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Investigation of damping in high-rise buildings
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n Investigation of damping in high-rise buildings

Abstract

High-rise buildings are buildings in which the lateral load resisting structure has a slenderness larger
than 5. Because of their slenderness the design of these buildings is dominated by the deflection due
to horizontal wind forces. Traditionally a minimum stiffness is required to keep the maximum
deflection at the top below the maximum allowable deformation of h/500. The Eurocode requires
calculation of the maximum deformation in the serviceability limit state under a maximum mean
wind velocity that occurs once per 50 years. This wind load needs to be enlarged by a factor (c,cy) to
take into account the dynamical effects of the wind load on the structure.

The dynamic wind load will also introduce vibrations of the building. Especially high-rise buildings are
sensitive for these vibrations, because in general their natural frequencies (0,1 - 0,5 Hz) correspond
with the low frequency region in which the strongest wind gusts appear, causing resonance.
Vibrations with large accelerations can be sensible for occupants and to avoid uncomfortable
motions, the accelerations must be kept in the admissible area prescribed in ISO 10137

Increasing importance of the uncertain damping parameter
Most conveniently the peak deflection and acceleration can be calculated by considering the along
wind response in the weakest direction of a building. The dynamic response can be calculated by
making use of a spectral approach. In this approach the response spectrum of the deflection at the
top, can be calculated by multiplication of the wind loading spectrum, the aerodynamic admittance
function and the transfer function.

S (@ =, (@] XS (@) (0.1

Based on this formula, it has been derived that the maximum deflection mainly depends on the
stiffness. The peak acceleration depends on: the mass, stiffness and damping ratio of the building.

s o )5l ) 2
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utop’max +ke : +m l039 OEke 139
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Due to the application of new building materials and building techniques (high strength building
materials and optimalisation techniques) less material is needed to achieve the required stiffness.
Therefore it can be expected that future high-rise buildings will become higher, more slender and
lighter, which makes them more vulnerable to wind-induced vibrations, while the deflection
criterion can still be satisfied. As a consequence the comfort criteria will become more governing in
the design of future high-rise buildings.

To avoid large accelerations, it’s not very practical to increase the mass. An increase of stiffness
decreases the maximum allowable acceleration. Therefore an increase of damping is the most
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effective and practical parameter to keep accelerations low. However, it is also the most uncertain
parameter.

Structural designers normally use the damping values for reinforced concrete and steel buildings
that are given in the Eurocode (steel: 7=0,8%, concrete: {=1,6%). However most designers are not
aware that the actual damping values can deviate a lot from these values (steel up to (=2-3% and a
minimum of 1,0% for concrete buildings). The uncertainty around the damping value can lead to a
larger risk for inserviceability or an economical inefficient design. To solve this problem a better
identification and prediction of damping is needed.

Prediction of damping

From literature study it has been found that, besides material, many aspects influence the damping.
Lagomarsino has given an empirical formula to estimate the damping based on the natural period
and the applied building material. Based on the Japanese damping database, an empirical formula
(AlJ2000) has been fitted that takes into account the natural frequency, the height, material and
amplitude dependency of damping. However, comparison between the predicted values and the
actual damping values still show a lot of scatter. This scatter is most probably caused by structural
characteristics of the main load bearing structure, the non-structural fit out and the foundation.

Information has been gathered about the structural characteristics of 11 Dutch buildings. The
influence of the structural characteristics on damping has been investigated by comparing the
damping of different categories. Based on the conclusions from this investigation, a classification
method (vdBerg) has been proposed to obtain a better damping prediction. On the basis of the
following structural characteristics, buildings can be classified in a high, normal and low damping
class. Subsequently, the damping can be estimated by the corresponding empirical function.

Table 1 —classification of a building

Main Load bearing Structure Foundation Non Structural Elements |Class |formula
steel structure with bolted braced/rigid frames |]low rocking ratio (< 3,5)
low struct. Mass densit: many separation walls high = . -0,31
(partly) prefabricated structure with rigid frames 3 v Yy sep g (=3,24 (h/d)
(<225 kg/m”)
other combinations normal ﬁ=2,32-(h/d)'°'22
L o high rocking ratio (23,5)
cast in-situ, monolithic concrete, hixh struct. Mass densit few separation walls | -1 76-(h/d 031
core/shear walls (coupled) Igh struct. Mass density p ow (=1, ( / )
(=225 kg/m3)

In comparison with Lagomarsino’s formula and the AlJ2000 formula, this method has resulted in a
better estimation of the damping values. Still this estimation method needs to be further verified
and improved. The conclusions must be based on the damping values of more buildings. Preferable
the newest and most slender buildings must be monitored, because they will give the best reference
for the future design. Also the amplitude dependency of damping needs to be determined to take
into account as well.

4/11/2012



Investigation of damping in high-rise buildings

Mathematical model; damping identification and design tool
A simple mathematical model (see Figure 1) has been developed to identify the amount of damping
in different parts of the building. By comparison of the structural characteristics of many buildings
with the found damping per part, structural characteristics can be linked to low/high values of
damping in specific parts. With this information, the model can be used to optimize the design by a
prediction of the total damping based on the damping in 4 parts.

The mass (pA) and stiffness (El, k; and kg) have been determined from design calculations. The
unknown damping parameters (co, cg, ¢r and E'1) and wind load parameter (C,) have been calibrated
by the method indicated in the following figure.

Assumed shape of spectrum and
shape of load distribution,

Saeqe Load spectrum unknown C.,(Cr,0v) Fold
q(zt)
Sqeqe= Cu(cr,ov)x*Fp Solari
> AZ
NS
® Ve B
‘na i
Transfer function =il
[Hyropl* Steady state Cﬁ—i ©|8
response of model e w
+ H
e w
Unknown ﬁ—k X
> damping 3{
w| parameters: | Cr Y
CpCrCt Ell k XCR U(Zé)
Predicted spectrum of K:

A

Swiopp ﬂ the velocity at the top y
/v K

Response measurement with
6 accelerometers

v

| [ Multiple w l
points to
| calibrate VTopMm
S .\ 600 Spectrum of the
WTopM N measured time signal | Fourier t
A Transform

Welch’s
N method | measured velocity signal in main direction (to

neglect torsion influence, take signal 1x or 1y)

\4
€

Figure 1 — overview of the method to obtain a spectrum of the predicted and measured velocity

The spectrum of the velocity at the top has been predicted for many values of C,, cp, cg, ¢t and E'l.
By comparison with the measured spectrum at the quasi static and the resonance peak of the first
natural frequency (Figure 2), values for the best fitted combination have been found.

It is possible to give a reliable estimation of the load factor C,, but it is only possible to estimate the
order of magnitude of the damping paramters. The influence of ¢; can be neglected. The relative
contribution of each damping source to the total damping can’t be determined with this method
because ¢p, cx and E'| influence the resonance peak in the same way. Also many different
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combinations can lead to a best fit. The measured response at the top is insufficient to determine

the contribution of each damping source.

SWM [(me/s D) (sirad)]
T

b
wn

(=]

single-sided variance spectrum of the velocity at the top

Resonance peak

Quasis static peak

——Measured signal
—Predicted Signal
——-fit boundaries

11,0=0,0169
SWP 2k 0=2,
cp=1,0-10"
cx=1,0-10°
¢;=1,0-10"

C,=1,0-10*

E’'l=1,0-10%

ISF=1 431083

3-107

2 25

3

omega'[rad/s]

45

Figure 2 — predicted response from best fitted combination for the New EMC in x-direction

5

For better identification of the contribution of different damping sources, the method of
measurement must be extended. Not only the deflection at the top needs to be monitored. To
investigate the contribution of the damping in the foundation, also the rotation of the base must be
monitored. The damping of the casco and the completed building must be determined to investigate
the influence of the non-structural elements. In order to really investigate the influence of one
structural characteristic, it is also advised to perform a serie of dynamic tests on scale models of
high-rise buildings in which one structural aspect can be changed and the others are kept constant.
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1. Introduction

1.1. General
Already since ages, people are making towers. Even children have a natural need to build a tower.
Place a kid in a room with many blocks and it will make a tower, preferably as high as possible.

The history of mankind also shows multiple examples of very high towers. The bible told us the story
of the tower of Babylon, the Egyptians created the pyramids, the French built the Eiffel tower and
the skyline of Manhattan is crowded with skyscrapers. High buildings were built to reach for the sky,
to honor mighty kings, to impress people and were used as a symbol of status. Most recently the
highest building in the world has been finished; the Burj Khalifa, in Dubai, has a height of 828 m and
is really a symbol of the richness of this small oil state.

800 metres 1

700

600

300 i

400

300
200 A

A

Great Pyramid Empire State Taipei 101 CN Tower Varsaw Radio Mast
(Giza) (New York) (Taipei) (Toronto) (Gabin)
Eiffel Tower Petronas Towers World Trade Center KVLY-TV Mast Burj Khalifa
(Paris) (Kuala Lumpur) (New York) (Blanchard) ibai)

Figure 3 — chart of characteristics high buildings throughout the history of mankind
[Lijst Van Hoogste Gebouwen Ter Wereld, 2012]

High-rise buildings are impressive buildings. But the high-rise buildings are also becoming a
necessary need. During the last age, the world has become increasingly urban. At the end of the
twentieth century, around 46% of the world population lives in urban areas. This percentage will
continue to grow. [Hayden, 2009, pp. 10-29] To create living and work space for more people on a
small area of land, more and higher buildings need to be built.

Because of their slenderness, high-rise buildings are sensitive to dynamic horizontal loads like wind
and earthquakes. These loads can lead to unpleasant vibrations and the design of high-rise buildings
is dominated by dynamic horizontal loads. The new generation of high-rise buildings will become
even more sensitive to these loads. In higher buildings, stresses and deflections due to lateral loads
will become increasingly larger because the wind loads increase exponentially with the height.
Higher buildings will also be more slender because the width of the buildings may be limited (for
example because of daylight requirements). The application of new building materials and building
techniques results in lighter structures. High-rise buildings of this new generation which are more
slender and lighter are more sensitive to dynamic loading, but still need to fulfill their structural
requirements. [Oosterhout & Geurts, 2001; Woudenberg & Vambersky, 2003]

In the Ultimate Limit State (ULS), the building must be strong enough to provide structural safety
during infrequent severe events such as heavy earthquakes and heavy storms/typhoons. In the
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Serviceability Limit State (SLS), the building must be stiff enough to allow functional use of the
building during more frequent events such as moderate earthquakes and strong winds. Two
serviceability requirements must be met, namely: restrictions to the lateral deflection must be met
to provide integrity of structural components and the maximum lateral acceleration is restricted to
provide human comfort.

Traditionally, a maximum drift index (the ratio between maximum deflection and building height) of
h/500 is dominant in the design of the building’s lateral load resisting structure. However meeting
this requirement, doesn’t also imply that the comfort criterion concerning accelerations is met. [B.S.
Smith & Coull, 1991, p. 12] Especially for the new generation of high-rise buildings which are more
slender and lighter, the comfort criterion may become more governing as can be concluded from the
figure below. (The ISO-criterion is the maximum allowable acceleration.)

~——|ISO criterion |

/ |

(m/s™)

constant

aspect ratio |/ increasing

aspect ratio

0.0] — —

0.10 1.00
f. (Hz)

Figure 4 — influence of the slenderness (aspect ratio) on the acceleration in relation to the criterion
[Oosterhout, 1996, p. 51]

The dynamic behaviour of high-rise buildings under dynamic loading depends on three parameters:
the natural frequency of the building, depending on mass and stiffness and the damping of the
building. Concerning accelerations for a slender building, damping is the most important parameter.
[Oosterhout, 1996, p. 51]

It can be concluded that for the dynamic behaviour of future high-rise buildings, the importance of
damping in the design grows. Therefore this thesis aims at an investigation of damping properties of
high-rise buildings.

This study is limited to the Dutch high-rise scene, because of the available measurements and
structural information on high-rise buildings. Since no severe earthquakes occur in the Netherlands,
only wind-induced vibrations have been considered.

1.2. Problem

The natural frequency and the damping are the most important factors that influence the dynamic
behaviour of a high-rise building.

There are multiple empirically based formulae to estimate the natural frequency in the early design
phase. It can be determined more accurately when a finite element model of the building and its
foundation is available, in which the stiffness and mass of different components is specified. The
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stiffness may be influenced by cracking, but modern finite element packages are also able to take
this into account. The natural frequency can be estimated with enough accuracy in the design phase.

For damping, it is not possible to give reasonable predictions based on finite elements models
because of complex mechanisms and the contribution of non structural elements. Based on full scale
measurements, predictors of damping exist. However predictors show significant scatter because
the amount of damping depends on many factors which most predictors don’t take into account
(material, type of structural system, type of foundation, type of non-structural elements, etc.). This
makes these estimators unreliable.

For reinforced concrete and steel buildings damping values have been prescribed in the Eurocode. A
lower damping value is given for steel buildings because of the lower internal material damping of
steel. This doesn’t seem right, because damping not only depends on the used material. In fact,
there are examples of steel buildings where higher damping has been measured than in reinforced
concrete buildings. [Kijewski-Correa & Pirnia, 2007; NNI, 2007a; R.J. Smith, et al., 2010; Steenbergen
& Geurts, 2011]

Due to this uncertainty, damping can be overestimated or underestimated in the design phase,
leading to undesired effects. At overestimation, the structure may be subjected to large
accelerations, leading to discomfort. Also deflections may become larger, leading to damage of non-
structural elements. At underestimation, the stiffness of the building has been increased
unnecessary in order to fulfill the strength and serviceability requirements. More or stronger
material increases costs and larger elements reduce saleable floor space. [R.J. Smith & Willford,
2008]

Estimations of damping are based on used building material and lead to large uncertainty around
damping, while it will become an increasingly important parameter for the design of future high-rise
buildings. A better estimation is needed to generate more efficient and economical designs and
reduces the risk on unwanted dynamic behaviour.

1.3. Objective

Diverse structural characteristics influence the structural damping of a high-rise building, while
estimators are only based on material. The goal of this research is to study the influence of structural
characteristics on the structural damping. On the basis of this knowledge, it should be possible to
give a better prediction of the structural damping in the design phase of a high-rise building in the
Netherlands.

1.4. Outline of the report
This report has 3 parts. The results of the literature study (ch. 2 to 4), the case studies (ch. 5) and the
development and application of a dynamic model (ch. 6. and 7).

Chapter 2, 3 and 4 contain the results of the literature study. In chapter 2, a definition will be given
for high-rise buildings, important aspects in the design of a high-rise will be described and different
types of structural systems to construct a high-rise building will be distinguished. Secondly in chapter
3, it will be explained how the dynamic behaviour of high-rise buildings under wind load can be
predicted. It will be explained how a dynamic wind load is taken into account and how a building can
be schematized in order to calculate the response. From this theory, the influence of important
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parameters will be given. Damping is one of these important parameters. Since this study focuses on
damping properties of high-rise buildings, and the relation with its structural properties, the most
important information available from literature, concerning this subject, is presented in chapter 4.
Results of damping measurements from literature have been collected, as well as prediction
methods based on these results and theories about the actual mechanisms behind the damping of a
high-rise building. In the last two sections it will be described what the sources of damping in a high-
rise building are and what structural characteristics have to be investigated because they influence
these sources.

Chapter 5 contains the result of 11 case studies. On the basis of the literature study, information
about selected structural characteristics of these buildings has been gathered. The natural frequency
and damping of these buildings have also been collected from monitoring of their dynamic
behaviour. With this information, relations between some structural characteristics and damping
can already be observed and described. A new method has been proposed in which damping is
estimated on the basis of a high, normal or low damping class, depending on the structural
characteristics.

Chapter 6 and 7 describe the dynamical model that has been developed to identify the damping in
different parts and to be used as a design tool. In chapter 6 the model will be introduced. An
expression for the free vibration will be given and it will be described how the mass and stiffness
parameters have been adapted to match the predicted and measured natural frequency. In chapter
7 it will be described how the unknown damping and load parameters in the model have been
calibrated and how reliable the results are.

This report ends with the conclusions and recommendations in chapter 8.
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2. High-rise Buildings

To start an investigation of damping in high-rise buildings, it is first important to give a definition of a
high-rise building. Secondly it is important to investigate the different design aspects to find what
are the most important design aspects concerning damping. High-rise buildings can also be designed
in different ways, so the most common types of main load bearing structures will be described in the
third section to clarify the differences.

2.1. Definition

A high-rise building is a very tall building. Tallness is a relative concept, so no universally measurable
definition of tallness can be given. Whether a building is tall depends on someone’s own perception
and the environment in which the building has been built. However from a structural point of view, a
high-rise building can be defined as:

“A tall building may be defined as one that, because of its height, is affected by lateral forces due to

wind or earthquake actions to an extent that they play an important role in the structural design.
[B.S. Smith & Coull, 1991, p. 1]

Not only the height plays an important rule, also the width of the building is important. The smaller
the width of the lateral load resisting structure, the smaller the lever arm to resist the moment due
to wind. Increasing slenderness leads to higher stresses at the base of the building due to horizontal
loading.

In this thesis, a building with an slenderness of the lateral load resisting structure larger than 5 is
defined as a high-rise building (h, s=h/d>5) because in general the effect of lateral forces will play
an important role in the structural design of these buildings. [Hoenderkamp, 2007, p. 2]

Dutch high-rise buildings are relative low in comparison with high-rise buildings in the rest of the
world because daylight regulations allow a maximum depth for offices of 7,2 m. The width may be
limited to 14,4 m and a corridor, such that buildings of 80 m high can already be defined as high-rise.

Dimensions
The orientation of the building in the coordinate system and the definition of its dimensions are
indicated in Figure 5.

stabilizing

4 Z Lateral
|

|

| system
|

Figure 5 — definition of dimensions
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2.2. Important design aspects

Different designs are possible to fulfill structural requirements regarding strength, stiffness and
stability. The most important design aspects will be illustrated by considering the most common type
of main load bearing structure for a high-rise building: a core structure.

Except for the rigid frame system, the structural behaviour of other systems (shear walls, braced
frames, outrigger systems and tube systems, see §2.3) is comparable with a core structure because
deformation is mainly caused by bending. Rigid frame systems show also considerable shear
deformation. Therefore this system is less applied in high-rise buildings (see Figure 11 and Figure 12)
because it is less stiff and not very efficient to stabilize the building.

For simplicity, a building with a rectangular lay-out, constant over height, stabilized by a central
(concrete) core is considered in its weak direction to illustrate the most important design aspects.

2.2.1. Stability

The most fundamental requirement for a high-rise building is that the building doesn’t tip over as a
rigid body, under the applied lateral forces. In order to prevent this, the resisting moment of the
dead weight with respect to the edge must be larger than the overturning moment caused by the
horizontal wind forces.
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]
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Figure 6 — left: high-rise building with core, right: stability problem
When it is assumed that one pile can provide all the reuired vertical reactions:
h
1 5
Mg :Iqw(z)ﬁdzziquoz (2.1)
0
1
M gead _Em (Fiead (2.2)
The requirement is:
Mo, >M,, (2.3)
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If this requirement is not met, foundation piles must be designed to resist the large tensile forces.
This must be prevented as much as possible, because the tensile force in piles is restricted or tensile
piles are more expensive.

2.2.2. Strength

The strength requirement demands that the building structure has enough strength to resist the
most critical combination of loads in order to avoid failure of the structure and to provide safety for
the users. An analysis of the magnitude and location of the highest stresses is needed and the stress
must be lower than the allowable stress in the material.

Critical stress under vertical and horizontal load
The load bearing structure must transfer the vertical loads and the horizontal loads to the
foundation. The vertical loads consist out of dead and live loads and cause a uniform compressive
stress distribution at the bottom. The maximum compressive stress at the base increases linear with
increasing building height, Figure 7.

The horizontal wind force causes a moment at the base of the structure, resulting in maximum
compressive/tension stress at the edge of the stabilizing structure. The maximum occurring stress at
the edge, increases more than quadratic with increasing building height, because at constant wind
pressure (guw,o) the moment depends on z* (see Eq. (2.1)) but the (mean) wind pressure (q.) also
increases over height as a function of In’(z), see appendix B.4.

If the maximum compressive stress due to vertical load is larger than the maximum tensile stress
due to the horizontal load, there is no tension at the bottom and the maximum compressive stress is
critical. Otherwise, tensile stress occurs in the stabilizing element and especially for concrete which
has a low tensile strength, this becomes governing.

As the maximum stress decreases with building height, the required cross sections also decrease.
Smaller wall thicknesses and smaller columns can be used in the top part of the building to efficiently
use the material.
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Figure 7 — strength: maximum occurring stresses in a high-rise building due to vertical and horizontal load
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Because the core can be modeled as an Euler Bernoulli beam (see page 19) , the maximum stress can
be calculated with:

Mvvind %ddf 2.4

O, max :i|— (2:4)
F

av,max = (2.5)

A:or e+columns

The maximum compression/tensile stress at the edge of the core is equal to:

M, Chd
o Fey MR (2.6)
Jmax_ - |
Abore+co|umns core, xx

Local stress increasing effects
Besides the horizontal and vertical loads, other effects can locally lead to higher stresses. Because of
the height and large vertical loads, shortening in time due to creep, shrinkage and/or elastic
deformation is significant and can lead to local stress increase in elements. Elements will also
significantly shorten/extend under the influence of temperature differences. These effects should be
taken into account and require proper detailing. [B.S. Smith & Coull, 1991, §2.6] Because this thesis
focuses on the effect of wind on the total system, these local effects have been neglected.

Other effects
Failure of a critical member can initiate a progressive collapse of part of or an entire building. Special
provisions have to be taken to avoid progressive collapse.

During a fire, stiffness and strength of the material decrease due to high temperatures. As a
consequence large deflections or collapse can occur when the temperature increases in time. Again,
special provisions have to be taken to protect the structural members against fire and secure the
structural integrity as long as needed to provide occupants a safe escape.

2.2.3. Stiffness

A high-rise building deforms under the horizontal wind loading. Traditionally the drift index (the ratio
between maximum deflection and building height) has been restricted to 1/500 of the structural
height to prevent large second order effects, malfunction of nonstructural components (elevators,
doors etc.) and cracking of concrete and consequently loss of stiffness. [B.S. Smith & Coull, 1991, p.
12]

Bending and Shear deformation
The deformation of a high-rise building is comparable with the deformation of a clamped beam that
deforms due to bending and shear deformation. The differential equation for the bending
deformation has been derived by considering an Euler Bernoulli beam, the differential equation for
the shear deformation by considering a shear beam. Assuming constant load q,, and application of
the boundary conditions of the clamped beam, the expression for the deflection over height has
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been derived [Simone, 2009]. Substituting z=h, leads to the well known expressions for the

deformation at the top.

Bending deformation:

4
El % =q(2) (2.7)
u(2) = o (z4 -4Z°h+ 622h2) ~uh)= il (2.8)
24El &l

Shear deformation:

d%u
au_a(z (2.9)
G& dZZ q( )
Ghuo ) Ghoh”
u(z) = (2hz-2*) - u(h) = 22— (2.10)
2GA, 2GA,
Total deformation:
h* h?
u(h) - qW,O + qW,O (2.11)

8EI  2GA

In general, both deformations should be taken into account, but for slender beams (>5), the shear
deformation is small compared to the bending deformation and can be neglected. [Blaauwendraad,
2006, p. 45; Simone, 2009, p. 30] Even when openings in the concrete walls introduce some more
shear deformation, this deformation can be neglected for concrete cores because this system has
enough shear rigidity (GA). [Tolsma, 2010]

Figure 8 — shear deformation and bending deformation of a clamped beam [Tolsma, 2010]

In rigid frames, shear deformation will be larger and also has to be taken into account for the total
deflection. Therefore these systems act less stiff and are less applicable in high-rise buildings. In this
thesis, the Euler Bernoulli beam is adopted as a model suited to describe the deflection of a high-rise

building.
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Total deformation
In reality, the foundation rotates, and must be modeled as a rotation spring. For a constant wind
load, the deformation at top can easily be calculated as a summation of the deflection due to
rotation of the foundation and bending of the building.
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Figure 9 — deformation due to rotation of the foundation and bending of the building
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The minimum required stiffness can be calculated by rearrangement of the terms:
500 h°
El > o " _ ik,
8 4

(2.13)

2.2.4. Influence of slenderness

The large (effective) slenderness is characteristic for tall buildings. Doubling the slenderness has the
following consequences with respect to the criteria on stability, strength and stiffness.
[Hoenderkamp, 2007, pp. 3-4]

¢ The uniform stress due to vertical loads at ground level, increases with a factor 2'=2

e The overturning moment increases to the power two, the dead weight moment increases to the
power one because the width of the building remains equal. The unity check for the stability
problem increases with a factor 2'=2.

e The overturning moment increases to the power two, the maximum stresses due to wind
loading increases with a factor 2°=4

¢ The deflection at the top increases to the power 4, so the maximum deflection increase with a
factor 2°=16
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¢ The drift index is the deflection at the top divided by the height, so the drift index increases to
the power 3, thus the drift index increases with a factor 2°=8

2.2.5. Governing design aspect

From the consideration in the former subsection, it seems logic to use the drift index as a leading
requirement in the design of high-rise buildings, because it increases most with increasing
slenderness. However, this consideration doesn’t include an increase of maximum wind pressure
with increasing height and the dynamic behaviour of high-rise buildings.

An increase of wind pressure affects the overturning moment and the deflection to the same degree
because they both depend on the integral of the wind pressure over height. Still the drift index
requirement is governing in the design.

So far, only static situations (loads and response don’t change in time) have been discussed for the
building’s design. The response due to this mean wind load depends on height and lateral stiffness.

However, dynamic loads cause changing displacements in time, the building will vibrate. Especially
high-rise buildings are sensitive for these vibrations because in general their natural frequencies lie
between 0.1 and 0.5 Hz. [Hoenderkamp, 2007, p. 121]. Because the strongest wind gusts also appear
in this low frequency region (see Figure 26 ) resonance occurs, causing dynamic displacements
additional to the static deflections.
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Figure 10 —increasing static (mean) wind load and dynamic bandwidth of loading and displacement.

The dynamic behaviour can’t be neglected, but structural building engineers have the tendency to
avoid dynamic calculations. Therefore designers multiply the static wind load with a dynamic
amplification factor (see appendix A.1 and B.1) to obtain an increased static deflection to take
dynamic effects into account. This is called the quasi-static calculation.

However, vibrations with large accelerations can be sensible and uncomfortable for humans.
Therefore it is important to study the displacement of the building in time. This behaviour is more
complex than the static calculations because the response not only depends on lateral stiffness and
height, but also on the mass, the geometry, the damping of the building and the characteristics of
the dynamic wind load. For now it can be concluded:
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For a high-rise building, satisfaction of the drift index restriction by taking into account a dynamic
factor in a quasi-static calculation doesn’t automatically imply that human comfort is granted, thus
the maximum accelerations have to be studied by a dynamic analysis. [B.S. Smith & Coull, 1991, p.
12]

2.2.6. Acceleration

It is generally agreed that human comfort is related to acceleration. There is however no general
accepted restriction. In appendix D an overview is given of three multiple criteria. In this thesis the
restriction recommended in the Eurocode 0, ISO 10137 has been adopted. For frequencies below 1
Hz, this criterion is based on the ISO6897, so for high-rise buildings that have natural frequencies
below 1 Hz, this can be used as an equivalent.

Both NEN6702 and Eurocode provide a formula to calculate the maximum peak acceleration,
(Appendix A.6 and B.5.2) and the accelerations can be checked. The influence of structural
parameters behind these formula is unclear because the procedure is complicated. Therefore the
theory behind the dynamic behaviour of high-rise buildings will be explained in the next chapter.

It will be made clear that for the new generation of high-rise buildings the human comfort criterion
will become more governing for the design of high-rise buildings. It shall also be explained that
damping is the most important parameter considering this criterion.
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2.3. Types of main load bearing structures

The main load bearing structure (MLBS) of a high-rise building must be designed to transfer the
horizontal and vertical loading to the foundation while fulfilling the requirements concerning,
strength, stiffness, stability and accelerations. The most used materials in the MLBS of high-rise
buildings are reinforced concrete and steel. The different types of construction and their maximum
height of application are indicated in the two figures below and their characteristics are described in
the following subsections.
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Figure 11 - Lateral load resisting structures in reinforced concrete [Hoenderkamp, 2007]
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Figure 12 - Lateral load resisting structures in steel [Hoenderkamp, 2007]

Many variations on these types exist. Different types and materials can be combined and in addition
extra vertical elements can be needed to transfer the vertical loads to the foundation. In the next
subsections, it will be described how these different structural systems transfer the loads to the
foundation.
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2.3.1. Rigid Frame system
In a rigid frame system, the horizontal stiffness is provided by un-braced frames. Beams and columns

are jointed together with moment resistant connections. The horizontal loading is transferred to the
foundation by bending action of the columns and beams. Because the horizontal load is transferred
by bending in the elements, the shear rigidity (GA,) is low, causing large shear deformation.
Therefore a rigid frame is not very effective in transferring horizontal loads to the foundation.
[Hoenderkamp, 2007] An advantage of the system is that the frames provide more open functional

space in comparison with shear walls and trussed frames.

F

-

Yo 777 7
Figure 13 — Un-braced frame system with deformation of one frame [Hoenderkamp, 2007]

2.3.2. Shear wall systems
In a shear wall system, the horizontal stiffness is provided by massive walls. These walls have high in-

plane stiffness. The walls are clamped to the foundation and the horizontal forces are transferred to
the foundation by bending of the walls. Walls in different directions are necessary to provide

stiffness to resist wind loading from different directions.

shear
: facade panels

wall W S

Wind load

¢
)
)/I/

Figure 14 - shear wall system, coupled shear wall system [Hoenderkamp, 2007]

In coupled shear wall systems, the horizontal stiffness is provided by two or more shear walls in
different directions that are connected by the floors and the floor beams. The horizontal load is
transferred to the foundation by bending of the coupled shear walls. The cooperation between the

coupled shear walls depends on the stiffness of the connection.
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2.3.3. Core structures
Coupled shear walls are often shaped into three-dimensional core structures. The horizontal
stiffness of the building is provided by the bending of the core. Inside the core, elevators, stairs,

ducts etc. are situated. Floors are attached to the core and are supported by beams around the
perimeter of the building.
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Figure 15 - core system [Hoenderkamp, 2007]

2.3.4. Braced frame systems

In braced frames, the horizontal stiffness is provided by braced frames. Connections between
columns, beams and diagonals are hinges. The horizontal load is transferred to the foundation by
pure axial deformation of the elements. Bending of the frame activates axial deformation of the
vertical members, while the shear mode activates the diagonals.

! |

l bending T

—

shear

Figure 16 - Trussed frame system, mechanism behind bending and shear. [Hoenderkamp, 2007]

Since elements are very stiff in axial direction, this system is a very efficient way to transfer the
horizontal loads to the foundation. However, the diagonal braces in the frames make it difficult to
use the space in the frames. [Hoenderkamp, 2007]
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2.3.5. Outrigger systems
In an outrigger system the horizontal stiffness is provided by central walls or frames that are
connected to columns in the facade by an outrigger. In this way, the facade columns will also
participate in resisting the horizontal loads. The axial compression and tension force form a bending
moment, opposite to the moment due to horizontal loading. This reduces the maximum lateral
moment, located at the base.
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Figure 17 - Shear wall system with outriggers and moment diagrams [Hoenderkamp, 2007]

2.3.6. Tube Structures

In tube structures, the horizontal stiffness is provided by a steel or concrete tube with small
openings for windows. The basic idea behind the tube is to place as much as possible material
around the perimeter of the building to maximize the moment of inertia. The horizontal loads are
transferred to the foundation by the facade that acts like a rigid frame. An ideal stress distribution
(according to the Euler Bernoulli bending beam theory) is shown in Figure 18, but because of shear
lag, peak stresses occur in the corners of the building. [Hoenderkamp, 2007]
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Figure 18 - Tube structure [Hoenderkamp, 2007]

As a consequence of the shear lag, the middle columns aren’t used effectively. The shear lag can be
minimized by application of mega diagonals in the facade, using belt structures or by division of the
tube in smaller tubes.
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Figure 19 - Provisions to reduce the shear lag: mega diagonals, belt structure and division [Hoenderkamp, 2007]

The lateral stiffness can be further increased by application of a core in the tube. This system is
called a tube-in-tube structure.

2.3.7. Conclusion
Different types of main load bearing structures have been defined for high-rise buildings. Two
groups will be distinguished in this thesis, that show two main ways of load transfer:

* Cantilever bending/axial shortening action
* Frame action

Shear wall systems, core structures, braced frames, outrigger systems and tube systems belong to
the first group because the load is transfered mainly via axial deformation of the material. This
results in bending deformation. Rigid frames systems belong to the second group because their
deformations are due to shearing and flexure of the frame member and connections, resulting in
shear deformation.

Cantilever/axial shortening Frame action
Bending Bending Shear
deformation deformation deformation

= | e
+E-

l benging T

Axial -
Tension Axial e
zone Compression o i ;
zone =

N = Shearing and
———— flexure of
Axial deformation elements

of elements

Figure 20 — two categories of load transfer

R.L.J. van den Berg



Dynamic response due to wind load

3. Dynamic response due to wind load

In this chapter it will be explained how the dynamic response due to wind can be calculated. First the
situation will be explained and some assumptions have to be made to simplify the analysis. Secondly
it will be described how the wind is modeled. The third second will give a brief overview of the
theory behind dynamic systems, this theory is necessary to understand the spectral analysis which
will be presented in the fourth section. Based on this analysis the peak displacement and
accelerations can be calculated and the influence of the structural parameters will be derived.

3.1. Situation

The dynamic problem of time-varying wind load on a tall building is a 3-dimensional problem. The
magnitude and direction of the wind velocity changes in time and is different over height and width.
As a consequence, the wind pressure has an asymmetric distribution over the surface and introduces
torsion, even for a symmetric building. Also a uniform wind flow from certain direction acting on one
side, causes loads in three different directions because of vortex shedding. Vortex shedding causes
pressure difference between two sides which results in a resulting force perpendicular to the wind
direction, the lift force (F.). The drag force (Fp) acts parallel to the wind direction and Torsion (T)
causes a rotation of the structure. [Balendra, 1993, §3.2]

f

Figure 21 — left: random cross section of a building and the direction of the drag and lift force and the torsion, right: vortex
shedding that causes pressure differences. [Balendra, 1993]

Because of these three forces, the response of the structure under turbulent wind flow can be split
in three main directions: along-wind response, cross-wind response and torsional response. Cross
wind response is of most concern for cylindrical like buildings. Along-wind response is most
governing for buildings that have a high b/d ratio. Torsional response plays a major role in buildings
with a-symmetrical mass or stiffness distribution. [Oosterhout, 1996]
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Figure 22 — most governing response under turbulent wind flow for different cross sections.
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In Europe (and also for most of our studied buildings, see chapter 5) most tall buildings have high
b/d ratio’s, in this case the along wind response is mostly governing. Therefore the dynamic
behaviour of a high-rise building under a wind load is analyzed by considering the deflection due to
a along wind loading in its weakest direction (x-direction). Because most buildings are symmetrical,
the deflection of the centre of rotation can be analyzed as a 2-dimensional bending problem because
at this point the influence of the rotation due to torsion can be neglected.
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Figure 23 — situation: tall structure subjected to dynamic wind load

A tall building is subjected to a wind load that varies over height and in time, q(z,t) [kN/m]. The
response is denoted as u(z,t) [m] and changes in time and over height. The building has height h [m]
and constant mass density pA [kg/m]. To analyze the dynamic behaviour, two aspects need to be
modeled: the wind load and the structure.

3.2. Wind load

The wind load on a small area of the building depends on the wind climate and the shape of the
building. The total wind force on a surface depends on the wind velocity, the air density, the area
and a coefficient to take the shape of the building into account. The wind velocity can be split into a
mean and fluctuating part [Vrouwenvelder, 2004, §6.4].

I:w = z A |:([:p,i Epw,i

3.1
pw=%pv2=%p(\7+\7)2{—;NHPWW} .

(in which the term 72 has been neglected, because it is relative small).
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Figure 24 — mean wind velocity, fluctuating part and standard deviation [Vrouwenvelder, 2004]

3.2.1. Mean wind velocity
The hourly mean wind velocity changes over height. The logarithmic wind profile as given in
Eurocode EN 1991-1-4 has been adopted in this thesis.

V(2) =v, [k [nn(iJ (3.2)
z,

0,07
k = o,19(i] (3.3)
0,05

v, is the reference wind speed at height of 10 m, and for z,=0,05 m. 2z, is a measure for the
roughness of the terrain. Values are given in standards. For a city centre in area Il of the

Netherlands, vp=27,0 m/s and z,=0,5 m. (see appendix B.2.3)
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Figure 25 — shape of the mean wind profile

3.2.2. Fluctuating wind velocity

Gusts are the random fluctuating part of the wind speed in time. A spectral description of the
turbulence is a convenient tool to account for the energy that is contained in the sequence of gusts.
In this thesis the single sided variance spectrum of Solari (S,y) as used in Eurocode EN 1991-1-4, is
adopted:
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0,” [(m/s)’] is the standard deviation to the power two, also called the variance, f [Hz] is the

frequency and L(z) [m] is the turbulence length scale, that depends on a terrain factor a:

a
L(z):SOO[Z—SO} with o= 0,6% 0,05l(z,) (3.5)

The spectrum shows how the energy is distributed over gusts with different frequencies and has
been defined such that the area under the graph represents the variance. The spectrum will be
assumed constant over height with z=z,=0,6h.

The wind velocity that is exceeded once per hour is about equal to the hourly mean wind velocity
plus 3,5 times the standard deviation of the wind speed [Vrouwenvelder & Geurts, 2006]. The
extreme windpressure is equal to:

Do pec =Eﬂvz+pm3,5wv}=—;pvz[l+ m,] (3.6)

In which |, is the turbulence intensity:

o, 1 _
r=—— - 0,=V,

1, (2) ==
v ln(zj (3.7)
z,

From this an expression for the standard deviation has been derived which shows that it is constant
over height.

0,07
_ Z 1
o,=vl,=v,k Ih| — |B—F/—= =V, m,l{ij
Z, ( z j 0
In| —
z,
For a city centre, area |l of the Netherland v,=27,0 m/s and z,=0,5 m. This leads to 6,=6,0 m/s. The

spectrum has been plotted (see Figure 26) as a function of the frequency expressed in rad/s and for
z=0,6h and 6,=6,0 m/s (for the transformation from f [Hz] to w [rad/s], see appendix E).

3.2.3. The shape factor

The shape factor C; takes the shape of the building into account. For the most common shapes
values have been determined experimentally and can be found in standards. For irregularly shaped
buildings, wind tunnel tests are necessary. A shape factor can be determined from test results by
measurement of the drag force in caused by wind and divide this by the measured wind speed, the
air density and the area opposed to wind.
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C, = 1 Fo
SPTO)A,,

For the along wind response on a rectangular structure the shape factor can be based on the

(3.9)

pressure coefficients for a rectangular building, C, (appendix A.3) or ¢ (appendix B.3).

3.2.4. The aerodynamic admittance

On a large surface, the peaks of the wind velocity at different places won’t occur at exactly the same
time. Thus the total wind load on a larger surface shows less variance. The smoothening effect is
mainly caused by the smaller wind gusts at the higher frequencies. [Vrouwenvelder, 2004, §6.4] This
phenomenon will be taken into account by the aerodynamic admittance function as given in
Eurocode EN 1991-1-4:

X' =RR, [] (3.10)

In which (for R, take h=b):

1 1-e#
R :E_ 2;2 (3.11)
_4,6[F [h
—W (3.12)

3.2.5. The along wind load spectrum

For the description of the dynamic behaviour, only the effect of the fluctuating wind load has to be
considered because the mean wind load causes the static deflection around which the dynamic
deflection takes place. (see Figure 10)

E . =AC, & ov
w,static f 2p (313)

F

w,dynamic

=AC, P

Because there is a linear relation between the fluctuating wind velocity and the dynamic force, the
spectrum of the wind force must be obtained by:

S (z,@) =[C, pV(2)A] S, (2. @) (3.12)

In which the aerodynamic admittance function still has to be taken into account and reduces the
total variance of the load, leading to an effective wind loading spectrum.

S.r (z.b,hw)= x*(z.b,h,w) S @ W) (3.15)

In the figures below, the spectra are plotted for the New EMC (see ch. 6) (C=1,45, p=1,25 kg/m?,
v,=27,0 m/s, 2,5=0,5 m, h=121,5 m, b=44,3 m). The area under the spectrum is equal to the variance
(the standard deviation to the power two) of the fluctuating wind velocity.
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single-sided variance spectrum of the velocity (Solari)
12— T T T L T T

S [(mis)**(sfrad)]

v

omega [rad/s]

Figure 26 — single sided variance spectrum of the wind velocity, for the NEW EMC with 6,=6.0 m/s, at z=0,6h
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Figure 27 —the single sided variance spectrum of the load, for the NEW EMC with 0,=6.0 m/s, at z=0,6h
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Figure 28 — aerodynamic admittance function, for the NEW EMC with h=121,5 m and b=44,3
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single-sided variance spectrum of the load
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Figure 29 —single sided variance spectrum of the load, for the NEW EMC with 6,=6.0 m/s, at z=0,6h
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3.3. Dynamical systems
To be able to calculate the dynamic response of a high-rise building, the building needs to be
modeled. There are three ways to model a tall building:

e Discrete systems with finite degrees of freedom

0 Single-degree-of-freedom system (SDOF)

0 N-degrees-of-freedom system (N=2) (NDOF)
¢ Continuous systems with infinite degrees of freedom

Discrete systems simplify the analysis by replacing the distributed characteristics by discrete
characteristics of loading, mass, stiffness and damping. An extensive description of the theory
behind each system can be found in appendix F.

In the following subsections it will be summarized how the response to harmonic loading can be
obtained according to the modal analysis. Knowledge about this response is needed to determine
the response to the wind loading spectrum and will give essential insight in the dynamic behaviour
of a high-rise building. To understand the modal analysis, it will first be explained how the dynamic
response of a SDOF, NDOF and continuous system can be obtained.

3.3.1. SDOF system

The simplest dynamical system is the single degree of freedom system. In this system a building is
represented by a single mass attached to the world by an element that has a certain stiffness and
damping. These properties are translated into a spring and viscous damping element in the simple
model on the right.

F(t) m F@t) k ' k-u(t)
I
I
W =
k,c or m > —
‘ | c-u()
—{— ! —
c |
I

Figure 30 — SDOF system

The equation of motion of the mass attached to the world with a spring, damper and time
dependent load is derived by Newton’s law.
mu +cu + ku = F (t) (3.16)

In which:
u= the first time derivative of the deflection
ii= the second time derivative of the deflection
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Solution under harmonic loading
When the system is subjected to a harmonic load F(t) =F COS(C«I) , the response of the system
can be described by the summation of the homogeneous and particular solution [Metrikine]:

U (£) = Uy (t) + U (1) (3.17)
Ug (1) = €™ [ Aycos(ait) + B, sin(wg) ] +|U .| cosgt - ¢ (3.18)

The homogeneous solution is the free vibration when the system is given an initial displacement or
velocity. The free vibration is a damped harmonic function (see Figure 31). n is a value for damping,
Ay and By depend on the initial conditions and w; is the natural frequency for the damped system.
This natural frequency is about equal to the natural frequency of the un-damped system, w, for low
values of the damping ratio: . This is the ratio between the damping and the critical damping. It will
be assumed that this damping ratio is small, which is valid for high-rise buildings.

)] :a%\/1—7=a41 for {<0,: (3.19)
@ = % (3.20)
n=da, - ¢ = (3.21)
7 :é (3.22)
¢, = 2/km (3.23)

The particular solution is the response to the harmonic force. Opart is the amplitude of the response,
w is the frequency of the harmonic load and ¢ is the phase lag between load and response. The
amplitude and phase lag depend on the frequency of loading:

U _F 1 —u !
part k 2 2 static >
o? 2n) o w? 2 W? (3.24)
=g @ )
2nw
¢ =arctan ——— (3.25)

(6 -)

The magnification factor has been introduced. This factor is non-dimensional and relates the static
deflection to the amplitude of the dynamic deflection.

A~

U

part| _

[Hur ()= . (3.26)

Usgtatic (1_ﬁnj _'_(25)222

Ugtatic (3.27)

7\_|'I'I>
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Figure 31 — left: the damped free vibration, right: the frequency response function of the steady state response [Metrikine]

Steady state response under harmonic loading
The damping is assumed to be low for tall buildings, {<<1 and n<<1. As a consequence the amplitude
of the free vibration (up.m) rapidly vanishes in time because the damping is in the exponent. The
remaining particular solution is the steady state response. Since the wind is present over a long time,
only the steady state response has to be considered. The amplitude of steady state response
depends on the frequency of loading and on the damping. Their influence can be observed in the
frequency response function, plotted for different damping values (see Figure 31).

_2n
== =27 (3.28)
2
In the steady state response, the relation between the force and displacement is:
U(t, @) = |U e |cOS{ak - 8) = \HuF (w)|F cofat-¢) (3.29)

The acceleration can be obtained by double differentiation of the function:

a(t,a)) = U(tsw) = _C‘)Z ‘U\part

cofat - @) = -o? |HuF )|F cogat-g) (3.30)

The maximum displacement and acceleration are:

Uy (@) = ‘UA |HuF (w)|F (3.31)

part

= —w _‘H w)|F (3.32)
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3.3.2. NDOF system

A tall building can be represented as a N-DOF system in which the mass has been divided over N
degrees of freedom. The masses have been connected with elements that have a certain stiffness
and damping that have been translated to a spring and a viscous damping element in the right
schematization of Figure 32.

Fn(t
B s o e I
my
Kn.Cn Kn,Cn
A —_
— —
Ly ) () Ly Un(t)
Faft Fa(t) ko ke fn—
e —Sem S ;
my
or | | |
kot oo, MR | ™ Fua®) | ™M Fu)
’ 2, | |
0 —{
Fi® Fi(® c i o o
——— PIIITITI > () —Sm "
my
ki,C1 k1,C1
ST777 ST ST777

Figure 32 — N-degree of freedom system

When the N-degree-of-freedom system is subjected to a harmonic load F(t) :ECOS(Qt) the

equation of motion is:
MU+Cu+Ku=FE(t) (3.33)

F(t) and u(t) are vectors that represent the loading and displacement at the degrees of freedom and
M, C and K are the mass, damping and stiffness matrix respectively. The response of the system can
be described by the summation of the homogeneous and particular solution.

U(t) =Upon(t) + U, () (3.34)

Although it is general not valid for a building, the modal damping matrix is assumed to be diagonal in
order to be able to perform the modal analysis (see F.2.5169).

Homogeneous solution
The homogeneous solution describes the free vibration of the system when no load acts on the
system and an initial displacement and/or initial velocity is given to the system. It has been derived
(see appendix F.2.1) that a system with N-degrees of freedom has N natural frequencies and each
frequency is related to a mode of vibration. The mode of vibration with the lowest natural frequency
is called the fundamental mode (of vibration). The free vibration of a damped system is a summation
of all possible modes of vibration (see Eq. (F.85)):

Unon(®) = G874 coa, 1 +¢) + .+ G ) cofay yt+4,)
Unon() = Age Y cog{wy 1+ ) + .+ Ag e ) cobay  t+4,)

or

U =D Agd ) co{c 1+,

(3.35)
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Each mode is described by a damped harmonic function. gé Is the shape of the eigen vector for the

i mode of vibration and (i is the damping per mode of vibration, the modal damping. Constants A,
and «; can be found from the initial conditions: u(0) andu (0. w;, is the natural frequency of the
i"™ mode of the damped system. This natural frequency is about equal to the natural frequency of
the un-damped system for low values of {; (In general, this is valid for high-rise buildings)

W, =w\1-¢* =w, for ¢ <0, (3.36)

2" mode

Figure 33 — possible shapes of the eigen vectors (¢;) for the first 3 modes

Particular solution

The solution for the particular solution is found as the superposition of N eigen modes of the free
vibrations, multiplied with N unknown functions of time:

N
Hpart (t) = ;gﬁ,part COS(Qt - ¢i,part) (337)

In which the amplitude and the phase shift are:

ﬁi,part = ]2- a; QT*E
(1_92] +4Z,2972 hi M, (3.38)
a)r?,i I a)fii
tang, . :ZZQ—/&)”'Z (3.39)
1-(Qlw,)

Q is the frequency of the load, gT is the eigen vector, for the i mode. F is the vector with the

amplitudes of loading and m; is the effective mass for the i” mode.
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The damping causes a phase shift (@;p.rn). If the damping is zero, there is no phase shift. Damping
also prevents an infinite amplitude at resonance (Q=w,;) to occur, because without damping the
denominator turns to zero at resonance (=w,;). Eq. (3.38) can be rewritten into a matrix notation:

B = Hye F (3.40)
B o ‘H,e Hye OH, |[R]
Popart |_| Hoe, Hor, O Hpe || R (3.41)
0 o 0O 0
f*:)N,part _HpNF1 HpNF2 O HpNFNJ_FAN_

In which Hgi, is the ratio of the amplitude of the displacement for the i"™ mode, to the force applied
to the degree of freedom p. For a specific degree of freedom q an expression for the displacement

due to a harmonic load that only acts at a specific point p can be found:

N ~
upaft,q (t) = ZWqH piFp (Q) Fp COS(Qt _¢i,part) (3.42)
i=1
In which
leFp = 1' ; W,E)
1- Q? 4407 Q2 “i M (3.43)

It can be concluded that: The maximum displacement at q is a summation of the displacement in g
from every mode of vibration caused by a load with frequency Q at degree of freedom p.

Because of a phase lag between the displacements in different modes, the maximum doesn’t occur
at once. This complicates the derivation. From Eq. (3.42) an expression (see Eq. (3.49)) for the
maximum amplitude for the displacement in q to a load in p has been derived [Spijkers, et al., 2005,
pp. 54-58] and the frequency response function (FRF) has been plotted in the figure below.

I | \_

>

5'4‘:(:1 mn:g Cﬂn: 3 l"’"’JMA- ﬂ)n_j mn: & wn:' wn:& ﬂ‘}y,:g. Q

Figure 34 — example of a frequency response function for point q due to a specific load only at point p.
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Since the structure now has N-natural frequencies, there are also N-resonance peaks in the
frequency response function of degree of freedom g. When Q is equal to one of the own
frequencies, the displacements are enlarged because of resonance. The peaks don’t have equal
height because the response of a degree of freedom can be different in different modes modes. (see
Figure 33).

Steady state response
The damping is assumed to be low for tall buildings, {<<1. As a consequence, the amplitude of the
free vibration (up.m) rapidly vanishes in time because the damping is in the exponent and the
particular solution remains as the steady state response. Since the wind is present over a long time,
only the steady state response has to be considered. Thus, the amplitude of a displacement in q can
be considered by the frequency response function (see Figure 34) and the following expression:

A

G, =H,q [F, (3.44)

In which:

Hor, (Q)= (IZN:, AoH e, (Q) cos(¢i,part )jz + (ZN; AoH o, (Q) sir(¢i art )jz (3.45)

Basically to obtain the maximum displacement at a certain point in a building, the response due to a
load at all points have to be summed up. (Basically this means a summation of N-frequency response
functions). Thus, there is a linear relation between the amplitude of the load and the amplitude of
the response:

N ~

G, (Q) = 21 Hyr, (Q)TF, (3.46)
P

Acceleration

The acceleration can be obtained by double differentiation of the displacement. In the former
section it has been derived that the maximum acceleration in the steady state response, is equal to
the maximum displacement of the steady state response, times the square of the frequency of the
harmonic load. So the maximum acceleration at degree of freedom q, caused by a load a degree of
freedom p is equal to:

N ~
B (Q) = Q7 [, (Q) =D Q*[H, ¢ (Q)[F, (3.47)
p=1

3.3.3. Continuous systems

A continuous system is basically a N-degree-of-freedom system with infinite degrees of freedom,
infinite natural frequencies and infinite modes of vibration. Consequently, the frequency response
function has infinite amount of peaks. The behaviour of a continuous system is comparable with a
NDOF system, so the theory won’t be summarized in this section. The derivation of the response is
different and can be found in appendix F.3.
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3.3.4. Modal force, mass, stiffness and damping ratio for a mode

The building can vibrate in three main directions: along wind, cross wind and torsional direction.
From the theory of structural dynamics, the vibration in each direction can be modeled by an infinite
summation of uncoupled modes of vibration by making use of the modal analysis.

Utop,2(t) Utop,i(t)
PA
q(z,t) ”
» > Fer ()
u(z,t)
Utop,2(t)
Feo (t
A 22— Fea ()
—
Utop,i(t)
|
Me —> Fe, ()
1* mode 2" mode i™ mode Cor |

Figure 35 — deflection of total building to governing SDOF system with modal parameters.

From measured natural frequencies in multiple investigations (see a.o. appendix J) it has been
observed that in general for tall buildings, the lowest natural frequency is associated with a
translational vibration in the main direction with the lowest stiffness (x-axis), the second own
frequency is associated with a translational vibration in the other main direction (y-axis) and the
third own frequency is associated with the torsional vibration mode. The magnitudes of the
frequencies depend on the stiffness and mass, but for tall buildings the first three modes are in the
range of the wind loading spectrum (see Figure 29).

Because most buildings have a regular shape, the most governing direction can be considered. For a
rectangular cross section, the along wind response will be governing. For a square or circular
building, the first two natural frequencies will be close together and it has been stated that the cross
wind response will be governing. When non-linear effects in its dynamic behaviour are little or not
present, and the vibration modes can be uncoupled, it is sufficient to only study the fundamental
(1*) mode of a vibration. [Oosterhout, 1996]

For a tall building, the first mode of a translational vibration is always shaped as the first mode in
Figure 35. The largest deflection and acceleration occurs at the top.

Instead of considering the deflection in a point due to the load only in a specific point, summed over
all modes. Tthe deflection only has to be considered in the i" mode, but due to loading in all points.
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From Egs.(3.42) and (3.43) the amplitude of vibration in point ¢, due to loads over all points for the
i"™ mode can be expressed as:

N
upart,i q = z qu
p=l

1 1 @ F
19 g2 MR e
28 23

n,i

From this an expression for the modal force (also called effective force) can be derived:

~ N ~ ~
R =D 9,F,=gF (3.49)
p=1

Thus, for the it mode, there is a linear relation between the modal force and the displacement at

point q.
~ ~ 1 1 ~
upart,i,q = Huquyi (Q) |:H:e,i = W,q D) *[“ﬁ |:H:e,i
o‘ﬁ,i | (‘{wz,i
Also a modal mass, stiffness and damping can be calculated for every mode:
m=m,=¢gMg (3.51)
k:: = ke,i :_lKﬂ (3.52)
C, =C,; =¢Cq (3.53)

The natural frequency and the modal damping can be calculated from these modal properties:

kei
W, = |— (3.54)
m

e,i

C

¢ = T ’—ke. m, (3.55)

The same kind of expressions can be found for the continuous system (see appendix F.3.5)

Thus for every mode, the displacement at a certain point can be calculated as the deflection of a
single degree of freedom system (with modal properties) to a modal force.

The maximum deflection occurs at the top and can be studied as the deflection of a SDOF system
with modal properties and a model force according to the first mode.

It has to be noted that according to this approach, the loads at different points have their maximum
at the same moment of time (or the load on each node has the same frequency). Therefore, the
response according to the modal approach has to be decreased by the aerodynamic admittance
function. (which basically has been derived from the correlation between the wind velocity at
different heights, for an explanation, see [Vrouwenvelder, 2004, §6.4] )
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3.4. Spectral analysis of the response
In section 3.2 a linear relation between the fluctuating wind speed and the fluctuating wind load has
been derived (Eqg. (3.13)) and a wind loading spectrum (Eqg. (3.14)) has been obtained.

In section 3.3 a linear relation between the load and the response has been derived with a transfer

function. The total transfer function can be obtained in two ways:

e In Eqg. (3.46) a linear relation between the response at a specific point g due to a load at only a
specific point p, has been derived. This response includes the response of all modes. The total
transfer function has to be obtained by a summation of the spectra for all points.

e In Eqg. (3.50) a linear relation between the response at a specific point g due to a load at all
points, has been derived. This response, only includes one mode. The total transfer function has
to be obtained by a summation of the spectra for all modes.

In this analysis, the last linear relation will be used. The response to the wind load can be obtained
by multiplication of the square root of the transfer function of the structure with the wind loading
spectrum. [Vrouwenvelder & Geurts, 2006]

S, (@ =|H, (@) XS (@) (3.56)

In which the transfer function is a summation over all modes and all points:

) N 2 m 2
Hue@] =X [H, x (<) H

. Rion®, m .
Ho e (@)= == {ﬂ (3.57)
T 1L | racr
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The first natural frequency and modal damping of the New EMC in x-direction have been measured
(f,,1=0,536 Hz and {;=1.63%, see Table 10). The New EMC has been schematized as a clamped beam
with distributed dampers along the height. Equivalent modal parameters for the deflection at the
top have been derived (see appendix F.3.6) from which the transfer function has been derived.

10 transfer function of the system due to first 3 modes
107 —— . — ! — ; —
---1st mode
—=-2nd mode
3rd mode
—summation of 3 modes
w10 :
£
E
S
R
£
T 107
108 . Ll . . | . L

10 10’ 10°

omega [rad/s]
Figure 36 — transfer function for the deflection at the top, for the NEMC

(wn1=0,536-21=3,37rad/s, {,=0,0163, pA=430-10° kg/m)
The peaks at the first three natural frequencies can be observed in Figure 36. It can be considered
that the peaks in the 2" and 3™ mode are significant smaller (log-scale on vertical axis) and are out

of frequency range of the wind loads. This makes clear that for this direction only the response due
to the first mode has to be considered.

3.4.1. Response spectrum

Multiplication of the transfer function with the load and aerodynamic function gives the following
response spectrum:

x 10" single-sided variance spectrum of the displacement at the top
5 — .

4.5

41

2*
Sl_”_lTop [m™*(s/rad)]
N
T

2, —
151 . . . |
Quasi-static dynamic
o S | | L
10° 10’ 10°

omega [rad/s]

Figure 37 — single sided variance spectrum of the displacement at the top of the NEW EMC (w,,;=0,536-2n=3,37rad/s,

(,=0,0163, pA=430~103 kg/m, 0,=6.3 m/s, spectrum taken at z=0,6h, h=121,5 m and b=44,3
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The total variance (=the standard deviation to the power 2) of the response is equal to the area
under the response spectrum and can be split up into a quasi-static response and a dynamic
response. [Vrouwenvelder, 2004, §3.1 ]:

o’ :IS,U (w)dw (3.58)
0

0'5 = JLJZQS +au2ID Z]SSJUQS (w)dw-i-]gajuD (O))da)
i 0 0 ) (3.59)
0% = [|He OFf X*(@) S (@)dw+ [|Hoe (@) X7 (hy) See (,)d 0

The quasi static part is the response for a structure that only reacts statically (the transfer function at
w=0). The quasi static peak is the result of the peak in the wind spectrum. The transfer function at
w=0 depends mainly on the stiffness of the first mode because this is most dominant. The quasi

static variance is equal to:
2

2 2°° 2 1 r: O-F
JuQS:|HuF (O)| IX (w)SFF (w)dCU:k—szFeFe(w)dw: - (3.60)
0

2
el 0 ke,l

The dynamic part is the difference between the total response and the static response. This peak is
caused by the peak in the transfer function at the first natural frequency. The white noise approach
is a convenient method to approximate the dynamic response. In this approach, the wind loading
spectrum is replaced by a spectrum with constant spectral density Sy equal to Srere=X’St at the
natural frequency.

real spectrum

SFe Fe . . . .
/\/< white-noise approximation
SO

. SFeFe(wn,l)

w
(Dn,l

Figure 38 — approximation of the load spectrum by a white noise approach, w, is the first natural frequency
[Vrouwenvelder, 2004]

Solution of the integral gives:
JlJZD = XZ (wn,l) SFF (wn,l).HHuF (w)|2dw
° (3.61)

T = X° (wn,l) S (wn,l) GLZO—knezll
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The total variance is equal to:
T,

2
g,

g, = JuZQs +05 = sze +)(2(wn,1) Sk (wn,l) 47K

el

(3.62)

),
0'5 = /Yz (wn,l) SFF (wn,l) G4(—ke;1

For lightly damped structures (as for high-rise buildings) the peak in the transfer function at
resonance is so strong, that the dynamic response part is dominant and the quasi static response can
be neglected. [Vrouwenvelder, 2004, §3.3]

From this theory, the maximum peak displacement at the top has been calculated for the NEW EMC
(see appendix F.3.6):

=u +3’ wu = uSaIic + 3’ q:UuQS +0—uD}

=0,0235+ 3,% 0,0102 0,002 0,070

u

top, max

(3.63)

utop, max

3.4.2. The resonant acceleration response
The variance in terms of acceleration can be estimated by multiplication of the variance of the
dynamic displacement with wn,lz:

g, = wfllau = a):’l\/Xz(a)n ’1) See (a)n ,1) 94% (3.64)
el

The peak acceleration has been calculated for the NEW EMC (see appendix F.3.6):
Beom =3 5, = 3,54 0, = 3,513,37 0,0032 0,1%7s? (3.65)
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3.5. The influence of structural properties on the dynamic response
The dynamic behaviour under wind-loading is influenced by multiple factors. First there are multiple
environmental factors that influence the dynamic wind load on the building. The “wind loading
chain” of prof. A.G. Davenport clearly shows the parameters that influence the dynamic load of wind
on a building. Secondly the response depends on the building properties: building shape, mass,
stiffness and damping.

< Wind loading .
< »
global wind climate Local wind climate Aerodynamic response construction response criteria
Windspeeds inopen| [Topography, Windcurrent around the oceuring: allowable:
field building
roughness of terrain iesulting pressures STre S5es stresses
surrounding suction and friction deformations deformations
buildings
accelerations accelerations

Building properties
building shape

effective mass

effective stiffness

damping ratio

Figure 39 — “wind loading chain” according to prof. A.G. davenport [Woudenberg & Vambersky, 2003]

In this research only the influence of the mass, stiffness and damping will be investigated because it
is assumed that the shape and height of the building have been determined by the architect. By this
assumption, changing of the shape of the building to improve the dynamic behaviour isn’t an option.

3.5.1. The theoretical effect on the maximum displacement

The maximum displacement is equal to the mean displacement plus 3,5 times the standard deviation
of the displacement. In the last section the standard deviation of the response due to the fluctuating
wind velocity has been derived and the static displacement at the top due to the mean wind load is
equal to the modal force of the mean wind velocity divided by the modal stiffness of the first mode:

utop,max = U + 3’ 50-u = uSlatic + 3' {UuQS + UuD:I
Fe mean . T, (3.66)
utop,max = ke,1 + 3! S lz'; + /YZ (wn,l) SFF (wn,l) E’4Z—k§1

The relation between the frequency and the aerodynamic admittance and the force spectrum has
been estimated from a fit on the curves between 0,1 and 1,0 Hz. (see Figure 27 and Figure 28). By
making use of this relation and because wn,lzkello'smell"o's, the influence of the modal parameters can
be approximated by:

-1 -1 -1,15,, -1,40 -i-2
~ke,l +|:ke,l +\/wn,1 W, 1 Léy ,127 ke ,1}

n

u

top, max

(3.67)

-1 -1 0,39>-0,5,- 1,39
u ~K +ke,l +me,1 ﬁ(e,l

top, max el

As already could be expected, the maximum deflection mostly depends on the stiffness.
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Dynamic amplification factor
The dynamic effect causes an increase of the mean deflection. The dynamic amplification factor as is
used in NEN6702 (¢,) (comparable with cscq in EN 1991-1-4) is defined as the ratio between the
maximum response including the quasi static and dynamic response and the response due to the
mean wind velocity and the quasi static response [Vrouwenvelder & Geurts, 2006]:
_u+3, S[JUQS +0, ]
U +3,50,4

@ (3.68)

Because the deflection also influence the stresses, this magnification factor is used on the mean load
for the strength and stiffness calculations.

3.5.2. The theoretical effect on the maximum acceleration

From the estimation of the maximum acceleration and from the relation derived in the former
subsection, the influence of the structural parameters on the maximum acceleration can be
estimated:

_ _ B ) T hs
Aop,max — 3,%0, = 3’&)5,10-u - 3'5Uf‘2‘\/)( (a)n J) Sr (Ct)n J) 4Zk:l (3.69)

-0,39

-0,617-0,
Qop,max ~ M 4 4 1

From this it can be concluded that concerning the acceleration, an increase of the mass most
effective to reduce the acceleration. An increase of the stiffness decreases the acceleration the least
effective.

The effect on the admissible acceleration
The parameters not only influence the maximum occurring acceleration, but also the admissible
acceleration (see appendix D). The admissible acceleration depends on the natural frequency and is
higher at low natural frequencies.

If the stiffness increases, the natural frequency increases. At higher natural frequencies, the
admissible acceleration is lower.

An increase of mass has the opposite effect because it leads to a decrease of the own frequency.
Increase of mass reduces the accelerations and brings the building to an area where higher
accelerations are admissible.

Increase of damping reduces the accelerations and doesn’t influence the natural frequency (the
frequency can be influenced by the damping, but this effect is negligible for the low damped high-
rise buildings).

Most effective parameter to decrease acceleration
It can be concluded that the mass most effectively influences the comfort criterion, the stiffness is
least effective and the effect of damping is moderate. A more extended sensitivity analysis has been
performed by also considering the effect of the slenderness. [Oosterhout & Geurts, 2001]. The figure
below shows the result. The arrows indicate how the parameters influence the maximum
acceleration. This figure also shows that increase of mass is most effective to reduce accelerations
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for a slender building. Damping is also an effective way to keep the accelerations in the admissible

area.

1SO criterion

| [Building B: |
‘squat’

Building A .

{*slender’

(m -\\]

f. (Hz)

Figure 40 — effects of the main structural parameters on the acceleration in respect to the ISO criterion [Oosterhout, 1996]

In practice, an increase of mass isn’t a good option. In the design phase of a building, its outer shape
has already been determined. It is not very practical to increase the mass, since it results in more
costs for material, less usable space and more vertical loads on the foundation (higher costs!).
Therefore it can be concluded:

Increase of damping is the most practical measure to keep the accelerations in the admissible area.

3.5.3. The effect according to the Eurocode

The effect of the structural properties on the deflection and acceleration has been investigated by
making use of the procedure described in the EN 1991-1-4 to obtain the structural amplification
factor c,cq.

The effect of the effective mass, stiffness and the modal damping ratio on this factor and the peak
displacement has been investigated. The Eurocode also provides a method to calculate the peak
acceleration. From this method the influence on the acceleration has also been investigated.

A sensitivity analysis has been performed by variation of the stiffness, mass and damping around a
reference value. The reference value is based on the measured natural frequency, the modal
damping ratio and the assumed mass density for the NEMC in x-direction. (see appendix F.3.6)

Table 2 — reference input and output values based on the structural properties of the NEMC

input  Im, 12,96 .10°kg
ref. val. k. 147,10 .10° N/m
=2 0,1 -
output Jc.cy -
ref. Val. Jumax m
Btop, max m/s’
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Influence on cscq
The c,cq factor is the ratio between the maximum dynamic displacement and the static
displacement. It depends on mass, stiffness and damping.

parameterinfluence on cscd
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Figure 41 — the structural factor cscd as a function of mass, stiffness and damping

The stiffness and mass influence the natural frequency of the building. When the stiffness increases,
the frequency also increases. When the mass increases, the frequency decreases. The frequency
influences the resonance response factor, R* and the peak factor ko. These two factors influence
c.Cq. At higher frequencies, R” decreases much more than the increase of ko. (see appendix C.1) As a
result c,cqy decreases as the natural frequency increases. This result is in line with the theory because
the structure is less vulnerable for wind gusts at higher natural frequencies. (This can be concluded
from the wind spectra, see Figure 28).

The resonance response factor, R?, is inversely proportional to the logarithmic damping decrement.
Thus as the damping increases, the structural factor decreases. This is also in line with the theory
because damping decreases the maximum deflection at resonance. (see Figure 31)

Influence on displacement
The displacement has been related to the representative force and the stiffness: Uma=Fu rep/Ke. The
representative force is proportional to the structural factor. Thus the influence of the damping and
mass on the deflection is the same as the influence on the structural factor c.cy. An increase of the
stiffness not only indirectly affects the displacement via c,cq but also directly. As a consequence, the
displacement is most strongly dependent on the stiffness. This is also in line with the conclusions
from the theoretical approach.
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parameterinfluence on displacement
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Figure 42 —the displacement due to wind load as a function of the mass, stiffness and damping

Influence of the acceleration
According to figure 43, the peak acceleration depends to the same degree on damping, stiffness and
mass. This can be explained by study of the method in the Eurocode.

parameter influence on peak acceleration
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figure 43 — the characteristic peak-acceleration due to wind load as a function of mass, stiffness and damping
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According to Eq. (B.26) and (B.28) the acceleration is proportional to k, nat, R and 1/Me. (Me is the
reference mass [kg/m?]). It has been investigated how R? and ko_nat depend on the natural frequency
(ny1). It has been found that R? is about proportional to nl,x"z. Ko nat is insensitive to variations of ny.
(see appendix C.1)

1
R’ (nl,x) ~F (3.70)

X

R’ is also proportional with 1/8. With these relations it can be concluded that, the peak acceleration
is equally sensitive to all the three parameters:

(K, [¢(h)
Bopmax = T pesic () =K, e & [P, () W (z,) [Rgm (3.71)

a[op,max = a ,peak (h) \/71 f \/7 \/7

-0,5 -0, -0,5
a[op,max ~0 m, Ske

(3.72)

The found influence of the structural parameters on the peak acceleration is about equal to the
found dependencies from the theory. By also considering the effect on the admissible acceleration
(see §3.5.2) and because it is not practical to increase the mass, it can be concluded that damping is
the most effective parameter to decrease the accelerations.
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4. Damping in high-rise buildings

This chapter describes damping in high-rise buildings. First a definition of damping will be given.
Secondly results of damping measurements in high-rise buildings will be presented. Next, the
theoretical model proposed by Jeary will presented to give a physical explanation for the observed
behaviour. Based on the theoretical background and the measurements, available predictors of
damping will be presented and there usability will be discussed.

In the first four sections the total damping in a building will be considered. However, different
sources of damping will be distinguished in a structure. The fifth section will give a summation,
description and explanation of different sources of damping in a high-rise building

4.1. General

When a guitar string is given an initial displacement, the string starts to vibrate, producing a tone
with a certain sound intensity. After the first moment, the loudness of the tone decreases until it
can’t be heard anymore. At this point the string stopped vibrating. The faster the vibration reduces,
the stronger the damping is.

Since the sound intensity of the tone is proportional to the amplitude of the vibration, the decrease
of loudness indicates a decreasing amplitude which implies a loss of energy. This example illustrates
the general applicable definition of damping:

7

“Damping is best defined as the dissipation of mechanical vibration energy from the system
[Spijkers, et al., 2005, p. 163]

Results of vibration tests of beams of different materials also show a decrease of amplitude in
displacement-time diagrams [Koten, 1977].
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Figure 44 — left: test set up, right: displacement time diagrams of a steel and concrete beam [Koten, 1977]
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4.1.1. Mathematical representation of viscous damping

The damped free vibration of a single degree of freedom system with viscous damping shows very
good resemblances with the test results in Figure 44. In this model, the amplitude decreases
exponentially and quantification of the amount of damping is based on this model.
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Figure 45 — damping of a vibration, decreasing displacement in time and damping representations [Koten, 1977]

In this thesis the following definitions of damping (related to viscous damping) will be used:

The damping factor (c [N/ms™]) used in the equation of motion in a SDOF.

The critical damping (c) is the quantity of the damping factor that causes a system to fail to
oscillate. In a one-degree of freedom system the critical damping is:

¢, = 2Jkm (4.1)

If c<cy, the vibration is periodic, if c>c,, the system fails to vibrate, see figure below. For slender
buildings structures, it may be assumed that c<<c, .

a
E g
i e
= =
&% o C>
E kr E Ckr
tijd —e= tijd

Figure 46 - left periodic vibration, right a-periodic vibration [Koten, 1977]

The damping ratio (C [-]) is the actual quantity of damping in a mode of vibration divided by the
critical value for that mode. For slender buildings {<<1.

C
{=— (4.2)
(o

Damping coefficient (n) is based on the damping ratio and the natural frequency of the
vibration.

n=J{w, =— (4.3)
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¢ The logarithmic decrement (8), is the natural logarithm of the decrement per cycle of oscillation
when a system is vibrating in a mode of vibration; In the Eurocode the total damping of the
building is represented by 6 and can be related to { by the following expression:

_nA_ 2@ _
5—|ng—m—>5—2j for {<<1 (4.4)

4.1.2. Other mathematical representations damping

It is convenient to use viscous damping in the dynamic modeling. However there are other
mathematical models to describe damping. A hysteresis loop can be observed in the force-
displacement diagram. By a comparison between the hysteresis loops of viscous damping and other
types of damping, an equivalent viscous damping value can be found useable in the convenient
dynamic modeling.

Hysteresis loop
A hysteresis loop can be observed in a force-displacement diagram (or equivalent, in a stress-strain
diagram) when a material is (quickly) loaded and unloaded. It is harder to stretch a material during
loading, than during unloading.

figure 47 — example of a hysteresis loop

The amount of energy/work needed to stretch a material is the area under the force-displacement
line. So more energy is needed during loading than during unloading. The difference is the loss of
energy during loading and unloading. When a material is harmonically loaded, the obtained loop in
the force displacement diagram, is the hysteresis loop and the area of the loop is the energy being
dissipated during one cycle. [Spijkers, et al., 2005, §5.2]

Hysteresis loop for viscous damping
If a viscous damping is assumed, the damper force is proportional to the velocity. If a harmonic force
is applied on a system with a spring and a damper, the damper force reaches its maximum half a
period later than the spring force. The total force on the mass is:

F=F+F,

- . (4.5)
F =caucos@ut y+ku sinu
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This represents an ellipse in the force-displacement diagram.

Fd F;r‘ +F.; i

Figure 48 — development of the forces in spring and damper per oscillation for viscous damping [Spijkers, et al., 2005, §5.2]

in which the area of the right ellipse is equal to:

T T
E,. = _[ Fdu = _[ Fudt = crzui® (4.6)
0 0

Equivalent viscous damping
If the force-displacement diagram isn’t shaped like an ellipse as in Figure 48, an equivalent viscous
damper can be determined that gives the same amount of energy dissipation per cycle.

u

g N iR e S

~

Figure 49 - Irregular shaped force-displacement diagram [Spijkers, et al., 2005, §5.2]

The equivalent viscous damper can be calculated assuming that the energy dissipated by the non-
viscous damping most be equal to the energy dissipated by the equivalent viscous damper.

Eviscous,equ = Edi$
. E. (4.7)
2 _ d
Coqu/TU” = Ejs — Cequ ——'?2

In appendix H, a description and formula for the equivalent viscous damping for other mathematical
representations of damping can be found.
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4.2. Measured values of damping in high-rise buildings

There are multiple methods to determine damping from time-response measurements of high-rise
buildings. An explanation about different methods can be found in appendix I. In the past, damping
values have been determined from the response due to random wind loading with the half-power
bandwidth method or the autocorrelation method. These results are most likely to be invalid
because the length of the datasets is too short to be stationairy. As a consequence, the derived
statistical properties from the measurements are not invariant of time. The random decrement
technique gives the best results for measurement in practice because under random loading it
provides accurate results on short datasets. It also enables to obtain damping values at different
amplitude values.

Because it is not always clear what method has been used, results from the past have been used
with care. The used damping values in this section are selected on their reliability. damping values
obtain from articles that also mention the amplitude dependency of damping are considered to be
reliable because they have most likely been obtained by the random decrement technique.

Important results and conclusions from diverse damping databases and full scale measurements will
be summarized in this section. The amplitude dependency of damping will be discussed in the last
subsection.

4.2.1. The world wide damping database

The most recent collection of measured damping around the world [R.J. Smith, et al., 2010] can be
found in Figure 50. The primary source is the Japanese Damping Database [Satake, et al., 2003].
Damping values of buildings around the world from diverse published articles have been added. For
buildings with different damping values per mode of vibration, an average has been taken.
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Figure 50 — most recent damping database. (A) steel buildings, (B) steel-reinforced concrete buildings, (C) reinforced
concrete buildings and (D) reinforced concrete chimneys.[R.J. Smith, et al., 2010]
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The following conclusions have been based on this database.

1) The trend lines seem to have a lower bound value. This damping ratio of 0.3% might be
interpreted as the intrinsic damping of the structural material itself (irrespective of the material)

2) Alot of scatter can be observed in the results. This can be caused by variability in type and age of
the buildings, type of non-structural fit-out, foundation type and amplitude of measurement.

3) A downward trend of damping ratio can be observed in the fitted curves as building height

increases. For buildings higher than 250 meter, no damping ratio higher than 1% has been
measured.
According to the author, this effect can be explained by the relative small contribution of non-
structural components since the primary load-bearing structure is relatively large in tall
buildings. Facades of tall buildings are also less activated for damping since they tend to have
little resistance against in-plane deformation (otherwise they would be damaged because of the
larger movement in a tall building).

4) Based on the results, no clear relation between the material and magnitude of damping ratio has
been observed. This is in contradiction with the common practice where higher damping ratios
are assumed for concrete structures, than for steel structures. However this relation can be
disturbed by the influence factors that have been mentioned at point 2.

4.2.2. The Japanese Damping Database

Although the Japanese damping database has been used as the main source for the former
mentioned collection and conclusions, the measured damping values also have been studied more
into detail [Satake, et al., 2003].

In total the database contains 205 carefully selected buildings. 137 steel-framed buildings, 25
reinforced concrete buildings (RC) and 43 steel-framed reinforced concrete buildings (SRC). The
damping ratios for translational vibration modes in two orthogonal directions and torsional vibration
modes, have been determined, together with amplitudes. Every record holds information about
features that may influence dynamic properties: building height, number of stories, building plan,
building use, structural type, cladding type, foundation type, depth of foundation and length of piles.
From this database, effects of several building factors have been investigated.

Natural period and building height
The relation between natural period and building height has been studied. A well correlated
regression line can be fitted in graphs. There is a linear relation between building height H, and the
natural period T;. From this it can be concluded that the natural period is proportional to the height.
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Figure 51 —linear relation between building height and translation first-mode natural period T, [Satake, et al., 2003]
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Damping ratio and building height
The relation between building height and damping ratio has been investigated. A fitted line was
drawn through the results, but the scatter is much larger than for the natural period and building
height. Prediction of damping with the fitted line is very inaccurate. The author suggests that the
scatter is caused by amplitude dependency of the damping ratio. Despite this, it can be observed
that the damping ratio decreases as building height increases. It can also be observed that the
damping ratio of concrete buildings is higher than for steel buildings.
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Figure 52 — (fitted) relation between damping rati (h;) and building height (H) [Satake, et al., 2003]

Damping ratio and natural period
Because a linear relation between building height and natural period has been observed, the same
shaped relation between damping ratio and height can be observed as for the relation between
damping ratio and building height.

Foundation Type
The influence of the foundation type has been investigated. A spread and a pile foundation have
been distinguished, but no clear trend has been found.

D; is the depth from ground level to the basement level for both the spread and the pile foundations.
D, is the length of piles. Although it is not very clear from the graphs, the author has indicated that
the damping ratio decreases with increasing D;. But the decrease could also correspond to the lower
damping for larger heights, because D; is mostly designed deeper for higher buildings

No clear correlation between D, and the damping ratio has been found. The influence of soil
conditions haven’t been researched because insufficient data was available.
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Figure 53 —relation between the foundation depth D; and translational first-mode damping ratio [Satake, et al., 2003]
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Figure 54 —relation between the pile length D, and translational first-mode damping ratio [Satake, et al., 2003]

Building use
To investigate the effect of non-structural elements on the damping ratio, a distinction has been
made between apartments and offices. It has been assumed that apartments have more and more
rigid partition walls than offices. The result can be found in the figure below. For steel-framed
buildings the mean value for apartments are slightly larger. This effect is not as clear as in concrete
buildings. It has been concluded by the author that despite even more in depth investigations of the
results, no accurate correlation has been obtained for the effect of non-structural members.
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Figure 55 - relation between building use and translational first-mode damping ratio [Satake, et al., 2003]

4.2.3. Chicago full-scale monitoring program

In [Kijewski-Correa & Pirnia, 2007] the effect of the structural type on the dynamic properties has
been observed based on full scale monitoring of 5 buildings: B1, S1, C1, C2 and C3. The properties of
these buildings can be found in the table below.

Table 3 - Results of the measurements presented in the paper [Kijewski-Correa & Pirnia, 2007]

Building material constructive system Height Damping ratio (%) design |[Damping ratio (%) in situ

X Y T X Y T

B1 Steel Framed 245,7 n.a. n.a. n.a. n.a. n.a. n.a.

S1 High strength RC JCore wall system 264 1,5 1,5 1,5 1,45 1,3 1,7

X Y T X Y T

Cc1 Steel tube of exterior columns n.a. 1 1 n.a 0,8 0,7 n.a.

Cc2 RC shear walls+outrigger n.a. 1 1 n.a 1,2 2,1 n.a.
c3 Steel moment-connected,

framed tubular system n.a 1 1 n.a 1 1 n.a

R.L.J. van den Berg



Damping in high-rise buildings

From observation of the measured damping ratios at different levels of amplitude, it has been
concluded that a larger damping ratios can be observed in modes of vibration with significant ‘frame
action’ in comparison with ‘cantilever/axial shortening action’.

Frame action is observed as un-braced frames with stiff connections between beams and columns
resist the lateral load. The deformation is shaped like the shear deformation of a panel.
Deformations are due to a combination of shearing and flexure of the frame members and flexibility
of the connections.

Cantilever/axial shortening action is observed as braced frames or cantilevered beams resist the
lateral load. The deformation is shaped like bending of a beam. Deformations are due to axial
shortening of the material.

Cantilever/axial shortening — smaller damping Frame action — large damping

Bending Shear
deformation (g;formation

Bending
deformation
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> + -
| v 1 /
Axial —
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flexure of
: Axial deformation elements
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Figure 56 — more damping observed under frame action (right) than under cantilever/axial shortening (left)

4.2.4. The UK-damping database

The natural frequency and damping ratio of 16 buildings in the UK can be found in appendix J.2. On
the basis of these results, the author suggests that safe estimations of damping are 1.0% for normal
buildings and 0.5% for very tall buildings. The soil structure interaction has also been investigated
and it has been concluded that: “base motion of a building will generate ground waves and provide
an extra mechanism of dissipation of energy. But this soil structure interaction is usually insignificant
for the fundamental modes of tall buildings, although it can be significant for shorter or very stiff
structures.” [Ellis, 1996] The damping values have been obtained in the low amplitude region.
According to the author, it would be unwise to extrapolate these to the higher amplitude region
because at higher amplitude regions, close to damaging, other mechanism of energy dissipation can
occur that have not yet been investigated.

It can be concluded that the amplitude plays an important role on the damping value and the
significance of damping in the foundation is still unclear and needs to be investigated.
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4.2.5. Other damping measurements

The results from full scale monitoring of three individual buildings have been gathered because the
results of the amplitude dependency has been determined as well. The results can be found in
appendix J.3 and J.4. The properties of these buildings can be found in the table below:

Table 4 — properties of three buildings in China [Fu, et al., 2008; Li, et al., 2004]

Damping ratios [%]
Building Location material Main load bearing structure height [m] J(range, first mode)
CITIC Plaza Tower Guangzhou Jconcrete tube in tube + outriggers at three levels 391§0,2-0,5
core + steel tube coupled with
Di Wang Tower Shenzen concrete+steel Joutriggers at 4 levels 384J0,2-0,7
Guangdong
International building JGuangzhou Jconcrete core 200J0,12-0,3

Although the first two buildings have different types of structural systems, it has been observed that
both buildings have comparable damping ratios. The measured damping ratios of the third building
are very low compared to damping ratios of other buildings with a concrete main load bearing
structure although it has to be noted that the damping has been determined in the low amplitude
region.

4.2.6. The influence of the amplitude on damping

An increase of the amplitude causes an increase of the damping and a small decrease of the natural
frequency. This has been concluded from the Japanese damping database [Satake, et al., 2003], The
Chicago full-scale monitoring program [Kijewski-Correa & Pirnia, 2007] and the other measurements.
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Figure 57 — variation of damping ratio and natural frequency in a 99 m high steel-framed building [Satake, et al., 2003]

The increase of damping at higher amplitudes can be explained by the activation of energy
dissipation in more and smaller cracks at higher amplitudes, this is in accordance with Jeary’s
theoretical model that will be explained in the next section (see §4.3). The decrease of natural
frequency can be explained by the same mechanism as stiffness decreases with more cracks.

Tamura, Kijeski-Correa and Pirnia have shown that damping sometimes decreases with amplitude
[R.J. Smith, et al., 2010]. Tamura has proposed a ‘critical tip deflection’, the deflection at which the
damping is maximum. According to Tamura this happens already at relative small amplitude (10” to
10™ of the building’s height). This ‘critical tip deflection’ can be observed in Figure 58.
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Damping ratio: %

Acceleration: 103 g

% New Bank of China Hong Kong (SRC)
+ 200 m high office building
a 100 m high steel building

Figure 58 —relation between damping and amplitude (transformed in acceleration) [R.J. Smith, et al., 2010]

This “critical tip deflection” at relative small amplitudes contradicts with the Jeary’s theoretical
relation between amplitude and damping. According to his theory, a drop of damping will only be
expected in the high amplitude region. In this thesis Jeary’s theoretical damping model will be
adopted because it is adopted more general.

4.2.7. Conclusion

From the damping values that have been obtained from measurements, it can be concluded that
multiple aspects can influence the damping. The dimensions of the building are of importance. In
general a downward trend is visible as damping is plotted as a function of height. At larger heights
(>250 m), there seems to be a lower bound of 1% of damping. Structural aspects such as type and
material of the main load bearing structure (MLBS), type of foundation and non structural fit-out are
also aspects that will probably influence the amount of damping. Measurements have shown that
higher damping ratios can be expected especially at buildings that are stabilized by systems with
considerable frame-action.

In practice, higher damping ratios are assumed for concrete MLBS, than for steel MLBS. This relation
between material and magnitude of damping ratio has not always been observed, but this relation
will probably be disturbed by the already mentioned factors and because of the amplitude
dependency of damping.

The amplitude dependency has to be taken into account to be able to give a good comparison
between obtained damping values, this relation will be discussed in the next two sections. The
structural aspects will be dealt with in §4.5.
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4.3. Theoretical mechanism behind damping

Based on measurements a theory behind the mechanisms of damping has been proposed. [Jeary,
1986] Two plateaus and a non-linear region have been distinguished. Later measurements in the low
amplitude region also show good resemblances wit this model [Li, et al., 1998]. In this section, the
mechanism behind this model will be explained.
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Figure 59 — Jeary’s theoretical damping model [Jeary, 1986], which is supported by measurements

4.3.1. Energy dissipation in a structure

Based on the early works of T.A. Wyatt, the dominant energy losses are assumed to be caused by
friction. This friction is associated with a stick-slip model and occurs at two different scales in a
structure: between structural elements (in joints, at interfaces between structural elements,
interface between wall and doors or windows) and at micro scale in the material. [Jeary, 1997b, pp.

164-173]
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Figure 60 — Stick-slip model for damping mechanisms in material [Tamura, 2005]

4.3.2. Explanation of the observed plateaus
Micro cracks of different lengths exist through the material. The critical shear stress at which
lengthening of the micro cracks occurs is given by [Jeary, 1986]:

4ET

ST :T (4.8)

T is the surface energy of the crack, and | is the length of the crack. This equation and model give the
physical explanation of the observed amplitude dependency.
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¢ The low amplitude plateau is caused by the friction between structural elements. The length of
the interface can be considered as the largest available crack lengths. At low amplitude these
cracks shall first be mobilized. “Since the amount of energy dissipated in this way will be
relatively large, this mechanism seems to represent, for practical purpose, a relatively constant
damping value for a range of low amplitudes” [Jeary, 1986, p. 740]

¢ Increase of damping with amplitude is caused by the presence of cracks with different lengths.
As amplitudes increases, more cracks, with smaller lengths will participate in the energy
dissipation

e The high amplitude plateau is reached as all joint are mobilized and all cracks have been
lengthened.

Lengths associated with the low amplitude region extend from 0,5 m down to 20 mm. The non-linear
region has been associated with cracks of length from 20 mm up to 100 umm. [Jeary, 1997b, §7.1]

4.3.3. Conversion

More recent work [Jeary, 1996] also provides a further explanation of the damping at micro scale. At
micro scale of a concrete building a change of needle-shape crystals to plate-like crystals have been
observed at locations where higher dynamic stress have occurred. This process occurring in time is
called conversion. The conversion process creates smoother surfaces and the potential for energy
dissipation in material will decrease in time. As a consequence:

Older buildings will have lower damping.

Jeary has also indicated this as an additional mechanism that occurs at very high loading. The high
amplitude plateau falls if this high loading continues for some time. In practice this is not very likely
to occur since earthquake loads will only act during short periods.

4.3.4. Equivalent viscous damping

The theory of Jeary makes clear that the mechanism behind structural damping is dominated by
friction damping. According to [Jeary, 1997b, p. 166] it is allowed to describe damping in high-rise
structures by viscous damping because:

“Luckily work by Wyatt (1977) has shown that a multitude of friction mechanisms, which are clearly
present in structures, when summed over a range of amplitudes, actually produce a result that looks
like a viscous-type response.”

Figure 61 — friction damping over a large range of amplitudes, gives a viscous damping model. [Tamura, 2005]
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4.4. Prediction of damping

Based on measurements and the theory behind damping, predictors of damping have been
formulated. Three different predictors are presented and compared. The usability of the predictors
is discussed in the fifth subsection.

4.4.1. Jeary's damping predictor
A formula to estimate the damping for buildings in the first two areas of Jeary’s damping model (low
amplitude plateau and non-linear region, see Figure 59) has been proposed [Jeary, 1986]:

(=407
(4.9)
¢= 1+ 00

In this formula, {; is the low amplitude damping. It has been indicated that this factor can be related
to the natural frequency f,. x is the amplitude, h is the height of the building and d is the depth of
the building at its base. Since the largest stresses occur at the base of a tall building, the dimension is
of influence on the damping.

Drawback of this predictor is that it doesn’t take the following cases into account:

¢ Significant Soil Structure interaction can’t be taken into account

¢ The formula doesn’t take effects into account when amplitude exceeds the yield point.
¢ Nodistinction has been made between a cladded and un-cladded building

e Artificial damping can’t be taken into account.

¢ The formula is based on a small database of 8 buildings measured in the U.K.

4.4.2. Damping predictor from the Japanese Database (AIJ2000)
Based on measurements on a large amount of buildings [Satake, et al., 2003] a damping predictor for
reinforced concrete buildings has been derived

7 =0.014F, + 47@3 - 0.001 (4.10)

This formula can be used in the low amplitude range (x/h<2:10®°) and for building heights 10
m<h<130 m. A predictor for steel-framed buildings has also been derived

7 =0.013F + 4ot§ih‘j+ 0.00z (4.11)

This formula can be used in the low amplitude range (x/H<2-10”) and for building heights 30
m<H<200 m.

4.4.3. Lagomarsino’s damping predictor
Lagomarsino’s preditor describes Rayleigh-type damping and doesn’t depend on the amplitude
[Satake, et al., 2003]:
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=aT +=
{=aT, = (4.12)

n

T, is the natural period (T,=1/f,). For reinforced concrete buildings a=0.0072 and B=0.0070. For
Steel-framed buildings a=0.0032 and p=0.0078.

4.4.4. Comparison of different predictors
AlJ2000 and Lagomarsino’s predictor have been compared to each other.
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Figure 62 — comparison between two damping predictors for steel buildings [Tamura, 2005]
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Figure 63 — comparison between two damping predictors for reinforced concrete buildings [Tamura, 2005]

The relation between damping ratio and building height has been plotted for the predictors by
making use of the relation between the fundamental natural frequency and the building height
based on the Japanese Database. [Tamura, 2005]

f, :% for reinforced concrete buildint (4.13)

n

:%O for steel building (4.14)

Jeary’s predictor will show the same behaviour as AlJ2000 since the relation between damping and
frequency is of the same form. From the comparison it can be concluded that Lagomarsino’s
predictor underestimates the damping ratio for buildings lower than 60 m and overestimates the
damping for buildings higher than 60 m.
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Despite the fact that amplitude dependency of damping has been taken into account, many data
points still deviate a lot from the predicted line. Assuming that the proposed amplitude dependency
is valid, it can be concluded that the influence of different structural aspects is also of importance.

4.4.5. Usability of damping predictors

Buildings must be designed to withstand a maximum hourly mean wind speed with a return period
of 50 year. This characteristic wind speed in the Netherlands is about 25-30 m/s. [NNI, 2005] The
chance of actually determine the damping during these extreme wind conditions is very small. In
theory a building should be monitored during 50 year to actual measure during this extreme
condition. Formulae for prediction of damping have been based on damping values that have been
determined under moderate wind conditions up to wind speeds of 18 m/s (wind force 9 on
Beaufort’s scale). [Galanti & Oostvogels, 2006]

For the design of most high-rise buildings in the Netherlands, the maximum deflection has been
taken as the governing criterion for the design. With increasing slenderness and application of lighter
building materials, human comfort will become more governing. This criterion has to be checked in
the SLS, so use of damping predictors based on measurements under moderate wind conditions is a
valid method, mainly because deformations in the SLS are reversible and damping mechanisms as
described by Jeary in the non-linear region (§4.4.1) will occur.

Structural engineers are still interested in damping ratios at higher wind speeds (=higher amplitude)
since design can be based on strength requirements during higher wind speeds. Also in other
countries, the design of high-rise buildings is more governed by stresses in the ULS caused by
typhoons and severe earthquakes. Measurement of damping at this amplitude level is scarce and the
presented predictors are not usable for this.
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Figure 64 — indication of measured area and still uncertain prediction of damping in the unmeasured region

The damping predictors based on damping values obtained from measurements are most usable for
design criteria concerning the deflection and the acceleration in the SLS.
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4.5. Sources of damping in high-rise building

In the former sections a definition of damping has been given and damping values obtained from
measurements of buildings around the world have been gathered. Also the mechanism behind the
amplitude dependency of damping has been elucidated with the theory of Jeary. Based on this
theory, damping predictors have been proposed that take into account the used building material of
the main load bearing structure and the dimensions of the building (height and depth). Still the data
points deviate from the predicted line. The influence of the type of foundation, non-structural fit out
and type of main load bearing system can be the cause of this scatter. To get a better estimation of
the damping, the influence of these structural characteristics should be taken into account.

Damping is the dissipation of energy. Different sources of energy dissipation can be found in the
table below. Four different sources have been distinguished in a high-rise building. The damping that
has been discussed so far is the total damping due to energy dissipation from all these sources.

The total damping in the Eurocode (see appendix B.2.3) has been split into the structural damping
(8;), the aerodynamic damping (6,) and the damping from additional devices (84). The first part
represents the loss of energy through the main load bearing structure deformation, non structural
elements interaction and the soil structure interaction.

0=0,+0,+0, (4.15)

Characteristic values and/or calculation methods, influence factors and the mechanisms behind
these sources will be explained in the following subsections.

Table 5 — overview of different sources of energy dissipation and type of
damping [Tamura, 2005]

Energy Dissipation Inside | Energy Dissipation Outside
Solid | Liquid | Gas S-S S-L 5S-G
Internal External
Friction Friction - Friction -
Damping Damping
Viscosity _ ]nre]n)'nal ‘\.'iscous _ Ext;‘nal \_'iscous Non structural
amping amping elements interaction
Radiation - Radiation Damping -
Hydro- Aero-
Interaction - - dynamic | dynamic .
Damping | Damping K Aeéggqy‘;}ﬁg"c
s Hysteretic I
Plasticity et - - i /
. Damping I

Figure 65 — four different areas of energy dissipation
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4.5.1. Main load bearing structure deformation
There are three main types of mechanisms behind the loss of energy in the main load bearing
structure:

¢ The internal material damping of the construction material. “The energy dissipation occurs in the
material itself at an atomic or molecular level. Thermo-elastic, thermodynamic, magneto-
dynamic, etc. are terms, which indicate the different damping mechanisms. The (damping)
energy finally disappears as heat from the structure. In the case of material damping the energy
dissipation occurs all over, and especially there were stresses are large.” [Spijkers, et al., 2005, p.
164]

¢ Damping that develops when the structure is subjected to load reversals that cause plastic
deformation. Due to this non linear relation between load and deformation, a hysteresis loop
will develop. [Spijkers, et al., 2005, p. 164]

e Loss of energy through friction damping in the joints between structural elements or simply
supports. Steel buildings with bolted connections have more friction damping as compared to a
fully welded construction. A prestressed concrete building has less damping as compared to a
mild steel-reinforced construction because in prestressed concrete cracking of concrete is
relatively less. [Taranath, 1998, p. 279]

Internal material damping
Dynamic tests of different beams [Koten, 1977] have shown that the internal material damping
shows a good fit with viscous damping, so the internal material damping is proportional to the
velocity of loading and unloading and damping ratios have been derived (see Table 6)

Table 6 —damping ratio’s for different materials [Spijkers, et al., 2005]
Material damping

Material T=c/ckr (%) remark

steel 0,4

reinforced concrete 0,9]before and after cracking
prestressed concrete 0,9

wood (Picea) 2,1

wood (Fagus sylvatica) 2,5

Rubber 3lfrequency above 10 Hz
Rubber with canvas 8]frequency above 1 Hz
Aluminium 1,8

Glass 6

masonry 4

Dry Sand 1-3

Sand-gravel 3-7

Clay 2-5

Non-linear influence
For many construction materials, the strains increase more than linear at increasing stress beyond
the yielding point. Therefore the stress-strain diagram of many construction materials has been
schematized as a bi-linear diagram. A hysteresis loop as described for Elastic-Plastic damping will
occur (see appendix H.3). Because of the more than linear increase of strain, the area of the
hysteresis loop will increase. The damping increases and this has been observed in testing of
damping in materials. [Koten, 1977]
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Dynamic loading beyond yielding normally doesn’t occur in buildings because the material will be
weaker because of fatigue. The design would be bad if this occurs. However small loads, at
resonance frequencies can cause stresses close to the yielding point. But because the increase of
damping when the material yields is so strong, the maximum displacements will occur just before
yielding.
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Figure 66 — comparison of the frequency response function of a linear and a bi-linear stress-strain relationship.
[Spijkers, et al., 2005]
When the bi-linear stress-strain relationship is taken into account, the frequency response function
is adapted. A negative skew appears and the maximum response occurs at a lower frequency, this
behaviour is denoted as softening. The opposite behaviour is called hardening. This behaviour has
also been observed at high-rise buildings [Ellis, 1996].

4.5.2. Non structural elements interaction
Two types of energy dissipation can occur for non structural elements:

e Energy dissipation can be lost through friction forces at contact surfaces in joints between non
structural elements or between non structural elements and the main load bearing structure.
[Spijkers, et al., 2005, p. 164; Taranath, 1998, pp. 279-280]

¢ Internal material damping of the non structural elements (see internal material damping §4.5.1)

Results of measurements have been reported that cladding of buildings will lead to higher damping
ratios [Oosterhout, 1996, p. 103]. In the next two subsections the damping mechanisms that most
likely will occur at the separation walls and the facade will be explained.

Separation walls
When a separation wall has been connected to the MLBS, it will deform when two floors move
relative because of dynamic wind loading. Energy can be lost because of internal material damping.

However, it is conveniently to vertically support a separation wall only at the bottom or top side in
order to prevent internal stresses in the separation wall. At one side, a sliding connection (U-profile
in Figure 67) allows the wall to move relative to the main load bearing structure. Energy can be lost
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because friction forces can developed at this surface when two floors move relative to each other
because of dynamic wind loading.

Translation Translation
—

Rotation Rotation

Internal stresses

Seperation wall Seperation wall
Frictional

Intefnal stresses
forces _ -profile

Floor 1 (Main load
bearing)

Floor 1 (Main load
bearing)

Side view Side view

Figure 67 — Two types of connection and two damping mechanisms

More separation walls will cause more damping. The amount of internal material damping depends
on the used material. The magnitude of the developed friction force, depends on the type of
connection.

Facade
Facades have the function of protecting the interior against the exterior environment. Facades are
attached to the main load bearing structure and can be made in different ways. The type of energy
dissipation can be related to the construction of the fagade and three types of facades will be
distinguished in this thesis: separate facade elements, traditional cavity wall and framed facades.
The difference between the facade types and the different energy mechanisms are indicated in
Table 7.

In a fagade of type 1, the frictional force develops at the interface between the fagade elements and
at the loose connection between facade element and floor. The magnitude of the friction force will
depend on the weight of the elements.

Facades of type 2 will deform under dynamic wind load. The inner layer will act like a shear wall and
will stiffen the frame. The material will deform and energy will be lost because of internal material
damping. Depending on the type of connection, the outer layer may also stiffen the frame and may
contribute via internal material damping. The amount of damping depends on the material of the
facade.

Traditional fagades with a concrete parapet and a window frame have also been categorized as this
type of facade, because the facade is more or less clamped between the floors and will stiffen the
frame also leading to internal material damping.

The damping mechanism in fagades of type 3 depends on the type of connection, some relative
movement can occur in these connections. A very stiff connection will also make the framework
contribute to stabilization of the building. If this happens, the framework and the infill panels might
deform, causing energy dissipation through internal material damping. Both mechanisms can occur
thus type of connection, weight and used material is of importance.
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Table 7 — three different types of fagades
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4.5.3. Aerodynamic damping

When an object moves in air, energy can be dissipated because of the viscosity of air. The amount of
energy dissipated is related to the speed of the object with respect to the air flow, the mass of the
air, the frontal area and the shape of the object.

Theoretical formula
The aerodynamic damping in a laminar/uniform wind flow has can be calculated with [Koten, 1977]:

1
c _ Epairvr ACf

Zaero =—=
Ckr 2mea)n,1

(4.16)

In which v, [m/s] is the speed of the construction with respect to the air speed and C; is te air
pressure coefficient. In turbulent flows, the damping can be different.

Significance of the aerodynamic damping
Aerodynamic damping is likely to be very small for tall buildings because it is especially important for
objects with small mass density and large movements, like cables. Indeed an example calculation
shows that aerodynamic damping for a building (mass density 200 kg/m?, Z,e0=0.21 %) is much
smaller than for a electric cable (diameter is 0,03 m, {,e,c=16 %). [Koten, 1977, Ch 7]

Under turbulent wind conditions larger aerodynamic damping values have also been observed.
Aerodynamic damping ratio’s from 0-1% have been observed in relation with a structural damping of
1%. [Marukawa, et al., 1996] Also an empirical aerodynamic damping function for tall buildings and
prisms has been derived, the highest observed aerodynamic damping for a square building based on
this function is [Watanabe, et al., 1997]:

n - Pur _1.25 (equal conditions as used in the exam)
Phuitding 200
o5 (4.17)
Cawo =p |, 7 =222 1 250
n 200

Unfortunately the article doesn’t present the total damping value of the measured buildings, so it is
hard to judge the significance of the aerodynamic damping. A formula to calculate the aerodynamic
damping has also been given in the Eurocode (see appendix B.2.3) and ,.,c=0,08% (derived from the
logarithmic decrement, see appendix C) has been calculated for the New EMC.

4.5.4. Soil structure Interaction
Because of the soil structure interaction energy is dissipated because of two main mechanisms:

¢ Internal damping in the foundation and the activated ground volume (comparable with the
damping in the MLBS, §4.5.1)

¢ Rocking: radiation of energy waves to the soil below the foundation, caused by rotation of the
foundation.

Theoretical formula for rocking
With the following formula, it is possible to calculate the rotation stiffness (k;) and rotation damping
ratio (¢,) of a rotating structure on a homogeneous half-space [Koten, 1977 §4.2]:
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Figure 68 — damping of a building in horizontal direction (rocking) [Koten, 1977, §4.2]
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It can be concluded that the radiation damping depends on the ratio between height and depth of
the structure on the half-space (h,/d;) and the ratio between the mass density of the structure and
the underground (ps/pg). If hy/ds increases, the damping ratio decreases, if ps/p, decreases, the
damping ratio increases. The ratio h,/d: will be called the Rocking Ratio. The rotation stiffness
depends on the base dimensions and the stiffness of the ground (E;) and Poisson’s ratio (vg).

Modeling of the structure
It is assumed that the horizontal load could be transfered in two ways from the foundation to the
underground. When the building will move due to wind load, a large ground volume can be activated
that wants to slide over a certain plane, this movement will be resisted by shear resistance of the
soil.

Movement due to
wind load

:

Wind
|| - A
Wind - Internal material
q - damping of
Activated d . [ foundation
ctivated groun Interngl material Activated [ hz
volume damping of the d Ps | —Ger—
foundation groun e Neglect sidewards
volume — pressure

Radiation damping to
adiation damping to Axial soil underground
underground deformation

Figure 69 — two case of horizontal wind load transfer from foundation to underground
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In the second case, a smaller ground volume is activated and the horizontal load is resisted by axial
deformation of the soil under the foundation piles. No large sideward support can be expected of
the ground volume in the top layers because these layers are probably badly compacted. Therefore,
it will be assumed that no large ground volume as depicted in case one can develop. The sidewards
pressure will be neglected. The schematization in case 2 will be adopted in which it will be assumed
that the radiation of damping to the underground can be estimated by using the theoretical formula
for rocking (the dimensions needed for the formula are indicated in the figure). Internal damping
occurs because of deformation in the foundation and the ground in the activated ground volume.

Observed soil structure interaction (introduction of IR)
The soil structure interaction has been investigated. Four buildings have been subjected to harmonic
loading and the energy input per cycle has been calculated. Based on the movement at the base, the
energy dissipation in the foundation per cycle has been calculated as well. By comparison with the
total damping in the structure, the contribution of the soil structure interaction in the total damping
has been determined. [Ellis, 1996] the results are visible in the following table.

Table 8 - Effects of soil structure interaction on the fundamental modes of four buildings in the UK [Ellis, 1996]
% fn % energy loss in
Building Location H(m) [b(m) d (m) mode f, (Hz) 7(%) JIR* reduction foundation
Dustan Flour Newcastle 49 24,4 12,2|Trans 1,49 2,3 0,027 8,6 17|
Mill Trans 2,22 2,9 0,1 21,5 31, 3]
Tor 3,9 3,1] 0,081 4,03 11,9
South Southampton 44,6 17 15| Trans 1,33 2,5 0,025 35,6 60,2
Stoneham Trans 1,35 2,4 0,032 48,1 59,5
Tor 1,83 1,7)- - -
Ronan Point London 64 23,7 17,9]Trans 0,83 1,1 0,021 11 22,1
Trans 1 1,3 -
Tor 1,08 2| - -
Hume Point London 64 23,7 17,9]Trans 0,9 1 0,029 21 39,3
Trans 1,1 1,2 0,034 23,3 42,8
Tor 1,26 1,6 0,019 0,64 2,9

The interaction ratio has been introduced, which is the ratio between the translational deflection at
the base divided by the translational deflection at the top of the building. It can be assumed that if IR
is zero, SSl is negligible.

Significance of the SSI
After investigation of the IR for buildings of different heights, it has been concluded that: “Generally,
SSI is negligible in the fundamental mode of tall buildings, however it can be important in some
buildings.” [Ellis, 1996, p. 372] More recent articles concerning the world wide database [Satake, et
al., 2003; R.J. Smith, et al., 2010] suggest that the type of foundation can be of significance.

4.5.5. Artificial damping

Artificial damping is damping added to the system by extra provisions in the structure. Because
artificial damping needs to be engineered, the amount of energy dissipation in these systems are
known. Therefore these systems diminish the uncertainty around the naturally present damping (the
uncertainty becomes relative smaller when the damping artificially is increased). There’re many
ways to generate extra damping. Passive and active systems are two main methods to add extra
damping to a building. [Oosterhout & Geurts, 2001]
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Passive damping

Passive dampers have a predefined working. Tuned mass dampers (TMD) can be added to a
building. Properties are chosen such their vibrations are in anti-phase with the movement of the
building. In this way they absorb kinetic energy and decrease deflections.

918t Floor [390.60 m]
(Outdoor Observation Deck]

89th Floor [382.20 m]
(Incioor Observation Deck) L

88t Floor

e e,

87th Floor

Figure 70 — example of a tuned Mass Damper (TMD) in Taipei 101
(http://upload.wikimedia.org/wikipedia/commons/1/15/Taipei_101_Tuned_Mass_Damper.png, accessed 07-08-2011)

When subjected to deformation, visco-elastic dampers convert kinetic energy into warmth. They
must be placed where relative large displacement occurs. At an interface between structural
elements, a small layer of visco-elastic material is already sufficient. Arup has used viscous dampers
in the outriggers of a building design and visco-elastic materials have been first used in the WTC in
1969. Another example of passive damping is friction damping based on friction and slip. This
damping can be enlarged by putting suitable materials on contact surfaces between elements.

Perimater columns

Outrigger

Viscous damper

Core

Figure 71 —left: damped outrigger concept [R.J. Smith & Willford, 2008] right: visco-elastic damper in world trade center
(http://www.designcommunity.com/discussion/7551.html accesed at 07-08-2011)
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Active damping
The energy dissipation in active systems is coupled to the response of a building. Active damping has
not yet been applied on large scale, but elegant systems might be possible in analogy with the
human muscle-system. A system of cables can be made in a high-rise building. The cables can be
tensioned as a response to the movement of the building to compensate the vibrations.

4.5.6. Conclusion

Four different sources of damping have been distinguished. In the main load bearing structure
(MLBS) energy can be lost by internal material damping and by friction damping in the joints
between structural elements. The amount of energy that will be lost depends on the material, the
the type of main load bearing structure and the type of connections between the structural
elements. Secondly, energy can be dissipated in non structural elements (NSE) such as the facade
and the separation walls. The amount of damping will probably depend on the amount of non
structural elements, the used material and weight of the elements and the type of connection
between the NSE and MLBS.

Energy can also be dissipated through aerodynamic damping because of the viscosity of air. However
the aerodynamic damping is small in comparison with the total damping and therefore will be
neglected for high-rise buildings.

Because of soil structure interaction, energy will be lost through internal deformation of the
construction material in the foundation and the soil in the activated ground volume. Energy will also
be lost because of radiation of waves to the underground (rocking). The type of foundation and the
material of the foundation and ground volume will influence the amount of energy lost through
internal deformation. The amount of energy lost because of rocking depends on the rocking ratio of
the and the ratio between the mass density of the structure and the underground. The significance
of this source of damping is not clear, therefore, this aspect needs further investigation.

With active and passive damping systems, additional damping can be achieved. Because artificial
damping needs to be engineered, it can be assumed that the amount of extra energy dissipation is
known. Therefore these systems diminish the uncertainty around the naturally present damping
(the uncertainty becomes relative smaller when the damping is artificially increased). Because
artificial damping systems haven’t been observed in the buildings that will be discussed in the next
section and because this type of damping isn’t a source of uncertainty, this doesn’t need to be taken
into account.
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5. Case studies

The former four sections contain the results of the literature study. It can be expected that the new
generation for high-rise buildings will become higher and lighter. The comfort criterion concerning
acceleration, will become more governing for these buildings. Damping has the most influence on
the maximum acceleration while it is the most uncertain factor in comparison with the mass and
stiffness of the building.

Estimations of damping according to the Eurocode are based on used building material and lead to
large uncertainty around damping. Predictors based on the Japanese damping database are
available. These predictors take into account the used material and also the influence of height (or
equivalent the influence of natural frequency) and the amplitude dependency, but still these
predictors show a lot of scatter in comparison with the actual values of damping.

The scatter around the predicted damping values is probably caused by the influence of the
structural characteristics of the structure. This influence has not yet been taken into account in a
method or formula to predict the damping.

Therefore, the influence of the structural characteristics will be investigated. This will be done based
on, what shall be called, the Dutch damping database. This database contains the damping ratios of
11 Dutch buildings (obtained from TNO). Information about structural characteristics concerning the
main load bearing structure, the foundation and the non structural elements have been gathered
from drawings, design calculations, building visit and by interviews of the structural engineers. An
extensive description of the studied buildings can be found in appendix N.

The first section will explain which structural characteristics have been taken into account, Table 10
and Table 11 will give an overview of these characteristics. In the second section the influence of the
structural characteristics will be investigated on the basis of the information in the overview table.

The last section contains conclusions based on this investigation. The obtained results will be
discussed.

5.1. Structural characteristics

In the next subsections it will be explained what characteristics have been taken into account for the
main load bearing structure, the non-structural elements and the foundation and why they have
been taken into account. The results can be viewed in Table 10 and Table 11.

5.1.1. Main load bearing structure (MLBS)

In §4.5.1 it has been explained that the damping in the MLBS depends on the used material of the
MLBS, the structural system of the MLBS and the connections between the different structural
elements. The different materials of the MLBS have been described and the types of structural
system have been classified according to the different systems: rigid frames, shear walls/core,
braced frames or tube (see §2.3).

The classification for connections has been based on the possibility of relative movement of
elements, since it is likely that more energy will be lost due to friction as more relative movement
occurs.

4/11/2012



Investigation of damping in high-rise buildings

For steel; welded and bolted connections have been distinguished. Bolted connections allow some
relative movement of elements and will likely cause more damping. In all studied steel buildings it
has been found that the connections have been bolted.

Concrete main load bearing structures have either been cast in-situ or have been built with prefab
elements. Prefab elements can be connected with dry or wet connections. Dry connections will allow
some relative movement of the elements and will allow more energy to be lost due to friction
damping. In a structure made out of prefab elements that have been connected with wet
connections and in a cast in-situ structure, it is assumed that no relative movement is possible
between elements of the main load bearing structure. The connection in a cast in-situ MLBS and a
MLBS made out of prefab elements with wet connections have both been classified to have
monolithic connections.

Some MLBS of the studied buildings have been made out of prefab elements. In all buildings, the
prefab elements have been jointed with anchors and sleeves that have been grouted, thus have
been classified as monolithic. Even the CD20 system (see appendix N about ‘s-Graventower) that has
dry pin and hole connections between the prefab elements, has been classified as monolithic since
concrete has been poured in the connections.

5.1.2. Non-structural elements (NSE)
It has been concluded that two types of non-structural elements might influence the damping:
separation walls and the fagade. The mechanisms behind damping from these sources of damping
have been explained in §4.5.2. Energy can be lost because of internal material damping and because
of friction forces between different elements.

Separation walls
The amount of separation walls is indicated in the table because more separation walls will probably
cause more damping. The amount of internal material damping depends on the used material which
has been indicated in the table. The magnitude of the developed friction force, depend on the type
of connection. Because of the lack of information on the type of connection and the material of the
walls, this has not been presented in the table.

Facade
The type of energy dissipation is related to the construction of the facade. Three types of facades
have been distinguished: separate facade elements, traditional cavity wall and framed facade. The
damping mechanism per type can be different and have been explained. (see Table 7, §4.5.2).

Because the internal damping depends on the material of the facade, the material has been
indicated in the table. Frictional forces can develop at the interface between the facade elements
and at the loose connection between facade element and MLBS. Because the magnitude of the
friction force depends on the weight of the elements, this has been indicated in the table as well.
What damping mechanisms are active, depends on the type of the connection between the
elements (as has been explained in §4.5.2). Exact information about the connection has not been
obtained, this hasn’t been taken into account.
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5.1.3. Foundation
It has been explained (see §4.5.4) that energy will be lost because of internal material damping in
the subsoil structure and the ground volume and because of radiation of energy to the soil below.

Internal damping in the foundation
As for the internal material damping of the MLBS, the internal damping of the foundation will
depend on the applied material, the type of structure and the type of connection.

In every foundation, concrete has been applied in the subsoil structure and the connections are
monolithic. Because there is no difference between the buildings, it wasn’t relevant to investigate
the influence of the material and the connections in the foundation.

Three major types of foundation can be distinguished at the buildings and have been indicated in the
table: a basement, a plate foundation or beam foundation. The type of foundation influences the
way forces are transferred to the subsoil and it is interesting to investigate if there is a clear
influence of the foundation type on the amount of damping.

Figure 72 — types of foundation from left to right: basement, plate foundation and beam foundation

The activated ground volume of the buildings can contain different types of ground, which can
influence the damping. There are indications of the internal material damping of different types of
ground, but only a range for the damping ratio (see Table 9) is given because of the uncertainty
around the ground properties. Because next to this, the exact build up of the ground layers for a lot
of buildings is unknown, the influence of this property can’t be investigated and hasn’t been
mentioned in the table.

Table 9 - damping ratio of three types of ground [Spijkers, et al., 2005, p. 180]
Material damping
Material {=c/ckr (%)
Dry Sand 1-3
Sand-gravel 3-7
Clay 2-5

If more ground is activated under a wind load, the total damping from ground will also be larger.
One can easily imagine that a larger ground volume is activated at larger pile lengths and larger
width of the foundation. These dimensions have been indicated in the table.
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Rocking
By neglecting the ground next to the foundation, the energy dissipated to the soil below can be
considered with the equations (Figure 68) given for rocking. The amount of damping depends on the
Rocking Ratio and the ratio between the mass of the structure and the underground.

The total height of the structure on the half space is a summation of the building height, the depth
of foundation below surface level and the length of the piles: h,=h+h¢+h,. The depth of the
foundation is d;. The ratio h,/d; is called the Rocking Ratio and has been presented in the overview
table. Again because of the lack of information about the soil characteristics, only the density of the
structure has been indicated in the table.

5.1.4. Other

The height of the building, the width of the building at its base and the slenderness in de considered
direction, have been described in the table. The effective depth has also been described, from this
the effective slenderness has been calculated (see also §2.1).

If possible, the mass and stiffness of the building have been derived from drawings, calculations or
reports of measurements. The values of the parameters can be used as input for the dynamic model
in chapter 6.

The first natural frequency and the corresponding damping ratio that have been measured for the
considered direction have also been gathered in the table.

5.1.5. Overview table with structural characteristics

Table 10 shows the results for the x-direction (the weak direction) and Table 11 for the y-direction
(the strong direction). The top part of the table contains characteristics that have been described
qualitative and the bottom part contains characteristics that have been described quantitative.
Because Montevideo and La Fenétre both have changing structural systems and facades over height,
different parts of the building have been described. The characteristics of Mexx, HBG and CIG
haven’t been described for the y-direction, because the natural frequency and damping ratio haven’t
been measured for this direction.
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Table 10 — structural characteristics derived from case studies, for x-direction

X-direction Montevideo N EMC O EMC EWI Kennedy Winston Churchill La Fenétre Mexx ‘s-Graventower HBG building CIG
part| top bottom top middle bottom
‘main load bearing structure
material steel concrete concrete (prefab) concrete (in-situ) concrete (in-situ) steel concrete (in-situ) steel concrete (in-situ)+steel concrete (in-situ) steel concrete (prefab) concrete (in-situ+ prefab) steel
3 structural system|  tube with mega brace core/coupled shear walls tube shear walls shear walls braced frames core braced frames core+diagonal stiff box, shear walls rigid frames core shear walls braced & rigid frames
s connections welded monolithic monolithic monolithic monolithic bolted monolithic bolted monolithic monolithic bolted monolithic monolithic bolted
q:) non-structural elements|
g function of the building| residential residential office office/laboratoria office office office residential transport storage office office office office
E, amount of non load bearing seperation walls| many none none many many few few many none none few many many ?
:’ type of facade| 1 2 - 1 - 1 3 1 - 3 1 2and3 2 2
©
;3; facade weigth| moderate heavy moderate light - heavy light light - light heavy heavy/lightweight heavy heavy
2 facade material masonry/concrete lime stone, masonry stony sandwich / aluminum - aluminum +glass aluminum + glass wood + glass aluminum + glass concrete en::lvtc/raellen:'l:udm concrete and aluminum lime stone + masonry/steel
s it/aluminu
° : on and attached to
o connection of facade attached to frame on floors, between walls attached to tube attached to frame - attached to frame attached to floor attached to frame - attached to walls attached to frame on the floor on floors, between columns
,é columns/attached to MLBS
8 contribution to stiffness low moderate low low - low low low - low low high/low high high
= Foundation|
3
o underground structure dilatated basement plate foundation plate foundation dilatated basement dilatated basement basement + thick beam foundation basement beam foundation beam foundation basement/plate foundation ?
depth below surface level, h_f (m) 11 3,5 3 6 9 4 3 2 0,6 3 ?
length of foundation piles, h_p (m) 17,5 18,5 15,5 12 17,5 16 15 18 24 17,5 ?
depth of foundation, d_f (m) 34 24 38 19 23 2 25 28 2 16 ?
rocking ratio, h_2/d_f (-) 53 59 3,4 57 48 4,5 3,5 2,6 2,8 3,4 ?
structural mass density, p_s (kg/ma) 368 373 262 350 147 227 215 156 236 ? ?
Dimensions|
h(m) 150 120 112 90 83 80 70 52 37 34 23
6 9 depth, d (m) 27,6 20 32 17,7 14,4 2 12 15 2 14 12,6
S ﬁ slenderness h/d (-) 54 6,0 3,5 51 5,8 3,6 5,8 3,5 1,7 2,4 18
S effective depth, d_eff (m) 27,6 20 9 17,7 14,4 7,2 12 15 7,2 7 4
= % effective slenderness h/d_eff (-) 54 6,0 12,4 5,1 5,8 11,1 5,8 35 5,1 4,9 5,8
s}
2 g Model input Parameters|
E 5 PA (-10% kg/m) 213 430 795 467 176 250 290 349 114
27 €l (-10" Nm’) 27,9 25 45 13 4,9 2 0,12 0,11
i
] g kg (-10" Nm/rad) 18 15 3,9 2,1 08 13 0,07 0,02
*g 3 kr(-10° N/m) 1,0 1 1 1
2% Measurements
f, (Hz) 0,42 0,54 0,48 0,44 0,45 0,55 0,62 0,6 1,6 1,3 21
G1(%) 1 16 2,1 1,5 18 1,7 15 3,1 2,2 2,6 2,8
Table 11 — structural characteristics derived from case studies, for y-direction
Y-direction Montevideo N EMC O EMC EWI Kennedy Winston Churchill La Fenétre Mexx ‘s-Graventower HBG building CIG
part] top bottom top middle bottom
main load bearing structure|
material steel concrete concrete concrete concrete steel concrete steel concrete+steel concrete concrete
[4] structural system|  tube with mega brace core/coupled shear walls tube (prefab) rigid frames core (I-shaped) braced frames + outrigger core braced frames core+diagonal stiff box, shear walls core (prefab)
§ connections| welded monolithic monolithic monolithic monolithic bolted monolithic bolted monolithic monolithic monolithic
o non-structural elements|
] function of the building| residential residential office office/laboratoria office office office residential transport storage office
g amount of non load bearing seperation walls many none none many many few few many none none many
5 type of facade 1 2 - 1 2and3 1 3 1 - 3 2and3
= facade weight| moderate heavy moderate light moderate / lightweight heavy light light light heavy/lightweight
5 te and
3 facade material stony masonry stony sandwich / aluminum wood /steel +glass aluminium +glass aluminum +glass wood +glass aluminum +glass concrete an
g emalit/aluminum
s build on floor between
5 on and attached to
connection of facade attached to frame attached to walls attached to tube attached to frame columns / attached to attached to frame attached to floor attached to frame - attached to walls
% columns/attached to MLBS
2 floors
ﬁ contribution to stiffness| low 2 none low moderate low low low - low high/low
= Foundation|
g_ underground structure dilatated basement plate foundation plate foundation dilatated basement dilatated basement basement + thick beam foundation basement beam foundation
depth below surface level, h_f (m) 11 35 3 6 9 4 3 0,6
length of foundation piles, h_p (m) 17,5 18,5 15,5 12 17,5 16 15 24
depth of foundation, d_f (m) 33 48 80 80 52 50 54 80 22
rocking ratio, h_2/d_f (-) 5,4 3,0 1,6 1,4 2,1 2,0 16 2,8
structural mass density, p_s (kg/m?) 368 373 262 350 147 227 215 156 236
Dimensions|
h(m) 150 120 112 90 83 80 70 37
‘5 3 depth, d (m) 24 a4 80 82,6 36 51 60 22
5 = slenderness h/d (-) 6,3 2,7 1,4 1,1 2,3 1,6 1,2 1,7
'g_ K= effective depth, d_eff (m) 24 44 80 16 21,6 21,6 60 7,2
= % effective slenderness h/d_eff (-) 6,3 2,7 1,4 56 3,8 3,7 1,2 5,1
s}
2 g Model input Parameters|
'S 5 PA (-10° kg/m) 413 430 795 267 176 250 290 114
Z El (-102 Nm?) 39 68 170 27 45 no information available 0,11
4
ol 2 ke (-10' Nm/rad) 2,6 58 39 39 32 7.9 0,02
€3 kr (-10"° N/m) 05 05 05 05
2 i Measurements
1 (Hz) 0,5 0,68 0,5 0,68 0,72 0,79 0,7 1,6
G1(%) 1,1 2 3,6 2,2 2 1,4 2,4 1,8




m Investigation of damping in high-rise buildings

Table 12 — structural characteristics of the buildings and their classification
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x Montevideo 2 heavy masonry few basement 53 368|shear walls (coupled) monolithic concrete (in-situ)/steel 150 5,4 1,0 1,6
X La Fenetre 1 light wood+glass few basement 3,5 215]braced frames monolithic steel/concrete(in-situ) 70 5,8 1,5 1,5]
y Montevideo 2 heavy masonry few basement 54 368|shear walls (coupled) monolithic concrete (in-situ)/steel 150 6,3 1,1 1,5]
y La Fenetre 1 light wood+glass few basement 1,6 215]braced frames monolithic steel/concrete(in-situ) 70 1,2 2,4 2,6
x O EMC 1 light sandwich many plate 3,4 262|shear walls monolithic concrete (in-situ+prefab) | 112 3,5 2,1
X EWI - - - many basement 57 350]shear walls monolithic concrete (in-situ) 90 5,1 1,5
X Winston Churchill 3 light aluminum+glass few basement 4,5 227|shear walls (core) monolithic concrete (in-situ) 80 3,6 1,7
X ‘s-graventower 2 heavy concrete many beam 2,8 236|shear walls monolithic concrete (prefab) 37 1,7 2,2
X HBG building 2 heavy concrete many basement/plate 3,4 shear walls (coupled) monolithic concrete (in-situ+prefab) 34 2,4 2,6
y O EMC 1 light sandwich many plate 1,6 262|rigid frames monolithic concrete (in-situ+prefab) | 112 1,4 3,6
y EWI 2 light wood+glass many basement 1,4 350]shear walls monolithic concrete (in-situ) 90 1,1 2,2
y Winston Churchill 3 light aluminum+glass few basement/beam 2 227|shear walls (core) monolithic concrete (in-situ) 80 1,6 1,4
y ‘s-graventower 2 heavy concrete many beam 2,8 236|shear walls monolithic concrete (prefab) 37 1,7 1,8
x NEMC - light stony normal plate 5,9 373|tube monolithic concrete (prefab) 120 6,0 1,6
y NEMC - light stony normal plate 3 373|tube monolithic concrete (prefab) 120 2,7 2,0
x Kennedy 1 heavy aluminum-+glass few basement 5,8 147|braced frames bolted steel 83 58 1,8
X Mexx 1 heavy concrete few beam 2,6 156]rigid frames bolted steel 52 3,5 3,1
x CIG 2 heavy masonry rigid and braced frame bolted steel 23 1,8 2,8
y Kennedy 1 heavy aluminum and glass [few basement 2,1 147)braced frame + outrigger bolted steel 83 2,3 2,0
p=| 1,03]
low class| o=| 0,27
normal class| min 0,6
high class max 1,7

Table 13 — left: method with points to classify buildings based on their structural characteristics. Right: predicted damping on the basis of Lagomarsino’s and AlJ2000’s formula
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X Montevideo 0o 0 0 7l o -7 -12] -7 -10 -10 1,04 1,0 e 3 S 3 S 3 3 S 3 S 3
X La Fenetre 0O 0 O -7 0 O 15] -7 30 30| 1,58] 1,1] 0,42, 2,0| 2,0| 0,6 0,6]
y Montevideo 0O 0 0 -7 0 -7 -12] -7 -10 -10 1,00 0,9 0,62 1,0 0,7 0,8 0,5
y La Fenetre 0 0 0 71 o o 15| -7 30 30 2,25 0,9 0,50 18 16l 0.7 0.6
0,70 1,0 0,4 0,9 0,4
0,48 1,8] 0,9 0,7 0,3
x 0 EMC| 0 0 0 71 o o -12] -7 30 30 1,771 0,8 8’:: 13 ig g’: 8’:
X EWI 0 0 0 71 o -7 -12] -7 -10 -10| 1,63 1,1 t d d 4 z
x  Winston Churchill 0 0 O -7 0 -7 -12] -7 -10 -10 1,18] 0,7 1,60 16 0,7 2,2 1,0
x  ‘s-graventower, 0 0 0 71 o o -12] -7 -10 -19 208l 09 1,30 15 0, 18 0,7
X HBG building 0 0 0 71 o o 15] -7 30 30 2,84 1,1 0,50 1,8 0,5 0,7 0,2
y 0 EMC| 0 0 O 71 o o -12] 40 30 30 3,08] 0,9 0,68 15 0,7 1,0 0,4
y EWI 0 0 0 71 o o -12] -7 -10 -10| 2,29 1,0 0,79 1,5 1,0 1,1 0,8
y Winston Churchill 0 0 0 71 o o -12| -7 -10 -10 1,53 1,1 1,60) 1,6 0,9 2,2 1,2
y ‘s-graventower 0O 0 O 77 0 0 -12] -7 -10 -10| 2,08] 1,2] 0,53 1,7 1,1 0,7 0,5]
X NEMC 0O 0 O o o -7 -12} -7 -10 -10f 1,01 0,6 0,66 1,6 0,8| 0,9 0,5
y NEMC| 0 0 o of o o -12 -7 -10 -10| 1,87 09 0.45 11 0.6l 0.6l 0.3l
x Kennedy 0 0 0 7] o -7 15| 40 30 30 2,49 1,4 0.60 10l 03 0.8 0.3
x Mexx 0 0 o0 71 o o 15|l 40 30 30 2,69 09 2'10 1'8 0'6 2'7 1'0
CIG 0 0 0 of o o o] 40 30 30 2,96 1,1 g ! ! g g
X 0,72 1,0 0,5 0,9 0,5
y Kennedy 0 0 0 71 o o 15} 40 30 30 2,86 1,4
negative pointsof aspect] 0 0 O 71 0 7 12] 7 10 10| = 1,00 M= 0,85 o 0,56
positive pointsofaspect] 0 0 0 7l o o 1s] a0 30 30 min] 0,6 min 03 min 0,2
low class max| 1,4 max 2,0 max 1,2
normal class
high class
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5.2. Influence of structural characteristics on damping

In this section, the influence of the structural characteristics that been have described in the former
section and are visible in the overview table will be investigated. First the trend line will be derived
to make a fair comparison between the measured damping ratios. It will be explained why the
damping ratio has been plotted as function of the slenderness to find this trend line. In the following
subsections, the influence of different structural characteristics on the damping ratio will be
investigated by definition of different categories and comparing the damping values with the trend
line. If a category shows significant higher damping ratios in comparison with the trend line, it will be
assumed that the structural characteristics will have a positive effect on the damping ratio. A larger
difference between the damping of a category and the trend line, indicates a stronger relation
between the structural characteristic and the damping.

5.2.1. Trend line

When looking at large database with damping ratios, the damping ratio has been plotted as a
function of the height. This has also been done for the case studies. In the figure below, the results
can be found, together with a fitted power function. A clear downward trend is visible. This trend
has also been observed at other measurements [Satake, et al., 2003].

An explanation for this trend can be given based on amount of non-structural elements in the
structure. “In taller buildings, the primary structure is relatively large, it dominates the elastic
stiffness and the contribution of non-structural components is relatively small.”[R.). Smith, et al.,
2010] Because non structural components increase the damping of the building, the total damping
will be lower if their relative contribution is smaller.
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Figure 73 — plot of the damping as function of the height

If available, both x- and y-direction have been plotted for a building. As a result, different damping
ratios are present at the same height for the same building. Change of building characteristics in x
and y direction can be an explanation for this difference.

The major difference between the weak and strong direction is the slenderness of the building.
The depth of a building at its base is an important influence parameter for the damping ratio [Jeary,
1997b, p. 173]. The maximum stresses caused by horizontal wind loads occur at the base. At larger
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displacements caused by increased wind loading, the increase of stresses at the bottom is the
largest. If the base dimensions are larger, more material will be activated in resisting the increased
stresses. When more material is activated, it can also be expected that the increase of energy
dissipation through internal material damping increases more, leading to higher damping ratios.
Because the base dimension can have influence on the damping ratio, the damping ratio is studied
as a function of the slenderness (see figure below).

Dampingratio as function of slenderness
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Figure 74 — plot of the damping as function of slenderness

Again a clear downward trend is visible at increasing aspect ratios, which is in line with the
expectation that damping is larger at larger base dimensions and smaller at increasing heights.

The fitted trend line as function of the slenderness shows less scatter (a larger value of R means less
scatter, which is a better fit). This does however not necessarily mean that the trend line is better,
because when the points that deviate the most in both graphs are neglected, the fitted lines will
show about equal scatter.

But because the damping ratio for a building is different for the weak and strong direction with
different slenderness values and because the depth of a building at its base is an important influence
parameter for the damping ratio, it has been decided that the trend line as function of the
slenderness will be used.

The trend line makes it possible to give a fair comparison between the different buildings, because
the general downward trend at increasing slenderness has been taken into account. Deviations to
the trend line will probably be caused by a combination of different structural characteristics. The
influence of structural characteristics on the damping ratio and how large the influence is, will be
investigated by distinguish different categories and comparing the results with the trend line.

R.L.J. van den Berg
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5.2.2. Material

The buildings have been divided into steel and concrete buildings. Montevideo and La Fenétre both
have concrete and steel in their main load bearing structure. Because the largest deformation in
Montevideo occurs in the concrete part, this building has been categorized as concrete, for the same
reason la Fenétre has been categorized as a steel building. The result can be found in the figure
below.
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Figure 75- plot of the damping ratio against the slenderness for different materials/connections of the MLBS

From the plot it can be observed that (in comparison with the trend) the damping in steel buildings is
higher than for concrete buildings. On average, the damping ratio for steel buildings is about 30%
higher than the trend and for concrete buildings about 10% lower. Because the internal material
damping of concrete is higher than steel, this results shows that the structural damping can’t only be
based on the internal material damping. It is clear that also other factors influence the structural
damping.

5.2.3. Connection
Two major types of connections in the main load bearing structure have been distinguished:

* monolithic/welded connections: very few relative movement of elements is possible
* dry/bolted connections: allow some relative movement because of slip in the connection

Because all steel buildings have bolted connections, and the concrete buildings have
monolithic/welded connections, the same pattern as for material can be found (Figure 75). The
higher damping ratio of the steel buildings is probably caused by the bolted connections. It can also
be observed that in general concrete structures where prefab elements have been used show higher
damping than structures made out of in-situ concrete.

5.2.4. Structural system
At the considered direction of vibration, four systems with different structural behaviour, have been
distinguished: rigid frame system, core/shear wall systems, braced frame system and tube systems.

The results have been plotted in Figure 76. It can be observed the three buildings with the highest
damping ratios are buildings with rigid frames. From this it can be concluded that that rigid frames
will probably lead to higher damping ratios. This is also in line with conclusions from literature study
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[Kijewski-Correa & Pirnia, 2007] in which it has been concluded that a larger damping ratios can be
observed in modes of vibration with significant ‘frame action’ in comparison with ‘cantilever/axial
shortening action’. It can also be observed that structural systems with ‘cantilever/axial shortening
action’ show lower damping values.
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Figure 76 - plot of the damping ratio against the slenderness for different structural systems

On average, the damping ratio for buildings with rigid frames is about 40% higher than the trend and
for buildings with cantilever/axial shortening action the damping ratios are about 7% lower.

5.2.5. Amount of separation walls

The influence of the amount of separation walls have been analyzed by assuming three categories.
CIG has been left out of this analysis, because no information about the separation walls has been
obtained. The NEW EMC has an own category because very few separation walls were present at the
time of measurement. But because prefab floors have been simply supported by the tube and the
central core inside, some relative movement between these elements can occur. It can be expected
that this mechanism will generate some loss of energy because of friction forces.
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Figure 77 — plot of the damping ratio against the slenderness for different amounts of separation walls
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From the figure it can be observed that the buildings with many separation walls have some more
damping than buildings with few separation walls. The damping of the New EMC corresponds with
the trend line.

On average, the damping ratio for buildings with many separation walls is about 7% higher than the
trend and for buildings with few separation walls about 7% lower.

5.2.6. Facade
Three types of fagades have been distinguished:

e Type 1: separate facade elements.
e Type 2: traditional cavity wall.
¢ Type 3: frames facade.

The facade of the New Ersamus Medical Centre and EWI in x-direction have been categorized as load
bearing, because part of the facade is part of the MLBS. For these two cases the facade leads to less
extra energy dissipation because the internal material damping of these parts have already been
taken into account by considering the material of the MLBS.
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Figure 78 — plot of the damping ratio against the slenderness for different types of facades

The observed trend lines are doubtful. In general it seems that buildings with facades of type 1 show
higher damping ratios, buildings with type 2 show lower damping values. However, the positive
influence of type 1 on the damping is doubtful because the higher line is mainly caused by building a
and b. It has been analyzed that the higher damping ratio of building a and b is most probably
influenced by the ‘frame action’ of the MLBS. If these points are neglected, no clear positive effect of
type 1 will be observed.

The negative influence of type 2 is also doubtful, because it mainly depends on the low damping
values of building ¢ and d. Actually there are too few data points at larger slenderness too really
speak about a trend line.

Buildings with facades of type 3 seems to show lower damping ratios, but this conclusion isn’t well
founded because it is only based on two results. Buildings categorized as load bearing show damping
values corresponding to the trend line.
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The weight and material of the facade can also be of importance. The results have also been plotted
in graphs in order to investigate if there is a clear relation between the damping ratio and these two
characteristics.
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Figure 79 — plot of the damping ratio against the slenderness for different classes of weight of the facade

No clear relation between the weight of the facade and the damping ratio can be observed.
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Figure 80 — plot of the damping ratio against the slenderness for different weight of the facade

The influence of the material of the facade has also been analyzed. Many different materials are
present, no clear relation can be observed. The facades have also been classified as fagades with a
lot of glass and fagades with a lot of stony material. However, this classification also didn’t result in a
clear relation.

5.2.7. Foundation

Three major types of foundation have been distinguished and the results for these types have been
plotted in Figure 81. No information about the foundation of CIG was available, therefore this
building has been left out of this serie.

e Basement: one large box below the building with a field of piles below
¢ Plate foundation: one large plate below the building with a field of piles below

R.L.J. van den Berg
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¢ Beam foundation: separate foundation blocks below the building, connected by beams.
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Figure 81 — plot of the damping ratio as a function of the slenderness for different types of foundation

From the graph it can be observed that buildings with basements in general show a bit lower
damping. Buildings with plate foundations in general show higher damping. However, the fitted line
for plate foundations is influenced to a large extend by building a. Probably the high damping of
building a is caused by the considerable ‘frame action’ in the structural system. If we neglect the
result of building a, the green line will come very close to the trend line. In that case there is no
strong relation between the type of foundation and the damping ratio.

Because the influence of the type of foundation hasn’t also been observed in any former
investigation, it will be concluded that no clear relation between the type of foundation and the
damping ratio has been found.

The damping ratio’s for different values of the rocking ratio have been plotted in the following
figure. Because no information about the foundation of CIG was available, the buildings have been
left out of this serie.
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Figure 82 — plot of the damping ratio’s as a function of the slenderness for different values of the rocking ratio
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In comparison with the trend line it can be observed that buildings with a high rocking ratio show a
bit less damping (about 7% less). For low rocking ratios, no useful relation can be observed.

It is striking that the higher rocking ratios can be observed at the highest slenderness. Actually this is
very logic, because as the slenderness of the building above surface level is larger, the rocking ratio
will be larger as well. On the basis of the formula presented in §5.1.3 smaller damping ratios can be
expected. This is clearly visible in the graph.

The influence of rocking ratio is also a good explanation for the downward trend of the damping
ratio with increasing slenderness of the building. It does not explain the deviations to this general
trendline, because the slenderness of the building above surface level corresponds well with the
rocking ratio.

Concerning the mass density of the structures, two categories have been distinguished and the
result can be found in the following figure. The mass density of the CIG building and the HBG
building hasn’t been taken into account because it hasn’t been determined.
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Figure 83 — plot of the damping ratio’s as a function of the slenderness for two categories of structural density

It can be observed that higher structural density leads to lower damping and vice versa. This is in line
with the formula for rocking presented in §4.5.45.1.3. Even when building a en b will be neglected
because their higher damping ratio is probably caused by the influence of considerable ‘frame
action’, the relation will still be clear. From this it will be concluded that the mass density of the
structure will influence the damping. On average, the damping ratio for buildings with low mass
density is about 15% higher than the trend and for buildings with high mass density this is about 12%
lower.
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5.3. Conclusions
Based on the actual damping ratio in relation with the trend line, three classes have been defined.

The classes represent buildings with a low, normal and high damping ratio. The classes have been
illustrated in the following figure.
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Figure 84 — damping ratio as function of the aspect ratio: low, normal and high classes and their trendlines.

If a building can be classified on the basis of structural characteristics, the damping ratio can be
estimated with a formula corresponding with the class. Since the fitted lines for the classes show less
scatter than the trend line of all buildings, a more accurate estimate of the damping can be made. In
Table 12 the characteristics of buildings, per class can be checked.

High class
The buildings with the relative highest damping ratios (with respect to the trend) are (in order of
decreasing damping ratio):

e Mexx building (x-direction)
e Old EMC tower (y-direction)
e HBG building (x-direction)

¢ CIG building (x-direction)

Structural characteristics corresponding to relative high damping ratios:

e MLBS: Buildings with a steel MLBS with bolted connections and buildings with a concrete MLBS
in which cast in-situ stabilizing elements have been combined with prefab elements. Buildings
with rigid frames.

¢ NSE: many separation walls

¢ Foundation: low rocking ratios (<3,5) and low structural mass density

Low class

The buildings with the relative lowest damping ratios (with respect to the trend) are (in order of
increasing damping ratio):
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¢ Winston Churchill (y-direction)
¢ Montevideo (x-direction)

e Montevideo (y-direction)

e ‘s-Graventower (y-direction)

Structural characteristics corresponding to relative low damping ratios:

e MLBS: cast in-situ, monolithic concrete, core/shear walls (coupled)
e NSE: few separation walls.
e Foundation: high rocking ratio (=3,5) and high structural mass density

General
The influence of structural characteristics corresponding to the main load bearing structure, the non-
structural elements and the foundation has been investigated.

The influence of the main load bearing structure was very clear. Steel buildings with rigid or braced
frames are mostly combined with bolted connections and show significantly more damping. Also in
concrete buildings where rigid frames have been applied and in which the connections between
(part) of the elements allow some relative movement, more damping is observed (this has been
observed in buildings were a stabilizing in-situ core has been combined with prefabricated
elements).

The influence of the non-structural elements and the foundation was less clear. No clear influence of
the type, the material and the weight of the facade has been discovered.

The rocking ratio does not explain the deviations to the trendline. The influence of rocking ratio is
however a good explanation for the downward trend of the damping ratio with increasing
slenderness of the building. The mass density of the structure seems to have a significant influence
on the damping. Higher damping ratios have been observed at low mass density and lower damping
ratios at higher mass density of the structure.

Classification method
Based on the observed influences of diverse structural characteristics, a system with points has been
used to classify the diverse buildings. An overview of the classification based on structural
characteristics can be found in Table 13 . Depending if a positive/negative effect and a strong/weak
influence on the damping ratio has been observed, positive and negative points have been given for
the structural characteristics. If no clear influence has been observed or no information was
available, zero points have been given.

The points and boundary values have been defined such that the predicted high, normal and low
classes corresponds as best as possible with the most ideal classification based on the actual
damping. Still 5 out of 19 predictions are not equal to the measurements. The result can be found in
the following graph. In this graph the colors indicate the predicted classification based on the
structural characteristics and the corresponding fitted line. The shape of the markers indicates what
should be the actual classification of the datapoint to get the most ideal classification.
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predicted classification and predicted lines
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Figure 85 — predicted classification and line based on Table 13 in relation to the actual damping values

Based on the observed structural characteristics of the buildings in the relative high and low class, a
simple classification rule has been defined (method called vdBerg). The formula have been based on
the fitted lines of Figure 85 and have been multiplied with 0,96 such that on average the difference
between the measured and predicted damping values is zero. (u=1,0 see Table 13)

Table 14 —rule to classify a building

Main Load bearing Structure Foundation Non Structural Elements |Class |formula
steel structure with bolted braced/rigid frames |low rocking ratio (< 3,5)
low struct. Mass densit: many separation walls high = . 031
(partly) prefabricated structure with rigid frames 3 ¥ v sep g (=3,24 (h/d)
(<225 kg/m”)
other combinations normal|z=2,32-(h/d)%*?
. o high rocking ratio (=3,5)
cast in-situ, monolithic concrete, high struct. Mass densit fow separation walls | -1.76-(h/d)°3!
core/shear walls (coupled) 'gh struct. Mass density P ow ¢=1, ( / )
(=225 kg/m3)

In the following figure, the prediction of Lagomarsino, the prediction based on the Japanese
database (AlJ2000, without amplitude dependent term) and vdBerg can be compared with the actual
damping ratios. W in Table 13 and the following figure show that on average Lagmarsino and AlJ2000
underestimate the damping (15% and 44%) while vdBerg on average has p=1,0
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Figure 86 — predicted lines according to Lagmarsino, AlJ2000 (without amplitude dependency) and vdBerg (Table 13)
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Discussion
The conclusions from the analysis of the case studies have a suggestive character. Basically the
database is too small to really speak about trends. The influence of single characteristics on the
damping is also hard to investigate with this method because higher/lower damping ratios are the
result of a combination of many multiple structural characteristics, different for every building. A
significant higher damping ratio can be caused by one very dominant characteristic or a combination
of multiple small positive influences. Therefore, the conclusions have to used carefully.

There are some combinations that show the variation of only one single characteristic, from which
directly the influence of this characteristic could be observed.

The “s-Graventower has more or less equal properties in both x and y direction because the plan of
the building is square. There is a difference of 0.4% between the damping ratio for y-direction (1.8%)
and the damping ratio for x-direction (2.2%). It would be interesting what has caused this difference.
Looking at the building, the transparent facade on both sides could be the explanation.

The structural characteristics for both directions of Montevideo are the same, there is only a slight
difference in rocking ratio. A lower damping ratio would be expected in y-direction which has a
slightly higher rocking ratio. This is not the case.

The structural characteristics for both directions of NEMC are the same, there is only a difference in
rocking ratio. A lower damping ratio would be expected in x-direction which has a slightly higher
rocking ratio. Now this is the case!

The x and y-direction of the Old EMC can also be compared. All structural characteristics are the
same except for the structural system. It is clear that a higher damping ratio is the consequence of
the rigid frames. This effect has also been observed at other buildings.

It can be concluded that the analysis of the cases has given some insight into possible explanations
about damping differences but the results have to be used carefully. Because of the small amount of
measurements, conclusions are not well based.

The influence of the amplitude has also not been taken into account, because it has not been given
at which amplitude the measured damping ratios have been obtained. Actually the amplitude
dependency should first be filtered out of the obtained damping ratios before investigating the
influence of the structural characteristics.

R.L.J. van den Berg



Mode! IECHENENN

6. Model

The scatter around the predicted damping values is caused by the influence of the structural
characteristics of the structure and the amplitude dependency of damping. The influence of the
structural characteristics on the total damping has been investigated in the former chapter. The
results are not yet very convincing because they have been based on a small database.

Therefore a model has been developed that contains damping in 4 different parts of the building.
The amount of energy dissipation per part can be determined by calibration of the model to the
measured response. This can be done for every building. A better investigation of the influence of
the structural characteristics can be performed with this information, because the influence on a
specific part can be investigated without disturbance of the contribution of damping from other
parts. Eventually the damping per part can be linked to the structural characteristics of a building
such that the model can be used as a designtool. This model can be used to optimize the design of a
building by prediction of damping based on the damping of 4 parts.

In this chapter the developed model of a high-rise building that will be used in the method, will be
introduced. In the second section, it will be explained how the natural frequencies of the system can
be obtained. The method will be illustrated with the measured time response of the New Erasmus
Medical Center. The natural frequency of the New EMC will be predicted on the basis of the
structural parameters (bending stiffness, mass and rotation and translational stiffness at the base)
that are implemented in the model. The predicted natural frequency turns out to be different than
the measured natural frequency. In the third section it will be explained how this has been taken
into account.

6.1. Justification of the model

It is wished to develop a model of a high-rise building that contains the most important structural
characteristics that can influence the natural frequencies and damping. Therefore, a simplified
representation of a building has been developed in which the structural characteristics have been
represented by simple parameters. The figure below shows the model and its parameters.
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Figure 87 — dynamic model of a high-rise building
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6.1.1. Main load bearing structure - Euler Bernoulli beam

A high-rise building has been represented by an Euler Bernoulli beam. In this beam, the deformation
is only caused by bending, shear deformation is neglected. In general, both deformations should be
taken into account, but for slender beams, the shear deformation is small compared to the bending
deformation [Blaauwendraad, 2006, p. 45]. The theory of bending is only valid for small
deformations. Since high-rise buildings are slender (larger than 1:5) and the deformations compared
to the dimensions of the building are small, an Euler Bernoulli beam is a good approximation for a
high-rise building.

According to the theory for an Euler Bernoulli beam, the bending moment and the curvature are
related by [Metrikine, , §3.2.5.]:
0°u
M =-El — (6.1)
0z

In this relation, the stresses (o) in the material have been assumed to be linearly dependent on
strain (g) according to Hooke’s law. The Elastic Bending Stiffness, El, only takes into account the
stiffness of the main load bearing structure of the building.

6.1.2. Internal material damping - Kelvin Voigt model
Material shows internal damping that can be represented by a viscous damping model (§4.1.1 and

§4.1.2). This damping has been modeled by adding an extra term, E*%, to the Elasticity Modulus, E.

2
M:-(E+E*%j|% (6.2)
Y4

By adding this term, the stresses in a material have now been modeled according to the Kelvin Voigt
model. In this model the modulus of elasticity depends on the speed of loading and unloading. This
property causes a hysteresis loop. The area under the hysteresis loop is a measure for the energy
lost during one cycle of loading. [Spijkers, et al., 2005, §5.2]

Hooke's law Kelvin voigt model
E+r 2
| ar
E —
- E r ITL ff/
E E
&f’

figure 88 —relation between the stress and deformation during loading and unloading.
Left: according to Hooke’s law, right: the Kelvin Voigt model.

6.1.3. Foundation - translational and rotational springs and dampers

The foundation of building can rotate and translate under the horizontal load. The elastic rotation
stiffness of the piles and sub soil has been modeled with a rotational spring (k). The elastic reaction
of the subsoil against the underground structure in horizontal direction has been represented by the
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translational spring (kr). Energy will be lost during loading and unloading of the soil. This internal
damping of the subsoil has been modeled by a translational (cy) and rotational (cg) viscous damper.

6.1.4. Non structural elements - distributed dampers

The non structural elements of a building will move relative to each other or relative to the main
load bearing structure. Energy will be lost due to friction at the interfaces. This damping has been
modeled by the distributed dampers (cq) across the whole length of the beam.

6.2. The free vibration

If no load is acting on the beam, the beam will only move if an initial displacement or velocity is
given to the beam. When the beam is released, it will vibrate according to its natural frequencies.
For low modal damping ratios ({<0,10, valid for high-rise buildings), the natural frequency and mode
shapes can be found by setting all damping mechanisms to zero. The most important steps to obtain
the natural frequency and mode shapes are described in the following subsections. (An extensive
description can be found in F.4.1-F.4.3.)

6.2.1. Procedure to obtain the natural frequencies and mode shapes
By setting the damping mechanisms to zero, the following equation of motion has been derived:
0°u 0°u
A—+El—=0 (6.3)
PR o 0z*

By setting the damping mechanisms to zero, the boundary conditions become:

At the bottom, z=0

o’u|

—| =k

62 z=0
d°u

_El I
0z°

Ju

El —
R 9z

(6.4)

z=0

=ku(0,t) (6.5)

z=0

At the top, z=H

0°u

d°u

The solution u(z,t) has been assumed as the multiplication of an unknown coordinate related
function, U(z) and an unknown time related function, ys(t).

u(zt)=U(z)W(t) (6.8)

With the method of separation of variables, a time and coordinate relation differential equation has
been obtained. The general solutions for the time and coordinate part have been derived:

Y(t) = Asin(at) + B coqawt) (6.9)
U(z) =C cosH{ B2) +C, sinfyBz) +C, cdsBz)+C, s{Bz) (6.10)
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With constants A en B depending on the initial conditions and C;-C, depending on the boundary
conditions. By substitution of the general solutions into the boundary conditions a set of 4 algebraic
equations has be derived. In matrix notation:

AC=0 (6.11)
_ . ) k]
! " E El gl 8
Elﬁz kT B kT -B C2 = 0
coshBH)  sin{BH) - cofBH) - sifBH) C3 0 (6.12)
| Bsinh(BH) Bcos{pH) p sifH) -8 cogBH) |-
. . . PA
in which g T

The constants C;-C, can be found by solving this set of algebraic equations.

To find the non-trivial solution of the set of equations, the determinant of A must be zero. With the
help of computer software an expression of the determinant as a function of w has been defined. By
setting this expression equal to zero, the frequency equation has been obtained. The solution of this
expression gives the natural frequencies of the system.

By substitution of the found natural frequencies in the set of equations, constants C;-C, can be found
for every natural frequency w. Because the natural frequencies have been chosen in such manner
that the determinant is zero, the system is dependent. This means that the constants C, —C, that
need to be found depend on each other. It is needed to assume that C,=1, in order to find the shapes
of the modes.

The total solution of the un-damped free vibration is a summation over all modes. A; and B; depend
on the initial conditions.

u(z,t):gw(z)wi (t)
W (z) =C, cosh(Bz) +C,; sin{Bz)+C, cofBz)+C, siBz)
W, (t) = Asin(ay;t) + B cogayt)

4_:0Aa?1,i2
A= El

(6.13)
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6.2.2. Natural frequencies and mode shapes for the New EMC
The model parameters concerning the mass and stiffness have been derived from the design
calculations of the New EMC (see appendix G):

Table 15 — structural parameters of the New EMC derived from design calculations
pA [kg/m] EI [Nm’] kg[Nm/rad] ks [N/m]

x| 4,30E+05 2,48E+13 1,47E+12 1,00E+10
4,30E+05 6,78E+13 5,81E+12 5,00E+09

With these values, the natural frequencies and C;-C, have been obtained with the procedure
described above (see appendix L.1 for the matlab files) for the first four modes in x-direction.

Table 16 — natural frequencies and constants for the New EMC in x-direction

mode Jw, [rad/s]|c1 Cc2 Cc3 ca
1 1,44 0,93 -0,57 -0,20 1
2 9,24 0,49 -0,51 -0,33 1
3 24,68 0,58 -0,58 0,14 1
4 44,63 1,14 -1,14 1,25 1

By substitution of these natural frequencies and the constants in the total solution, the mode shapes
can be found. The i mode shape vibrates with frequency w1;. The lowest natural frequency is equal
to f,1=1,44/21=0,230 Hz.

1st mode shape 2nd mode shape
25 15
—_ 2
= k=
€ 15 £
£ g
8 8
e 1 =
o [T
0 k=
o5
0 : : : : : : -15 : : : : : ‘
0 20 40 60 80 100 120 o] 20 40 60 80 100 120
height z [m] height z [m]
3rd mode shape 4th mode shape
156 T T T 3 . - -

displacement [-]

0 2|0 4|0 6|0 Sb 160 1é0 o 2|0 4|0 Gb Bb 160 1é0
height z [m] height z [m]

Figure 89 —the shape of the first four modes of vibration
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6.3. Calibration of the mass and stiffness parameters

The first natural frequency predicted by the model depends on the parameters concerning mass and
stiffness derived from the design calculations. However, there will be a difference between these
values and the actual values. Consequently, the predicted natural frequency of the model doesn't
correspond with the measured one. First it will be explained which parameters have been estimated
with the least accuracy and with a sensitivity analyse, the influence of the parameters on the natural
frequency will be investigated. Based on the results of these two investigations, the mass and
stiffness parameters will be adapted to match the predicted and measured natural frequency.

6.3.1. Accuracy of the estimated parameters

The accuracy of the mass can be assumed to be the most accurate because it depends on the
accuracy of the density and volume of the permanently present elements, because at the time of
measurement no variable loads were present (the interior of the building had not been finished). It
can be assumed that both volume and density are known with a little error of about £1%.

The bending stiffness of the building can be assumed to be estimated quite accurately. Its accuracy
depends on the moment of inertia and the E-modulus of concrete. The error of the assumed E-
modulus can be assumed to be very low because calculation has shown that concrete is un-cracked
and most elements have been prefabricated. This results in accurate concrete quality. For the stress
distribution it has been assumed that all prefab elements are connected monolithically. This
assumption enhances some inaccuracy because in reality some shear deformation can occur at the
connections, which can result in about 2-5% less stiffness [Tolsma, 2010, p. 73]. It will be assumed
that the error in the estimated bending stiffness is about 5%.

The stiffness of the foundation piles is based on the local measurements [Salemans & Hartman,
2009]. It has been advised to reduce the measured stiffness by multiplication with a factor
1/1,3=0,77. From this it can be assumed that there is large uncertainty about the stiffness of the
piles. The error on the assumed stiffness will be about £25%.

Furthermore, the accuracy of the assumed translational stiffness is very low, but a sensitivity analysis
will show that the predicted natural frequency is very insensitive to variations of this parameter.
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6.3.2. Sensitivity analysis of the parameters on the first natural frequency
By variation of the mass and stiffness parameters in x-direction around values based on the design
(Table 15), the influence of the parameters on the first natural frequency have been studied.

Influence of parameter (X) on first natural frequency

3 T T T T T
—l
_kR
250 — K
—rhoA
h
2_
=
2 15- -
l._:
= P
1*r/
05 .
0 I I I I 1 ‘ ‘
1 2 3 3 6 7 8 9 10

5
X/XO [-]
Figure 90 — influence of mass, stiffness and height on the predicted natural frequency.
Elo=2,48:10"> Nm’, kg c=1,47-10"” Nm/rad, kr ,=1,00-10"° N/m, pA,=4,30-10° kg/m, hy=121,5 m.

The steepness at X/X0=1,0 has been calculated for all parameters.

Table 17 — steepness of the parameters at X/X0=1
X PA El kR kT h
steepness -0,72 0,46 0,26 0,005 -2,61

Calibration of the parameters to the measurements.
From the sensitivity analysis it can be concluded that the influence of k; is negligible, thus difference
between the predicted and real values can be neglected. The mass has the largest influence but
because its value has been determined with high accuracy, it can be assumed that the difference
between the predicted natural frequency and the measured natural frequency will not be caused by
a different mass. In reality, the bending stiffness and rotation stiffness can be significantly different.
Also the influence is significant.

¢ The measured natural frequency in x-direction is: 0,536 Hz.
¢ The natural frequency derived in the design calculations: 0,23 Hz [Ruijter & Splinter, 2009, p. 75]
e The predicted natural frequency in x-direction is: 1,44/21=0,230 Hz. (see Table 16)

Thus the combination of increasing kg and EI must lead to an increase of 0,536/0,229=2,34 times the
predicted natural frequency. Because the bending stiffness has been determined about 5 times more
accurate than the rotation stiffness, it will be assumed that if the bending stiffness is increased 2
times, the rotation stiffness is increase 10 times. The influence of this combined increase on the
natural frequency can be found in the following figure.
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influence of simultaneous increase of El and kr on first natural frequency (Hz)
T T

£ 48 (ELkr) [-]

0 ! | ! | | ! ! ! !
2 4 6 8 10 12 14 16 18 20

EVEl, [-] (kg=5*(EVEI kg o)

Figure 91 — influence of coupled increase of the bending stiffness and the rotation stiffness.

In order to achieve an 2,34 times larger natural frequency, the bending stiffness has to be at least 4
times larger, which implies that the rotation stiffness has to be 4x5=20 times larger! This is not
realistic. Something else must have caused the difference between the predicted and measured

natural frequency.

Changing schematization
No mistake has been made in the method to predict the natural frequency with our model because

it corresponds to the natural frequency given in the design calculations. But in the design calculation,
the tower has been assumed to stand alone. Actually there is a sliding connection up to a height of
56 m between the tower and the low-rise building.

Figure 92 — overview of the New EMC and connection between tower and low-rise part. [Bam & Ballast_Nedam, 2012]

This could be the explanation for the difference, because when the building is supported over 56 m,
only 65,5 m is left free to move. In Figure 90 it can be found that the natural frequency is about 2,8
times larger as the height of the building is reduced to 65,5/121,5=0,54-h,. However, because there
is a slide connection, the building won’t be fully supported. New spring and/or sliding connectors
have to be taken into account to model this situation. Smooth materials have been applied at the
interfaces to avoid large resistance as the building moves [B. Splinter, 2012]. The friction force that
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has been developed at the interface will probably be too low to actually have supported the building
Still no explanation for the larger natural frequency has been found.

z z
A .0 A - 0
(E**J"”A CETE R

T
|
H=1215m

h=56 m

A 1| e YR
Cr —

3—\/—@1 ke é EACR Yy v U(Z, t)

kr

Figure 93 — schematization with new spring and/or sliding connectors

6.3.3. Conclusion

The method to predict the natural frequency of our model has been presented. Two possible
explanations for the difference between the predicted and measured natural frequency have been
given. But both don’t seem to be realistic. It needs to be investigated if the connection won’t actually
provides some support to the building. Then it can be judged to what extend the connection
influences the natural frequency and if the schematization needs to be adapted. The difference
between the measured natural frequency and the predicted natural frequency of the building will
probably have been caused by a combination of an underestimation of the bending and rotation
stiffness and because the sliding connection will provide some support.

It is not wished to completely adapt the schematization because it is preferred to keep a simple
model that can be applied on multiple buildings. It is also wished to keep the proposed damping
values in the model. Therefore the mass and stiffness parameters will be adapted to fit the natural
frequency. This will make it possible to continue and focus on the aspect of damping. After all, the

purpose of this investigation is to investigate the damping.

The adapted model parameters can be found below. The predicted natural frequency is now equal
to: 3,39/2n=0,540 Hz, which is almost equal to the measured natural frequency (0,536 Hz).

Table 18 — adapted model parameters for the New EMC in x-direction
pA [kg/m] EI [Nm2] kg [Nm/rad] ki [N/m] h[m]
2,30E+05 7,44E+13 4,42E+12 1,00E+11 121,5

Table 19 - predicted natural frequencies and constants for the New EMC in x-direction, adapted model parameters

mode Jw, [rad/s]Jc1 Cc2 €3 c4
1 3,391 0,93 -0,58 -0,90 1
2 19,96} 0,58 -0,60 -0,14 1
3 47,841 1,02 -1,02 1,04 1
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7. Simulated dynamic behaviour

In chapter 6 a model has been presented and it has been explained how appropriate mass and
stiffness parameters can be determined. Unfortunately only the modal damping ratio of the first
mode has been determined from measurements. This is insufficient to find the four unknown
damping parameters (cp, cg, ¢r and E*I). Therefore it is needed to simulate the dynamic behaviour at
the top of the building and compare this with the actual measured displacement in time. This
method will be illustrated with the New EMC case. Since the response is caused by a random wind
load, it is convenient to work with spectra as has been explained in §3.4. The method has been
illustrated in the following figure.

Assumed shape of spectrum and

, shape of load distribution, F
A -
Sgeqe Load spectrum unknown C.(Cr,0v) o []
q(z.t)
Saeqe™ Cw(Cr,0v) x> Fp " Solari
> AZ
) A\
<
s
Transfer function il
IHyropl*t Steady state Cni LS
N B
response of model w H
Vo] i
w
Unknown . — X
> damping 3_[
® parameters: Cr 1
CpCrCT El W‘CR U(Zé)
Predicted spectrum of kr
A .
Swopp the velocity at the top y
//V
/
/
,\/\/ \ Response measurement with
I' > 6 accelerometers
L[ Multiple w l
points to
| calibrate VTopMm
\ 6A0  SPECtrum of the
Swiomt N —'m d time signal i
p! N easured time signal | Fourier t
b Transform

Welch’s
N method measured velocity signal in main direction (to

T W neglect torsion influence, take signal 1x or 1y)

Figure 94 — overview of method to obtain a spectrum of the predicted and measured velocity

In the first section it will be explained how the load spectrum can be obtained. The second section
will describe how the transfer function can be derived from the model presented in chapter 6. From
these two spectra, the spectra of the velocity at the top can be predicted. The points of this spectra
will depend on the unknown damping parameters (cp, cg, ¢r and E*I) and the unknown load factor C,,.
By comparison of the predicted spectrum with the spectrum of the measured time signal, the model
can be calibrated with a least square fit and the unknown parameters can be found.

The method and results of calibration of the load and damping parameters will be presented in the
third section. In the conclusion the results will be discussed.
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7.1. Assumed wind loading spectrum

In the model, the wind load has been represented by a distributed load as function of height and
time. The wind pressure at height z is the summation of the mean and the fluctuating part. The
fluctuating part has been measured around the mean deflection of the building, thus only the
fluctuating wind pressure has to be modeled. The distributed wind load is equal to the wind pressure
multiplied with the width of the building and a shape factor:

pw(z’t):%pairv(z)z-'-pair W(Z)W(Z,t) (71)

d(zt)=BLT, [p,, (2)F(zt) (7.2)

For constant cross section over height, B and C; are assumed to be constant. The mean wind velocity
can be described by a logarithmic wind profile. It can be concluded that at every height, there is a
linear relation between the fluctuating wind velocity and wind load. Therefore the Fourier Transform
of the fluctuating wind load (Sy) and the variance spectrum of the fluctuating wind load (S4,) are
equal to [Vrouwenvelder, 2004, Ch 4]:

S,(z.w)=BIT, [p,, Woln(ziJEa,(z,a)) (7.3)

0

S, (z.w) :{Bm:f p,, ¥, In(%ﬂ S. (z.w) (7.4)

The shape of the Solari wind spectrum (Fp) as given in the Eurocode (see appendix E) has been
adopted for the wind velocity spectrum, the total variance (0,%) is unknown. This spectrum is a
function of the height, but will be assumed constant over height. The shape of the spectrum has
been determined at z=0,6h because this has been prescribed in the Eurocode. Using the shape (Fp)
of the Solari spectrum, the following expression for the load spectrum can be derived:

2\ o2 w
sqq(z,w)z{Bm:f b, ¥, In(ZH %FD(2=0,6h;f :51) (7.5)

On a large surface, the peaks of the wind velocity velocity at different places won’t occur at exactly
the same time. Thus the total wind load on a larger surface shows less variance. Therefore the
spectrum has to be multiplied with the aerodynamic admittance to take this into account.

Sue (20) = X (@) 8y (2.0)
w j (7.6)

S.q (z,a)):)((a))z{BB[If o Woln(iﬂ BU—VZFD(Z:O,6h;f =—
e zZ, w 2T

The expression for the wind loading spectrum at different heights consists out of a constant part
with unknown magnitude, a coordinate related part and a frequency dependent part.

Sua (20)=C, @, (2)[Q, ()

T

w

Hz)((ca)2 FD(Z:O,Gh;f :2“’j (7.7)

Sqeqe (Z’ C()) = |:B m:f |$air BVO BTV}Z Eﬁln (é
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7.2. The steady state response
The steady state response of the system due to the wind load is the solution to the inhomogeneous
equation of motion:

Py CAT AT IS cd%

= 7.8
o - oot a(zt) (7.8)

For which q(z,t) has been defined in the former section (Eq. (7.2)) and the boundary conditions of
the system at z=0 and z=H have been derived (see appendix F.4.2):

(E+E* %)I g%z:o :kR%FO Rgz_;utzzo (7.9)
—(E+E* %)IZ_:;FOZKTU(O’t)+CT?3_ItJFO (7.10)
(E+E OEJIZTUZ:H =0 (7.11)
(E+E OEJIZTEFH =0 (7.12)

7.2.1. Solution in the frequency domain, Fourier Transform

Because next to the convenient distributed damping ¢, the equation contains another damping term
(E*I) and the boundary conditions also contain two additional damping terms (cg and c;) the
equations are coupled and can’t be solved according to the modal analysis. Therefore the equation
of motion and the boundary conditions have been transformed to the frequency domain by making
use of the Fourier Transform (see appendix F.4.4). The equation of motion becomes:

v Z,w AW’ —iax,
U(zw) -BU(z,0) :% in which  3* IOEIJrW (7.13)
And the boundary conditions in the frequency domain become:
(Bl +iwE )" —k, W' —iwc, W' =0  forz= 0 (7.14)
(Bl +iwE 1)@ " +k U (0)+iwc,U (0)=0  forz= C (7.15)
(Bl +iwE'1)W" =0  forz=H (7.16)
(El +iwE )W " =0  forz=H (7.17)

The Fourier Transform of the load, Q(z,w) is comparable to S, as has been defined in (7.3). The load
changes over height according to the logarithmic distribution. To simplify calculations, the
logarithmic function is fitted by an exponential functional.

Q(z,w) = Q, (w)ln[é} ~ Qy(@)(b, +b,[&7°) (7.18)
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wind load distribution In(z/z0)

fluctuating wind load shape (-)

In(2/20)
——— fitted line b1*exp{-z/c1)+b2

0 20 40 60 80 100 120 140
Figure 95 —fitted exponential function to the logarithmic wind distribution, with z0=0,5 m

The general solution to Eq. (7.13) has been derived in appendix F.4.4:
U(z,w0)=Uy,(z.0)+U . (w)
U (z w) =C, coshBz) +C, sinl{Sz)+C, cosBz)+C, sipBz)
+Gy() +C, ()™
in which

~0,Qy(w) PAGF —iax, (7.19)
B (Bl +iwE ) and 5" = El +ioE |

(=gl H_lf_zf}

The constants C; to C4 can be calculated from the 4 equations found by substitution of the general

Co(@)=

solution into the boundary conditions:

K tiaxy ks +iacy
1 — =W -1 - = %m
(BI +iaE) (B +icE1)B Irc,] [F.,
— K +iaxc (ky +iaxy) _ Co|_|Foz
(B +iaE1) 5 (E1 +iwE1) A g (B +ieE1)F g C| | R
cosh(BH) sin{8H) - cofBH) - sifBH) Ci] |Foa
| Bsinh(SH) B cost{H) B sifBH) -B cdBH) |

in which

Fyu= —{(a +in*|)[€-%]2 +k, E%1+iax;R g‘ﬂcz(w) (7.20)

Fo,= {(EIH&)EI)E@ ]— —iax:T}CZ(w)—[kTHax:T]Co(w)
Fos=—(El +iaE'l) Eé C) C,(w)e™

R, =—(El +icE1) Eé l)c gHie angg* = PP —iax,
c El +iaE |
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7.2.2. The Transfer function

Looking at (7.19) and (7.20) it can be observed that there is a linear relation between the loading
spectrum Qy(w) and C;-C, , Cy and C,. Thus the response is linearly dependent on the load. The
transfer function for the velocity at the top is the response to a unit load with magnitude 1, so
Qu(w)=1. The velocity response can be obtained by multiplication of U with iw (see Eq. (F.221))

Hyrop (@) =i (H, @) withQ, (@) = (7.21)

The matlab script to generate the transfer function can be found in appendix L.2 and for certain
damping values the absolute value to the power two has been plotted. The peaks at the first 2
natural frequency can clearly be observed.
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Figure 96 — transfer function at the first natural frequency and the second natural frequency

7.2.3. The steady state response at the top
The spectrum of the velocity at the top due to the assumed load is equal to:

Surope =|Hurop (@) Sy, (@) (7.22)

In which the load spectrum does not contain the logarithmic distribution because this is already

incorporated in the transfer function.

(7.23)

z=0,6h;f :wj
21T

FD[
Sqeqe (w) = I:B [Cf wair D70 |]Tv:|2 )((C'-))2 w

For chosen damping and load parameters, the predicted spectrum can be obtained.
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7.3. Calibration of the damping and load parameters

To illustrate the calibration method, the case of the New EMC in x-direction will be used. First, it will
be explained how the spectrum of the measured time signal has been obtained. Secondly the
minimum, maximum and initial guess of the unknown parameters will be given. In the third and
fourth subsection the results of the calibration will be presented.

7.3.1. The spectrum of the measured signal

The single sided variance spectrum of the measured signal has been obtained using Welch’s method
[Welch, 1967]. In this method the measured signal is divided in multiple segments that partly overlap
(50%). The single sided variance spectrum of each segment is obtained using a Fast Fourier
Transform and the end result is the average of all segments.

In Figure 94 the location of the different accelerometers has been indicated. To avoid the influence
of torsion effects, the measured signal of accelerometer 1x has been used. The response has been
measured with a sampling frequency (f;) of 50 Hz during 2 hours (360448 data points).

The length of the segments has been chosen at Ng=65536 points, such that the result is averaged
over 10 segments. Because the Fourier transform of a signal is symmetric around f,/2, the Nyquist
frequency, the variance spectrum is obtained up to half of the sampling frequency [Hansen, 2011].

Wyaus = DW(Nger 12) =0.0048 65536/p= 15ad & (=f, /2 PE)  (7.24)

S

To check the statistical properties of the spectrum, the standard deviation of the time signal has
been compared with the area under the single sided variance spectrum, they correspond well
enough. The resolution of the obtained spectrum is equal to:

_ f.2m _500r
" N, 65536

Aw =0.0048ad /s (_> Af = 0.000TrGZ) (7.25)

The matlab script to obtain the spectrum can be found in appendix L.2.
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Figure 97 — variance spectrum of the measured velocity and part of the measured time signal
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7.3.2. Initial, minimum and maximum values of unknown parameters

The mass and stiffness parameters have already been calculated to correspond with the natural
frequency, that has been measured (f,=0,536 Hz). In appendix F.3.6 the c4 has been calculated for a
clamped beam model to correspond with the measured modal damping ratio ({;=1,63%). On the
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basis of this it will be assumed that c4 has a value between 10>-10°. Based on the magnitude of the
mass and stiffness parameters, it will be assumed that the values of the other unknown damping
parameters are of the same order of magnitude and will lie between 10" and 10".

Concerning the load, the initial values for oy, C; and the v, are unknown. C; mainly depends on the
shape and the surroundings. 1,45 is taken as the initial value for C; because this has been derived for
the New EMC (see appendix C). In line with the Eurocode (appendix B.3), it will be assumed that the
minimum of C;is 1 and the maximum is 2,4.

The measurement have been performed under wind with an maximum 1-hour-average wind speed
of 12 m/s and a maximum peak-wind speed of 22 m/s [KNMI, 2011]. Assuming that the difference
between the peak and the average wind speed is equal to 3,5 times the standard deviation, the
initial guess is 0,=2,9 m/s. The average wind speed has been measured in the open field at an height
of 10 m. Assuming the logarithmic wind profile (z,=0,5 m) for the mean wind velocity results in
7y=4,0 m/s. However, due to local influences and randomness of the wind load, the actual standard
deviation of the wind and mean wind load could have been different at the time of measurement. It
will be assumed that both can be 2 times smaller or 2 times bigger. The limits of the wind load
constant C,, have been calculated from these values.

Table 20 — initial guess of values and their assumed minimum and maximum values

¢p [Ns/m*]|cg [Nms/rad] |cr[Ns/m] [EI [Nm?s] [C,, [N?/m?] ov [m/s1{ci[-1{B [m]|p.; [ke/m® [V [m/s]
initial guess 1,00E+04] 1,00E+10| 1,00E+10| 1,00E+10] 8,70E+05 2,90| 1,45] 44,30 1,25 4,00
min 1,00E+02 1,00E+04| 1,00E+04; 1,00E+04j 2,60E+04 1,45 1]- - 2
max 1,00E+06| 1,00E+15| 1,00E+15 1,00E+15 3,80E+07 58| 2,4]- - 8|

7.3.3. Rough Calibration

In section 3.4 it has been explained that the response of the structure consists out of a dynamic and
quasi static response. The peak of the dynamic response is most dominant, as is clearly visible in the
obtained spectrum in Figure 97, but a quasi static peak is also visible. The height of the dynamic peak
is mostly influenced by damping. The peak of the quasi static reponse is mainly influenced by the
magnitude of the load and the stiffness of the system.

The effect of the load
The effect of the load on the response has been illustrated for cases of low and high damping values
according to Table 20. The figures on the following page indicate the linear relation between the
magnitude of the load and the response. For low damping, the absolute effect of the load on the
response around the natural frequency is much larger than for the quasi static response, for high
damping it is vice versa. As the load increases, the top of the resonance peak will be higher and the
peak gets more narrow.

The effect of the damping
Figure 100 shows a reasonable fit of the predicted spectrum with the measured spectrum. This fit
has been obtained by assuming C,, cg, ¢r and E'l to have their minimum values according to Figure
21 and cp has been increased untill it gives a comparable resonance peak. The influence of variations
of ¢p around this value has been plotted.

R.L.J. van den Berg
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Figure 98 — influence of load under low damping
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As cp decreases, the peak increases more than linear and gets more narrow. The height of the quasi
static response doesn’t depend on the damping parameters. The same behaviour has been observed
for cg and E'l. For cx=2,16-10" and E*I:2,03-1012 a resonance response with comparable height and
width has been found.

It has been found that the influence of cr is too small to reduce the resonance peak to match the
measured spectrum when the other damping parameters are low. This is probably caused by the
large stiffness of k; as has been described in appendix G.2.3. Therefore the contribution of this
damping term will be neglected and c; will be assumed to have its minimum value of 10*.

Order of magnitude

The load will mainly influence the height at the quasi static response and it will also affect the peak
value and the wideness of the resonance peak at the base. The damping parameters will mainly
influence the resonance peak. To take these 3 point into account, and to reduce the calculation time,
6 small areas have been selected to calibrate the load and damping parameters. The quasi static part
is noticeable from 0.65 rad/s and continues to about 2,0 rad/s, where the wind loading spectrum has
become zero (see 3.2.5). Area 1 and 2 take into account the influence of the load on this response.
Area 3 and 6 take into account the width of the resonance peak and area 4 and 5 both take the
height of the resonance peak into account.

10" single-sided variance spectrum of the velocity at the top
‘ I ‘ ‘ ‘ ‘ ‘ —MeaSL‘Jred signal
35 Areal Argal 3456 —— Predicted Signal |
i i i i ———fit boundaries
3r H H
— I I
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" | | o
= I I _ 108
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; I I 4
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r I I - 12
05~ I I
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LM edort Ll ! I I i - . -13
00 05 1 15 2 25 3 35 4 LSE_1'43 10
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Figure 101 — predicted response from best fitted combination

The least square error has been calculated for combinations of the parameters in the following table.
The combinations with the lowest error can be found in appendix M.1, Figure 101 is the best fit.

Table 21 —values used to create all combinations

Cp [Ns/m?] cr[Nms/rad] |cr[Ns/m] |E"I [Nm?s] CW[Nz/mz]
1,00E+02 1,00E+04| 1,00E+04 1,00E+04 1,00E+04
1,00E+03 1,00E+05| 1,00E+04, 1,00E+05 1,00E+05,
1,00E+04 1,00E+06| 1,00E+04, 1,00E+06 1,00E+06
1,00E+05 etc. etc. etc. 1,00E+07
1,00E+06 1,00E+15] 1,00E+04 1,00E+15 1,00E+08|

5 12 1 12 5
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When looking at the combinations with the lowest error it can be concluded that the load will have
order of magnitude 10*. The other combinations (1-17) with low error also show some interesting
aspects because three ranges can be distinguished. In each range, one of the three relevant damping
parameters (cp, cz and E1) can vary a lot without influencing the result a lot. The upper values
correspond with order of magnitude of the values that have already been found. (Figure 100)

Figure 102 — overview of the results for the combinations with the lowest error

Cp [Ns/m?] cg[Nms/rad] |c;[Ns/m] E'l [Nmzs] CW[NZ/mZ] AError
comb 1-8 10000 up to 10 10000 10" or 10| 10000 1-3%
comb 9-15 10000 10" 10000 up tp 10'° |10000 10-12%
comb 16-17 up to 1000 [10" 1,00E+04{ 10" 1,00E+04| 87-100%
Conclusion

The order of magnitude for the parameters that give the best fit has been derived:

Table 22 — order of magnitude for the parameters to obtain the best fit
Co [Ns/mz] cg[Nms/rad] |ct[Ns/m] El [Nmzs] Cuw [Nz/mz]
1,00E+04 1,00E+11]- 1,00E+12 1,00E+04

7.3.4. Finer calibration

In order to find a better fit, the same procedure as in the last paragraph has been repeated, only
now for values around the found order of magnitude. For each parameter 19 values have been
assumed. For example for ¢, these values are: 1-10% 2-103, 3-10°, ... 8:10* 9-10° The error of each
combination of these values has been calculated. The combinations with the error lower than the
lowest error found with the rough calibration, can be found in appendix M.2. A better fit has been
obtained, but the difference in error between the different combinations is much smaller. It can only
be concluded that the load is most probably: C,=1-2-10* N*/m* Combinations with very different
damping values have comparable errors, thus nothing can be concluded about the relative
contribution of each damping source.

107 single-sided variance spectrum of the velocity at the top
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>
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Figure 103 — best fitted spectrum obtained from finer calibration
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7.4. Conclusion

Many different combinations of values for the three damping parameters can lead to a best fit. With
a rough calibration method, the order of magnitude of the parameters has been determined and can
be found in Table 22. These results are considered quite reliable because other combinations show a
much larger error. A finer calibration method has indicated that the load is most probably C,=1-2-10"

Nz/mz, since the best fits have been obtained with these values.

However the relative contribution of each damping source to the total damping can’t be determined
from this method. Combinations with very different damping values have comparable errors. Thus
the relative contribution of cp cg and E'l to the total damping can’t be obtained.

The best fitted spectrum obtained from the finer calibration is even worse than obtained with the
rough calibration. The base of the resonance peak is too wide because of C,=20000. So actually the
positions of the calibration areas need to be adapted such that this is solved. The load of the best fit
will lie more close to 10000.

The relative contribution of each damping source to the total damping can’t be determined from this
model because ¢, cz and E'| influence the resonance peak in the same way and many different
combinations can lead to a best fit.

R.L.J. van den Berg
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8. Conclusions and recommendations

The results of the investigation of damping characteristics of high-rise buildings have been reported
in the former chapters, this chapter contains the conclusions and recommendations based on these
results. First the problem will be described to repeat the relevance of the obtained results.

8.1. Problem description

Traditionally the design of high-rise buildings is dominated by a restriction on the horizontal
displacement under a peak wind velocity. However, the new generation of high-rise buildings will
become higher and lighter, which makes them more vulnerable to wind-induced vibrations. As a
consequence comfort criteria concerning accelerations will become more governing in the future
design.

Damping is the most important parameter concerning the acceleration while it is the most uncertain
parameter. Structural designers normally use the damping values for reinforced concrete and steel
buildings that have been prescribed in the Eurocode (steel: 6=0,05/ 7=0,8%, concrete: 6=0,10/
{=1,6%) but they are not aware that the actual damping values can deviate a lot (steel up to {=2-3%
and a minimum of 1,0% for concrete buildings). The uncertainty around the damping value can lead
to a reduced factor of safety or an economical inefficient design. To solve this problem a better
identification and prediction of damping is needed.

8.2. Conclusions

Investigation of damping from buildings all around the world, has revealed that multiple aspects can
influence the damping. In general a downward trend is visible as damping is plotted against the
height. At larger heights (>250 m), there seems to be a lower bound of 1% of damping. It has also
been observed that the damping ratio of concrete buildings is higher than for steel buildings and the
damping depends on the amplitude. This is in accordance with Jeary’s theoretical model; the
increase of damping at higher amplitudes can be explained by the activation of energy dissipation in
more and smaller cracks at higher amplitudes.

Lagomarsino’s formula gives an estimation of the damping based on the natural period and the
building material. Based on the Japanese damping database (AlJ2000) the damping can be predicted
by a formula that takes building material, building height and the amplitude dependency into
account. But still many data points deviate a lot from the predicted line. It has been concluded that
structural characteristics such as type and material of the main load bearing structure (MLBS), type
of foundation and non structural fit-out are also aspects that will probably influence the amount of
damping. To get a better estimation of the damping, the influences of these structural characteristics
have been investigated by literature study. Als the damping values of 11 Dutch buildings have been
compared with their structural characteristics. The following has been concluded:

¢ Higher damping can be expected in buildings with a steel MLBS with bolted connections and in
buildings with a concrete MLBS in which cast in-situ stabilizing elements have been combined
with prefab elements. Probably more energy will be dissipated due to friction because in these
systems, more relative movement between structural elements is possible.

e Also in buildings stabilized by rigid frames, higher damping can be expected than buildings
stabilized by shear walls, a central core or a tube structure. This has been observed at the
studied cases. This relation is also supported by a comparison between the damping of two
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directions of one building where larger damping ratios have been observed in modes of vibration
with significant ‘frame action’ in comparison with ‘cantilever/axial shortening action’. [Kijewski-
Correa & Pirnia, 2007]

Concerning the non structural fit out of the building, no clear relation between type, weight and
material of the facade has been found. The amount of separation walls has little influence;
slightly higher/lower damping ratios can be expected in buildings with many/few separation
walls.

Concerning radiation of energy to the underground, observations support the theoretical
formula for rocking. The influence of the rocking ratio is a good explanation for the downward
trend of the damping ratio with increasing slenderness of the building. The mass density of the
structure seems to have a significant influence on the damping. Higher damping ratios have
been observed at low mass density and lower damping ratios at higher mass density.

Three damping classes have been defined: a high, normal and low damping class. It is proposed to

classify a building according to the following table and estimate the damping with the corresponding
empirical fitted formula.

Table 23 —classification of a building

Main Load bearing Structure

Foundation

Non Structural Elements [Class |formula

steel structure with bolted braced/rigid frames

(partly) prefabricated structure with rigid frames

low rocking ratio (< 3,5)
low struct. Mass density

many separation walls high

7=3,24-(h/d)°3!

(<225 kg/m?®)

other combinations normal Z=2,32'(h/d)70'22

cast in-situ, monolithic concrete,

high rocking ratio (>3,5)
high struct. Mass density
(=225 kg/m3)

few separation walls low (:1’76.(h/d)"0'31

core/shear walls (coupled)

predicted classification and predicted lines
based on structural characteristics

4,0 A high (actual high)

35 A B high (actual normal)
§ . \ A normal (actual normal)
= 3, —
9 A ""'-:-____________ normal (actual low)
-E; 2,5 B low (actual normal)
—
a0 2,0 <l ® low (actual low)

’ ]
c e T~ ] T —— predicted low
o o ——_ | ' i
= 5 — " ® predicted normal
© dicted high
predi g

()

0,5

0,0

0,0 1,0 2,0 3,0 4,0 5,0 6,0 7.0

slenderness h/d [-]

Figure 104 — predicted classification and line based on Table 13 in relation to the actual damping values

This method which gives a prediction based on structural characteristics (called vdBerg) gives a
better prediction than other predictors. On average the empirical formula’s of Lagmarsino and
AlJ2000 underestimate the damping (15% and 44%) while vdBerg on average doesn’t deviate (u=1,0
see Table 13). The difference is visualized in Figure 105.
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Figure 105 — predicted lines according to Lagmarsino, AlJ2000 (without amplitude dependency) and vdBerg (Table 13)

This investigation has given insight into the influence of diverse structural characteristics. Structural
engineers can use Table 23 to estimate the damping. However the relations found between the
structural characteristics and damping have to be used with care because they have been based on a
very small database. The influence of purely one aspect has not been observed because
higher/lower damping ratios are the result of a combination of multiple aspects. Also the influence
of the amplitude has not been taken into account, because it has not been given at which amplitude
the measured damping ratios have been obtained.

Model
A simple mathematical model has been developed to identify the amount of damping in different
parts of the building. By comparison of the structural characteristics of many buildings with the
found damping per part, structural characteristics can be linked to low/high values of damping in a
specific part. With this information, the model can be used to optimize the design by a prediction of
the total damping based on the damping of 4 parts.

In this model the building has been represented by an Euler Bernouilli beam with distributed mass
(pA) elastically supported at its base (kr and kg). The internal material damping in the MLBS (E’l),
damping due to frictional forces between structural and non-structural elements (cp) and damping in
the foundation (cz and c7) have been represented by 4 viscous damping parameters. The beam is
subjected to a load q(z,t).

The damping and load parameters can be calibrated by comparison of the measured spectrum and
the predicted spectra of the velocity at the top of the building (see Figure 106). The spectrum of the
measured velocity signal can be obtained with the Fast Fourier Transform according to Welch’s
method.

The magnitude of the variance of the wind load at time of measurement was unknown. Therefore
only the shape of the wind loading spectrum according to Solari (Fp) has been adopted. This has to
be multiplied with the aerodynamic admittance function and an unknown load parameter C, to
obtain the load spectrum. Via partial differential equations of the model and by making use of the
Fourier transform, the transfer function can be obtained. This function depends on the unknown

4/11/2012

121




WY Investigation of damping in high-rise buildings

parameters: cp, Cg, Cr and E'l. For many combinations of values for C,, cp, cg, ¢y and E*I, the predicted
spectrum can been obtained by multiplication of the load spectrum with the transfer function.

Assumed shape of spectrum and
shape of load distribution,

Sgeqe Load spectrum unknown C.(Cr,0v) Fo[]
a(z.b)
Sqeqe= Cw(Cr,0v) X2 Fp
w
Transfer function
IHyropl* Steady state Co
response of model
Unknown X
> damping
® parameters: ¢ ¥
CpCrCT El
Predicted spectrum of kr
A .
Swopp the velocity at the top
//V
7 R s S
/
,\/\/ \ Response measurement with
i > 6 accelerometers
L[ Multiple w l
points to
| calibrate VTopMm
s NN 6-Aw Spectrum of the .
WTopM \_ . measured time signal| Fourier t
b Transform

Welch’s
N method measured velocity signal in main direction (to

w neglect torsion influence, take signal 1x or 1y)

v

Figure 106 — overview of the method to obtain a spectrum of the predicted and measured velocity

Best fit values for C,, cp, cg, cr and E'l can be found by taking the combination that gives the least
square error between the predicted and measured spectrum at the quasi static peak and the
resonance peak of the first natural frequency (see following figure)
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Figure 107 — predicted response from best fitted combination for the New EMC in x-direction

It is possible to give a reliable estimation of the load factor C,, but it is only possible to estimate the
order of magnitude of the damping parameters. It has however been concluded that the influence of
¢y can be neglected. The relative contribution of each damping source to the total damping can’t be
determined with this method because ¢ ¢z and E'| influence the resonance peak in the same way
and many different combinations can lead to a best fit. The measured response at the top is
insufficient to determine the contribution of each damping source with this model.

8.3. Recommendations

For the design of future high-rise building | recommend structural engineers to not simply use the
prescribed damping values as given in the Eurocode. It is recommended to also estimate the
damping with the empirical fitted formula of Lagomarsino, AlJ2000 and the proposed method based
on structural characteristics (vdBerg). By comparing these values, it is up to the structural engineer
to assume a damping value that leads to a safe and comfortable building.

For better identification of structural characteristics that are of influence and better prediction of
damping, further verification of the proposed classification method and better calibration of the
mathematical model is needed. Therefore especially the measurements need to be improved:

¢ More high-rise buildings need to be monitored.

e Especially the newest, most slender buildings must be monitored because they will give the best
reference for the design of future high-rise buildings.

¢ |t took a lot of research to gather information about the structural characteristics of buildings as
is presented in Table 10 and Table 11. This information should always be gathered when a
building is monitored and must be collected in a large damping database, to establish better
relations between the structural characteristics and the damping.

¢ The amplitude dependency should always be determined when a building is monitored (for
example with the random decrement technique). This allows comparison of damping values
under equal amplitude conditions.

¢ In order to investigate the contribution of the non-structural elements to the total damping, the
damping of the casco of the building and the finished building needs to be determined.
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¢ |t needs to be investigated if the contribution of damping in the foundation can be derived by
comparison of the damping in modes of vibration with large and small rotation at the base.
Therefore the rotation at the base needs to be monitored simultaneously with the response at
the top. It has to be investigated if the response due to the second mode can be indentified and
used. It can be expected that the second mode shows less rotation at the base, but the
resonance peak of the second natural frequency is very small.

1% mode 2" mode

Figure 108 — larger rotation at the base in the first mode

e Besides the response, also the wind load needs to be monitored to diminish inaccuracy due to
assumptions about the wind load.

e Because it takes a lot of time and money to perform measurements on full scale buildings, | also
suggest to set up an investigation program with scale models of high-rise buildings. It must be
possible to vary diverse structural characteristics in such model. The effect of one aspect can be
determined by variation of one aspect, under equal circumstances.

R.L.J. van den Berg
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