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ABSTRACT 
This thesis investigates a sustainable and 

Dutch way of national representation and 

describes an integral design for the Dutch 

embassy in Oslo.  

National identity is represented the best by 

qualities of the nation by which it is 

distinguished from other nations. One of the 

best qualities of the Dutch is their water 

management. Living so close to the water, 

and even below sea level, the Dutch have a 

particular relationship with the water. In a 

research on Dutch waterfront redevelopment 

this relationship is investigated. Thereby, the 

waterfront redevelopment in Amsterdam is 

taken as a case study. The strategies used 

in the waterfront redevelopment of 

Amsterdam are compared with those being 

used in the waterfront redevelopment of Oslo. 

This research has led to some starting points 

for the design of the Dutch embassy on the 

waterfront of Oslo.  

The second part of the research investigates 

another part of Dutch water management; 

water purification. Since sustainability was 

one of the themes of the graduation studio 

in which the project described in this thesis 

is done, the research focusses on water 

purification by constructed wetlands. The 

knowledge gained from this research has 

made the relationship between the design 

and water even stronger.  

The architectural and structural design for the 

Dutch embassy in Oslo is described in the 

second part of this thesis. An integral design 

is made as the final product of the combined 

master Architecture and Structural design. 

The strong relationship between the Dutch 

and water is present in this design between 

the building and its context. The building 

designed is located on the waterfront of Oslo, 

trying to get as close to the water as possible 

and even create a transitional space between 

the water and the city. The waterfront is not 

seen as the edge of the city, but as a place 

where water and city come together and 

where both can be experienced. Underneath 

and around the building an outdoor place is 

designed where any kind of meeting can take 

place. This outdoor place is on one hand 

connected to the city and on the other hand 

to the indoor spaces of the designed building, 

accommodating the Dutch embassy, rentable 

meeting rooms and an exhibition room. The 

Dutch embassy is not an island in the city of 

Oslo, but it is a part of the city and society 

of Oslo. It has the openness of Dutch houses 

in it, but it also has closeness required for 

reasons of security. The structure of the  
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building is designed in such a way that it 

enhances the relationship between indoor 

and outdoor spaces, but also makes the 

building blend into its context. 

The structure of the building is designed in 

the second part of the thesis, but the 

calculated are performed in a separate report. 

The structural report is focussed on the 

structural members of the design in post-

tensioned concrete. The building is designed 

in the material concrete from the early stages 

of the design process. A robust, but elegant 

structure could be designed because the 

structural design was part of the design 

process from the very early stages.    
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Figure 1 Cost comparison - reinforced concrete and post-tensioned 

concrete1 

1Cross, E. Post-tensioning in building structures. Post-Tensioning Institute of Australia. www.ptia.org.au. 27-11-2015.  
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INTRODUCTION 

The building designed in this graduation 

project and described in the thesis, 

“Surrounded by, Embracing the – WATER” 

(Haidari, H., 2015), is approached from a 

structural point of view in this report. The 

structural elements of the design and the 

estimated dimensions of these are checked. 

The feasibility of the design is considered 

and proofed by the structural calculations 

according to the Eurocodes. Although the 

building designed is located in Norway, the 

national annex for the Netherlands is used 

when the Eurocode refers to the national 

annex. By this means knowledge is acquired 

in the Dutch construction regulations. Another 

reason for this decision is the accessibility of 

the national annex. Nevertheless, specific 

characteristics of the location are considered 

in the calculations, e.g. characteristic snow 

level on ground, fundamental value of the 

wind velocity, etc.  

 

The building is designed in materials from 

the very start of the design process. The use 

of the material concrete is an outcome of the 

contextual analysis. The building is located in 

a former harbour area, where the atmosphere 

is determined by a number of sheds in 

concrete. In order to preserve the 

atmosphere, blend into the context, and 

respect the history of the context, but also 

make a contemporary design the material 

concrete is chosen as the main structural and 

architectural material.  

Although the building is designed in the same 

material as the pre-existing sheds built in 

1955, it has a completely different 

appearance established by the contemporary 

design and slenderness of the concrete 

structure. In order to achieve this slenderness 

and keeping in mind the aspect of 

sustainability a specific way of constructing 

in concrete is chosen: constructing in post-

tensioned concrete. Figure 1 shows that the 

use of post-tensioned concrete in this project, 

with spans larger then 9,5m, is even 

interesting economically. 
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CHAPTER 1 
  

A B 

C 

Figure 2 Structural design in three parts 
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DESIGN 
1.1 Unbraced concrete structure  

The building structure designed in this 

graduation project consists of an unbraced 

concrete structure, composed of horizontal 

concrete slabs and vertical concrete slabs. 

The concrete slabs form the shell and the 

structure of the building, but these also divide 

the building in three parts; part A, B and C. 

(fig. 2) The two outer parts, part A and C, are 

made in concrete. The middle part, which is 

supported by the two concrete parts is made 

in steel and wood. The two concrete parts of 

the building are theoretically independent 

structural systems. Which means that both 

need to be stable by themselves.  

Vertical forces are transferred to the 

foundation by vertical concrete slabs in three 

different shapes. (fig. 3) These slabs are 

supposed to bear the horizontal, wind, loads 

too. The structure of part A includes two large 

walls in southwest-northeast direction, which 

is the main wind direction in Oslo. These two 

walls are perfectly able to bear the horizontal 

forces. Considering the other wind direction, 

southeast-northwest, no closed walls can be 

found, which can bear horizontal forces. The 

architectural and urban design reasons for this 

can be found in the design description in the 

thesis, “Surrounded by, Embracing the – 

WATER” (Haidari, H., 2015). (Further 

references to this work will be mentioned as 

“the thesis”.) The same walls, the horizontal 

slabs, and the connections between them are 

supposed to transfer the horizontal forces in 

this direction to the foundation. This means 

that the horizontal and vertical slabs need to 

form frames with fixed connections in order to 

be able of bearing the horizontal forces in 

southeast-northwest direction. This is achieved 

by casting the concrete structure, except for 

the foundation piles and the basement below 

water level, in situ.  

The stability of part C is performed in a 

completely different way, as this part stands 

on “columns” and no closed walls are present 

on ground level. The three “columns” form 

frames in two directions, perpendicular to one 

another, which can transfer the horizontal 

forces to the foundation.  

Part B, located in between two stable building 

parts, derives its stability from the two.  
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Figure 3 Vertical concrete elements 
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The architectural and structural design in this 

project are developed simultaneously, being 

described in part 2 of the thesis. In chapter 

4.5 the structural design is described in 

detail. In this report several structural 

elements of the structure will be calculated. 

The design is described in chapter 1. After 

determining the loads in chapter 2 in chapter 

3 of this report the main structural elements, 

the concrete elements, are calculated. The 

limitations for the structural elements are 

discussed in chapter 4.5 of the thesis and 

will be summarized in the concerned chapters 

of this part. These limitations provide 

guidelines and challenges for the structural 

calculations.  

The main structural elements of the structure 

are made of post-tensioned concrete. Besides 

concrete steel and timber are used as 

structural materials in this design. Steel is 

used in several floors in primary structural 

elements and timber in secondary structural 

elements. Steel is also used in columns, in 

order to make the columns as slender as 

possible. Structural elements in steel will be 

discussed in chapter 4. The material timber 

as a structural material is mostly used for the 

staircases and timber frame walls. Some 

calculation in timber are given in chapter 5.  
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1.2 Sustainability 

The choice for concrete as main structural 

material is determined by the location and 

the desired atmosphere to be achieved. 

Urban and architectural analysis pointed out 

the importance of the locations history and 

resulted in maintaining the harbour 

atmosphere as a starting point for the design. 

No other material than concrete could 

achieve this atmosphere in a natural way. 

Besides, the concrete makes the building 

robust, which has positive influence on the 

security and safety of the building.  

In order to minimize the amount of concrete 

used in the structure and thereby minimize 

the production of carbon dioxide the concrete 

structure is optimized. Where possible 

concrete is left out and the space is filled 

with EPS. The carbon footprint of EPS is 

much lower than that of concrete as EPS 

consists of 98 percent air. Besides the weight 

of EPS (15-40 kg/m3) is much lower than the 

weight of concrete (2400 kg/m3), which 

decreases the dead load of the structure. The 

calculations in chapter 3 will provide more 

information on the amount of concrete 

needed for the structure in order to be able 

to bear the loads. This will result in an 

optimized design of the concrete structure. 

Another advantage of EPS is the 

compressive resistance and versatility, which 

makes it a proper material for permanent 

formwork. The low water and water vapour 

absorption of EPS make it a better insulation 

material, especially in wall structures. The 

thermal properties of EPS is almost 

unaffected by the little water that it might 

absorb.  

The visible thicknesses of all concrete 

elements are equal to 500mm, from which at 

least 150mm consists of EPS insulation 

material. Even structural elements that do not 

need to be insulated are provided with EPS 

in order to save concrete. The vertical slabs 

consist of an outer, loadbearing concrete 

layer of 200mm, a layer of at least 150mm 

insulation, and an inner concrete layer with 

a maximum thickness of 150mm. Both 

concrete layers are connected by wall-ties, 

which also prevent the EPS panels from force 

up. Additionally, the bottom EPS panels are 

connected to the foundation beams.  

The horizontal slabs consist of an outer, 
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loadbearing concrete layer with an average 

thickness of 300mm, an insulation layer of at 

least 150mm EPS, and a finishing layer of 

maximum 50mm wood.  

Not only has the replacement of concrete by 

EPS had a positive influence on the 

sustainability of the building, but also the 

choice for post-tensioned concrete. As 

mentioned before pre-stressing or post-

tensioning concrete makes it possible to 

design structural elements more slender, 

decreasing the amount of concrete used in 

the structure.  
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1.3 Structural system

The structural system in this design concerns 

a statically indeterminate system. The overall 

system is divided in three parts in order to 

make the structural calculations convenient. 

(fig. 4)  

Part A and part C are independent structural 

systems. The middle part, part B, is 

supported by part A and C. The calculations 

for (part A and) part C are described in 

chapter 3 and those for part B in chapter 4.  

  

Part A Part B Part C 

Figure 4 Schematic cross-section of three building parts 
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Part A 

 

 

 Equilibrium equations: 

ΣH = 0 

  ΣV = 0 

  ΣM = 0 

 

Unknown: 

- 2 unknown support forces and 1 support moment, 

if loaded symmetrically (not the case) 

- 4 unknown support forces and 2 unknown support 

moments � 6 unknown 

 

n = nunknown – nequilibrium equations = 3 

Figure 5 Structural system Part A 
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Three sections and structural systems of Part A 

 

 

Figure 6 Three cross-sections of Part A 
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Part B 

 

The structural system of part B consist of a 

number of beams in the roof and the floor 

with fixed ends. The end supports are 

designed as fixed supports in order to 

minimize the structural height. A span of 9,5 

metres had to be achieved within a structural 

height of 300mm. The reason for this 

limitation for the structural height is the wish 

for making the slabs in part B subordinate to 

the concrete slabs in part A and C.  

 

 

 

 

  

Figure 7 Structural system Part B 
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Figure 8 Main cross-section of Part C 

Wall 3 

Wall 5 

Wall 4 
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Part C 

 

The structural system of part C needs to be 

approached as a 3-dimensional structural 

system as the system includes two-way 

slabs, with asymmetric supports and different 

in type.  

 

The 3D-model of the structure shows the 

different types of support of the two horizontal 

slabs. (fig. 8) Both horizontal slabs are 

supported at two sides by overhanging wall 

parts (walls 3&4), the other two sides are 

unsupported at the end. Besides the two 

overhanging wall parts, the floor is supported 

by a wall underneath it (wall 5). Two hidden 

beams are constructed in the concrete slab 

spanning from the support by wall 5 to either 

wall 3 or wall 4. (fig. 8) 

 

The hidden beams in the concrete slabs span 

distances between 11 metres and 13,6 

metres. These beams are parts of the 

horizontal slabs with larger structural height 

and more load bearing capacity. In these 

areas of the slabs post-tensioned tendons are 

applied. 

 

In order to have a clear view on the structural 

characteristics of the horizontal slabs in the 

building structure the spans are shown in 2D 

section drawings. (fig. 8) More information on 

the structural properties of these slabs is 

given in sub-chapter 3.1. 
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CHAPTER 2 

Wall Wall 1 

Slab A2 

Slab A3 

Slab A1 

Floor A 

Wall 2 

Figure 9 Structural elements Part A 

  

 Part A   
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LOADS 
2.1 Permanent loads 

The permanent loads on the structure are  

 

determined by the dead load of the structural 

elements and the weight of non-structural 

building elements.

Concrete 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 Dead load concrete elements 

Timber 

Interior walls in timber frame elements are included in the design with a height of 5,5 metres.  
 

 

 

 

 

 

 

 

 

 

 Table 2 Dead load timber elements 

 

Element Density 

(kN/m3) 

Thickness 

(m) 

qG  

(kN/m2) 

Span (m) 

Slab A1 - roof 25 0,2 - 0,3 5,0 - 7,5 10 

Slab A2 - roof 25 0,2 - 0,3 5,0 - 7,5 10 

Slab A3 - floor 25 0,2 - 0,3 5,0 - 7,2 10 

Slab C1 - roof 25 0,3 - 0,5 7,5 – 12,5 7,5 – 15,4 

Slab C2 - floor 25 0,3 - 0,5 7,5 – 12,5 9 – 13,4 

Element Thickness 

(mm) 

qG  

(kN/m2) 

Height 

(m) 

qG  

(kN/m1) 

Timber frame wall 120 0,31 5,5 1,705 

Floor finishing 20 0,25 - - 

Grill ceiling 50 0,1 - - 
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Slab C1 

Slab C2 

Wall 3 

Wall 4 

Wall 5 

Figure 10 Structural elements Part C 

 Part C  

  

23



 

 

Steel 

 
 

 

 

 

 

Table 3 Dead load steel elements 

 

 

Glass 

 

 

 

 

 

Table 4 Dead load glass elements 

 

 

Others 

 

 

 

 

 

 

 

 

Table 5 Dead load other materials 

   

Element Thickness 

(mm) 

diameter 

(mm) 

Height 

(m) 

qG  

(kN/m1) 

Column Ø323,9x10 120 0,31 5,5 - 6 0,774 

Element Thickness 

(mm) 

qG  

(kN/m2) 

Height 

(m) 

qG  

(kN/m1) 

Glass 6x4x6 0,4 5,5 - 6 2,4 

Element Thickness 

(mm) 

Density  

(kN/m3) 

Height 

(m) 

qG  

(kN/m2) 

EPS 150 0,4 - 0,06 

Services - - - 0,5 
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2.2 Imposed loads 

The imposed loads are determined in 

accordance with the Norwegian national 

annex. The building designed accommodates 

three different functions: office spaces, an 

exhibition room and a congress room. The 

values for the imposed loads and the 

coefficients for those loads are given in the  

table below.  

The reason for using the Norwegian national 

annex is the difference between the values 

for the “combination” factors in the Dutch 

national annex and the Norwegian national 

annex. Even the values for the imposed loads 

vary slightly for both countries.  

 

 

 

 

 

 

 

Table 6 Imposed loads and coefficients 

qk (kN/m
2) Qk (kN) Ψ0 Ψ1 Ψ2 

Office floor 3 3 0.7 0.5 0.3 

Exhibition floor 5 7 0.7 0.7 0.6 

Congress room 5 7 0.7 0.7 0.6 

Roof (Class H) 0.75 1.5 0 0 0 

Wind    0.6 0.5 0.2 

Snow    0.7 0.7 0.7 
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Figure 11 Characteristic snow level on ground (Figure C.10 in Eurocode 1) 

27



 

 

2.2.1 Snow load        

The snow load is calculated in accordance with Eurocode 1, keeping in mind that the site is 

located in Oslo. In the Eurocodes the snow load is given by the following expression: 

 

s = μi * Ce * Ct * sk        (5.1 EN 1991-1-3)

         

μi = 0,8      shape coefficient, (5.2 EN 1991-1-3) 

Ce = 1,0      exposure coefficient, (5.1 EN 1991-1-3) 

Ct = 1,0      thermal coefficient, (note section 5.2 (8)) 

sk = 3,5 kN/m
2 characteristic snow level on ground, (Table 

NA4.1(901))  

         

s = μi * Ce * Ct * sk = 0,8*1,0*1,0*3,5 = 2,8 kN/m2     
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2.2.2 Wind loads 

The wind loads are calculated in accordance with NEN-EN 1991-1-4. 

 

2.2.2.1 Basic wind velocity 

 

The basic wind velocity is given by the following expression: 

vb = cdir * cseason * vb,0  

 

cdir   1,0       directional factor  

cseason  1,0       seasonal factor  

vb,0  35 m/s       fundamental value of the 

        basic wind velocity  

 

vb = 1,0*1,0*35 = 35 m/s 

 
*For simplification the directional factor cdir and the seasonal factor cseason are in general equal to 1,0. 

  

 

2.2.2.2 Basic velocity pressure    

    

qb = ½ * ρ * vb²        (4.10) NEN-EN 1991-1-4 

         

ρ   1,25       air density (kg/m3)     

vb    35       basic wind velocity (m/s) 

 

qb = ½ * 1,25 * 352 = 765,625 N/m2 = 0,766 kN/m2 
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2 Harsveit, K., Norwegian Meteorological Institute. 2005. 

 

   

         

  

Figure 12 Extreme value analysis of wind data from the maritime areas surrounding Norway.2 
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2.2.2.3 Peak pressure        

qp(z) = (1 + 7 * Iv(z)) * ½ * ρ * vm²(z) = ce(z) * qb    

         

Iv(z)         turbulence intensity  

z(m)  14        

z0,0(m)  0,005       the roughness length (table  

         4.1, NEN-EN 1991-1-4) 

zmin,0(m) 1       (table 4.1, NEN-EN 1991-1-4) 

zmax(m)  200       (NEN-EN 1991-1-4, 4.3.2) 

 

The turbulence intensity is calculated in accordance with equation 4.7 from NEN-EN 1991-1-4:

  

Iv(z) = σv / (vm(z)) = kl / (c0(z)*ln(z/z0))                for zmin ≤ z ≤ zmax  

Iv(14) = σv / (vm(z)) = kl / (c0(z)*ln(z/z0))                for 1 ≤ 14 ≤ 200  

 

kl   1       the turbulence factor, recommended  

        value for kI is 1,0   

c0(z)  1       the recommended value for c0 is 1,0 

      if the terrain inclination is less than 

      3%, which is the case here     

ln(z/z0)   7,937375        

         

Iv(14)  = 1,0 / (1,0 * 7,93) = 0,125986    

 

     

Mean wind velocity in accordance with equation 4.3 of NEN-EN 1991-1-4: 

      

vm(z) = cr(z) * co(z) * vb         
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cr(z)           roughness factor       

cr(z) = kT * ln(z/z0)       for zmin ≤ z ≤ zmax       

 

kT   0,161716     terrain factor, depending on the  

        roughness length z0 calculated 

        using:  kT = 0,19 * (z0 / z0,II)
0,07       

cr(14)    1,283602         

co(z)   1       orography factor       

vb    35 m/s        

          

vm(14) = 1,283602 * 1 * 35 = 44,92608 m/s 

 

This gives the peak pressure: 

          

qp(14) = 2373,966 N/m
2 = 2,37 kN/m2     

  

  

2.2.2.4 Pressure factor 

 

Now that the value for the peak pressure is known, the value for the pressure factor can be 

determined.        

         

qp (z) = (1 + 7 * Iv(z)) * ½ * ρ * vm²(z) = ce(z) * qb      (4.8) NEN-EN 1991-1-4 

 

qp (z) = ce(z) * qb        

ce(z) = qp(14) / qb         

         

ce(14) = 2,37 / 0,766 = 3,101   

2.2.2.5 Wind pressure on external surfaces      
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The wind pressure acting on the external 

surfaces, we, should be obtained from the 

following expression (5.1):        

we = qp(ze) * Cpe        

         

qp(ze)           peak pressure 

ze(m) = 14          Fig. 7.4 in NEN-EN 1991-1-4  

        gives ze = h for h ≤ b   

Cpe            pressure coefficient to be  

         determined using table 7.1  

         in NEN-EN 1991-1-1

Table 7.1 of NEN-EN 19991-1-4 provides the 

values for Cpe for the different zones of the 

building plan, façade and roof, (A-E).       

Cpe depends on the size of the loaded area, 

Cpe=Cpe,10 when the loaded area is larger 

than 10m2. Since all façades of the building 

SE - Cpe, we, and zone length are larger than 

10m2, Cpe changes in Cpe,10.  

The value for Cpe,10 depends on the ratio h/d, 

which is determined below for both building 

parts and wind direction southeast. The 

calculated values for Cpe,10 are given in table 

7. 

(SE-A stands for: building part A subjected 

to south-eastern wind)  
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South-eastern wind - façades 

 

SE-A          

d(m)   10,5       Defining the zones:     

h(m)   14       e=b or 2h (the smallest)     

b(m)   16       2h = 28m      

h/d   1,33333      e = 16m e>d     

          

SE-C          

d(m)   17       Defining the zones:     

h(m)   14       e=b or 2h (the smallest)     

b(m)   17       2h = 28m      

h/d   0,82353      e = 17m e=d     

          

After determining the values for Cpe,10 and the width of the zones the values for the wind pressure 

on external walls can be calculated in accordance with the following expression:    

we = qp(ze) * Cpe        qp(14) = 2,37 kN/m
2 

Table 7 SE – façades 

Zone  A B C  D E 

Cpe,10 SE-A -1,2 -0,8 -0,5 0,8 -0,515 

Cpe,10 SE-C  -1,2 -0,8 -0,5 0,77 -0,45 

we SE-A (kN/m
2) -2,8488 -1,8992  1,8992 -1,2226 

we SE-C (kN/m
2)  -2,8488 -1,8992 -1,1870 1,8280 -1,0683 

zone length SE-A (m) 3,2 7,3     

zone length SE-C (m) 3,4 13,6       
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Example 

Zone length: 

 

e ≥ d  

length A = e/5  

length B = d – e/5 

 

       

          

         

 

 

         

         

  

Figure 13 Wind pressure and friction on façades – zone lengths 
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South-eastern wind - roofs       

 

α < 5,0° --> flat roof        

θ = 0° (wind direction)        

          

Defining the zones for SE-A        

d(m)   10,5        e=b or 2h (the smallest)   

h(m)   14        2h = 28m  

b(m)   16         e = 16m e>d      

 

Defining the zones for SE-C        

d(m)   19     e=b or 2h (the smallest)       

h(m)   14         2h = 28m    

b(m)   19         e = 19m e=d   

          

 

The values for the length and width of the 

zones in the roof are determined according 

to figure 7.6 in NEN-EN 1991-1-4.          

          

The values for Cpe,10, dependent on the 

shape of the roof, are determined according 

to table 7.2 in NEN-EN 1991-1-4. 

In this structure the roofs are flat roofs with 

sharp edges.     

          

The wind pressure on internal walls can be 

neglected as the building envelope does not 

have large, permanent openings.        

 

So Cpi should be taken as the more onerous 

of +0,2 and –0,3.    

          

we = qp(ze) * Cpe       

qp(14) = 2,37396584     

 

w = we + 0,2 or w = we - 0,3 

 

The values for the zone lengths, the wind 

pressure, and Cpe are given in the table on 

the next page. 
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Table 8 SE - roof 

Zone  F G H I  D E 

Cpe,10 SE-A -2,1 -1,5 -1 -0,5 0,8 -0,515 

Cpe,10 SE-C -2,1 -1,5 -1 -0,5 0,77 -0,45 

zone length SE-A (m) 4 1,6 6,4 2,5   

zone length SE-C (m) 4,75 1,9 7,6 9,5   

w SE-A (kN/m2) -4,9853 -3,5609 -2,3739 -1,1869 1,8992 -1,2226 

w SE-C (kN/m2) -4,9853 -3,5609 -2,3739 -1,1869 1,8280 -1,0683 

 

Example 

 

SE-A - zone H: 

Cpe,10 = -0,7 – 0,3 = -1 

length = e/2 – e/10 = 16/2 – 16/10 = 8 – 1,6 = 6,4 m 

w = qp(ze) * cpe = 2,37 * (-0,7 – 0,3) = 2,37 * -1 = -2,37 kN/m
2    

 

  

Figure 14 Roof zone Part A and Part C, south-eastern wind 
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South-eastern wind on Part A 

 

Building part A can be imagined in concrete 

frames, having the properties of the building 

shell and a width of 1m. 

          

This gives us the line load, w(kN/m1), on the 

frame caused by the wind from the southeast 

(or the opposite direction, northwest).         

          
Table 9 SE-A wind pressure (kN/m1) 

Zone  F G H I 
 

D E 

w SE-A (kN/m1) -4,99 -3,56 -2,37 -1,19 1,90 -1,22 

 

 

       

       

       

       

       

       

       

       

       

       

       

 

 

 

  

D E 

H 

D E 

H 
G 

I 

Figure 15 Frame of building part A subjected to south-eastern wind. An average value for the wind suction is applied to the roof.  
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South-western wind - façades  

 

Determining the pressure coefficient, wind pressure and zone lengths.  

SW-A       

d(m)   16        Defining the zones  

h(m)   14        e=b or 2h (the smallest)  

b(m)   10,5        2h = 28m   

h/d   0,875        e = 10,5m e<d  

       

SW-C       

d(m)   17       Defining the zones     

h(m)   14        e=b or 2h (the smallest)     

b(m)   17        2h = 28m      

h/d   0,82353       e = 17m e>d     

 

 Table 10 SW - facades         

 

Zone A B C  D E 

Cpe,10 SW-A -1,5 -1,1 -0,35 0,78 -0,46 

Cpe,10 SW-C -1,5 -1,1   0,78 -0,46 

w SW-A (kN/m2) -3,561 -2,611 -0,831 1,852 -1,092 

w SW-C (kN/m2) -3,561 -2,611  1,852 -1,092 

zone length SW-A (m) 2,1 8,4 5,5     

zone length SW-C (m) 3,4 13,6      
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Zone length: 

 

e < d  

length A = e/5  

length B = 4/5 * e 

length C = d - e 

 

 

 

 

 

 

 

 

         

 

 

Example 

 

w = qp(ze) * Cpe         qp(14) = 2,37396584  

 

SW-W, zone D: 

w = 2,37 * 0,78 = 1,852 kN/m2 

Figure 16 Wind pressure and friction on facades – zone lengths 
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South-western wind - roofs      

         

α < 5,0° --> flat roof        

θ = 0° (wind direction)        

          

Defining the zones for SW-A       

d(m)   16           e=b or 2h (the smallest)   

h(m)   14   2h = 28m   

b(m)   10,5           e = 10,5m e<d   

h/d   0,875           

 

Defining the zones for SW-C       

d(m)   19        e=b or 2h (the smallest)      

h(m)   14         2h = 28m    

b(m)   19     e = 19m e=d   

h/d  0,73684       

        

The values for the length and width of the 

zones in the roof are determined according 

to figure 7.6 in NEN-EN 1991-1-4.          

          

The values for Cpe,10, dependent on the 

shape of the roof, are determined according 

to table 7.2 in NEN-EN 1991-1-4. 

In this structure the roofs are flat roofs with 

sharp edges.      

 

The wind pressure on internal walls can be 

neglected as the building envelope does not 

have large, permanent openings.        

So Cpi should be taken as the more onerous 

of +0,2 and –0,3.    
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Zone length: 

  

width F = e/4  

length G = length F = e/10 

length H = e/2 – e/10 

length I = d – e/2 

 

 

 

 

 

 

 

 

 
Table 11 SW - roofs 

Zone  F G H I 

 

D E 

Cpe,10 SW-A -2,1 -1,5 -1 -0,5 0,8 -0,515 

Cpe,10 SW-C -2,1 -1,5 -1 -0,5 0,77 -0,45 

zone length SW-A (m) 2,625 1,05 4,2 10,75     

zone length SW-C (m) 4,75 1,9 7,6 9,5     

w SW-A (kN/m2) -4,985 -3,561 -2,374 -1,187 1,899 -1,222 

w SW-C (kN/m2) -4,985 -3,561 -2,374 -1,187 1,828 -1,068 

Figure 17 Roof zone Part A and Part C, south-western wind 
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South-western wind on Part A 

          

The wind loads in this direction, southwest, 

are transferred to the foundation by concrete 

walls (wall 1 and wall 2). 

The centre-to-centre distance of these two 

walls is equal to 10m. Dividing the wind load 

among the two walls, the following values for 

the wind load w(kN/m1) are found:     

                   
Table 12 SW-A wind pressure (kN/m1) 

Zone F G H I  D E 

w SW-A (kN/m1)  -24,93 -17,80 -11,87 -5,93 9,50 -6,11 

          

   

   

   

   

   

   

   

   

   

   

  

Figure 18 Wall 1 subjected to south-western wind 
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Wind suction underneath building part 

 

The concrete slab, slab A3, is the floor of an 

overhanging part of the building. Due to the 

wind load from the southwest this slab is 

subjected to friction. The friction results in a 

downwards acting pressure, which increases 

the value for the loads on the concrete slab. 

The Eurocodes do not give a proper way of 

calculating the value for the pressure 

coefficient on such a surface. This surface can 

be compared to the roof surface, which has a 

pressure coefficient equal to 0,7. But, it can 

be assumed that the wind friction on this 

surface will be much lesser, as both sides of 

the building part are open and the wind can 

freely move along it. Besides, the surface has 

a small depth and the slanted façade 

underneath keeps the wind away from the 

slab by giving the wind a downward direction. 

The value for the pressure coefficient, Cpe,10, 

for slab A3 is assumed to be -0,3.  

 

 

Building part C subjected to wind loads 

 

The wind load acting on the façades of part 

C are transferred to the foundation by the 

three vertical concrete slabs. These vertical 

slabs are connected to one another by two 

horizontal concrete slabs; the floor and the 

roof. 

The elements of the façade, subjected to the 

wind loads, transfer the horizontal loads to 

the floor and the roof. The roof and floor 

slabs distribute these loads among the three 

vertical slabs, which eventually will transfer 

the loads to the pile foundation.        

As the whole structural system is a statically 

indeterminate system and the vertical slabs 

have different values for their stiffness in 

different directions, it is impossible to proceed 

the calculations of the wind loads by hand. 

A 3D model of the building structure is built 

up in the program Scia Engineer. The wind 

load, w, is applied to the structure as a line-

load, kN/m1, in order to let the program 

determine the distribution among the three 

supports.  

The line-load is obtained by assuming that 

the wind load on the southeast façade is 

distributed equally among the roof and floor 

slabs.         

The results are shown in the images below.  

 

height of facade * ½ = 2,89 m 
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Figure 19 Building part C subjected to south-eastern wind 

Table 13 SE-C wind pressure 

Zone     F G H I  D E 

w SE-C (kN/m2)   -4,99 -3,56 -2,37 -1,19 1,83 -1,07 

w SE-C (kN/m1)   -14,41 -10,29 -6,86 -3,43 5,28 -3,09 
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2.3 Combinations of loads 

 

Table 14 Fundamental combinations of actions 

  ULS 1 ULS 2 ULS 3 ULS 4 USL 5  SLS 1 SLS 2 

Permanent load 1.35 1.2 0.9 1.2 1.35 0.9 1.0 

Imposed floor load 1.5 1.5   1.5 Ψ0   1.0 Ψ0 

Imposed roof load    1.5 Ψ0   1.0 Ψ0 

Wind load  1.5 Ψ0 1.5   1.0   

Snow load    1.5 1.5  1.0 

 

 

 

 

 

Table 15 Imposed loads and coefficients 

 qk (kN/m
2) Qk (kN)  Ψ0 Ψ1 Ψ2 

Office floor 3 3 0.7 0.5 0.3 

Exhibition floor 5 7 0.7 0.7 0.6 

Congress room 5 7 0.7 0.7 0.6 

Roof (Class H) 0.75 1.5 0 0 0 

Wind  var.  0.6 0.5 0.2 

Snow  2.8  0.7 0.7 0.7 
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The fundamental combinations of actions to be considered in the ultimate limit state are: 

 

Permanent load + wind load  

• ϒG,sup Gk,sup+ ϒQ,1 Qk,1 = 1,35*Gk,sup + 1,5*Qk,1     (USL 1) 

 

Permanent load + imposed floor load + wind load 

• ϒG,inf Gk,sup + ϒQ,1 Qk,1 + ϒQ,I Ψ0 Qk,I = 1.2*Gk,sup + 1,5*Qk,1 + 1,5*0,6*Qk,I  (USL 2) 

 

Permanent load + wind load 

• ϒG,sup Gk,inf + ϒQ,1 Qk,1 = 0,9*Gk,sup + 1,5*Qk,1     (USL 3) 

 

Permanent load + snow load + imposed floor load + imposed roof load 

• ϒG,sup Gk,sup + ϒQ,1 Qk,1 + ϒQ,I Ψ0 Qk,I = 1,2*Gk,sup + 1,5*Qk,1 + 1,5*0,7*Qk,I (USL 4) 

 

Permanent load + snow load 

• ϒG,sup Gk,sup+ ϒQ,1 Qk,1 = 1,35*Gk,sup + 1,5*Qk,1     (USL 5) 

 

The fundamental combinations of actions to be considered in the serviceability limit state are: 

 

Permanent load + wind load  

• ϒG,inf Gk,inf + ϒQ,1 Qk,1 + ϒQ,I Ψ0 Qk,I = 0,9*Gk,sup + 1,0*Qk,1    (USL 1) 

 

Permanent load + snow load + imposed floor load + imposed roof load 

• ϒG,sup Gk,sup + ϒQ,1 Qk,1 + ϒQ,I Ψ0 Qk,I = 1,0*Gk,sup + 1,0*Qk,1 + 1,0*0,7*Qk,I (USL 2) 

 

 

 

Many more combination of actions can be made and imagined, the above described combination are the 

decisive combination and therefore the only ones to be considered.   
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CHAPTER 3 
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CONCRETE       ELEMENTS 
In this chapter the structural elements in 

concrete are considered. The building 

designed includes post-tensioned structural 

elements and reinforced concrete elements. 

First in sub-chapter 3.1 a post-tensioned slab 

is calculated. In the next sub-chapter a 

reinforced part of the same slab is 

considered. In sub-chapter 3.3 reinforced 

concrete walls are calculated and in 3.4 the 

concrete pile foundation is discussed and 

calculated. 
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Figure 20 Part C, spans and hidden beams 

Slab C1 

Slab C2 
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3.1 Post-tensioned, horizontal concrete elements  

In this part of the report the post-tensioned 

concrete roof slab is calculated. As the 

calculations are similar for both concrete 

parts, A and C, only one part will be 

considered in this report. Since the spans in 

part C are larger and the slabs in part C 

have cantilever parts, this part is chosen for 

the calculations.  

The horizontal slabs in part C are: 

- the roof – slab C1 

- the floor – slab C2 

Due to the fact that two façades of this 

building part are slanted outwards the 

dimensions of both slabs are different. The 

slab with the largest spans is calculated, 

which is slab C1.   

 

3.2.1 Slab C1 

Slab C1 is a two-way slab supported by walls 

at two adjacent sides. Besides, the slab is 

supported by two steel columns. The 

thickness of the slab varies from 300mm to 

500mm. The dimensions of the slab are 

19mx15,5m and the spans vary from 7,5m to 

13,6m. (fig. 20) 

 

The slab is made thicker at particular places 

in order to fit the structural system chosen. 

The slab contains two hidden beams in the 

zones where the slab thickness is the largest. 

These zones are located in between the 

supports of the slab. Both (hidden) beams, 

placed perpendicular to one another, have a 

fixed end, an intermediate support, and a free 

end. These two beams intersect in the zone 

of the intermediate supports. Basically these 

two beams form the support of the rest of 

the slab. From these zones the thickness of 

the slab decreases towards the edges, from 

500mm to 300 mm. (fig. 21) 

The “hidden” beams are post-tensioned with  

tendons in flat ducts containing 5 tendons 

each. The tendons are given a certain 

curvature in order to realise an upward load 

activated by the post-tensioning force. The 

metal duct around the tendons provides bond 

between the tendons and the concrete and a 

secondary corrosion protection of the steel. 

The tendons are tensioned at one side, the 

life end. The other side, the dead end, is 

anchored in the concrete. (fig. 22 & fig. 23)  
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Figure 21 Slab C1; hidden beams and tendon lay-out in hidden beams 
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Figure 22 Concept tendon lay-out. Tensioning at one end.2  

Figure 23 Live end and dead end post-tensioning tendons.3  

3 http://en.vsl.cz/post-tensioning/ 

4 http://noorps.com/e107_images/products20.jpg http://www.vsl-sg.com/consys.php 
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Figure 24 Bending moments in x-direction – ULS-5 
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*For reasons of simplicity the thickness of the slab is assumed 

to be constant over the length. In the 3D model this is not the 

case.  

3.1.1.1 Loads 

The normative combination of loads on slab 

C1 is the combination: 

 

ϒG,sup Gk,sup+ ϒQ,1 Qk,1 = 1,35*Gk,sup + 1,5*Qk,1 

 

In the ultimate limit state. In this combination 

the variable load is equal to the snow load. 

In the serviceability limit state the following 

combination of loads is normative: 

 

ϒG,sup Gk,sup + ϒQ,1 Qk,1 = 1,0*Gk,sup + 1,0*Qk,1 

 

Permanent loads 

 concrete 24*0,5* = 12 kN/m2 

 EPS  0,4*0,15 = 0,06 kN/m2 

 services 0,5 kN/m2 

 ceiling  0,1 kN/m2 + 

 total  12,66 kN/m2 

 

Variable loads 

 Snow  2,8 kN/m2 

 Wind  -2,37 kN/m2 

 

USL 

1,35*12,66 + 1,5*2,8 = 21,29 kN/m2 

 

SLS 

1,0*12,66 + 1,0*2,8 = 15,46 kN/m2 

3.1.1.2 Bending moments  

The bending moments and shear forces in 

the slab are determined with the help of the 

program Scia Engineer. Since the support 

lay-out of the slab is not a basic one, which 

can be found in the tables for the bending 

moment coefficients in the codes, this 

calculation had to be done in a 3D computer 

program. The bending moments in both 

directions, X and Y, are determined. The 

normative values for the bending moments in 

both directions are given in the figures on 

the previous page. (fig. 24-25) Figures 24 

and 25 show that the bending moments are 

higher in x-direction, therefore calculation are 

performd for this direction only. 

 

x-direction: 

MEnd-Sup = -134 kNm    (MES) 

Mmid = 258 kNm    (Mmid) 

MIntermediate-Sup = -644 kNm   (MIS) 

 

y-direction: 

MES = -93 kNm  

Mmid = 188 kNm  

MIS = -400 kNm  
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Figure 25 Bending moments in y-direction – ULS-5 
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3.1.1.3 Material and section properties 

Concrete grade: C30/37 and C55/67 

 

Strength class properties 

fck     (N/mm2) 30 55 

fck,cube   (N/mm2) 37 67  

fcm  (N/mm2) 38 63 

fctm  (N/mm2) 2,6 4,2 

fctk,0.05  (N/mm2) 2,0 3,0 

fctk,0.95  (N/mm2) 3,3 5,5 

Ecm *10
3  (N/mm2) 32 38 

εc3  (‰) 1,75  1,8     

Ac = 500*10
3 mm2 

I = (1/12)bh3 = 1,042*1010 mm4 

Wct = Wcb = (1/6)*bh
2 = 4,167*106 mm3 

 

Post-tensioning steel 

Y1860S7 – Ø15.2 mm 

fpk     (N/mm2) 1860 

fpk / ϒs (N/mm2) 1691 

fp0,1k  (N/mm2) 1674 

σp,max,during pre-stressing (N/mm2) 1488 

σp,max,during pre-stressing with 

accurate jack 

(N/mm2) 1590 

σp,max,initial stress (N/mm2) 1395 

Ep *10
3  (N/mm2) 195 

εpu  (‰) 35 

 

Concrete cover 

The top-surface of slab C1 is exposed to 

environmental exposure class XS1. 

The concrete cover is given by the following 

expression in NEN-EN 1992-1-1: 

 

cnom = cmin + Δcdev 

cmin = max {cmin,b; cmin,dur + cdur,ϒ  - Δcdur,st - Δcdur,add; 10mm} 

cmin,dur = 45mm  (table 3.5, Khan & Williams, 1995) 

cmin = max{30mm; 45mm+0-0-0; 10mm} 

Δcdev = 5mm 

cnom = 45 + 5 = 50mm  
  

 

  

58



 

 

Figure 26 Position of post-tensioning tendons in cross-sections 

End Mid Int- 
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5 (Khan & Williams, 1995) 

 

Span-to-depth ratio 

The span-depth ratios for floors are given in 

the table below. The maximum span of slab 

C1 is equal to 15,4 metres. For solid flat 

slabs the span-depth ratio is given from 35 

to 45.  

 
Table 16 Span-depth ratios5  

Table 3.1 Span-depth ratios for floors 

Floor type Span-depth range 

One-way solid 30 to 40 

Ribbed slab 25 to 35 

Solid flat slab 35 to 45 

Waffle floors 20 to 30 

Beams 13 to 33 

 

L/D = 35 - 45            (Khan & Williams, 1995) 

D = 15400 / (35-45) = 440 – 345mm 

 

The structural height chosen for the parts 

spanning the maximum length is equal to 

500mm, which means that the structure is 

save for so far. There is no reason for 

reducing the chosen height since, the building 

is located on the waterfront, resulting in a 

large concrete cover. Furthermore, the 

variable loads are relatively high. 

Another reason for a smaller span-depth ratio 

is the restriction given to the structure; water 

tightness. The concrete sections need to be 

un-cracked in any state in order to keep the 

water outside. 

 

 

3.1.1.4 Elastic section moduli Wct and Wcb 

The stresses at the top and bottom fibres of 

the slab (section at mid-span) are given by 

the following expressions: 

 

σct = αPo / Ac - αPoe / Wct + Mo / Wct 

σcb = αPo / Ac - αPoe / Wcb+ Mo / Wcb 

 

α the short-term pre-stress loss factor 

and may be replaced by β for long-

term pre-stress loss.  

Po  the initial pre-stress force, e the 

eccentricity of the tendon and Ac the 

concrete cross-sectional area.  

Mo the maximum moment at transfer and 

can be replaces by any moment that 

needs to be checked.  

 

 

3.1.1.5 Pre-stress force and losses 

The force applied to the tendons in post-

tensioned structural elements undergoes 

losses due to several causes. These losses 

can be divided in two groups: short-term 
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losses and long-term losses. First the short-

term losses will be considered, then the long-

term losses.  

 

 

Short-term losses 

Elongation and shortening 

When the pre-stress force is applied to the 

tendon, the steel strand will undergo some 

elongation due to the tensile force in the 

steel. When the same pre-stress force is 

transferred to the concrete, the concrete will 

undergo some shortening due to 

compression. The relative displacement of the 

tendon, caused by the above mentioned 

elongation and shortening, is given by the 

following expression: 

 

Δlp,rel = Δlp – Δlc = (1/EpAp + 1/EcAc)Pmm*l 

Pmm mean value of Pmax over length l 

 

Stressing the following tendon 

When applying the pre-stress force to a 

second tendon, the first tendon undergoes 

some loss. This loss in pre-stress force has 

to be taken into consideration when tendons 

are placed in groups or arranged in a vertical 

line. The average loss per tendon is given 

by the following expression:  

ΔPel  = (n-1)/2 * Pm(EpAp/EcAc)  

(simplification of eq. 5.44 in EN 1991-1-1 cl. 5.10.5.1 

given in Walraven, J.C. & Braam, C.R., 2012.) 

 

Friction losses 

In post-tensioned structures the tendons are 

often given a curved shape in order to 

tension the structure more effectively by 

fitting the shape of the bending moment line. 

Due to the curvature of the tendon friction is 

introduced between the strand and the duct. 

This is also the reason for the pre-stress 

force not being constant over the length of 

the tendon. The friction between the strand 

and the duct is not only caused by the 

“intentional” curvature of the tendon, but also 

by an “unintentional” curvature, the so-called 

“Wobble-effect”. The “Wobble-effect” can be 

caused by the deflection of a straight tendon 

between its supports. The friction loss to be 

considered includes the effect of both 

curvatures. This loss in pre-stress force is 

given by the following expression by EN 

1992-1-1 eq. 5.45: 

 

ΔPμ(x) = (1 – e
- μ ( θ + k x )) Pmax  

 

ΔPμ(x) frictional loss at a distance x from the 

location of the pre-stressing jack 
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6 CCl. Post-tensioning systems, Civil Engineering Construction. www.ccint.com 

7 Khan & Williams, 1995 

8 Khan & Williams, 1995 

 

μ friction coefficient 

θ total angular rotation of the tendon, 

calculated from the location of the 

pre-stressing jack (in rad) 

k “unintentional”: angular rotation, 

caused by the “Wobble-effect” (in rad) 

 

Table 5.1 in EN 1992-1-1 gives the following 

value for μ in case of post-tensioned steel 

with bond: μ = 0,19. 

The value for k should be obtained from 

technical literature relating to the particular 

duct being used. 

k = 0,005 – 0,01 rad/m1 for corrugated metal ducts6  

 

ΔPμ(15m) = (1 – e- 0,19 ( 0,19 + 0,01*15 )) 1939 = 

122,17 kN 

 

Wedge set / anchorage losses 

When the pre-stress force is applied and the 

jack is released some slip occurs between 

the tendon and the wedge. This slip of the 

tendon causes relaxation of the steel tendon.   

The slip or wedge set of a post-tensioned 

system is given in technical literature. 

Wedge set = 6mm ±2mm 

 

ΔPsl = (draw-in/ltendon)*Ap*Ep 
7 

Long-term losses 

 

Creep 

One of the time dependent losses is a 

decrease of the pre-stress force by 

shortening of the concrete in time under a 

constant load. This time dependent behaviour 

is called creep.8 The creep deformation is 

given by the following expression: 

 

εcc(t) = ϕ(t,t0)*(σc/Ec) 

  

In this expression ϕ(t,t0) is the creep 

coefficient, to be determined with the help of 

the curves for creep coefficients.  
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1,2 

Figure 27 Creep coefficient 10
 

10 NEN-EN 1992-1-1, figure 3.1. 

11 Walraven, J.C., 2012 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Input for the graphics: 

h0 = 2Ac/u 

u  the perimeter in contact with the 

atmosphere  

h0 = 1000mm 

 

concrete grade: C30/37 

Cement class: S 

 

ϕ(28) = 1,7  

εcc(28) = 1,7*(σc/1,05*Ecm)  

εcc(28) = 1,7*(σc/33,6*10
3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Shrinkage 

Shortening of concrete without the influence 

of any load is called “shrinkage”. This effect 

is caused by drying of the material.11 The 

total shrinkage shortening is given by the 

following expression in EN 1992-1-1: 

 

εcs = εcd + εca 

 

εcd  drying shrinkage 

εca autogenous shrinkage 
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12 NEN-EN 1992-1-1, table 3.3 

13 (Walraven, J.C., 2012) 

 

 

εcd(t) = βds(t,t0)*kh* εcd,0  

εcd͚∞ = kh* εcd,0  

kh a coefficient that depends on h0 
 

Table 17 kh 12  

h0 (mm) kh 

100 

200 

300 

≥500 

1,0 

0,85 

0,75 

0,70 

 

βds(t,t0) = (t-ts) / (t-ts+0,04h0
(1/3)) 

t the age of concrete in days 

ts the age of concrete at the beginning 

of drying shrinkage in days 

εcd,0 the nominal unrestrained drying 

shrinkage given in table 3.2 of EN 

1992-1-1 

 

The drying shrinkage is neglected in this 

project, as the concrete elements have a 

transparent, matt coating on the surfaces 

facing the exterior. So, εcd=0. 

εca(t) = βas(t)* εca(∞) 

εca(∞) final autogenous shrinkage  

 = 2,5*(fck – 10)*10
-6
 

βas(t) the influence of the age of concrete 

 = 1 – e-0,2√t 

t the age of concrete in days 

 

εca(∞) = 2,5*(30 – 10)*10
-6 = 0,05 ‰  

βas(3600) = 1 – e
-0,2√3600 = 1,0 

Thus, εcs = 0 + 0,05 = 0,05‰.  

 

Relaxation of pre-stressing steel 

Relaxation is the effect in which the 

deformation of the material is kept constant, 

while the initial present stress decreases.13 

The final stress loss caused by relaxation is 

given by the following expression in EN 1992-

1-1: 

for heat-treated wires and strands 

Δσpr = 0,66*ρ1000*e
9,1μ*(t/1000)0,75(1-μ)*10-5*σpi 

 

ρ1000  = 2,5% 

μ  = σpi / fpk = 1395 / 1860 = 0,75 

t time in hours 

 = 500000h 

σpi = σpm0  = 1395 N/mm2 

 

Δσpr =  0,66 * 2,5 * e
9,1*0,75 * 

(500000/1000)0,75(1-0,75)*10-5  *1395 =  

 1519*3,21*10-5*1395 = 68,02 N/mm2 
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Δσps,c+s+r =  

σcps(0)*αe*ϕ(t,0) – 0,8* Δσpr – εcs*Eps 

1+ αe*(ρp+ρs)*ƒ*(1+ρ*ϕ(t,0)) 

 

σcps(0) initial stress of the concrete at the 

centre of gravity of the steel 

 = -(Nc/Ac) – (Nc*eps
2/Ic) + (MG*eps/Ic) 

 = - (2725/500) – 

(2725*103*1862/1,042*1010) + 

(261*106*186/1,042*1010) 

= -5,45 – 9,05 + 4,66 = -9,84 N/mm2 

Nc the part of the pre-stressing force 

transferred to the concrete 

 = Pmax/(1+ αe*ρp*ƒ) 

 = 2909/(1+6,09*0,00417*2,66)  

= 2725 kN 

Pmax  = σpi,max * Ap = 1395*139*15  

= 2909kN 

αe = Ep/Ec = 195/32 = 6,09 

ρp = Ap/Ac = 2085/500000 = 0,00417 

ƒ = 1+(Ac*ep
2/Ic)  

= 1+(500000*1862/1,042*1010) = 2,66 

ρ = 0,8 for stresses which develop over the course of time 

 

Δσps,c+s+r =  

-9,84*6,09*1,7 – 0,8*68,02 – 5*10-5*195*103 

1+ 6,09*0,00417*2,66*(1+0,8*1,7) 

= -101,87 – 54,42 – 9,75 

1 + 0,159 

= -143 N/mm2 

 

 

Sum of all pre-stress losses 

ΣPloss  = ΔPel+ΔPμ(x)+ ΔPsl+Δσps,c+s+r*Ap  

 

Maximum stress after pre-stressing 

σp,max = min { 0,75fpk; 0,85fp0,1k} 

σp,max = 0,75*1860 = 1395 N/mm2 

Pmax = 1395*Ap = 1395*(15*139) = 2909 kN 

 

Pm,∞ = Pmax - ΣPloss  

 

Calculation of all pre-stress losses 

 

Elastic shortening 

ΔPel  = (n-1)/2 * Pm(EpAp/EcAc) 

 = (5-1)/2 * (1395*139*5)(0,0071) 

= 13,8 kN per duct  

= 41,5 kN per meter  

 

Slip 

ΔPsl  = (δ/L)*Ap*Ep*10
-3  

= (6/19000)*2085*195 = 128 kN  

 

Friction 

ΔPμ(15m) = (1 – e- 0,19 ( 0,19 + 0,01*15 )) 2909  

= 182 kN 
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Long-term losses 

Δσps,c+s+r = -143 N/mm2  

 

Sum of all pre-stress losses 

ΣPloss  = ΔPel+ΔPμ(x)+ ΔPsl+Δσps,c+s+r*2085  

= 41,5 + 182 + 128 + 298,2 = 650 kN 

(650/2909 = 0,22 = 22%)  

 

 

Pre-stress force after all losses 

 

Pm,∞ = Pmax - ΣPloss = 2909 – 650 = 2259 kN 
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Total σ MG+Q Pm,∞ Pm,∞*ep 

Direction X - Section A 

Total ε 

A B C 

MG+Q Pm,∞ Pm,∞*ep 

Direction X - Section B 

Total σ Total ε 

MG+Q Pm,∞ Pm,∞*ep 

Direction X - Section C 

Total σ Total ε 

Figure 29 Flexural stresses ULS-5
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MG+Q Pm,∞ Pm,∞*ep 

3.1.1.6 Flexural Stresses - x-direction  

The flexural stresses are checked for two 

combinations of actions in the ultimate limit state. 

First the combination of actions, with the highest 

value for downward loading is checked, ULS-5. 

Then the combination is checked with the highest 

value for upward loading, ULS-3. 

 

- self-weight + snow load + pre-stress load ULS-5 

 

Section A 

MG+Q = 134 kNm 

σtop = Mz/I = 134*0,25/0,0104 = 3221 kN/m2 

= +3,2 N/mm2 

σbot = Mz/I = 134*0,25/0,0104 = -3221 kN/m2 

= -3,2 N/mm2 

 

Pm,∞ = 2259 kN    

σN = 2259/0,5 = -4518 kN/m
2 = -4,5 N/mm2 

 

Sum 

σtop  = 3,2 - 4,5 = -1,3 N/mm2  

σbot  = -3,2 – 4,5 = -7,7 N/mm2 

 

Section B 

MG+Q = 258 kNm 

σtop = Mz/I = 258*0,25/0,0104 = -6,2 N/mm2 

σbot = Mz/I = 258*0,25/0,0104 = +6,2 N/mm2 

 

Pm,∞ = 2259 kN    

σN = 2259/0,5 = -4518 kN/m
2 = -4,5 N/mm2 

 

Pm,∞ * ep = 2259*0,150 = 339 kNm  

σtop = Mz/I = 339*0,25/0,0104 = 8149 kN/m2 

= +8,1 N/mm2 

σbot = Mz/I = 339*0,25/0,0104 = -8149 kN/m2 

= -8,1 N/mm2 

 

Sum 

σtop  = -6,2 – 4,5 + 8,1 = -2,6 N/mm2 

σbot  = +6,2 – 4,5 – 8,1 = -6,4 N/mm2 

 

Section C 

MG+Q = 644 kNm 

σtop = Mz/I = 644*0,25/0,0104 = +15,5 N/mm2 

σbot = Mz/I = 644*0,25/0,0104 = -15,5 N/mm2 

 

Pm,∞ = 2259 kN    

σN = 2259/0,5 = -4518 kN/m
2 = -4,5 N/mm2 

 

Pm,∞ * ep = 2259*0,186 = 420 kNm  

σtop = Mz/I = 420*0,25/0,0104 = -10,1 N/mm2 

σbot = Mz/I = 420*0,25/0,0104 = +10,1 N/mm2 

 

Sum 

σtop  = 15,5 – 4,5 – 10,1 = 0,9 N/mm2 

σbot  = -15,5 – 4,5 + 10,1 = -9,9 N/mm2 
* + is tension and – is compression 
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A B C 

MG+Q Pm,∞ Pm,∞*ep 

Direction X - Section C 

Total σ Total ε 

Total σ MG+Q Pm,∞ Pm,∞*ep 

Direction X - Section A 

Total ε 

MG+Q Pm,∞ Pm,∞*ep 

Direction X - Section B 

Total σ Total ε 

Figure 30 Flexural stresses ULS-3
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MG+Q Pm,∞ Pm,∞*ep 

- self-weight + wind load + pre-stress load ULS-3 

 

Section A 

MG+Q = 100 kNm 

σtop = Mz/I = 100*0,25/0,0104 = 2404 kN/m2 

= +2,4 N/mm2 

σbot = Mz/I = 100*0,25/0,0104 = -2404 kN/m2 

= -2,4 N/mm2 

 

Pm,∞ = 2259 kN    

σN = 2259/0,5 = -4518 kN/m
2 = -4,5 N/mm2 

 

Sum 

σtop  = 2,4 – 4,5 = -2,1 N/mm2 

σbot  = -2,4 – 4,5 = -6,9 N/mm2 

 

Section B 

MG+Q = 86 kNm 

σtop = Mz/I = 86*0,25/0,0104 = -2,1 N/mm2 

σbot = Mz/I = 86*0,25/0,0104 = +2,1 N/mm2 

 

Pm,∞ = 2259 kN    

σN = 2259/0,5 = -4518 kN/m
2 = -4,5 N/mm2 

 

Pm,∞ * ep = 2259*0,150 = 339 kNm  

σtop = Mz/I = 339*0,25/0,0104 = 8149 kN/m2 

= +8,1 N/mm2 

σbot = Mz/I = 339*0,25/0,0104 = -8149 kN/m2 

= -8,1 N/mm2 

 

Sum 

σtop = -2,1 – 4,5 + 8,1 = +1,5 N/mm2 

σbot = +2,1 – 4,5 – 8,1 = -10,5 N/mm2 

 

Section C 

MG+Q = 215 kNm 

σtop = Mz/I = 215*0,25/0,0104 = +5,2 N/mm2 

σbot = Mz/I = 215*0,25/0,0104 = -5,2 N/mm2 

 

Pm,∞ = 2259 kN    

σN = 2259/0,5 = -4518 kN/m
2 = -4,5 N/mm2 

 

Pm,∞ * ep = 2259*0,186 = 420 kNm  

σtop = Mz/I = 420*0,25/0,0104 = -10,1N/mm2 

σbot = Mz/I = 420*0,25/0,0104 = +10,1 N/mm2 

 

Sum 

σtop = +5,2 – 4,5 – 10,1 = -9,4 N/mm2 

σbot = -5,2 – 4,5 + 10,1 = 0,4 N/mm2 

 

The tensile and compressive stresses are 

checked in three normative cross-section for 

two combinations of actions. The tensile 

stress is never higher than the tensile 

strength (fctd = 2,0 N/mm2) of the concrete 

and the compressvie stress never higher than 

the compressive strength (fcd = 36,7 N/mm2). 
* + is tension and – is compression 
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Figure 31 Shear forces in x-direction 
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3.1.1.7 Shear Stresses – ULS – x-direction  

 

The shear resistance in an un-cracked 

section of a post-tensioned structural element 

is given in equation 6.4 of 1992-1-1. The 

shear forces are determined using the 

program Scia Engineer 2010.  

NEN-EN 1992-1-1 gives the following 

equation for pre-stressed concrete sections, 

without shear reinforcement, to determine the 

shear strength: 

 

VRd,c  = bwI/S √(fctd
2+αlσcpfctd)  

 

bw  the smallest width in the cross-section 

in the tensile area = 1000 mm 

I = 1/12*b*h3 = 1,042*1010 mm4 

S = 250*1000*125 = 31,25*106 

fctd = 3,0/1,5 = 2,0 N/mm2 

αl = (lsup+h/2)/lpt2 = (200+250)/899  

= 0,50 

σcp  = NEd/Ac ≤ 0,2fcd (= 7,34N/mm2) 

 = 1395*2085/500000 = 5,82 N/mm2 

 

VRd,c  = bwI/S √(fctd
2+α1σcpfctd)  

= 1000*1,042*1010/31,25*106 * 

√(2,02+0,50*5,82*2,0)  

= 333440*3,13 = 1045 kN  

 

fck = 55 N/mm2 

lpt2  = α1*α2*φ*σpm0/fbpt  

= 1,0*0,19*15,2*1395/4,48 = 899mm 

fbpt = ηp1*ηp2*fctd(t) = 3,2*1,0*0,7*3,0/1,5 

 = 4,48 N/mm2 

σcp = 1395*2085/500000 = 5,82 N/mm2 

(compression)  

 

VRd,c should not be taken less than: 

bwd (0,035k
3/2fck

1/2 + 0,15σcp)  

= 1000*436(0,035*1,683/2*551/2 + 0,15*5,82) 

= 627 kN < VRd,c  

 

VEd ≤ 0,5bwdνfcd = 0,5*1000*436*0,468*36,7  

ν = 0,6[1 – fck/250] = 0,468 

VEd ≤ 3744 kN 

 

The highest value for the shear force in the 

ULS in x-direction is equal to ±600kN.  This 

value for the shear force in the concrete slab, 

in ULS 5, is smaller than VRd,c and the 

highest permissible shear foce, 2302 kN. This 

means that no shear reinforcement is required.  

The concrete slab is at two points supported 

by columns. Here the shear force is higher 

than VRd,c, which means that in these point 

the cross-section needs to be checked for 

punching shear.  
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3.1.1.8 Punching shear  

 

NEN-EN 1992-1-1 provides the following 

expression for the punching shear resistance 

of slabs requiring punching shear 

reinforcement: 

 

vRd,cs = 0,75vRd,c+1,5(d/sr)Aswfywd,ef(1/(u1d))sinα 

 

vRd,c  = VRd,c / u1d = 1045*10
3 / 6494*436 

= 0,37 N/mm2 

 

vEd  = β VEd/u1d = 1*2211*10
3 / 6494*436  

 = 0,78 N/mm2 < vRd,max (=6,87 N/mm2) 

β = 1 + 0,6π(e / D+4d)  

 = 1 + 0,6π(0,29 / 323+4*436) = 1,00  

e = MEd / VEd = 644 / 2211 = 0,29 

vRd,max  = 0,4vfcd = 0,4*0,468*36,7  

= 6,87 N/mm2 

v = 0,6[1 – fck/250] = 0,468 

 

sr = 325mm (radial distance between 

reinforcement circles, ≤0,75d=327mm) 

st  = 565mm (radial distance between 

reinforcement circles, ≤1,5d=654mm) 

 

For the punching shear reinforcement double 

headed studs welded to flat rails are chosen. 

The studs have a diameter equal to 20mm.  

The minimum amount of shear reinforcement 

per vertical punching shear reinforcement 

element should not be less than: 

Asw,min  ≥ 0,08srst√fck / 1,5fyk  

 = 0,08*325*565*√55 / 1,5*500 

 = 145 mm2 < π*(20/2)2 = 314 mm2 

 

Asw amount of shear punching 

reinforcement in one perimeter  

= 11*314 = 3456 mm2 

fywd,eff = 250 + 0,25d = 359 N/mm2 < fywd 

(=550/1,15 = 478 N/mm2) 

u1  = π(c+4d) = π(323+4*436) = 6494mm 

sinα = sin90ᵒ = 0,5√2 = 0,707 

 

vRd,cs  = 0,75*0,37 + 

1,5(436/325)3456*359(1/(6494*436))0,707 

 = 0,28 + 0,62 

= 0,90 N/mm2 > vEd (=0,78 N/mm2) 

 

This means that applying 11 rows of 

punching shear reinforcement will be enough 

in order to bear the punching shear forces at 

the location of the two column supports. The 

11 rows are placed radially around the 

column head.  

With u1 the first control perimeter is 

determined, the outer perimeter, uout, marks 
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Figure 32 Punching shear reinforcement, Shearfix14 

14 Shearfix. Punching shear reinforcement for the Constructing Industry. April 2014. 

 

 

the distance from the column head where no 

punching shear reinforcement is required. 

Uout is given by the following expression in 

NEN-EN 1992-1-1: 

uout  = VEd / vRd,cd = 2211*10
3 / 0,37*436  

 = 13706 mm 

The radius of this perimeter equals: 

xout = uout / 2π = 2181 mm 
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Figure 33 Punching shear reinforcement 

sr = 325 mm < 0,75d = 327 mm 

st = 565 mm < 1,5d = 654 mm inside u1 

st = 565 mm < 2d 
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3.1.1.9 Serviceability limit state 

 

In the serviceability limit state the deflection 

of the concrete slab and the crack width are 

determined and checked. NEN-EN 1992-1-1 

gives the following indication for this check 

of deflections: 

- l/250 for slabs not supporting installation of 

construction that can be damaged from quasi-

permanent load combination 

- 1/500 for slabs supporting installation of 

construction that can be damaged from quasi-

permanent load combination    

 

In order to serve the water tightness of the 

building shell cracking is prevented in the 

SLS.  
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Figure 34 Flexural stresses SLS-2 

A B C 

MG+Q Pm,∞ Pm,∞*ep 

Direction X - Section C 

Total σ Total ε 

Total σ MG+Q Pm,∞ Pm,∞*ep 

Direction X - Section A 

Total ε 

MG+Q Pm,∞ Pm,∞*ep 

Direction X - Section B 

Total σ Total ε 
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MG+Q Pm,∞ Pm,∞*ep 

- self-weight + snow load + pre-stress load SLS2 

 

Section A 

MG+Q = 100 kNm 

σtop = Mz/I = 100*0,25/0,0104 = +2,4N/mm2 

σbot = Mz/I = 100*0,25/0,0104 = -2,4N/mm2 

 

Pm,∞ = 2259 kN 

σN = 2259/0,5 = -4518 kN/m
2 = -4,5 N/mm2 

 

Sum 

σtop  = 2,4 - 4,5 = -2,1 N/mm2  

σbot  = -2,4 – 4,5 = -6,9 N/mm2 

 

Section B 

MG+Q = 162 kNm 

σtop = Mz/I = 162*0,25/0,0104 = -3,9 N/mm2 

σbot = Mz/I = 162*0,25/0,0104 = +3,9 N/mm2 

 

Pm,∞ = 2259 kN 

σN = 2259/0,5 = -4518 kN/m
2 = -4,5 N/mm2 

 

Pm,∞ * ep = 2259*0,150 = 339 kNm 

σtop = Mz/I = 339*0,25/0,0104 = +8,1 N/mm2 

σbot = Mz/I = 339*0,25/0,0104 = -8,1 N/mm2 

 

Sum 

σtop  = -3,9 - 4,5 + 8,1 = -0,3 N/mm2  

σbot  = 3,9 – 4,5 – 8,1 = -8,7 N/mm2 

 

Section C 

MG+Q = 417 kNm 

σtop = Mz/I = 417*0,25/0,0104 = +10,0 N/mm2 

σbot = Mz/I = 417*0,25/0,0104 = -10,0 N/mm2 

 

Pm,∞ = 2259 kN 

σN = 2259/0,5 = -4518 kN/m
2 = -4,5 N/mm2 

 

Pm,∞ * ep = 2259*0,186 = 420 kNm 

σtop = Mz/I = 420*0,25/0,0104 = -10,1 N/mm2 

σbot = Mz/I = 420*0,25/0,0104 = +10,1 N/mm2 
 

Sum 

σtop  = 10,0 - 4,5 – 10,1 = -4,6 N/mm2  

σbot  = -10,0 – 4,5 + 10,1 = -9,4 N/mm2 
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Figure 35 Flexural stresses SLS-1 

  

A B C 

MG+Q Pm,∞ Pm,∞*ep 

Direction X - Section C 

Total σ Total ε 
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MG+Q Pm,∞ Pm,∞*ep 

Direction X - Section B 

Total σ Total ε 
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- self-weight + wind load + pre-stress load SLS1 

 

Section A 

MG+Q = 55 kNm 

σtop = Mz/I = 55*0,25/0,0104 = +1,3 N/mm2 

σbot = Mz/I = 55*0,25/0,0104 = -1,3 N/mm2 

 

Pm,∞ = 2259 kN 

σN = 2259/0,5 = -4518 kN/m
2 = -4,5 N/mm2 

 

Sum 

σtop  = 1,3 - 4,5 = -3,2 N/mm2  

σbot  = -1,3 – 4,5 = -5,8 N/mm2 

 

Section B 

MG+Q = 73 kNm 

σtop = Mz/I = 73*0,25/0,0104 = -1,8 N/mm2 

σbot = Mz/I = 73*0,25/0,0104 = +1,8 N/mm2 

 

Pm,∞ = 2259 kN 

σN = 2259/0,5 = -4518 kN/m
2 = -4,5 N/mm2 

 

Pm,∞ * ep = 2259*0,150 = 339 kNm 

σtop = Mz/I = 339*0,25/0,0104 = +8,1 N/mm2 

σbot = Mz/I = 339*0,25/0,0104 = -8,1 N/mm2 

 

Sum 

σtop  = -1,8 - 4,5 + 8,1 = +1,8 N/mm2  

σbot  = 1,8 – 4,5 – 8,1 = -10,8 N/mm2 

Section C 

MG+Q = 211 kNm 

σtop = Mz/I = 211*0,25/0,0104 = +5,1 N/mm2 

σbot = Mz/I = 211*0,25/0,0104 = -5,1 N/mm2 

 

Pm,∞ = 2259 kN 

σN = 2259/0,5 = -4518 kN/m
2 = -4,5 N/mm2 

 

Pm,∞ * ep = 2259*0,186 = 420 kNm 

σtop = Mz/I = 420*0,25/0,0104 = -10,1 N/mm2 

σbot = Mz/I = 420*0,25/0,0104 = +10,1 N/mm2 
 

Sum 

σtop  = 5,1 - 4,5 – 10,1 = -9,5 N/mm2  

σbot  = -5,1 – 4,5 + 10,1 = +0,5 N/mm2 

 

The calculations of the stresses in service-

ability limit state show that in the concerned 

cross-sections the tensile strength is never 

exceeded. This means that both load 

combination SLS-1 and SLS-2 do not lead to 

cracks in the concrete slab. Besides, the 

compressive strength is not exceeded as 

well.  

  

80



 

 

 

15,16 Almeida et al. Control of deflection in post-tensioned slabs.  

 

 

 

 

 

 

 

 

 

 

 

  

Figure 37 Span to thickness ratios proposed in technical documentation16 

Figure 36 Span-height ratios for solid slabs15
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17 Almeida et al. Control of deflection in post-tensioned slabs. 

 

 

Deflections 

Since the structure considered, the concrete 

slab, is statically indeterminate and the 

concrete is post-tensioned in two directions, 

it is not possible to give a precise calculation 

of the deflection. Even NEN-EN 1992-1-1 

does not give much information on this 

subject. Because this report is meant to 

provide design calculation for the concerned 

structure, one can be satisfied with a 

simplified determination of the deflections. 

Even NEN-EN 1992-1-1 states that 

calculation of deflections may be omitted 

when the structure satisfies limits to span-

depth ratio.      (NEN-EN 1992-1-1, 7.4.2) 

Aspects which influence the deflections of 

post-tensioned concrete slabs are the span-

depth ratio and the ratio between dead load 

and live load. In a research paper on the 

control of deflections in post-tensioned slabs 

some indications are given, which help the 

designer to determine whether the deflections 

will satisfy the limit given in the codes l/250.17 

(fig. 36) 

According to the above mentioned paper the 

Concrete Society Technical Report No5 gives 

a span-thickness ratio between 28 and 36 for 

heavy loaded structures. Assuming that a roof 

slab in Norway is heavy load, most 

unfavourable situation, this leads to  

h = l/28 = 13500 / 28 = 482 mm. (fig. 36) 

The thickness of the concerned concrete slab 

equals 500mm, which is larger than the 

above determined value for h. This means 

that the post-tensioned concrete roof slab 

satisfies this simplified method, without 

calculations. 

The same paper gives another method to 

control the deflections in post-tensioned 

slabs, in which the ratio dead load-live load 

is considered in more detail and even the 

degree of pre-stressing (or post-tensioning) is 

considered.  

 

g+q/g  = 12,7 + 2,8 / 12,7 = 1,22 

σcp  = 1,18 Mpa 

k  = degree of pre-stressing; 0,6-1,0 

 

This gives l/h is approximately 35, which is 

again save, as the applied ratio  

l/h = 13500/500 = 27. (fig. 37) 
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Figure 38 Flow chart for longitudinal reinforcement18 

 

18 Cement 3, 2008.  
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3.2 Reinforced concrete slab zone 

The slab discussed in the previous chapter 

included some reinforced parts, which are not 

pre-stressed nor post-tensioned. One of these 

parts is the part of the slab located in 

between the two hidden beams. This part of 

slab C1 is calculated in this sub-chapter. 

This part is checked for its flexural resistance, 

since it is obvious that shear stresses and 

axial stresses are not normative for such a 

slab element. Neither punching shear is 

significant, nor are deflections.  

 

The bending moments in slab C1 are 

determined in Scia Engineer in both 

directions. In each direction two cross-

sections are considered with opposite signs 

for the bending moments. 

 

3.2.1 Direction x 

 

Section A 

Cross-sectional properties: 

h  = 500 mm 

c  = 50 mm 

d  = h – c – Øsw – ½Øsl  

= 500-50-12-6 = 432 mm 

The amount of longitudinal reinforcement is 

determined according to the K-method. 

 

Longitudinal reinforcement 

K  = M/(bd2fck) 

 = 82*106/(1000*4322*55) = 7,99*10-3 

 

K’ = 0,170    (0% redistribution of bending moments) 

 

K < K’ � no reinforcement in compression 

zone of the cross-section 

 

Reinforcement in tensile zone 

 

As  = M/(fyd*z) 

z = d/2(1+√(1-3K))  

= 432/2(1+√(1-3*4,68*10-3)) = 430 mm 

 

As  = M/(fyd*z) = 82*10
6 / (435*430)  

= 438 mm2/m1 

 

The minimum amount of reinforcement is 

given by the lesser of As,min1 and As,min2.  

NEN-EN 1992-1-1 (9.2.1) 

As,min1 = 0,26fctmbtd / fyk ≥ 0,0013btd   

= 0,26*4,2*1000*432/500  

≥ 0,0013*1000*432  

= 943 mm2/m1 > 562 mm2/m1 

As,min2 = 1,25*As = 1,25*438 = 548 mm2/m1 
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Figure 39 Reinforced concrete slab part 
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The amount of reinforcement should always 

be less than As,max. 

NEN-EN 1992-1-1 (9.2) 

 

As,max = 0,04Ac = 20000 mm2/m1 

 

Stresses in concrete and steel 

The tensile force in the tensile zone is equal 

to:  

F = M/z = 82*106 / 430 = 191 kN 

 

The tensile stress in the concrete is equal 

to:  

σct = F/(b*0,5d) = 0,88 N/mm2 < fctd  

 

Providing an amount of reinforcement equal 

to 904 mm2 (8xØ12-125 > As,min2) the steel 

stress equals: 

 

σs = F/As = 191*10
3/904 = 211 N/mm2 

 

Tables 7.2N and 7.3N in NEN-EN 1992-1-1 

are used in order the check the maximum 

bar diameter and maximum bar distance. 

wk < 0,2 mm (no cracks in any state) 

σs = 211 N/mm2 

 

Table 7.2N gives: Øs,max = 16 mm  

Table 7.3N gives: smax = 125 mm 

The provided amount of reinforcement per 

metre satisfies with both; maximum bar 

diameter and bar spacing.  

 

Section B 

Cross-sectional properties: 

h  = 400 mm 

c  = 50 mm 

d  = h – c – Øsw – ½Øsl  

= 400-50-12-6 = 332 mm 

 

Longitudinal reinforcement 

K  = M/(bd2fck) 

 = 72*106/(1000*3322*55) = 11,9*10-3 

 

K’ = 0,170    (0% redistribution of bending moments) 

 

K < K’ � no reinforcement in compression 

zone of the cross-section 

 

Reinforcement in tensile zone 

 

As  = M/(fyd*z) 

z = d/2(1+√(1-3K))  

= 332/2(1+√(1-3*11,9*10-3)) = 329 mm 

 

As  = M/(fyd*z) = 72*10
6 / (435*329)  

= 503 mm2/m1 
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The minimum amount of reinforcement is 

given by the lesser of As,min1 and As,min2.  

NEN-EN 1992-1-1 (9.2.1) 

As,min1 = 0,26fctmbtd / fyk ≥ 0,0013btd   

= 0,26*4,2*1000*332/500  

≥ 0,0013*1000*332  

= 725 mm2/m1 > 432 mm2/m1 

As,min2 = 1,25*As = 1,25*503 = 629 mm2/m1 

 

The amount of reinforcement should always 

be less than As,max. 

NEN-EN 1992-1-1 (9.2) 

 

As,max = 0,04Ac = 16000 mm2/m1 

 

Stresses in concrete and steel 

The tensile force in the tensile zone is equal 

to:  

F = M/z = 72*106 / 329 = 219 kN 

 

The tensile stress in the concrete is equal 

to:  

σct = F/(b*0,5d) = 1,32 N/mm2 < fctd  

 

Providing an amount of reinforcement equal 

to 904 mm2 (8xØ12-125 > As,min2) the steel 

stress equals: 

 

σs = F/As = 219*10
3/904 = 242 N/mm2 

Tables 7.2N and 7.3N in NEN-EN 1992-1-1 

are used in order the check the maximum 

bar diameter and maximum bar distance. 

wk < 0,2 mm (no cracks in any state) 

σs = 242 N/mm2 

 

Table 7.2N gives: Øs,max = 12 mm  

Table 7.3N gives: smax = 100 mm 

 

The provided amount of reinforcement per 

metre satisfies the given maximum bar 

diameter. Satisfying either the given 

maximum bar diameter or the maximum bar 

distance is enough according the NEN-EN 

1992-1-1.  

 

 

3.2.2 Direction y 

 

Section A 

Cross-sectional properties: 

h  = 500 mm 

c  = 50 mm 

d  = h – c – Øsw – Øsl,x – ½Øsl,y  

= 500-50-12-12-4 = 422 mm 

 

The amount of longitudinal reinforcement is 

determined according to the K-method. 

Longitudinal reinforcement 
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K  = M/(bd2fck) 

 = 48*106/(1000*4222*55) = 4,95*10-3 

 

K’ = 0,170    (0% redistribution of bending moments) 

 

K < K’ � no reinforcement in compression 

zone of the cross-section 

 

Reinforcement in tensile zone 

 

As  = M/(fyd*z) 

z = d/2(1+√(1-3K))  

= 422/2(1+√(1-3*4,95*10-3)) = 418 mm 

 

As  = M/(fyd*z) = 48*10
6 / (435*418)  

= 264 mm2/m1 

 

The minimum amount of reinforcement is 

given by the lesser of As,min1 and As,min2.  

NEN-EN 1992-1-1 (9.2.1) 

As,min1 = 0,26fctmbtd / fyk ≥ 0,0013btd   

= 0,26*4,2*1000*422/500  

≥ 0,0013*1000*422  

= 917 mm2/m1 > 546 mm2/m1 

As,min2 = 1,25*As = 1,25*256 = 399 mm2/m1 

The amount of reinforcement should always 

be less than As,max.          NEN-EN 1992-1-1 (9.2) 

As,max = 0,04Ac = 20000 mm2/m1 

Stresses in concrete and steel 

The tensile force in the tensile zone is equal 

to:  

F = M/z = 48*106 / 418 = 115 kN 

 

The tensile stress in the concrete is equal 

to:  

σct = F/(b*0,5d) = 0,55 N/mm2 < fctd  

 

Providing an amount of reinforcement equal 

to 402 mm2 (8xØ8-125 > As,min2) the steel 

stress equals: 

σs = F/As = 115*10
3/402 = 286 N/mm2 

 

Tables 7.2N and 7.3N in NEN-EN 1992-1-1 

are used in order the check the maximum 

bar diameter and maximum bar distance. 

wk < 0,2 mm (no cracks in any state) 

σs = 288 N/mm2 

 

Table 7.2N gives: Øs,max = 8 mm 

Table 7.3N gives: smax  = 50 mm  

 

The provided amount of reinforcement per 

metre satisfies the given maximum bar 

diameter. Satisfying either the given 

maximum bar diameter or the maximum bar 

distance is enough according the NEN-EN 

1992-1-1.  
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Section B 

Cross-sectional properties: 

h  = 400 mm 

c  = 50 mm 

d  = h – c – Øsw – Øsl,x – ½Øsl,y  

= 400-50-12-12-4 = 322 mm 

 

The amount of longitudinal reinforcement is 

determined according to the K-method. 

 

Longitudinal reinforcement 

K  = M/(bd2fck) 

 = 25*106/(1000*3222*55) = 4,38*10-3 

 

K’ = 0,170    (0% redistribution of bending moments) 

 

K < K’ � no reinforcement in compression 

zone of the cross-section 

 

Reinforcement in tensile zone 

 

As  = M/(fyd*z) 

z = d/2(1+√(1-3K))  

= 322/2(1+√(1-3*4,38*10-3)) = 320 mm 

 

As  = M/(fyd*z) = 25*10
6 / (435*320)  

= 180 mm2/m1 

 

The minimum amount of reinforcement is 

given by the lesser of As,min1 and As,min2.  

NEN-EN 1992-1-1 (9.2.1) 

As,min1 = 0,26fctmbtd / fyk ≥ 0,0013btd   

= 0,26*4,2*1000*322/500  

≥ 0,0013*1000*322  

= 703 mm2/m1 > 419 mm2/m1 

As,min2 = 1,25*As = 1,25*180 = 225 mm2/m1 

 

The amount of reinforcement should always 

be less than As,max. 

NEN-EN 1992-1-1 (9.2) 

 

As,max = 0,04Ac = 16000 mm2/m1 

 

Stresses in concrete and steel 

The tensile force in the tensile zone is equal 

to:  

F = M/z = 25*106 / 320 = 78 kN 

 

The tensile stress in the concrete is equal 

to:  

σct = F/(b*0,5d) = 0,48 N/mm2 < fctd  

 

Providing an amount of reinforcement equal 

to 402 mm2 (8xØ8-125 > As,min2) the steel 

stress equals: 

σs = F/As = 78*10
3/402 = 194 N/mm2 
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Tables 7.2N and 7.3N in NEN-EN 1992-1-1 

are used in order the check the maximum 

bar diameter and maximum bar distance. 

wk < 0,2 mm (no cracks in any state) 

σs = 194 N/mm2 

 

Table 7.2N gives: Øs,max = 16 mm 

Table 7.3N gives: smax  = 150 mm  

 

The provided amount of reinforcement per 

metre satisfies with both; maximum bar 

diameter and bar spacing.  

 

 

The concrete slabs in this project are 

designed in such a way that cracking does 

not occur in any state. This means that the 

stresses in the concrete do not exceed the 

design tensile strength. Theoretically there is 

no need for reinforcement, but a minimum 

amount of reinforcement is provided for 

practical and safety reasons.  
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3.3 Concrete walls 

The vertical elements in concrete are 

considered in this part of the report. Building 

part C includes two types of vertical slabs: 

walls in triangular shape with a cantilevered 

part on one side (wall 3 and wall 4) and a 

wall element in triangular shape without a 

cantilevered part (wall 5). 

Since wall 3 and 4 have almost the same 

load case and load degree it is decided to 

perform the calculations for one of the two 

only. Considering the fact that wall 3 has a 

much smaller base and also supports building 

part B, this wall should be calculated. 

Besides, because wall 3 has a smaller 

cantilevered part this wall is stiffer than wall 

4 and therefore wall 3 will behave as a spring 

support for wall 4.  

 

Wall 3 

This wall element is checked in ultimate limit 

state for the bending stresses and normal 

stresses. Since the wall has a cantilevered 

part, the wall needs to be checked for 

bending stresses. But this structural element 

is mainly loaded by compressive forces, 

which are densified at the base of the wall. 

Here the normal stresses should not exceed 

the compressive strength of the concrete. The 

concrete grade chosen for the vertical 

elements is C30/37, setting the compressive 

strength on fcd = 30/1,5 = 20 N/mm2.  

 

The cantilevered parts of the concrete walls 

may be seen as cantilevered beams with 

fixed connections at one side. The general 

rule for the height of the beam would be:  

l * 2 / 10 = 8,0 * 2 / 10 = 1,6m.  

The height of the cantilevered part of the wall 

is much larger, being 7,5m.  

Besides the vertical part of this concrete wall 

increases in width over the height. This 

means that some counterbalance is given by 

the weight of the wall itself and also by the 

load from the roof and the floor.   

Furthermore, the cantilevered parts of the 

roof and the floor have a counterbalancing 

effect to the cantilevered parts of the two 

concrete walls.  

These design parameters say a lot about the 

structural behaviour of the walls and the 

whole structure. Concentrating on the 

behaviour of wall 3 it can be concluded that 

the calculations should focus on the 

compressive stresses.  
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Figure 41 Normal forces in Wall 3. Loads are densified at the base. 

Figure 40 Deflection Wall 3 in ULS. By loads of the roof and the floor 

the delfection of the cantilivered part of the wall is controled. 
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Figure 43 Wind load (SE) 

15,9 mm  

14,7 mm  

SE  

Figure 42 Horizontal deflection 

  

The program Scia Engineer gives horizontal 

displacements less than 16 mm.  

16 < building depth/500 = 19000/500 = 38mm  
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3.3.1 ULS – load combination ULS-4 

Compressive stresses at base: 

 

σN = 3708 / (1,5*0,35) * 10
-3 = 10,59 N/mm2 

σN < fcd = 30/1,5 = 20 N/mm2 

 

Bending moment due to asymmetric loading: 

 

M = 2415*0,75 – 1293*0,75 = 842 kNm 

This is the value for the bending moment, 

which needs to be borne by the pile 

foundation underneath this wall. The axial 

force which has to be transmitted by the pile 

foundation equals: 

 

N = 3708 kN in ULS 

 

The pile foundation is calculated in the next 

sub-chapter. 

 

 

 

 

 

3.3.2 SLS – Stability 

The wind loads cause horizontal 

displacement of the building parts. Since the 

most common wind direction in Oslo is wind 

from the south-east, only this wind direction 

will be considered here. It is obvious that the 

building part will react in a similar way to 

wind loads from the south-west, since 

building part C is almost symmetric.  

The wind loads are determined in chapter 2 

and will be used as input in the program 

Scia Engineer in order to get insights into 

the stability behaviour of the building part. 

The amount of wind load that the façade 

would be subjected to is divided by two and 

applied as a line load to the edge of the roof 

and the edge of the floor. Besides the load 

the roof and floor are subjected to by the 

wind is applied.  

The stability of building part C is secured by 

the three walls and their connections to the 

pile foundation. Since these walls are not 

regular walls with wide bases, the structure 

is an unbraced structure, which means that 

the connections to the pile foundation need 

to be checked. These connections should be 

able to transmit horizontal forces.  
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Figure 44 Pile foundation 
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3.4 Pile foundation 

The building is located at the end of a pier, 

which means that the structure is supported 

by piles underneath water. The first load 

bearing layer is located 7 metres below water 

level. The concrete walls are supported by 

groups of foundation piles, since the piles are 

relatively long, the axial forces are high and 

the piles are subjected to buckling. The pile 

cap is checked for its resistance for shear 

force according to the bending theory.  

The piles are connected to the load bearing 

layer by fixed connections. This means that 

the structure underneath the water is an 

unbraced structure consisting of columns with 

one fixed end and one free end.  

These foundation piles are calculated in the 

same way as columns are calculated, since 

these columns are surrounded by water, not 

by earth. The columns are checked for their 

resistance to compression and buckling.  

 

3.4.1 Pile cap – Bending theory 

 

3.4.1.1 Bending 

 

Properties pile cap: 

C55/67 

b*l*h = 1800*2300*1200 mm 

 

VEd,1  = VEd,2 = VEd,3 = 1/3 * Fd  

= 3708 / 3 = 1236 kN 

 

Beam A 

MEd,A = VEd,1 * 2lA/3 = 1236 * 2*1,500/3  

= 1236 kNm 

 

Beam B 

MEd,B  = (VEd,2+VEd,3) * lB/2 = 2*1236*1,000/2 

= 1236 kNm 

 

Capping beam: 

leff/h ≤ 3,0  (NEN-EN 1992-1-1 5.3.1) 

1500/1200 = 1,25 < 3,0 

 

MRd  = As*fyd*z 

z = 0,2*l + 0,4*h = 0,2*1500 + 0,4*1200 

 = 780 mm < 900 < 960 

z ≤ 0,8*h ≤ 0,8*1200 ≤ 960 mm 

z ≤ 0,6*l ≤ 0,6*1500 ≤ 900 mm 

 

Asl,req = MRd/(fyd*z) = MEd/(fyd*z)  

 = 1236*106 / (435*780) = 3643 mm2 

 

width of hidden beam: 

bw = 600 mm 
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Ø32 – 100 gives  

Asl,prov  = 6*π*16
2 = 4825 mm2 

Crack width 

XS2: wmax ≤ 0,2 mm 

 

σs,qp = Fqp/Fd * As,req/As,prov * fyd  

Fqp = 2655 kN 

Fd = 3709 kN 

σs,qp = 2655/3709 * 3643/4825 * 435 

 = 235 N/mm2 

 

Table 7.3N gives for σs,qp = 235 N/mm2 a 

maximum bar distance of 100mm, which is 

equal to the bar distance chosen.  

The amount of reinforcement calculated 

above, Ø32 – 100, is applied in both 

directions.  

 

3.4.1.2 Anchorage length 

 

NEN-EN 1992-1-1 gives the following 

expression for the basic anchorage length of 

the reinforcement bars: 

 

lb,rqd = Ø/4 * σsd/fbd      NEN-EN 1992-1-1, (8.3)  

σsd = As,req/As,prov * fy = 3643/4825 * 435 

 = 328 N/mm2 

fbd = 2,25*η1*η2*fctd = 2,25*1,0*1,0*3,0/1,5 

 = 4,5 N/mm2 

lb,rqd = 32/4 * 328/4,5 = 583 mm 

 

The design value for the anchorage length is 

given by the following expression: 

 

lbd = a1a2a3a4a5lb,rqd ≥ lb,min 

a1 = a3 = a5 = 1,0 

a2 = 0,85 

a4 = 0,7 

lb,min = max{0,3lb,rqd; 10Ø; 100mm} 

 = max{175mm; 320mm; 100mm} 

 = 175 mm 

 

lbd = 1*0,85*1*0,7*1*583 ≥ 175 

 = 347 mm > 175 mm 

 

l1 = 250 + 400/2 – c – Øsw 

 = 450 – 50 – 16 = 384 mm > lbd 

 

l1 > lbd, no need to bend the reinforcement 

bars upwards.  

 

 

3.4.1.3 Shear 

The shear stress is checked in the cross-

section of hidden beam A, where the shear 

stress is at maximum. 
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Cross-sectional properties: 

h = 1200mm, c = 50mm, Øsw = 12mm  

d = h – c – Øsw - Øsl/2 = 1118 mm 

 

NEN-EN 1992-1-1 gives a maximum value 

for the shear force in compact cross-sections: 

 

VEd ≤ 0,5bwdvfcd 

v = 0,6(1-fck/250) = 0,6(1 – 55/250)  

 = 0,47 N/mm2 

 

VEd  ≤ 0,5*600*1118*0,47*36,7 ≤ 5785 kN 

 

VEd  = 1236*2 = 2472 kN < 5785 kN 

 

The shear resistance for compact cross-

section, without shear reinforcement, is given 

in the following expression by NEN-EN 1992-

1-1: 

 

VRd,c  = 0,12k(100ρlfck)
1/3bwd ≥ vminbwd 

k = 1 + √(200/d) = 1 + √(200/1118) 

 = 1,42 

ρl = As,prov/Ac = 4825 / 600*1118 

 = 7,2*10-3 

vmin = 0,035k3/2fck
1/2 = 0,035*1,423/2*551/2 

 = 0,44 N/mm2 

 

VRd,c = 0,12*1,42(100*7,2*10-3*55)1/3* 

600*1118 ≥ 0,44*600*1118 = 389 

kN ≥ 295 kN 

 

The shear force that needs to be borne by 

the concrete is equal to: 

 

VEd,c = β*VEd  

β = av/2d = 0,25 

av = 50 mm  

av/d ≥ 0,5 

av/d = 50/1118 = 0,045 < 0,5,  

so av  = 0,5d 

 

VEd,c = β*VEd = 0,25*2475  

= 619 kN > 389 kN 

 

VEd,c > VRd,c  

This means that shear reinforcement should 

be applied. 

 

The required amount of shear reinforcement 

is equal to: 

 

Asw  = VEd,c / fywd = 619*10
3 / 435  

= 1423 mm2 

Asw/0,75av = 1423 / 0,75*0,5d = 1423 / 419 

 = 3,39 mm2/mm 
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Figure 45 Reinforcement pile cap 
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sw = 4*π*(Ø/2)2 / (Asw/0,75av)  

= 4*π*62 / 3,39 = 133 mm 

 

Provided shear reinforcement in both 

directions: Ø12-100 

 

Lateral reinforcement 

The same amount of horizontal 

reinforcement, as the vertical shear 

reinforcement, should be added over the 

height z = 780mm.  

Amount of reinforcement on each side: 

asw = 3,39 / 2 = 1,70 mm2/mm 

Ø 16 mm 

sw = π*(16/2)2 / 1,70 = 118 mm 

 

Horizontally applied shear reinforcement: 

Ø16 – 100 

 

 

3.4.2 Piles 

 

Properties of piles: 

Ac  = 4002 = 160*103 mm2 

C20/25 

 

3.4.2.1 Normal stress 

 

NEd  = 1236 kN   (ULS 4) 

 

NRd  = b*hw*fcd,pl*φ (NEN-EN 1992-1-1 (12.10)) 

φ  = 1,14*(1-2*etot/hw) – 0,02*lo/hw  

≤ 1 – 2*etot/hw  

etot  = eo + ei = 17,5 mm 

eo  = 0 

ei = lo/400 = 7000 / 400 = 17,5 mm 

φ  = 1,14*(1-2*17,5/400) – 0,02*7000/400 

= 0,69 ≤ 0,91  

 

NRd  = 400*400*36,7*0,69*10-3 = 2208 kN 

NEd/NRd= 1236 / 2208 = 0,56  

 

 

3.4.2.2 Buckling 

The slenderness of the columns has to be 

considered in order to determine whether 

second order effects should be included. 

Second order effect may be omitted, if the 

slenderness of the column is less than a 

certain value, λlim. 

 

λlim  = 20*A*B*C / √n 

A = 1 / (1+0,2ϕef) = 0,88 

ϕef = 0,7 

B = √(1+3ω) = 1,1 

ω = Asfyd / Acfcd  

B 1,1 if ω is unknown 
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} λ < λlim NO 2nd order effects 

Figure 47 Cross-section foundation pile Figure 46 Buckling length foundation pile 

lo = l  

C = 1,7-rm = 1,7 + 1 = 2,7 

rm = M01/M02 = -1 (bending moments 

have reverse signs) 

n = NEd / (Acfcd) = 1236*10
3 /(4002*20) 

= 0,39 

 

 

Buckling length 

The foundation piles have fixed connections 

at both ends. One end is fixed in the load 

bearing layer at the bottom of the fjord. The 

other end is connected to the pile cap, which 

is a fixed connection too. This would usually 

lead to lo=0,5l. This is not the case here, 

since translation of the upper end of the piles 

in a horizontal plane is not prevented. This 

lead to: lo = l = 7m.  

 

λlim  = 20*0,88*1,1*2,7 / √0,39 = 83,7  

λ  = lo / i = 7000 / 115 = 60,9 

i  = √(I/Ac) = √((1/12)*400
4/4002)  

= 115 mm 

lo  = l = 7000 mm 

 

λ = 60,9   

λlim = 83,7 

  

 

 

Reinforcement 

Since the groups of piles are unbraced, these 

should be able to transmit horizontal forces 

too. These horizontal forces, caused by the 

wind, add a bending moment to the piles.  

 

In order to be able to bear the bending 

moments the piles need to be reinforced.  

 

H  = 120 kN (ULS 3) 

H/3 = 40 kN 

MEd = H/3 * l = 40 * 7 = 280 kNm 

 

Ns = MEd / z = 280*10
6 / 260 = 1067 kN 

z = 400 – 2*50 - 2*8 - 25 = 260 mm    

 

As = Ns/fyd = 1067*10
3/435 = 2454 mm2 

5*Ø25 � 5*π*12,52 2455mm2 > As 

 

Asmin  = max{0,10NEd/fyd; 0,002Ac}  

 = max{284; 320} = 284 

 

As > Asmin  
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CHAPTER 4 
 

 

 

  

1236 kN 

Figure 49 Structural system steel column Figure 48 Steel column in model 

103



 

 

STEEL           ELEMENTS 
4.1 Steel column 

The roof of building part C is at two points 

supported by slender columns. In the 

previous chapter we saw that these supports 

caused high punching shear forces. The 

shear force in the concrete slab at the 

location of the support leads to an axial force 

in the column. Therefore, the column needs 

to be checked for its resistance to axial 

forces. Axial forces lead to buckling of 

slender structural elements, therefore the 

column is checked for its resistance to 

buckling too.  

 

 

4.1.2 Normal stresses 

 

Properties column: 

Ø323,9x12,5 

A = 12229 mm2 

I = 14847*104 mm4 

d/t = 26 < 50ε2 � cross-section class 1 

S235 

ε2 = 0,72           NEN-EN 1993-1-6 

 

 

 

NEN-EN 1993-1-1 gives the following 

expression for the resistance to normal 

stresses: 

 

NEd / Nc,Rd ≤ 1,0 

 

Nc,Rd  = Afy / γM0 = 12229*235 / 1,0 

 = 2874 kN 

 

NEd  = 2211 kN 

 

NEd / Nc,Rd  = 2211 / 2874 = 0,77 < 1,0 

 

 

4.1.3 Buckling 

 

NEN-EN 1993-1-1 gives the following 

expression for the resistance to buckling: 

 

NEd / Nb,Rd ≤ 1,0 

 

Nb,Rd = χ(Afy / γM1)  

χ  = 1 / (Φ + √(Φ2 – λ2)) = 0,91 

Φ = 0,5[1+ α(λ – 0,2) + λ2] = 0,675  

α = 0,21  NEN-EN 1993-1-1 table 6.1 

λ  = lcr/i * 1/λ1 = 0,53 

λ1 = π√(E/fy) = 93,9  

i = √(I/A) = 110 mm 

lcr = 5500 mm 
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Nb,Rd = χ(Afy / γM1)  

 = 0,91(12229*235 / 1,1) = 2612 kN 

NEd = 2211 kN 

 

NEd / Nb,Rd = 2211 / 2612 = 0,85 < 1,0 

 

 

  

Figure 50 Beam in floor B2 
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4.2 Steel beam in floor B2  

The structural elements in building part B, 

the exhibition room, are basically the roof and 

the floor. (fig. 50) Since both have the same 

built-up the permanent loads are equal. Even 

the spans are the same and so are the 

structural systems. The only difference 

between the structural elements in the roof 

and the floor is the imposed load. The 

imposed load of the roof, the snow load, 

equals 2,8 kN/m2 and the imposed load of 

the floor equals 5,0 kN/m2. Therefore, the 

structural elements in the floor will be 

calculated only.  

The primary structural elements in the floor 

are steel beams, HEA280, which will be 

considered in this sub-chapter.  

 

4.2.1 Bending 

 

 

 

 

Properties of steel beam - HEA280 

Cross-section class 1 

S235 

E = 2,1*105 N/mm2 

A = 9726 mm2 

G = 77,8 kg/m1 = 0,778 kN/m1 

I = 13673 mm4 

Wpl = 1013*103 mm3 

b = 280 mm 

h = 270 mm 

tf = 13 mm  

tw = 8 mm 

r = 24 mm 

 

c.t.c = 3 m 

 

Loads 

qG  = qG,HEA + 3*qG,B + 3*qG,fin + 3*qG,EPS 

= 0,78 + 3*4,2*0,075*0,225 + 3*0,25*2 

+ 3*0,06 = 2,67 kN/m1 

qQ = 3*5,0 = 15 kN/m1 

 

ULS: qtot = 1,2*2,67 + 1,5*15 = 25,7 kN/m
1 

SLS: qtot = 1,0*2,67 + 1,0*15 = 17,67 kN/m1 

 

NEN-EN 1993-1-1 gives the following  

expression for the bending resistance: 

 

Mpl,Rd  = Wpl*fy / γM0     

 = 1013*103*235 / 1,0 *10-6  

= 238 kNm 

MEd = 1/12 ql2 = 1/12 * 25,7 * 9,52 

 = 193,3 kNm 

MEd / Mpl,Rd = 193,3 / 238 = 0,81 < 1,0  
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4.2.2 Shear 

 

NEN-EN 1993-1-1 gives the following  

expression for the shear resistance: 

 

Vpl,Rd = Av(fy/√3) / γM0  

Av = A – 2btf + (tw+2r)tf ≥ ηhwtf 

 = 9726 – 2*280*13 + (6,6+2*24)13 

 ≥ 1,2*244*13 

 = 7438 mm2 > 3806 mm2 

η = 1,2 for ≤ S460 

 

Vpl,Rd = 7438(235/√3) / 1,0 *10-3 = 1009 kN 

VEd = 9,5*25,7 / 2 = 122 kN 

 

VEd / Vpl,Rd = 122 / 1009 = 0,12 < 1,0 

 

 

4.2.3 Deflection 

 

The deflection of the beam at mid-span can 

be calculated using the following equation: 

 

w  = 1/384 ql4/EI 

= 1/384 (17,67*95004)/(12673*104*2,1*105)  

 = 13 mm 

The following rule is maintained: 

w ≤ l/250 ≤ 9500/250 ≤ 38 mm 

w = 13 mm < 38 mm 
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CHAPTER 5 
  

Figure 51 Secondary beams in floor B2 

timber sheet material 22mm 

timber beam 225x75mm 

HEA280 
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TIMBER           ELEMENTS 
5.1 Timber beam in floor B2 

The secondary structural elements of the 

floor system discussed in the previous 

chapter are timber beams spanning from one 

steel beam to another. These timber beams 

are placed in-between the HEA-beams. In 

this chapter the timber beams will be checked 

for their bending and shear resistance, and 

the deflection will be checked too. 

The height of the timber beam is chosen in 

accordance to the space between the flanges 

of the steel beams. This gives h=225mm. 

Choosing for the regular centre-to-centre 

distance, 600mm, would make the structure 

inefficient. Therefore, a larger centre-to-centre 

distance is chosen, 800mm. This value is 

chosen in accordance to the dimensions of 

the sheet material, calculated in sub-chapter 

5.2, too. 

 

5.1.1 Bending 

 

Properties beam: 

l = 3 m 

h = 225 mm 

b = 75 mm 

I = 1/12 bh3 = 71*106 mm4 

C24 

E = 11000 N/mm2 

G = 420 kg/m3 = 4,2 kN/m3 

c.t.c. = 800 mm 

 

Loads 

qG = qG,beam + qG,fin + qG,EPS 

 = 4,2*0,225*0,075 + 0,8(0,25*2 + 0,06) 

 = 0,52 kN/m1 

qQ = 5,0*0,8 = 4,0 kN/m1 

NEN-EN 1995-1-1 gives the following 

expression for the bending resistance of 

timber beams: 

 

σb / fm,0,d ≤ 1,0 NEN-EN 1993-1-1 6.1.6 

 

σb  = Mz/I = 7,5*112,5 / 71 = 11,8 N/mm2 

M = 1/8(1,2*0,52 + 1,5*4,0)*32
 = 7,5 kNm 

 

fm,0,d  = kmod*fm,0,k / γm*kh  

kmod = 0,7   NEN-EN 1993-1-1 table 3.2 

fm,0,k = 24 N/mm2 

γm = 1,3 

kh = min{(150/h)0,2; 1,3} = 0,92 

 

fm,0,d  = 0,7*24 / 1,3*0,92 = 14,0 N/mm2 

 

 σb / fm,0,d = 11,8 / 14,0 = 0,84 ≤ 1,0  
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5.1.2 Shear 

 

NEN-EN 1995-1-1 gives the following 

expression for the shear resistance of timber 

beams: 

 

τd / fv,d ≤ 1,0  NEN-EN 1993-1-1 6.1.7 

 

τd  = 3VEd / 2bhef 

VEd = 3(1,2*0,52+1,5*4,0)/2 = 9,94 kN 

 

τd  = 3*9936 / 2*75*225 = 0,88 N/mm2 

 

fv,d = kmod*fv,k / γm = 0,7*4,0 / 1,3  

= 2,15 N/mm2 

fv,k = 4,0 N/mm2 

 

τd / fv,d = 0,88 / 2,15 = 0,41 < 1,0 

 

 

5.1.3 Deflection 

 

Permanent load 

uinst,G = 5/384 ql4/EI 

 = 5/384 0,52*30004/11000*71*106  

 = 0,70 mm 

ufin,G = uinst,G(1+kdef) 

 = 0,70(1+0,6) = 1,12 mm 

 

Variable load 

uinst,Q = 5/384 ql4/EI 

 = 5/384 4,0*30004/11000*71*106  

 = 5,4 mm 

ufin,Q = uinst,G(1+ψ2*kdef) 

 = 5,4(1+0,6*0,6) = 7,35 mm 

utot,fin = 1,12 + 7,35 = 8,47 mm 

 

The following rule is maintained for the 

deflection of the beams: 

utot,fin ≤ l/250 ≤ 12 mm 

utot,fin = 8,47 mm < 12 mm 

 

5.2 Timber sheet material 

The timber sheet material, plywood, spanning 

the distance between the timber beams has 

a thickness of 22mm. The dimensions of the 

sheet material are 1220x2440mm, which 

means that with each panel three spans can 

be made. The dead load of the sheet 

material is relatively low and can be 

neglected. The decisive imposed load case 

is that of a point load equal to 7 kN. 

In the calculations below bending, shear and 

deflections are considered.  

 

F20 and E140 

t = 22mm 
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19 according to TU 5512-002-44769167-98. europlywood.com 

 

 

5.2.1 Bending 

 

 

 

 

  

 

Mmax = 1,68 kNm 

 

σb / fm,0,d ≤ 1,0 NEN-EN 1993-1-1 6.1.6 

 

I  = 1/12*1000*223 = 887*103 mm4 

 

σb  = Mz/I = 1,68*106*11 / 0,887*106  

= 20,8 N/mm2 

 

fm,0,d  = kh*kmod*fm,0,k / γm  

kh = 1,0 for wood-based panels 

kmod = 0,9 for short-term loading 

γm  = 1,2 for plywood 

  

fm,0,d  = 1,0*0,9*30 / 1,2 = 22,5 N/mm2 

 

σb / fm,0,d = 20,8 / 22,5 = 0,92 < 1,0 

 

5.2.2 Shear 

 

The shear resistance is given by the following 

expression:  

τd / fv,d ≤ 1,0  NEN-EN 1993-1-1 6.1.7 

 

τd  = 3VEd / 2bhef 

VEd = 6,3 kN 

 

τd  = 3*6300 / 2*1000*22 = 0,43 N/mm2 

 

fv,d = kmod*fv,k / γm = 0,9*1,5 / 1,2  

= 1,125N/mm2 

fv,k = 1,5 N/mm2 19 

 

τd / fv,d = 0,43 / 1,125 = 0,38 < 1,0 

 

5.1.3 Deflection 

 

Variable load 

uinst,Q = 4 mm, given by MatrixFrame 

ufin,Q = uinst,G(1+ψ2*kdef) 

 = 4(1+0,6*0,6) = 3,8 mm 

utot,fin = 0 + 3,8 = 3,8 mm 

 

The following rule is maintained for the 

deflection of the sheet material by the point 

load: 

utot,fin ≤ l/150 ≤ 800/150 = 5,23 mm 

utot,fin = 3,8 mm < 5,23 mm 

 

   

Q = 7*1,5 = 10,5 kN 
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CONCLUSIONS 
 

Post-tensioned concrete is the material that 

has had great importance in this design 

project. This report has proven that post-

tensioned concrete is the correct material 

even from structural point of view.  

In the first phase of the graduation project 

the thicknesses of the structural members 

were determined. This was done with the 

help of some very quick calculation, study of 

comparable structures, and aesthetical 

wishes. These desired dimensions of the 

structural members were the starting points 

for the calculations in this report. Since the 

design of this building is an integral one, the 

structural design was made already in the 

first phase simultaneously with the 

architectural design. The structural behaviour 

was considered by then. Because of that no 

serious problems were expected in the 

structural calculations.  

Since the whole design is about post-

tensioned concrete this report is focussed on 

the structural members in post-tensioned 

concrete too. As mentioned in chapter one 

the building is divided in three parts, from 

which two mainly made in concrete. The part 

with the most complex structure is chosen for 

the calculations in this report. This part is 

modelled in the program Scia Engineer in 

order to let the program calculate internal 

forces in the structural elements. The results 

of the calculations in Scia Engineer showed 

that the building structure was actually well 

designed. The results showed that the 

structure was designed in such a way that it 

was able to balance itself. Despite the large 

cantilevered parts the building part does not 

show large deformations. This is caused by 

the positioning of the three walls, but also by 

the two slanted façades, which extrude the 

roof slab in the right direction.  

The positive result of the structural 

calculations are not caused by the integral 

design approach only. As mentioned in the 

thesis the design in this graduation project is 

developed in a process of making physical 

models. Because physical models were made 

during the whole design process the 

structural behaviour could never be 

neglected, resulting in a realistic structural 

design without calculations. 

 

In chapter 3 the structural elements in post-

tensioned concrete are treated. In order to 

make the concrete slab as slender as desired 

post-tensioning tendons are added in some  
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zones of the slab. The tendon lay-out is 

designed in such a way that the concrete 

does not crack in any case. Therefor two 

combinations of loads are checked in both 

ultimate limit state and serviceability limit 

state. The two combinations of loads which 

always need to be checked in post-tensioned 

structure are: combination of maximum 

external loading and minimum external 

loading. In the case of the roof slab in this 

project the combination of maximum external 

loading is dead load together with snow load. 

The minimum external loading is caused by 

the dead load of the slab together with wind 

suction (upward). The tensional stresses 

caused by these combinations of loads are 

compensated by compressive stresses 

caused the pre-stress load and the upward 

load caused by the parabolic shape of the 

tendon lay-out. The distance between the 

neutral axis of the concrete cross-section and 

the centroid of the tendon is determined by 

the desired degree of upward loading. 

Therefore, this eccentricity has different 

values at different points of the post-

tensioning tendon. The tendon lay-out, the 

degree of post-tensioning force and the 

concrete strength class were parameters for 

the design of the structural members in post-

tension concrete.  

Starting with concrete of strength class 

C30/37 the calculations soon made clear that 

a higher tensile strength and shear strength 

were needed. In order to prevent the 

concrete from cracking the strength class is 

changed to C55/67, besides the tendon lay-

out is adjusted.    

The required degree of post-tensioning force 

in the areas with the highest stresses lead 

to more than 15 tendons per metre. Because 

of high number tendons with a larger 

diameter were chosen, 15,2mm instead of 

12,7mm, and the tendons are clustered n 

duct housing 5 tendons.  

All these parameters are adjusted 

iteratively in order to achieve the 

permissible stresses within the desired 

dimensions of the structural members. 

As shown in the chapters of this 

report the structural engineer has 

succeeded in the calculations of this 

structural design, which is mainly built 

in concrete but also includes members 

in steel and timber. 
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REFLECTING TO THE ARCHITECTURAL 
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AND      STRUCTURAL       DESIGN 
Performing the structural calculations of the 

building designed two qualities of the 

concrete structure constantly were kept in 

mind: the slenderness and the water 

tightness.  

Since the concrete structure is the shell of 

the building, the concrete should be able to 

perform as a “rain coat”. Therefore, crack 

formation is prevented in any state. 

Preventing crack formation not only keeps the 

water outside, but it also prevents organic 

growth of algae on the concrete surface. But, 

it has great consequences for the capacity of 

the structure too. Preventing crack formation 

leads to a relatively low tensile strength, 

which is the tensile strength of the concrete 

cross-section only. When calculating the 

tensile stresses in the concrete cross-section 

it became clear what this meant for the 

tensile strength that could be used in the 

calculations. For concrete class C55/67 the 

design value for the tensile strength equals 

3,0/1,5 = 2,0 N/mm2. This gives a much lower 

tensile strength of the concrete elements 

compared to the case in which the tensile 

strength of reinforcement would be used. So, 

if the concrete structure was not exposed to 

the outside, the structure could be made 

even more slender. From structural and 

sustainability point of view it would be a wise 

decision to keep the structure inside and 

make another shell. But, as an integral 

designer I would never make this decision in 

this particular project. The robust concrete 

structure is an important characteristic of the 

design. 

Nevertheless, the above mentioned 

consequence of placing the concrete outside 

makes the choice for post-tensioned concrete 

even more important. This design could not 

be made if the concrete structure was not 

post-tensioned.  

The calculations in sub-chapter 3.3 show that 

the value for the thickness of the walls could 

be lower. This means that the vertical 

concrete slabs could be more slender, which 

would have a consequence for the 

architectural design. But, it is not decided to 

decrease the total thickness of the double 

wall. Since a balance is achieved between 

the slenderness and robustness of the 

concrete structure. So, from architectural 

point of view nothing is changed in the 

design. The double wall is composed of two 

walls being 150mm and 200mm thick. In 

order to safe concrete both walls could be 

made 150mm thick, which is interesting from 

a sustainability point of view.  
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PERSONAL       REFLECTION 
Integrating architectural design and structural 

design was my goal in this graduation project, 

which is the final project of my combined 

master Architecture and Structural Design at 

the University of Technology in Eindhoven.  

The final project of a master period is the 

project in which one shows what is learned 

during the master and bachelor period. This 

was my thought about the graduation project 

when I started my graduation period. I was 

ready to make a design, which would reflect 

my design competences. Once started with 

this project very soon I realized that I was 

learning new things and was improving my 

design competences. Designing buildings is 

not a strategy that can be learned in some 

time and applied in the time after. Every 

project is different and needs a different 

approach. The designer gains experience 

while doing a project and this experience 

helps to cope with the next project which 

widens the already gained experience.  

This was exactly what happened to me 

during this project and, maybe for the first 

time, I was conscious of it. All the projects I 

did during my bachelor and master period 

helped me coping with this design project 

and while working on this project I learned 

many things that improved my design 

competences. 

This project taught me that an integral design 

needs a process in which the design is 

considered from different perspectives almost 

simultaneously. Consequences of design 

decisions from one perspective need to be 

checked from the other perspectives 

immediately. In this design project the most 

important perspectives were: architectural 

quality, structural feasibility, sustainability, and 

the Dutch identity.  

As mentioned before in the design process 

of this project making physical models has 

had great importance. Architectural quality 

and structural feasibility developed and 

improved with every new model that was 

made, but these were also the guidelines for 

the models that were made. Each model and 

each scale in which the models were made 

added some quality to the design or it made 

clear what the design not should be.  

Being at the end of my graduation period 

and my educational period at the University 

of Technology, Eindhoven, now, I have a 

starting point as a designer of buildings, 

ready to learn much more in the field of 

construction.  
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