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Introduction  
 

There is large difference in height between high-rise buildings in the Netherlands and high-
rise in other continents such as North America and Asia. The tallest building in the 
Netherlands, the “Maastoren”, has a height of 164.75 meter whereas in the rest of the world  
buildings with a height of more than 300 meter are not uncommon. In Dubai the Burj Khalifa 
has even reached a height of 828 meter. The goal of this thesis is to find the limit to the height 
of tall buildings and find out if similar heights (such as found in foreign countries) be 
achieved in the Netherlands”   
 
After a literature study was done on the important aspects of a tall building a so called 
compound structure was chosen as the structural system of the building. This compound 
structure consists of 4 slender towers which are tied together at mechanical levels. 
3 alternatives were chosen designed and tested in using the FEM software “ESA SCIA 
Engineer”. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 

Wind-induced dynamics play an important role in the design of an 800 meter high building.  
The Rijnhaven Tower has a unique shape which consists of four quadrants which are tied 
together at mechanical floors. This creates openings which allow the wind to blow through 
the building. Earlier the assumption was made that the slots disrupt the vortex shedding forces 
and reduce the along-wind forces threefold. Later it was found that the primary function of the 
slots is to mitigate the vortex shedding process. 
Furthermore it was mentioned in the conclusion of part 2: Structural Design that the Dutch 
building code is not equipped to deal with an 800 meter building. For example it gives values 
(for the static pressure) up to a height of 150 meter .  
 
In this addendum we will re-evaluate these assumptions and several formulas which were 
used in the report. Also the meaning and background of the formulas in the Dutch building 
code are explained more in depth and if necessary it is explained whether they are suitable for 
an 800 meter building with a low natural frequency. 

1. 
Core 

2. 
Core-outrigger 

3. 
 Diagrid 

  
 
 

 
 

Table 1:  structural alternatives  
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Chapter 1 Problem description  
 
In this chapter the difference between the structal design as a result of wind of a typical Dutch 
high-rise building and our 800 meter high tower is explained using the wind spectrum and 
natural frequencies and eurocode .  

 
Figure 1:  Wind profile and wind load fluctuating w ith time [1] 
 

Figure 1 shows that the wind fluctuates with the time. According to [2] winds speeds, wind 
pressure and the resulting structural response are generally treated as stationary random 
processes in which the time averaged or mean component is separated from the fluctuating 
component. The time dependent wind speed U(t) is divided into a static component uz which 
increases logarithmically with the height of the building and a fluctuating component ut [1]. 
When the frequency of the fluctuating wind forces approach the natural frequency of the 
building resonance occurs. The wind load shakes the building at its most vulnerable frequency 
resulting in a large dynamic response. This is similar to the building up of the amplitude of a 
child on a swing by pushing at the natural pendulum frequency. 
 
The NEN 6702 and Eurocode 1991-1-4 allow the wind to be considered as a quasi-static load. 
This means that the structure is calculated using a static load and the dynamic effect is taken 
into account by the dynamic amplification factor φ (NEN 6702) or cd (Eurocode 1991-1-4) 
[1]. In the report this dynamic amplification factor is included in the structural factor cscd. 
This factor takes into account the effect of wind actions from the non-simultaneous 
occurrence of peak wind pressure on the surface together with the effect of turbulence. 
 
While it is allowed to use a quasi-static load in the structural design of the building the 
dynamic effects still have to be considered. 
The Rijnhaven Tower has a large height (800 meter) and a low first natural frequency (0.05 
Hz). This requires a different approach as compared to a typical Dutch high-rise building 
which has a height of ca. 100-160 meter and a first natural frequency of ca. 0.5-1 Hz. 
Figure 2 shows the characteristics of the time histories for a structural response of a structure 
with a high and low natural frequency under wind load.  
In the case of a high natural frequency (Figure 2b) the resonant or vibratory component plays 
a minor role and it can be seen that the response generally follows the time variation of the 
forces working on the structure in time (Figure 2a). however in the case of a low frequency 
the resonant response is important (Figure 2c). 
According to [2] a frequency below 1 Hz is a well-known rule of thumb which determines if 
the lowest natural frequency has a significant resonant response.  
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Figure 2: a) Wind force varying with time, (b) stru ctural response varying with time for a high 
frequency (c) and a low frequency.[2] 
 
Table 2 Shows the natural frequencies of alternative 2, the core-outrigger alternative.  
 
Natural frequency f [Hz] T [sec] 
1 0.05 18.30 
2 0.05 18.30 
3 0.19 5.32 
4 0.30 3.39 
5 0.30 3.39 
6 0.76 1.31 
7 0.76 1.31 
8 0.93 1.08 
Table 2:  natural frequencies alternative 2 core-ou trigger system 
 
It can be seen that our tower has a first natural frequency of ca. 0.05 Hz and two more 
frequencies below 1 Hz. This means that the dynamic response due to wind requires special 
attention. 
 
In the case of a tall building the two major causes of resonance are: 
 

• the fluctuation in the upstream wind .  
• the alternate vortex shedding which occurs behind bluff cross-sectional shapes. 

 
The dynamic response (accelerations) due to the fluctuation of wind with time is calculated 
using a separate formula found in  Annex C.4 of NEN-EN 1991-1-4. 
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Another phenomenon which affects the design of a tall building is vortex shedding. Tall 
buildings are bluff bodies and when the wind blows against the building vortices are created 
which result in an alternating force perpendicular to the wind direction. When vortex 
shedding frequency approaches the natural frequency of the building resonance occurs. When 
the vortex shedding phenomenon takes place along a large part of the height of the building it 
can result in large forces and amplitudes.  
 
In summary, the following aspects have to be examined when considering the wind working 
on the building: 
 

- the quasi-static wind load which includes a dynamic amplification factor 
- accelerations due to the fluctuation in the upstream wind  
- alternating forces due to vortex shedding in the across-wind direction  

 

1.1 The quasi-static wind load which includes a dynamic 
amplification factor 

 
In the Eurocode 1991-1-4 and NEN 6702 the static wind load and a dynamic amplification 
factor determine the design load working on the structure. This design load gives the forces 
and deformation of the structure due to the wind and is necessary to design the structural 
system. The basic design criteria stability, strength and serviceability should be satisfied. 
Stability means that the building can resist overturning uplift and/or sliding. 
 

 
Figure 3: quasi-static wind load according to NEN-E N 1991-1-4 
 
The strength criterion is satisfied when all the structural components are able to withstand the 
imposed wind loads without failure during the life time of the structure. Also the deflection 
and motions of the building have to remain within acceptable limits.  
 
The quasi-static wind load is calculated in chapter 2. 
 
 
 
 
 
 
 



Master’s Thesis Report                                              Uriah Winter                                                                                  

 
 

ABT                                                                        TU Delft                                          
7 

 

1.2 Accelerations due to the fluctuation in the upstream wind 
 
The fluctuation in the upstream wind causes the building to vibrate resulting in accelerations. 
These accelerations can negatively influence the inhabitants of a tall building. Human comfort 
is an important issue in tall buildings because accelerations can make inhabitants insecure or 
even nauseous (building sickness) which may prove the structure undesirable or un-rentable. 
Table 3 shows the natural frequencies for alternative 2: core-outrigger which have been 
obtained using ESA Scia Engineer. In this paragraph the wind spectrum and transfer function 
is used to determine the standard deviation of the acceleration due to the fluctuation in the 
upstream wind. 
 
Natural frequency f [Hz] T [sec] 
1 0.05 18.30 
2 0.05 18.30 
3 0.19 5.32 
4 0.30 3.39 
5 0.30 3.39 
6 0.76 1.31 
7 0.76 1.31 
8 0.93 1.08 
Table 3: natural frequencies alternative 2 core-out rigger system 
 

Figure 4 and Figure 5  show the wind spectrum (a), transfer function(b) and dynamic 
response(c) for the Rijn haven Tower and a typical (Dutch) high-rise tower. 
When we examine the dynamic response of the buildings global vibration in one direction we 
end up with 3 natural frequencies below 1 Hz. 
Figure 4 a and Figure 5 a show the wind spectrum in the Netherlands. The first natural 
frequency (0.05 Hz) of the Rijnhaven tower is close to the frequency where the wind has the 
most energy. The other natural frequencies at 0.30 and 0.76 Hz contribute less to the response 
of the building because the gust have less energy at these frequencies. These three frequencies 
however all play a role in the response of the building which is very dangerous. Especially the 
first natural frequency where the gusts have the most energy is problematic. 
In the Netherlands most buildings have a first natural frequency at about.0.5-1 Hz and since 
the second and third frequency are far away from the frequency at which the gust have the 
most energy their contribution to the response of the building is neglected (Figure 5 b and 
Figure 4 b) 
From Holmes[2] it follows that the area under Figure 4c and fig Figure 5c is the standard 
deviation of the response. 
The formulas for along and across-wind vibrations in NEN 6702 and the Eurocode are 
therefore based on the response due to the first natural frequency of the building and the 
neglection of the 2nd and 3rd  natural frequency. 
Because of this it is not correct to use these formulas to design an 800 meter high building 
where the 2nd and 3rd natural frequency have a significant contribution to the dynamic 
response of the building. The formulas used in the Eurocode are suitable for typical high-rise 
buildings where the first natural frequency is about 0.5- 1Hz. 
 
The peak acceleration for the first natural frequency will be calculated in chapter 3. 
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Figure 6: natural frequencies 0.05 Hz (left), 0.30 Hz (middle) and 0.76 Hz (right) 
 
 

 
Figure 4: dynamic response Rijnhaven tower 
  

Figure 5: dynamic response typical Dutch high-rise 
 

 
Figure 7: Dutch high-rise (100-160) m ca. 0.5-1Hz 
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1.3 Alternating forces due to vortex shedding in the across-wind 
direction 

 
Tall buildings are bluff bodies which cause the flow to detach from the structure instead of 
following the contour of the building. When this happens vortices are created which cause a 
periodically alternating force perpendicular to the wind direction (see Figure 8). This is called 
vortex shedding. The vortex shedding phenomenon is very dangerous for a tall building. 
Without good design and engineering it can result in large forces and accelerations. Because 
of this the vortex phenomenon needs to be limited as much as possible through good design. 
Mitigating measures have been mentioned in chapter (3.5) of part1: the literature study.  
 

 
Figure 8: vortex shedding phenomenon 
 
The vortex shedding phenomenon is examined more thoroughly in chapter 4.  
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Chapter 2 Quasi-static wind load  
 

In this paragraph we will determine the quasi-static design load working on the building 
according to the Eurocode NEN-EN 1991-1-4 and the NTA Convenant Hoogbouw. 
 
At a height of 800 meter wind from all directions has to be considered. In the report it was 
assumed that due to the slots the quasi-static wind load could be reduced by a factor 3.This 
value was based on the reference project the Nakheel Tower. 
However, later it was found that the primary function of the slots is to reduce the across-wind 
response due to vortices. These slots deserve to disturb the wind flow around the building and 
thus break up the vortices that form on the leeward side. 
This means that the quasi-static wind load on the building may not be reduced by a factor 3. 
 

 
Figure 9: wind load in two directions  

 
The design wind load is determined using NEN-EN 1991-1-4 expression 5.3(2) 
 

sc c ( )w d f p e refF c q z A= ⋅ ⋅ ⋅      in kN       (1) 

sc c ( )w d f p e refQ c q z b= ⋅ ⋅ ⋅      in kN/m   (2) 

 
Where  
 
cscd is  the structural factor  which is determined according to Appendix C 
cf is the force coefficient for the structure found in table 03-A.2 of NTA Convenant 
Hoogbouw 
bref  is the reference width of the building in m, in case of a cylinder this is the diameter (see 
figure 7.27 of  NEN-EN 1991-1-4 )         
qp  is the peak velocity pressure at reference height ze  
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2.1 Structural factor 
 
The structural factor cscd has been calculated using procedure 2 found in NEN-EN 1991-1-4 
Annex C. 
 

2 21 2 ( )

1 7 ( )
p v e

s d
v e

k I z B R
c c

I z

+ ⋅ ⋅ ⋅ +
=

+ ⋅             (3) 

It consist of a cs (size factor) and cd (dynamic factor) 
 

)(71

)(71 2

ev

ev
S zI

BzI
c

⋅+
⋅⋅+=

              (4)
 

 
         (5) 

 
 

ze      is the reference height of the structural factor  = 0.6*h 
kp      is the peak factor  ( 3.11) because  v= 0.114         NEN-EN1991-1-4:2005  B2 (4) 
Iv       is the turbulence intensity   

B2     is the Background response factor  
R2     is the Resonance response factor  
 

 
 
 
 

Where  
 
T      is the averaging time for the mean wind velocity , T=600 seconds 
n1,x     is the natural frequency of the structure  
B2     is the Background response factor  
R2     is the Resonance response factor  
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Where 
 
kl     is the turbulence factor = 1.0 
co      is 1 
z0      is 0.2 Convenant hoogbouw recommends the use of “non-built-up area” values. See 
Table 4.1   NEN-EN1991-1-4:2005  NB  
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Background response factor 
 
The background response factor B2 takes into account the effect of wind actions from the non-
simultaneous occurrence of peak wind pressure on the surface. 
In the report, B2 was given the value 1 to be on the safe side. But here the fact that, for a large 
façade not all gusts working on the building have a maximum value at the same time is taken 
into account. 

2

2 2 2

1

3
1

2 ( ) ( ) ( ) ( )e e e e

B
b h b h

L z L z L z L z

=
     

+ ⋅ + + ⋅     
     

= 0.191          (8)
 

Where  
 
b     is the width of the building in m 
h     is the height of the building in m 
Lze  is the turbulent length scale at a height ze 

( ) t
t

z
L z L

z

α
 

= ⋅ 
 

          (9) 

Lt =  300 m 
zt =  200 m 
α = 0.67+0.05ln(z0) 
 
Resonance response factor 
 
R2 is the resonance response factor allowing for turbulence in resonance with the considered 
vibration mode of the structure. 

2
2

1, 1,( , ) ( )
2 L e x s xR S z n K n
π

δ
= ⋅ ⋅

⋅                               (10) 
R2= 2.275 
 
Where 
 
δ      is the logarithmic decrement of damping given in Annex F 
SL    is the wind power spectral density function given in B.1 (2) 
n1,x   is the natural frequency of the structure (see Table 3) 
Ks    is the size reduction factor 
 
The values for the structural damping δs are found in Table 03 A.4 of the Convenant 
Hoogbouw NTA. These values are empirical values which follow from measurements. The 
damping for a building of 800 meter has never been measured and we expect that the higher 
the building becomes the lower the damping. However we expect that the values in Table 4 
are in the same order of magnitude as that of our building. The aerodynamic damping has 
been neglected. 
 
Structural type Structural damping δs 
Reinforced concrete buildings 0.10 
Steel buildings 0.05 
Mixed structures concrete+steel 0.08 
Table 4: Damping according to NTA Wind convenant ho ogbouw table 03 A.4 
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In the report a value of 0.08 was used because the alternatives had not yet been designed. For 
the core-outrigger the value 0.10 of reinforced concrete buildings is chosen. 
 
The foundation also plays a role in absorbing the vibration energy (see Figure 10). A taller 
and more slender building has a parabolic mode shape in which the oscillation is small at the 
bottom compared to a linear mode shape. This means that the foundation plays a smaller role 
in a (tall) building with a parabolic mode shape. 

 
Figure 10: Parabolic (left) and linear (right) mode  shape 
 

2 5/3

( , ) 6.8 ( , )
( , )

(1 10.2 ( , ))
v L

L
v L

n S z n f z n
S z n

f z nσ
⋅ ⋅= =

+ ⋅
                                       (11) 

 

( )
( , )

( )L
m

n L z
f z n

v z

⋅=
                                                               (12)

 

 

2 2 2

1
( )

2
1 ( ) ( ) ( )

s

y y z z y y z z

K n

G G G Gϕ ϕ ϕ ϕ
π

=
+ ⋅ + ⋅ + ⋅ ⋅ ⋅ ⋅

                   (13) 

 

The values Gy and Gz depend on the mode shape and are found in table C.1 of the Eurocode. 
In this case the parabolic mode shape is chosen. 
 
Gy =1/2             Gz=5/18                
 
In the report Ks was given the value 1 to be on the safe side.  
 
 

kp =3.11    Iv  =0.689  B2 =0.191    R2 =2.275      (3) gives cscd = 1.32 
 
The calculated cscd factor in the Eurocode is based on the first natural frequency of the 
building. However, as mentioned earlier, unlike in a typical Dutch high rise building the other 
natural frequencies are also contributing to the dynamic response of the building. Therefore 
the factor cscd will be higher and we will assume the factor cscd to be in the order of 
magnitude of 1.5.  
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2.2 Force coefficient cf 
 

 
Figure 11: pressure suction and friction due to win d load open footprint (left) closed footprint 
(right)  
 

cf is the largest value of the wind load to which the shape is exposed when we consider that 
the wind can act on the building in any direction. 
In the report cf for a circle has been used (0.84). Due to the open shape of the footprint wind 
can cause extra pressure, suction and friction in the void. This can result in a larger cf and has 
not been taken into account in the calculations. Therefore this factor is unsure and further 
study is necessary. 

2.3 Peak velocity pressure qp 
 
Values for the extreme wind pressure up to 300 meters are taken from : 
 

• NEN-EN 1991-1-4 and NEN-EN 1991-1-4/NB: 2007 
• Convenanthoogbouw NTA Hoogbouw (03-A) table 03-A.1 

 
These values are extrapolated up to a height of 800 meter .This is an assumption which should 
be examined further. Table 5 shows the extrapolated values for peak velocity pressure qp  
 
Because the structure has a reference period of 100 years (CC3 see Part 3 appendix B ) the 
wind load is adjusted to a reference period of 100 years using the factor cprob found in NEN-
EN 1991-4 4.2 remark 4; 
 

1 ln( ln(1 ))

1 ln( ln(0,98))
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1/ 1/100 0,01

0,5

n
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K p
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 − ⋅ − −=  − ⋅ − 

=
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=                   

 

1,042probc =
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The values found in Convenanthoogbouw NTA Hoogbouw (03-A) are extrapolated up to a 
height of 800 meter and multiplied by the factor cprob . The result is shown in Table 5. 
 

Extreme windpressure Area 2 reference period 100 years 
height (m) qp(z) height (m) qp(z) height (m) qp(z) 

1 0.651208 70 1.628021 325 2.3 
2 0.651208 75 1.660581 350 2.34 
3 0.651208 80 1.682288 375 2.38 
4 0.651208 85 1.714849 400 2.4 
5 0.716329 90 1.736556 425 2.42 
6 0.770597 95 1.758263 450 2.44 
7 0.81401 100 1.779969 475 2.46 
8 0.857424 110 1.823383 500 2.48 
9 0.889985 120 1.855944 525 2.5 

10 0.922545 130 1.888504 550 2.52 
15 1.06364 140 1.921065 575 2.54 
20 1.161322 150 1.953625 600 2.55 
25 1.237296 160 1.986185 625 2.56 
30 1.302417 170 2.007892 650 2.57 
35 1.356684 180 2.040453 675 2.58 
40 1.410951 190 2.06216 700 2.585 
45 1.454365 200 2.083867 725 2.59 
50 1.497779 225 2.138134 750 2.595 
55 1.541193 250 2.181548 775 2.6 
60 1.573753 270 2.224962 800 2.605 
65 1.606314 300 2.268376   

Table 5:  peak velocity pressure q p 
 

2.4 Design wind load  
 
The quasi-static wind load working on the building in kN/m is calculated using (2). 
 

sc c ( )w d f p e refQ c q z b= ⋅ ⋅ ⋅                                                                                                    (2)  

 
cscd =1.5 
cf      = 0.84 
qp     =  (see Table 5 ) 
bref =100  
 
The wind load in kN/m at the top of the structure is 1.5*0.84*2.605*100 = 328.2 kN/m. 
The total static wind load working on the building is determined according using Figure 12. 
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Figure 12:  Wind load on building according to NEN- EN 1991-4 
 
0     < Z < 100              q = 218.5 kN/m  
100 < Z < 700              q = 218.5–322 kN/m 
700 < Z < 800              q = 328.9 kN/m 
 
The difference between this design load and the design load used in the report is a factor 2.3 
The effect which this has for the 3 alternatives is discussed in the next paragraph. 

2.5 Comparison static wind load of the alternatives  
 

In this chapter the new design load is added to the ESA models of the three alternatives.  
We will take a look at the deformation of the building as well as the effect which the wind 
load has on the differential settlements. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

During the structural design firstly the tower was assumed to be full clamped. This was done 
because the foundation had not yet been designed. The deformation due to the rotational 
stiffness of the foundation was then included after the rotational stiffness was known. In order 
to judge the fully clamped tower the assumption was made that the total drift at the tower 
consists of 50 % deformation due to bending and 50 % deformation due to the rotational 

1. 
Core 

2. 
Core-outrigger 

3. 
 Diagrid 
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stiffness of the foundation. According to the Eurocode the total drift cannot exceed h/500 
which means that the fully clamped alternatives have to satisfy a limit of h/1000. 
The values for a tower which is assumed to be fully clamped is given in Table 6. 
 
Alternative Core Core-outrigger Diagrid 
Deformation at top 

(mm) 
1490 938 787 

Base moment 
(kNm) 

161.9*106 125.0*106 108.2*106 

Table 6:  Comparison forces and deformation 
 
Diagrid alternative is the only alternative which satisfies the drift limit of h/1000. 
The total drift however is the result of the deformation due to the wind load (including the 
second order effect and rotational stiffness of the foundation) and the deformation due to 
unequal settlements. 
Table 7 shows the deformation of the alternatives when the rotational stiffness of the tower is 
taken into account. The deformations due to the quasi-static load (including the rotational 
stiffness of the foundation) of the 800 high meter building for alternative 2 and 3 are within 
the limits of 1/500 or 1600 mm. It should be noted that that the individual structural elements 
have not been checked but since deformation is the governing aspect for the structural system 
of a tall building we expect that the structural elements fulfil the strength requirements. 
 
alternative Alternative 1 

Deformation 
SLS (mm) 

Alternative 2  
Deformation 

SLS (mm) 

Alternative 3 
Deformation 

SLS (mm) 
Drift clamped tower      1490 938 787 
Drift including rotational stiffness (mm) 1788 1126 944 
Table 7:  drift including rotational stiffness  
 

The concrete in the core-outrigger alternative has better structural damping. Since the 
dynamic aspects are governing alternative 2 remains the chosen alternative.Table 8 shows the 
total drift for the core-outrigger alternative which also includes the drift due to the unequal 
settlements. The unequal settlements are larger due to the increased base moment See 
appendix A however the drift due to unequal settlements still  has a relatively small 
contribution to the total drift. 
 

Drift Alternative 2  
Deformation SLS (mm) 

Drift including rotational stiffness (mm) 1126 
Drift due to differential settlements (mm) 74 
Total Drift  (mm) 1200 
Table 8:  total drift for alternative 2  
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Chapter 3 Accelerations due to fluctuations in 
the upstream wind 

 

Besides having to comply with the comfort demand which limits the deflection, the 
accelerations in a tall building also have to be kept beneath a certain value.  
In a tall building it is not the motion itself but the acceleration which is the cause of 
discomfort for its inhabitants. This is similar to how a person in a car feels nothing at a 
constant speed but does feel something when the car accelerates or decelerates.   
If the accelerations are too large they can result in insecure or even nauseous inhabitants 
making the top floors un-rentable.  
As mentioned in the problem description, the first natural frequency at 0.05 Hz makes the 
building very sensitive to wind loading. Also the 2nd and 3rd natural frequencies have to be 
taken into account when determining the dynamic response. 
In this paragraph we will determine the accelerations at the highest occupied floor of the 
building which is located at 797.8 meter for only the first natural frequency (0.05 Hz) of the 
building.  
 
The standard deviation of the accelerations due to upstream fluctuating wind for the first 
natural frequency are calculated according to Annex C.4 of NEN-EN 1991-1-4. 
 

2
,

max

( , )
( , ) ( ) ( ) y z

a x v e m e
ref

K K y z
y z cf l z v z Rσ ρ

µ
⋅ ⋅Θ

= ⋅ ⋅ ⋅ ⋅
⋅Θ                                                                (14)

 

Where 
 
cf is the force coefficient. cf =0.84 
ρ is the air density  ρ =1.25 kg/m3  
Iv(ze) is the turbulence intensity at a height ze above the ground 
vm(ze) is the characteristic mean wind velocity at a height ze above ground 
R is the resonance response factor      
Ky and Kz are constants given in C.2.  
µref reference mass per unit area. µref =12813 kg/m2 
Θ (y,z) is the mode shape 
Θ max is the mode shape value at the point with maximum amplitude 
 
Θ(y,z)/Θ max =1 since the acceleration at the highest occupied floor is calculated  
 
Ky=1    Kz= 5/3 these values correspond to a uniform horizontal mode shape and a parabolic 
vertical mode shape. See NEN-EN 1991-1-4. C2 table C.1 
 
µref is determined according to F.5 (3) of NEN-EN 1991-1-4. According to F.5 (3) a good 
approximation of µref is the mass per unit area at the point of the largest amplitude of the mode 
shape. The weight at the point with the maximum amplitude of the structure is divided by the 
area on which the wind force works at that point. 
 
The standard deviation of the characteristic along wind acceleration is multiplied by the peak 
factor kp which gives the acceleration at the top of the building. The peak acceleration for 
alternative 2 are given in Table 9. 
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Acceleration  Alternative 2 core-outrigger 
σ  [m/s2] 0.22 
a  [m/s2] 0.68 

Table 9 accelerations alternative 2 
 

 

Figure 13 limiting peak accelerations according to NEN 6702 
 

Curve 2 applies to floors with a residential, gathering, health care, hotel sport or commercial 
function. The acceleration due to upstream wind exceeds the limit value of 0.3 m/s2 found in 
Figure 13 by a factor two. Also it should be noted that only the accelerations due to the first 
natural frequency of the building have been calculated. As mentioned earlier in the problem 
description the other natural frequencies below 1Hz (see Table 3) also contribute to the 
dynamic response of the building which results in a larger response. 
 
Conclusion 
 
The building does not satisfy the criteria for accelerations due to first natural frequency and 
the fluctuating wind and the other contributing natural frequencies have not been taken into 
account.  
Paragraph 3.5.4 of the literature study discusses how the dynamic response of a tall building 
can be influenced. 4 methods were mentioned, namely: 
 

• Changing its mass. 
• Changing its stiffness. 
• Increasing its damping. 
• Choosing its shape 

 
The shape of the building has already been chosen and changing the mass and stiffness can be 
very costly if significant improvements are needed. Also they can have adverse effects such as 
an increase of the jerk component or increased settlements due to a larger load on the 
foundation. 
  
Increasing the damping can be considered as the last available option and it should be 
researched if a tuned mass damper would be able to keep the motions of the building within 
the defined limits. The accelerations (0.68 m/s2) at the highest occupied floor are however ca 
2.5 times as large as the limit of 0.30 m/s2 found in Figure 13.   
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This is without taken into consideration the contribution of the 2nd and 3rd frequency to the 
dynamic response. We expect that the accelerations due to the 2nd and 3rd frequency will 
increase the value of 0.68 m/s2 by a factor 2. This would mean that the total accelerations at 
the highest occupied floor is 1.36 m/s2 and that the limit is exceeded by a factor 5 
Therefore it is unlikely that a TMD can provide the necessary damping to keep the 
acceleration beneath the limit of 0.30 m/s2. 
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Chapter 4 Vortex shedding  
 
Vortex excitation is one of the critical phenomena that affects tall slender towers.  
Tall buildings are bluff bodies which cause the flow to detach from the structure instead of 
following the contour of the building. When this happens vortices are shed which cause a 
periodically alternating force perpendicular to the wind direction (see Figure 14).  
 

 
Figure 14: vortex shedding phenomenon 
 
Whether vortex shedding becomes a problem for the building is dependent on two 
frequencies, namely: 
 

• The fundamental frequency of vibration the building 
• The frequency at with which the vortices are shed  

 
When these two frequencies are equal resonance occurs. The forces due to the shedding of 
vortices then shake the building at its most vulnerable frequency which results in large across-
wind vibrations.  
The critical wind velocity vcrit  is defined as the wind velocity at which the frequency of the 
vortex shedding equals a natural frequency of the building. 
 
The Eurocode state that vortex shedding does not have to be examined if; 
 
vcrit > 1.25 vm. 
 
We will calculate if vortex shedding needs to be examined for a closed cylinder. 
 
 

 
                                                                                                                     (15) 
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Where, 
 
Str   is the strouhal number which is 0.18 for a circle (See NEN-EN 1991-1-4 Table E.1)   
B     is the reference width of the cross-section at which the resonant vortex shedding occurs  
       and where the modal deflection is maximal for the building (100 m). 
n1,y   is the natural frequency of the structure (0.05 Hz) 

 
 
 
 

vm is calculated using   (4.3.1(1)) [2] of NEN-EN 1991-1-4 
 

,0( )b dir season bv z c c v= ⋅ ⋅
  = 27

 

( ) ( ) ( )m r o bv z c z c z v= ⋅ ⋅
 = 1.45*27=39.17 

vcrit > 1,25 vm 
 
27.8 < 48.96  
 
This means that vortex shedding needs to be examined for 800 meter high closed cylinder. 
 
Correlation length  
 
Vortex shedding is a problem when it occurs along a large part of the buildings height. In  
NEN-EN 1991-1-4 E 1.5.2.3 figures are given to determine the correlation length. The 
correlation length defines the length at which the vortices are correlated across the height of 
the building. 

 
 
 
 
 
 
 
 
 
 

Figure 15: correlation length NEN-EN 1991-1-4 E 1.5.2.3 
 

YF(sj)/b Lj/b 
<0.1 6 

0.1 to 0.6 4.8+12 *YF(sj)/b 
>0.6 12 

Table 10: correlation length  
 
Table E.4 shows that in the first mode shape our building with b=100 has a correlation length 
ranging from 600-800 meter. This means that a vortices are shed across a large part of the 
building. 
 
 

1, 100 0.05
27,8

0.18
y

crit

b n
v

Str
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Mitigating measures  
 
Because vortex shedding is a serious problem the structural engineer should try to mitigate the 
vortex shedding process. 
 
Reduction of the vortex shedding can be achieved in the following ways 

- Confusing the vortex shedding by changing the cross-section of the tower along the 
height of the building. Changing the cross-section changes the frequency at which the 
vortices are shed. If vortices aren’t shed across a large part of the structure the 
alternating forces are small.  

- Disrupting the vortex shedding process by allowing the wind to bleed through slots. 
The slots also allow the wind to bleed through the building which disrupts the 
vortices. Studies [27][34][57] have shown that this method is very efficient in 
mitigating vortex shedding . For a detailed description of the experiments and the 
results see appendix A.   

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

[34] 
 

 
 
 
 
 

 
 
 
 
                 

[57] 
 

Figure 16: Setup for experiments with voids and slo ts 
 

 
Conclusion  
 
Vortex shedding for a closed cylinder with a height of 800 meter would take place along a 
large part of the buildings height. (600-800 meter). This is a serious problem for tall slender 
buildings with a constant footprint and was recognized early in the design which led to the 
chosen vortex reducing shape with slots and a void. Experiments and research have shown 
that the addition of slots can result in a significant reduction of the forces and deformation due 
to vortex shedding. 
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Chapter 5 Conclusion 
 

In this thesis an attempt was made to find the limits of a skyscraper in the Netherlands and 
examine if it is structurally possible to build supertalls as seen in foreign countries. 
There is large difference in height between high-rise buildings in the Netherlands and high-
rise in other continents such as North America and Asia. The tallest building in the 
Netherlands, the “Maastoren”, has a height of 164.75 meter whereas in the rest of the world  
buildings with a height of more than 300 meter are not uncommon. In Dubai the Burj Khalifa 
has even reached a height of 828 meter. Figure 17 illustrates the difference in height between 
high-rise in the Netherlands and the rest of the world.  
 

 

Figure 17: Dutch versus foreign high-rise buildings  
 

Each high-rise project is unique and depends on the many conditions which influence the 
choices made in the design of a tall building. Examples of such conditions are the wind 
climate, the characteristics of the subsoil and culture. Because of this the following question 
was asked:  
 
“ Is it technically possible to achieve similar heights (as found in foreign countries) in the 
Netherlands?” 
 
In order to answer this question the goal was to deliver a structural design for an 800 meter 
high tower. Three structural alternatives were chosen and tested using ESA Scia Engineer and 
the Dutch building code, namely: 
 

• core 
• core-outrigger  
• diagrid  

 
It was found that the deformations due to the quasi-static load of the 800 high meter building 
for alternative core-outrigger system and diagrid are still within the limits of 1/500 or 1600 
mm.  
However, the accelerations at the top of the building become very large and do not satisfy the 
criteria concerning accelerations in NEN 6702. It should be noted that in this addendum only 
the accelerations due to the first natural frequency have been calculated. As mentioned in the 
problem description the other natural frequencies also contribute to the dynamic response of 
the building which results into an even larger dynamic response .  
It is still unlikely that a tuned mass damper or a tuned liquid columns damper is able to keep 
the accelerations below the limit of 0.30 m/s2 at the highest occupied floor. 
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It has been shown that vortex shedding for a closed cylinder with a height of 800 meter would 
take place along a large part of the buildings height, namely 600 to 800 meter. The 
importance of the vortex shedding phenomenon was recognized early in the design and led to 
the addition of slots which disrupt the vortex shedding process.  
 
Therefore, the conclusion is that designed 800 meter building does not satisfy the criteria 
concerning accelerations at the highest occupied floor. 
Even with a tuned mass damper it is unlikely that the accelerations due to the upstream 
fluctuating wind of the 800 meter building can be kept within the limits of Figure 13.  
When the designing a tall building it is recommended to avoid the natural frequencies in the 
range where the gust have the most energy (0.01-0.5 Hz). By avoiding these frequencies the 
dynamic response is reduced. 
 
Whether heights as seen in foreign countries are possible in the Netherlands requires some 
explaining. If we want to make a fair comparison between our tower and the supertalls in 
foreign countries we need to consider not only the height of the buildings but also the 
slenderness and shape of the buildings which are influenced by the rules regarding daylight-
entry. 
 

 
Figure 18: comparison Burj Khalifa and Rijnhaven To wer  
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Figure 18 shows a comparison of the Rijnhaven tower and the Burj Khalifa which at the time 
of writing this thesis is the highest building in the world. The figure shows the dimensions, 
first natural frequency and the location of the highest occupied floor (red).  
 
Chapter 2, 3 and 4 show that the  governing aspect with respect to wind for our tower is the 
peak accelerations at the highest occupied floor. This aspect is greatly influenced by two 
variables, namely: 
 

• the first natural frequency of the building  
• the height of the highest occupied building    

 
The difference between a low and high first natural frequency is mentioned in the problem 
description and chapter 3. A first natural frequency located close to the frequency where the 
gust have the most energy in addition to several other contributing frequencies can result in a 
significant dynamic response. This is shown in Figure 4(c) and Figure 5(c) where the area 
under the dynamic response is the standard deviation of the accelerations which is calculated 
in chapter 3 for the first natural frequency of the building. 
   
Formula (14) includes the mode shape. In case of the the Rijnhaven Tower, Θ(y,z)/Θ max =1 
since the acceleration at the highest occupied floor is located at the top of the building. If a 
tower has a spire or tapered shape the highest occupied floor is not located at the top where 
the largest accelerations occur.  
 
There are 3 differences which should be taken into consideration when we compare Dutch 
high-rise buildings to foreign high-rise buildings, namely: 
 

• The way in which the height of a building is measured  
• The shape of the building  
• The limitations due to daylight entry  

 
These differences all have a large influence on the dynamic response. 
 
Measuring method  
 
The Council of Tall Building and Urban Habitat (CTBUH) created three categories for 
determining a buildings height, namely: 
 
1. height to architectural top 
2. highest occupied floor 
3. height to tip 
 
In this thesis the second criterion of the CTBUH to determine the height of a building was 
used. This means that we start measuring from the buildings lowest significant open-air-
entrance to the highest occupied floor. If we judge the Burj khalifa and Nakheel Tower 
according to this criterion their respective heights will be ca. 550 meter and 676 meter. This 
means that an occupied floor at a height of 800 meter has not yet been reached. And that for 
these buildings  Θ(y,z)/Θ max <1 resulting in a smaller accelerations than would be the case if 
the highest occupied floor would be located at the top. 
This makes a large difference in the structural response of the building. 
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Shape of the building - Tapering 
 
Many of the aforementioned foreign (proposed) tall buildings have a tapering shape with 
either spires or antennas on top.  
As a tapered  building gets higher, practical minimal floor sizes limit the location of the 
highest occupied floor. The Burj Khalifa (828 meter) [20] for example has a spire which is 
over 200 meter high and the Nakheel Towers (1000 meter) spire [27] has the same height as 
the Eiffel tower. According to [4] a highest occupied floor at 800-1000 meter can require a 
1600 meter high tapered structure. 
 
The advantages of a tapered shape are: 
 

•  a large base and a tapered shape result in a higher first natural frequency 
•  the fact that the quasi-static wind load is reduced due to a smaller reference area 

 
As mentioned in the problems description a higher first frequency results in a smaller 
dynamic response.  
 
daylight entry -Slenderness 
 
In the Netherlands the rules concerning daylight-entry are more strict than in foreign countries  
The former World Trade Centre for example had a footprint of 63.4 by 63.4 meter and with a 
height of 417 and 415 meters the slenderness was 1:6.6. Because of their large floor areas, the 
twin towers had office spaces which were never reached by natural daylight. Such a structure 
is not possible in Holland because the slenderness is limited by the fact that Arbo laws forbid 
office spaces which lack the entry of natural daylight.   
Daylight entry is a non-structural limiting factor which has an influence on the slenderness of 
a tall building. This means that even though it could be structurally possible to build a tall 
building the Dutch building code does not allow it. 
 
This means that even though it might structurally possible to achieve heights as seen in 
foreign countries that the slenderness and shape of the building will be limited by the daylight 
entry rules in the Dutch building code.  
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Appendix 
 

A:Effect increased wind loads on unequal settlements  
 
 

Because the quasi-static wind load is increased by a factor 2.3 the unequal settlements due to 
the wind will increase. 
 

The same procedure which is found in Part2: Structural Design chapter 5.6.2  and Appendix J  
is used to calculate the new unequal settlements. 
 
Unequal settlements  
 
M=     84.1   * 106 kNm 
V =   220.7  * 103 kN 
 
The moment on the raft is the sum of the moment at the base of the building and the shear 
force times the depth of the raft (-21 NAP). 
 
84.1 * 106 + 220.7 * 103 * 21 = 88.7 * 106 kNm 
 
In order to determine the maximum vertical load at the foundation we need to find the 
resultants of tensile and compression stresses  
 

2
max

1 1

2 2resF Rπ σ= ⋅ ⋅ ⋅ ⋅  

maxσ = Maximum stress caused by the moment 

 
The resulting tension and compression forces act on the centre of gravity in both halves. The 
centre of gravity of stresses will be somewhere between 0.4244*R (circle) and triangle 

(0.666*R) a value of 
3

0,589
16

R Rπ⋅ ⋅ = ⋅   is found in the literature. 

Fres can be found by dividing the Moment with the lever arm. 
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All the values necessary to calculate the settlements are given in Table 11 
 
Layer Depth 

middle 
layer (m) 

Absolute 
depth (m) 

Maximum 
stress value 

(kPa) 

'
0;;zvσ  

(kPa) 

'
;zvσ∆  

(kPa) 

5 6.5 31 382 1313.5 121 
6 14 38.5 509.5 1351 121 
7 16 40.5 543.5 1363 121 
8 19.5 44 603 1399.5 121 
9 24.5 49 688 1449 121 
10 28.5 53 756 1493 121 
11 31.5 56 807 1486 116 
12 34 58.5 849.5 1495.6 113 
13 39 63.5 934.5 1527.8 110 
14 43 67.5 1002.5 1524.4 106 
15 49 73.5 1104.5 1481.6 99.8 
Table 11 Stress increase and maximum stress value  
 

The differential settlements due to the wind load are given in Table 12  (for more details see 
appendix J). 
  

layer Cp d 
'

0;;zvσ  (kPa) '
;zvσ∆    (kPa)  w1   (m) w2   (m) 

5 2000 17 1313.5 280 0.00164 -0.00204 
6 ∞ 1 1351 280 0.00000 0.00000 
7 3000 3 1363 280 0.00019 -0.00023 
8 ∞ 5 1399.5 280 0.00000 0.00000 
9 3000 4 1449 280 0.00024 -0.00029 

10 ∞ 4 1493 280 0.00000 0.00000 
11 3000 2 1486 268.8 0.00011 -0.00013 
12 ∞ 3 1495.6 260.4 0.00000 0.00000 
13 900 7 1527.8 254.8 0.00120 -0.00142 
14 ∞ 1 1524.4 245 0.00000 0.00000 
15 400 7 1481.6 231 0.00254 -0.00297 

Total 0.00591 -0.00707 
Table 12 Soil layer Settlements 
 
 

W1,d  compression            =    5.9  mm                    
W1,d  tension                     =    7.1  mm 
∆W1,d                                =    13.0   mm 
Rotation                            =    9.3 *10-5 rad 
This gives a deformation of   4 *10-5 * 800000 = 74 mm at the top of the building. 
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B:ESA Output 
 
Alternative 1: core 
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Alternative 2: Core-outrigger  
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Alternative 3: Diagrid  
 

 
 
 



Master’s Thesis Report                                              Uriah Winter                                                                                  

 
 

ABT                                                                        TU Delft                                          
58 

 

 
 
 
 
 
 



Master’s Thesis Report                                              Uriah Winter                                                                                  

 
 

ABT                                                                        TU Delft                                          
59 

 

 
 
 
 
 



Master’s Thesis Report                                              Uriah Winter                                                                                  

 
 

ABT                                                                        TU Delft                                          
60 

 

 
 
 
 
 
 



Master’s Thesis Report                                              Uriah Winter                                                                                  

 
 

ABT                                                                        TU Delft                                          
61 

 

 
 
 
 
 
 



Master’s Thesis Report                                              Uriah Winter                                                                                  

 
 

ABT                                                                        TU Delft                                          
62 

 

 
 
 
 
 
 



Master’s Thesis Report                                              Uriah Winter                                                                                  

 
 

ABT                                                                        TU Delft                                          
63 

 

 
 
 
 
 
 



Master’s Thesis Report                                              Uriah Winter                                                                                  

 
 

ABT                                                                        TU Delft                                          
64 

 

 
 
 
 
 
 



Master’s Thesis Report                                              Uriah Winter                                                                                  

 
 

ABT                                                                        TU Delft                                          
65 

 

 
 
 
 
 



Master’s Thesis Report                                              Uriah Winter                                                                                  

 
 

ABT                                                                        TU Delft                                          
66 

 

 
 
 
 
 



Master’s Thesis Report                                              Uriah Winter                                                                                  

 
 

ABT                                                                        TU Delft                                          
67 

 

 
 
 
 
 
 



Master’s Thesis Report                                              Uriah Winter                                                                                  

 
 

ABT                                                                        TU Delft                                          
68 

 

 
 
 
 
 
 



Master’s Thesis Report                                              Uriah Winter                                                                                  

 
 

ABT                                                                        TU Delft                                          
69 

 

 
 
 
 
 
 
 



Master’s Thesis Report                                              Uriah Winter                                                                                  

 
 

ABT                                                                        TU Delft                                          
70 

 

 
 
 
 
 
 
 



Master’s Thesis Report                                              Uriah Winter                                                                                  

 
 

ABT                                                                        TU Delft                                          
71 

 

 
 
 
 
 


