VED by means of a physical test set-up
2. Investigation on modeling a NMSD as a basis for the prototype tool

The conclusions drawn from these investigations are presented below. Then, the results will be
adopted into a general conclusion on the main aim of research.

5.1.1 Conclusions from the physical test set-up

A braced portal frame structure has been used to determine the effect of the application of a
damping component on the behavior of the structure. Measurements were taken in the frequency
domain with step size Af = 0.067Hz and in the time domain with step size At = 0.001s. The
damping ratio of the structure with and without the auxiliary damping component has been
determined in two ways:

e From the FRF through the half-power bandwidth method
e From the time signal through the logarithmic decrement

The obtained values from both methods were compared to one another and were approximately
the same. The structure has been changed slightly several times:

e Removal of the upper and lower bracing

e Changes in the connection of the beams to columns

92
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e Introduction of an auxiliary damping component with layers of VEM of 3 mm and 5 mm
thick

From these changes it may be concluded that the global damping of the structure can be in-
creased by many factors:

e Damping by friction
e Material damping

e Factors within the damping component:

Damping by friction
— Material damping
— Damping by adhesive layer (glue)

Layers of viscoelastic material

Hence, if a higher damping coefficient is required to reduce accelerations, each of these factors
may be changed. However, it is expected the introduction of a damping component is most effi-
cient. Additionally, adding damping through a damping component does not require tremendous
changes in the structural system.

Now, if the factors in the damping component are studied into more detail, it becomes clear
that the amount of energy dissipation by each single factor remains still unknown because the
model for the bracing becomes rather complex, see Figure 3.10. The only certainty is that the
component as a whole dissipates energy from the structural system and reduces the accelerations.
This results in a list of known unknowns:

e What is the amount of energy dissipated by each single factor?
e What causes energy dissipation by each single factor?
e [s it possible to optimize the damper to obtain a higher energy dissipation?

These questions can be used as starting points for future research. The literature review can
be used as a starting point to answer these questions. For example, in the literature review
has been presented that the damping coefficient of the layers of VEM is directly related to the
dimensions of the layer and the shear modulus. This could be verified by a set of new tests and
then be compared to the measured damping coefficient from the test set-up.

However, factors such as frictional damping cannot be verified easily. On the other hand, it has
been proven with the current test set-up that a rigid connection provides the structural system
with a lot more damping than a hinged connection. The exact amount can be studied further
in future research.

A modal analysis has been conducted to characterize the frequency dependent behavior of the
damping component. However, in the current data analysis the frequency and temperature
dependent behavior of the damping component has not been taken into account because in the
modal analysis the response was disturbed by other frequencies. Therefore, the results from the
modal analysis were not reliable. In future research precautions must be taken in order to avoid
these disturbances. For example, the force introduced to the structural system could be filtered
by additional layers of rubber. In the current set-up only a small layer of rubber has been used
to filter the higher frequencies from the system. By making use of an additional filter and a
smaller step size in the frequency domain must lead to a more reliable FRF.
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Since only one structure has been analyzed, only one fundamental eigenfrequency was used
for the conduction of the tests for this thesis. By adjusting the beam-column connection of the
portal frame structure the fundamental frequency was slightly shifted to a lower value. However,
for an adequate description of the frequency dependent behavior of the rubber, more tests should
be conducted with structures with other eigenfrequencies.

One option could be to change the mass of the structure several times by the use of the same test
set-up to shift the eigenfrequencies of the structure to lower and higher frequencies. Then, the
corresponding damping ratios can be used to find a curve for the frequency dependent damping
ratio.

Preferably, a test set-up with a fundamental frequency of below 1 Hz is needed to properly
estimate the behavior of the rubber in a high rise structure subjected to wind load. The funda-
mental frequency in current measurements was about 2.5 Hz and thus no information is available
on damping in the lowest frequency range. For instance, the aspect ratio of 6 could be increased
tremendously to decrease the fundamental frequency of the structure by positioning the columns
closer to each other.

The test set up was designed to simulate the behavior of a high rise structure subjected to
dynamic wind load to the best ability, for instance by using a frame with an aspect ratio
of approximately 6. However, it was not possible to lower the eigenfrequency to the desired
fundamental frequency with this type of structure. The fundamental frequency was lowered
by adding mass to the top of the structure. Nevertheless, adding mass becomes less effective
after a certain value. Moreover, from a practical point of view the added mass is limited to the
maximum allowed buckling force of the columns of the frame. Another option would be to only
study the damper or VEM itself. For instance, the material could be subjected to a hydraulic
cylinder which can be tuned beforehand.

Beforehand, the stiffness of the frame has been calculated for two situations:
1. A rigid connection of the frame to the floor plate
2. The frame connected by simple supports to the floor plate

The fundamental frequency fp has been calculated from the corresponding stiffness and effective
mass mcf¢. The effective mass has been estimated to be 90kg through:

Meff = Miead + 0.5 % M frame = 80 + 0.5 % (2% 1.85 % 3.72 + 6.236) = 90kg (5.1)

Hence, the effective mass consists mainly of the added mass on top of the structure. The effective
mass of the frame of 0.5 * m f,qme is an estimation. However, the effective mass from the frame
is rather small compared to the mass from the lead blocks on top of the structure. Therefore,
it is expected the effective mass has been estimated quite accurately. Nevertheless, in future
research, the effective mass can be calculated by calculating the effective mass of the frame from
the mode shape of the structure, see also the literature review.

Beforehand, the fundamental frequency was expected to be:
1.88Hz < fy < 3.43Hz (5.2)

The measured eigenfrequency was 2.48Hz, which indeed meets the above expectation. Hence,
the connection of the frame to the ground was not rigid nor simply supported. This is caused
by the welds, which were designed to form a rigid connection but in practice, this has not been
the case.
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5.1.2 Conclusions of the investigation on the N-MSD system

In this thesis, two methods have been presented to describe the structural system of the high
rise structure:

1. As a system constructed from mass, springs and dampers
2. As a continuous system

The former case is more easy to solve mathematically while the other allows for a detailed
description of additional springs and dashpot systems. For example, in case auxiliary damping
is introduced in the bracing of the portal frame structure the structural system becomes more
complicated. This has been presented in Chapter 4. The bracing can be modeled as a combined
spring and dashpot system by the introduction of a matrix system.

Currently, the damping component is modeled as a combination of springs and dashpots as
well and each element in the component is studied individually. However, the system becomes
rather complicated and thus it is desirable to simplify the system by basic assumptions. These
could be made by future research, which should lead to a list of factors to neglect in the model.
Additionally, in a high rise structure it is not desirable to implement a damper in series with
a stiffness element. Therefore, another damping component or position could be considered in
order to obtain a parallel system of the stiffness and damping elements.

In this research, a model has been presented for the core structure with structural damping.
The model has been validated in two ways. The stiffness matrix was validated by finding the
static behavior of the structure in Section 4.1.1 and the eigenmodes from the structure (Section
4.2.2). Additionally, the peak values for the accelerations come close to the maximum allowed
values mentioned in NEN-EN 1990+A1+A1/C2-2011. 3]
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Figure 5.1: A combined core and portal frame structure

Also, the set-up for a braced portal frame structure including an auxiliary damping component
has been presented. Since core structures and portal frame structures are often combined in
practice, it would be interesting to find a model of the combined structure. In that case,
the models presented in this thesis can be used as starting points to define the model of the
combined structure. The combined structure (Figure 5.1) requires more detailed information on
the structure, for example: by what connections are the two structures connected?
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5.1.3 Conclusions regarding the prototype tool

The main objective for this thesis has been:

A feasibility study on the development of a prototype tool for engineering firms
which can be used to determine the required amount of viscoelastic damping in a
high rise structure to reduce accelerations to a comfortable level’

The description of the core structure model and of the portal frame structure prove that it is
indeed feasible to develop a prototype tool to determine the required amount of VED. However,
more research should be conducted on VED because the behavior of the material remains rather
complex. From the literature review it was expected the damping coefficient of the VEM layers
could be estimated quite accurately. However, it was not possible to exactly determine the
damping coefficient of the layers of VED from the experiment, as was described in Chapter 3.
This was due to the fact that the damper was not just in parallel with the spring stiffness of the
structure but in series. Additionally, other factors within the damping component could have
affected the total damping by the damping component such as frictional forces and the glue
layer.

In case a prototype tool is to be developed, input of experimental data of the damping coeflicient
of the VEM layer is required. This is disadvantageous because experiments are expensive and
time consuming. On the other hand, the VEM and its application to the load bearing structure
are cheap. Hence, it is expected the total costs of VEDs outweigh the costs of the application
of VDs and FDs. This was also the case for the Colombia Center Building, where VEDs only
were 1.5% of the total building costs, which even included an extensive testing program. Also,
the manufacturer, research institute or engineering firm could once invest in a test set up to
investigate different VEMs with different dimensions. The results of these tests could be used
in multiple projects and thus it is expected the application of VEMs will become more low-cost

over time. 32

Several test set ups can be considered in order to find the damping coefficient of a VEM. One
option, as was conducted in this thesis, is to implement the VEM into a structure and measure
the response of the structure. However, a better test set up is a set up with an analysis of
the VED. For example, the VEM could be subjected to a load while the displacement could be
measured at the same time. The result is a hysteresis loop, which shows the energy dissipation
of the VED. In its turn, the hysteresis loop can be used to determine the dynamical material
properties of the VEM.

The physical test set-up from this thesis showed that the damping coefficient was influenced
by many factors. Therefore, it is advisable to consider a damper including VEM as a whole
rather than to analyze the VEM on its own and simply implement some layers of VEM into
the structure. In the latter case, the influence of all factors such as the connection of the VEM
to the structure must be studied. This is not recommended because executional factors play a
large role and thus the effect of the damper can never be really estimated.

The above leads to the following conclusion:

It is feasible to develop a prototype tool to determine the required amount of vis-
coelastic damping in a high rise structure to reduce accelerations from wind-induced
vibrations. Models have been presented for a core and braced portal frame struc-
ture including an auxiliary damping component. For the development of the tool
the following is recommended:

1. Simplify the model of the bracing including the damping component by making



5.2. EXTRAPOLATION OF THE RESULTS o7

assumptions from more tests

2. The behavior of VEM in a structure must be studied into more detail taking
into account the frequency dependent behavior, the dimensions of the layer of
VEM and the set-up of the damping component the VEM is being part of

3. The model of the single portal frame structure must be extended to a model
with N frames stacked on top of one another

4. The core and portal frame structure should be combined to a single model to
determine the combined behavior by the implementation of VEDs

5.2 Extrapolation of the results

In this section, expectations will be presented on how the obtained results will be applicable
to other types of high rise structures, other possible positions of VEDs in the load bearing
structure, low frequency behavior and damping of the torsional motion through VED.

5.2.1 Other positions for VEDs

In the experiment, the layers of SBR were positioned in the bracing in because it was designed
to work as a parallel system with the beam. Nevertheless, the beam itself can be adjusted
to a parallel spring-damper system as well. Two examples are displayed in Figure 5.2. Both
connections are constructed from a gaff connection; the first gaff is connected to the lower flange
of the beam and the second gaff is connected to the web of the beam.

Detail A-A

Figure 5.2: Viscoelastic material in beam-column connection

The difference with a damper positioned in the bracing is the effectiveness of the damping.
Consequently, the damping coefficient in the bracing ¢g will be increased by bzi% in case the
damper is positioned in the bracing. Hence, considerations should be made with respect to
executional aspects as well as the required amount of damping to determine what position of a
damper is best in a certain structure.

5.2.2 Damping of torsional motion

In Chapter 2 the importance for reducing torsional accelerations was explained . In case damping
in the alongwind direction is considered, the damper is positioned parallel to that direction in
order to deform by the force applied to the damper. Therefore, it is expected a damper for the
torsional motion will be most effective in case the VEM is positioned in a way it is subjected to
torsional motions as well, see Figure 5.3 (left). This principle is already applied in mechanical
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engineering for machinery, where torsional vibrations are no exception due to the many rotating
elements.

Figure 5.8: Viscoelastic material as a damper for torsional motion

However, in buildings it is more difficult to add a layer of VEM to reduce the torsional motion
because the layer could jeopardize the stiffness of the structure. One option for adding layers
of VEM to the structure is by an application to the central core of the high rise structure, see
Figure 5.3 (right). This same principle could be used for columns in the structure but is expected
this will be less effective. Another option could be to add VEM to the connection of the core
structure to the rest of the structure for instance, by integrate the VEM to the connection of
the core with floors of the building. It is interesting to think of a solution to somehow add VED
to the floor of building, see Figure 5.3 (middle) because this principle could be used on multiple
positions in the buildings. For example, the floors around rotating columns could be used as
well to dampen the torsional motion.

In all solutions mentioned above, the stiffness of the load bearing structure could tremendously
decrease by the application of the VEM and thus have to be examined further. Though, as
was already demonstrated for the alongwind situation, in case thin layers of VEM are used, the
stiffness of the structure is hardly influenced:

GJr
t

Torsional stiffness

T 9 (5.3)

Especially if the solution with VEM in floors is adopted, the reduction of stiffness by the VEM
is expected to be negligible due to the large surface area of the floor.

In literature no solutions were found for dampening the torsional motion with VEDs in buildings
and thus the solutions above are only first ideas which could be used as start ups for more ideas.
Additionally, in this thesis no attention was paid to the behavior of VEM subjected to a torsional
motion. However, it is expected literature will be available on this matter because VEM is often
applied in mechanical engineering.

5.3 Recommendations

In this section, recommendations will be made for future research on viscoelastic damping and
other factors in a structure that possibly influence the damping
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5.3.1 Viscoelastic damping

In this section the recommendations with regards to viscoelastic damping will be presented.

Temperature dependent behavior of SBR

The focus in this thesis has been on the frequency dependent damping behavior of SBR3 and
SBR5. It is expected from Figure 3.2 the temperature dependent behavior is stable for SBR
used in a building. However, it has not been investigated how the frequency and temperature
together influence the behavior of the material. According to Jones (2001), the two factors
indeed could be taken into account together by means of a reduced frequency. The reduced
frequency is a single variable which takes into account both effects. Hence, this variable and its
influence on the damping behavior of SBR, could be investigated in future research. Also, tests
on this matter could be conducted for other VEMs as well. [17]

Damping due to extensional deformation

In all calculations and measurements taken from the experiments, the extensional deformation
is neglected. It was expected damping through shear deformation was the most effective. How-
ever, in some literature a formula for the damping ratio is presented as function of shear and
extensional deformation. Hence, it could be reasonable to investigate how the damping behavior
of a VEM is effected by extensional deformation. Though, it is still expected damping caused
by shear deformation is still the most effective one due to the factors discussed at the start of
this chapter.

5.3.2 Additional factors that influence the global damping

In Chapter 3 it was clarified executional aspects highly influence the damping behavior of the
structure. All single aspects could be investigated further in order to find results applicable to
damping in high rise structures.

Connections

The tighter the connections in the structure, the higher the damping ratio. This was tested for
a beam-column connection as well as a bracing-column connection. This observation could be
used to find an optimum in high rise structure for the tightness of the connection versus the
damping of the structure. The optimum could be found for example by conducting tests on a
single connection in which the tightness of the bolt(s) is set as a variable. Also, different types
of bolts can be considered as well as different connections.

Local vibrational mode in perpendicular direction

The application of a stiffer aluminum strip adds more damping to the structure as well. Be-
fore the strip was stiffened, the bracing was undergoing local vibrations in the perpendicular
direction.
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Connection of viscoelastic material to steel

The layers of SBR were glued to the steel and aluminum parts by ’Vilton Bouwlijm’. All rubber
included elements collapsed at some point during the day of testing. Each collapse shows the
same failure mode, see Figure 5.4. The glue got loose from the layer of SBR but remained
fixed to the steel and aluminum side of the connection. The layer of SBR did not contain any
remainders of the glue.

Figure 5.4: Failure mode of the beam

The failure mode raises some question with regards to the connection: is this failure mode caused
by a lack of adhesion between the glue and layer of SBR? All parts were thoroughly polished and
cleaned before the glue was attached to it, see Appendix C. Is the glue suitable for this purpose?
Is the surface of the layer of SBR too smooth? These questions could be answered through a new
research on the connection of SBR and other VEMs to steel. However, in case many dampers
are to be applied in a building, it is more convenient to invest in the vulcanization of VEM to
steel.
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Summary of conclusions

This chapter provides the reader with a summary of the conclusions and recom-
mendations from Chapter 5.

Conclusions regarding the investigation on VED:

The damping ratio can be determined in the frequency domain by the half-power band-
width method and from the time signal through the logarithmic decrement. Both methods
can be used to verify the result obtained from the other method

The global damping of the structure can be increased by many factors:
— Damping by friction
— Material damping

— Factors within the damping component:

*

Damping by friction

*

Material damping

*

Damping by adhesive layer (glue)

*

Layers of viscoelastic material

If a higher damping coefficient is required to reduce accelerations, each of these factors
may be changed.

The exact energy dissipation by each individual factor remains still unkown. The only
certainty is that the component as a whole dissipates energy from the structural system
and reduces the accelerations.

It has been proven with the current test set-up that a rigid connection provides the struc-
tural system with a lot more damping than a hinged connection. The exact influence can
be studied further in future research.

To avoid disturbances in the signals by higher frequencies, a filter such as a rubber layer
may be used to introduce the force to the system

The frequency dependent behavior of the SBR layers should be studied further for example
by changing the mass of the structure several times by the use of the same test set-up to
shift the eigenfrequencies of the structure to lower and higher frequencies.

To study the low-frequency range behavior of the VEM, a structure has to be designed
with a fundamental frequency of below 1Hz. For instance, the aspect ratio of 6 could
be increased tremendously to decrease the fundamental frequency of the structure by
positioning the columns closer to each other.

61
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e The influence of the mass of the frame becomes rather small by the application of added
mass to the structure. However, the effective mass of the frame could be calculated pre-
cisely from the corresponding mode shape of the structure

e The measured fundamental frequency may be compared to the calculated fundamental
frequency in order to determine the type of connection of the frame to the floor plate

Conclusions of the investigation on the N-MSD system
e Structures can be modeled through two methods:
1. As a system constructed from mass, springs and dampers
2. As a continuous system

e Introduction of a damping component in the bracing leaves a combined spring and dashpot
model for the bracing, both in series and parallel.

e In a high rise structure it is not desirable to implement a damper in series with a stiffness
element. Therefore, another damping component or position could be considered in order
to obtain a parallel system of the stiffness and damping elements.

e In practice, core and portal frame structures are often combined to one structure and thus
it is convenient to find an equivalent model for that in future research

Conclusion regarding the prototype tool:

e The description of the core structure model and of the portal frame structure prove that
it is indeed feasible to develop a prototype tool to determine the required amount of VED.

e In case a prototype tool is to be developed, input of experimental data of the damping
coefficient of the VEM layer is required. Two methods are suggested:

1. Implement the VEM into a structure and measure the response of the structure (as
was presented in this thesis)

2. Analysis of the VED only by subjecting the damper to a load while the displacement
could be measured at the same time. The result is a hysteresis loop, which shows
the energy dissipation of the VED.

e [t is feasible to develop a prototype tool to determine the required amount of viscoelastic
damping in a high rise structure to reduce accelerations from wind-induced vibrations.
Models have been presented for a core and braced portal frame structure including an
auxiliary damping component. For the development of the tool the following is recom-
mended:

1. Simplify the model of the bracing including the damping component by making
assumptions from more tests

2. The behavior of VEM in a structure must be studied into more detail taking into
account the frequency dependent behavior, the dimensions of the layer of VEM and
the set-up of the damping component the VEM is being part of

3. The model of the single portal frame structure must be extended to a model with N
frames stacked on top of one another

4. The core and portal frame structure should be combined to a single model to deter-
mine the combined behavior by the implementation of VEDs
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Recommendations for future research:

More tests have to be conducted to properly analyze the frequency dependent behavior of
SBR

The influence of the temperature and frequency on SBR together could be analyzed further
although the temperature in a building is stable

The damping by extensional deformation has not been studied in this thesis

The tests showed that the connections in a structure highly influence the damping of the
structure. This could be a starting point of a research on this aspect

The connection of SBR to the steel and aluminum parts collapsed. Future research could
clarify what connection is best to use

The influence of the low frequency range to the damping behavior of VEM could be
analyzed further because this is important for dampening wind-induced vibrations

The N-MSD model could be developed further
Damping of the torsional motion by VED could be investigated

The non-linear region of VEM could be studied since the loss factor in this region is higher
and thus the VED will be more effective than for low values of the loss factor
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