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ABSTRACT

INVESTIGATION OF WIND EFFECTS ON TALL BUILDINGS
THROUGH WIND TUNNEL TESTING

Kayisoglu, Bengi
M.Sc., Department of Civil Engineering

Supervisor: Assist. Prof. Dr. Ozgiir Kurg

June 2011, 138 pages

In recent years, especially in the crowded city-centers where land prizes have become
extremely high, tall buildings with more than 30 floors have started to be designed and
constructed in Turkey. On the other hand, the technical improvements have provided the
opportunity of design and construction of more slender structures which are influenced by
the wind actions more. If the building is flexible, wind can interact with it so the wind
induced oscillations can be significantly magnified. In order to analyze the response of such
buildings under wind effects, wind tunnel tests are accepted to be the most powerful tool all
over the world. In this study, a series of tests were performed in Ankara Wind Tunnel on a
model building in the shape of a rectangular prism. For the similitude of flow conditions,
passive devices were designed. The response of the model building was measured through a
high frequency base balance which was designed specifically for this case study. Through
the tests, the effects of turbulence intensity, vortex shedding and wind angle of attack on the
response of the building were questioned. Finally, the results were compared with the results

of various technical specifications about wind.

Keywords: HFBB, High Frequency Base Balance, Wind, Wind Effects, Wind Loads, Wind
Tunnel Testing, Tall Buildings
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0z

YUKSEK BINALARDA RUZGAR ETKIiLERININ RUZGAR TUNELI
DENEYLERIYLE TESPIiTI

Kayisoglu, Bengi
Yiiksek Lisans, insaat Miihendisligi Boliimii

Tez Yoneticisi: Yrd. Dog. Dr. Ozgiir Kurg

Haziran 2011, 138 sayfa

Son yillarda iilkemizde, 6zellikle de arsa fiyatlarinin yiiksek oldugu sehir merkezlerinde 30
kattan daha yiiksek binalarin insaatlar1 olduk¢a yayginlagmaktadir. Ayrica, tasarim ve yapim
asamalarinda kullanilan tekniklerin gelismesi ve iyilestirilmesi daha az malzeme ve daha
kiigiik yap1 elemani kesitlerinin uygulanmasina olanak saglamaktadir. Bu durumda ortaya
cikan esnek binalarda riizgar etkilesimleri gdzlenmekte ve bu etkilesimler riizgar kaynakli
salmimlart ciddi miktarlarda arttirabilmektedirler. Riizgar tiineli deneyleri, binalar
izerindeki riizgar etkilerinin incelenmesinde diinyada en ¢ok kabul gdrmiis yontemdir.
Tiirkiye’de ilk defa yapilan bu g¢alisma kapsaminda kisa test kesiti 6zelliklerine sahip
Ankara Riizgar Tiineli’nde bir seri test gergeklestirilmistir. Akis kosullarinin benzerliginin
saglanmasi icin 0zel ylizey piiriiz elemanlar tasarlanmistir. Deneylerde dikdortgen prizma
seklinde olusturulan bir bina modeli lizerindeki riizgar tesirleri bu proje i¢in tasarlanan
yiksek frekansh taban balans sistemiyle Ol¢iilmiis, riizgar tesirlerinin tiirbiilans igerigi,
periyodik girdap etkisi ve riizgar vurus agisindan nasil etkilendigi gozlenmistir. Son olarak

da elde edilen sonuglar riizgar yonetmelikleriyle hesaplanan sonuglarla karsilagtirilmistir.

Anahtar Kelimeler: HFBB, Yiiksek Frekansli Taban Balans Yontemi, Riizgar, Riizgar
Etkileri, Riizgar Yiikleri, Riizgar Tiineli Testi, Yiiksek Bina
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CHAPTER 1

INTRODUCTION

1.1 PROBLEM DEFINITION

Tall buildings have been designed and constructed since the beginning of the twentieth
century. In today’s world, there are several buildings which have more than a hundred of
floors. Design of such buildings has been preferred especially in overcrowded cities where
the prices of building lands cost much. In Turkey, construction of buildings that have more
than thirty floors has become widespread for the last few years as well. For instance, the
highest building in Turkey (236 meters tall) which will be constructed in Istanbul, has been

introduced.

Recent improvements in structural analysis and design technologies, developed construction
techniques and production of higher strength materials result in the fact that modern
buildings can be designed by using smaller structural elements and fewer materials which
means that modern buildings are lighter in weight and more flexible when compared with
the older ones. An important outcome of these light and flexible buildings is that they get
more prone to the wind induced actions. Thus, for a tall building to be safe, remain
serviceable and provide comfort to its occupants through its service life time, its behaviour

under wind actions should be carefully analysed and necessary precautions should be taken.

As the height of the buildings increases, its vulnerability to wind effects also increases.
Particularly, compared with a rigid one, a building with a natural period of more than 1
second, perceives the wind-induced vibrations more. In general, the response of such a
flexible building under wind loads can be examined under three categories. First one is

about the comfort criterion which is related with the human perception of acceleration. The



top floor acceleration of the designed building should remain below the specified limits in
order to provide comfort to its occupants because humans are sensitive to vibrations to the
extent that they feel unsafe. Second category regarding the building response under wind
load is the expression of the dynamic loads induced by wind as equivalent static loads or as
time dependent series. These equivalent loads should be formed such that they produce
maximum forces considering the random behaviour of the wind. Final category is related
with the cladding design. Compression and suction forces acting on the outer surfaces of the
buildings should carefully be determined considering also the localized effects. Approach of
calculating pressure for the design of cladding system is different than the pressure
determination in equivalent static loads because in the design of the cladding system, rather
than the average values, the maximum and minimum values in a short period of time are

more dominant.

Detailed investigation of wind effects on tall buildings requires consideration of the building
geometry, direction of the wind and topographic factors. Researches conducted in the last 20
years show that the response of the building in the across wind and torsional directions are
at least substantial as the response in along wind direction (Mendis, et al., 2007). There are
some analytical procedures in literature that are utilised to solve the along wind response of
buildings; however, there are no such relations defined in full for the across wind or
torsional components or for the local pressure effects. Consequently, a widely accepted and
effective tool for the determination of all these components is performing wind tunnel tests
(Holmes, 2005). Moreover, wind tunnel tests provide the opportunity to analyse structures
with extraordinary geometries which is not possible by using the traditional methods which
employ equivalent static loads estimated from wind pressures multiplied by some constants

that are derived for ordinary shapes.

In the design of a building, the designer must obey the rules given in the technical
specifications adopted for the relevant country. Two examples for the most widely used
standards particularly for wind actions on structures are ASCE 7-05 (by American Society
of Civil Engineers) (ASCE 7-05, 2005) and Eurocode 1 (by European Committee for
Standardization) (Eurocode 1, 2005). These standards offer some procedures for the
determination of response of buildings under wind loads; however, they are valid only for
buildings in rectangular prismatic or cylindrical shapes. In addition, these techniques ignore
the interaction of the building with the structures in its vicinity. Another issue that is
underlined in the standards is that the described procedures can be applied only to the

buildings that are less than 200 meters in height (ASCE 7-05, 2005). For the special
2



circumstances such as for a taller building in different geometry or for the one which have
other structures that may affect its own behaviour under wind actions, the standards force
the designer to utilize the results of wind tunnel tests. On the other hand, in Turkey, the
official specification regarding the load actions on structures is TS 498 (TS 498, 1987). In
the wind load part of TS 498, the descriptions were adopted from DIN 1055 in 1972 and it
has not been updated since then. In this standard, wind load effects are determined by
applying the equivalent static loads on the building and solving the system. Concepts of the
cladding design or the local pressure effects or wind tunnel test necessities are not covered.
These deficiencies are mostly resolved by the guideline called “Istanbul Yiiksek Binalar
Riizgar Yonetmeligi (IYBRY)” (IYBRY, 2009). As well as ASCE 7-05 and Eurocode 1,
IYBRY also forces the designers to conduct a wind tunnel test for the buildings which need

a more comprehensive and sensitive investigation regarding the wind issue.

As a result, main aim of this study is to review the literature for determination of wind
induced response of tall buildings by means of performing a series of wind tunnel tests since
it has become a necessity for design of tall buildings. Another aim is to analyze the nature of
wind in a more elaborate way than the traditional approaches used in Turkey. After the wind
tunnel tests and relevant analysis, the results are compared with some technical

specifications for the purpose of assigning the required improvements in the study.

1.2 LITERATURE SURVEY

This chapter is devoted to the studies related to the history and the theoretical developments
of wind effects on tall buildings. Firstly, the wind effects on tall buildings will be
introduced. Secondly, the history of wind tunnels will be discussed and finally, the special
data acquisition system widely used in the wind tunnel tests, High Frequency Base Balance
(H-FBB) will be explained.

Wind Effects on Tall Buildings

Tall buildings which have low natural frequencies are very sensitive under wind loads.
Inevitably, in the design of these structures, wind effects play a major role. When a tall
building is exposed to wind, it experiences oscillations which result in member forces,
displacements and accelerations not only in the along-wind direction but also in the across-
wind and torsional directions. These response quantities have great importance regarding

3



both the ultimate capacity of the building and its serviceability. In other words, ultimate
capacity of a building is related with the balance between load carrying capacities of the
structural members and the member forces that occur whereas serviceability is associated
with the accelerations since human beings perceive oscillations such that they feel unsafe
and uncomfortable. Another wind related issue is that for the design of the glazed cladding
systems and roofs of the buildings, the local extremes of pressure occurring due to wind

should be carefully analyzed (Mendis, et al., 2007).

Unlike streamlined bodies that are similar to a water drop, the geometries of buildings are
most probably bluff bodies with sharp and flattened fronts. Therefore, in order to understand
the behaviour of a building under wind loads, flow around bluff bodies should be carefully
studied. Flow around a bluff body does not follow a tangential pattern. Instead, in the
separation layers, highly unstable and turbulent vortices are formed. These vortices create a

response of the body that is full of uncertainties (Holmes, 2005).

Traditionally, wind loads are treated as static and deterministic lateral loads acting on the
buildings which cause response in along-wind direction only. The above mentioned vortices
forming at the back of the body, however, can lead to forces in transverse (across-wind)
direction if the natural frequency of the building is small. In addition, the asymmetric
pressure distribution among the building originates torsional response and twist. Thus, these
three major components of response should be examined for a more elaborate understanding

of behaviour of the building under wind loads (Holmes, 2005).

In literature, for the along-wind response, there are several closed form analytical solutions
related with bluff body aerodynamics and random vibration theory; whereas, for the across-
wind and torsional ones, experimental studies are necessary (Holmes, 2005). Especially,
after a certain height of the buildings, design standards are forcing the designers to conduct
a wind tunnel test (ASCE 7-05, 2005) (Eurocode 1, 2005). With the help of wind tunnel
tests, the statistical properties of the along wind, across wind, and torsional responses can be
obtained. Through the data obtained from the wind tunnel tests, the design base force
quantities (base shear and moment), top acceleration and the equivalent static load
representations can be achieved which are the necessary parameters for the design of a

building.

Human perception to wind induced vibrations of tall buildings is an important issue that
should be carefully and accurately determined during the design of such buildings. Human

beings are very sensitive to vibration to the extent that they feel uncomfortable and unsafe
4



even if these vibrations cause very little member forces. Consequently, the design of most
tall buildings is governed by the serviceability design criteria rather than the strength and

ultimate capacity issue.

Human perception is directly related with the acceleration of the oscillations. There are
various studies performed by researchers about this issue in physiological and psychological
ways (Irwin, 1978) but there is no generally accepted comfort criteria given in the design
standards. In the following, there will be given some guidelines about the human perception
and comfort criteria in the design of buildings in Table 1.1 (Mendis, et al., 2007). In the

table, the upper limits were recommended by Irwin (1978).

Table 1.1 Human perception levels

LEVEL ACCELERATION EFFECT
(m/s?)
1 <0.05 People cannot perceive motion.
2 0.0.5-0.1 a) Sensitive people can perceive motion.

b) Hanging objects may move slightly.

3 0.1-0.25 a) Majority of people can perceive motion.
b) Level of motion may affect desk work.
c¢) Long-term exposure may produce
motion sickness.

4 0.25-0.4 a) Desk work becomes difficult or almost
impossible.

b) Ambulation still possible.
5 0.4-0.5 a) People strongly perceive motion.
b) Difficult to walk naturally
¢) Standing people may lose balance.
6 0.5-0.6 Most people cannot tolerate motion and

are unable to walk naturally.

7 0.6-0.7 People cannot walk or tolerate motion.
8 >0.85 Objects begin to fall and people may be
injured.




History of Wind Tunnels

Wind tunnel testing is an experimental tool that has been used to examine the aerodynamic
effects of wind on a solid object since the end of the nineteenth century. The first attempts
for building up such kind of a laboratory was resulted from the need of understanding the
lift and drag forces acting on surfaces cutting through the atmosphere for the purpose of
designing and making a flying machine. Around 1740-1750, an English mathematician,
Benjamin Robins employed the idea of moving the air past an object that is stationary for
the purpose of simulating its movement in the air. He arranged a system that consists of a
whirling arm of 4 ft long and a falling weight attached to a pulley. The idea was to obtain a
wind speed at the tip of the arm where the model was mounted. After Robins, in 1804, Sir
George Cayley made improvements in the design of his whirling arm system and built a
small glider (Baals, et al., 1981). But due to the centrifugal forces, the aircraft models on the
end of a whirling arm were prone to very high turbulence. Hence, reliable relative velocity
between the model and air could not be determined. Moreover, it was rather hard to set up
instruments and measure small forces exerted on models while they were moving with high

speeds. As a result, the need for more extensive testing equipment has aroused.

This brings the first enclosed wind tunnel invented and operated by Francis Herbert
Wenham, a Council Member of the Aeronautical Society of Great Britain in 1871 (Baals, et
al., 1981). Since then, the wind tunnel testing techniques have been widely used in
aeronautical engineering. In addition, for the revolutions in auto industry and for civil

engineering structural design purposes, wind tunnel tests had become invaluable tools.

Reports in the literature stated that the use of wind tunnels in the design of man-made
structures, i.e. civil engineering structures date back to 1742 to 1759. First attempts can be
summarized as inspections on small scale models mounted on rotating disks in open
environment. Getting some measurements from the wind tests started approximately 150
years later, in 1894-1895; wind induced pressures were measured on simple building models
in Denmark. The test was performed in a gas works smoke stack. In the wall of this stack, in
a test section with 0.23 x 0.11 m in cross section and 1.02 m in length was constructed and
flow was induced to a small building model. From 1890s to 1950s, in wind tunnel tests for
model buildings and mass-transport studies only, pressure measurements were performed.
On the other hand, these wind tunnels were not properly designed to simulate natural winds.
The relevant wind tunnel studies performed at the National Physical Laboratory and at

Colorado State University have indicated the fact that in order to provide a well-established
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simulation of a structure’s behaviour under wind loading, the exposed wind should
essentially be similar to the natural one. This brings the necessity of atmospheric boundary-
layer flow (Cermak, 2003). Atmospheric boundary layer is the thickness where the wind

speed profile reaches a constant magnitude.

As a result, the first wind tunnel capable of creating atmospheric boundary layer was
designed during 1955-1957 and its construction was finished in 1962 at Colorado State
University. Its long test section (29.3 m) together with the heating and cooling capacities
make it possible to develop thick turbulent boundary layers and simulate the natural wind
properties (Cermak, 2003). The first major boundary layer wind tunnel study for a tall
building was performed in this wind tunnel in Colorado State University for the design of
the twin towers of the World Trade Centre, New York, in the mid 1960s (Holmes, 2005).
During 1980-1995, several boundary layer wind tunnels (BLWT) with some advanced
properties such as simulating wind and wave forces for offshore structures or automated
surface roughness creation system for the simulation of different wind profiles were
constructed in University of Western Ontario (Canada), Monash University (Australia), the

Public Works Research Institute in Tsukubu (Japan) (Cermak, 2003).

In Turkey, unfortunately there is no boundary layer wind tunnel with a long test section at
present. But, there is one with a short test section in Ankara which belongs to TUBITAK-
SAGE, called Ankara Wind Tunnel (AWT). Although Mustafa Kemal ATATURK gave the
directions for the design and construction of a wind tunnel for aircraft industry works, the
starting of the project was after his death in 1947 and the construction were finished in
1950. The wind tunnel, however, was not functional until it was delegated to TUBITAK-
SAGE in 1994. For AWT to work properly, several improvements were made in order to
fulfil the technological necessities. At the end of these enhancement processes during 1994-
1998, it started to serve for numerous projects of aecronautical and automotive industries and

for Turkish Armed Forces (Tiibitak Savunma Sanayii Arastirma ve Gelistirme).

AWT is a closed circuit wind tunnel with 3.05 x 2.44 m test section and 6.1 m length. Its
750 kW power make it possible to achieve 90 m/sec of wind speed in the test section. The
general overview of Ankara Wind Tunnel is presented in Figure 1.1. For such tunnels with
short test section lengths, the creation of atmospheric boundary layer is only possible with

the use of surface roughness elements.
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Figure 1.1 Plan drawing of AWT (on left) and test section (on right) (Tiibitak Savunma
Sanayii Arastirma ve Gelistirme)

Types of the Wind Tunnel Experiments for Tall Buildings

In order to analyze the effects of wind on high rise buildings, three types of experiments are

generally conducted.

= Synchronous multi-pressure scanning system (SM-PSS)
= High frequency base balance (H-FBB)

= Aecroelastic model tests

The types of the wind tunnel tests that are based on the pressure fluctuations on the models
are the SM-PSS tests. These kinds of tests have been conducted since 1986 (Fuji, et al.,
1986). The main idea in this type is to measure the time series of instantaneous pressure
distributions occurring on the exterior surfaces of the model utilizing pressure tubes
mounted on it. The other types of information such as the base force components (shear and
moments) can be indirectly obtained relating them to the pressure measured. Since the
pressure fluctuation monitoring is the basis of the SM-PSS tests, they are mostly preferred
for the pressure based design works such as the cladding design and the design of large-area
roof systems. SM-PSS tests are very useful in the development and improvement works of
the building design specifications since the codes approach to wind loading problems from
the pressure point of view. In the standards while converting the wind pressure to resultant
forces, some constant drag coefficients are utilized which can be more specific and detailed

by the application of such tests. In spite of these advantages of pressure tests, their usage
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may be debatable for some high-rise buildings because the space necessary for the
accommodation of pressure tubing for taps may be insufficient if the model structure is
slender. Actually, the fundamental difference between SM-PSS and H-FBB is that unlike
SM-PSS tests, base force components of the model are directly measured in H-FBB tests
through special data acquisition systems which seems more practical since the major
parameters in the design of a building are the base force components. In both of SM-PSS
and H-FBB tests, the models are rigid made up of balsa wood, polystyrene foam or thin-
walled plastic (Gamble, 2003) hence wind/structure interaction cannot be determined from

these two tests. For this purpose, aeroelastic tests are conducted.

When a lightly damped, low mass and highly flexible structure experiences wind-induced
oscillations, the deformations in turn lead to amplifications in the wind loads that the
structure feels. This phenomenon is known as wind/structure interaction and it may result in
aeroelastic instability with a possible unfavourable consequence such as inadmissible
deformations/accelerations or it may also result in lesser extreme effects than predicted
(Cermak, 2003). Eventually, performing aeroelastic model tests is the only tool in order to
determine the effects of wind/structure interaction for such structures. In this type of tests,
the model of the structure is prepared so that it represents the dynamic properties of the
actual structure, i.e. stiffness and damping characteristics. Through this test, the level of
damping required to reduce the magnitudes of the damping response quantities to admissible

and tolerable values can be identified.

As an expected result, aeroelastic model tests give the most reliable data about the
behaviour of the structure under wind loading. It is, however, usually preferred for special
structures such as very slender and tall buildings or long span bridges due to its cost.
Despite the several advantages of the other two techniques, high frequency base balance is
preferred in many wind tunnel laboratories because it is cost effective compared with the
other two; it provides directly the time series data for the base force components which is
the main goal in the design of buildings, and it is straightforward to apply since it just
contains a rigid model connected to the data acquisition devices at the bottom. (Tschanz and

Davenport, 1983)

Another issue on conducting a test on a scaled model in order to predict the response of an
actual structure is to ensure the similitude. Similitude requires matching of the shape of the
wind profile and the turbulence. Wind has a profile that has zero speed on the ground and
increasing logarithmically up to a height which is named as the boundary layer height. After
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this height, the speed of the wind remains almost constant. Turbulence is a flow regime
which includes rapid variation of pressure and velocity both in space and time (Simiu, et al.,
1978). Due to these variations, turbulence problems should be solved in a probabilistic way.
Therefore, turbulence is measured by its statistical properties such as standard deviation or
root mean square. The term turbulence intensity is the ratio of the standard deviation to the
mean value of the turbulence. Turbulence intensity is directly related to the surface
roughness. In other words, as the surface roughness increases turbulence intensity also
increases. As a result, it is concluded that turbulence intensity decreases with height above
the ground (Holmes, 2005). Turbulence length is a physical quantity that describes the size
of the region containing eddies, i.e. size of the gusty region. In the design standards, both of
the shape of the wind profile and the turbulence intensities are defined (ASCE 7-05, 2005)
(Eurocode 1, 2005) (IYBRY, 2009). In a wind tunnel test, the aim is to match these
quantities. For this reason, special boundary layer creation elements are designed which are
the tools used to generate the similar wind profile and turbulence intensity in nature. The
scale of the model comes from the ratio of this boundary layer height in the tunnel’s test

section to the one in nature (Shojaee, et al., 2009).

High Frequency Base Balance (H-FBB) System

High frequency base balance is a type of a data acquisition and processing system that
consists of ultra-sensitive force measurement arrangements. Although the first time this
technique is used dates back to 1960s it has become a widely used wind engineering tool for

the last 20 years (Cermak, et al., 1970).

Some of the pioneers of direct force measurement applications in wind engineering are Dr.
Jack Cermak, Dr. Alan G. Davenport and Dr. Ahsan Kareem. Dr. Jack Cermak is one of the
owners and establishers of Cermak Peterka Petersen, Inc. (CPP) together with Dr. Jon
Peterka and Dr. Ron Petersen. His field of studies includes modeling of boundary-layer
winds, structural responses to wind, and the atmospheric transport of pollutants, snow, sand,
and water (2005). Dr. Alan Garnett Davenport (1932-2009), was a professor of University
of Western Ontario. He established the Boundary Layer Wind Tunnel Laboratory in 1965
where the design processes of many tall buildings and bridges are handled such as Sears
Tower in Chicago and Tsing Ma Bridge in Hong Kong (2005). Dr. Ahsan Kareem is one of
the establishers of the aerodynamic loads database called NatHaz which is available on

internet. This site has become a valuable tool for the preliminary design works of the
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buildings regarding wind issue since 2000 and it was recently introduced in the
Commentary of ASCE 7-05 (ASCE 7-05, 2005) as an alternative method to determine the

dynamic effects of wind actions on buildings (Kareem, et al., 2009).

In the recent applications, the balance system constitutes of ultra sensitive load cells for the
purpose of measuring the five base response components that are basically the moments
about the three orthogonal axes (x,y,z) and the two base shears as time series. Note that for
the definition of wind loads, uplift is not a concern. Figure 1.2 presents a sketch of a typical
balance system taken directly from (Cermak, 2003). As it can be seen from the vertical
section A-A given in Figure 1.2, the building model is mounted to the balance system
through an aluminium tube passing through its inside. The response of the model is directly
transferred to the gages by the use of this tube. The mounting plate is written to be a
turntable since the tests are performed for several wind angles of attack. Several angles of
attack should be considered because the worst case is not necessarily one of the
perpendicular directions and there is not necessarily a single worst case. Depending on the
limit state, for instance deflection limit states or internal force limit states, the angle of

attack that creates the greatest influence may vary (Hart, et al., 1983).

STEM-ALUMINUM TUBE

e 2 BUILDING MODEL
AN REACTION PLATE WITH
o PLATE v STRAIN GAGES FOR BASE FORCES
A Y A TEST-SECTION SPRUNG PLATE
A / & - 4 FLOOR =y L CROSS BEAM
2K 1.3x1.3 CROSS BEAM WITH — X

[ 0.38x 0,64 x 3.18 STRAIN

\ SECTION
1 — 0.64 SPRUNG PLATE TURNTABLE

? ? ELECTRONICS
{Dimensions in mmj
PLAN VERTICAL SECTION A-A

STRAIN GAGES FOR BASE
MOMENTS

HERMAL & AIR FLOW BARRIERS

Figure 1.2 High-frequency base balance (Cermak, 2003)

H-FBB has replaced use of the aeroelastic model tests because its application is easier and it
is more cost efficient. The reason for the cost efficiency is that, unlike the aeroelastic
models, the only requirement of this test is a low mass and rigid model of the actual
structure mounted on a highly sensitive and stiff force balance. Low mass and high rigidity
are the requirements for the models that are used in H-FBB tests. Therefore, the mostly
preferred materials are balsa wood, polystyrene foam and thin-walled plastic (Gamble,

2003). The balance system used for data gathering should have high stiffness as well for it
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not to participate in the response. The most widely used material for the production of the
balance system is aluminium. Despite these advantages, it may be insufficient for special
design projects because H-FBB tests do not take the negative aerodynamic effect which is
an increase in dynamic excitation into account which may become an essential issue for the
projects where very high wind speeds are considered or where the structure is extremely

flexible and in consequence experiences large lateral deflections (Cermak, 2003).

Simultaneous measurements of the five base response components provide data for several
applications. First, the output of H-FBB tests is utilised for expressing the dynamic loads in
terms of equivalent static loads which is directly related with the fundamental mode shape
of the structure. Since the fundamental mode shape of a high rise building is usually almost
linear, the generalized forces for the translational modes are proportional to the base
bending moment. With this assumption, base moments can easily be represented as storey
shear forces. Another measurement is the base shear force which gives information about
the shape of the distribution of dynamic loads on the building whether it is trapezoidal or
parabolic, etc. Obviously, the torsional measurements supply data to understand the
torsional response of the building under wind loading. However, linear mode shape
assumption must be corrected in the case of torsional response calculations. The correction
is a function of base moments and shears (Cermak, 2003). The building that is analyzed
through H-FBB tests should have a linear mode shape. Otherwise, even the test can be
conducted in a similar manner; the results must be corrected considering the actual mode
shapes (By the ASCE Aerospace Division Task Committee on Wind Tunnel Studies of
Buildings and Structures, 1996).

The results obtained from single H-FBB test gives preliminary information for other design
projects as well provided that the model geometrical properties match. This is a fact for the
H-FBB tests because the goal of achieving the worst design force quantities is fulfilled
through some statistical operations. Hence, the aim of conducting the tests is to acquire the
statistical properties of the base force resultants instead of their actual values. Some
examples for these properties can be mean, standard deviation, autocorrelation function and
spectral density function. In 2000, a database called “Nathaz Aerodynamic Loads Database”
was established and has been accessible on internet since then. It is comprised of high-
frequency base balance measurements that are conducted on isolated high rise building

models.
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1.3 OBJECTIVES AND SCOPE

Under the scope of the thesis study, a series of wind tunnel tests are performed in Ankara
Wind Tunnel. In this experimental work which is conducted in Turkey for the first time, the
wind load effects on a rectangular building model are investigated. The main objectives are

listed below.

e Ankara Wind Tunnel has a test section that is comparatively short. As a result of this
fact, special boundary layer creation elements are designed in order to create a wind
profile similar to the one in nature. During the test, the wind speed all along the height
of the test section is measured using a hot-wire anemometer system.

e  The response of the model building which is made up of polystyrene foam is monitored
by a special data acquisition system, High Frequency Base Balance System (H-FBB).
This system is designed such that it is capable of reading the two base moments with
the help of load cells. It is mounted underneath the tunnel floor and connected to the
model through an aluminium rod which is glued by epoxy to the inside of model.

e The test is performed for two types of exposure categories defined in ASCE 7-05
(ASCE 7-05, 2005). They are named as B and C which refer to the city centres and
open areas respectively. The aim is to understand the effect of the environmental
conditions on the behaviour of the building.

e The test is repeated for several angles of attack specifically in exposure C. This time
the objective is to investigate the influence of the wind direction on the response of the
building.

e  Utilising the data gathered by H-FBB system, the randomness of the base moments in
the along-wind and across-wind directions are obtained in terms of some statistical
parameters such as mean, standard deviation and power spectral density function.
Finally, the design base moments, equivalent static loads and the top accelerations are
determined for each of the tests.

e  The results obtained from Ankara Wind Tunnel case study are compared with the ones
determined from the technical specifications ASCE 7-05 (ASCE 7-05, 2005), Eurocode
1 (Eurocode 1, 2005) and IYBRY (IYBRY, 2009) and with the aerodynamic loads
database, NatHaz (Kareem, et al., 2000).
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CHAPTER 2

THEORETICAL BACKGROUND

2.1 INTRODUCTION

This chapter is devoted to the theoretical concepts regarding wind engineering. The scope of
this study covers the response of a tall building under wind loads. Therefore, in this chapter,
the items which build up response of the building are investigated one by one, which are the
along-wind, across-wind and torsional responses. The theoretical background of the
analytical solutions is explained. Unlike along-wind ones, there is no closed form analytical
solutions for across-wind and torsional responses. Hence, in those two, only some concepts

will be introduced.

The behaviour of a tall building under lateral loads can be satisfactorily represented by a
single degree of freedom system (SDOF) (Holmes, 2005). The response of a building is
basically related to forces, i.e. equivalent loads and corresponding member forces and
displacements or accelerations as the derivatives. These two main components are
associated with survivability and serviceability design criteria respectively. As a result,

force-related and displacement-related quantities will be dealt with in this chapter.

2.2 THEORY

In order to understand the behaviour of a building that is exposed to wind, the concept of
bluff body aerodynamics and random vibration theory should be studied carefully. Bluff
body is a body which has a broad, flattened front. Unlike a streamlined body which has a

rounded shape similar to a water drop, the flow around a bluff body does not follow a
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tangential pattern. Instead, a separation of the flow at the leading edge corners generates
high shear and vorticity. Flow around a bluff body is demonstrated in Figure 2.1. The
vortices create a response on the body that is full of uncertainties (Holmes, 2005). Tschanz
and Davenport approach the problem on the basis of random vibration theory (Tschanz, et
al., 1983). In other words, the wind forces or the relevant responses of buildings are treated
as stationary random processes and expressed in terms of their statistical properties such as
means, standard deviations, correlations and power spectral density functions. Thus, in order
to calculate the response of a building the wind speed profile and its turbulence intensity in

the relevant environment must be determined.

vortex
generation

outer region of s
bluff body O

BB
chl

region outside
the influence of separation
bluff body

turbulence length

body

stagnation point \ \, wake
Q region

Figure 2.1 Flow around a bluff body

Mean Wind Speed Profile

At the Earth’s surface, the wind flow is affected by friction. After a certain height, the
frictional effects become negligible, thus the wind speed remains constant. The region
where the wind speed varies is called “Atmospheric Boundary Layer” (Simiu, et al., 1978).
Boundary layer thickness is related with the roughness length, z, of the terrain. In design
codes, different terrains with different roughness lengths are categorized and known as
exposure categories. Some examples for the exposure categories can be listed as open

terrain, terrain with small and isolated obstructions and city centres. Mean wind profiles are
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reasonably expressed by power law. It has no theoretical basis but widely used in wind
engineering problems (Holmes, 2005). Equation of power law is given below.

U(z) = Uy (i)a 2.1

10

The terms in Equation (2.1) are;

e U(z) : Mean wind speed at height z;

e U, : Mean wind speed at 10 m of height;

e 7: Height;

e o: Constant related with the roughness length and height range as in Equation (2.2)

1

S - 2.2
« lOge(Zref/Zo) ( )

The terms in Equation (2.2) are;

e Z.5: reference height that is specifically defined in design codes

e z,: roughness length

Turbulence Intensity

The wind flow fluctuates both in time and space. Therefore, wind flow is not laminar; it is
turbulent except some wind flows that are in relatively low speeds under specific
temperature conditions. Turbulence is a significant concept in structural engineering due to
three major reasons. First, turbulence affects the shape of the wind profile. Second,
turbulence influences the wind flow around a structure and hence the wind forces that the
structure is exposed to. Finally, the fluctuations in the wind flow regime generate dynamic
effects in flexible structures, i.e. long span bridges or tall buildings (Simiu, et al., 1978). The
turbulence in a flow is usually described with turbulence intensity which is defined as the

ratio of the standard deviation of the wind speed to its mean (Equation 2.3).
=%u
L, = 5 (2.3)

In Equation (2.3), I,,is the turbulence intensity. o,, stands for the standard deviation of the
wind speed. U is mean value of the wind speed. In other words, since coefficient of

variation is defined as the ratio of standard deviation of a random variable to its mean,
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turbulence intensity is actually the coefficient of variation of the wind speed. In order to
compare turbulence for different environments, talking with the coefficient of variations is
more meaningful than the means or standard deviations alone because it provides a

normalization which diminishes the effects of magnitudes and units.

Bluff Body Aerodynamics

Response of a bluff body to surrounding air flow is described by Bernoulli’s equation as

follows;
p+ %anz = a constant (2.4)
The terms in Equation (2.4) are:

e p: Pressure of flow;
e p,: Density of air;

e U: Velocity of flow

Response of the bluff body under wind loading depends on the pressure occurring on its
faces. Looking at Figure 2.1, if the pressure and velocity on the outer regions of the bluff
body (p and U respectively) and the ones outside the influence of the body are denoted by py

and Uy, they can be related to each other as;
1 2 1 2
P +5paU” =po +-pUs (2.5)

According to Holmes (Holmes, 2005), both of the outer region and the region outside the
influence of the body can be assumed to be regions of zero viscosity and vorticity. Hence

Equation (2.5) could be written.

Rearranging Equation (2.5), the surface pressure on the body, meanly p-p, can be expressed

as

1
P — Do =5pa(U§ — U?) (2.6)
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In almost every technical specification, for the sake of simplicity, pressure on the bluff body
due to wind is generally expressed by using a pressure coefficient, C, to the velocity part of

the Bernoulli’s equation written for the region outside the influence of the body. That is,
1 2
P —Po = Cp5Pals @7

Combining Equations (2.6) and (2.7), C, can be expressed as;

1 2 2
_gPa(Uo_U)_ _ EZ

From Equation (2.8), it is seen that, at the stagnation point (Figure 2.1), which is defined as
the point on the body where velocity is zero, the pressure is the same as the one outside the
body. In other words, C, is equal to one. The highest expected pressure coefficients on the
windward face are usually less than one. In the regions where flow velocity is greater than
Uy, in other words, where separated flow takes place, C, may be negative. There,
Bernoulli’s equation is not valid due to high vorticity; however, if U is taken as the velocity
of the flow that is just outside the wake region (region of vortex generation in Figure 2.1),

the equation can give very reasonable solutions (Holmes, 2005).

Both the fluctuating nature of wind flow in atmospheric boundary layer and the unstable
nature of the flow around a bluff body cause the pressure on the body to be highly unstable
and fluctuating. Assuming quasi-steady behaviour around the bluff body, the fluctuating
pressure on the body is believed to follow the same variation characteristics of longitudinal
wind velocity. Therefore, by using Equation (2.7) and putting p(t) instead of p-py which

stands for the pressure on the face of the body, the fluctuating pressure can be expressed as;
1
p(t) = CpO Epa(U(t))z (2.9

C

po 18 used to denote quasi-steady pressure coefficient. U(t) represents the fluctuating wind

velocity outside the bluff body.

A general approach to the random excitation problems is decomposition of the wind
velocity, wind pressure or wind induced response quantities into their mean and fluctuating
components. This is the basis of ‘gust-factor approach’ used in design codes (Davenport,
1967).
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The velocity can be separated into its mean and fluctuating components, U and u’(t)

respectively as in Equation (2.10).

Ut) =U+u'(t) (2.10)
Inserting Equation (2.10) into Equation (2.9) results in;

P() = Cpo3pa(U + 1/ (£))? 2.11)
Or, in expanded form;

P() = Cpo3 pa(U? + @/ ()2 + 20w/ (1)) 2.12)
p(t) can also be separated into its mean and fluctuating components as p and p’(t);

P = Cpos PaU? 2.13)
P'(£) = Cpog Pl (0)? + 200/ ()] (2.14)

Since u'(t)? is small compared with 2Uu’(t), it can be neglected (Holmes, 2005). In that

case, Equation (2.14) can be rewritten as;

p'(t) = CpopalUu' ()] (2.15)

Along-wind response of buildings

A building is usually considered as a single degree of freedom (SDOF) system to investigate
its along-wind response. For this purpose, the equation of motion for a SDOF system is

written as;
mi(t) + cx(t) + kx(t) = F(t) (2.16)
The parameters of this equation are;

e m: Mass of the system;
e c: Damping of the system;

e k: Stiffness of the system;
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e F(t): Force applied to the system (aerodynamic drag force in this case);
e x(t): Deflection response of the system;
e x(t): Velocity of the system;

e ¥(t): Acceleration of the system

The dynamic properties interrelation of a single degree of freedom system that is
represented by a simple mass-spring-damper (Figure 2.2) is briefly explained in the

following equations.

Fo i

x(t)

Figure 2.2 Simplified Dynamic Model of a Single Degree of Freedom System

Two essential parameters which relate the dynamic properties of a single degree of freedom
system are fundamental frequency and structural damping ratio, i.e. f; (in Hertz) and &

respectively. (Clough, et al., 2003).

fi=o | (2.16)
§=5= (2.17)

In order to solve the equation of motion, first of all, force applied to the system, F(t) should
be derived by making use of the pressure resultant obtained in Equation (2.15). By
definition, force is the product of pressure and the area that it has an impact. If A is used to
denote the exposure area, meanly the area of windward face of the structure, F(t) can be

written as;

F(t) =A@ +p'(1) (2.18)
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F(£) = ACpo 5 pa(U2+2 Ut/ (£)) (2.19)
Similarly, mean and fluctuating components of the wind force can be expressed as;

F =ACy Ean (2.20)
F'(t) = ACyopal Tu' (1)) (2.21)

In order to write the fluctuating component of wind force in terms of mean wind force, first

the squares of the force components are taken;

F? = 2 A2C2,p2 U0 (2.22)
F'(£)? = A2C2,p2 0% (t)? (2.23)
When A2C5,p2U? term is left alone, Equation (2.23) can be rewritten as follows;

F'(t)?

AZCgop,iUZ = 03 (2.24)
Then, inserting Equation (2.24) into Equation (2.22) will give;

=2 l F’(t)z

Fe = iy (2.25)

When Equation (2.25) is revised to leave the fluctuating force term alone on the left side;

FI 2 _ 4F> ! 2 2.26

©? =20 (0) (2.26)
In random vibration theory, the equation of motion for force excited systems are solved
easier in frequency domain compared with the time domain analytical solution techniques.
Some important concepts regarding the random vibration theory are defined and explained

in Appendix A.

Let Sp(f) and Sy (f) be the spectral densities of wind force and velocity, respectively,

normal distribution assumption and the linearity property of spectral density function allow
w2
Equation (2.27) to be written in the following form since % term is actually a constant.
4F?
Sr(f) = zzSu(H) (2.27)
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In Equation (2.27), ‘f* stands for frequency in Hertz.

Equation (2.27) describes the relation between the wind force, meanly the drag force and
the wind flow velocity. Thus, in order to derive the relationship between the deflection
response of the system, x(t) with the drag force, x(t) can be decomposed into its mean and

fluctuating components as;
x(t) =x +x'(t) (2.28)
The relation between the mean drag force and mean deflection response is as follows;

F=kxx (2.29)

In random vibration theory, the spectral densities of the applied force and the response are

directly related through a mechanical admittance function. Explicitly,

$:(f) = IH(OI2Sp (f) (2:30)

The terms in Equation (2.30) are;

S (f): Spectral density function of displacement response;

k: Stiffness of the system;

|H(f)|?: Mechanical admittance function;

Sr(f): Spectral density function of drag force

Mechanical admittance function for a SDOF system as shown in Figure 2.2 can be

expressed as follows;

1

|H(H)I? = — - 2.31)
-5 | ()

When Equations (2.27) and (2.30) are combined, the spectral density function of the

deflection response can be related to the spectral density of the wind velocity.
4F
7}

Sx(f) = = IH(P)I2 =Sy () (2.32)

Equation (2.32) applies to structures which have small windward face areas comparatively.

For structures with large areas, aerodynamic admittance function, y*(f) is introduced to
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account for the correlation of velocity fluctuations over the whole large face area. For such a

case, Equation (2.32) becomes;

S:(F) = SIHOP L (5,00 (233)
Analytically, the aerodynamic admittance function can be obtained by using the correlation
properties of the upwind velocity fluctuations. Vickery (Vickery, 1965) performed an
experimental study for obtaining the aerodynamic admittance function and this study is
usually preferred instead of using analytical solutions that involves several assumptions
(Holmes, 2005). This experimental data obtained by Vickery is presented in Figure 2.3. In
the figure, the symbol ‘A’ stands for the windward face area of the structure. Note that for

small A, y (f) approaches to one as expected.

1.0

= =g =ge—g— 1
| o X(f)=—4/3
x (f) ; 1+[#]
o1 L ﬁh

Figure 2.3 Aerodynamic Admittance — Experimental Data and Fitted Function
(Vickery, 1965)

In order to determine the variability of the response in a more meaningful way, first of all,

variance is expressed in terms of the spectral density function in Equation (2.34).

o2 = [ S (fdf (2.34)
Inserting Equation (2.34) into (2.33) will give more explicit form for the variance of
deflection.

2 o 1 2 4F2 2
of = Jo = IHOE 722 (DSu(Fdf (2.35)
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Taking the square of Equation (2.29) and combining it with Equation (2.35) will give;

o? = [JIHORE 12 (DSy(df (2.36)

If Equation (2.36) is multiplied and divided by o and the constant terms are taken outside

of the integral, the equation can be rewritten as follows;

4x%af) (o Su(f)
of = LIy IHDP () =52 df (2.37)
The calculations in Equation (2.37) are nothing but an area underneath a function
computation. Therefore, for the sake of simplicity, Equation (2.37) can be approximated as
superposition of two components, i.e. the background response, B and the resonant
component, R. This approximation is used widely in technical specifications in order to

analyze along-wind response of the structure as well.

4x%0}
02 = 7"1’[3 +R] (2.38)
Equation (2.38) can be rearranged involving the turbulence intensity definition stated in

Equation (2.3) (I,,) as follows;

02 = 4%2I%[B + R] (2.39)
B =J) x?(H* L ar (2.40)
R = 2*(f) 32 [ () Pdf 241)

Equation (2.39) shows that the variance of the displacement response of the system
increases with increasing turbulence intensity which means that highly turbulent flows cause

unstable responses.

The background response, B represents the quasi-steady response caused by the flow under
the natural frequency of the structure whereas the resonant response, as the name implies, is
a dynamic response of the structure. For many ordinary structures with average rigidity,
background response is higher than the resonant response; however, for slender ones,

resonant responses dominate.
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Across-wind response of buildings

The across-wind response of buildings is mainly due to vortex shedding and there has not
been a complete analytical solution technique that accurately represents the across wind
response yet since the analytical computations are based primarily on Bernoulli Equation
which loses its validity in case of vorticity (Holmes, 2005). Vortex shedding is defined as
the unsteady flow that occurs in special flow velocities in bluff body aerodynamics. In this
flow, vortices (spinning and turbulent flow of fluid) are formed at the back of the body (See
Figure 2.1). As each vortex is shed from the bluff body, a periodic, strong and unsteady
cross wind force is induced on it. The pressure distribution created by the vortices around
the body is asymmetric. This asymmetry causes alternating transverse forces. The
oscillations will be in transverse direction (across-wind direction) if the body is flexible

(Mendis, et al., 2007).

For a given structure, oscillations resulted from vortex shedding have a dominant frequency

that is defined by a non-dimensional number, called Strouhal number, St. It is expressed as;
st=1 (2.42)

In this equation, f; is the frequency of vortex shedding, L is the width of the bluff body that
is the dimension of the building perpendicular to wind, U is the mean velocity of the

approaching wind.

In case the frequency of the building coincides with the vortex shedding frequency,
resonance would occur resulting in large amplitude displacements. This phenomenon is
known as the critical velocity effect. This situation can lead to very large oscillations and

possibly failure of the structure.

Strouhal number of a particular structure depends on its cross sectional properties and
whether it has sharp corners or curved. If it has a curved section, Strouhal number varies
with another non-dimensional number in fluid mechanics, Reynolds number. In literature,
there are some definitions of Strouhal number for various cross-sections (Holmes, 2005).

Figure 2.4 presents Strouhal number variation with the aspect ratio of rectangular sections.
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STROUHALNUMBER VS. RATIO BETWEN DEPTHAND WIDTH
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Figure 2.4 Strouhal number vs. ratio between depth and width of rectangular section
(Eurocode 1, 2005)

In the design of the high rise buildings, the idea is to avoid coincidence of the natural
frequency of the structure with the vortex shedding frequency obtained by using the relevant

Strouhal number taken from Figure 5 and using Equation (2.42).

Torsional response

Especially, when considering the top accelerations or deflections of the building under wind
loading, the torsional response plays a significant role. Non-uniform pressure distributions
resulting from vortex shedding, non-symmetric geometrical properties, eccentricities
between the elastic and geometric centres of the structure or coupled mode shapes can be

listed as the main causes of torsional response of a tall building under wind loading.

Torsional response of tall buildings has been investigated through several aeroelastic model
tests in boundary layer wind tunnels since 1980s. Studies by Isyumov and Poole (1983),
Lythe and Surry (1990), Cheung and Melbourne (1992), and Zhang et al (1993) are some of

the pioneers of this issue.

In order to relate the mean torque to the mean wind pressure, a coefficient called ‘mean

torque coefficient’, C,,,, can be defined as follows.

Cry = L (2.43)

T —
EanZ LinaxH
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The terms in Equation (2.43) are;

e (. : mean torque coefficient;

e M; : mean torque;

® p, : density of air;

e U : mean velocity of the approaching wind;

®  Lonax - maximum projected width of the cross section;

e H: height of the building

Lythe and Surry (1990) performed several wind tunnel tests on building models with
ordinary and extraordinary shapes. They determined a mean value of 0.085 and a standard
deviation of 0.04 for the above stated parameter, C,,, (Lythe, et al., 1990). Cheung and
Melbourne (1992) have related the mean torque coefficient to the ratio of the minimum
projected width of the section to maximum one by performing several wind tunnel tests. The
result that they have obtained is presented in Figure 2.5. They have concluded that the
highest value of C,,, for any section most probably arises when the angle of attack is about

60-80 degrees from the normal to the widest building face (Cheung, et al., 1992).

0.2

Cmz

0.1

Figure 2.5 Mean torque coefficients for various cross sections (Cheung, et al., 1992)

Isyumov and Poole (1983) performed several wind tunnel tests on building models with

square sections and with rectangular sections with a 1:2 ratio in order to determine the main
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contributing component to the fluctuating torque. The results of their studies showed that
main contributions to the fluctuating torque in case of the square section models and
rectangular ones if wind direction is parallel to the long side came from the pressures on the
side faces. This brings the conclusion that the fluctuating torque can be predicted from the
mean torque that is calculated analytically using the quasi-steady assumption. In the
remaining case, i.e. rectangular section models and wind direction is parallel to the short
edge; the main contributions are from the rear face due to vortex shedding. In this case, the
analytical prediction is not valid due to the limitations of the quasi-steady assumption in

high vorticity (Isyumov, et al., 1983).

According to Zhang et al (1993), a small eccentricity in the elastic centre of a building from
its geometric and mass centre causes a large increase in the mean twist angle and the
dynamic torsional response. For example, a shift by 10% in the elastic centre of a building

with square cross section may double the torsional effects (Zhang, et al., 1993).

Wind - Induced Response Analysis through H-FBB Technique:

H-FBB (High Frequency Base Balance) Technique is an experimental procedure in which
the model base force components are measured during the wind tunnel test and the other
response quantities are calculated using the base moment data. In the conventional response
analysis, the response quantities are calculated based on the top deflection which is
primarily based on the linear mode shape assumption. Therefore, in the conventional
method, mode shape correction calculations are required to adjust the results if the mode
shape of the building under consideration is other than linear. On the other hand, in H-FBB,
the effects of non-ideal mode shapes are rather negligible since base bending moments
directly accommodate for them. (Zhou. et al, 2002) According to Davenport, (Davenport,
1966) the maximum dynamic and static base bending moment response of a tall building
can be represented by the following expression (gust response factor approach) assuming

that base bending moment is a stationary Gaussian process;
M =M+ goy (2.44)

In Equation (2.44), M and M are the expected maximum and mean of the base bending
moment respectively; g is the peak factor and oy is the root mean square (standard

deviation) of moment. By definition, the root mean square (RMS) of the base bending
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moment can be determined as in Equation (2.45) where, Sy (f) is the power spectral density

function of the fluctuating base moment.

© 1/2
on = (fy Su(F)df) (2.45)
For the sake of simplicity in the solution of the integral calculations in Equation (2.45) and
to be more elaborate, the base bending moment is decomposed into two components which
are background component, My and the resonant component, My (Zhou, et al., 2003). When

Equation (2.44) is rewritten using the two fluctuating components;

M=M+ /M,% + M2 (2.46)

For the closed form determination of the extreme maximum value of the resonant
component, the excitation is assumed to be represented by white noise near the natural
frequency of the building (Zhou, et al., 2003). White noise is an imaginary type of a random
process which has a spectral density function (Figure 2.6) that is constant for all frequencies.
It is imaginary because it is impossible to realize it physically but it is widely used for the
sake of simplicity in the idealization of the complex engineering problems (Wirsching, et

al., 1995).

S{(W)

S

0 w

Figure 2.6 Spectral density function of white noise

Expected maximum response of a process is simply described by the summation of the
mean of the process with its standard deviation times a peak factor which depends on the

time interval for which this expected maximum value is calculated. If the process under
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consideration is a mean zero process, its expected maximum is directly the peak factor times
its standard deviation (Holmes, 2005). Extreme value for the resonant component which is a

mean zero process can be expressed as;
My = g * Our (2.47)
Similar to Equation (2.45), oy can be calculated as;

our = (I Sur(Haf)"” (2.48)
In Equation (2.48), Syr(f) is the power spectral density function of the response of the
single degree of freedom system and f is the frequency. Recall that tall building is
mathematically idealized by a SDOF system. In random vibration theory, the spectral
density of the response of a SDOF system is related to the power spectral density function of
the excitation through a transfer function as given in Equation (2.51). Note that in Equation
(2.51) the frequency terms are expressed through cyclic frequencies using the relation given
in Equation (2.50). Thus, the PSD functions will also be expressed in terms of cyclic

frequencies. They can be converted to each other through Equation (2.49)

o2 = [7 Sw)dw = [° 2% 2m « S(f)df (2.49)
w =2m* f (2.50)
SurW) = | HW)|? * Syy(w) (2.51)

In Equation (2.51), the terms are;

o Syr(W): PSD of the response;
e  H(w): Transfer function;
o Sy (w): PSD of the excitation. Since the excitation is assumed to be shown by white

noise, S,y (w) = S,

Transfer function is a function that is used to define a relationship between the input and
output of a system. It is useful for solving a single degree of freedom system in frequency
domain. For example, if the input of a single degree of freedom system is force and the
required output is displacement; the displacement can easily be determined by simply
multiplying force with relevant transfer function definition. The transfer function of the
above mentioned problem is the one described for “Base-excited systems: Relative motion
problems” (Wirsching, et al., 1995). In Equation (2.52), the transfer function is presented in
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complex number form. The parameters in Equation (2.52) are as follows: m is the mass, k is

the stiffness and c is the damping of the SDOF system.

mw? k
Hw) = (k—mw2)+icw  (k—mw?2)+icw (2.52)
Therefore, by using white noise approximation Equation (2.48) becomes;
) 1/2 0 1/2
un = ([, HONIE =5 aw) ' = 5,(J% | HOw)I? w) 2.53)

In order to solve the integration calculations in Equation (47), Residue Theorem will be used
(Wirsching, et al., 1995). According to Residue Theorem, the integration given in Equation

(2.54) can be evaluated through the given formulations in Equation (2.55).

Bo+iwB;

I = fjooolK(W)lde where K(W) = m (254)
2 2
I = T[AoBi+4257] (2.55)
AgA14;

As a result, if Equation (2.53) can be written similar to Equation (2.54), g,z can easily be
calculated using Equation (2.55). So, equating H(w) to K(w), the constant terms can be
determined as in the following expressions.

k _ Bo+iwB;
(k—mw?)+icw  Ag+iwA;—w24,

(2.56)

By =k; B; = 0; A¢=k; A;=c; A,=m. Hence, the result of the integration in Equation (2.53) is;

_ m[k0%+mk?]
kcm

I xS, (2.57)

Then, combining Equations (2.16), (2.17) and (2.57);

2
okp=1= % (2.58)

In Equation (2.58), the parameter S is the value of the constant PSD approximation of the
excitation and it is written relating the circular frequency. Note that white noise
approximation is done in the vicinity of the natural frequency of the building. Therefore, in
a more elaborate form of engineering representation, power spectral density function (PSD)

can be written as;
Su(fi) = 2% 2m * Sy (wy) = 4m = S (2.59)
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In other words, Sy = Sy (f1)/4n (2.60)

When Equations (2.58) and (2.60) are combined, )z can be written as;

OMR = ’%flSM(fl) (2.61)

Finally, Equation (2.47) can be revised as;

My = gr* | fiSu(f) (2:62)

In the above given equation, ggis the resonant peak factor and determined as in Equation
(2.63) (Zhou, et al., 2003), (ASCE 7-05, 2005). It was originated by A.G. Davenport in
1964. (Davenport, 1964).

gr = +/2In (/T) + 0.5772//2In (f,T) (2.63)

In Equation (2.63), T is the observation time and it is taken as 3600 seconds in the design
standards (ASCE 7-05, 2005), (Eurocode 1, 2005) and (IYBRY, 2009). This value of 3600
seconds or in other words, 1 hour is chosen based on the experimental observations that “at
periods of about one hour, a spectral gap exists, which separates microscale from mesoscale

motions.” (Hart, et al., 1983).

Similar to Equation (2.47), the extreme value for the background component can be

expressed as;
Mp = gp * oup (2.64)

In Equation (2.64), gp is the peak factor for background component and usually taken as a
value between 3-4 (Zhou, et al., 2003); oyp is the root mean square of the background
component and is simply the standard deviation of the base bending moment which is

measured during the test.

Measured data of base bending moment and torque can be distributed to each floor in order
to determine the equivalent static wind loads by using the expressions below (Zhou and
Kareem, 2003) in Equations (2.65) and (2.66) written for bending moment and torsion cases
respectively.

5 I (2)91(2)
Pr(2) = My 2822 2.65
R( ) R f:m(z)dal(z).zdz ( )
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Prr(2) =Ty % (2.66)
In Equations (2.65) and (2.66), Py is the resonant component of the equivalent static wind
load; pR,T is the resonant component of the equivalent loads from torsional moments; m(z)
is the mass per unit height; T is the resonant component of torque; I(z) is the mass moment
of inertia per unit height; ¢4 (z) is the fundamental mode shape and H is the total height of
the building. By simply applying these equivalent loads one by one to the building and
performing structural analysis, any of the structural response quantities can be calculated.
For each, one resonant and one background component are computed. Then, by taking the
square root of the sum of the squares of the two components, the resultant value can be

determined. However, for the acceleration response, only the resonant component is
dominant (Zhou, et al., 2003). Calling the top peak acceleration of the building by Y, the
relevant expressions can be written for the bending moment and torsion cases as in

Equations (2.67) and (2.68) respectively.

5 2 Pr(2)p1(2)dz

Y(2) =950 (2 2.67
(2) [iENEyeTaye $1(2) (2.67)

5 2 Prr(2)¢1 (2)dz

Y(z) = 22222 % (2 2.68
2 10900 $1(2) (2.68)

Finally, in order to determine the root mean square of the acceleration, the value of ¥ should
be divided by the resonant peak factor, gy that is calculated as in Equation (2.63) (Zhou, et
al., 2003).

In order to simplify the wind induced response analysis procedure described, for each of the
along wind bending, across wind bending and torsional responses, a non-dimensional power
spectrum is generated (Figure 2.7) in which the horizontal axis is fB/Uy and the vertical
axis is fSy(f)/o% where f is frequency in Hertz; B is the building width that is
perpendicular to wind; Uy is the mean wind velocity evaluated at the building height, H;
Su(f) is power spectral density function of the moment; and gy, is the root mean square of

the moment. In short, Sy, (f)/0Z is called non dimensional moment coefficient, Cy (f).
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Figure 2.7 Normalized Spectra (a) in along-wind direction (b) in across wind direction
(Zhou, et al., 2003)

The normalized spectra are created using the wind tunnel test information and model
building properties. Then for the actual building, the values of fB/Uy are determined by
putting the fundamental frequency of the building in the relevant direction in the place of f
and the building plan dimension, B and the design wind speed Uy in along wind and across
wind directions. When these values are entered in the relevant spectra, the corresponding
non-dimensional moment coefficients can be achieved. After that, the background and

resonant components can be simply determined utilizing the following procedure.

e Coefficient of variation of the moment, o¢,,;

g = =M (2.69)

M Mmodel

e Background component of the base bending moment, My;

My = gg* oc,, * M (2.70)

e Resonant component of the base bending moment, My;
MR =JRr* Ocy * M « /&CM(ﬁ) (2.71)

In Equations (2.69), (2.70) and (2.71), the terms M,,,4,; and M are the mean moment
obtained for model and the mean reference moment for the real building respectively.

Cy(f1) is the value that is read on the vertical axis of the relevant normalized power
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spectrum for corresponding normalized frequency which is obtained using the natural
frequency of the building, f;. M,,,4.; is the average base bending moment so it is the mean
of the data measured during the test. On the other hand, M can be calculated using Equation

2.72).

M = [}'1/2CppU(2)*Bzdz 2.72)

In Equation (2.72), p is the density of air; B is the width of the building normal to wind; H is
the height of the building. (Figure 2.8) After the mean reference moments and the resonant
and background components are determined, the design base moment, M; can be obtained

as;

My =M+ |M," + iy (2.73)

Figure 2.8 Geometrical properties of the building
For other response quantities of interest, equivalent static loads can be specified through the

determined base bending moment components and by applying structural analysis

techniques.
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CHAPTER 3

DESIGN AND ANALYSIS OF PASSIVE DEVICES

3.1 INTRODUCTION

In nature, wind speed profile changes according to environmental conditions such as the
geographical properties, surface roughness, and the intensities of the obstacles. On the
surface of the Earth, wind speed is affected by the frictions on the ground but as height
increases, these friction effects diminish leading to a constant wind speed at a certain
elevation. This layer, where the wind profile is under the influence of the surface roughness
is known as atmospheric boundary layer (ABL). In ABL, flow velocity displays rapid
fluctuations and high turbulence. The thickness of this layer is around 200 m in open terrain

whereas it reaches 1000 m in condensed urban areas.

It is crucial to simulate the natural wind properties in the wind tunnel tests for reliable
results. Thus, creation of the atmospheric boundary layer becomes an important issue. Such
wind tunnel tests are generally conducted in special wind tunnels, called ‘Boundary Layer
Wind Tunnels (BLWT)’ which have relatively long test sections of 15 to 20 meters
(Cermak, 1982). In BLWT, a thick boundary layer wind profile or the appropriate
turbulence levels can be achieved through the long test sections. For wind tunnels having
short test sections, boundary layer can still form through the use of special surface
roughness elements on the base of the test section. These surface roughness elements,
generally called passive devices, can be designed in many shapes but the most frequently

used ones are grids, barriers, fences, spires and cubes (Simiu, et al., 1978).
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Ohya (Ohya, 2001), Counihan (Counihan, 1973), (Counihan, 1969), Cook (Cook, 1973),
Cermak et al (Cermak, 1995), (Cermak, 1982), Garg et al (Garg, et al., 1997) and Irwin
(Irwin, 1981) are the pioneers of the researches about atmospheric boundary layer

simulation elements. These studies date back to 1960s and 1970s (Holmes, 2005).

This chapter is devoted to the design and analysis of the surface roughness elements. In the
following parts, design calculations and theoretical background of the design of passive
devices will be presented. Then, the design is verified with computational fluid dynamics
simulations. As a final section, the tunnel measurements are presented and compared with

numerical results and ASCE 7-05 definitions.

3.2 DESIGN OF PASSIVE DEVICES

In the design of surface roughness elements, the basic idea is to have similarity between the
natural wind profile characteristics and the one in the wind tunnel. Basic criteria for
kinematic, dynamic, and thermal similarities are able to be provided through conservation
equations of mass, momentum and energy. In order to achieve “exact” similarity between
the model and the prototype, the some dimensionless parameters are defined in literature.

Here, they are briefly expressed.

Reynolds Number: is a dimensionless parameter that is determined from the ratio of the
internal forces to the viscous forces. Although the number was named by Osborne Reynolds
in 1883 who popularized the use of it, it was actually first introduced by George Gabriel
Stokes in 1851 (Potter, et al., 2002). Reynolds Number is computed as follows:

Re = Lolo 3.1)

Vo
The terms in equation (3.1) are:

e U,: Velocity of the fluid;
e L,: Characteristic linear dimension;

* v,: Kinematic viscosity of the fluid.
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Richardson Number: is a dimensionless parameter which expresses the ratio of potential
energy to kinetic energy. It gives a rough idea about the expected air turbulence (Potter, et

al., 2002).

= Mo Log
Ri =22 (3.2)

The terms in equation (3.2) are:

e AT,: Temperature change;

e T,: Initial temperature;

e Ly: Characteristic linear dimension;
e g: Gravitational acceleration;

e U,: Velocity of the fluid.

Rossby Number: (also known also as Kibel number) is a dimensionless parameter which
expresses the ratio of inertial forces to the Coriolis forces which is caused by rotation of the

Earth. It demonstrates which forces dominate the system (Potter, et al., 2002).
Yo

Ro = - (3.3)

The terms in equation (3.3) are:

e U,: Velocity of the fluid,;
e L,: Characteristic linear dimension;

e ()y: Angular frequency of planetary rotation.

Prandtl Number: is a dimensionless parameter that expresses the ratio of the viscous

diffusion rate to the thermal diffusion rate (Potter, et al., 2002).

pr = Zefopo (3.4)
ko

The terms in equation (3.4) are:

e v, Kinematic viscosity of the fluid;
e po: Density of the fluid;
®  Cpo: Specific heat;

e k,: Thermal conductivity.
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Eckert Number: is a dimensionless parameter that expresses the dissipation by relating the
flow’s kinetic energy and enthalpy (Potter, et al., 2002).

ug

Ec = (3.5)

Cpo(aT)o
The terms in equation (3.5) are:

e U,: Velocity of the fluid;
®  Cpo: Specific heat;

e (AT)q: Characteristic temperature difference of the flow.

In addition to the dimensionless numbers, boundary conditions that are needed for “exact”

similarity are:

1) Surface roughness and temperature at ground level;

2) Flow structure above the atmospheric boundary layer or drainage current;

3) Zero pressure gradients in the direction of mean flow;

4) Sufficient upwind fetch to establish equilibrium of the simulated atmospheric
boundary layer with surface boundary conditions;

5) Height of an inversion layer, if present.

Under standard atmospheric and gravity conditions, wind tunnel testing entails fundamental
scale violations for the Reynolds number. Richardson number is needed only for thermal
similarity. Atmospheric boundary layer is actually independent of the geotropic wind effect
hence it can be modelled without matching Rossby number. The Prandtl number criterion is
automatically satisfied in wind tunnel simulation and finally, the Eckert number is essential
only for compressible flows (Shojaee, et al., 2009). This quick review of the dimensionless
numbers defined in fluid mechanics indicate that in ordinary wind tunnels “exact” similarity
of the entire atmospheric boundary layer is almost impossible. Therefore, instead of
matching the dimensionless numbers, geometric scaling of the boundary conditions is tried
to be satisfied. For the neutral atmospheric boundary layer similitude considerations, the
theory introduced by Cermak (Cermak, 1995) makes use of the only variables defined on
the ground surface such as the surface roughness height, z,, and the friction velocity, u«. As
a result, in order to achieve the atmospheric boundary layer simulation studies, the surface

roughness characteristics and the natural wind profile should be analysed. Ground surface
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characteristics are determined based on the vegetation, natural topography and the

constructed facilities, in other words the ground coverage.

There are several definitions with minor variations, for the ground surface roughness
categories in wind engineering studies (ASCE 7-05, 2005), (Eurocode 1, 2005). In this
study, the description given in the design guideline provided by the American Society of
Civil Engineers, ASCE was utilised (ASCE 7-05, 2005). According to ASCE 7-05, the
ground coverage properties are classified under three exposure categories which are named
as Exposure B, C and D. Exposure B applies to urban and suburban areas with closely
spaced obstructions which have the size of single-family dwellings that prevail in the
upwind direction for a distance of at least 792 m. Exposure D stands for flat, unobstructed
areas and offshore regions which prevail in the upwind direction for a distance greater than
1524 m. Remaining exposure category C, applies for the cases where exposure B or D does

not suitably fit.

Wind speed profile definition

Wind speed profiles are defined by using power law as given in equation (3.6).

% = (g)a (3.6)

In Equation (3.6), U is wind speed in the relevant height z; U, is wind speed after the
atmospheric boundary layer is reached. It is the basic wind speed chosen for design with a
certain gust effect according to the climatic conditions in the relevant location; z is the
height; & is the height of the atmospheric boundary layer depending on the exposure

category; « is a constant depending on the exposure category.

In this study, the analyses are made for the three exposure categories defined in ASCE 7-05.
The parameters of the power law for each of them are given in Table 3.1; and shapes of

wind speed profiles for each of them are presented in Figure 3.1.
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Table 3.1 Terrain exposure constants (ASCE 7-05, 2005)

EXPOSURE POWER LAW ATMOSPHERIC BOUNDARY

CATEGORY CONSTANT, a LAYER HEIGHT, 6 (m)

B 1/4.0 365.76

C 1/6.5 274.32

D 1/9.0 213.36

ExposureB ExposureC ExposureD
1 1 1
0.9 0.9 0.9
0.8 08 0.8
g 07 g 07 £ 07
i 0.6 ': 06 E 0.6
E 0.5 ;‘:j 0.5 :"i 0.5
% 0.4 'Ei 0.4 I 04
= 03 = 03 = 0.3
02 02 0.2
0.1 01 01
0 0 0
0 2 4 6 s 10 12 0 2 4 6 8 10 12 0 2 4 6 510 12
Flow Velocity (m/sec) Flow Velocity (m/sec) Flow Velocity (m/sec)

Figure 3.1 Wind speed profiles for Exposures B, C and D defined in ASCE 7-05

Design Methodology for Spires and Roughness Elements

The object of achieving the desired boundary layer properties upstream of the test section in
short wind tunnel, spires should be designed at the inlet and roughness elements, meanly
cubes should be placed on the wind tunnel floor. Simiu and Scanlan (Simiu, et al., 1978)
proposed the following procedure for the design of spires, which are geometrically defined
as in Figure 3.2. This is an empirical procedure in which first of all the desired boundary
layer thickness in the tunnel is decided (8). Then, after the constant parameter, o defined for
the relevant exposure category is selected; the height of the spire, h is calculated using
Equation (3.7). Finally, the base width of the spire is determined using Figure 3.2. There, H

is used to symbolize the height of the wind tunnel test section.
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Figure 3.2 a) A typical spire configuration b) Spire base width variation with power
law exponent (Simiu, et al., 1978)

)
h=1390 (3.7)

For a system designed using this procedure, the desired atmospheric boundary layer most

probably occurs 6h downstream from the spires. Hence, the spires should be placed 6h

upstream from the building model.

For the complete simulation of the atmospheric boundary layer, spires sometimes may not

be sufficient. In such circumstances, the wind tunnel test section floor should be covered by

cubes with height k and spacing D such that;
k _ 3In(3)-01161 /Cif+2.05
E =e

2
a
Cr = 0136 -

(3.8)

(3.9)
Equation (3.9) is only valid in the range of 30<aD*/k’<2000.

As a remark, although similitude in atmospheric boundary layer can be achieved through the

design of the passive devices, similarity in turbulence levels generally cannot be satisfied in

short wind tunnels.

Results of Numerical Simulation

Under the scope of the Ankara Wind Tunnel case study, design of the surface roughness
elements for each of the exposure categories B, C and D in ASCE 7-05 were performed.
Hence, first of all the atmospheric boundary layer thicknesses, & were taken from Table 3.1.

Then, a preliminary scale factor was assumed considering height of the test section. By
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using the above mentioned procedure, designs of the surface roughness elements were
made. During the calculations, basic wind speed was taken as 10 m/sec which is the smallest
flow velocity that can be stabilized in AWT. After the dimensions of the surface roughness
elements were determined, it was tested that whether the desired wind profile was achieved
in the test section or not using the commercially available computational fluid dynamics
software, ANSYS Fluent. The number of computational cells used in the software in order to
mesh the system was between 1.3 and 1.7 million tetrahedral cells. Results were obtained by
solving RANS equations using k-g turbulence model, with standard pressure, second order

momentum, turbulent kinetic energy and turbulent dissipation rate computations.

The scale of the model that is used in the wind tunnel test is determined from the ratio of the
boundary layer thickness obtained in the tunnel to the atmospheric boundary layer height
given in Table 3.1. As an initial attempt in all of the three exposure categories, the scale of
the model was assumed to be 1/400 which is the most widely preferred one in literature. The
design results for this first iteration are given in Table 3.2. The spacing between the cubic

roughness elements, D is selected as 0.2 m for each of the cases.

In Table 3.2, § is used for the thickness of the atmospheric boundary layer for the relevant
exposure category that is determined from Table 3.1 and scaled with the assumed factor of
1/400. The other parameters, b refers to the base width, h is the height of the spire and k is
the height of the cubes. Splitter means the width of the splitter plate attached to the spire
(Figure 3.2). Lateral is used for the lateral distance of the splitter plate. X is the factor of h
that is used to express the distance from the spires where the atmospheric boundary layer is
reached instead of using 6h generalization and I is the distance downstream from the spires

where the atmospheric boundary layer is reached. (I = X*h)

Table 3.2 The boundary layer characteristics and the geometries of the passive devices
for 1/400 scale factor

Exposure 6 (m) X h(@m) b(m) Splitter Lateral k r Number
of Spires

B 0914 45 1.129 0.120 0.282 0.565  0.0356 5.08 4

C 0.686 4.5 0885 0.107 0.221 0.443 ~0 3.98 5

D 0533 6.0 0.702 0.064 0.175 0.351 ~0 4.21 6
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Figure 3.3 and Figure 3.4 given below show the results of the computational simulations for
the 1/400 scale model prepared for each of the exposure categories. Effects of the spires and
roughness elements on the flow regime are clearly identifiable in Figure 3.3. For Exposure
B, the individual wakes of the spires are identifiable up to about 2 m downstream of the test
section entrance. These wakes as well as the disturbances created by the cubical roughness
elements start to mix out and create a thick boundary layer near the wall. For the other two
exposures, because of the missing roughness elements, individual spire wakes persist much

longer.

Figure 3.4 represents the velocity contours downstream of the spires at the cross sections
corresponding to the I" values given in Table 3.2. The numerically predicted velocity profile
and the one determined from the power law are given on the right column. The
computational fluid dynamics (CFD) results show that although the required boundary layer
profile is very well obtained for Exposure C, for Exposures B and D the desired power law
boundary layer profiles cannot be reproduced exactly by the designed spire and roughness
configurations. Although the reliability of the CFD outputs can also be questionable, current
results still indicate that the inlet configurations for Exposures B and D may not be

appropriate for the experiments.
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Figure 3.3 Contours of wind speed for exposures B, C and D (1/400 scale) at various
cross sections downstream of the test section inlet (Shojaee, et al., 2009)
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Figure 3.4 Contours of wind speed downstream of the spires at the cross sections
corresponding to the I" values given in Table 3.2 (Shojaee, et al., 2009).
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In order to produce more appropriate inlet configurations for Exposures B and D, the spires
and roughness elements are re-designed with different scale factors. In this second iteration,
the scale factors for Exposures B and D are chosen such that the desired boundary layer
heights are about 30% of the tunnel height, similar to the case for Exposure C in the first
design iteration. This study resulted in scale factors of 1/500 and 1/285 for Exposures B and
D, respectively. The geometrical parameters for the re-designed spires and roughness
elements are presented in Table 3.3 and the velocity contours downstream of the spires at
the cross sections corresponding to the relevant I values are presented in Figure 3.5 for

exposures B and D.

Table 3.3 The boundary layer characteristics and the geometries of the passive devices
for the second iteration

Exposure o6 (m) X h(@m) b(m) Splitter Lateral k I'  Number
of Spires

B 0.731 45 0904 0.158 0.226 0.452 0.033  4.07 5

D 0.747 45 0983 0.091 0.246 0.492 ~0 4.43 5

The finalized design configurations for each of the exposure categories are summarized in
Table 3.4 below. As a surface roughness element, cube is required only in Exposure B. In
the other two, the height of the cubes, k has come out to be zero implying that there is no
need to them. On the other hand, five spires have been designed in different dimensions.
The boundary layer thickness in the tunnel is around 0.7 m in each of the categories which is

approximately 30% of the tunnel height that is 2.44 m.

The predicted and desired power law velocity profiles along the tunnel height present a
better agreement compared with the first design iteration. As a result, it was decided that
these geometrical inlet configurations given in Table 3.4 were used in the building model
experiments in AWT. For this purpose, all three inlet configurations of the surface
roughness elements corresponding to the three exposure categories were manufactured as

shown in Figure 3.6 below. The cubes were located in a staggered pattern.
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Figure 3.5 Contours of wind speed for the re-designed inlet configurations downstream
of the spires on cross sections corresponding to the I" values given in Table 3.3 (Shojaee

et al., 2009).
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Table 3.4 Geometrical properties for the finalized design of surface roughness elements

Parameters Exposure B Exposure C  Exposure D
Onatural (M) 365.76 274.32 213.36
Scale Factor 1/500 1/400 1/285
Ornnet (M) 0.731 0.686 0.747
a 1/4.0 1/6.5 1/9.0
k (m) 0.033 ~0 ~0
Number of Spires 5 5 5
h (m) 0.904 0.885 0.983
b (m) 0.158 0.107 0.091
X 4.5 4.5 4.5
Splitter 0.226 0.221 0.246
Lateral 0.452 0.443 0.492
r 4.07 3.98 4.43

Figure 3.6 Photograph of the manufactured spires and roughness element
configurations for the three exposure categories. (The tape on the photographs shows 1
m length.)
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3.3 MEASUREMENTS IN ANKARA WIND TUNNEL TEST

The surface roughness elements designed for three exposure categories were placed in
Ankara Wind Tunnel and tested whether they successfully create the desired wind profile or
not. Location of the surface roughness elements in the tunnel are presented in Figure 3.7 for
each of the exposure categories. As a first step, the manufactured configurations are
mounted on the floor of the test section I' distance away from the location of the model of
the building and 10 m/sec wind speed was provided in the tunnel. Wind speed depending on
height was measured utilising a hot wire anemometer system which was attached to a three
level mobilizing traverse system placed beneath the floor of the test section as given in
Figure 3.8 on the left. By the help of this traverse configuration, the anemometer system was
capable of measuring the wind speed in every 5 mm up to a 1 m of height. Before the data
gathering operation has initiated, measurement system was calibrated. In Figure 3.8 on the

right, a photograph taken during the measurements is presented.

SURFACE ROUGHNESS ELEMENTS IN EXPOSURE B

SURFACE ROUGHNESS ELEMENTS IN EXPOSURE C SURFACE ROUGHNESS ELEMENTS IN EXPOSURE D

Figure 3.7 Location of surface roughness elements in the tunnel
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Figure 3.8 Photographs of the traverse system and hot wire anemometer system taken
during the test

The results of the experiments are investigated in terms of wind speed profiles and the
turbulence intensity levels. Turbulence intensity is a parameter that demonstrates the

variability of the flow velocity and it is determined utilising Equation (3.10).
I, = % (3.10)

In equation (3.10), I, is the turbulence intensity; g, is the root mean square of the velocity

and U represents the mean flow velocity.

The turbulence level of the empty tunnel, the one measured during the test and the definition
of ASCE for each exposure categories are presented in Figure 3.9. When the tunnel is
empty, the turbulence intensity is approximately 3% in average which is considerably low
when compared with the ASCE 7-05 definitions. Surface roughness elements placed at the
inlet of the test section caused an increase of the turbulence intensity as expected. As the
roughness of the exposure category increases, i.e. from exposure D to B, the flow gets more

turbulent. Within the first 20 cm of height, for exposure B, the turbulence intensity levels
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reach to 20-40 % values as a consequence of the utilisation of the surface roughness cubes
whereas turbulence intensities are around 10% in the other two categories in which there are

spires only.

The experimental results for turbulence intensities are quite similar with the ones defined by
ASCE 7-05 (ASCE 7-05, 2005) for the first 50 cm of the test section height but for the
higher regions, while ASCE definition remains constant, the test results exhibit a decrease,
almost a disappear. This is a consequence of the fact that the spires lose their effects on

turbulence after a certain height.
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Figure 3.9 Comparative turbulence intensities of the flow in the tunnel

In Figure 3.10, the graphs of the wind speed profiles obtained from experiments, numerical
modelling and ASCE 7-05 definitions (ASCE 7-05, 2005) are given for each of the exposure
categories. The measurements in the empty tunnel indicate that the wind speed gets constant
after 35 cm of height. In other words, if no surface roughness elements were used in the
tests, the thickness of the atmospheric boundary layer would be 35 cm. By the help of the
spires located at the inlet of the test section, the atmospheric boundary layer has occurred at
a height that is quite close to the desired values given in Table 3.4 for each of the exposure
categories B, C and D. Although the results of the numerical modelling closely fit to the
ones defined in ASCE 7-05, measured profiles slightly deviate from them due to the high

turbulent effects described in Figure 3.9. This deviation is much greater in exposure B
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compared with the other two because of the utilisation of the cubic surface roughness
elements. Since the turbulence that occurs around the spires at the wake cannot be fully
reflected in the numerical models, such deviations could not be estimated from numerical

simulations.
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Figure 3.10 Comparative wind profiles of the flow in the tunnel

These results emphasize the significance of the length of the test sections of the wind
tunnels for the similitude of the atmospheric boundary layers. For the atmospheric boundary
layers to be completely modelled in a wind tunnel, the test sections should be around 15 - 20
meters in length (Cermak, 2003). Because the test section of the only wind tunnel in Turkey,
AWT is relatively short, the turbulence intensities occurring around the spires cannot
completely disappear before the flow reaches to the building model. As a result of this

turbulence, a smaller wind speed is obtained compared with the ones defined in ASCE 7-05

(ASCE 7-05, 2005).

Another remarkable consequence is that the wind speed exceeds 10 m/sec after the
atmospheric boundary layer is reached approximately at a height of 60 cm. In the high
frequency base balance (H-FBB) analysis, instead of the magnitude of the wind speed and
the turbulence intensity, their randomness and similarities with the target shapes have the
major significance. In conclusion, the results demonstrated in Figures 3.9 and 3.10 are quite

admissible for a short-section wind tunnel test and could be utilized for H-FBB tests.
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CHAPTER 4

ANKARA WIND TUNNEL TESTS

A series of tests were performed on a rectangular building model by using high frequency
base balance technique at Ankara Wind Tunnel. The base moments were measured by a
base balance system designed and manufactured especially for this study. Ankara Wind
Tunnel is a closed circuit wind tunnel with 3.05 x 2.44 m test section and 6.1 m length.
Since it has a comparatively short test section, special passive devices were utilized at the
inlet of the tunnel to create atmospheric boundary layer and to match the requirements of the
wind profile and turbulence intensity. The tests were repeated several times for examining

the effects of exposure categories and angle of attack.

4.1 DESIGN OF THE BASE BALANCE SYSTEM

In the high frequency base balance (H-FBB) tests, response of the model building is
measured through a special data acquisition and processing system that consists of ultra-
sensitive force measurement arrangements. Balance system which was designed and
constructed particularly for this study is capable of measuring two base bending moments
that are orthogonal to each other. In the system, there are four load cells each of which has a
capacity of 5 kg; and capable of measuring 50 g of load. Load cells are arranged such that
they form the shape of a cross-hair. In other words, two load cells are perpendicularly
connected to each other through aluminium beam elements. Thus, two orthogonal base
bending moments can be obtained by multiplying the distance between two opposing cells
with the axial load measured on them. A photograph of this balance system is presented in
Figure 4.1. The photograph on the left in Figure 4.1 is the balance system itself. The rod at

its centre is the element used for integrating the model. The system was connected to a data
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acquisition system which was located under the test section floor. The photograph on the
right in Figure 4.1 presents the placement of the balance system in the tunnel. The floor in
the picture is actually the basement of the test section. The rod was passed through the hole
on the floor and glued to the model by epoxy through the hole produced in its centre. A
major requirement of the balance system is that it should have low mass and high stiffness
in order not to participate in the response (Cermak, 2003). In order to fulfil this requirement,
aluminium is chosen as the material during design of the balance system. After the

assemblage, the system is measured to have a natural frequency of approximately 10 Hertz.

Figure 4.1 Balance system and its location in the tunnel

In H-FBB tests, models are required to have low mass and high rigidity. Most widely used
materials that satisfy these necessities are balsa wood, polystyrene foam and thin walled
plastic (Gamble, 2003). In this case study, polystyrene foam is preferred since it can be
supplied and shaped easily. The aluminium rod connected rigidly to the balance system was
glued to the model by epoxy. Building model is a rectangular prism of 15 x 20 x 50 cm in
size which is equivalent to a building of 60 x 80 x 200 m for a scale of 1/400. (Figure 4.2)
This scale was determined particularly for Exposure C defined in ASCE 7-05 (Shojaee, et
al., 2009).
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Figure 4.2 Alignment of the model in test section

4.2 TEST RESULTS

The major aim of this study is to investigate the influences of exposure categories and angle
of attack on response of the building. Therefore, tests were conducted for exposure
categories B and C which represent city centre and open environment in ASCE 7-05,
respectively (ASCE 7-05, 2005). In category B tests, only the case of perpendicular wind
direction was analyzed, whereas in category C, effects of different angle of attack were
investigated through the tests for 0, 15, 30, 45, 60, 75 and 90 degrees. In Figure 4.3, there is
a sketch of the system displaying the direction system used in this study. In order to satisfy
the repeatability of the tests, each test was performed at least two times. Data acquisition
system gathered data with a speed of 100 Hz for a duration of 3 minutes in each test. In

other words, the time dependent data is in 0.01 second time interval.

At the end of the tests, the balance system has supplied the axial loads occurring on four
load cells. The two opposing ones form a couple for the bending moment in x direction and
the two other perpendiculars form one in y direction. (See Figure 4.3) The idea is to simply
multiply the axial loads with the distance between them which is measured to be 13 cm. As
a result, base moment variations in time for two orthogonal directions are obtained. After
that, the statistical properties of each data such as the mean, standard deviation and power
spectral density function are calculated. For the calculations, commercially available
software’s ‘MATLAB’ and ‘Microsoft Office Excel” are used. These parameters are used to
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determine the design base moments, equivalent static loads and top accelerations. Design

wind speed is selected as 40 m/sec (90 miles/hr) for this study.
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Figure 4.3 Angle of wind attack

At the end of the tests, base moment data is obtained as time series. The results for each of
the tests are given explicitly in Appendix B but here, base bending moments depending on
time in along and across wind directions specifically for the tests made in exposure category
C and zero angle of attack are presented in Figures 4.4 and 4.5. Fast Fourier Transforms of
the base bending moments are presented in the same figures as well. In both of the FFT’s,
natural frequency of the base balance system is appearing around a frequency of 10 Hertz
with an artificial peak response. In the FFT graph of across wind base moments, there

occurs another peak which corresponds to the vortex shedding frequency.
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Then, in order to implement the results of the wind tunnel test and determine the data
necessary for design of the building, normalized wind spectra are generated. The horizontal
axis of a normalized wind spectrum is f * B/Uy where; f is the frequency; B is the
dimension of the building perpendicular to wind; and Uy is the design wind velocity. On the
other hand, vertical axis is fSy(f)/oZ where g, is the root mean square of the moment;
and Sy (f) is the power spectral density function of the moment. £S,,(f)/oZ will be in

short denoted by Cy(f). These spectra are created in all exposure categories and angles of
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attack in along wind, across wind, x and y directions. In Figure 4.6, there are the normalized
spectra for the tests whose time dependent graphs and FFT’s are presented in Figures 4.4
and 4.5. In order to provide a smooth power spectral density function, the time dependent
series are divided into 18 parts each of which has 1500 data such that first part starts from 0
second to 14.99 seconds; second part is from 15 seconds to 29.99 seconds; and third part is
from 7.48 seconds to 22.47 seconds that sets in between first and second parts. The
remaining 15 parts are formed by using the same logic. Therefore, the data is divided into 36
subgroups since the same test is repeated twice in order to show repeatability. Finally, the
power spectral density functions are made smoother by using ‘moving average* technique in

Matlab where the function of ‘smooth’ is used with a selected degree of smoothing of 8.

4.3 INTERPRETATION OF RESULTS

Calculation Details for the Tests in Exposure C and 0° Angle of Attack

In order to explain the procedure in the determination of base moments in Table 4.4,
calculations performed for Exposure C and 0° angle of attack will be demonstrated in this

part. First of all, the physical properties of the building can be listed as;

e Fundamental frequency in x direction, fi5 : 0.386 Hertz
¢ Fundamental frequency in y direction, fi,: 0.200 Hertz
e Building bulk density: 250 kg/m’

e  Structural damping ratio, &: 0.02

e Drag coefficient, Cp: 1.3

e Air density, p: 1.25 kg/m’

For survivability design, one hour averaging time, 50 year return period wind speed is
recommended to use (Kareem, et al., 2000). Selected design speed of 40 m/s is the basic
wind speed at reference height of 10 m in terms of 3 s gust. In order to convert 3 s gust
speed to hourly gust speed, ASCE 7-05 defines a relationship such that hourly speed is 0.65
times 3s gust speed. Hence, wind speed at 10 m reference height, U}, becomes 40*0.65 that
gives 26 m/s. Design wind speed, Uy is defined as wind speed at the top of the building.
Recall that a is the power constant defined for each exposure categories specifically (ASCE

7-05, 2005). Relevant normalized spectra are given in Figure 4.6. Then calculations are
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presented in bulleted form. These normalized spectra are created using a mean velocity

calculated below using Equation (2.1).

— Uy =Up*(200/10)*= 26*(200/10)"5° = 41.222 m/s
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Figure 4.6 Normalized spectra in (a) along and (b) across wind directions for exposure
C and zero angle of attack
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£, *B/Uy; = 0.386%0.20/41.222 = 0.749 => Cy(f},) = 0.002769 (Figure 4.6)
fi,*B/Uy = 0.200%0.20/41.222 = 0.388 => Cy(f1,) = 0.006708 (Figure 4.6)

Statistical parameters of random moment data obtained from base balance are;

el Ll

Root mean square in along-wind or x direction, oy, = 0.335 kNm
Root mean square in across-wind or y direction, oy, = 0.464 kNm
Mean moment in along-wind direction, pyx = 1.631 kNm

Mean moment in across-wind direction, pyy = 0 kNm

Normalized standard deviation of moment in along wind direction,

O p,= 0-335/1.631 = 0.206

Normalized standard deviation of moment in across wind direction,

TC py™= 0.464/1.631 =0.284

Average/mean moment in along wind direction, M for actual building is determined
using Equation (2.72) in Chapter 2 as 1.917*10° kNm.

Assuming a background factor of 3 (Zhou, et al., 2003), background component of
base moment in along wind direction is 3*0.206*1.917*10° = 1.182*10° kNm
Resonant peak factor in both along-wind and across wind directions;

gr = +/2In (0.386 * 3600) + 0.5772/,/2In (0.386 * 3600) = 3.951

Resonant component of base moment in along-wind direction is;

My = 3.951 % 0.205 * 1.917 * 1076 = /4*(’;02 0.002769 = 0.512*10° kNm

Finally, design base moment in along-wind direction is;

My =M+ /Mg + M2 =1.917 + V1.182% + 0.512%2 = 3.205 * 10°kNm

Assuming a background factor of 3 again, background component of base moment
in across wind direction is 3*0.284*1.917*10° = 1.635*10° kNm

Resonant component of base moment in across-wind direction is;

My = 3.951  0.284  1.917 * 1076 * /4*;102 0.006708 = 1.104*10° KNm

Finally, design base moment in across-wind direction is;

My =M+ /Mg + M2=0++V1.6352 + 1.1042 = 1.973 = 10°kNm
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Effects of Exposure Category:

In order to analyze effects of exposure category on response of a building, tests performed
for 0° angle of attack in exposure B and exposure C are compared and discussed. In Table
4.1, parameters related with the base moments in both along wind and across wind
directions are given for exposure categories B and C. The parameters are average moment
of the real building (M), average moment for the model (M,,,54¢;), root mean square (gy,)

and coefficient of variation or the normalized standard deviation of moment (ag,,).

Equations to calculate these parameters are restated in Equations (4.1) to (4.3).

M = [}'1/2C,pU(h)*Bhdh 4.1
O_M — /Z(M_nlw_rilodel) (42)
%cm = M‘::del 4.3)

In the above equations, Cp, represents the drag coefficient and taken as 1.3 for rectangular
buildings (Zhou, et al., 2003); H is height of the model building and it is 0.5 m; U(h) is the
mean wind velocity; and n is the number of data points in time dependent series of the
random variable, moment under consideration. In Equation (4.3), the mean moment under
consideration is calculated for the along wind direction. In addition, mean moment in the
across wind direction is always zero since there is no mean wind velocity acting there and
the only reason for the across wind moment is due to vortex shedding (not mean but
fluctuating component of moment). While computing the coefficient of variation, the
interaction of the base balance’s natural frequency, the row data was filtered by utilizing
‘band-stop filter’. During this process, the data that has a frequency between 9 Hz and 11 Hz
were excluded. (The natural frequency of the balance system was measured to be equal to

10 Hz).

Average base moments and coefficient of variations are calculated in along and across wind
directions for exposure categories B and C when the angle of attack, a is 0°. In this case,
along direction coincides with the x direction and across wind direction with y. Therefore,
dimension of the model building perpendicular to wind, B is 0.2m and the natural

frequencies of the building corresponding to the along and across wind directions (x and y)
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are 0.386 Hertz and 0.200 Hertz, respectively. Table 4.1 presents the moment parameters for

exposures B and C. Superscripts x and y denote along and across wind directions.

Table 4.1 Resultant moment parameters — Effects of exposure category

Exposure Average Root Root Normalized Normalized
Category Moment mean mean Standard Standard
square square Deviation Deviation
(M poder) (om) (o) (O'CXM) (o C}Ily)
Exposure B 1.052 0.266 0.276 0.253 0.262
Exposure C 1.631 0.335 0.464 0.206 0.284

All dimensions are in N.m

In Table 4.1, average moment values increase with increasing average wind velocity. In
exposure B, average velocity in first 50 cm of the test section height is determined to be 6
m/sec and it is 7.73 m/sec in Exposure C (Figure 3.1 in Chapter 3). The increase in average
moment is directly proportional to the square of the average velocity ratios. When the
normalized standard deviations are compared, in x direction, it is seen that the value is
larger for exposure B due to high turbulence. Note that average turbulence intensity in first
50 cm of height is around 22% in B whereas it is 10.7 % in C. As a result, it is concluded
that turbulence intensity directly affects normalized standard deviation, thus the background

moment, in along wind direction.

In order to determine the total base moment, the fluctuating moment values should also be
calculated since total moment is the summation of the mean moment and the square of sum
of squares of the resonant and background components of fluctuating moment as given in
Equation (4.6). In Equation (4.4), it is seen that background component is directly related
with the average moment and normalized standard deviation but resonant component is
related with the power spectral density function of moment as given in Equation (4.5). For
this purpose, normalized spectra in along and across wind directions for both exposure
categories are computed (Figure 4.7).
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Mg = gp * Ocy * M (4.4)

MR =Jr* Ocy, * M * /%CMOCl) 4.5)
My =M+ |M° + 1 (4.6)
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Figure 4.7 Normalized spectra in (a) along wind and (b) across wind directions for
exposure categories B and C
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In the spectra for both directions, around a normalized frequency of 0.23, there occurs a
peak which is due to the interaction of natural frequency of the balance system. Using data
in this range leads to a biased result. Improving the balance system such that it has a high
natural frequency out of the range of modal frequencies of the model may solve this
problem. In the spectra of across wind direction there is one more region where response
makes a peak which matches with the vortex shedding frequency. Vortex shedding
frequency mainly depends on the wind speed and plan geometry of a building. The effect of
building geometry is usually described with Strouhal number which can be computed by

using the following equation.

st =L22 (4.7)
where, f; is vortex shedding frequency; St is Strouhal number; B is the dimension of the
building perpendicular to wind; and U is mean velocity of the approaching wind. Equation
(4.7) is actually the horizontal axis of the normalized spectra. According to Eurocode 1
(Eurocode 1, 2005), for rectangular buildings, Strouhal number changes according to the
aspect ratio (D/B). Since the building model that was tested has an aspect ratio equal to
0.75, the Stouhal number for steady state flow becomes equal to 0.12 from Figure (2.4).
According to the normalized spectra presented in Figure 4.7, Strouhal number for exposures
B and C is around 0.07 and 0.09, respectively. The main reasons of the difference between
the measured and computed Strouhal numbers are the varying wind speed with respect to

height and varying turbulence intensity.

Turbulence intensity is greater in exposure B (22%) than in exposure C (10.7%) since B
corresponds to city centre whereas C to open terrain (ASCE 7-05, 2005). Effects of this
difference in turbulence are seen in the normalized spectra of across-wind direction around
the vortex shedding part. The peak value for more turbulent category B is around 2 whereas
it is approximately 3.5 in C. Moreover, shape of the spectra around vortex shedding is
sharper in C. As a result, it is observed that higher turbulence intensity decelerates the
fluctuations of resonant effects. On the other hand, when the spectra in along-wind direction
are examined, it is seen that the building does not experience resonant effects but the
fluctuations are primarily based on the pressure differences and hence on turbulence. As a
remark, it is seen that in low frequency levels, more turbulent exposure category B leads to

higher fluctuations.

66



Effects of Angle of Attack:

In order to investigate the influence of changing wind directions on the response of
buildings, the model is tested in exposure C for 7 different angles of attack (0, 15, 30, 45,
60, 75 and 90 degrees). Results are examined firstly on the along and across wind directions
(Figure 4.3). In Table 4.3, the resultant base moment components in along wind and across
wind directions are shown and in Figure 4.9, change in the normalized standard deviation

depending on the angle of attack is presented.

Parameters in Table 4.3 are determined by making statistical calculations for random
moment data obtained from the measurements of balance system. Through balance system,
moments in the x and y directions of the building are obtained (building perpendicular
directions); however, in this part, moments in the along and across wind directions are under
consideration. Therefore, random data for moments in along wind and across wind
directions should be determined relating them with the x and y direction moments as given
in Figure 4.8 and Equations (4.8) and (4.9). Note that during the wind tunnel test, building

model is rotated in clockwise direction for each angle of attack, a.
Mgiong = My * cos(a) + My, = sin (a) (4.8)
Mgiong = —My * cos(a) + M,, = sin (a) 4.9)

In Figure 4.8, B, is the dimension of the building perpendicular to wind and D, is one in

parallel directions when it is rotated. They are listed in Table 4.2.

Across-wind
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Figure 4.8 Determination of moment data in along wind and across wind directions
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Table 4.2 Rotated perpendicular and parallel dimensions

a(® Bi(cm) D, (cm)

0

15

30

45

60

75

90

20.00

23.20

24.82

24.75

22.99

19.67

15.00

15.00

19.67

22.99

24.75

24.82

23.20

20.00

Table 4.3 Resultant Moment Parameters (Model Building) — Effects of angle of attack

Angle of  Average Root Root Normalized Normalized
Attack Moment mean mean Standard Standard
square square Deviation Deviation
©) (Mnodger) — (6n™™)  (om™"™™) (@ a9y (achToss
0 1.631 0.335 0.464 0.206 0.284
15 1.473 0.277 0.282 0.188 0.191
30 1.520 0.257 0.154 0.169 0.101
45 1.650 0.280 0.126 0.170 0.076
60 1.493 0.266 0.161 0.178 0.108
75 0.997 0.170 0.120 0.170 0.120
90 0.965 0.189 0.223 0.196 0.231
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In Table 4.3, mean moment is the summation of all moment vales in along wind direction
divided by the number of data. It should be noted that, mean moment is in along wind
direction, across wind mean moment is theoretically zero. Root mean squares in each
direction are calculated using the moment data in the relevant direction and utilizing
Equation (4.3). Finally, normalized standard deviations are simply root mean squares of the

moment in that direction divided by the mean moment in the along wind direction.
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Figure 4.9 Relationship of normalized standard deviation with angle of attack

In buildings, main reason of having base bending moments in the across wind direction is
vortex generation (Holmes, 2005). The effectiveness of these vortices on building response
mainly depends on its architecture, meanly the geometry. This effect can be best visualized
if two extreme conditions which are 0° and 90° angles are examined. When the angle of
attack is 0°, the dimension of building model perpendicular to wind (B) is 0.2 m, whereas
one in parallel direction (D) is 0.15 m. In other words, the aspect ratio of the building
according to the wind direction (D/B) is equal to 0.75. When the angle of attack is 90°, the
aspect ratio becomes equal to 1.33. In Table 4.3, normalized standard deviation of the across
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wind moments in 0° is 0.284 whereas in 90°, it is 0.231. The ratio in the decrease of this
quantity is around 23%. Hence, it can be concluded that as D/B ratio increases, effects of the
vortices on the building response decrease. When the wind direction is different from the
two orthogonal ones that are 0 and 90, the normalized standard deviations in across wind
direction decrease significantly. Especially, when the angle is 45°, o, is almost % of the
one in 0° (See Figure 4.9). On the other hand, no significant effects of angle of attack are

observed in the response of building in along-wind direction.

Drag coefficient, Cp, is a dimensionless coefficient which explains how much a building
resists wind flow actions. Equation (4.1) shows the direct relationship between Cp and M.
Hence, a larger Cp means larger mean moment. Change in the drag coefficient for different
angles of attack is presented in Figure 4.10. In order to calculate Cp values in the figure,
average moment calculated in the along-wind direction of the building is divided by B, and

then the ratio of this result is divided into the one obtained for 0°.
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Figure 4.10 Relationship of Drag Coefficient with Angle of Attack

In Figure 4.10, a chart presenting drag coefficients in different wind directions is given such

that Cp in 0° angle of attack is assumed as 1. It is seen that as D/B ratio increases, the drag
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coefficient and hence the resistance of the building to wind actions decreases. For instance,

when D/B is changed from 0.75 to 1.33 (from 0° to 90°), Cp, decreases in 21%.

In Figure 4.11, normalized spectra in both along wind and across wind directions are
computed for different angles of attack. In across wind spectra it is seen that as D/B ratio
increases, vortex shedding effects decrease and the width of the peak part widens and

smoothens. In along wind direction spectra, no significant effect of D/B ratio is observed.
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Figure 4.11 Normalized spectra in (a) along and (b) across wind directions for different
angles of attack
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In the design of buildings, base bending moments in the direction of building’s translational
mode are more meaningful than the along and across wind directions since the background
and resonant components of base moments represent wind building interactions. Therefore,
in Table 4.4, base bending moments in the direction of two translational modes (x and y) are
listed. Since the bending moments under consideration are in the two translational modes of
the building, relevant frequencies in x and y directions are the modal frequencies of the
building that are 0.386 Hertz and 0.200 Hertz, respectively. In order to determine the
resonant components of the fluctuating part of base moments, necessary normalized spectra
in x and y directions were computed and are presented in Figure 4.12. While calculating the
average moments, the ones determined in along —wind direction is decomposed into their
vectorial components in the relevant x and y directions. (See Figure 4.3) In the calculations,

design wind speed is 40 m/sec.
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Figure 4.12 Normalized spectra in (a) x and (b) y directions for different angles of
attack
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When the spectra in x direction are examined in Figure 4.12, it is observed that as the degree
of angle of attack increases, vortex shedding becomes more effective. This is an expected
result since across wind response that involves resonant behavior due to vortex shedding
becomes more pronounced. In the normalized spectra created for y direction in Figure 4.12,
it is observed that for small angles of attack, vortex shedding frequency is effective but as
the degree of angle of attack increases, it diminishes since y direction changes from across

wind direction to along wind direction as the building is rotated.

Table 4.4 Resultant Design Base Moments (Actual Building) — Effects of angle of

attack
Angle of X Direction Y Direction
Attack _ R R _ R R
©) M Mg Mp My M Mpg Mp My
0 1.917 1.182 0.512 3.205 0.000 1.635 1.104 1.973
15 2.148 1.228 0.343 3.423 0.576 1.071 0.804 1.915
30 2.060 1.101 0.078 3.164 1.189 0.624 0.666 2.102
45 1.677 0.909 0.237 2.616 1.677 0.667 0.522 2.524
60 1.102 0.736 0.272 1.887 1.909 0.700 0.464 2.749
75 0.488 0.417 0.145 0.929 1.821 0.434 0.902 2.822
90 0.000 0.997 0.994 1.408 1.438 0.845 0.266 2.324

All dimensions are in 10° kN.m

In Table 4.4, M is average moment that is calculated using Equation (2.72) in Chapter 2; but
in this case, B, is used instead of B in the expression since B, represents the width of
building that is perpendicular to wind. Then the resultant mean moment is decomposed into
its components in X and y directions using Equations (4.8) and (4.9) since it is the moment
in along-wind direction. My and My are resonant and background components of fluctuating
part of the base moments. They are determined utilizing Equations (2.71) and (2.72) in

Chapter 2 respectively. Finally, M is the design base moment which is calculated summing
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mean moment with the square root of sum of square of the resonant and background
components (Equation (2.73) in Chapter 2). When Table 4.4 is analyzed, it is seen that
unlike the traditional approaches, maximum base moment does not necessarily occur in the
perpendicular directions. For instance, in x direction, maximum design base moment has
occurred in 15° angle of attack. Specifically, this increase is due to larger mean moment that
is caused from the fact that area of building which is exposed to wind is larger. (B, > B)
Except the 90° results, resonant components of base moments are largest when D/B ratio is
minimum which is expected because it was observed before that as D/B ratio increase,
effects of vortex shedding decreases. The resonant component of the moment in x direction
for 90° angle of attack is calculated to be very high compared with the others because the

amplitude of the normalized spectra is very high around the relevant normalized frequency.

In calculations, basic wind speed at a reference height of 10 m in terms of 3 s gust is used
which corresponds to 40 m/s of speed. As a design philosophy, force based response
quantities of a building are considered under the title of survivability design and ones related
with human comfort, specifically top accelerations are analyzed under the scope of
serviceability design. The difference between these two types appears in the selection of
design wind speeds. It is a common approach to use one-hour averaging time with 50 year
return period for survivability design calculations and one-hour averaging time with 10 year

return period for serviceability design (ASCE 7-05, 2005), (Zhou, et al., 2003).

Determination of Equivalent Static Loads

Calculations for equivalent static loads are made by using one-hour averaging time, 50 year
return period design wind speed (Survivability design). In order to determine equivalent
static loads, Equation (2.65) in Chapter 2 is used with a linear mode shape and constant

mass per unit height assumptions. Explicitly, the equations that are utilized are given below;

5 o @¢1(2)

Pr(2) = My 22018 __ 4.10
"(@) R @)1 (2).2dz (4.10)
~ _ g

PB(Z) = P(Z)M_x (411)
P(z) =5 CppU(2)*B (4.12)
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In Equations (4.10), (4.11) and (4.12), Pr(z), Pz(z), P(z) are resonant component,
background component and mean equivalent loads, respectively; ¢, (z) is the mode shape
and assumed as linear (¢4 (z) = z/H); m(z) is mass per unit height which is determined as
floor area times the unit weight of the building that is assumed to be 250 kg/m’. Therefore,
m(z) is constant and B¥D*250 = 80*60*250 = 1.2*10° kg/m. Cp, is the drag coefficient and
assumed to be 1.3. My is the background component of the base bending moment. M, is the
mean base bending moment in x direction. Finally, U(z) is the wind profile which is defined
in Figure 3.1, ASCE profile in Chapter 3 (ASCE 7-05, 2005). In the following figures,
equivalent wind loads for each of the tests are demonstrated. Note that due to linear mode
assumption, graphs for resonant components of the equivalent loads are linear; however,
mean load distributions and background components of the equivalent loads are parabolic
due to shape of the wind profile. As a result, shape of the equivalent loads is parabolic in

each of the tests.

Equivalent Loads, X Direction (Exp B, 0°) Equivalent Loads, Y Direction (Exp B, 0°)
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0 |00
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Figure 4.13 Equivalent loads for exposure B and 0° angle of attack
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Figure 4.14 Equivalent loads for exposure C and 0° angle of attack
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Figure 4.15 Equivalent loads for exposure C and 15° angle of attack
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Figure 4.16 Equivalent loads for exposure C and 30° angle of attack
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Figure 4.17 Equivalent loads for exposure C and 45° angle of attack
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Figure 4.18 Equivalent loads for exposure C and 60° angle of attack

Equivalent Loads, X Direction (Exp C, 75°)
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Figure 4.19 Equivalent loads for exposure C and 75° angle of attack
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Equivalent Loads, X Direction (Exp C, 90°) Equivalent Loads, Y Direction (Exp C, 90°)
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Figure 4.20 Equivalent loads for exposure C and 90° angle of attack

In Figures 4.13 to 4.20, equivalent load for every 20 meters of height is presented discretely.
Equivalent loads in x direction depend mainly on the mean moment especially for the angles
where vortex shedding is not effective in x direction. No significant change in the shapes of
the distributions of loads is visualized. The magnitudes of the equivalent loads are directly

related with the base bending moments.

Determination of Top Accelerations

Calculations are made by using one-hour averaging time, 10 year return period design wind
speed (Serviceability design). In order to determine the top accelerations, Equation (2.67) in
Chapter 2 is used with a linear mode shape and constant mass per unit height assumptions.
In Table top-1, the resultant top accelerations and the resonant component of base moments
determined according to serviceability design requirements which are necessary for
calculation of top accelerations are given. Moments are in 10° kN.m and accelerations are in

mg.
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Table 4.5 Top Accelerations — Serviciability Design

Test X Direction Y Direction
My 7 Mp ¥

B-0° 0.298 1.892 0.396 2.523

C-0° 0.405 2.580 0.695 4.428

C-15° 0.320 2.039 0.523 3.332

C-30° 0.109 0.694 0.359 2.287
C-45° 0.200 1.274 0.287 1.828
C-60° 0.262 1.669 0.305 1.943
C-75° 0.130 0.828 0.256 1.631
C-90° 0.545 3.472 0.189 1.204

In Table 4.5, it is observed that maximum top acceleration occurs in Exposure C and for 0°
angle of attack in Y direction which is meaningful since low turbulence intensity magnifies
the effect of vortex shedding; increasing D/B ratio results in smaller resonant response; and
in across wind (y direction) main reason of response is the resonant components. The
maximum top acceleration is calculated as 4.428 mg which corresponds to approximately
0.043 m/s. In the table of human perception levels Table 1.1 in Chapter 1, it is in level 1
which means that people cannot perceive motion. In order to visualize the change in the top
acceleration according to the exposure categories and the angles of attack, Figure 4.21 and
Figure 4.22 are prepared. In Figure 4.21, it is seen that top acceleration decreases rapidly as
D/B ratio increases especially in y direction. For example, when the angle is 45°, top
acceleration in across wind direction is scaled down to approximately 27% of one in 0°. It is
also observed in 90° of angle of attack that maximum top acceleration is in x direction
which is the across wind direction when the wind flow is along y drection and since the
main cause of the top acceleration is the resonant component of response, it is greater in the

across wind direction due to vortex sheeding effects. Similarly, in Figure 4.22, top
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acceleration in across wind direction in more turbulent exposure category B is around 50%

of one in Exposure C.
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Figure 4.21 Top accelerations for different angles of attack
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Figure 4.22 Top accelerations for different exposure categories
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CHAPTER 5

COMPARISON OF TECHNICAL SPECIFICATIONS

5.1 INTRODUCTION

This chapter is devoted to the determination of wind induced response of buildings using
technical specifications ASCE 7-05 (ASCE 7-05, 2005), Eurocode 1 (Eurocode 1, 2005),
Istanbul Yiiksek Binalar Riizgar Yénetmeligi (IYBRY) (IYBRY, 2009) and Aerodynamic
Loads Database, NatHaz (Kareem, et al., 2000). The conclusions obtained from these
standards are compared with the corresponding results of Ankara Wind Tunnel case study.
The calculations are performed specifically for the open environment exposure conditions

defined accordingly in each of the standards.

Q Plan View (not scaled)

Y

U —> B L.

v
v

H

N
Yol a4

Figure 5.1 Geometrical properties of the building
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In Figure 5.1, geometrical properties of the building under consideration are given. The
along-wind direction is called ‘x direction’ and the across wind one is ‘y direction’. Some
assumptions are made regarding the physical properties of the problem. The parameters and

coefficients utilized in the calculations are as follows:

e Plan dimension of the building perpendicular to wind, B: 80 m.
e Plan dimension of the building parallel to wind, D: 60 m.

e Height of the building, H: 200 m.

e Fundamental frequency in x direction, f, : 0.386 Hertz

e Fundamental frequency in y direction, f;,: 0.200 Hertz

z

e Linear mode shape is assumed for both of the lateral directions; ¢p(z) = °

e Building bulk density, p,: 250 kg/m’
e  Structural damping ratio, &: 0.02

e Drag coefficient, Cp: 1.3

e Air density, p: 1.25 kg/m’

5.2 DETERMINATION OF RESPONSE USING ASCE 7-05

ASCE 7-05 is a technical specification which is published by American Society of Civil
Engineers. Exposure category that defines open terrain is exposure C. By using this
specification, along-wind response components of the building that involve maximum top
acceleration, equivalent static loads and maximum base moment can be calculated. ASCE 7-

05 obliges making wind tunnel test for buildings taller than 200 m.

Wind Profile

Definition of wind profile related with exposure C is given in Equation (5.1) and the shape

is presented in Figure 5.2.

V@) =b*(2) ¥, (miseo) (5.1)
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In Equation (5.1), b and o are unitless constants which are related with the exposure
category and listed in Table 6.2 in the code; V), is basic wind speed with 3 sec gust at 10

meters above ground in meters/second

d; z is the height given in meters. V), is taken as 40 m/sec. b and a are 0.65 and 1/6.5

respectively. Thus, Equation (5.1) can be rewritten as;

2 )1/6.5

V(z) = 0.65 * (f—0)1/6'5 x40 = 26 * (E

(5.2)

210

120 l

Z /

0 10 20 30 40 50

V (m/sec)

Figure 5.2 Wind profile definition of ASCE 7-0S for exposure C (ASCE 7-05, 2005)

Turbulence Intensity

Turbulence intensity, I(z) and integral length scale of turbulence, 1(z) are defined
according to the exposure category as in Equations (5.3) and (5.4) below. There, ¢ and ¢ are

unitless parameters which are related with the exposure category. For exposure C, ¢ is 0.2

85



and € is 1/5. [ is a parameter of the exposure category but not unitless this time and it is

given as 152.4 m.

10)1/6 (5.3)

z

1(z) = c(
L@ =1(%) (5:4)
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Figure 5.3 Turbulence intensity definition of ASCE 7-05 for exposure C (ASCE 7-05,
2005)

Equivalent static loads in along-wind direction

In order to determine equivalent static wind loads in along wind direction, Section
6.5.12.2.3 that is given for enclosed and partially enclosed flexible buildings is used.

Equation (6-19) given in the code is rewritten in Equation (5.5) below.

p =qGrC, — q;(GCp;) (Ib/f) (5.5)
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In Equation (5.5), Gr is the gust effect factor defined in Equation (6-8) in the code and
Equation (5.6) here; GC,; is internal pressure coefficient; q and q; are used to designate
external and internal velocity pressures respectively. Since the building that is studied is
enclosed building, no internal pressure will occur, i.e. q; is taken as equal to 0. To sum up,
equivalent static load is defined as the velocity pressure times a factor, G5 C,. G is the same
for all but C,, changes according to the orientation of the wall of the building according to
wind. (Figure 6.6 in ASCE 7-05) Since L/B is 0.75 (60/80), C,, constants for sidewall,

windward and leeward walls can be listed as;

L] Cp,side = 07,
i Cp,wind =0.8;

b Cp,leeward = 0.5.

1+1.71(2) /géQ2+ng2
Gy = 0925 ! (5.6)

1+1.7g,1(Z)

In Equation (5.6), 1(Z) term is the turbulence intensity at height Z where Z is the equivalent
height of the structure and it is defined as 0.6*H; gpand g, are factors that are suggested as
3.4; grcan be calculated by utilizing Equation (5.7); and Q and R can be determined by
using Equations (5.8) and (5.9) respectively.

0.577

gr = /2In (3600n,) + =—es

(5.7)

In Equation (5.7), n; is the fundamental frequency of the building which corresponds to the
definition of fj, in the beginning of the chapter. Hence, n; = 0.386 Hertz and gz = 3.956
accordingly.

1

Q= ————= (5.8
1+0.63(i'(;1)0 ° )

In Equation (7), B and H are the dimensions of the building. (Figure 5.1); L(Z) is the
integral length scale at the equivalent height of the structure. Since H is 200 m, equivalent
height, Z is 0.6*200 that gives 120 m. From Equation (5.4), L(120 m) is equal to 250.501 m.
As aresult, Q is 0.772.

R= J%RnRHRB(O.SS +0.47R,) (5.9)
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7.47N;

n= (1+10.3N,)5/3 (5.10)
_ mlL(©2)
N, = Yo (5.11)
=1_1 12
R, = T o (1—e™2") forn>0 (5.12)

where the subscript [ in Equation (5.12) shall be taken as H, B, L respectively such that for

46n.H
* Ry=Ry;n= V(;)

4.6n41B
* R =Rpn= V(E;

15.4n4L
* Ri=R;n= V@l

In the above equations, V(Z) is the wind speed at the reference height of 0.6H (120 m). In
Equation (5.2), z is taken as 120 m and thus V (Z) is calculated as 38.107 m/sec. Therefore,
N, is calculated as 2.535 and hence R, is 0.077. Since the dimensions of the building (H, B
and L) are 200 m, 80 m and 60 m respectively, Ry, Rg and Ry becomes 0.102, 0.232 and
0.101 which are put in Equation (5.9) together with the damping coefficient B (0.02), and R
is determined to be 0.23.

As a result, by putting the relevant parameters in their places in Equation (5.6), gust effect
factor (Gy) is calculated to be 0.861. The only unknown remained for determination of
equivalent loads is the velocity pressure, q which is defined in ASCE 7-05 in Equation (6-
15) as in Equation (5.13) below;

q(z) = 0.00256 * K, * K, * Ky * V> + 1 (5.13)

In Equation (5.13), K, is the velocity pressure exposure coefficient and can be determined
by using the expressions given in Equations (5.14) and (5.15) here and Table 6-3 in the
standard. In this expression, z, is height of the atmospheric boundary layer and defined
according to the exposure categories in Table (6-2) in ASCE 7-05. For exposure C, it is
stated as 900 ft (274.32 m).

K, = 2.01(z/z,)*/® for 15ft <z < z, (5.14)

K, = 2.01(15/24)*/® for z < 15ft (5.15)
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K. is topographic factor and defined in part 6.5.7.2 in the standard. It is assumed to be 1. K4
is wind directionality factor and can be selected from Table 6.4. However, it is stated that
the directionality factor should only be considered in the analysis where load combinations
are used. In this study, wind load effects are analyzed without the load combinations.
Therefore, K4 is taken as 1. I is importance factor and shall be determined from Table 6-1
based on building and structure categories. For occupancy category II in Table 1-1,
corresponding I is 1. As a result, velocity pressure calculated using Equation (5.13) at roof

height; H (qu) is 38.545 Ib/ft> (1846 Pa).

In Figure 6.6 in the code, it is stated that external pressures on side walls and leeward wall
should have a constant profile proportional to qg whereas external pressure on windward
wall has a parabolic profile proportional to q(z). As a result, Equation (5.5) is applied to
windward wall, leeward wall and sidewalls for which corresponding equivalent load profiles

are presented in Figure 5.4 below.

Equivalent static loads on Equivalent static loads on Equivalent static loads on
windward wall defined leeward wall defined side-walls defined
in ASCE 7-05 in ASCE 7-05 in ASCE 7-05
250 250 250

200

150

/ 200 200
T 100

/ T 100 "~ 100
50 / 50 50
0

1] 0
0 500 1000 1500 0 200 400 600 800 1000 0 500 1000 1500

q. N/m?) q (N/m?) q (N/m?)

% (m)
~—
Z (m)
Z (m)

Figure 5.4 Equivalent static loads on windward, leeward and side walls defined in

ASCE 7-05

Calculation of mean base bending moment in the along-wind direction

In order to determine the mean base bending moment in the along wind direction, base
moments determined from the application of the equivalent static loads on the windward

and leeward walls are superposed. The relevant expression is given in Equation (5.16).
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Myiong = fOHB * qy, (2) * zdz + fOHB * q,(z) * zdz (5.16)

From Equation (5.16), mean base bending moment in the along-wind direction is calculated

as 3.112%10° KNm.

Calculation of maximum along wind acceleration

The maximum along wind acceleration as a function of height above the ground surface is
given by equation (C6-13) in the standard and Equation (5.17) here in which X,,4,(2) is
maximum acceleration; g; is a factor that is defined in Equation (5.18); 0;(2) is root mean

square along wind acceleration which is given in Equation (5.19).

Xnax(2) = gi * 03(2) (5.17)
0.5772
9ix = 2In (TllT) + W (518)

In Equation (5.18), n; is fundamental frequency of the building that is 0.386 Hertz; and T is
the length of time over which the maximum acceleration is computed, taken as 3600
seconds to represent 1 hour. Hence, g; is calculated to be 3.956.

0.85¢(2) pBHC 11V (2)?
mq

0:(2) = 1(2)KR (5.19)

In Equation (5.19), ¢(z) is the fundamental mode shape which is assumed as linear
(¢(2)=z/H); p is the air density (1.25 kg/m’); B and H are dimensions of the building which
are 80 m and 200 m respectively; Cy, is drag coefficient that is assumed to be 1.3; m, is
modal mass that is calculated using Equation (5.20); V(2) and I(Z) are wind speed and
turbulence intensity at reference height, Z respectively; K is a dimensionless coefficient that
is expressed in Equation (5.21); R is the resonant response factor determined using Equation

(5.9).

my = [} u(2)¢1(2)%dz (5.20)

In Equation (5.20), u(z) is mass per unit height which is assumed to be constant in p,*B*D

in amount. Since py is assumed to be 250 kg/m’, u(z) is calculated as 1.2*10° kg/m.

_ 1.65%
T oa+é+1

(5.21)
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In Equation (5.21), a is the exponent parameter of the wind profile expression and it is 1/6.5
for exposure C. § is the mode shape exponent so it is taken as 1 due to linear mode shape

assumption. As a result, K is calculated to be 0.501.

When Equation (5.19) is written for z=H, o is calculated as 0.0061 m/sec’ which is
multiplied by 3.956 to determine maximum along wind acceleration as 0.024 m/sec’. If
maximum acceleration is normalized by gravitational acceleration that is 9.81 m/sec?, it is

determined to be 0.002433 g that is 2.433 mg.

5.3 DETERMINATION OF RESPONSE USING EUROCODE 1

Eurocode 1 is a European standard specifically for actions on structures and part 1-4 is
particularly about wind actions on structures. Exposure category that defines most
approximately the open terrain is category II. By using this specification, along-wind
response components of the building that involve maximum top acceleration, equivalent
static loads and maximum base moment can be calculated. Like ASCE 7-05, Eurocode 1

obliges making wind tunnel test for buildings taller than 200 m as well.

Wind Profile

Wind profile definition is expressed in Equation (4.3) in the standard as in Equation (5.22)
below and it is presented in Figure 5.5. In Equation (5.22), C(z) is the terrain roughness and
can be determined as in Equations (5.24) and (5.25); Co(z) is the orography factor that
expresses the effects of hills, cliffs, etc and recommended to be taken as 1 unless a special

analysis is required; and V,, is the basic wind velocity that is expressed in Equation (5.23).
Vn(2) = G (2) * Co(2) x Vp (5.22)
Vi = Cair * Cseason * Vb,o (5.23)

In Equation (5.23), Cy; and Cgeason are directional factor and season factor respectively and
they are recommended to be takes as 1 unless a different recommendation exists in National
Annex. V,, is fundamental value of basic wind velocity at 10 m above ground for 1 hour
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gust. In the previous calculations, basic wind speed was taken as 40 m/sec for 3 sec gust; it
is multiplied by 1.05/1.52 to be converted into hourly gust speed using Figure C6-4 in
ASCE 7-05 (ASCE 7-05, 2005). Therefore, Vi, is calculated as 27.632 m/sec.

C-(z2) =k, *In (ZZ—O) for Zpmin <2 < Znay (5.24)
Zmin
Cr(z) =k, *In (Z—) forz < zyin (5.25)
0

In Equations (5.24) and (5.25), z, is the roughness length defined according to the terrain
category (For category II it is given to be 0.05 in Table 4.1); z,;, is the minimum height
defined in Table 4.1 in the code (For category II, it is 2 m); z,,,x is stated to be taken as 200
m; k, terrain factor that depends on z, as in Equation (5.26) below in which z,y is the
roughness length of terrain category II. Since the category under consideration is II, k;

becomes 0.19.

k, = 0.19 * (=2)0-07 (5.26)
Zo,I1
As a result, Equation (5.22) can be rewritten as;

V,,(z) = 0.19 *In (OZE) % 27.632 for 2 < z < 200 (5.27)

V..(z) = 0.19 * In (0%) «27.632 for z < 2 (5.28)
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Figure 5.5 Wind profile definition of Eurocode 1 for terrain II (Eurocode 1, 2005)

Turbulence Intensity

Turbulence intensity, I,(z) at height z is defined in part 4.4 in the standard and its expression
is given in Equations (5.29) and (5.30) here. There, o, is standard deviation of turbulent
component of wind velocity. It can be determined using Equation (5.31) where k; is
turbulence factor. It is recommended to use k; equal to 1 unless otherwise stated in National

Annex. Shape of the turbulence intensity for terrain category II is presented in Figure 5.6.

L,(z) = V:(’Z) fOr Zin < Z < Ziax (5.29)
L(2) = (‘Zn — forz < znin (5.30)
o, =k, *Vy, xk; (5.31)
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Figure 5.6 Turbulence intensity definition of Eurocode 1 for terrain II (Eurocode 1,
2005)

Equivalent static loads in along-wind direction
Determination of the equivalent static loads depends on the peak velocity pressure, q, which

is defined in part 4.5 in the standard and given in Equation (5.32) here.
(5.32)

1
qp(Z) =[1+7L(2)] = Eanzl(Z)
In Equation (5.32), p is the density of air which is taken as 1.25 kg/m’. Change of peak

velocity pressure with height is presented in Figure 5.7.
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Figure 5.7 Definition of peak velocity pressure in Eurocode 1

Wind pressure on surfaces is defined as in Equation (5.33) utilizing only the external
pressure. In Equation (5.33), C, is external pressure coefficient and can be determined

according to the geometrical properties of the building.
w(z) = q,(2) * G, (5.33)

Using Table 7.1 in the standard for H/D ratio of 200/60 (3.33), C,, constants for windward

and leeward walls can be listed as;

[ Cp,wind - 0800,
° Cp,leeward = 0617

Wind force, F,, acting on a structure or structural component is determined using the
expression (5.3) in the standard and it is given in Equation (5.34) here. In this equation, C¢
stands for force coefficient for the structure, i.e. Cpying ad Cpeewara @s discussed above.

qp(z.) is the peak velocity pressure at height, z.. The shape of the wind force should be
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such that reference height z, should be taken equal to B when z is less than B; and it is equal
to H for z greater than H-B; in between, it is directly equal to height, z. This is expressed in
Figure 7.4 in the code. Remaining term CC, is the structural factor which is explained in

Section 6 in the standard.

Ey = CCy * Cf * qp(ze) * Aref (5.34)
_ 1+2Kkp1y(Ze)VB2+R?
CsCy = 1470 (z0) (5.35)

In Equation (5.35), z. is taken as 0.6*H that is equal to 120 m and hence I,(z.) is the
turbulence intensity at 120 m, that is 0.128; k;, is the peak factor defined as the ratio of the
maximum value of response to its standard deviation; B* and R? are background and
resonance response factor, respectively; A is reference area which is B*H in along wind

direction. For determination of k,, B? and R, the following concepts shall be introduced.

Turbulence length scale, L(z):

The turbulence length scale is computed with the following equations:

L(z) = L; * (Zit)a forz=zy,in (5.36)
L(z) = L(Zpin) for z < Zmin (537

In Equations (5.36) and (5.37), L, is a reference length scale and taken as 300 m; z is a
reference height which is 200 m; a=0.67+0.05*In(zy) where z, is 0.05 and so a is calculated

as 0.52. Recall that z,,;, is 2 m for terrain II.

Non-dimensional power spectral density function, S, (z,n):

_ 68fu(zn)

Su(zn) = (1+10.2f1 (zn))5/3 (5.38)
*L

fuem) =522 (5.39)
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In Equation (5.38), fi(z,n) is a non-dimensional frequency that is determined by using
Equation (5.39) where n is the fundamental frequency of the structure (0.386 Hertz). Sy vs fp
graph is presented in Figure 5.8.

0.25

0.2 /\

0.15

Su(fL)

0.1

0.05 \

0.01 0.1 1 10

Figure 5.8 Power spectral density function, Sy (f.) defined in Eurocode 1

In Figure 5.8, the power spectral density function of wind speed is presented. It shows the
distribution of wind speed over frequencies. It should not be confused with the power
spectral density functions and the normalized spectra formed in Chapter 4 because they are
created for the response of the building (base bending moments); however, the power

spectral density function in Figure 5.8 is given for wind speed itself, not the response.

Background Response Factor, B

B2 — o (5.40)
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In Equation (5.40), B and H are 80 m and 200 m respectively; L(z.) is the turbulence length
scale at the reference height of 120 m which is calculated as 229.992 m using Equations

(5.36) and (5.37). As a result, B* is determined to be 0.495.

Resonant Response Factor, R?:

2
R? = =% 5(Ze) fix) * Ru(n) * Ry (1) (5.41)

In Equation (5.41), 3 is total logarithmic decrement of damping that can be calculated using
Equation (5.44); SL(Ze, f1,x) is non-dimensional power spectral density function that is
evaluated at the reference height and the fundamental frequency i.e. $;(120,0.386) is
calculated as 0.079; R, (n,) and Ry(7n,) are aerodynamic admittance functions that are

expressed in Equations (5.42) and (5.43).

Rp(np) = ———=(1—e™2M); Ry =1 forn, =0 (5.42)
Nh 21y
1 1 —
Ry(mp) =%—E(1—€ M), Ry =1forn, =0 (5.43)
4.6H 4.6B

where; 7, = TZE)fL(Ze:fl,x) and np = TZE)fL(Ze:fl,x)

The parameters 71, and 7, are calculated as 8.691 and 3.476 respectively; and when they are
put in Equations (5.42) and (5.43), Ry, (n,) is determined to be 0.108 and R, (n,) to be
0.246.

5 =08,+08,+ 6, (5.44)

where §; is the logarithmic decrement of structural damping (assumed to be 2%); &, is the
logarithmic decrement of aerodynamic damping for the fundamental mode that can be
determined through Equation (5.45); 8, is logarithmic decrement of damping due to special

devices. In this case study, special devices are not utilizes for damping thus &, is neglected.

_ Crxp*Vin(ze)*B

6,
a 2xf1x*Ue

(5.45)
In Equation (5.45), C; is force coefficient which is equal to Cg*y,* y; as stated in Section 7

in the standard. Cy, is determined from Figure 7.23 according to the D/B ratio of the
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building and by linear interpolation Cy, is calculated as 2.35. y, and v, are reduction factor
and end effect factor respectively. They are assumed to be 1 from the relevant figures of
section 7. As a result, force coefficient is 2.35. ., in the above equation stands for
equivalent mass per unit area which is accepted to be the bulk density of the building, py
times the parallel plan dimension, D, i.e. p, is equal to 250*60 which gives 15000 kg/m’.
When the parameters are put in place, Equation (38) can be rewritten as;

__ 2.35%1.25%40.862x80

8 = = 0.829
2%0.386%15000

Then,
6 =0.02+0.829 = 0.849

When the parameters of Equation (5.41) are put in their places;

2

R? =
2+0.849

* 0.079 x 0.108 * 0.246 = 0.012

Peak factor, kp:

0.6
k, = /2In (V) + e (5.46)

In Equation (5.46), v is the up-crossing frequency given in Equation (5.47); and T is the

averaging time for the mean wind velocity, T=600 seconds is recommended.

V=fly /%ZRZ; v > 0.08 Hz (5.47)

Since f) x is 0.386; and R? and B? are 0.012 and 0.495 respectively, v is calculated to be 0.08
Hertz. Therefore, k, is 3.

As a result, Equation (5.35) can be rewritten as;

142%3%0.128 /0495 ¥ 0.012
CsCa = 1+7%0.128 = 0816
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When Equation (5.34) is applied both for the windward and leeward walls, wind force, F,, is
obtained. Equivalent wind force profiles along the height of the structure for both of these

cases are drawn in Figure 5.9.

Equivalent static loads on Equivalent static loads on
windward wall defined in leeward wall defined in
Eurocode 1 Eurocode 1
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Figure 5.9 Equivalent static loads on windward and leeward walls defined in
Eurocode 1

Calculation of mean base bending moment in the along-wind direction

Mean base bending moment is calculated using Equation (5.16) and the result is determined

to be 3.835%10° kNm.

Calculation of maximum along wind acceleration

Maximum along wind acceleration is defined in part C.4 as the product of the standard
deviation of acceleration expressed in Equation (5.48) by the peak factor, k, calculated for
an up crossing frequency, v equal to the fundamental frequency of the building. For 0.386

Hertz of up crossing frequency, peak factor is calculated as 3.482.

100



Ky*Kzx¢(2)

0q = Cr x p * I(2,) * Vin(ze) * R = Href*®max

(5.48)
In Equation (5.48), o, is the standard deviation of the acceleration; C¢ is the force
coefficient as defined in the explanations of Equation (5.45), C; is calculated to be 2.35;
I,(z,) is the turbulence in reference height of 120 m that is 0.128; V,,(z,.) is the wind speed
at 120 m which is 40.862 m/sec; R is the square root of the resonant response, i.e. 1/0.012 =
0.11; ¢(2) is the mode shape which is assumed as linear so ¢(z) = z/H; a5 is the mode
shape value at the point with maximum amplitude that is equal to 1; K, and K, are constants
given in C.2 (6) such that for linear mode shape, K, and K, are given as 1 and 3/2
respectively; Uy is reference mass per unit area which was calculated to be 15000 kg/m’
after Equation (5.45). When these parameters are put in Equation (5.48), the standard
deviation of acceleration at top of the building, in other words at z=H is calculated as
6.957%10° m/s’. Since peak factor is determined to be 3.482, maximum along wind
acceleration is 3.482%6.957*107 which is equal to 0.024 m/sec’. When this is normalized by

the gravitational acceleration of 9.81 m/sec’, the resultant value is 2.469 mg.

5.4 DETERMINATION OF RESPONSE USING iYBRY

Istanbul Yiiksek Binalar Riizgar Yonetmeligi (IYBRY) is a special guideline developed by
Bogazi¢i University, Kandilli Observatory in August 2008 for design of tall buildings under
wind loads. Exposure category that defines most approximately the open terrain is category
II. By using this specification, along-wind response components of the building that involve
equivalent static loads and maximum base moment can be derived whereas there is no

explicit procedure recommended for determination of maximum top acceleration.

Wind Profile

Chapter 3 is devoted to the wind profile and turbulence intensity definitions in the guideline.
Wind profile expression is given in Equation (5.49) where C,(z) is surface roughness that
depends on height; C; is topography constant and expressed in Equation (5.52); and V, is

basic wind speed that is defined for 10 minute gust. Hence, 40 m/sec of design basic wind
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speed for 3 sec gust is converted into 10 minute gust speed simply by multiplying it by
1.06/1.52 so V, is 27.895 m/sec.

Vin(2) = C,(2) * C, * Vy, (5.49)

Ce(2) = ky I (Z) fOr 2> Zyin 5 k= 0.23 * (20)°7 (5.50)
0

Ce(Z) = Ce(zmin) forz<zpin (5.51)

In Equations (5.50) and (5.51), z, is the surface roughness height and z,;, is the minimum
height where surface roughness is constant. Both of them depend on the exposure category
and listed in Table 3.1 in the guideline. Specifically for category 11, z; is 0.05 m and zy, is 2
m. Hence, k; is equal to 0.186.

C, = 1.0 + 0.001A (5.52)

In this expression, A is the elevation of the place of the structure from sea level. C; is
assumed to be 1 in this study. Resultant wind profile for category II is presented in Figure

5.10 below.
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Figure 5.10 Wind profile definition of [YBRY for terrain II (I'YBRY, 2009)
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Turbulence Intensity and Length:

Turbulence is defined in terms of intensity and length scale as in equations below. Then,

plot of turbulence intensity is presented in Figure 5.11.

oy krxVp _ ky
lw(2) = Vn(z)  Ce(@*Vp  Ce(2) (5.53)
7z a
L(z) =300 (5=) forz 2 Zun (5.54)
(5.55)

L(z) = L(zmin) forz < zyin

where @ = 0.67 + 0.05In (z,)
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Figure 5.11 Turbulence intensity definition of [YBRY for terrain II (I'YBRY, 2009)
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Equivalent static loads in along-wind direction

Wind-induced forces acting on rectangular buildings are explained in part 5 in the guideline.
Total force on the building, F is the summation of external force (F.), internal force (Fin)
and frictional force (Fg). However, in this study, no openings in the building are considered
and main aim is to compare the external force definitions in different standards. Therefore,

the expression for F., will be studied in detail.
Fex = Cst Zexposure area 9p (Z)CpeAex (5‘56)

In Equation (5.56), q,(z.) is maximum wind pressure at height, z; Cp is the pressure
constant; A,, is exposure area that is equal to B¥*H; Cs is correlation constant; and Cy is
dynamic resonance constant. F., can be analyzed in two parts one of which is the windward
wall and the other is the leeward wall. For each of them, different pressure constants are
defined in Figure 4.2 in the guideline. For H/D ratio of 200/60 that is 3.33, on the windward

‘D’ and leeward ‘E’ sides, the pressure constants, C,wing and Cp jeewara are calculated as 0.8

and 0.617 respectively.
_ 1+7L,(z)VB?

Cs = 1471, (zy) (5.57)
_ 1471y (z-)VB?+R?

Ca = 1471, (2, )VBZ (5.38)

In Equations (5.57) and (5.58), I, (z,) is turbulence intensity at the reference height, z,
which can be taken as 0.6*H that is 120 m. Using Equation (5.53), 1,(120) is calculated as
0.128. B> and R? are background factor and resonant factor respectively. They are expressed
in Equations (5.59) and (5.60) below where L(z,) is the turbulence length scale at reference
height of 120 m. From Equations (5.54) and (5.55), L(120) is determined to be 229.992 m.

1

111063
L(zr)

BZ_

_ (5.59)
1+0.9[

When B=80 m, H=200 m and L(z,)=229.992 m are put in the relevant places in Equation
(5.59), background factor, B” is calculated as 0.495.

R? = =5, (2, o) Ru (1) Ry (1) (5.60)
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In the expression of resonance factor, & is logarithmic decrement; S;(z,, f,) is spectral
density function evaluated at the reference height, z, and fundamental frequency of the
building, f, (0.386 Hertz); R, (n,) and Ry (np) are aecrodynamic admittance functions in

vertical and horizontal directions, respectively.

§ =22 ~2mg, (5.61)

In Equation (5.61), &, is damping ratio that is 0.02. Thus, § is calculated as 0.126.

_ 6.8f1.(z.f) . _ L@
SL(fo) - [1+10-2fL(Z,f)]5/3 ) fL(er) - Vin(2) (562)
Shape of the power spectral density function is the same as the definition in Eurocode 1.
Hence, its plot can be observed in Figure 5.8. At the reference height and fundamental

frequency, f(120,0.386) is 2.193 and hence S;(120,0.386) is calculated as 0.078.

Ry(np) = — — — (1 — e™2M); R, = 1 for;, = 0 (5.63)
Nh 204
1 1 —

Ry(np) == 51 —e 21); Ry =1 formy =0 (5.64)

4.6H 4.6B
where; 7, = TZE)fL(Zr:fo) and np = TZE)fL(Zr:fo)

When £1(120,0.386) which is equal to 2.193 is put in its place in Equations (5.63) and
(5.64), ny, is evaluated as 8.771; and 1, is calculated to be 3.508. Hence, R, (n;) and
Ry, (1) are 0.108 and 0.244 respectively. As a result, Equation (5.60) can be rewritten as;

2

R?=—
2% 0.126

* 0.078 * 0.108 * 0.244 = 0.081
When results for the parameters are put in Equations (5.57) and (5.58), C; and C4 are
calculated as 0.86 and 1.03. Their product, C,Cy is 0.886.

Maximum wind pressure, g,(z) can be expressed as given in Equation (5.65) and when the
relevant parameters are put in their places and Equation(5.56) is written for each windward
wall and leeward wall taking A,.; equal to B to determine the equivalent static loads per unit

height, Figure 5.12 is obtained.

4p(2) = Cq(2) * qp Where g, = pV; Cy(2) = C2(2)CEI1 + 71y (2)] (5.65)
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Equivalent static loads on Equivalent static loads on
windward wall defined in leeward wall defined in IiYBRY
IYBRY 250

200
200 / /
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Z (m)
L
z (m)
~——

Figure 5.12 Equivalent static loads on windward and leeward walls defined in [YBRY

Calculation of mean base bending moment in the along-wind direction

Mean base bending moment is calculated using Equation (5.16) and the result is determined

to be 3.925*10° kKNm.

5.5 DETERMINATION OF RESPONSE USING NATHAZ

NatHaz is an aerodynamic loads database that is available via internet (Kareem, et al.,
2000). Wind tunnel tests performed on various building model geometries in different
exposure categories are gathered to give an idea about the response of a similar building as a
preliminary design work. Hence, it is a useful tool especially for the preliminary design of a
tall building. First of all, shape of the building and the relevant exposure category is chosen.
The aspect ratio of the building under consideration is 80x60x200. Since there is not a
model in the database that exactly matches with these proportions, most similar one is
chosen as 4x6x16. After the selection of relevant model, a property form appears as given

in Figure 5.13.
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You have selected Shape 01 with a Helght 16" tested in Exposure C.
D pei These results are applicable to Buildings of this shape with
Aspect ratisB:0:H) of &:4:16.
B=£~
Since Torsional reduced frequancy in the Serviceability design is
beyond MatHaz Torsional data, the neareast spectrum value is used,
Instead. it may result in overestimation of Torslonal-related
TIN RN accelerations,
Ohpatrs
Input parameters by user
B 80 m D 60 m H 200 m
fe 0.386 Hz fy 0.2 Hz f, 0.35 Hz
B, 1.0 B, 1.0 Bs 1.0
[ 192.082 kg/m’ v 18 m 14 0.02
AH §m Ps 1.25 kg.-"m3 Cﬂ 13
U 40 m/fs Place | Continental US | Fie w_force
Input Metric(Sl) unit  |Oufput| Metric(SI) unit On-line Unit Converter

Figure 5.13 Screen for data input in NatHaz website

When the program is analyzed, resultant data and graphs are given in Figures 5.14, 5.15,

5.16 and 5.17.

Non-dimensional P3D for alongwind, acrosswind and torsional {Cum =f- SM{?J' fu"?}

alongwind
Acrosswing
Torsional

bbbtk PP r=d]

107 Ty 10°

fBIU,

Figure 5.14 Non-dimensional power spectral density functions for along wind, across

wind and torsional directions
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Peak Accelerations at roof

Alongwand 5.20 mill-g

Acrosswind 12.89 mill-g

Alongwind component
Lateral Accelerations at 5 8.69 millig
Comer Induced by Torsion | 0.00238 rad/s

Acrosswind component
7.27 milli-g

Total Lateral Accelerations

Alongwind component - 11.00 milli-g
at Cormner

Acrosswind component - 14.80 milli-g

FMS Accelerations at roof

Alongwind 1.31 milli-g

Acrosswind 3.40 mil-g

Alongwind component
Lateral Accelerations at 2 2.47 milli-g
Comer Induced by Torsion 0.000605 rad's

Acrosswind component
1.85 millig

Total Lateral Accelerations

Alongwind component - 2.79 mili-g
at Comer

Acrosswind component - 3.87 mill-g

Figure 5.15 Serviceability design calculations (accelerations)

Wind Force Components{mean, background and resonant components)

D : acrosswind background component

Height [m]

Floor Loads [kN]

Figure 5.16 Resultant wind force components
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1-hour mean wind speeds for designs

Survivability design (50-year return period) : U, = 41.22 m/s

Serviceability design (10-year return period) : U, = 34.62 m/s

RMS base moment t:neﬂicienu[l:rc"]. reduced frequenl::iu{f, B/ UH:' and
non-dimensional moment mmcienu[cu {'fj}',i

Oy fy 87U, Cu(fy
50-year 10-year 50-year 10-year
Alongwind 0.068 0.749 0.892 0.024 0.024
Acrosswind 0127 0.388 0.462 0.105 0.082
Torsional 0.026 0.679 0.809 0.024 0.024 |

Survivability Design (50-year wind) : Base moments

Base Moment (10% kN-m )

M M, M, M
Alongwind 0.7878

Acrosswind 1.1038

Torsional

0.0905

Survivability Design (50-year wind) : Maximum Displacements

Maximum Displacements at roof

Alongwind 0.043 m

0141 m

Acrosswind

Figure 5.17 Survivability design calculations
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5.6 DISCUSSION OF RESULTS

In this chapter, wind imposed response of the building which was investigated through the
wind tunnel tests performed in Ankara Wind Tunnel (AWT) has been analyzed by using
several technical specifications which are ASCE 7-05, Eurocode 1, IYBRY and NatHaz
Aerodynamic Loads Database. Main difference between these standards appears in
definition of the wind profile, not only about its shape but also about its gustiness. For
example, in ASCE 7-05, 3 sec gust speed is used whereas in Eurocode and IYBRY, it is
converted into 10 minute gust wind speed. In addition, the property definitions of the
exposure categories vary. Hence, in ASCE 7-05, the exposure category defined for open
terrain (C) is selected and ones in the Eurocode and IYBRY that are most similar to this
definition are chosen. (II) Wind profiles of these three specifications are compared on a
graph in Figure 5.18 below. In the figure it is seen that ASCE profile is a bit smaller in
magnitude than the other two profiles. IYBRY and Eurocode 1 definitions are

approximately the same. Note that in the Ankara Wind Tunnel (AWT) test studies and in

NatHaz, wind profile definition of ASCE 7-05 is directly used.

210 - ASCE7-05
=== Furocode 1 Ig
180 + .... IYBRY 33
[

150 3
3
3
120 3
3
)
3
90 ™
]
F)
60 K
Vi
7
30 7
P4
'I

V., (m/sec)

z (m)

Figure 5.18 Comparison of wind profile definitions in technical specifications
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Wind response of a tall building mainly comprises of base bending moments, top
accelerations and equivalent static load definitions. In the technical specifications,
analytical calculations are expressed only in the along-wind direction; however, in AWT
tests, response in across wind direction is also achieved which could only be compared with
NatHaz solutions. Top acceleration is described in all of the guidelines except IYBRY. As a
result, first of all the equivalent wind load definitions in the along wind direction are
presented in Figure 5.19. Then, base bending moments in along wind direction are
compared for all of the calculation procedures in Table 5.1. After that, in Table 5.2, top
accelerations are listed for all except IYBRY. Finally, in Table 5.3, base bending moment
components in along and across wind directions obtained in the AWT tests are compared

with the NatHaz solutions.

200

— AWT Test Results JI
180 -

— ASCE 705 /‘ll
160 -

m——Eurocode 1 / ‘

140

|=——IYBRY

. /1]
. /|
NERyAN/

04/...-#/

0 S0 100 150 200 250

Height (m)

Equivalent Load (kN/m)

Figure 5.19 Comparison of equivalent static wind load definitions
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In Figure 5.19, the equivalent wind loads that are calculated by using the technical
specifications ASCE 7-05, Eurocode and Istanbul Yiiksek Binalar Riizgar Y&netmeligi and
by using the results of Ankara Wind Tunnel tests are presented. They are the ones
determined for open environment exposure type for zero degree angle of attack and in along
wind direction. In each of them the shapes are quite different. Especially, Eurocode 1
defines a load pattern in a discrete way in which load is constant up to a certain height and
changes linearly till another height after which it remain again constant; whereas, in ASCE
7-05 and IYBRY, equivalent static loads have a parabolic shape. Although, from the AWT
test results, equivalent load starts from 0 and increases in a more steep manner, in the
specifications, load starts from a certain magnitude. The shapes and magnitudes of the
equivalent static loads affect the base bending moments presented in Table 5.1. In NatHaz,
equivalent static loads are defined such that the equivalent loads obtained from each
component of base bending moments are presented. It is compared with the equivalent loads

obtained from Ankara Wind Tunnel test result in the same way in Figure 5.20 below.

m

-
=
=
2
2

Height [m]

400 600 800 0 4|'.| ] [ |'.| ] 200 1000
Floor Loads (kN) i Floor Loads [kN] .

@ ™)

Figure 5.20 Wind force components (a) from Ankara Wind Tunnel Tests (b) from
NatHaz

In Figure 5.20, wind force components in along and across wind directions are presented.
The graph on left is obtained from the Ankara Wind Tunnel test results and the one on right
is from NatHaz Aerodynamic Loads Database. The letters in the legends denote the
components such that A is the mean components; B is along wind background component;
C is along wind resonant component; D is across wind background component; and E is

across wind resonant component. The floor loads are calculated by multiplying the
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equivalent static load (kN/m) by the floor height which is assumed to be 5 m. It is observed
in Figure 5.20 that mean component is almost the same but the others are quite different.

bl

Especially the across wind resonant component which is represented by letter ‘E’ is very
divergent in NatHaz from AWT results. It is mainly due to the fact that after a certain
normalized frequency, NatHaz assumes the magnitude of the normalized spectra as constant
but in AWT results, the shape of the spectra are taken as they are. In addition, the turbulence
intensities in NatHaz tests and AWT tests are quite different (Kareem, et al., 2000). The
difference between the resonant components in across wind direction affects the top

accelerations as it can be observed in Table 5.2.

Table 5.1 Comparison of base bending moment results

Base bending moment

AWT 3.206
NatHaz 3.102
ASCE 7-05 3.112
Eurocode 1 3.835
IYBRY 3.925

All dimensions are in 10° kN.m

In Table 5.1, it is seen that maximum base bending moments are calculated in Eurocode 1
and TYBRY which is mainly resulted from the definitions of the wind profiles. Since wind
speed is larger for these two, the wind induced pressure and hence the bending moments are
calculated around 25% higher in magnitude. Wind speed at maximum height of the
building, 200 m in Eurocode profile is around 5% larger than corresponding ASCE
definition. Since wind induced force and moment are directly related with the wind pressure
and it is related with the square of the wind speed, difference in the results of moments are
in an amount of square of the difference in wind speeds. On the other hand, differences in
the approach of distributing wind loads to the height have caused minor differences in the
results as well. The slight difference between NatHaz and ASCE solutions is because of the

fact that there is not a model definition in NatHaz which has exactly the same geometrical
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properties with the building under consideration and the most similar one is chosen.
Bending moment obtained from AWT tests differ from ASCE and NatHaz solutions in 3%
and from Eurocode and IYBRY in 20%. It is unavoidable for getting this much difference
with the Eurocode and ITYBRY results due to the wind profile variations. The 3% difference
of Ankara Wind Tunnel tests is mainly due to change in turbulence intensity which is

detailed in Chapter 3.

Table 5.2 Comparison of top accelerations

Acceleration
AWT 2.580
NatHaz 5.200
ASCE 7-05 2.433
Eurocode 1 2.469

All dimensions are in mg

Table 5.3 Comparison of results of AWT and NatHaz

Along-wind Direction Across-wind Direction

M Mg Mi; My % M Mg My My %

AWT 1917 1.182 0.512 3.205 2.580)0.000 1.635 1.104 1.973 4.428

NATHAZ | 1.914 0.788 0.889 3.102 5.200{0.000 1.104 2.502 2.735 12.890

All dimensions of moments are in 10° kN.m and accelerations in mg.

In Table 5.3, M is average moment; My and My are background and resonant components

of base moment; M, is the design base moment which is calculated by summing the average

moment and the square root of sum of squares of resonant and background components; Y is
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the top acceleration. In Chapter 3 it is discussed that turbulence intensity in AWT tests has
been greater than it is defined in ASCE7-05. In Chapter 4, investigations of the results of
wind tunnel tests performed in different exposure categories and hence different turbulence
intensities have shown that higher turbulence intensity leads to an increase in the
background component of base bending moment and decrease in the resonant component of
base bending moment. In Table 5.3, the same phenomenon holds true as well and while
background component in AWT tests is greater than the NatHaz results, resonant
component is less. Average moments are nearly the same for both. However, these
differences affect resultant design base bending moments in the along wind direction with a
difference around 3% only. On the contrary, in across wind direction, since main reason for
base bending moment occurrence is vortex shedding vibrations (Holmes, 2005); the
resonant component is more dominant. Because resonant component in AWT tests is less
than the one in NatHaz, the design base bending moment in across wind direction is less
compared with NatHaz result in around 40%. This difference affects the top accelerations

such that they are 2-3 times less in AWT results.
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CHAPTER 6

CONCLUSIONS

In this study, series of wind tunnel tests have been performed in Ankara Wind Tunnel.
Ankara Wind Tunnel has a comparatively short test section which is not very suitable for
building testing because it is very difficult to create atmospheric boundary layer with
desired properties. Therefore, in order to create atmospheric boundary layer and simulate the
wind profile in nature, special boundary layer creation elements were designed and mounted
at the inlet of the test section. Wind speed through the test section height was measured by
means of a hot-wire anemometer system during the experiments. Response of a rectangular
building model was measured with High Frequency Base Balance system which has been
designed and produced specifically for this study. The balance system was able to measure
two perpendicular base bending moments of the model. Throughout the tests, effects of
different wind profiles and different angles of attack on response of the building have been
analyzed. Finally, response of the building has been examined using the procedures defined
in some technical specifications such as ASCE 7-05 (ASCE 7-05, 2005), Eurocode 1
(Eurocode 1, 2005), Istanbul Yiiksek Binalar Riizgar Yonetmeligi (IYBRY, 2009) and
NatHaz Aerodynamic Loads Database (Kareem, et al., 2000); and they have been compared
with the results obtained from Ankara Wind Tunnel tests. At the end of these studies, the

following conclusions can be drawn.

e Effects of wind profile and turbulence intensity on the response of tall buildings are
very significant. Therefore, during the wind tunnel tests, it is exclusively recommended
that wind profile and turbulence intensity should match with their correspondences in
the location where the building under consideration will be constructed as much as
possible. If these data will be gathered from a national wind guideline instead of a field
study, not only wind speeds but also turbulence intensities should be defined clearly

under the scope of that guideline during its preparation.
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In a wind tunnel whose test section is comparatively short, boundary layer creation
elements result in an admissible similitude of wind profile and turbulence intensity.
Wind induced response of a tall building can be examined in three major components
which are mean component, background and resonant fluctuating components. Mean
component can easily be calculated in case the drag coefficient is known. Background
and resonant components are related with the randomness of wind which depends on
turbulence intensity.

It is observed that turbulence intensity has a negative influence on the vortex generation.
In other words, response of the building which is resulted from the vortex generation is
less when the turbulence intensity is high. An example for this kind of response can be
the resonant components of base bending moments especially in across wind direction.
Response of a rectangular tall building varies according to its aspect ratio (D/B). As the
aspect ratio increases, wind induced actions on the building decreases. Especially, it is
observed that vortex shedding effects diminish if dimension of the building parallel to
the wind direction is greater than perpendicular one.

In a rectangular tall building, vortex shedding phenomenon leads to considerable base
bending moments in the across wind direction and it may be so dominant if fundamental
frequency of the building is close to the vortex shedding frequency. In case of equality,
the building can experience resonance. Therefore, during the design process of a tall
building, in addition to the analysis in along wind direction, it is strongly recommended
that its response in across wind direction should also be studied carefully, especially
regarding the resonance issue.

It is observed during the analysis made for different wind directions that unlike the
traditional approaches, maximum base moment does not necessarily occur in the
perpendicular directions. Hence, effects of wind angle of attack should be considered in
the design of a tall building.

In order to provide comfort criteria, maximum top accelerations should be studied
especially in across wind direction since main cause of the acceleration is the vortex
shedding phenomenon which is dominant in across wind direction.

High frequency base balance system should be designed so that it has a high frequency
out of the range of modal frequencies of the building under consideration. Otherwise, it
leads to biased results regarding response of the building in the range of fundamental
frequency of the system itself.

Through an improvement in the design of the high frequency base balance system, in

addition to the base bending moments, two base shear forces and torsional moment can
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also be measured. By the help of base shear force measurements, information about the
shape of the distribution of dynamic wind loads in the storeys can be obtained instead of
applying the linear mode shape assumption or the definitions in the technical

specifications.
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APPENDIX A

DEFINITIONS

Stationary Process: It is a kind of a process statistical properties of which do not change
with time. In other words, it implies that a process continues from the infinite past to
infinite future. Obviously, encountering exactly real stationary processes in nature is
impossible but many environmental problems are practically assumed to be stationary in
case the natural periods of the systems are too short compared with the duration of
loading (Wirsching, et al., 1995). Wind loading problems on tall buildings are accepted
to be stationary processes.

Gaussian (Normal) Distribution: It is a most widely used kind of continuous probability
distributions. Random variables that are formed by superposition of many other random
variables approach to Gaussian distribution (Wirsching, et al., 1995). Therefore, wind as
a natural event is reasonably accepted to fit normal distribution.

Mean: It is the average value of a random process. In other words, it is the summation of
the variables divided by the number of the variables of a random process.

Standard Deviation: It is measurement of variability in statistics. It reflects how much
dispersion exists from the mean.

Autocorrelation Function: It is a mathematical tool that is used to find the similarities
between the processes with themselves within a time interval.

Fast Fourier Transform (FFT): It is a special algorithm used to compute discrete Fourier
transform (DFT). In DFT or specifically FFT, it is aimed to transfer a time dependent
process into frequency domain by decomposing it into its components of different
frequencies. It provides the transition between time and frequency domains.

Spectral density function: It is used to characterize a stationary random process in the
frequency domain. It is basically Fourier transform of the autocorrelation function. It can

be numerically computed by Fast Fourier Transform (FFT).
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APPENDIX B

ANKARA WIND TUNNEL TEST RESULTS

In this part of the study, results of the tests conducted in Ankara Wind Tunnel are presented.
Time dependent base bending moment graphs and their Fast Fourier Transforms in the two

perpendicular directions of the building (X and Y) are presented.

Base Bending Moment in X Direction vs. Time Graph
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Figure A. 1 Base bending moment and its FFT for the test in Exposure C and 0° angle
of attack in X direction
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Base Bending Moment in Y Direction vs. Time Graph
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Figure A. 2 Base bending moment and its FFT for the test in Exposure C and 0° angle
of attack in Y direction
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Base Bending Moment in X Direction vs. Time Graph
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Figure A. 3 Base bending moment and its FFT for the test in Exposure C and 15° angle
of attack in X direction
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Base Bending Moment in Y Direction vs. Time Graph
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Figure A. 4 Base bending moment and its FFT for the test in Exposure C and 15° angle
of attack in Y direction
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Base Bending Moment in X Direction vs. Time Graph
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Figure A. 5 Base bending moment and its FFT for the test in Exposure C and 30° angle
of attack in X direction
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Base Bending Moment in Y Direction vs. Time Graph
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Figure A. 6 Base bending moment and its FFT for the test in Exposure C and 30° angle
of attack in Y direction
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Base Bending Moment in X Direction vs. Time Graph

Moment (Nm)

0 20 40 60 g0 100 120 140 160 150 200

time (sec)

Fast Fourier Transform of Base Moment in X Direction

1,000
3
s
E
=
0
0 5 10 15 20 25

f (Hz)

Figure A. 7 Base bending moment and its FFT for the test in Exposure C and 45° angle
of attack in X direction

129



Base Bending Moment in Y Direction vs. Time Graph
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Figure A. 8 Base bending moment and its FFT for the test in Exposure C and 45° angle
of attack in Y direction
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Base Bending Moment in X Direction vs. Time Graph
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Figure A. 9 Base bending moment and its FFT for the test in Exposure C and 60° angle
of attack in X direction
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Base Bending Moment in Y Direction vs. Time Graph
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Figure A. 10 Base bending moment and its FFT for the test in Exposure C and 60°
angle of attack in Y direction
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Base Bending Moment in X Direction vs. Time Graph
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Figure A. 11 Base bending moment and its FFT for the test in Exposure C and 75°
angle of attack in X direction
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Base Bending Moment in Y Direction vs. Time Graph
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Figure A. 12 Base bending moment and its FFT for the test in Exposure C and 75°
angle of attack in Y direction
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Base Bending Moment in X Direction vs. Time Graph
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Figure A. 13 Base bending moment and its FFT for the test in Exposure C and 90°
angle of attack in X direction
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Base Bending Moment in Y Direction vs. Time Graph
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Figure A. 14 Base bending moment and its FFT for the test in Exposure C and 90°
angle of attack in Y direction
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Base Bending Moment in X Direction vs. Time Graph
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Figure A. 15 Base bending moment and its FFT for the test in Exposure B and 0° angle
of attack in X direction
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Base Bending Moment in Y Direction vs. Time Graph
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Figure A. 16 Base bending moment and its FFT for the test in Exposure B and 0° angle
of attack in Y direction
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