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Abstract 
Mass timber construction arguably has the potential to become an important construction method in The 

Netherlands in the near future. Reasons include the potential to build with a negative carbon footprint, 

and the ability to build very rapidly. However, mass timber construction is currently relatively costly, 

compared to traditional materials. 

In order to explore these economic differences, a traditionally built midrise office tower is redesigned 

in mass timber. In this redesign process, emphasis is put on economic design. The aim of the redesign 

is to be at least as economical as the original building. Economic design includes aspects such as usable 

floor area, building height, and building footprint. 

After finishing the redesign process, the two buildings are compared to one another. In this comparison, 

various quantitative and qualitative aspects are considered. Only the main supporting structure is 

considered, and not secondary construction elements. 

It was found that the usable floor area of the mass timber redesign is 1,26% lower than the original 

building. However, no workplaces in the office function areas were lost. Also, the building height and 

the building footprint remained the same. In addition, if was found that the mass timber redesign can be 

built faster than the original. This is because of the almost fully prefabricated and almost fully dry 

construction method. However, the precise difference in construction time has not been quantified. 

As for sustainability aspects, it was found that the mass timber redesign has a significant lower carbon 

footprint than the original building. The precise effect depends on a number of practical unknowns, such 

as the end-of-life plan for the mass timber elements, and the transport distance of the mass timber 

elements. However, upper and lower boundary values for this carbon footprint were determined. When 

considering the lower boundary value, the carbon footprint difference between the mass timber redesign, 

and the original building was found to be 8.792.985 kg CO2-eq. When considering the upper boundary 

value, the difference is 2.742.924 kg CO2-eq. 

In conclusion, economic design is currently harder to achieve in mass timber construction, than in 

building traditionally, despite the significantly lower carbon footprint. A loss in usable floor area seems 

inevitable. Also, there is currently still a significant cost difference between building in mass timber and 

building traditionally. Reducing the cost difference may potentially be possible, by increasing 

construction speed for mass timber. In order to do so, building with high levels of prefabrication can be 

beneficial.  
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1.1 Relevance of Research 

Climate Change 
In the past decades, the potential dangers of climate change due to global warming has gained massive 

attention. The evidence that greenhouse gas emissions caused by human activity, is responsible for this, 

is almost undisputable. Because of this, nations worldwide have decided to try to work toward solutions. 

This, so that the worst potential consequences caused by climate change may be avoided. A concrete 

example of one such solution is the 2015 Paris Agreement, in which a majority of countries worldwide 

commit to lower greenhouse gas emissions. 

In The Netherlands, also a signee of the 2015 Paris Agreement, the commitment to help reduce 

greenhouse gas emissions has been formalized in the 2019 Klimaatakkoord (‘climate agreement’). In 

this agreement, the following main goals have been stated: [1, p. 4] 

▪ A CO2 emission reduction in 2030 of 49% compared to 1990. 

▪ A CO2 emission reduction in 2050 of 95% compared to 1990. 

Housing Shortages 
Apart from aforementioned climate change challenges, another problem has simultaneously  emerged 

in The Netherlands: housing shortages. Even though the national population has grown steadily in the 

past decades, the housing capacity has not kept up. Currently, it is estimated there is a nationwide 

shortage of 331.000 houses. This accounts for 4,2% of the total available houses in The Netherlands. 

In order to help solve this, the Dutch government has committed to reduce this number to 2% by 2035. 

[2] This means that not only the current housing shortage will be tackled, but also the future population 

growth is taken into account. In other words, there is high demand for a lot of extra housing in The 

Netherlands, and these new houses have to be built fast. 

However, how can all these extra buildings be built, without violating the CO2 emission reduction goals 

of the Klimaatakkoord? 

Mass Timber 
The answer may be mass timber construction. In short: mass timber allows for rapid construction of 

carbon-negative buildings. 

How does this work? In a mass timber product, smaller timber elements are combined to form a 

construction element. These mass timber elements can compete with steel and concrete in terms of 

structural capacity. However, compared to steel and concrete, these mass timber construction elements 

are carbon-negative. This is to say that there is CO2 encapsulated in the timber, captured from the air 

when the source tree was growing. In other words, by growing a tree and using its timber for 

construction, a CO2 reduction in the air has been achieved. [3, p. 12] 

Moreover, mass timber construction can be fast. Mass timber elements are prefabricated, and then dry 

and quickly assembled on site. This allows for an increased building speed, compared to building 

methods with lower levels of prefabrication. 

Additionally, even one of the biggest current obstacles to development of new construction projects in 

The Netherlands, the stikstofcrisis (‘nitrogen crisis’), can be overcome with mass timber construction. 

The relatively lightweight construction elements may be lifted and installed with electric equipment, 

avoiding local nitrogen emissions. 
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1.2 Problem Statement 

Despite the potential advantages of mass timber construction, the construction material is still relatively 

little used in The Netherlands. Why is this? A higher building cost appears to be the biggest obstacle to 

widely adopted mass timber construction. 

Below, a number building cost predictors that may arguably not be in favour of mass timber construction 

compared to more traditional building materials, are given: 

▪ Raw material cost 

▪ Design and engineering time 

▪ Contractor risk mitigation 

However, these extra costs may possibly be offset by the potential benefits of mass timber construction 

– namely the increased building speed, and the negative carbon footprint. In order to investigate this 

difference, further research is required. 

1.3 Research Question 

In this thesis, the following research question is investigated: 

Research Question:  Can a midrise office building in The Netherlands, built in a traditional 

material, be redesigned in mass timber, and is this as economical as the 

original design? 

Additionally, the following sub question is also investigated: 

Sub Question:   Can the full building be redesigned in mass timber? 

1.4 Objective 

The main objective of this thesis is to obtain economic performance differences between designing a 

building in mass timber, and designing the same building in more traditional materials, such as concrete 

or steel.  
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1.5 Method of Approach 

In order to obtain these performance differences, an existing building built in a traditional material, is 

redesigned in mass timber. Subsequently, the original building and its mass timber alternative are 

compared on a number of performance metrics. 

Scope 
The following limitations are set with regard to the scope of this thesis: 

▪ Building height: the building to be redesigned should be a midrise building. The reason for this, 

is that the potential carbon win in low-rise buildings is lower than in mid- or high-rise buildings. 

As for high-rise buildings: building a relatively high skyscraper (assume, as indication, building 

height > 100 m) in mass timber is structurally challenging, and may thus be not as economical 

as a mid-rise mass timber building. 

▪ Building function: the building to be redesigned is an office building, for the following reasons: 

o First, floor plans and overall building design tend to be more ‘general’ in offices. This 

means that any conclusion found in this thesis for the selected office building, may also 

be more general. (In other words, any conclusions are potentially not only applicable to 

the redesigned building in question, but can also be extended to other buildings.) 

o Secondly, building regulations for offices are less strict than, for example, for 

residential buildings. This increases the possibility of a successful mass timber redesign, 

and thus of obtaining design recommendations. 

▪ Building aspects: in this thesis, the scope is limited to the above-ground main supporting 

structure. Thus, foundations, and all non-constructive elements, are outside the thesis scope. 

Methodology 
In Figure 1 below, the methodology applied in this thesis is schematically presented.  

 

Figure 1: a schematization of the methodology in this thesis, with on the right the corresponding chapters. 

  

Identify and quantify relevant 

performance metrics of the original 

building 

Identify and quantify relevant 

performance metrics of the redesign 

Compare the performance metrics of the redesign and the original building 

Conclusion 

Redesign the office in mass timber 

Select a midrise office building in NL, built in a traditional material (Chapter 3) 

(Chapter 4) 

(Chapter 6) 

(Chapter 6) 

(Chapter 5) 
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Thesis Outline 
Below, the general outline of this thesis is given, on a per-chapter basis. 

Table 1: outline of this thesis, per chapter. 

No.: Chapter Title: Chapter Content: 

1 Introduction 
The context of the research in this thesis is introduced, as well as the research 

question, sub question, and how these questions are to be answered. 

2 Mass Timber 
A literature research on mass timber, which covers the topics relevant to this 

thesis. 

3 Office Selection The office to be redesigned in mass timber is selected, and then introduced. 

4 
Preliminary 

Redesign 

A mass timber redesign of the selected office is proposed. The sub question, 

with regard to full mass timber feasibility, is also answered here. 

5 Final Redesign 
The preliminary redesign is made final, by means of modelling, optimization, 

and design checks. 

6 Comparison 

A comparison is made between the original building, and its mass timber 

alternative. In order to do so, quantifiable performance metrices are defined, 

and then measured for both buildings. On basis of this comparison, the research 

question is answered. 
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2.1 Engineered Wood Products 

2.1.1 Introduction 
Timber is not necessarily a new construction material – humans have used timber for construction 

worldwide since ancient times. After all, timber is easily workable, abundantly available, and relatively 

strong and stiff relative to its weight. [4, p. 76] 

However, while applying timber as a construction material in itself may not be particularly new or 

innovative, the way in which the timber is applied can be very innovative. For example, a panel of cross 

laminated timber is made of regular sawn timber. But the finished end product greatly outperforms the 

individual wooden planks in terms of dimensional stability and fire safety. In this context, the whole is 

greater than the sum of its parts. 

Then, what are the ways in which timber can be applied in construction, to achieve such synergetic 

material properties? While it may be difficult to provide an exhaustive list due to the many innovations 

since the start of the 20th century, in Image 1 below, an overview of the most common methods and end 

products is presented. 

 

Image 1: an overview of the processing chain of the most common engineered wood products [5, p. 344] 

In the next section, a more precise definition of engineered wood products is given. After that, the most 

common types are introduced, elaborated, and compared to one another. 

2.1.2 Definition 
An engineered wood product (EWP) is a man-made timber construction element, which is optimized 

for mechanical properties and material efficiency. This is achieved by bonding individual timber 

elements, which together form a larger and integral composite unit, suitable for construction purposes. 

[4, p. 82], [6, p. 29] 
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All of the most common EWP types share the same properties: 

▪ A starting element: these are the individual timber elements, which are to be bonded together. 

These starting elements can be relatively small elements (e.g. wooden strands), relatively big 

elements (e.g. wooden planks), and elements in between with regard to size (e.g. veneers). 

▪ An element connection method: the starting elements can be bonded together by using different 

methods. A distinction can be made between bonding with glue, and bonding using any method 

without glue (e.g. dowels and nails). 

▪ An element orientation: the starting elements can be bonded together in different orientations 

relative to one another. For example, starting elements can be bonded parallel to one another, 

orthogonal (i.e. cross-wise), or in any other random orientation. 

In the next section, the most common EWP types are identified and described, using these three 

characteristics.  

2.1.3 Engineered Wood Products Types 
On basis of the characteristics as set out above, the most common EWP types are introduced. 

Additionally, the EWPs are sorted in the following three categories: 

▪ General Types 

▪ Non-Glued Types 

▪ Structural Composite Lumber 

General Types 
The first types in this overview of common EWPs, can be identified as general types. 

Glue-Laminated Timber 

EWP properties: 

▪ Starting element:    wooden plank 

▪ Element connection method:   glue 

▪ Element orientation:    parallel 

 

Image 2: glue-laminated timber [7] 

Glue-laminated timber (glulam) is an engineered wood product, consisting of individual wooden planks, 

which are glued together in the same longitudinal direction. Plank thicknesses can be between 6 and 45 

mm. Additionally, finger-jointing allows for increasing a glulam element’s length, technically up to 80 

m. However, lengths are usually limited by other factors, such as transportation and manufacturing hall 

related limitations. Glulam was first patented in Germany in 1906, making it a relatively old engineer 

wood product. In modern mass timber engineering practice, glulam elements are typically used for 

columns, beams, headers, and trusses. [6, p. 30] 
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Cross-Laminated Timber 

EWP properties: 

▪ Starting element:    wooden plank 

▪ Element connection method:   glue 

▪ Element orientation:    orthogonal 

 

Image 3: cross-laminated timber [7] 

Similar to glulam, cross-laminated timber (CLT) is an engineered wood product consisting of individual 

wooden planks glued together. However, compared to glulam, the orientation of the elements is 

different: in CLT, the wooden planks are glued orthogonally on top of one another. CLT always consists 

of an uneven number of layers (usually three, five, or seven) of wooden planks, so that the outer layers 

have the same direction, increasing overall strength. A CLT panel has good dimensional stability, and 

can be used for two-way spanning. CLT dimensions can be up to 500 mm thickness, 4,5 m width, and 

25 m in length. Additionally, during manufacturing, a CLT element can be customized in shapes with 

millimetre accuracy. This allows for extensive prefabrication, such as window and door openings, but 

also drill-holes and conduits for installations and electricity. CLT application started in the 1990s, and 

is nowadays typically used for structural walls, floors, and roofs. [3, pp. 11–16] 

Non-Glued Types 
The next three EWP types are similar to the general ones, but are remarkable for the absence of glue in 

the end-product. 

Dowel-Laminated Timber 

EWP properties: 

▪ Starting element:    wooden plank 

▪ Element connection method:   dowels 

▪ Element orientation:    parallel or orthogonal 

 

Image 4: dowel-laminated timber [8, p. 128] 

Dowel-laminated timber (DLT, or Brettstapel) is an EWP type, that uses dowels to connect individual 

wooden planks. In order to make DLT products, dry hardwood dowels are put in the more moist 

softwood planks. Then, after insertion, the dowels will swell due to the differences in moisture content, 

connecting the wooden planks. This results in a full timber end-product, without glue or nails. However, 

compared to for example CLT, its structural performance is lower. The product was invented in 

Germany in the 1970s. [4, p. 87] 
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Nail-Laminated Timber 

EWP properties: 

▪ Starting element:    wooden plank 

▪ Element connection method:   nails 

▪ Element orientation:    parallel or orthogonal 

 

Image 5: nail-laminated timber [8, p. 128] 

Another EWP in the non-glued category, is nail-laminated timber (NLT). In this product, wooden planks 

are connected by means of nails. This method of creating an EWP is relatively old – it has been in use 

in North America for around 150 years. [4, p. 87] NLT does not require sophisticated machinery, and 

can be fabricated by an experienced carpenter (which may explain its long history). [6, p. 33] 

Interlocking Cross-Laminated Timber 

EWP properties: 

▪ Starting element:    wooden plank 

▪ Element connection method:   interlocking 

▪ Element orientation:    orthogonal 

 

Image 6: interlocking cross-laminated timber [8, p. 128] 

The last EWP in the non-glued category in this series, uses interlocking planks as a means of connection 

method: interlocking cross-laminated timber (ICLT). Similar to DLT, this type of EWP is full timber – 

no glue or nails are required for production. ICLT is relatively new, with research and development 

starting in the 2000s. Therefore, its current application in construction is only limited, compared to other 

types of EWP that have been in use longer. [9] 
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Structural Composite Lumber 
The last types of EWP in this series can be identified by their starting elements. Instead of wooden 

planks, thin layers of veneer are used, or even smaller timber particles, such as wooden strands. 

Laminated Veneer Lumber 

EWP properties: 

▪ Starting element:    veneer 

▪ Element connection method:   glue 

▪ Element orientation:    parallel or orthogonal 

 

Image 7: laminated veneer lumber [10, p. 399] 

Laminated Veneer Lumber (LVL) is an EWP made of multiple layers of veneer, each 3 mm in thickness, 

glued together. The relatively high number of thin layers increases the homogeneity of the overall 

material. Any natural defect in the original veneer is only relatively small, and the relatively large 

number of layers surrounding the defect provide reinforcement. Because of the high material 

homogeneity, LVL is the strongest and stiffest EWP type in this overview. LVL veneers are usually 

glued parallel in the direction of the grain to one another, but can also be manufactured in a crosswise 

manner. The latter allows for higher dimensional stability in panels, due to the increased strength in the 

panel’s width direction. LVL, in its current form, was invented in the 1970s in North America. The 

material can nowadays typically be used in a wide range of applications in the built environment. Linear 

elements (such as beams and columns) and plate-like elements (such as floors and walls) are built in 

LVL, and can be combined with other construction materials. [11, pp. 9–18] 
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Parallel-Strand Lumber 

EWP properties: 

▪ Starting element:    wooden strip 

▪ Element connection method:   glue 

▪ Element orientation:    parallel 

 

Image 8: parallel-strand lumber [10, p. 399] 

The second type of structural composite lumber in this list, is parallel-strand lumber (PSL). In this EWP, 

veneer strips are glued together in a parallel manner. These veneer strips are much smaller than the 

veneer sheets used in LVL (typically max. 15 mm wide, and up to 2,5 m in length). In fact, PSL veneer 

strips are usually fall-out strips from LVL veneer sheets. This way, left-over material from LVL 

production is still valuable. PSL products have a high strength and predictable performance, comparable 

to LVL. Therefore, PSL elements can be used in large span structures.[4, p. 89] 

Laminated Strand Lumber 

EWP properties: 

▪ Starting element:    wooden strand 

▪ Element connection method:   glue 

▪ Element orientation:    parallel, orthogonal, or random 

 

Image 9: laminated strand lumber [12, p. 53] 

The final EWP type in this series is called Laminated Strand Lumber (LSL). (Also called Oriented 

Strand Lumber (OSL).) This product is similar to PSL, since smaller timber elements are glued together 

to create a larger end product. However, in LSL, these starting elements are smaller wooden strands, 

most likely left-over wooden chips from timber manufacturing. Also, their orientation can be parallel, 

orthogonal, or random. The end product usually has less strength than PSL, but it is cheaper to produce. 

A typical, and perhaps well-known, example of a LSL product is oriented strand board. [4, p. 82,89] 
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Overview 
Below, in Table 2, the EWP types as defined in the previous section, are summarized. 

Table 2: summary of common EWP types 

Product: Starting element: 

Element 

connection 

method: 

Element 

orientation: 
Image: † 

General types: 

Glulam Wooden planks Glue Parallel 

 

CLT Wooden planks Glue Orthogonal 

 

Non-glued types: 

DLT Wooden planks Dowels 
Parallel 

Orthogonal 

 

NLT Wooden planks Nails 
Parallel 

Orthogonal 

 

ICLT Wooden planks Interlocking Orthogonal 

 

Structural Composite Lumber types: 

LVL Veneers Glue 
Parallel 

Orthogonal 

 

PSL Wooden strands Glue Parallel 

 

LSL Wooden strands Glue 

Parallel 

Orthogonal 

Random 
 

† Image sources: see previous section. 
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2.2 Current Engineered Wood Product Application 

2.2.1 Introduction 
As described in the previous paragraph, most EWP types are relatively new, and their application in 

building construction is not as common as other building materials. In this paragraph, a concise overview 

of how mass timber can be applied in practice is given. Three case studies from around the world are 

introduced. (And, in the next paragraph, these three case studies will help investigating a number of 

specific mass timber topics.) Finally, at the end of this paragraph, the current mass timber application 

for buildings in The Netherlands is shortly examined. 

2.2.2 Mass Worldwide Timber Case Studies 
In this section, a concise overview of three specific case studies of mass timber application from around 

the world is given. The projects listed in below, Table 3, are covered. 

Table 3: mass timber case studies covered in this section  

Project Name: 
Building 

Location: 

Year of 

Completion: 
Building Height: 

Building 

Function: 

Stadthaus London (UK) 2009 30,0 m Residential 

Brock Commons 

Tallwood House 
Vancouver (CA) 2017 53,0 m Residential 

Mjostarnet Brumunddal (NO) 2019 85,4 m 
Mixed (residential, 

offices) 

 

The reason for including these specific projects, is that all of these projects are relatively innovative in 

one way or another. Additionally, all of these projects have distinct differences in structural design, 

providing a broader range of technical possibilities. Therefore, examining these projects may be helpful 

in the design challenge of this thesis. 

Stadthaus 
Stadthaus is a multi-storey apartment block in London, built primarily in CLT. Upon completion in 

2009, it was the tallest habitable timber structure in the world. Therefore, some consider it a ‘lighthouse 

project’ – it showed mass timber feasibility for midrise buildings in a time this may have been considered 

rather unconventional. 



Chapter 2 – Mass Timber 

16 

 

Image 10 (left): Brock Commons Tallwood House [13] 

Image 11 (centre): inside Stadthaus during construction. Almost all walls and floors are CLT panels. 

Although small, the steel brackets connecting floors and walls are visible. [14] 

Image 12 (right): impression of a detail of a connection between an external wall and a floor. Note that all 

CLT is invisible – additional layers (e.g. for fire-proofing) were added during construction. [13] 

The structure of Stadthaus is almost fully CLT – both walls and floors. The walls in between apartments 

also act as shear walls, which stabilizes the building. Connections are realized in a more or less 

straightforward manner – CLT panels are connected on-site, with steel brackets and self-drilling screws. 

And finally, sufficient fire safety is achieved by adding layers of plasterboard to all CLT panels. Because 

of this, the CLT panels cannot be seen, both from the inside or the outside. [13], [14] 

Brock Commons Tallwood House 
Then, almost a decade later, mass timber construction had become more adopted worldwide. The next 

building in this series, the Brock Commons Tallwood House, is an example of this development. The 

structure is a student housing tower, and is built in Vancouver. Upon completion in 2017, it was the 

tallest timber hybrid building worldwide, at 53 meters. (A timber hybrid building is built both in mass 

timber and in another material; in this case concrete.) 

 

Image 13 (left): Brock Commons Tallwood House [15] 

Image 14 (centre): Brock Commons Tallwood House during construction. The prefabricated mass timber 

elements are still clearly visible, as well as the concrete core. [15] 
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Image 15 (right): there is no visible structural timber inside, after construction was finished. All timber was 

encapsulated for fire safety reasons. [16] 

Structurally, Brock Commons Tallwood House consists of two concrete cores, and a mass timber 

superstructure. This superstructure is mainly made up out of glulam columns, CLT floor slabs, and 

façade panels. All of these elements had a high level of prefabrication – they were cut exactly to size, 

almost all connections were already in cooperated, and even most holes for installations were predrilled. 

This method allowed for a very quick construction on-site, with an average of two floors per week. In 

2.3.2, more attention is paid to the design of this connection. 

However, a number of steps in this process proved to be relatively slow. For example, concrete was 

poured on all floors, so that acoustic and vibrational problems were solved for the lightweight floors. 

Obviously, letting the concrete cure demanded extra time in the overall construction process. Also, all 

timber elements had to be encapsulated with gypsum boards for fire safety, demanding extra time. [15] 

Mjostarnet 
Finally, in 2019, the tallest full mass timber building worldwide was completed. Mjostarnet (Norway) 

has a height of 85,4 meters, and houses a mix of functions (such as apartments, offices, and hotel rooms). 

 

Image 16 (left): the Mjostarnet building at its opening in 2019. On the left side of the building, diagonals are 

still visible behind the windows. [17] 

Image 17 (centre): Mjostarnet under construction. Construction time was increased by hoisting four-storey 

elements, instead of several smaller one-storey elements. Also, all elements were prefabricated in great detail, 

so that on-site construction workers only had to fix the connections. [18] 

Image 18 (right): Mjostarnet under construction. The load-bearing structure is clearly visible – glulam 

columns, beams, and diagonals. In the middle, the CLT core is also visible. (This core does not have a stabilizing 

function, but acts as a divider between compartments.) [18] 

The structure of Mjostarnet consists mostly of glulam columns, beams, and diagonals. The diagonals 

stabilize the building, and run across the facades, partly visible from the inside and outside. All mass 

timber elements were prefabricated, down to a millimetre in precision. This way, all elements only had 

to be hoisted, positioned, and then fixed at the predrilled connection holes. Besides that, extra time was 

reduced by making the prefabricated elements relatively large – up to four storeys in height was installed 

in a single crane hoist. [18] All of these strategies resulted in huge time savings – a construction manager 

of the engineering firm involved with Mjostarnet, had estimated that the building was opened one year 

earlier, compared to building traditionally. (He also estimated that the total building cost was two percent 

higher than traditional, but that the next tower would be cheaper.) [19] 
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With regard to fire safety, many timber elements are exposed visibly in Mjostarnet. In these elements, 

sufficient material thickness was applied to withstand a fire for the required amount of time (120 minutes 

for the main load bearing system, and 90 minutes for secondary load bearing elements). Connections 

are placed inside the timber elements, so that they are sufficiently protected in case of a fire. [20] In 

2.3.3, the fire resistance of these connections is further elaborated, as well the fire resistance of the large 

columns applied in Mjostarnet. 

2.2.3 Mass Timber Application in The Netherlands 
Even though construction in timber is not unusual in The Netherlands, mass timber application is 

relatively uncommon, especially when considering mid- and high rise buildings. In Table 4 below, an 

overview of mass timber projects in The Netherlands is given. 

Table 4: mass timber buildings in The Netherlands, with at least five storeys building height (finished or under 

construction, as of April 2021). All of these projects are either full mass timber, or a hybrid with another 

construction material. [21][22][23][24][25][26][27] 

Project Name: 
Building 

Location: 

Year of 

Completion: 
Building Height: 

Building 

Function: 

Patch22 Amsterdam 2016 7 storeys Residential 

Hotel Jakarta Amsterdam 2018 10 storeys Hotel 

Triodos Bank 

Office 
Driebergen 2019 5 storeys Office 

Top-Up Amsterdam 2020 8 storeys Residential 

Koning Willem I 

College 
Den Bosch 2020 5 storeys Educational 

Stories Amsterdam 2020 10 storeys Residential 

HAUT Amsterdam 2021 21 storeys Residential 

 

In Table 4, one can observe that almost all Dutch mass timber projects are located in Amsterdam. A 

plausible explanation for this, is the high house pricing in Amsterdam. Due to these high prices, building 

cost can be higher, and thus mass timber construction may be economically feasible. (Although it must 

be noted that this specific hypothesis has not been researched in this thesis.) 

Of the given mass timber projects in The Netherlands, HAUT is arguably one of the most exciting ones. 

Upon completion, the HAUT building will have a total height of 73 meters. And even though HAUT 

will not break any world records in terms of building height in mass timber, its completion may very 

well have an important impact on the Dutch building industry. With this project, feasibility of a mass 

timber tower will be shown to the larger public in The Netherlands – perhaps stimulating more mass 

timber application in future projects. The HAUT building is currently under construction (as of April 

2021), and it is scheduled for completion mid-2021. [28] 
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Image 19: a rendering of the HAUT building in Amsterdam [28] 
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2.3 Engineered Wood Products in Structural Design 

2.3.1 Introduction 
Structural design in timber requires paying extra attention to a number of specific topics, in order to 

make a successful and long-lasting design. These topics include the following ones: 

▪ Connections 

▪ Fire Safety 

▪ Vibrations and Acoustics 

▪ Long-Term Durability 

In the following sections, each of these topics is elaborated, within the context of this thesis – an 

economical office design in mass timber. Therefore, at the end of each section, a number of design 

recommendations are made, which can be applied in the design process in this thesis. 

2.3.2 Connections 

Introduction 
When designing a timber structure, extra attention should be paid to the connections. In timber 

connection design, the characteristic structural properties of wood (such as the orthotropy in material 

strength) are not only important, but also other aspects; such as fire safety, protection from the elements, 

and long-term durability in general. 

Additionally, within the context of this thesis, the aim is to make an economical design. In relation to 

connections, making an economical design means not only taking into account the aforementioned 

aspects, but also other ones; such as construction speed, ease of installation, and the possibilities of 

prefabrication. 

In this subparagraph, the aim is to obtain design recommendations for making an economical connection 

design in timber. In order to do so, the three case studies from 2.2.2 will be looked at again. 

Connections in the Case Study Buildings 

Stadthaus Connection Design – Traditional Connections 

When looking at the timber connections of Stadthaus in Image 11 and Image 12, one can observe that 

the connection types used here, are arguably relatively straightforward. The CLT elements are simply 

placed on top of one another, steel brackets and screws are then used to connect the elements, and 

additional layers are applied to finish up the design. 

Even though this type of connection design was feasible in the Stadthaus project, there are a number of 

drawbacks with regard to economical design. For example; all the steel brackets were put in place on-

site. Not only does this cost a substantial amount of time on the construction site, it is also a relatively 

complex operation (e.g. the brackets need to be installed at the correct positions, the screws have to be 

inserted into the correct lamellae of the CLT, under the right angle, in the correct depth, etc.). This is 

not to say this type of connection design is too difficult to be executed properly, but rather, it is relatively 

prone to errors. 

An additional drawback is the extra work required after primary construction. For example, the steel 

brackets cannot be freely exposed, they need to be protected for fire safety. In the case of Stadthaus, 

layers of fireproofing were added to accomplish this. 

Below, in Image 20, extra examples of the type of traditional CLT examples as applied in Stadthaus are 

shown. 
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Image 20: examples of more traditional types of connecting CLT panels. On the left, an example of platform 

framing in CLT panels is shown. On the right, an example of balloon framing in CLT panels is shown. In both 

cases, the required labour on-site is rather extensive, and additional work is required with regard to making the 

connections fire-proof. [29, p. 16,18] 

In order to design a better economical CLT connection, improvements can be made by means of 

prefabrication. This was shown in the next case study building, the Brock Commons Tallwood House. 

Brock Commons Tallwood House Connection Design – Design for Speed 

In the Brock Commons Tallwood House, extensive research was performed on how to design column 

connection in mass timber, which could satisfy all structural needs, and that could be relatively quick to 

install. The outcome of this research is shown in the images below. 

 

Image 21 (left): column and floor connection design in Brock Commons Tallwood House. [30, p. 47] 

Image 22 (centre): column installation at Brock Commons Tallwood House was done by hand. The columns 

only had to be plugged into the steel connection plate, and then a horizontal pin for fixation finished the 

connection structurally. [31] 

Image 23 (right): an impression of the finished connection design. Additional layers (such as fire-proofing) 

had to be added after construction. [30, p. 45] 

As shown in Image 21, glulam columns are connected with a custom-made steel profile at both column’s 

ends. This steel profile is attached to the glulam columns with glued-in rods. The steel profile allows for 

a direct transfer of vertical forces from column to column, without affecting the CLT floor panels. At 

the steel profile’s centre, a horizontal pin is inserted to fixate the columns, and to allow for tensile forces. 

Besides the favourable flow of vertical forces, another huge benefit to this type of connection is shown 

in Image 22. Here, the construction workers in principle only have to ‘plug in’ the column, and then 

finish the connection by inserting the horizontal pin. Compared to a more labour-intensive method of 
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realizing connections, such as in in the Stadthaus, this solution saves valuable time during the 

construction phase. 

Moreover, it was found that because of the repetitive nature of the construction methods, construction 

workers experienced a quick learning curve. After assembling the first number of storeys, the 

construction workers got sufficiently acquainted with the construction methods. Subsequently, all 

remaining floors were constructed with increased efficiency. For example, when starting at level 3, the 

construction workers had a productivity of installing 9,0 m2 CLT panel per labour hour. Then, after 

getting experienced in the installation techniques, productivity grew – at level 14, a productivity peak 

of 29,2 m2/labour hour was achieved. Based on this, it is obvious that repetitive building techniques can 

be very beneficial for building a mid- or high-rise structure. [32, p. 50] 

However, where initial construction speed seems relatively high for this connection type, in the finishing 

phases of the construction, a number of labour-intensive steps were still required. For example, as shown 

in Image 23, layers of fireproofing had to be added afterwards. 

As for improvements in construction speed in this phase, the next building, the Mjostarnet, gives some 

inspiration. 

Mjostarnet Connection Design – Killing Two Birds with One Stone 

In the Mjostarnet connection design, emphasis was put on maximizing construction speed in a broader 

sense. Not only the initial steps of building the construction should be as fast as possible, but also other 

steps that influence overall construction speed need to be taken into account. In the images below, an 

example of a connection in the Mjostarnet building is given. 

 

Image 24 (left): a connection of the Mjostarnet tower, with internal steel plates in mass timber elements. [33] 

Image 25 (right): installation of a Mjostarnet connection. [34] 

As shown in Image 24, internal steel plates connection mass timber elements in the Mjostarnet tower. 

These steel plates have been prefabricated – at the construction site, construction crew only has to fixate 

the mass timber elements by inserting fasteners. And even though this might seem more labour-intensive 

than the relatively straightforward column connection of the previous section, this connection allows for 

a multiple-storey element to be realized at once. Additionally, as visible in Image 25, the connections 

were placed above the lower end of the column element. This gave sufficient stability to the column 

element during the construction phase, thus removing the need for temporary support constructions. 
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Also, no additional finishing layers (such as fireproofing) were required for this connection. In the 

interior of the Mjostarnet buildings, the primary construction and these connections are still visible. As 

for fire safety, the connection is protected by the timber itself. The internal steel plates are sufficiently 

imbedded within the timber elements, so that if a fire occurs, the timber protects the steel. Also, 

intumescent fire strips were added at any gaps or holes of the connection. These fire strips expand when 

heated, and then by doing so, provide fire protection to the elements behind them. (More on fire safety 

in the Mjostarnet, and in mass timber construction in general, in 2.3.3.) 

By designing this connection type, Mjostarnet engineers were able to combine various aspects into one 

solution. This contributed to building economically in mass timber. 

Design Recommendations 
Based on the analysis of the three case study buildings in this subparagraph, the following 

recommendations for economical design in timber connections can be made: 

▪ Avoid ‘traditional’ types of connections that require a lot of work on-site. Instead, prefabricated 

connections allow for faster installation, and thus reduces construction time on-site. 

Additionally, it makes connections less prone to errors during installation. 

▪ Repetitive building and connection techniques allow for a rapid learning curve of the 

construction crew. This boosts the overall productivity of the construction crew, especially for 

mid- or high-rise buildings. 

▪ Try to solve multiple problems at once in connection design. For example: fire safety, and 

temporary stability can be integrated into the connection design. 

2.3.3 Fire Safety 

Introduction 
In terms of design for fire safety, mass timber requires a different approach than, for example, steel or 

concrete. The reason for this, is that timber is a combustible material – if the material is burnt, it releases 

energy, which contributes to the total energy of the fire. On the other hand, timber elements exposed to 

fire manifest quite predictable behaviour. With this predictable behaviour, a safe fire design concept is 

feasible, if taken into account from an early design phase. 

In this section, the behaviour of timber in case of a fire is elaborated, and a number of design 

recommendations with regard to fire safety are given. 

Additionally, it should be noted that fire prevention is not considered in this section. Although this 

subject is of high importance in a general fire safety concept, fire prevention is not necessarily a topic 

limited to mass timber only, its principles apply to all buildings, regardless of the construction materials 

used. Therefore, the scope in this section is post-flashover: fire prevention has failed, and timber is 

exposed to fire.   

Timber Behaviour in Fire 

Phases of Burning in Timber 

In case of fire, a number of phases of timber behaviour can be distinguished. See Figure 2 below. 
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Figure 2 (left): a temperature – relative mass diagram of a timber element subjected to fire. These diagrams 

can be obtained by means of experimentation – a piece of wood is continually weighed, while it is heated to fire-

like temperatures in a special type of oven. Based on the reaction of the wood to the heat exposure, different 

phases can be identified at different temperature intervals. [35] 

Image 26 (right): schematization of charring timber (also see the explanation below). [3, p. 133] 

As shown in Figure 2, the following phases of timber behaviour in case of a fire can be defined: [35] 

▪ Drying: up to around 100 °C, all the water inside the timber evaporates, causing the first mass 

reduction. 

▪ Pyrolysis: starting around 200 °C, and up to around 350 °C, timber starts to gasify, and these 

gasses can burn. 

▪ Char oxidation (also often called ‘charring’): starting around 350 °C, a layer of char is created. 

In Image 26, a schematization of timber exposed to fire is given. In this image, the abovementioned 

phases are clearly visible: [3, p. 133] 

▪ To the left, timber which is unaffected by the fire, is indicated in light-orange. In this section, 

temperatures are below 200 °C – the timber has only been dried due to a relatively small 

temperature increment. Timber structural material properties are essentially unaffected here. 

▪ In the middle, the pyrolysis zone is indicated in light-grey. Here, flammable gasses are created, 

which can diffuse through the char layer to the right. Then, these gasses can burn if they 

encounter oxygen, acting as a fuel load to the existing fire. 

▪ To the right, the charred layer is shown in dark-grey. In this area, the high temperatures of the 

fire have caused the timber to char. The char layer provides thermal insulation to the rest of the 

timber, essentially protecting the unaffected wood. 

This charring property of timber is relevant, as it protects the inside of the timber. In principle, it acts as 

a fire retardant – the consumption of timber by the fire is slowed down. 

Charring Speed 

Due to increased knowledge of material behaviour of timber in case of a fire, this charring behaviour is 

relatively predictable nowadays. For example, in the situation as depicted in Image 26, the char layer 

would gradually move to the left, following the pyrolysis layer which consumes the unaffected wood. 

The speed at which this movement occurs, the ‘charring speed’, is determined for all timber construction 

materials. This is an important material parameter for fire safety calculations according to Eurocode – 

it predicts how long and how much unaffected and load-bearing timber is present behind a char layer. 
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Glulam and CLT Behaviour in Fire 
The basis of timber behaviour in fire as outlined in the previous section, in principle also apply to EWPs. 

However, a number additional remarks need to be made in the case of EWPs. In this section, this is done 

for glulam and CLT. 

In case of a fire inside a fire compartment, the fire consumes the fuel load – any present combustible 

material, such as furniture. And, when the fuel load is sufficiently low, the fire will start to extinguish.  

In the case of a timber building, the structure may contribute to the fuel load, since timber is a 

combustible material. However, the char layer that is created on timber elements when being burnt, 

protects the inside unburnt timber, and slows down the fuel consumption process. If the thermal 

insulation of the char layer is high enough, and the external heat of the fire is sufficiently low, the 

burning of timber in the pyrolysis layer can even stop. This is called self-extinguishment. 

Self-extinguishment of timber is currently not taken into account in building regulations. However, it 

can reduce the probability of collapse as a result of fire. Especially in mid and high rise mass timber 

buildings, this can play an interesting role with regard to fire safety. [36, p. 11] Therefore, this 

phenomenon is further elaborated in this section. The aim is to obtain specific design recommendations, 

which may be used in the office redesign in this thesis. 

In order to do so, the following series of experiments are further elaborated below: 

▪ Mjostarnet glulam column experiments 

▪ Crielaard CLT compartment experiments 

Mjostarnet Glulam Column Experiments 

For the Mjostarnet building, as introduced in 2.2.2, a number of fire experiments were conducted. The 

aim of the experiments was to investigate the behaviour of glulam columns when subjected to fire. Three 

experiments are described, and these were conducted as follows: 

▪ Three glulam columns (column A, B, and C; each with dimensions of 0,5 m · 0,5 m · 3 m) were 

exposed to fire for ninety minutes. 

▪ Then, after the ninety minutes, the external heating was stopped, and the behaviour of the 

columns in the decay phase of the fire was examined. 

▪ The experiment focus on each column was slightly different: 

o Column A focus: to investigate the char depth if the column was left in the oven after 

the fire was stopped (i.e. the decay phase with residual heat of the fire). 

o Column B focus: to investigate the char depth if the column was outside the oven after 

the fire was stopped (i.e. the decay phase at room temperature). 

o Column C focus: to investigate the effect of the fire on steel connections inside the 

column element. 

▪ All columns were equipped with a number of temperature sensors at different depths inside the 

timber, so that the fire progression into the timber elements could be tracked. 

Below, in Image 27, photos of the glulam columns are given. 
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Image 27: from left to right, photos of column A, B, and C, as used in the Mjostarnet fire experiments. [33] 

When the experiment was finished, the temperatures recorded by the internal sensors were extracted, 

and plotted in a graph. Below, in Figure 3, these results can be found for column A and B (column C 

will be elaborated further in this section). 

 

Figure 3: time – temperature diagrams of the temperature sensors in column A (solid lines) and column B 

(dashed lines) during the fire experiment. Temperature sensors were installed at 40 mm, 60 mm, and 90 mm 

depth inside the column specimens. In both columns, the sensors at 40 mm and 60 mm depth were both lost 

during the experiment, due to fire damage (as evidenced by the abrupt stop of the corresponding graph lines). 

[33] 

As can be seen in Figure 3, inside both columns, the 40 mm and 60 mm temperature sensors registered 

relatively high temperatures, and were even lost due to fire damage. Based on the temperature data (i.e. 

temperatures greater than 200 °C), it can be concluded that the pyrolysis layer had passed the sensors at 

these depts. However, in both columns, the sensor at 90 mm depth was not lost, and temperatures never 

reached 200 °C. In other words, in both experiments, the wood was unaffected by the fire at 90 mm 

depth. Additionally, an extra temperature sensor had been placed at the column centres (not shown in 

the graph), and its maximum temperature recording was not higher than 40 °C. 

Then, these results were used to compute charring speed for both columns. Below, in Figure 4, these 

computed charring speeds are shown. Additionally, the relevant Eurocode charring speed for glulam 

members has also been given. 
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Figure 4: time – charring depth diagrams, based on the fire experiment data as given above. Lines A and B 

represent the calculated charring speeds for column A and B, respectively. Additionally, the relevant charring 

speed for glulam members in the Eurocode is also given (indicated with ‘EC’). [33] 

Based on the charring speeds given in Figure 4, it can be observed that during the exposure to fire (from 

0 to 90 minutes), both columns lose material slower than the Eurocode prescribes. After ninety minutes, 

when the external fire was stopped, both columns continued to smoulder and to lose some material, but 

at a much slower rate than the Eurocode prescription. Moreover, lines A and B start to flatten, indicating 

an inclination toward self-extinguishment. Subsequent calculations, using a parametric fire curve, 

support this inclination. 

The researchers concluded that the massive glulam elements are relatively fire resistant, due to their low 

ratio of exposed area to volume. The low exposed area means less material is lost in the event of a fire, 

compared to, for example, a typical wall or slab element in CLT. Also, the researchers mention that if 

the amount of wooden surfaces contributing to a fire is determined, it opens the possibility to design a 

combustible construction that resists a full burnout in the future. In the meantime, Eurocode regulations 

are to be used, and these were proven to be on the conservative (and thus safe) side. 

As for column C (the column specimen with a steel connection inside), the researchers found that the 

timber could protect the steel connection inside, when exposed to a ninety minute fire. In the specimen, 

the steel connection was designed with fire safety in mind. For example, bolt openings were covered 

with wooden plugs, and gaps were equipped with intumescent strips (which expand during a fire, so that 

the gaps are closed). In Image 28, an example of such connection is given, and in Image 29, a photo of 

column C after the fire experiment is shown. 
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Image 28 (left): an example of steel elements inside a timber connection. The red dots indicate an intumescent 

strip; these strip expand in case of a fire, close gaps, and protect the steel on the inside. [33] 

Image 29 (right): a picture of column C after the fire experiment. Parts of the column are still smouldering. 

Also, the expanded intumescent strips are clearly visible. The dark-grey lines cover the gaps of the connection 

plates, as shown in Image 27. [33] 

Crielaard CLT Compartment Experiments 

Where glulam members benefit from their effective exposed area to volume ratio with regard to fire 

safety, CLT members usually have a much different shape – flatter, and with more exposed area, for 

example wall or slab elements. In these elements, different phenomena in the event of a fire may happen. 

In the Crielaard experiment series, these phenomena were examined. 

In these experiment series, the aim was to investigate under what conditions a potential for self-

extinguishment in CLT could occur. In order to do so, small-scale CLT compartments were subjected 

to external fire. These CLT compartments were all 0,5 m · 0,5 m · 0,5 m in size, but with different 

setups. Setups varied in terms of material (e.g. different types of CLT, or non-combustible materials), 

and in terms of lay-out of these materials (e.g. CLT faces opposite to one another, or adjacent to one 

another). In Image 30, examples of a number of compartments in this experiment series are shown. 

 

Image 30: examples of CLT compartment specimens used in the Crielaard CLT box experiments. [36, p. 60] 

After exposure to fire, the post-fire behaviour of the compartments was examined, to see if it would self-

extinguish, or burn through. This was done by means of temperature sensors, and by observing notable 

CLT reactions with the naked eye. Below, in Image 31, the results for one series of experiments is given. 
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Image 31: time – temperature diagrams of four of the CLT compartment fire experiments, as conducted by 

Crielaard. The temperatures are measured at 400 mm height inside the CLT compartments. The arrows 

indicate moments of CLT delamination and subsequent fall-off. [37, p. 4452] 

The diagrams in Image 31 represent the temperature over time inside different CLT compartments, 

during and after exposure to fire. For all compartments, the period of exposure to fire is clearly visible 

in the graphs (0 to ± 30 minutes). Then, after halting the exposure to fire, all temperatures start to drop. 

However, after some time, three compartments experience a sudden rise in temperature. What had 

happened here? 

The researchers had observed that the three compartments that again rose in temperature, experienced a 

process called ‘delamination’. Delamination occurs when the heat increase inside the CLT causes the 

adhesive layers to lose strength. Consequently, individual lamellae of the CLT lose their bond, and fall 

off. Then, because the protective char layer has disappeared, new and unaffected timber is suddenly 

exposed to the smouldering remnants of the fire. If temperatures are still high enough, these ‘fresh’ 

layers of CLT may catch fire. This had caused the second rise in temperatures in the three compartments 

depicted in Image 31. Moreover, in two compartments, multiple instances of delamination had been 

recorded. This phenomenon of delamination is graphically represented below, in Image 32. 

 

Image 32: a CLT wall exposed to fire, with a partially delaminated first layer. [38, p. 34] 
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As visible in Image 32, a char layer has formed on the timber layer exposed to the fire. However, even 

though this char layer has protective thermal insulating capacities, temperatures are still relatively high 

behind the char layer. As the fire continues, these high temperatures progress deeper inside the CLT. 

Eventually, the temperatures may reach an adhesive layer. If the glue is not sufficiently heat resistant, 

delamination may occur. 

Additionally, a process similar to delamination, may also occur to CLT exposed to fire. The protective 

char layer may also fall off due to a loss in strength of the bond between the char layer itself, and the 

timber it had formed on. This is called ‘char fall-off’. Similar to delamination, unaffected timber is 

suddenly exposed to fire, possibly reigniting the fire. 

It is evident that both delamination and char fall-off are not beneficial to possible self-extinguishment 

of CLT, and must thus be prevented. Therefore, using the different CLT compartments that were tested 

in the Crielaard fire experiments, the researchers looked for clues as to how to accomplish this. 

One of the main findings was that applying a sufficiently thick top lamella, can prevent delamination or 

char fall-off. The thicker layer adds extra thermal insulation to the adhesive layer, so that its temperature 

is not increased up to the point of strength loss. In the diagrams in Image 31, this is shown in the blue 

(dash-dotted) line. Here, thicker outer lamellae were applied, preventing delamination. The other 

specimens had thinner outer layers, and all experienced delamination, with subsequent reignition of fire. 

Another finding is relevant to the mutual cross-radiation of smouldering CLT surfaces. Mutual cross-

radiation occurs when two (or more) CLT surfaces are smouldering, and the heat radiation of one CLT 

surface ‘feeds’ the smouldering of the other CLT surface(s). Consequently, self-extinguishment of the 

respective CLT panels is harder to achieve. 

Therefore, in order to prevent mutual cross-radiation, it was found that having only one exposed CLT 

surface in a fire compartment is an effective measure. And, when selecting this one exposed CLT 

surface, it is most effective to choose the ceiling. A slower rate of burning was measured here, compared 

to other CLT elements (such as walls). The researchers speculate that the reason for this, is the limited 

oxygen supply at the ceiling, due to the fire gasses rising to the top of the fire compartment. 

Also, if more exposed CLT surfaces are desired, it is recommended that these surfaces should not be 

oriented opposite to one another, but rather adjacent. 

Finally, the researchers mentioned the application of more heat-resistant types of adhesives. Heat-

resistant glue may fully prevent delamination, so that CLT behaves as a solid timber piece in case of a 

fire. However, even though new types of adhesives show potential with regard to heat-resistance, CLT 

suppliers still mostly use traditional types of adhesive (e.g. PU, and MUF). In the future, these newer 

types of adhesive may become available in practice. [36], [37], [39] 

Design Recommendations 
Based on the research as described above, the following design recommendations can be made with 

regard to design for fire safety in glulam and CLT structures: 

▪ Members with a large volume to exposed area ratio are very effective in case of fire. 

▪ Steel connections can be inside timber elements, so that they are fire protected. 

▪ The outer layers of CLT should be thick, so that they protect the adhesive layer inside the CLT. 

▪ Preferably only one CLT surface is exposed in a fire compartment, so that mutual cross-

radiation is avoided. 

▪ Also, it is most effective to select the ceiling as the exposed CLT surface, as burning rates are 

slower for ceilings compared to walls. 

▪ And, when more exposed CLT surfaces are desired, the selected CLT surfaces should not be 

oriented opposite to one another, but adjacent. This helps avoiding mutual cross-radiation. 
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2.3.4 Vibrations and Acoustics 

Introduction 
When designing a building in a lightweight material, such as timber, extra attention should be paid to 

vibrations and acoustics. Where in a, for example, concrete structure the relatively high mass will absorb 

most vibrations and sounds, this is not the case for lightweight structures. In this type of structures, if 

no measures are taken, all sorts of comfort issues will arise for the end user. Examples include: a 

vibrating floor when a person walks across; hearing too much sound from the other side of a wall; and 

constantly hearing the noise of an installation. 

Vibrations in Lightweight Floors 

Relevant Parameters 

The dynamics involved in vibrations in a floor can be schematized with a mass attached to a spring and 

a damper – a basic single degree of freedom (SDOF) vibration problem. [40] See Figure 5. 

 

Figure 5: a mass attached to a spring and a damper. 

In this basic SDOF vibration model, the following parameters are involved: 

▪ Force: F 

▪ Mass: m 

▪ Stiffness: k 

▪ Damping: C 

▪ Deflection: z 

And, relevant in this context, mass and stiffness are related in the natural frequency: 𝑓𝑛 =  √
𝑘

𝑚
 

These are the basic parameters that come into play in a vibration problem. Where a heavyweight floor 

solves the vibration problem almost completely by its high mass, a lightweight floor cannot do this, and 

the other parameters need to be considered. 

Vibration Parameters in the Context of Floors 

However, before continuing to potential vibration solutions, the basic SDOF problem is ‘translated’ to 

the context of floors in buildings. The following parameters are introduced: [41, p. 72] 

▪ Boundary conditions: the type of supports at a floor beam’s ends influence dynamic behaviour. 

▪ Materials and cross sections: the E-modulus of the floor material, and the second moment of 

inertia (I) of the floor cross section, predict the stiffness of the floor. 

▪ Span: the span of a floor influences its dynamic behaviour. 

▪ Architectural floor plan: the shape and design of the floor system impact dynamic behaviour. 

▪ Floor structural system: the overall structure of the floor system is also relevant – for example, 

floor beams can be coupled to one another, which has an influence on its dynamic behaviour. 

▪ Applied force: the type of force that is applied, results in different dynamic responses from the 

floor. For example, a human walking across the floor generates different floor vibrations than 

what a machine could generate. 

Note that these parameters are not additional vibration parameters, but rather the result of ‘translating’ 

the basic SDOF model parameters (F, m, k, C, fn, and z) to the context of building floors.  
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Lightweight Floor Vibration Solutions 

In order to design a lightweight floor for vibration comfort, several studies were conducted to obtain 

practical design guidelines, using the above parameters. In one such study, performed by Zegers in 2011, 

a number of relatively concrete design guidelines were given, in conjunction with other important 

aspects of a building design (such as long-term flexibility). [41, pp. 137–152] 

In short, these guidelines address the following topics: 

▪ Increasing of damping 

▪ Increasing first mode frequency 

▪ Dispersing vibration energy 

Each of these topics is further elaborated below. 

First of all, damping was found to be the most effective method of increasing vibration comfort in 

lightweight floors. In the study, several methods for increasing the damping of a floor were explored. 

One very effective method was the application of a rubber core at the centre of a floor cross section. 

Below, in Figure 6, this method is shown in a conceptual design for a floor system. This floor system 

was optimized for vibration comfort, and it achieves a damping ratio of 8,0% (which is arguably 

relatively high for a lightweight floor system made in steel and concrete). 

 

Figure 6: a conceptual design of a lightweight floor system with a rubber core layer at the cross section centre. 

This cross section is optimized for damping, and it achieves a damping ratio of 8,0%. [41, p. 144] 

Secondly, with regard to increasing the first mode frequency of a floor, two methods were found to be 

very effective in the study: increasing the flexural stiffness, and utilizing rotational stiffness at the 

supports. Below, in Figure 7, examples of such measures in a conceptual floor design are given, in 

combination with a damping core layer in the floor beams. 

 

Figure 7: on the left, an increase of a floor’s flexural stiffness is achieved by applying more material to the 

cross section outer fibres. On the right, a connection design is given, that utilizes the rotational stiffness at the 

support to increase first mode frequency. [41, pp. 147, 149] 

Finally, dispersing vibration energy in floors can be achieved by coupling floor elements. This way, the 

floor beams can cooperate, and will behave as a full floor system, instead of individual beams. Examples 

of coupling floor elements are the application of transverse floor slabs (as shown below, in Figure 8), or 

placing a separation wall across floor beams. 
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Figure 8: vibration energy in floors can be dispersed by coupling floor beams with floor slabs. [41, p. 150] 

Vibration Comfort Assessment 

In order to make a vibration comfort assessment for a floor, the OS-RMS 90 method (One Step – Root 

Mean Square – 90th percentile) can be applied [42]. This method is developed by the European 

Commission, and is based on vibrations caused by a human walking. Interestingly, in this method, not 

only the dynamic response of a floor is taken into account, but also how this is perceived by the end 

users in the building – it is a comfort assessment. 

In the OS-RMS 90 procedure, the load on the floor is based on a large data set (n = 700) of humans 

walking. Then, based on (a) the body masses and (b) the step frequencies of the walking persons in the 

data set, the loudest footsteps could be determined. It was determined that the footsteps louder than 90% 

of all other footsteps, were governing in this method. (Hence the ‘90’ in OS-RMS 90.) 

In order to make an assessment of a floor system in the OS-RMS 90 method, the following must be 

determined: 

▪ Natural frequency and modal mass: this is based on the floor geometry, boundary conditions, 

material, etc. 

▪ Damping ratio: based on floor material, interior design, and floor finishing 

Then, for each damping ratio value, a chart is provided in the OS-RMS 90 method (Image 33). In these 

charts, the natural frequency and modal mass of a floor are used to find an OS-RMS 90 value, and a 

floor classification. These floor classifications range from class A to F. 

Finally, the obtained OS-RMS 90 value and the floor classification must be evaluated on basis of the 

function of the floor. (One can imagine that, for example, vibration requirements are different for the 

operation room of a hospital, compared to an office space.) This evaluation is done on basis of a table 

provided in the OS-RMS 90 method (Image 34). 
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Image 33 (left): an impression of the OS-RMS 90 chart for floors with a 3% damping ratio. Based on the modal 

mass and the natural frequency, the OS-RMS 90 value and a classification can be obtained. An example is 

given for a floor with a modal mass of 17.220 kg, and a natural frequency of 7,1 Hz. [42, p. 27] 

Image 34 (right): an impression of the evaluation table for the OS-RMS 90 value and class, for different floor 

functions. [42, p. 24]  

Interestingly, and relevant to the design exercise in this thesis, is the damping value for timber floors. In 

the OS-RMS 90 method, a 6% damping ratio value is assigned to timber floors, compared to 2% and 

1% for concrete and steel, respectively. [42, p. 14] This is a beneficial property of timber, with regard 

to design for floor vibration comfort. 

Acoustics in Lightweight Structures 

Types of Sound and Sound Transmission in Buildings 

When considering acoustics in a building, the two following types of sound can be distinguished: 

▪ Airborne sound: sounds travelling through the air (e.g.: a person talking). 

▪ Impact sound: sounds caused by mechanical impact of objects or persons (e.g.: banging doors). 

Typically, impact sounds should be prioritized in designing for acoustics, as this type can cause sounds 

higher in energy. Both types are displayed below in Image 35, as well as how both types of sound can 

travel through a structure. 
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Image 35: examples of airborne and impact sounds, and ways of transmission [43, p. 25] 

As can be seen in Image 35 above, both types of sound exhibit two types of transmission: 

▪ Direct transmission: the ‘shortest route’ that sound can travel to another room. 

▪ Flanking transmission: an indirect path through the structure that sound can travel. 

Additionally, sound can also be differentiated in frequency. Typically, high frequency sounds are not 

problematic for lightweight structures. However, low frequency sounds are typically harder to insulate 

in lightweight structures. [43, p. 25,26] 

Designing for Acoustics 

In order to design for acoustics in a lightweight structure, the following methods can be applied: [3, pp. 

151–156] 

▪ Sound insulation: applying layers of sound insulation in or onto elements, so that sound is 

absorbed. 

▪ Flanking transmission barriers: at element connections sound barriers can be applied, that 

prohibit flanking sound. For example, a layer of synthetic material can be placed at the 

connection of a floor and a wall, so that both elements are acoustically ‘decoupled’. 

▪ Double structures: an element consisting of two acoustically separate parts, can generally 

achieve a good level of sound insulation. An example of this, is a floor that consists of two parts: 

the structural floor elements, and a separate layer, such as a top layer, of which the latter is not 

connected to any walls (so to reduce flanking transmission). 

Design Recommendations 
Based on the findings of this subparagraph, the following design recommendations with regard to 

vibrations and acoustics in lightweight structures can be made: 

▪ In the floor vibration system parameters, after mass, damping is the most effective parameter to 

manipulate dynamic response. Timber already has inherently high damping properties, and this 

can be further increased by, for example, the floor plan, the floor system, and the floor finishing 

layer. 

▪ Increasing the first mode frequency of a floor is the next best method of increasing comfort 

assessment. This can, for example, be done by increasing the flexural stiffness, and activating 

support rotational stiffness. 

▪ Another method of designing for vibrations in lightweight floors, is to disperse vibration energy. 

For example, this can be done by means of coupling floor elements. 

▪ In order to prevent noise disturbances across different rooms, building elements in-between 

should be decoupled.  

▪ Building elements consisting of two acoustically separate parts, generally achieve a good level 

of sound insulation. 
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2.3.5 Long-Term Durability 

Introduction 
Different than materials such as concrete or steel, timber is an organic material, and is therefore 

susceptible to specific threats regarding long-term durability. These threats include the following ones: 

▪ Wood movement 

▪ Fungi 

▪ Insects 

In the next section, these mass timber threats to long-term durability are further elaborated. 

Design for Long-Term Durability 

Wood Movement 

Wood elements can experience movements (shrinkage and swelling) during the usage phase. These 

movements are caused by changes in the wood moisture content (MC). A rise in the MC causes wood 

to swell, and a drop in the MC causes shrinkage in wood. Parallel to the fibre, wood movements are 

negligible. However, wood movements perpendicular to the grain directions cannot be ignored. In the 

tangential direction, wood movements are the greatest. [3, p. 160] 

In the case of CLT, the alternating layers of boards help reducing the amount of shrinkage of swelling. 

CLT panels are manufactured at a certain MC rate, and after construction the CLT panels will find 

equilibrium with the indoor relative humidity. Attention should be paid to CLT panels with different 

temperatures or moisture conditions on both sides (e.g. outer walls). In these situations, different types 

of wood movement may occur on both sides of the CLT panel. Instead, it is recommended to apply CLT 

(but also other EWPs, such as LVL) in stable indoor climates, without large deviations in relative 

humidity. Also, it can be considered to allow for some room for wood movements at the connection 

details. [3, p. 20] [11, p. 175] 

Fungi 

Various sorts of fungi can pose a serious risk to the long-term durability of timber. Under certain 

circumstances, fungi can grow on timber. Different species of fungi can then cause all sorts of problems. 

Some species only grow on the timber, without affecting the wood. However, these may be potential 

allergens, and can impact the indoor air quality. Other types can affect the wood, and these may cause 

biodegrading of the timber, affecting its structural properties. 

Fungi can only develop if all of the following requirements are present: 

▪ Oxygen 

▪ An accessible nutrient source (in this context: wood) 

▪ Temperatures above freezing 

▪ An MC of at least 26% 

Considering the first three requirements are present inside a timber buildings, the focus of controlling 

fungi growth is on the last parameter: MC. 

In order to do so, the timber should be kept sufficiently dry, for as long as possible. This includes during 

the construction phase. Usually, mass timber is dry when fabricated (below 15% MC), and then covered 

in plastic sheets for protection. If construction is rapid, then the timber is only exposed relatively short 

to excess moist. If the timber can then dry sufficiently after construction, the wood MC is not 

dangerously high for a too long period. In practice, this means there will be no fungi infestation. 

After construction, and during the usage phase of the building, design for fungi involves mainly two 

aspects: humidity control of the indoor climate, and visibility of the mass timber elements. For the 
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former, proper mechanical ventilation can control the indoor climate, so that the risk of an elevated 

humidity is reduced. 

However, a prolonged period of a high humidity, or the presence of water inside at timber elements may 

still occur by accident (e.g. by a leakage). If this happens, the visibility of the mass timber elements 

comes into play. First of all, because a visible timber element can potentially dry faster than a concealed 

element. Secondly, a possible fungi infestation is sooner detected if the timber elements are visible, 

allowing for early intervention, and reduced damage. [44, pp. 116–118] 

In the past decade, these measures were usually observed well in mass timber construction worldwide, 

and there were no serious damages caused by fungi. However, there have been a number of smaller 

incidents. In a 2020 Norwegian study, twelve damage cases of mass timber (mostly CLT) buildings due 

to moisture were examined. The damages included moisture damage without fungal growth, fungal 

growth without damage to the timber, and fungal growth with damage to the timber. The aim of the 

study was to identify main causes for moisture damage. [45] 

The following causes were identified: 

▪ Water intrusion during construction (7x) 

▪ Leakage (1x) 

▪ Constructional error (4x) 

Water intrusion during construction was caused by insufficient protection from rainfall. The researchers 

suggest that limited exposure to water during construction is acceptable, as long as it is a short exposure, 

and that the timber can sufficiently dry afterwards. 

The researchers also found that a high moisture content inside CLT elements may not be as dangerous 

as a wet surface on CLT elements. Compared to other EWPs, such as DLT or NLT, where the lamellae 

are not as tightly joined as in CLT, mould growth was observed on internal lamellae. This suggests, at 

least for CLT, that priority should be given to keeping surfaces dry, compared to the inside. 

Finally, construction errors contributed to the investigated damage cases. The researches mention that 

an important lesson to be learned from this, is that CLT applied in specifically balconies and galleries 

should be given extra waterproofing layers.  They argue that as a construction ages, seemingly minor 

failures (such as a leaky rain pipe) are bound to occur, but that these can pose a big risk to CLT elements. 

Insects 

With regard to the risks of timber biodegradation due to insects, two groups of insects can be 

determined:[44, p. 118] 

▪ Wood-digesting insects: insects that use wood as a food, such as termites or larvae of the wood-

boring beetle. 

▪ Wood-using insects: insects that excavate wood, and use it as a house. Examples include 

carpenter ants and carpenter bees. 

In The Netherlands, there are less species of wood-digesting and -using insects compared to other 

countries with hotter climates. Specifically, mainly the following species of insects are known to be a 

threat to timber construction in The Netherlands: [46, p. 19] 

▪ Death watch beetle: wood-digesting larvae. 

▪ House longhorn beetle: wood-digesting larvae. 

▪ Common furniture beetle: wood-digesting larvae. 

▪ Powder post beetle: wood-digesting adult insect. 

In practice, these species of insect prefer old wood, and/or wood with a high moisture content, and/or 

wood that is affected by fungi. This means that the topics discussed in the previous section (with regard 
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to fungi and moisture content) also apply to insect infestation – keeping the timber sufficiently dry, and 

keeping it on the inside of the building envelope, should be sufficient to prevent insect manifestations. 

Besides that, if insect prevention is a design priority, there are additional measures that may be 

considered. For example, in Hawaii, where the risk of termite infestation is relatively high, wood is 

treated with preservatives for protection. [44, pp. 120–121] 

Design Recommendations 
Based on the topics discussed above, the following design recommendations are made with regard to 

the long-term durability of mass timber: 

▪ A low and stable MC in wood helps preventing wood movement, fungi, and insect infestation. 

Therefore, it is recommended to apply mass timber elements inside the building envelope only. 

▪ The mass timber should have sufficient exposed area, so that it can dry. Also, if this exposed 

area is visible, any fungi or insect infestation is detected early. 

▪ On-site construction of mass timber elements should be done as fast as possible. This reduces 

exposure of the mass timber elements to external threats, such as rain. Plastic sheets help with 

temporary protection. Finally, after construction, the timber should be able to dry sufficiently.  
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2.4 Conclusion 

In the literature study on mass timber in this chapter, an overview is provided on common EWPs, 

relevant case studies were explored, and mass timber application in The Netherlands was examined. 

Then, a number of technical topics with regard to mass timber design were elaborated. On basis of this 

literature study, specific design recommendations were defined per topic. These may become guiding 

in taking design decisions during the redesign process in Chapter 4 and 5. See Table 5 below. 

Table 5: an overview of all recommendations for mass timber economical design, as gathered in this chapter. 

No.: Design Recommendation: 

Connection Design: 

A 
Apply prefabricated connections. These allow for fast installation, and thus reduce construction 

time on-site. Additionally, they make connections less prone to errors during installation. 

B 
Apply repetitive connections. These allow for a rapid learning curve of the construction crew. 

This boosts overall productivity, especially for mid- or high-rise buildings. 

C 
Integrate multiple solutions into one connection. For example, fire safety, and temporary 

stability can be integrated into the connection design, saving time and cost. 

Fire Safety: 

D 
Apply mass timber with a large volume v. exposed area ratio. Members designed in this fashion, 

behave very effectively when subjected to fire. 

E 
Design connections with internal steel plates. Steel connections can be inside timber elements, 

so that they are fire protected. 

F 
Apply CLT with thick outer layers. This way, in case of a fire, the outer layers protect the 

adhesive layer inside the CLT. 

G 
Preferably, expose only one CLT surface in a fire compartment. This helps avoiding mutual 

cross-radiation of CLT panels. 

H 
Select the ceiling as the exposed CLT surface. As burning rates are slower for ceilings than for 

walls, it is more effective to choose the ceiling as the one exposed CLT surface. 

I 
Do not design exposed CLT surfaces opposite to one another. This can cause mutual cross-

radiation. If more than one exposed surface is desired, select adjacent surfaces (not opposites). 

Vibrations and Acoustics: 

J 
Using the parameter ‘damping’ is the most effective to manipulate the dynamic response in 

timber design. 

K 
Increasing the natural frequency of a floor is the second-best way to increase vibration comfort. 

For example, this can be done by increasing the flexural stiffness of the floor. 

L Vibration energy in lightweight floors can be dispersed by coupling floor elements. 

M Building elements between different rooms should be decoupled, to prevent noise disturbances. 

N 
Building elements consisting of two acoustically separate parts, generally achieve a good level 

of sound insulation. 

Long-Term Durability: 

O 
Apply mass timber inside the building envelope only. This way, the MC of the wood is low and 

stable, which increases long-term durability. 

P Mass timber should have sufficient exposed area. This allows for drying of the wood. 

Q 
On-site construction should be done as rapid as possible. This reduces exposure to external 

threats, such as rain. 
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3.1 Office Selection Criteria 

In this chapter, an existing office building in The Netherlands is selected, to be redesigned in mass 

timber. In order to do so, and with the aim to satisfy the objectives as stated in Chapter 1, the following 

selection criteria for the office building are defined: 

▪ Building height: midrise (with a max. of 100 m, as defined in Chapter 1). 

▪ Building material: the main structure should be built in a traditional material, such as concrete 

or steel. 

▪ Information availability: sufficient resources on the building should be available. For example, 

architectural drawings of the design, and structural calculations of the construction. 

▪ Design simplicity: the building should have a ‘simple’ design. In order to make conclusions 

about mass timber design in offices in general, the building’s design should not be too 

complicated. Otherwise, any conclusion or recommendation might only be applicable to the 

specific building’s design, and not applicable to any other building. In this context, ‘simple’ 

means: repeating floor plans and rectangular shapes. 

▪ Building age: the building should be built recently, so that any comparison between the original 

and redesign is more relevant to today’s standards. Also, a modern building is more in line with 

current design regulations than an old building, which makes redesigning easier. 

With the selection criteria defined, various buildings in The Netherlands were considered. However, 

relatively soon it became clear that one office building fulfils the selection criteria best: the EMA office 

(Amsterdam). In the next paragraph, this building is introduced, and checked for the selection criteria. 

3.2 EMA Office Introduction 

3.2.1 EMA Office 
The EMA office is a 20-storey office building, located at the Zuidas in Amsterdam. The building was 

completed in 2019, and it is home to the European Medicines Agency (EMA). Photos of the EMA office 

can be found in Image 36 and Image 37 below. 

 

Image 36 (left): photo of front side EMA office [47] 

Image 37 (right): aerial view of back side EMA office, and its surroundings [48] 
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In Image 38, Image 39, and Image 40, architectural drawing impressions of the EMA office are given. 

 

Image 38: impression of a full-height section of the EMA office [49, p. 71] 

  

Image 39 (left): impression of the floor plan of the ground floor of the EMA office [49, p. 78] 

Image 40 (right): impression of the floor plan of a floor in the upper part of the EMA office [49, p. 84] 
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3.2.2 Selection Criteria Check  
In Table 6, the EMA office is checked for the selection criteria as defined in the previous paragraph. 

Table 6: selection criteria check for the EMA office 

Selection Criterium: Requirement: EMA Office: 

Building height Midrise (max. 100 m) 80 m 

Building material 
Traditional materials, e.g. concrete or 

steel 
Concrete and steel 

Information availability 
Architectural drawings and structural 

calculations 

Architectural drawings and preliminary 

structural calculations are publicly 

available 

Design simplicity 
Repeating floor plans, rectangular 

shapes 

The upper part has rectangular and 

repeating floor plans, the lower part has 

irregularities 

Building age ‘Modern’ 2019 

 

As can be observed in Table 6, the EMA office satisfies all selection criteria. However, with regard to 

design simplicity a remark must be made. The upper part of the EMA office (4th floor – 19th floor) has 

rectangular and repeating floor plans, whereas the lower part (ground floor – 3rd floor) has irregularities. 

During the redesign process in subsequent chapters, the focus will gradually shift toward the upper part 

of the EMA office, in order to obtain more ‘general’ findings. 

3.2.3 Building Main Functions 
The lower and upper parts of the EMA office differ from each other in terms of building functions. The 

lower part (or, from here on: the ‘base building’) has a range of functions, whereas the upper part (or, 

from here on: the ‘office tower’) mainly has one function. 

The base building has the following main functions: 

▪ Entrance area: on the ground floor, visitors can enter the building via the entrance area. This 

area has an information desk and a waiting area. Visitors can further access the building via 

entrance gates. 

▪ Conference and meeting areas: in the lower storeys, large portions of floor area are dedicated to 

conference and meeting rooms. These conference rooms can be relatively large (with the largest 

being able to host 430 persons), but most are medium-sized (50 persons), or smaller. 

▪ Cafeteria area: on the second floor, a large portion of the floor area is dedicated to a cafeteria 

function.  

▪ Technical room: on the third floor, a half-storey is designated to house all technical installations 

for the EMA office. 

▪ Routing: in the core, elevators and stairs allow for vertical movement through the building. 

The office tower has the following functions: 

▪ Office function: most floor area is assigned to workplaces for EMA employees. These are 

mostly shared workplaces in an open office plan. Some separate offices are available, as well 

as smaller meeting rooms, pantries, and storages rooms. 

▪ Routing: in the core, elevators and stairs allow for vertical movement through the building. 
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3.2.4 EMA Office Structural Design 

General Structural Design 
The structural design of the EMA office consists of a concrete core, and a steel/concrete superstructure. 

Below, in Image 41, a construction photo of the EMA office gives an indication of the construction. 

 

Image 41: a photo taken during construction of the EMA office (May 2019) [50] 

Stability 
Stability in the EMA office is provided mainly by a concrete core. The core has a rectangular shape, 

with dimensions of 14,4 m · 21,6 m. Inside the core, additional internal walls are added, for increased 

stiffness. The outer walls of the core are 300 mm thick, and the inner walls have a thickness of 200 mm. 

See Image 42 below. 

 

Image 42: floor plan of the office tower, with the core indicated in solid red. Additional steel diagonals were 

added at the dashed red line to increase rotational stiffness. [51, p. 28] 

However, due to eccentricity, the core by itself is not able to provide sufficient rotational stiffness. 

Therefore, an additional system of steel diagonals was added. Combined, the core and the steel diagonals 

provide sufficient stiffness to the EMA office construction. 
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Main Supporting Structure 
In this section, the main supporting structure of the EMA office is described for the base building and 

the office tower. 

Base Building 

The main supporting structure of the EMA office base building, consists of the concrete core, steel 

columns, steel beams, and concrete hollow core slab floors. All are shortly covered below. [51, p. 52] 

▪ Concrete core: the concrete core as introduced in the previous section, also has a load-bearing 

function for floors in the base building. 

▪ Steel columns: most columns are HD 400x382 elements, and have a length of 5,5 m. 

▪ Steel beams: steel beams (IPE 330 profiles) are placed between columns, on which the floors 

are placed. All regular beams have a max. span of 7,2 m. A few relatively large beams (HEB 

800 profiles) are applied to span 14,4 m in large conference rooms. 

▪ Concrete floors: because of conference room functions, relatively large floor spans are required 

(14,4 m). 400 mm hollow core slab floors are applied here. For other spans (mostly 7,2 m), 

hollow core slabs with a thickness of 280 mm are used. 

Additionally, in the technical room at the third floor, a full-storey height steel frame is added to bear the 

load of the façade elements of the office tower. Also, this frame allows for the removal of two columns 

in the base building. (This steel frame is elaborated in 4.4.2.) 

Office Tower 

The main supporting structure of the office tower, consists of the concrete core, steel columns, steel 

beams, and steel/concrete floors. All are shortly covered below. [51, p. 55] 

▪ Concrete core: the concrete core as introduced in the previous section, also has a load-bearing 

function for floors in the office tower. 

▪ Steel columns: two types of column are applied in the office tower. Floor 4 to 11 have K400x16 

elements, and floor 11 to the roof K350x12,5 elements. The distance between all columns is 7,2 

m. However, in the façade relatively small column elements are applied (K250x250x10 

profiles), and these have a 2,4 m member distance. 

▪ Steel beams: IPE 330 mm steel beams are applied to support floor elements. These beams have 

holes to allow for installation placement. 

▪ Steel/concrete floors: steel/concrete floors (composite decking) of 170 mm height are applied 

as floors. 

Other Relevant Construction Information 
Finally, other relevant construction information of the EMA office includes the following: 

▪ The structure is designed in Consequence Class 3 (CC3), according to NEN-EN 1990. 

▪ With regard to fire safety, the building is designed to withstand fire for 90 minutes. 

3.3 Conclusion 

In this chapter, a suitable office building to be redesigned in mass timber, was found. The EMA office 

in Amsterdam satisfies the selection criteria as set out at the start of this chapter. Especially the upper 

part of the building, the office tower, is relevant in the context of the research question. 

In the next chapter, a preliminary redesign of the EMA office in mass timber is made. 
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4.1 Introduction 

In this chapter, a preliminary redesign of the EMA office in mass timber is made. This will not be the 

final redesign – the aim is merely to explore mass timber feasibility. This means that, at the end of this 

chapter, the sub question to the research question will be answered. (Can the full building be redesigned 

in mass timber?) 

In order to research the feasibility of a mass timber redesign of the EMA office, the following procedure 

is applied: 

▪ First, in paragraph 4.2, stability solutions in mass timber for the full EMA office are 

investigated. 

▪ Then, in paragraph 4.3, full mass timber feasibility of the main supporting structure of the office 

tower is explored. 

▪ After that, in paragraph 4.4, full mass timber feasibility of the main supporting structure of the 

base building is explored. 

▪ Finally, in paragraph 4.5, all findings from the paragraphs above are combined, so that the sub 

question as defined in Chapter 1 can be answered. 

However, first, general information is given with regard to material properties and calculation 

assumptions. 

4.1.1 Material Properties 
In the redesign process in this chapter, the following materials will be considered: 

▪ CLT (CL24h) 

▪ Glue-laminated timber (GL32h) 

▪ LVL (LVL-S and LVL-X) 

▪ Sawn timber (C24) 

The structural properties for each of these materials, can be found in Table 7 below. 

Table 7: structural properties of the materials considered in Chapter 4 [52] [53] [54, p. 10] [3, p. 37] 

 CL24h (CLT)  GL32h LVL-S (rib)  LVL-X (plate)  C24 

      

ρ 420 kg/m3 490 kg/m3 510 kg/m3 510 kg/m3 420 kg/m3 

      

E0,mean 8.700 N/mm2† 14.200 N/mm2 13.800 N/mm2 10.500 N/mm2 11.000 N/mm2 

E0,k 7.250 N/mm2 11.800 N/mm2 11.600 N/mm2 8.800 N/mm2 7.400 N/mm2 

fmk 24 N/mm2 32 N/mm2 44 N/mm2 32 N/mm2 24 N/mm2 

fck 24 N/mm2 32 N/mm2 35 N/mm2 26 N/mm2 21 N/mm2 

ftk 16 N/mm2 25,6 N/mm2 35 N/mm2 26 N/mm2 14,5 N/mm2 

γm 1,25 1,25 1,2 1,2 1,3 

      

βn 0,7 mm/min. 0,7 mm/min. 0,7 mm/min. 0,7 mm/min. 0,8 mm/min. 

fm,20 27,6 N/mm2 36,8 N/mm2 48,4 N/mm2 35,2 N/mm2 30 N/mm2 

fc,20 27,6 N/mm2 36,8 N/mm2 38,5 N/mm2 28,6 N/mm2 26,25 N/mm2 

ft,20 18,4 N/mm2 29,44 N/mm2 38,5 N/mm2 28,6 N/mm2 18,12 N/mm2 

†  It is assumed that 75% of the lamella in the CLT panel are configured to act with the grain parallel to 

the direction of the span. Therefore, the mean bending stiffness of CLT equals 11.600 N/mm2 · 0,75 = 

8.700 N/mm2. 
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4.1.2 Preliminary Calculation Assumptions 
In the preliminary calculations in this chapter, the following assumptions are made: 

▪ ULS load combination: 1,5 · perm. load + 1,65 · live load is assumed for all ULS load 

combinations in this chapter. This is an overestimation of the actual highest ULS load 

combination. This means that the results found in this chapter, will be more toward the safe side.  

▪ Multi-floor loads: When considering vertical elements (e.g. columns), the full live load is not 

applied to all the above floors. Instead, two floors are assumed to experience full live load, and 

the others a live load reduced by a ψ-factor. In Chapter 5, the exact load combinations will be 

determined. 

▪ kmod: for each material’s kmod, climate class 1 and a medium-long load duration are assumed. 

For the materials as presented above, this means kmod = 0,8 (see NEN-EN 1995; Table 3.1). 
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4.2 Stability 

4.2.1 Stability Requirements 
The redesigned stability structure in the EMA office should fulfil the following requirements: 

▪ Stiffness: a maximum deflection of 84 mm in case of an extreme wind load is considered 

allowable. (This number has already taken into account a reduction due to rotation of the 

foundation, and a reduction due to the second-order effect.) (See Appendices I and II) 

▪ Building Functions: the stability redesign should respect the functions inside the EMA office 

(i.e. there should be as little conflicts as possible between the stability elements and the building 

functions). 

▪ ‘Economic’ Design: the new stability system should be economical, as defined in paragraph 1.5.  

In the following subparagraph, potential stability solutions are introduced. 

4.2.2 Potential Stability Solutions 

Stability Options 
The following stability options were considered in this thesis: 

▪ Core 

▪ Diagonals 

▪ Shear Walls 

▪ Stiff Connections 

However, the last two options were considered unfeasible. Applying shear walls would cause conflicts 

with the open facades and/or the open floor plans of the office tower. And applying stiff connections 

would create relatively large connections details, which violate the economic design criterium (e.g. 

increased building height). A stability redesign using a core or diagonals seem feasible, and are thus 

further investigated below. 

Stability Feasibility 

Core 

In order to investigate the feasibility of a mass timber core for stability, the core is simplified to a 

clamped beam, as shown in Figure 9 below. 

 

Figure 9: the core of the EMA office is schematized to a clamped beam, with a distributed load representing an 

extreme wind load in the SLS. The values for the relevant parameters can be found below. 
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The values of the parameters indicated in Figure 9 are as follows: 

▪ l1 = 18,8 m (base building) 

▪ l2 = 60,4 m (office tower) 

▪ q1 = 170,15 kN/m 

▪ q2 =  108,28 kN/m 

The resulting bending moment of the distributed load, in combination with the aforementioned 

maximum allowable deflection and the building length, is used to determine the required EI. (Beam 

theory: 𝑢 =  
𝑀∙𝑙2

2𝐸𝐼
). 

The core is redesigned in CLT, which is an applicable mass timber type, due to its relatively high 

stiffness and its large panel sizes.  It is assumed that ECLT = 8.700 N/mm2, which gives a value for the 

required I. This value for I is then divided by 0,65, to account for the effects of wall openings and 

connections. This final value for the area moment of inertia, Irequired, equals 2.302 m4. 

Next, it was investigated if the existing core geometry of the original EMA office design was able to 

provide the necessary value for Irequired. This was not the case – redesigning the original core in CLT 

yielded an area moment of inertia of only 1.851 m4. 

In order to increase the area moment of inertia, it was decided to add a CLT portal, at the position of the 

pantry. See Image 43 below. 

 

Image 43: the plan of a floor in the EMA office tower. In red, the stability elements for the core potential 

solution are indicated. The rectangular shape matches the original EMA office core dimensions. The shear 

walls below the core have been added in the redesign process. [49, p. 85] 

The resulting area moment of inertia equals 2.345 m4, which is higher than Irequired = 2.302 m4. (See 

Appendix III) 
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Diagonals 

In order to research the feasibility of a stability redesign using mass timber diagonals, a framework in 

SCIA Engineer has been created. See Image 44 below. 

 

Image 44: the stability redesign with diagonals. The distributed wind loads as given in the previous section, 

have been translated into point loads. Glulam members (GL32h, 650 x 650 mm2 profile) return a max. deflection 

of 53,2 mm at the top of the building. (Image taken from SCIA Engineer) 

Similar to the core preliminary calculation, a reduction factor of 0,65 is applied to account for the effect 

of connections. Here, the max. allowable deflection is reduced by this factor: 84 mm · 0,65 = 54,6 mm. 

The framework as shown in Image 44, meets this deflection demand, if glulam members with a 650 · 

650 mm2 profile are applied. 

In the next subparagraph, the core and diagonal potential stability solutions are compared, so that a final 

choice can be made. 
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4.2.3 Stability Conclusion 
In Table 8 below, both potential stability solutions are compared. 

Table 8: the remaining potential stability solutions are compared on basis of the three criteria as defined in 

4.2.1. 

Potential 

Stability 

Solution: 

Stiffness: Building Functions: ‘Economic’ Design: 

Core 

Pass 

This solution satisfies the 

max. allowable deflection of 

84 mm. 

Good 

This solution only requires a 

minimal adjustment to the 

original design 

Good 

This solution allows for the 

core walls to function not 

only as a fire compartment 

separator, but also as a 

stability element. Only the 

shear walls outside the core 

are extra elements. 

Diagonals 

Pass 

This solution satisfies the 

max. allowable deflection of 

84 mm. 

Reasonably Well 

This solution fits well in the 

facades of the office tower, 

but requires some 

adjustments in the base 

building. 

Poor 

This solution requires many 

expensive connections. 

 

Based on the comparison of Table 8, the final choice is made to select the core as the stability solution 

for the redesign of the EMA office in mass timber. The decisive factor in this decision is the economic 

design criterium, in which the core solution seems to perform better than the diagonals solution, in this 

preliminary design phase. 

However, there are a number of uncertainties with regard to the structural performance of the core 

solution. Two important uncertainties are the following: 

▪ Rotational stiffness: the core is placed eccentrically relative to the centre of the office tower. 

This means that the office tower can rotate in the horizontal plane in case of an extreme wind 

load. 

▪ Cooperation of core and shear walls: the core and the shear walls are two separate stability 

systems. The precise manner as to how these two systems cooperate, has not been investigated 

yet. 

These two uncertainties will be addressed in the final redesign in Chapter 5, by means of 3D FEM 

modelling.   
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4.3 Office Tower Structure 

4.3.1 Paragraph Outline 
In this paragraph, the construction elements on floor 5 (as indicated below in Image 45 and Image 46) 

are considered. These elements are redesigned in mass timber, and then structurally checked. 

   

Image 45 (left): a full-height section of the EMA office. Floor 5 is indicated in red. [49, p. 71] 

Image 46 (right): the floor plan of floor 5 of the EMA office. In red, the construction elements to be 

redesigned and checked, are indicated: (A) Floor, Beam, Floor System; (B) Column; (C) Wall. [49, p. 86] 

The elements indicated in Image 46 have been selected for redesign in mass timber, because these are 

the most ‘unfavourably’ loaded elements of the main supporting structure of the office tower. In other 

words, if these elements can be redesigned in mass timber, it is very likely that other elements, loaded 

more ‘favourably’, can also be redesigned in mass timber. 

The given elements correspond to the following subparagraphs: 

▪ (A) Floor, Beam, and Floor System: 4.3.2, and 4.3.3 

▪ (B) Column: 4.3.4 

▪ (C) Wall: 4.3.5 

  

Floor 5 

A B 

C

A 
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4.3.2 Floor 

Floor Requirements 
In order to substitute the floors of the original EMA office for a mass timber floor, without sacrificing 

performance, at least the following criteria have to be met: 

▪ Dimensions: 

o Span: 7,2 m 

o Maximum total floor thickness: 700 mm 

▪ Structural: 

o Permanent load: 0,7 kN/m2 

o Live load: 5 kN/m2 

o Fire resistance: 90 minutes 

o Diaphragmic action 

▪ Long-term flexibility: 

o Sufficient room for installations 

o End-user access to installations 

o Computer floor on top 

▪ Comfort: 

o Vibration and acoustics performance according to office design criteria 

Additionally, the following criteria are included, to further increase the mass timber floor performance: 

▪ Prefab and dry construction method, to increase construction speed 

▪ Visible timber on ceilings, for additional architectural value 

Potential Floor Solutions 
The potential floor solutions considered in this thesis, are categorized as either 2-way span floor types, 

or 1-way span floor types. Both categories are further elaborated below. 

2-way Span Floor Types 

Spanning in two directions, a 2-way span floor system can directly transfer loads to the supporting 

columns below, without the need for additional beams. Eliminating the need for beams is interesting in 

the context of this thesis, due to the floor height limitations set in the previous paragraph. 

The following 2-way span floor types have been considered in this thesis: 

▪ 2-way span CLT slab 

▪ 2-way span Timber-Concrete Composite (TCC) slab 

1-way Span Floor Types 

More commonly applied, 1-way span floor systems transfer loads in one direction. Subsequently, beams 

are required to transfer the forces to the supporting columns below. 

The following 1-way span floor types are considered in this thesis: 

▪ 1-way span CLT slab 

▪ 1-way span TCC slab 

▪ CLT slab, with glulam ribs attached below or above: 

o CLT T-slab 

o CLT ⊥-slab 

▪ LVL cassette floors: 

o LVL closed box 

o LVL half-open box 

o LVL U-box 
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o LVL T-box 

▪ Sawn timber products: 

o Kielsteg 

o Lignatur 

o Lignotrend 

▪ Steel-timber composite 

Potential Floor Solution First Elimination 
The following potential floor solutions, as given above, are eliminated from further consideration 

because of the following reason(s): 

▪ Kielsteg: relatively high floor system, without the possibility to integrate other functionalities 

into the floor system (e.g. installations) 

▪ Steel-timber composite: the steel in the floor ribs will require a relatively high amount of fire 

proofing. This is not considered economical, and it conflicts with the floor demand of having 

visible timber in the ceilings. 

▪ LVL T-box: the thin LVL ribs in this floor system cannot withstand ninety minutes of fire 

exposure. Additional fire proofing would thus be required, which is, similar to the steel-timber 

composite, unwanted. 

Additionally, a number of other potential floor solutions are not eliminated, but are considered ‘second 

choice’. This means that other potential floor solutions are more promising, and that these more 

promising solutions are being considered first. (The second choice floor solutions may still be 

considered, but only if the first choice floor solutions proof to be unsatisfactory.) 

The following potential floor solutions are considered second choice, because of the following reason(s): 

▪ TCC slab: the objective in this thesis is to redesign the EMA office in mass timber. Therefore, 

applying a timber-concrete composite is not in line with this objective, if there are suitable full 

mass timber alternatives. 

▪ 2-way span floor types: CLT panels have dimensional limitations with regard to manufacturing. 

For example, the maximum available width for a CLT panel is 4,8 m [3, p. 16]. Therefore, 

applying a 2-way span CLT slab (both with or without concrete) requires a drastic redesign of 

the floor plans in the EMA office, since columns have a heart-to-heart distance of 7,2 m. It is 

thus preferred to first consider floor systems that do not require such drastic redesign measures. 

In the next section, the remaining solutions are compared on basis of minimum required floor heights. 

Floor Comparison Procedure 

Procedure Outline 

In order to determine the required height for the potential floor solutions, the remaining floor solutions 

are subjected to the following procedure: 

▪ A simply supported beam (with the cross section of the respective floor solution, and a span of 

7,2 m) is subjected to the design load 

▪ Then, three checks are performed: 

o Check I: SLS stiffness – what is the minimal required height of the floor to resist 

deflection in the service limit state? 

o Check II: ULS strength – what is the minimal required height of the floor to resist failure 

in the ultimate limit state? 

o Check III: fire strength – what is the minimal required height of the floor to resist failure 

in case of a fire? 

▪ Finally, the largest floor height found in any of the three checks is decisive, and will be 

considered the minimum required floor height for the floor solution in question. 
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Load Cases 

In principle, the load cases as stated in the original preliminary calculations for EMA office, have also 

been applied here. This means the following: 

▪ Live load: 5 kN/m2 

▪ Permanent load: 0,7 kN/m2 (installations fixed to the floor) 

Additionally, in this procedure, the following permanent load cases have been added: 

▪ A permanent load of 100 kg/m2: to increase the mass of a lightweight floor to solve potential 

problems with regard to vibrations)  

▪ A permanent load of 30 kg/m2: for the computer floor as a finishing layer on top 

Adding these permanent loads gives a total permanent load of 2 kN/m2. 

A complete overview of the relevant loads and geometry is given in Figure 10. 

 

Figure 10: in the floor comparison procedure, the potential floor solutions are subjected to these load cases. 

(Note that q self-weight varies, and is dependent on the dimensions and self-weight of the respective floor 

solution being considered.) 

Load Combinations and Criteria 

For each check, a different load combination and a different criterium is applied. These can be found in 

Table 9 below. 

Table 9: load combinations and criteria for each check in the floor comparison procedure 

Name: Load Combination: Criterium: 

Check I: SLS stiffness 1,0 ∙  𝑝𝑒𝑟𝑚. 𝑙𝑜𝑎𝑑 + 1,0 ∙  𝑙𝑖𝑣𝑒 𝑙𝑜𝑎𝑑 𝑢𝑚𝑎𝑥  ≤  
𝑙

250
 = 28,8 𝑚𝑚 

Check II: ULS strength 1,5 ∙  𝑝𝑒𝑟𝑚. 𝑙𝑜𝑎𝑑 + 1,65 ∙  𝑙𝑖𝑣𝑒 𝑙𝑜𝑎𝑑 𝜎𝑚𝑎𝑥  ≤  𝑓𝑑 

Check III: Fire strength† 1,0 ∙  𝑝𝑒𝑟𝑚. 𝑙𝑜𝑎𝑑 + 1,0 ∙  𝜓2  ∙  𝑙𝑖𝑣𝑒 𝑙𝑜𝑎𝑑 𝜎𝑚𝑎𝑥  ≤  𝑓𝑑,𝑓𝑖 

† ψ2 = 0,3 for offices, and cross section loss at fire-exposed surfaces are taken into account 

Minimal Floor Height 

Assumptions 

With regard to the determination of the required minimal floor height for each potential floor solution, 

the following assumptions are made: 



Chapter 4 – Preliminary Redesign 

58 

▪ Floor height increments for elements from specific manufacturers is dependent on the 

manufacturer’s data, otherwise height increments are 10 mm. 

▪ For the CLT slabs with ribs, the following assumptions are made: 

o The CLT floor slab has a fixed floor height of 120 mm, so that sufficient floor height 

remains in case of a fire. 

o The ribs have the following fixed widths for each CLT rib option (both based on 

manufacturer’s data of Stora Enso): 

▪ For the CLT T-slab: 200 mm, so that sufficient floor width remains in case of 

a fire. 

▪ For the CLT ⊥-slab: 120 mm, so that an efficient height-width ratio is 

maintained (i.e. the rib is not wider than high). 

o The heart to heart distance of the ribs equals 900 mm. The reason for this number, is 

that (a) the floor span in this direction is dividable by 900 mm (i.e. 7.200 mm / 900 

mm = 8); and that (b) 900 mm still allows for integration of installation elements 

alongside the length of the ribs. 

▪ All timber elements in the composite floor types have glued connections, and work together 

structurally 100%. 

Results 

The results for the floor comparison procedure can be found in Table 10 below. (For the full calculations, 

see Appendix IV.) 

Table 10: results of the floor comparison procedure. For each floor type, the minimal required height, floor 

mass for 1 meter width, and U.C.s for all three checks are given. The highest (i.e. decisive) U.C. for each floor 

type is underlined. 

Type: 

Minimal 

required 

height: 

Floor 

mass (1 m 

width): 

U.C. SLS 

deflection 

U.C. ULS 

stress top 

U.C. ULS 

stress 

bottom 

U.C. fire 

stress top 

U.C. fire 

stress 

bottom 

Lignatur 280 mm 496 kg 0,59 0,68 0,75 0,25 0,78 

Lignotrend 330 mm 504 kg 0,56 0,70 0,93 0,23 0,43 

CLT slab 240 mm 726 kg 0,97 0,56 0,84 0,22 0,33 

CLT T-

slab 
330 mm 528 kg 0,64 0,38 0,60 0,33 0,95 

CLT ⊥-

slab 
320 mm 457 kg 0,96 0,76 0,72 0,20 0,27 

LVL 

closed box 
240 mm 487 kg 0,91 0,62 0,51 0,67 0,55 

LVL half-

open box 
260 mm 325 kg 0,96 0,58 0,53 0,49 0,45 

LVL U 

box 
320 mm 383 kg 1,00 0,87 0,47 0,60 0,32 

 

In the next section, the same procedure is carried out for a selection of floor types, but with a fixed 

floor height. 
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Fixed Floor Height 

Assumptions 

Additionally, a number of potential floor solutions have also been checked with a fixed floor height of 

600 mm. Instead of finding a minimal required height, the goal here was to investigate the remaining 

structural capacity of certain floor types, if the floor height was at its maximum (600 mm). The floor 

types being looked into here, are ‘open’ types; the ones that allow for long-term access to installations. 

These additional results can be used to design a floor system with integrated installations, because: 

▪ There is sufficient height inside the floor. 

▪ The floor types are open, and allow thus for long-term accessibility to installations. 

▪ There is unused structural capacity in floors, which may be used to design holes for transverse 

installations. 

The same assumptions as in the previous section (finding the minimal required height) apply here, except 

for the following: 

▪ For the CLT slabs with ribs, the following assumption is made: the rib heart to hear distances 

equal 1800 mm in this section, because (a), again, the floor span in this direction is dividable 

by 1.800 mm (i.e. 7.200 mm / 1.800 mm = 4); and (b) this allows for easier installation of 

larger installation elements in the transverse direction through possible holes in the ribs. 

Results 

The results for the floor comparison procedure with a fixed height, can be found in Table 11 below. 

(For the full calculations, see Appendix V.) 

Table 11: results of the floor comparison procedure with a fixed height of 600 mm. For each floor type, the 

available height inside the floor, floor mass for 1 meter width, and U.C.s for all three checks are given. 

Type: 

Available 

height 

inside: 

Floor 

mass (1 m 

width): 

U.C. SLS 

deflection 

U.C. ULS 

stress top 

U.C. ULS 

stress 

bottom 

U.C. fire 

stress top 

U.C. fire 

stress 

bottom 

CLT T-

slab 
480 mm 476 kg 0,17 0,15 0,32 0,15 0,54 

CLT ⊥-

slab 
480 mm 552 kg 0,24 0,39 0,27 0,15 0,18 

LVL half-

open box 
482 mm 473 kg 0,12 0,17 0,14 0,12 0,10 

LVL U 

box 
525 mm 505 kg 0,16 0,26 0,16 0,21 0,13 

 

In the next section, more floor types are eliminated, using the results of the floor comparison procedure. 

Potential Floor Solution Second Elimination 
In this section, floor types are eliminated, on basis of the data found in the previous section. 

Minimal Floor Height 

Based on the dimensions found in Table 10, the following floor types with a minimal floor height are 

eliminated: 

▪ CLT slab: this floor type is eliminated because of its high mass. 
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▪ CLT T-slab: this floor type is eliminated because of its high mass, and because of its 

inefficient material use in case of a fire – the ribs are exposed to three sides of fire, which 

causes a high cross section reduction. 

Fixed Floor Height 

Based on the data given in Table 11, all floor types with a fixed height are rejected. The ribs provide 

insufficient height to accommodate the holes necessary for all installations running through – even if 

the holes were reinforced. (This design decision is based on dimensional limitation on hole sizes in 

timber elements, as found in German and Austrian National Annexes to Eurocode 5 (DIN EN 1995-1-

1/NA, and ÖNORM EN 1995-1-1 Annex F)). 

In the next subparagraph, the potential floor solutions are used to create a floor system. 

4.3.3 Floor System 

Floor System Lay-Out 
Before choosing a specific floor system solution, a general lay-out for the floor system is designed. In 

this design, the following priorities have been set: 

▪ Preserve the existing 7,2 m · 7,2 m grid as much as possible 

▪ The overall design lay-out should be clear and easy to build on-site 

▪ Let installations run through floors as much as possible, instead of running installations through 

beams (i.e. the amount of conflicts between beams and installations should be minimized) 

In Image 47, a floor system lay-out for the office tower is introduced, based on these priorities. 

 

Image 47: floor system lay-out of the office tower. The following structural elements have been indicated: 

core or shear wall; floor beams; installations; installation and beam conflicts; and floor span directions. The 

installation and beam conflicts are elaborated below, in Table 12. [49, p. 84] 

A B 

C D 

F G 

E 
Core or shear wall 

Floor beam 

Installations 

Installation and beam 

conflict Floor span 

direction 

Legend: 
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As shown in Image 47 above, a number of installation and beam conflicts are indicated. Below, in Table 

12, the specific installations at each conflict position are given: 

Table 12: dimensions of installations at installation and beam conflict positions (as indicated in Image 47). The 

total area of all installations at each conflict position, is given in the column to the right. 

Conflict: Air duct: Heating and cooling: Others: Total area: 

A 
1 Ø 160 mm 

2 Ø 225 mm† 

2 Ø 76,1 mm 

2 Ø 54 mm 
- 113.305 mm2 

B - 
2 Ø 76,1 mm 

2 Ø 54 mm 
- 13.678 mm2 

C 200 x 500 mm2 - 2 Ø 20 mm 100.629 mm2 

D 1 Ø 200 mm - 2 Ø 20 mm 32.045 mm2 

E 2 Ø 200 mm - 4 Ø 20 mm 64.089 mm2 

F 350 x 200 mm2 
2 Ø 35 mm 

2 Ø 28 mm 
- 73.156 mm2 

G - 
2 Ø 42 mm 

2 Ø 28 mm 
- 4003 mm2 

† The 2 Ø 225 mm installation was originally found at conflict position C. However, in this redesign, this 

installation has been moved to conflict position A. This reduces the overall largest required area for 

installations at conflict positions. From an installation-technological point of view, the performance of 

the system is only minimally affected by this adjustment. Additionally, it may be assumed that the three 

air ducts are combined into one bigger air duct. 

Based on the dimensions provided in Table 12, the largest installation dimensions is found at conflict 

position A: 113.305 mm2 (rounded off to 120.000 mm2 in calculations). This dimension is used in the 

next section to design floor beams. 

Beam 

Beam Requirements 

The following requirements are set for a beam in the office tower of EMA office: 

▪ Dimensions: 

o Span: 7,2 m. 

o Max. height: most preferably 600 mm, so that the overall floor height is not increased. 

However, if necessary, the ultimate maximum height of a beam is 900 mm. This height 

will make the beams ‘stick out’ from the floor locally, but does not violate minimum 

floor height regulations for offices. 

▪ Load cases: 

o Permanent load: 2 kN/m2 (field width of 7,2 m). 

o Live load: 5 kN/m2 (field width of 7,2 m). 

o Self-weight floor: a floor type of 500 kg/m is assumed. 

o Self-weight beam: beam material and dimension dependent. 

▪ Installations passing through: 

o At least 120.000 mm2 area of installations. (As found in the previous section.) 

In the next section, potential beam solutions are introduced. 
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Potential Beam Solutions 

The following types of potential beam solution have been investigated: 

▪ Beam without installations: here, a rectangular beam is designed to resist the floor load, but no 

options for passing through installations are included. 

▪ Beam with installations: here, all beam requirements (including passing through installations) 

have been taken into account. The following solutions have been explored: 

o Beam with a notched top 

o Beam with a notched bottom (with and without reinforcement) 

o Beam with holes (with and without reinforcement) 

Both types are further elaborated below. The full calculations in this section can be found in Appendices 

VI and VII. 

Beam without installations 

For the beam without installations, a rectangular beam in LVL is assumed. The reason for this material 

is its high bending strength. 

In Table 13 below, the minimal required thickness for different beam heights in the ULS is given. 

Table 13: the minimum required thickness for the beam without installations. A LVL 48P beam with a 

rectangular profile is considered. The ULS load combination as given in Table 9 has been applied. 

Beam height: Minimal thickness: 

400 mm 790 mm 

450 mm 640 mm 

500 mm 520 mm 

550 mm 440 mm 

600 mm 370 mm 

650 mm 320 mm 

700 mm 280 mm 

750 mm 250 mm 

800 mm 220 mm 

850 mm 200 mm 

900 mm 180 mm 

 

Based on these dimensions, the 600 · 370 mm2 profile is selected. This profile does not violate the height 

limitation as stated above, and the aspect ratio of the profile seems sufficiently efficient (i.e. the profile’s 

height is greater than its width). 

Additionally, a fire safety calculation indicates that this beam profile is able to resist the required load 

after 90 minutes of fire, with three fully exposed sides. 

Beam with installations 

As for the beam with installations, calculations are based on Eurocode 5 where possible. However, 

calculations for holes, and calculations for holes with reinforcement cannot be found in Eurocode 5. 

Therefore, these calculations are based on the German and Austrian National Annexes to Eurocode 5 

(DIN EN 1995-1-1/NA, and ÖNORM EN 1995-1-1 Annex F). 

First, a range of potential solutions have been explored for this beam type. These results can be found 

below in Table 14. 
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Table 14: a range of potential solutions for beams which can pass installations through. A feasibility indication, 

and (where possible) the required beam profile have also been given.  

Potential solution: Feasibility: 
Required beam 

profile: 

Unreinforced hole in LVL-P 
Impossible. The maximum allowed 

dimensions for the hole are too small. 
- 

Unreinforced hole in LVL-C 

Low. The holes can only be at floor 

height, and the beam profile has an 

inefficient aspect ratio. 

600 · 630 mm2 

Beam with notched bottom 

Almost impossible. The reduction factor 

for shear strength at the notch is too 

large. 

- 

Beam with notched bottom and 

reinforcement plates 

Impossible. The required dimensions for 

the reinforcement plates are too large. 
- 

Beam with notched top 
Medium. The holes can only be at floor 

height. 
600 · 460 mm2  

Two reinforced holes in LVL-P 
Medium. The holes can only be at floor 

height. 
600 · 460 mm2 

One reinforced hole in LVL-P 
Medium. The hole can only be at floor 

height. 
600 · 460 mm2 

 

Based on the results found in Table 14 above, it is concluded that designing a beam with installations, 

with the limitations as set out at the beginning of this section, is complex. 

In order to solve this design challenge, the following potential solutions are considered: 

▪ Place a notch or a hole at floor height: the potential solutions that work in Table 14, require a 

notch or a hole at floor height. This means that at the seven beam conflict positions given in 

Image 47, a special detail is required with regard to the floor. At these positions, on both sides 

of the beam horizontal holes in the floor have to be designed. 

▪ Lower the live load: the office tower has been designed for a live load of 5 kN/m2. This value 

is based on the live load required for places with a meeting function. The required live load for 

rooms with an office function is lower. It can thus be considered to lower the live load of 5 

kN/m2. 

▪ Increase the beam height: the office areas have been designed for an interior height of 2,9 m. 

The required minimal interior height for offices is lower. It can thus be considered to increase 

the beam heights locally. 

Based on the considerations as outlined above, the design choice is made to increase the beam height 

for the beams with installation. The argumentation is as follows: 

▪ A notch or hole at floor height creates relatively difficult details. The necessary horizontal holes 

in the floor cause problems with regard to local strength, fire safety, and acoustics. 

▪ Compared to lowering the live load of the full office tower, increasing the beam height at a 

number of positions is a relatively small intervention. Also, if the beam height increment is not 

too much, the added exposed timber may even be appreciated by the end-user. 

In Table 15 below, the required beam widths, and the free height above a hole for different beam heights 

have been calculated. Additionally, in these calculations, the hole size is increased to 240 x 600 mm2, 
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to make more effectively use of the extra beam capacity. The hole size is at the middle of the beam, so 

that shear forces are at a minimum. 

Table 15: the minimal thickness for different beam heights, for a beam with a 240 x 600 mm2 hole at the middle. 

The free height above the hole is also given. 

Beam height: 
Beam minimal 

thickness: 

Free height above 

hole: 

650 mm 410 mm 247,5 mm 

700 mm 350 mm 285 mm 

750 mm 300 mm 322,5 mm 

800 mm 260 mm 360 mm 

 

Based on the dimensions as given in Table 15 above, beam heights 650 mm and 700 mm are rejected 

because of the limited free height above the hole. (As indicated in the results for the minimal floor 

heights in Table 10, only a limited number of floor options can be designed below 300 mm floor height, 

and some flexibility in the subsequent design process with regard to these dimensions is desirable.) 

A beam height of 750 mm is selected. The beam thickness is increased to 350 mm, so that, in addition 

with two reinforcement plates of 10 mm thickness on both sides, the total beam thickness matches the 

beam thickness of the beam without installations (which is 370 mm, as given in the previous section). 

This thickness also provides sufficient capacity with regard to 90 minutes fire exposure from three 

directions. 

Finally, a preliminary design drawing of this beam is presented below, in Image 48. 

 

Image 48: a side view of the preliminary design for the beam with installations, as outlined in the section above. 

The beam spans 7,2 m, and in the middle a 240 x 600 mm2 hole has been created. Around the hole and on both 

sides, indicated with vertical lines, reinforcement plates have been added. These reinforcement plates locally 

increase the beam’s tensile strength perpendicular to the grain. (Note: in the final design the reinforcement 

plates may cover the full beam’s side, instead of the area indicated in this image, for aesthetic purposes. This 

smaller area is the needed area to fulfil structural requirements.)  

In the next section, the results for the potential floor solutions and the potential beam solution are 

combined, to design a floor system. 

Creating a Floor System 

Floor Type Selection 

Based on the beam design as set out in the previous section, a final floor type is chosen from the 

remaining floor types in Table 10: the LVL closed box. 

In this design decision, floor height was decisive. The LVL closed box has the lowest floor height (h = 

240 mm), which is a critical factor with regard to the beams with a hole for installations, as set out 
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above. (Note: the CLT slab has the same floor height, but had already been eliminated due to its high 

mass.) 

Floor System 

The selected floor type and the aforementioned beams are combined into the floor system lay-out as 

given in Image 47. The result is a preliminary design for the office tower floor system, and is presented 

in Image 49 below. 

 

Image 49: preliminary redesign of the office tower floor system, with the relevant structural elements indicated. 

Installations are attached below the floor system, and can run uninterrupted in the long direction. In the short 

direction, the installations have to pass through a beam with a hole in the middle, as explained in the previous 

section (with Image 47 providing a general installations plan). [49, p. 84] 

Floor System Evaluation 
The preliminary redesign of the office tower floor system satisfies all floor system demands as defined 

at the beginning of 4.3.2, except for the following: 

▪ Maximum floor thickness of 700 mm: the overall floor thickness stays well within the 700 mm 

limit. However, a number of beams had to be increased in height, so that installations can pass 

through. At these beams, the floor thickness limitation is locally exceeded by 150 mm. 

In the next subparagraph, the columns in the office tower are redesigned. 

Core or shear wall 

600 · 370 mm2 LVL beam 

750 · 370 mm2 LVL beam 

(with hole) 

Floor span direction 

Legend: 

Column 
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4.3.4 Column 

Column Requirements 
In order to design the main supporting structure for the EMA office in timber columns, the following 

requirements for a column need to be met: 

▪ Length: 3,6 m 

▪ ULS point load: 8.089,41 kN 

▪ Fire safety: 

o Point load: 4.006,22 kN 

o Fire resistance: 90 minutes 

Assumptions: 

▪ The point loads are based on considering the permanent load and live load of 17 storeys above 

the lowest column in the office tower (which is the column indicated in Image 46). 

▪ To simplify the load determination, the office roof is assumed to be an office floor, with 

corresponding live load. 

▪ In ULS, two office floors are assigned full live load, while the live load of all other office floors 

is lowered with a factor ψ0 = 0,5 (relevant to offices). 

▪ In the fire calculation, all office floor live loads are reduced with a factor ψ2 = 0,3 (relevant to 

offices). 

In the next section, a column solution is introduced. 

Column Solution 
Due to the relatively large dimensions of these columns, and the need for strength in one direction 

mainly, glulam is assumed to be the most appropriate mass timber product. 

Based on the requirements as given above, the following column was found to satisfy ULS and fire 

safety demands: 

▪ A glulam column (GL32h), profile 630 · 630 mm2 

The following U.C.s with regard to buckling strength were found in this preliminary design: 

▪ ULS strength: 1,0 

▪ Fire safety strength: 0,46 

For the full calculations, see Appendix VIII. 

Column Evaluation 
The column dimensions in the original office tower have a minimal width of 400 mm. However, the 

columns at the lowest floor of the office tower are most likely larger. Also, because these columns are 

(mostly) steel, it is likely an additional fire-proofing layer was added, increasing the column width 

further. [51, p. 55] 

Therefore, a 630 · 630 mm2 column will probably be an increase in column dimensions, compared to 

the original EMA office. However, this is only a relatively small increment, which will not interfere 

with the building functions. 

In the next subparagraph, the structural walls of the office tower are redesigned. 



 4.3 Office Tower Structure 

67 

4.3.5 Wall 

Wall Requirements 
In this subparagraph, the shear walls (as indicated in the floor plan in Image 49) are investigated for 

their load bearing capacity. The following requirements have to be met: 

▪ Length: 3,6 m 

▪ ULS line load: 1.205 kN/m 

▪ Fire safety: 

o Line load: 903,75 kN/m 

o Fire resistance: 90 minutes 

Assumptions: 

▪ The same assumptions for the column as set out in 4.3.4, have been applied here to determine 

loads, except for the fire safety load. Here, it is assumed that the fire safety load equals 75% of 

the ULS load (for load determination simplification purposes). 

▪ The shear walls are not designed for stability, but for their load-bearing capacity only. (In the 

next Chapter, stability is taken into account.) 

Wall Solution 
As outlined in 4.2, CLT is applied as material for the shear wall. Based on the requirements as given 

above, the following CLT profile was found to satisfy ULS and fire safety demands: 

▪ 220 mm width 7 layer CLT, with double outer layers (see Image 50 below). 

The following U.C.s with regard to buckling strength were found in this preliminary design: 

▪ ULS strength: 0,69 

▪ Fire safety strength: 0,87 

For the full calculations, see Appendix IX. 

 

Image 50: the selected CLT profile for the shear walls in the office tower (image taken from Calculatis, Stora 

Enso). 

Wall Evaluation 
In the original EMA office tower, there is no structural wall at this position to compare the obtained 

dimension to. However, it can be assumed that a wall with 220 mm thickness will not interfere with the 

building functions. (Note: the final width of this wall may become larger, if stability requirements 

indicate this. In this paragraph, only load-bearing capacity is taken into account.) 

In the next subparagraph, all findings with regard to the redesign of the office tower in mass timber are 

combined, and a conclusion is made. 

4.3.6 Office Tower Conclusion 
In this paragraph, a number of the most ‘unfavourably’ loaded construction elements of the main 

supporting structure of the office tower have been redesigned in mass timber, and were then checked 

structurally. It was found that all of these construction elements could be redesigned in mass timber, and 
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satisfy structural and fire safety demands. Also, the dimensions of the newly redesigned elements are 

within an acceptable range. 

Additionally, extra attention was paid to the floor system. The final floor system is not only fully mass 

timber, it also satisfies a range of other demands beyond structural performance, such as using a prefab 

and dry construction method, and having visible timber on the ceilings. However, the floor heights had 

to be increased locally to allow sufficient access for installations. 

Based on this, it can be concluded that it is feasible to redesign the full office tower of the EMA office 

in mass timber. 

In the next paragraph, mass timber feasibility of the base building is explored. 

 

 

 

  



 4.4 Base Building Structure 

69 

4.4 Base Building Structure 

4.4.1 Paragraph Outline 
In this paragraph, the construction elements as indicated below in Image 51 and Image 52, are 

considered. These elements are redesigned in mass timber, and then structurally checked. 

   

Image 51 (left): a full-height section of the EMA office. The ground floor and floor 4 are indicated with 

dashed red lines. (A) indicates a full-storey truss, which spans in the direction out-of-plane relative to the 

cross-section. [49, p. 71] 

Image 52 (right): the floor plan of the ground floor of the EMA office. In red, the construction elements to be 

redesigned and checked, are indicated: (B) Floor System; (C) Columns; (D) Wall. [49, p. 80] 

Similarly to the previous paragraph, the elements indicated in Image 51 and Image 52 have been selected 

for their ‘unfavourable’ loads. In other words, if these elements can be redesigned in mass timber, it is 

very likely that other elements, loaded more ‘favourably’, can also be redesigned in mass timber. 

The given elements correspond to the following subparagraphs: 

▪ (A) Truss: 4.4.2 

▪ (B) Floor System: 4.4.3 

▪ (C) Column: 4.4.4 

▪ (D) Wall: 4.4.5 

4.4.2 Truss 

Truss Function and Requirements 
As indicated in Image 51, a full-storey truss has been designed at floor 4. This truss bears the loads of 

columns of the office tower above. Below the truss, a number of columns are left out, to create open 

spaces (e.g. at the entrance hall; visible in Image 52, where between columns C,2 and C,3 a column is 

B Ground floor 

Floor 4 

D

A 

A

A 

C,1 

C,2 C,3 
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left out). Thus, this truss has to bear relatively high vertical loads, and has to transfer some of these loads 

horizontally. 

In this preliminary design, the truss is schematized as shown in Figure 11 below. 

 

Figure 11: schematization of the truss at floor 4 in the base building 

The ULS point loads, as shown in Figure 11, have been determined as follows: 

▪ V1 = V2 = 8.610 kN 

▪ V3 = 4.736 kN 

▪ V4 = V5 = V6 = 951 kN 

See Appendix X for the full determination of these loads. 

The system has been modelled in MatrixFrame using glulam members (GL32h). Glulam has been 

selected for its relatively high strength, and the large dimension requirements. The result is given in 

Image 53 below. 

 

Image 53: extreme stresses (in N/mm2) in the truss when remodelled in glulam (GL32h, with ft,d = 16,38 N/mm2). 

An 800 · 800 mm2 profile has been applied. (Image taken from MatrixFrame.) 

As shown in Image 53, the members of the truss can be remodelled in glulam with an 800 · 800 mm2 

profile. However, connections have not been investigated here. Due to the high tensile stresses, relatively 

large connection details are necessary, and will presumably even be steering for the glulam profile 

dimensions. 

Truss Evaluation 
The original truss was designed in rectangular steel profiles, 400 · 400 mm2 in size mostly. [51, p. 33] 

The expected size increasement for a redesign in mass timber will be relatively high, due to the required 
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connection sizes. However, it is unlikely that the truss member size increasement will cause functions 

conflicts in the building. The truss is located in the technical room, which was designed with a high 

degree of extra space, to allow for design flexibility with regard to installations. 

In the next subparagraph, floor systems for the base building are explored. 

4.4.3 Floor System 

Floor Type 
For the base building, the floor comparison procedure as outlined in 4.3.2, is applied again. In principle, 

the same method is used to find the minimal required floor height for different floor types. Again, the 

three checks consider SLS stiffness, ULS strength, and strength in case of a fire. 

Compared to the procedure in 4.3.2, the following specific adjustments have been made, in order to 

accommodate the procedure to the context of the base building: 

▪ The floor span is increased from 7,2 m to 14,4 m 

▪ The load combination factor ψ2 is increased from 0,3 (offices) to 0,6 (meeting areas) 

▪ The width of the ribs in the CLT ⊥-slab is now 200 mm (just like the CLT T-slab), so that a 

more optimal width/height ratio is used. 

Except for the adjustments as given above, no changes to the procedure are made compared to 4.3.2. 

The results of the floor comparison procedure for the base building, can be found below in Table 16. 

Table 16: results of the floor comparison procedure for the base building. For each floor type, the minimal 

required height, floor mass for 1 meter width, and U.C.s for all three checks are given. The highest (i.e. decisive) 

U.C. for each floor type is underlined. 

Type: 

Minimal 

required 

height: 

Floor 

mass (1 m 

width): 

U.C. SLS 

deflection 

U.C. ULS 

stress top 

U.C. ULS 

stress 

bottom 

U.C. fire 

stress top 

U.C. fire 

stress 

bottom 

Lignatur† 320 mm 1.034 kg 3,36 2,23 2,42 1,02 3,07 

Lignotrend† 450 mm 1.332 kg 1,63 1,32 1,92 0,53 1,04 

CLT slab 500 mm 3.024 kg 0,98 0,58 0,88 0,22 0,33 

CLT T-slab 590 mm 2.200 kg 0,95 0,53 0,77 0,41 0,96 

CLT ⊥-slab 580 mm 1.448 kg 1,00 0,64 0,83 0,11 0,36 

LVL closed 

box 
540 mm 1.235 kg 0,96 0,75 0,59 0,56 0,45 

LVL half-

open box 
590 mm 937 kg 0,98 0,70 0,59 0,41 0,34 

LVL U box 670 mm 1.070 kg 0,96 0,83 0,55 0,53 0,35 

† Based on data provided by the respective manufacturers, both Lignatur and Lignotrend cannot be 

designed in a higher floor height. The floor height given in this table is the maximum available floor 

height for both types. 
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For the calculations behind these floor heights, see Appendix XI. 

Based on these results, it is feasible to design a floor type for the meeting areas in the base building. All 

required floor heights are below 700 mm, which is the limit set on the floor height in the previous 

paragraph. Additionally, most floor types have sufficient remaining height available for a computer floor 

on top. 

Similar to the office tower, the best floor type for the base building is the LVL closed box, for the 

following reasons (based on Table 16): 

▪ Its relatively low floor height 

▪ Its relatively low floor mass 

Floor System 
As for installations, the same principle as introduced for the office tower in 4.3.3 can be applied here. 

Installations are attached to the floor ceiling, and can run across one direction uninterrupted. In the other 

direction, beams with holes can be applied. 

In principle, beams similar to the ones in 4.3.3 can be applied here, under the condition that long floor 

spans (i.e. 14,4 m) are designed in a perpendicular direction to adjacent floors. (So that the floor beams 

for the long floor spans only have to bear 7,2 m width of the field load.) However, due to the increased 

floor height, the beams with hole will have to be increased in height as well. 

Floor System Evaluation 
The total floor system (installations + floor + floor top layer) will exceed 700 mm at some locations. 

However, due to the larger storey heights in the base building, the resulting interior height is always 

sufficient. 

Except for this violation, the floor redesigned in mass timber satisfies all requirements (see 4.3.2 for the 

precise requirements). Additionally, the mass timber alternative allows for dry and prefab construction, 

and has visible timber on the ceilings. 

In the next subparagraph, columns in the base building are redesigned in mass timber. 

4.4.4 Column 

Column Requirements 
As shown in Image 52, three columns in the base building are redesigned in mass timber and checked. 

The reason for choosing three columns instead of one, is that these three columns have to resist relatively 

different loads, and with relatively different lengths. 

The three columns, each with their relevant properties, are introduced in Table 17 below. The same 

assumptions for load determination as laid out in 4.3.4 are applied here, except for the following: 

▪ For columns C,2 and C,3, the point load is based on the reaction force of the truss (as determined 

in 4.4.2). 

▪ Also, for columns C,2 and C,3, it is assumed that the point load during a fire equals 75% of the 

ULS load. This assumption is made to simplify load determinations. 

For the full calculations in this section, see Appendix XII. 
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Table 17: the requirements for the three columns considered in this subparagraph. The precise position in the 

base building of each column can be found in Image 52. 

Column: Length l: ULS point load Vd: Point load fire: ULS q-load: 

C,1 6,4 m 11.818 kN 7.274 kN 0 kN/m 

C,2 6,4 m 15.785 kN 11.839 kN 0 kN/m 

C,3 15,2 m 10.130 kN 7.598 kN 22,1 kN/m 

 

 

Figure 12: the relevant parameters of the columns considered in this section. 

Column Solutions 
Similarly to the column in the office tower, the columns in the base building are redesigned in glulam 

(GL32h), due to the relatively high load and large dimensions. In order to satisfy the requirements as set 

in the previous section, the following column solutions as given in Table 18 below, can be applied. 

Table 18: the minimum required profiles for the columns considered in this subparagraph. 

Column: Profile: U.C. ULS buckling: U.C. fire buckling: 

C,1 770 · 770 mm2 1,0 0,52 

C,2 890 · 890 mm2 0,99 0,59 

C,3 910 · 910 mm2 1,0 0,67 

 

Column Evaluation 
The column types that have been applied in the base building of the original EMA office, are 

HD400x382 and HD400x551 profiles. Also, these profiles had to be layered with additional fire 

proofing. [51, p. 49] 
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Even though the precise final column widths of the original design are unknown, it can be estimated that 

the mass timber redesigns will be somewhat larger. However, the width increments will probably not 

interfere with building functions. 

In the next subparagraph, the load-bearing wall in the base building is redesigned in mass timber. 

4.4.5 Wall 

Wall requirements 
In this subparagraph, the wall (as indicated in the floor plan in Image 52) are investigated for their load 

bearing capacity. The following requirements have to be met: 

▪ Length: 6,4 m 

▪ ULS line load: 1.575 kN/m 

▪ Fire safety: 

o Line load: 1.182 kN/m 

o Fire resistance: 90 minutes 

Assumptions: 

▪ The line load of the office tower shear wall, as lined out in 4.3.5, has been used here, in addition 

with 5 extra floor loads of the meeting areas in the base building.  

▪ The walls are not designed for stability, but for their load-bearing capacity only. (In the next 

Chapter, stability is taken into account.) 

Wall solution 
As outlined in 4.2, CLT is applied as material for the shear wall. Based on the requirements as given 

above, the following CLT profile was found to satisfy ULS and fire safety demands: 

▪ 320 mm width 8 layer CLT, with double outer layers (see Image 54 below). 

The following U.C.s with regard to buckling strength were found in this preliminary design: 

▪ ULS strength: 0,74 

▪ Fire safety strength: 0,73 

For the full calculation, see Appendix XIII. 

 

Image 54: the selected CLT profile for the selected wall in the base building. (image taken from Calculatis, 

Stora Enso) 

Wall Evaluation 
In the original EMA office, the structural wall at a similar position has a width of 300 mm. [51, p. 51] 

Therefore, the structural wall redesigned in mass timber, would cause no function conflicts in the 

building plan. 

In the next subparagraph, a conclusion is made for the base building redesign in mass timber feasibility.  
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4.4.6 Base Building Conclusion 
Based on the findings in this paragraph, it can be concluded that it is likely that the base building of the 

EMA office can be redesigned in mass timber. 

The obtained sizes for the mass timber floor system, columns, and wall were somewhat larger, but will 

most likely not interfere with the building functions. Only the truss at floor 4 may be a bit more 

challenging to redesign in mass timber. The connections in the mass timber elements will require a lot 

of attention, and will probably increase the member sizes by a large margin. 

In the next paragraph, a conclusion is made with regard to the mass timber feasibility of the full EMA 

office.  
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4.5 Conclusion 

Based on the findings in this paragraph, the following conclusions are made with regard to the feasibility 

of a mass timber redesign of the EMA office. 

▪ Stability: feasibility is shown for a stability system in mass timber. A stability system with a 

CLT core, and a stability system with glulam diagonals have been investigated. For the EMA 

office, a CLT core seemed the best economical choice. 

▪ Main supporting structure of the office tower: mass timber feasibility is shown for the office 

tower. The floor plan did not require any adjustments. Construction elements may be increased 

somewhat in size, but this does not conflict with building functions. 

▪ Main supporting structure of the base building: it is likely that the base building can be 

redesigned in mass timber. In the redesign of the floor system, columns, and wall, there were 

no indications of large problems – only an increasement member sizes, without conflict with 

building functions. However, the mass timber redesign of the truss at floor 4 may prove to be 

challenging. 

Using the finished preliminary calculations, the sub question as defined in Chapter 1 can be answered.  

Sub Question:   Can the full building be redesigned in mass timber? 

Answer: 

▪ As for the office tower: yes. All construction elements redesigned in mass 

timber satisfy the necessary requirements. This includes the stability system, 

with the sidenote that two aspects (rotational stiffness and core-shear wall 

cooperation) require deeper analysis. 

▪ As for the base building: yes, it is likely that this section can also be redesigned 

in full mass timber. However, the truss at floor 4 may be challenging to fully 

redesign in mass timber. 

In the next chapter, the final redesign of the EMA office in mass timber is made. 
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5.1 Introduction 

In this chapter, the aim is to make a final redesign of the EMA office in mass timber. The scope of this 

chapter is reduced to the office tower only. This is due to the relevance of the office tower to the research 

question, and due to the relevance to the office selection criteria of Chapter 3. 

However, one aspect of the base building is taken into account: the stability system. The CLT walls in 

the base building are not ignored. And in the context of stability calculations, the original full building 

height is considered. 

This chapter consists of the following paragraphs: 

▪ In paragraph 2, the exact load cases and load combinations relevant to the calculations in this 

chapter are determined. 

▪ Then, in paragraph 3, the FEM modelling process is elaborated. 

▪ Using this FEM model, in paragraph 4, intermediate results and subsequent design changes are 

shown. 

▪ In paragraph 5, a number of relevant connection details are presented. 

▪ Then, in paragraph 6, the floors are checked for vibration comfort. 

▪ After that, in paragraph 7, the full building is checked for wind vibration comfort. 

▪ Then, in paragraph 8, the mass timber redesign is checked by means of Eurocode. Relevant 

construction elements are checked for ULS strength, SLS stiffness, and for fire safety. This is 

the longest paragraph in this chapter. 

▪ Finally, in paragraph 9, the final redesign is shown, and a conclusion is made. 
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5.2 Load Cases and Load Combinations 

5.2.1 Load Cases 
In the redesign of the EMA office, the following load cases are considered: 

▪ Permanent load cases: 

o Structure self-weight 

o Floor permanent loads 

o Façade self-weight 

▪ Live load cases: 

o Floor live loads 

o Wind 

o Snow 

Each load case is further elaborated below. 

Structure Self-Weight 
SCIA Engineer can automatically determine the self-weight of the structure. This is done on basis of 

member dimensions, and material density. 

Floor Permanent Loads 
The floor permanent load assumed in 4.3.2, is also applied here (2 kN/m2). 

Façade Self-Weight 
The façades of the EMA office are not redesigned. Therefore, the façade self-weight of the original 

building, is applied in the redesign. This is a value of 1,2 kN/m2. In SCIA, this load case is modelled 

with line loads at the floors perimeter. With storey heights of 3,6 m, this yields a line load value of 1,2 

kN/m2 · 3,6 m = 4,32 kN/m. 

Floor Live Loads 
As determined in 4.3, floors with an office function are subject to a live load of 5 kN/m2. This value is 

also applied to floors with a routing function (e.g. stairways). 

Also, based on Eurocode and the original EMA office preliminary calculations, a live load of 2 kN/m2 

is assigned to the roof, and a live load of 8 kN/m2 is assigned to the technical room in the base building. 

Wind 
In the governing direction (east-west, the ‘short’ direction of the building), the following values for wind 

load are applied: 

▪ Base building (0 m ≤ z ≤ 18,8 m): 1,965 kN/m2 

▪ Office tower (18,8 m ≤ z ≤ 28,8 m): 1,908 kN/m2 

▪ Office tower (28,8 m ≤ z ≤ 79,2 m): 1,851 kN/m2 

Snow 
Based on Eurocode and the original EMA office preliminary calculations, the value for the snow load 

is 0,56 kN/m2. 

For the full determination of each load case, see Appendix XIV. 
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Load Cases Overview 
The load cases as described above, are summarized below in Table 19. 

Table 19: the load cases considered in the EMA office redesign 

Name: Description: Type: Load Value: 

LC,perm,I Self-weight of the structure Permanent Load t.b.d. in SCIA 

LC,perm,II Permanent load of the floors Permanent Load 2,68 kN/m2 † 

LC,perm,III Self-weight of the façade, per storey Permanent Load 4,32 kN/m 

LC,live,I Live load acting on a floor Live Load 5 kN/m2 †† 

LC,live,II Wind Live Load 1,851 kN/m2 ††† 

LC,live,III Snow Live Load 0,56 kN/m2 

† This value is applied on almost all floors. However, for the base building a permanent floor load of 3,72 

kN/m2 is applied, to account for the different floor system (as determined in Chapter 4). 

†† Almost all floor area is an office function. Other floor area is one of the following functions, with their 

respective live load value in this load case: technical room (8 kN/m2), and roof (2 kN/m2). Additionally, 

floors with a routing function share the 5 kN/m2 live load value. 

††† This value applies to the office tower. A wind load of 1,965 kN/m2 is applied to the base building, and 

1,908 kN/m2 for the intermediate zone between the base building and the office tower. 

5.2.2 Load Combinations 
In the tables below, the relevant psi factors, ULS and SLS load combinations are given. For the full 

determination of the load combinations, see Appendix XIV. 

Psi Factors 
Below, in Table 20, a selection of the relevant ψ factors are given. 

Table 20: relevant ψ factors in the EMA office redesign. Taken from Eurocode 0, Table NB.2 – A1.1 

Category: ψ0: ψ1: ψ2: 

B: offices 0,5 0,5 0,3 

C: meeting areas 0,6/0,4† 0,7 0,6 

E: storage rooms 1,0 0,9 0,8 

H: roofs 0 0 0 

Snow load 0 0,2 0 

Wind load 0 0,2 0 

† The 0,6 value is applicable for escape routes, stairs, etc. 
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ULS Load Combinations 
The load combinations as given below, in Table 21, are taken into account for the ULS. 

Table 21: the ULS load combinations considered for the EMA office redesign 

Name: Description: 
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1,STR,ULS Maximum vertical load 1,5 1,5 1,5 1,65·ψ0 - 1,65·ψ0 

2,STR,ULS Maximum vertical load 1,3 1,3 1,3 1,65 - 1,65·ψ0 

3,STR,ULS Extreme lateral load (column compression) 1,5 1,5 1,5 1,65·ψ0 1,65·ψ0 - 

4,STR,ULS Extreme lateral load (column compression) 1,3 1,3 1,3 1,65·ψ0 1,65 - 

5,STR,ULS Extreme lateral load (column tension) 0,9 0,9 0,9 - 1,65 - 

6,STR,ULS Snow 1,3 1,3 1,3 1,65·ψ0 - 1,65 

7,STR,ULS Fire safety 1 1 1 1·ψ2 1·ψ1 - 

 

SLS Load Combinations 
The load combinations as given below, in Table 22, are taken into account for the SLS. 

Table 22: the SLS load combinations considered for the EMA office redesign 

Name: Description: 

L
C

,p
er

m
,I

 

L
C

,p
er

m
,I

I 

L
C

,p
er

m
,I

II
 

L
C

,l
iv

e,
I 

†
 

L
C

,l
iv

e,
II

 

L
C

,l
iv

e,
II

I 

1,CHA,SLS Floors deflection 1 1 1 1 - 1·ψ2 

2,CHA,SLS Roof deflection 1 1 1 1·ψ2 - 1 

3,CHA,SLS Wind, horizontal deflection 1 1 1 1·ψ2 1 - 

4,CHA,SLS Wind, horizontal deflection 1 1 1 - 1 - 

5,QUA,SLS Wind vibrations 1 1 1 1·ψ2 - 1·ψ2 

† Floor live loads are reduced if more than two floors are considered. NEN-EN 1991-1-1 states that it is 

very unlikely that all floors in a high rise building experience full live load simultaneously. Therefore, 

only the two floors above each other with the highest combined live load are to be considered fully, but 

the live load of all other floors are reduced with a factor ψ0. 
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5.3 Modelling 

5.3.1 Model Setup 
The SCIA Engineer model of the redesign focusses on the office tower. However, in order to accurately 

model the CLT core for stability, the base building cannot be fully ignored. Therefore, the model will 

be designed with the following approach: 

▪ The office tower is modelled as accurately as possible. 

▪ Below, the base building is to be modelled as ‘generic’ as possible. The idea is that the specific 

design of the base building has little influence on the office tower on top, except for stability. 

More concretely, this means that the base building is simplified in the following ways: 

▪ Only the area of the base building below the office tower is taken into account. 

▪ All columns of the office tower are continued to ground level, and are supported. 

▪ The truss is left out. 

▪ The floor plan of the office tower is applied to all base building floors. 

▪ Partial floors are ignored. Thus, only ground floor, floor 1, and floor 2 are taken into account. 

The floor loads of the technical room at floor 3 (which is a partial floor) are added to the floor 

loads of floor 2. This way, the high loads caused by a technical room are not ignored. 

However, in order to accurately model the stability behaviour of the full building, the core is not 

simplified in the base building. Also, the wind loads on the base building facades that are not modelled 

(because only the base building area inside the perimeter of the office tower is considered), are still 

taken into account, so that the full wind load is still modelled accurately. 

Below, in Image 55 and Figure 13, an overview of the model setup is given. 

  

Image 55 (left): floor plan of all floors in the SCIA model redesign. In red, the core and shear walls have 

been indicated. [49, p. 86] 

Figure 13 (right): a side view of the SCIA model setup. In grey, the core and shear wall have been indicated. 

The base building of the original building has been simplified, so that stability behaviour of the full building 

can be examined, while keeping the focus of the model on the office tower. 

In the next subparagraph, more detail is given as to how the elements in the SCIA model are modelled. 
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5.3.2 Model Elements  
The SCIA model consists of the following elements: 

▪ Floors 

▪ Beams 

▪ Walls 

▪ Columns 

▪ Supports 

▪ Loads 

Below, each element is further elaborated. (See the accompanying SCIA Engineer report file for a 

detailed technical description on modelling.) 

Floors 
In SCIA, modelling all floors realistically (i.e. individual LVL box elements), is too cumbersome – the 

full 19-storey model would simply become too complex, and calculations would take a relatively long 

time. Also, such level of detail for floors is unnecessary when investigating overall building stability. 

Therefore, all floors are modelled as 2D plates, with the same stiffness and elastic modulus as the 

original LVL box elements. These 2D plates are connected to beams with line hinges on two sides. On 

the other two sides, line hinges with all degrees of freedom set to ‘free’, are used to ‘disconnect’ the 2D 

plate from adjacent beams, walls, or other floors. This way, the 2D plate spans in one direction only.  

More specific, the following floor profiles are applied: 

▪ Office tower: a solid LVL 36 C plate, with a thickness of 228 mm. Its stiffness (1/12 · 2400 · 

2283 = ± 2,37 · 109 mm4) is similar to the stiffness obtained for chosen LVL box (± 2,35 · 109 

mm4, see Appendix IV). 

▪ Base building: a solid LVL 36 C plate, with a thickness of 450 mm. Its stiffness (1/12 · 2400 · 

4503 = ± 1,82 · 1010 mm4) is similar to the stiffness obtained for chosen LVL box (± 1,82 · 1010 

mm4, see Appendix XI). 

Additionally, all floors are assigned a self-weight of 0 kg/m3. Instead, the calculated self-weight of the 

LVL box elements (see 4.3 and 4.4) are manually added, using surface loads in the load case for floor 

permanent loads (LC,perm,II). This way, the actual self-weight of the LVL box elements is considered, 

and not the relatively high self-weight of the 2D floor-substitutes. 

Beams 
Beams are modelled using 1D elements in SCIA. Beams have a span of 7,2 m, and are connected to 

columns with hinges. The beam profiles and material found in 4.3 are applied: 

▪ ‘Regular’ beam profile: 370 · 600 mm2 LVL48P 

▪ Beam with hole profile: 370 · 750 mm2 LVL48P 

Note: holes in beams are not modelled, in order to reduce the overall complexity of the model. 

Walls 
Walls are modelled with 2D plate elements in SCIA. In this model, CLT walls are applied at the core, 

and at the separate shear wall outside the core. 

In order to determine the appropriate wall material properties, the stiffness matrix module in 

CLTdesigner was used. In this module, a CLT profile is used as input, and its 2D stiffness matrix can 

be obtained in the output. Then, this 2D stiffness matrix is applied in SCIA, to simulate CLT material 

properties in the 2D plate elements. 

  



Chapter 5 – Final Redesign 

84 

In this case, the following CLT profile was used as input: 

▪ Eleven layers of 45 mm C35 timber (giving a total CLT thickness of 495 mm) 

▪ Of these eleven layers, seven are oriented in the ‘main’ direction (i.e. with the grain parallel to 

the wall height), and four are oriented at a 90 degree angle 

In Image 56, this profile is shown. For the precise values of the 2D stiffness matrix, see Appendix XV. 

 

Image 56: the selected CLT profile of the EMA office redesign walls. The profile consists of eleven layers of 

C35 lamellae, each with a thickness of 45 mm. The lamellae indicated with a diagonal pattern fill, are aligned 

to the wall height. The other lamellae, with a horizontal pattern fill, are oriented in the perpendicular direction. 

The reason for this choosing this particular profile, is threefold: 

▪ Its high total stiffness: in CLTdesigner, eleven layers of 45 mm lamellae is the maximum CLT 

thickness available. Besides that, switching more cross-layers than seven to act parallel to the 

wall height, could possibly diminish the dimensional stability properties of CLT. Therefore, this 

profile has arguably the highest possible stiffness. 

▪ Practical feasibility: it is assumed that the limitations set in CLTdesigner, reflect what is possible 

and what is not possible with regard to practical feasibility in CLT production. The selected 

profile seems in accordance with CLT profile feasibility mentioned in other sources, where, for 

example, a maximum width of 500 mm is given. [3, p. 16] 

▪ Timber strength grade: C35 was selected as timber strength grade for the lamellae in the 

modelling. However, in practice, it is possible to select a lower strength grade timber (e.g. C30, 

or C27). The reason for this, is the increased material homogeneity of CLT, compared to the 

individual lamella. This has a positive effect on, for example, the elasticity modulus of the CLT. 

To account for this, an elasticity modulus increment of 5% was proposed in literature for a five-

layer CLT profile. [52, p. 9] Presumably, for an eleven-layer CLT profile, the elasticity modulus 

increment may even be greater. Therefore, timber grade C30 (to which C35 has an 8,3% 

elasticity modulus increment) or C27 (13%) may be applied in practice for the CLT walls. 

Columns 
Columns are modelled using 1D elements in SCIA. In the office tower, columns have a height of 3,6 m. 

In the base building, different heights (respectively 6,4 m, 5,2 m, and 7,2 m from the ground up) are 

applied. Columns have hinged connections at both ends. 

In the office tower and the base building, the highest obtained column profiles in 4.3 and 4.4 are selected: 

▪ Office tower: 630 · 630 mm2 GL32h 

▪ Base building: 910 · 910 mm2 GL32h 

Supports 
At base level, columns and walls are supported by pinned supports. As for the walls, the pinned supports 

are placed at every wall’s end, corner, and intersection. Additionally, a number of intermediate supports 

were added if the distance between supports became too large (that is, larger than 4,8 m). 
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Additionally, horizontal beams with a high stiffness were added between walls and supports. These 

beams take into account the effect of the stiffness of foundation beams. (A substitute is applied, since 

actual foundation design is not within the scope of this redesign exercise.) For modelling simplicity 

purposes, a steel section with one of the highest stiffnesses in SCIA was selected (S450, IPE 750x196). 

The self-weight of these beams is set to 0, so that only its stiffness is taken into account.. 

Lastly, a remark: in a later stadium, the pinned supports will be replaced by spring supports. These 

spring supports model stiffness in the foundations, and can give an indication of its influence on the total 

horizontal deflection of the building. 

Loads 
The load cases as defined in 5.2.1, are modelled as follows in SCIA: 

▪ Self-weight: this is determined automatically by SCIA Engineer, based on dimensions and 

material density of each element 

▪ Floor loads: all floor loads are modelled as surface loads on the 2D floor elements 

▪ Façade self-weight: this load case is modelled using line loads at the building perimeter (i.e. at 

the beams where the façade elements are located). 

▪ Wind: wind is modelled by means of 2D load panels. These load panels automatically translate 

the 2D wind load into 1D line loads, which act on the beams and columns facing the direction 

the wind is coming from.  

5.3.3 Model Overview 
In Image 57 and Image 58 below, visualizations of the initial SCIA model are given. 

 

Image 57 (left): one floor, as modelled in the initial SCIA model of the preliminary design 

Image 58 (right): the full building, as modelled in the initial SCIA model. The transparent green surface on the 

left façade indicates the 2D load panel, used to model the wind load. 

In the next paragraph, a number of intermediate SCIA results and design changes are described. 
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5.4 Modelling Results and Design Changes 

In this paragraph, the SCIA model of the preliminary redesign, as described in the previous paragraph, 

is subjected to the loads from paragraph 5.2. Based on these results, subsequent steps in improving the 

building redesign are described. 

This paragraph focusses mainly on stability requirements for the office redesign. The reason for this is 

twofold: 

▪ At the end of paragraph 4.2, two unknowns with regard to the stability system of the preliminary 

redesign were given. To shortly recap, these unknowns were the rotational stiffness of the 

stability system, and the degree of cooperation between the core and the shear walls. Both 

unknowns can be investigated using the SCIA model. 

▪ During the modelling process, it was found that the initial stability design did not meet the 

requirements for maximum allowable horizontal deflection in the SLS (160 mm). This proved 

to be the governing criterium in the overall building redesign process. 

5.4.1 Stability System Stiffness Results and Design Changes 
Early in the modelling progress, it was found that the design of the separate shear walls was suboptimal 

– the opening in the walls was too large. Reducing the opening size from 7,2 m width to 2,4 m width, 

allowed the shear walls to cooperate better. This was the first design change with regard to the 

preliminary redesign. 

Addressing Rotational Stiffness 
With regard to rotational stiffness, the initial SCIA model indicated that the rotational stiffness of the 

stability system was too low. The model, with the floor lay-out as presented in Image 57, but with a 

reduced shear wall opening, rotated too much when considering horizontal deflection. Below, in Image 

59, these SCIA results are given. 

 

Image 59: extreme horizontal deflection in the x-direction (here: toward the upper right corner) due to wind 

load. These values were obtained in load combination 3,CHA,SLS, using non-linear calculations. 
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In order to address this issue, the following design change was made: the shear wall was repositioned 

one grid line further away from the core. This way, in the adjusted SCIA model, the difference in 

horizontal deflection at the top was reduced from ± 15 mm to only ± 1 mm. (See Image 60 below for a 

visualization of the design changes, and Image 61 for deflection results after these design changes.) 

Core and Shear Wall Cooperation 
After the design changes as described above, the difference in horizontal deflection at the top of the 

building was within an acceptable range. Implicitly, this means that the cooperation between the core 

and shear walls is sufficient.  

 

Image 60 (left): an example of a floor in the adjusted SCIA model. Here, the shear wall is repositioned one 

gridline toward the lower right, and its opening is reduced in size. (For comparison, see Image 57.) 

Image 61 (right): extreme horizontal deflection in the x-direction (here: toward the upper right corner) due to 

wind load. These values were obtained in load combination 3,CHA,SLS, using non-linear calculations. 

The maximum horizontal deflection value as found in Image 61, can be compared to the initial deflection 

limit as given in the preliminary calculations in 4.2.1. Here, the maximum allowable deflection was 

defined as 84 mm. This number only took into account the stiffness of the stability system – other factors, 

such as the stiffness of the foundation, the stiffness of connections, and second order effects, were not 

considered. The deflection obtained in this SCIA model also does not take into account foundation and 

connection stiffnesses, but did take into account second order effects. 

So, when comparing the maximum calculated horizontal deflection (71,9 mm) to the limit set in 4.2.1 

(84 mm), it can be observed that this redesign is well within an acceptable range. (Especially when 

considering that second order effects were already taken into account in the SCIA model, and not in the 

84 mm limit.) 

In the next subparagraph, the effect of foundation stiffness on the horizontal deflection will be taken 

into account. 
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5.4.2 Foundation Stiffness Results and Design Changes 
In order to take into account the effect of the stiffness of the foundations on the maximum horizontal 

deflection, the fixed supports are replaced by spring supports. These spring supports simulate 

movements in the foundations. 

This approach consists of the following steps: 

▪ First, extreme vertical compression forces are determined at each support.  

▪ Then, based on these extreme reaction forces, the number of required piles below each support 

is determined. It is assumed that one pile can support a load of approx. 3.000 kN. This gives an 

indication for the foundation pile plan of the EMA office redesign. 

▪ Finally, based on this indicative foundation pile plan, the fixed supports are replaced by spring 

supports. It is assumed that (within this context) one pile can be modelled in SCIA with a spring 

support with a spring stiffness of 100 MN/m. (And, by extension, if a support requires for 

example two piles, this is modelled by a spring support with a spring stiffness of 200 MN/m.) 

Indicative Foundation Plan 
Below, in Image 62, the extreme vertical compression force at each support is indicated. Then, based 

on these extreme forces, the number of foundation piles assigned to each support was determined, and 

then also indicated in Image 62. 

 

Image 62: extreme vertical compression forces at each support, and an indication of the number of required 

foundation piles per support. 
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Horizontal Deflection with Foundation Stiffness 
Then, the pile foundation plan from Image 62 is used to replace the fixed supports with spring supports 

in the SCIA model, as outlined at the beginning of this subparagraph. Subsequently, the same wind load 

is applied, to investigate the resulting extreme horizontal deflection. The results can be found below, in 

Image 63 and Image 64. 

 

Image 63 (left): extreme horizontal deflection in the x-direction (here: toward the upper right corner) due to 

wind load. These values were obtained in load combination 3,CHA,SLS, using non-linear calculations. 

Image 64 (right): a side view of the horizontal deflection in load combination 3,CHA,SLS (non-linear), but 

for the stability system only. (The system of shear walls is visible here.) 

Interestingly, there are again notable differences in deflections along the building width. However, 

now this difference is due to differences in pile foundation stiffnesses, instead of rotational stiffness, 

as was the case at the start of this paragraph. 

5.4.3 Horizontal Deflection and Connection Stiffness 
Now that the second order effect and the foundation stiffness are taken into account, the total horizontal 

deflection in SCIA is almost sufficiently accurate. However, one more factor needs to be taken into 

account: the stiffness of the connections between the mass timber elements. Modelling this phenomenon 

in SCIA is cumbersome – therefore, an indicative hand calculation is used to obtain an indication. 

Method and Assumptions 
In order to do so, forces at connections in the SLS are analysed. Then, based on connection forces, it is 

assumed that no connection slip occurs if a compressive force is present between timber elements. If a 

tensile force is present in connections in the SLS, a vertical slip of 2 mm is assumed (which is a 

somewhat arbitrarily chosen value, but at the higher end of plausible slip values for timber connections). 

Subsequently, based on the number and positions of connections subject to tension, its effect on the 

horizontal deflection at the building top can be approximated. 
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SLS Tensile Forces in Connections 
In both relevant SLS load combinations (3,CHA,SLS and 4,CHA,SLS – the ones relevant to wind 

loading and horizontal deflection), forces at connections between CLT walls were examined for tension 

or compression. The following results were obtained (for the full results, see Appendix XVI): 

▪ In the separate shear wall, no relevant tensile forces were found in both load combinations. 

▪ In the core, a tensile force was found in three CLT walls at the ground level connection.  

Calculation 
In order to make a safe estimate for the effect of connection slip on horizontal deflection at the top, slip 

is assumed at the core connections at ground level. The effect of these connection slips on the horizontal 

deflection at the top is calculated using geometry (see Figure 14 below). 

 

Figure 14: visualization of the relevant parameters for determining the effect of a connection slip on the 

horizontal deflection at the top of the building. 

The resulting deflection u for both connection slips, is calculated below in Table 23. 

Table 23: based on the parameters as set out in Figure 14, and using geometry, the horizontal deflection is 

determined for slip at the CLT connection of the core walls at ground level: 

Parameter: Description: Value: 

L CLT wall length 14.400 mm 

x Vertical slip 2 mm 

H 
Building height 

above connection 
79.200 mm 

u = 𝐻 ∙  
𝑥

𝐿
 11 mm 

 

The obtained value for u as found in Table 23, is added to the highest deflection as given in Image 63: 

140,5 mm + 11 mm = 151,5 mm. In conclusion, the EMA office redesign as presented in this paragraph, 

fulfils the horizontal deflection criterium of 160 mm. This takes into account the effect of foundation 

stiffness, the second order effect, and additional deflection due to connection slip in CLT walls. 
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5.5 Connection Design 

5.5.1 Introduction 
In this paragraph, the principal design of a number of connections is given. The aim is to show structural 

feasibility, and to include the aspects of ‘economical design’ (as laid out in Chapter 2). 

The followings connections are elaborated in this paragraph: 

▪ Columns & Beams connection 

▪ CLT Walls & Foundations connection 

▪ CLT Walls & CLT Walls connection 

5.5.2 Columns & Beams 
In this subparagraph, a connection principle is designed for the CLT walls and the foundation. 

Governing Loads 
Based on preliminary design of Chapter 4, and the load cases and load combinations of paragraph 5.2, 

the governing design load of a floor to a column is 310,80 kN (see Appendix XVII). 

Connection Design Starting Points 
In order to make a sufficiently strong, and also an economical design principle for the connection 

between columns and beams, a solution with internal steel plates is chosen. The following reasons were 

relevant in this design decision: 

▪ Fire safety: internal steel plates are fire-protected, if there is sufficient timber thickness 

available, and all holes and gaps are sufficiently protected. (Design Recommendation C and E.) 

▪ Quick and easy installation: the connection manufacturing can be done in a prefabricated 

manner. This way, timber elements arrive at the building site with steel plates already attached, 

and connecting elements is done only by tightening bolts. (Design Recommendation A and B.) 

Strength Calculations 
In order to design an internal steel plate to a timber member, a strength calculation is required to 

determine the number of necessary bolts. Eurocode defines the failures modes below to be checked. 

 

Image 65: Eurocode failure modes for steel-to-timber connections. The relevant modes for this connection 

design are indicated in red. [55, p. 43] 

When selecting 20 mm steel plates, with a distance t1 = 95 mm (which is the max. distance for which 

the bolts are still fire-protected by a sufficiently thick layer of timber), and M20 bolts, the strength for 

one bolt can be calculated. (For the full calculations, see Appendix XVIII.) 

▪ Failure mode f:   𝑓ℎ,1,𝑘𝑡1𝑑 = 20,91 ∙ 95 ∙ 20 = 39.729 𝑁 
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▪ Failure mode g:   𝑓ℎ,1,𝑘𝑡1𝑑 [√2 +
4𝑀𝑦,𝑅𝑘

𝑓ℎ,1,𝑘𝑑𝑡1
2 − 1] +

𝐹𝑎𝑥,𝑅𝑘

4
=

                                                           = 39729 ∙ [√2 +
4∙579280,92

20,91∙20∙952 − 1] +  
6220,35

4
= 26.058,54 𝑁 

 

▪ Failure mode h:   2,3√𝑀𝑦,𝑅𝑘𝑓ℎ,1,𝑘𝑑 +
𝐹𝑎𝑥,𝑅𝑘

4
=

                                                           = 2,3 ∙  √579280,92 ∙ 20,91 ∙ 20 +  
6220,35

4
= 37.353,55 𝑁 

 

▪ Design strength 1 bolt:  𝐹𝑣,𝑅𝑑 = 2
𝑘𝑚𝑜𝑑∙𝑚𝑖𝑛[𝑓;𝑔;ℎ]

𝛾𝑚
= 2 ∙

0,8∙26.058,54

1,2
= 34.744,72 𝑁 

Subsequently, based on the design strength for one bolt and the governing design load, the required 

number of bolts can be determined: 310,80 kN / 34,74 kN = 9 bolts are required at minimum. Based on 

this calculation, the connection is designed. (It must be noted that other strength aspects of this 

connection have not been checked with calculations. It is assumed that the compression forces can be 

transferred by means of contact between column ends, and the capacity to resist tensile forces between 

columns and/or beams (as a result of the ‘back-up construction’ being activated in case of an accident, 

to prevent progressive collapse) is presented qualitatively only.) 

Connection Design 
Based on the connection starting points, and on the calculation as given above, a connection principle is 

designed. See the images below for impressions, and Appendix XXVII for 1:10 connection drawings. 

 

Image 66 (left): impression of the columns – beams connection, side view, building stage. 

Image 67 (right): impression of the columns – beams connection, side view, finished. 
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Image 68 (left): impression of the columns – beams connection, top view, building stage. 

Image 69 (right): impression of the columns – beams connection, top view, finished. 

5.5.3 CLT Walls & Foundation 
In this subparagraph, a connection principle is designed for the CLT walls and the foundation. 

Governing Loads 
In order to determine the governing loads for this connection, extreme reaction forces at the supports 

were examined. In this process, the aim was to obtain extreme tensile (upward) forces, and extreme 

shear (horizontal) forces. These forces were found in load combinations 4,STR,ULS and 5,STR,ULS. 

Also, the following differentiations were made: 

▪ Extreme reaction forces were determined for the separate CLT shear wall, and for one CLT wall 

in the core. 

▪ For each wall, extreme reaction forces were determined at outer supports (the supports located 

at the CLT wall edges); at semi-outer supports; and at inner supports. 

Below, in Table 24, the obtained extreme reaction forces at CLT wall supports are given. (See Appendix 

XVIII for more information.) 

Table 24: extreme load determination for the CLT walls at the supports. 

Position: 
Extreme Tension (5,STR,ULS), 

governing resultant force: 

Extreme Shear (4,STR,ULS), 

governing resultant force: 

Shear Wall 896 kN 1.778 kN 

Core 1.490 kN 976 kN 

 

When evaluating the reaction forces of Table 24, the highest obtained design load is 1.778 kN. 

Connection Design Starting Points 
In order to transfer the governing loads from the CLT walls to the foundation, internal steel plates with 

bolts are applied. The reasons for this, are as follows: 

▪ Scalability: steel plates with bolts are a scalable solution. This means that, for example, 

relatively high tensile loads can be resisted, by simply increasing the number of bolts. (Design 

Recommendation B.) 
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▪ Fire safety: internal steel plates are automatically fire-protected, if there is sufficient timber 

thickness available, and all holes and gaps are sufficiently protected. (Design Recommendation 

C and E.) 

▪ Quick and easy installation: the connection manufacturing can be done largely in a prefabricated 

manner. This way, the CLT walls arrive at the building site with the steel plate already attached, 

so that the walls can simply be placed in the foundation rebar. Then, after fixating the walls in 

the correct position with bolts, mortar is applied to finish the connection. All in all, this is a 

relatively fast and easy installation process. (Design Recommendation A and B.) 

Strength Calculations 
In Eurocode, the failure modes below need to be checked in timber connection strength calculations. 

 

Image 70: Eurocode failure modes for steel-to-timber connections. The relevant modes for this connection 

design are indicated in red. [55, p. 43] 

When selecting 30 mm steel plates, with a maximum distance t2 = 255 mm (max. distance, but so that 

the steel plates are still fire-protected by the outer timber layers), and M30 bolts, the strength for one 

bolt can be calculated. (For the full calculations, see Appendix XVIII.) 

▪ Failure mode l:   0,5𝑓ℎ,2,𝑘𝑡2𝑑 = 0,5 ∙ 14,66 ∙ 255 ∙ 30 = 56.074,5 𝑁 

 

▪ Failure mode m:  2,3√𝑀𝑦,𝑅𝑘𝑓ℎ,2𝑘𝑑 +
𝐹𝑎𝑥,𝑅𝑘

4
=

                                                            =  2,3√1.662.365,45 ∙ 14,66 ∙ 30 +
88.215,92

4
=

                                                            = 77.737,16 𝑁 

 

▪ Design strength 1 bolt:  𝐹𝑣,𝑅𝑑 = 2
𝑘𝑚𝑜𝑑∙𝑚𝑖𝑛[𝑙;𝑚]

𝛾𝑚
= 2 ∙

0,8∙56.074,5

1,25
= 71.775,36 𝑁 

Additionally, in these calculations, the following assumptions were made: 

▪ It is assumed that at the bolt connection, all lamellae of the CLT profile are loaded perpendicular 

to the grain. (However, in reality, approximately half of the lamellae are loaded parallel to the 

grain. Thus, the calculated design strength is lower than the actual strength, making the 

calculated design strength a conservative value.) 

▪ The group effect of a number of fasteners positioned in one row, is not taken into account. A 

considerable amount of lamellae is positioned crosswise, and for a row of fasteners positioned 

perpendicular to the grain, the group effect can be ignored. 

Then, based on the governing load and the design strength for one bolt, the minimum required bolts for 

one connection can be calculated: 1.778 kN / 71.77 kN = 25 bolts. This number is valid for the end-

points of the separate shear wall. In practice, the number of required bolts will vary per wall type, and 

also along a wall’s width. In this subparagraph, only the connection design at the position of the 

governing load is elaborated. 
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Connection Design 
Based on the connection starting points, and on the strength calculation as presented above, a connection 

principle is designed. See the images below for impressions, and see Appendix XXVII for 1:10 

connection drawings. 

  

Image 71 (left): impression of the CLT wall – foundation connection, cross-section view, building stage. 

Image 72 (right): impression of the CLT wall – foundation connection, cross-section view, finished. 

 

Image 73 (left): impression of the CLT wall – foundation connection, side view, building stage. 

Image 74 (right): impression of the CLT wall – foundation connection, side view, finished.  
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5.5.4 CLT Walls & CLT Walls 
In this subparagraph, the connection design principle between CLT walls is elaborated. 

Governing Loads 
Governing loads in this connection type were explored in two load combinations: 5,STR,ULS (for 

extreme vertical tensile forces), and in 4,STR,ULS (for extreme horizontal shear forces). Also, a 

distinction is made between forces in the CLT walls in the core, and the CLT walls in the separate shear 

wall system. 

Below, in Table 25, the obtained governing forces are given. (See Appendix XIX for more information.) 

Table 25: extreme forces found in the horizontal connections between CLT walls. 

Position: 
Extreme Tension (5,STR,ULS), 

governing resultant force: 

Extreme Shear (4,STR,ULS), 

governing resultant force: 

Shear Wall 871 kN 833 kN 

Core 627 kN 787 kN 

 

When evaluating the loads of Table 25, the highest obtained design load is 871 kN. 

Connection Design Starting Points 
In this connection, the same starting points with regard to scalability, fire safety, and quick and easy 

installation as in the previous connection (5.5.3) are applied. Similarly, a bolted connection with internal 

steel plates is selected as a design starting point. 

Strength Calculations 
In this connection, the same calculations for bolt design strength as in 5.5.3 are applied, which means a 

design strength of 71.77 kN per bolt. Dividing the governing load by the bolt design strength, gives the 

number of required bolts: 871 kN / 71.77 kN = 13 bolts. This number is valid for the end-points of the 

separate shear wall. In practice, the number of required bolts will vary per wall type, and also along a 

wall’s width. In this subparagraph, only the connection design at the position of the governing load is 

elaborated. 

Connection Design 
Based on the connection starting points, and on the strength calculation as presented above, a connection 

principle is designed. See the images below for impressions, and see Appendix XXVII for 1:10 

connection drawings. 
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Image 75 (left): impression of the CLT wall – CLT wall connection, cross-section view, building stage. 

Image 76 (right): impression of the CLT wall – CLT wall connection, cross-section view, finished. 

  

Image 77 (left): impression of the CLT wall – CLT wall connection, side view, building stage. 

Image 78 (right): impression of the CLT wall – CLT wall connection, side view, finished. 
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5.5.5 Conclusion 
In this paragraph, construction principles have been presented for three connection details of the EMA 

office redesign. Primarily, these connection details show structural feasibility of the mass timber 

construction. In other words, the timber elements can be connected in practice, and can transfer the 

governing loads. However, besides this primary function, the connection details were designed with 

economical design principles in mind. Most notably, all connection details are…: 

▪ … are largely prefabricated, and can be installed on site relatively quick and easy. (Design 

Recommendation A and B.) 

▪ … are mostly fire-protected by themselves, and/or by other subsequent building elements (such 

as floors) that will give additional fire protection. (Design Recommendation C and E.) 

▪ … are relatively flexible and/or scalable. The construction principles in this paragraph can easily 

be adjusted where needed (e.g. the number of fasteners in the CLT wall connection can simply 

be reduced if the local governing load is relatively low). This way, the construction principles 

remain the same throughout the entire construction, allowing an easier building process. (Design 

Recommendation B.) 

▪ … are acoustically decoupled, where necessary. A layer of sound insulation is added between 

building elements, that can block contact noise travelling through the construction. (Design 

Recommendation M.) 
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5.6 Floor Vibrations 

5.6.1 Introduction 
In this paragraph, the floor system of the EMA office redesign, is checked for floor vibrations. In order 

to do so, the OS-RMS 90 procedure, as introduced in 2.3.4, is applied. 

5.6.2 OS-RMS 90 Procedure 

Parameter Determination 
OS-RMS 90 requires as input the floor’s natural frequency, its modal mass, and its damping ratio. 

In order to obtain the first two, the formulas below were applied. These formulas are based on a simply 

supported beam, with hinges at both ends. 

▪ Natural frequency:   𝑓 =  
2

𝜋
∙ √

3𝐸𝐼

0,49𝜇𝑙4 

▪ Modal mass:    𝑀𝑚𝑜𝑑 = 0,5 ∙ 𝜇𝑙 

In these calculations, masses are based on: the floor self-weight, 100 kg/m2 added mass, 30 kg/m2 

computer floor layer (both of which as introduced in Chapter 4), and 50 kg/m2 furniture is assumed. In 

the formulae, µ represents the total mass of the floor, in kg/m. 

The damping ratio is dependent mainly on the construction material. The damping ratio was found to be 

7%, based on timber as construction material, and an open office plan as interior design. 7% is a 

relatively high damping ratio. This is beneficial for tackling potential vibration comfort problems. 

(Design Recommendation J.) 

Below, in Table 26, the values for these parameters are shown for the preliminary floor design. 

Additionally, two floor system variants with greater heights have also been taken into account. (For the 

full calculations, see Appendix XX.) 

Table 26: the modal mass and natural frequency of the redesigned EMA office floor, as determined in the OS-

RMS 90 procedure. Additionally, two floor variants with a greater height have also been determined. 

Floor System Height: Modal Mass: Natural Frequency: 

LVL box (h = 240 mm) 2.139 kg 7,15 Hz 

LVL box (h = 260 mm) 2.150 kg 7,92 Hz 

LVL box (h = 280 mm) 2.160 kg 8,69 Hz 

 

Vibration Comfort Assessment 
Subsequently, the obtained values are drawn in the corresponding OS-RMS 90 design chart for floors 

with a 7% damping ratio. This is done below, in Figure 15. 
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Figure 15: the OS-RMS 90 design chart for floors with a 7% damping ratio. In white, the results of Table 26 

have been indicated. [42, p. 48] 

As shown in Figure 15, the LVL floor box with a 240 mm height corresponds to a floor class of E. The 

other floor types correspond to floor class D. In order to assess these results, first a minimal performance 

requirement needs to be defined. This is done below, in Figure 16. 

 

Figure 16: floor class requirements for different building functions, as stated in OS-RMS 90. The relevant 

column in this context (the office function) has been indicated with a black outline. [42, p. 51] 

h = 280 mm 

h = 260 mm 

h = 240 mm 
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As shown above, floors with an office function can be designed in floor class E. However, this class is 

designated ‘critical’ for offices in the OS-RMS 90 procedure. Floor classes D and up are recommended 

for offices in the OS-RMS 90 procedure. 

Since the LVL floor with 240 mm height has a floor class E, this may result in floor vibration discomfort. 

Therefore, LVL floors with a greater height are applied in the office tower. Based on Figure 15, LVL 

floor h = 280 mm is selected, as it is well above the minimum vibration comfort level. 

5.6.3 Conclusion 
Based on the analysis in this paragraph, it was found that the preliminary floor design is in a critical 

range with regard to vibration comfort. Therefore, the floor height was increased from 240 mm to 280 

mm. This higher floor profile is stiffer, and therefore has a higher natural frequency. This solved the 

potential problems with regard to vibration comfort. (Design Recommendation K.) 

This design change is relatively small, and should cause no further problems. For example, sufficient 

space is available above the hole in the beams in the floor system (as given in 4.3.3). Also, the additional 

self-weight of this higher floor profile is only limited, due to its lightweight nature. 

In the SCIA model, the 2D floor plates in the office tower are adjusted to a height of 260 mm. The 

corresponding stiffness (1/12 · 2400 · 2603 = ± 3,515 · 109 mm4) is similar to the stiffness of the newly 

chosen LVL box (± 3,509 · 109 mm4, see Appendix XX). Also, the floor permanent loads are adjusted 

to take into account the slightly increased self-weight of the higher floor system (which means an 

increment of 0,024 kN/m2). 
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5.7 Wind Vibrations 

5.7.1 Introduction 
In this paragraph, the EMA office redesign is checked for vibrations due to wind. This check is 

necessary, because the mass of the building is lowered, as steel and concrete are substituted by timber.  

5.7.2 Parameter Determination 
In this paragraph, the wind vibration assessment is done mostly on basis of the approximation method 

found in Eurocode 0, Dutch National Annex A1.4.3, and on an adjusted method for the natural frequency 

of a lightweight building. See Appendix XXI for the full calculations. 

Natural Frequency 
In order to determine the natural frequency of the building, the decision was taken to differ from standard 

Eurocode calculations. In the relevant Eurocode section, the natural frequency of a high rise building 

may be calculated with the following empirical formula: 

▪ Natural frequency:  𝑓 = 46/ℎ 

(With h representing the building height in meters.) 

However, this formula is based on measurements of concrete and steel buildings. Currently, there is no 

such ‘rule of thumb’-like formula for a high rise building in mass timber. [56] 

Therefore, a different approach is used in this calculation: the building is schematized as a clamped 

beam (similar to preliminary stability calculations as done in 4.2). Then, beam theory equations are used 

to make an estimation for the building’s natural frequency. The following formula is used: 

▪ Natural frequency:  𝑓 =  
1

2𝜋
√

3𝐸𝐼

0,24𝜇𝑙4 =  
1

2𝜋
√

3∙8.273,0∙106∙2.374,101

0,24∙203.984,42∙79,24 = 0,88 𝐻𝑧 

(For the full determination of these values, see Appendix XXI.) 

In this formula, µ represents the building’s mass over height, in kg/m. This value was approximated by 

dividing the building’s total mass over its height. 

Compared to the empirical formula of the Eurocode, which gives 46/79,2 = 0,58 Hz, one can observe 

that the difference between both outcomes is considerable. Also, the Eurocode formula may not be 

applicable in this context, as its outcome is on the lower end. Therefore, the alternative value for the 

natural frequency (0,88 Hz) is used for further calculations. For the remaining steps in this wind 

vibration assessment, there will be no further deviations from Eurocode procedures.  
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Wind Acceleration 
In order to determine the relevant wind acceleration, the following Eurocode formulas are applied. 

(Note: in these formulas, the natural frequency is indicated with n1,x.) 

▪ Vibration dynamic factor:  𝜙2 = √ 0,0344(𝑛1,𝑥)
−2
3

𝐷(1+0,12𝑛1,𝑥ℎ)(1+0,2𝑛1,𝑥𝑏𝑚)
=

                                                                   = √ 0,0344∙(0,88)
−2
3

0,01(1+0,12∙0,88∙79,2)(1+0,2∙0,88∙50,4)
= 0,2013 (−) 

 

▪ Wind acceleration:   𝑎𝑤𝑖𝑛𝑑 = 1,6 ∙
𝜙2𝑝𝑣𝑤,1𝑐𝑝𝑒𝑏𝑚

𝜌1
= 1,6 ∙

0,2013∙598,14∙1,2∙50,4

203.984,42
=

                                                                        = 0,058 𝑚/𝑠2 

(For the full determination of the values in both formulas, see Appendix XXI.) 

Next, the obtained values for the natural frequency and the wind acceleration are used to check for wind 

included vibration limits. 

5.7.3 Wind Vibration Assessment 
The obtained values for the building’s natural frequency and the wind acceleration are checked in Figure 

17 below. For a result to be acceptable, the corresponding point in the graph should be below the relevant 

limit. This relevant limit is indicated by the line of either ‘Type 1’ or ‘Type 2’, which is dependent on 

the building function. Type 1 includes office functions, which is applicable in this context. 

 

Figure 17: limit values for wind vibration acceleration, as a function of the natural frequency of a building, as 

defined in the Dutch National Annex of Eurocode 0. Additionally, the obtained values of the EMA office 

redesign have been indicated in red. 

5.7.4 Conclusion 
As shown in Figure 17, the assessment of wind vibrations of the EMA office redesign, is within the limit 

set by the Eurocode. 
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5.8 Eurocode Checks & Fire Safety 

5.8.1 Introduction 
In this paragraph, the dimensions of structural elements in the EMA office redesign are made final. This 

is done by means of Eurocode checks – on basis of strength, stiffness and on basis of fire safety 

requirements. 

The following elements are checked: 

▪ Floor 

▪ Beam 

▪ Column 

▪ CLT wall 

5.8.2 Floor 

Introduction 
The floor system, as introduced in Chapter 4, and later adjusted in paragraph 5.6, is checked for ULS 

strength, SLS stiffness, and fire safety. For the full calculations, see Appendix XXII. 

Below, in Figure 18, the relevant parameters are given. 

 

Figure 18: schematization of a floor in the office tower in the EMA office redesign. 

Governing Loads 
Below, in Table 27, the relevant governing loads are given for the floor system. 

Table 27: governing loads in the Eurocode checks to be performed on the floor beam. 

Check: Load Combination: Load Value: 

ULS strength (extreme vertical load) 2,STR,ULS qd = 28,23 kN/m 

SLS stiffness (deflection) 1,CHA,SLS qd = 18,48 kN/m 

Fire safety 7,STR,ULS qd = 10,08 kN/m 

 

ULS Strength 
Based on beam theory calculations, an extreme stress due to the ULS load is determined, and then 

compared to the LVL plate strength. 

Eurocode checks: 

▪ Extreme stress:    𝜎𝑡𝑜𝑝 =  
𝑀∙𝑧

𝐼
=

182,9304∙106∙155,27

3.508.655.585 
= 8,095 𝑁/𝑚𝑚2 



 5.8 Eurocode Checks & Fire Safety 

105 

▪ LVL strength:    𝑓𝑑 =
𝑘𝑚𝑜𝑑∙𝑓𝑘

𝛾𝑚
=  

0,8∙26

1,2
= 17,33 𝑁/𝑚𝑚2 

SLS Stiffness 
Next, the floor system is checked for stiffness. In this check, long-term deformation due to creep is taken 

into account. In order to do so, the q-load is adjusted to include all factors relevant to creep. This gives 

the following q-load: 

𝑞𝑓𝑖𝑛 = 6,48 ∙ (1 + 0,6) + 12 ∙ (1 + 0,3 ∙ 0,6) = 24,528 𝑘𝑁/𝑚 

qfin is then used to obtain a value for the final deformation in the SLS. This value cannot exceed the 

maximum allowable deflection, which equals: umax = span/250. 

Eurocode checks: 

▪ Final deflection:   𝑢𝑓𝑖𝑛 =  
5

384
∙

24,528∙7.2004

10.500∙3.508.655.585
= 23,3 𝑚𝑚 

▪ Max. allowable deflection:  𝑢𝑚𝑎𝑥 =
7.200

250
= 28,8 𝑚𝑚 

Fire Safety 
Finally, the floor is checked for strength during a fire. In order to do so, the reduced cross-section method 

is applied. It is assumed that the bottom part of the floor is exposed to fire for 90 minutes. Consequently, 

during this time, the fire consumes 70 mm cross-section height of the floor bottom plate. The remaining 

floor (with a 5 mm bottom plate) is checked for the relevant loads in case of a fire. 

Eurocode checks: 

▪ Extreme stress:    𝜎𝑏𝑜𝑡𝑡𝑜𝑚 =  
𝑀∙𝑧

𝐼
=

65,32∙106∙140,45

795.171.564,8  
= 11,6 𝑁/𝑚𝑚2 

▪ LVL strength:    𝑓𝑑,𝑓𝑖 =  
𝑘𝑚𝑜𝑑,𝑓𝑖∙𝑓20

𝛾𝑚,𝑓𝑖
=  

1,0∙28,6

1,0
= 28,6 𝑁/𝑚𝑚2 

Conclusion 
Table 28 summarizes the obtained values for all Eurocode checks, and translates them into unity checks. 

Table 28: summary of the Eurocode checks for the floor system in EMA office redesign 

Check: U.C.: 

ULS strength 
8,095 𝑁/𝑚𝑚2

17,33 𝑁/𝑚𝑚2
= 0,47 

SLS stiffness 
23,3 𝑚𝑚

28,8 𝑚𝑚
= 0,81 

Fire safety 
11,6 𝑁/𝑚𝑚2

28,6 𝑁/𝑚𝑚2
= 0,41 

 

All unity checks are below 1, which means that this floor system passes the Eurocode checks performed 

in this subparagraph. 

When evaluating these results, SLS stiffness is the governing parameter. This is in line with the results 

of the floor comparison procedure of Chapter 4, where stiffness was also governing. However, the ‘real’ 

governing parameter was found to be floor vibrations, as outlined in paragraph 5.6. Due to floor 

vibrations, the floor height had to be increased to its final dimension (h = 280 mm). 
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5.8.3 Beam 

Introduction 
The beams that support floors, as introduced in 4.3.3, are checked for ULS strength, SLS stiffness, and 

fire safety in this subparagraph. In Appendix XXIII, the full calculations are provided. In Figure 19 

below, the two types of beams and their relevant parameters are given . 

 

Figure 19: schematization of floor beams in the EMA office redesign, with the relevant parameters indicated. 

Governing Loads 
Below, in Table 29, the governing loads for the floor beam are given. 

Table 29: governing loads for both types of floor beams in the Eurocode checks that follow. 

Check: Load Combination: Load Value: 

Beam 370 · 600 mm2, without hole: 

ULS strength (extreme vertical load) 2,STR,ULS qd = 86,16 kN/m 

SLS stiffness (deflection) 1,CHA,SLS qd = 56,58 kN/m 

Fire safety 7,STR,ULS qd = 31,38 kN/m 

Beam 350 · 750 mm2, with hole: 

ULS strength (extreme vertical load) 2,STR,ULS qd = 44,19 kN/m 

SLS stiffness (deflection) 1,CHA,SLS qd = 29,14 kN/m 

Fire safety 7,STR,ULS qd = 16,54 kN/m 
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ULS Strength 
Both beam types are checked for ULS strength, on basis of Eurocode formulas. 

Beam Without Hole 

Eurocode checks: 

▪ Extreme stress:    𝜎 =  
𝑀

𝑊
=

1

8
𝑞𝑙2

1

6
𝑏ℎ2

=
1

8
∙86,16∙7.2002

1

6
∙370∙6002

=
558.316.800

22.200.000
= 25,15 𝑁/𝑚𝑚2 

 

▪ LVL strength:    𝑓𝑑 =
𝑘𝑚𝑜𝑑∙𝑓𝑘

𝛾𝑚
=  

0,8∙44

1,2
= 29,33 𝑁/𝑚𝑚2 

 

Beam With Hole 

Eurocode checks: 

▪ Extreme stress:    𝜎 =  
𝑀

𝑊
=

1

8
𝑞𝑙2

1

6
𝑏ℎ2

=
1

8
∙44,19∙7.2002

1

6
∙350∙7502

=
286.351.200

32.812.500
= 8,73 𝑁/𝑚𝑚2 

 

▪ LVL strength:    𝑓𝑑 =
𝑘𝑚𝑜𝑑∙𝑓𝑘

𝛾𝑚
=  

0,8∙44

1,2
= 29,33 𝑁/𝑚𝑚2 

 

Reinforcement Plates 

Additionally, the reinforcement plates of the beam with a hole are checked. This is done on basis of 

German and Austrian National Annexes to Eurocode (DIN EN 1995-1-1/NA, and ÖNORM EN 1995-

1-1 Annex F). Below, in Figure 20, relevant parameters are given. 

 

Figure 20: relevant parameters in reinforcement design for a hole in a timber beam (taken from Eurocode). 

In this situation, the following dimensions are applied for the reinforcement design: 

▪ a = 600 mm 

▪ ar = 200 mm 

▪ hd = 240 mm 

▪ h1 = 255 mm 

▪ tr = 10 mm (plate thickness, not shown in Figure 20) 

These values differ slightly from the preliminary design of Chapter 4: the hole is moved to the centre of 

the beam, but the hole size remains unchanged. 
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Two checks are done: the shear stress in the glue line between the beam and the reinforcement plate is 

checked, and the tensile stress in the reinforcement plates is checked. 

Shear stress in glue line check: 

▪ Extreme stress:   𝜏𝑒𝑓 =
𝐹𝑡,90

2𝑎𝑟ℎ𝑎𝑑
=

11.994,28

2∙200∙255
= 0,12 𝑁/𝑚𝑚2 

▪ Glue strength:   𝑓
𝑘,2,𝑑

=
𝑓𝑘,2,𝑘

𝛾𝑚
∙ 𝑘𝑚𝑜𝑑 =

0,75

1,2
∙ 0,8 = 0,5 𝑁/𝑚𝑚2 

Tensile stress in reinforcement plates check: 

▪ Extreme stress:   𝜎𝑡 =  
𝐹𝑡,90

2𝑡𝑟𝑎𝑟
=

11.994,28

2∙10∙200
= 2,999 𝑁/𝑚𝑚2   

▪ Reinforcement LVL strength: 𝑓
𝑡

=  
𝑓𝑡,𝑑

𝑘𝑘
=

35

1,2
∙0,8

2
= 11,67 𝑁/𝑚𝑚2 

In these formulas, a number of specific parameters for reinforcement design have been applied: 

▪ Ft,90: the design force acting locally at the hole. This value is a combination of the local shear 

force, the local bending moment, and the dimensions of the beam and the hole. 

▪ fk,2,k: the German N.A. states that a characteristic glue strength of 0,75 N/mm2 may be applied. 

▪ kk: a factor that takes into account the non-uniform stress distribution. German N.A. provides a 

value of 2, that may be applied without further verification. 

SLS Stiffness 
Subsequently, the beams are checked for stiffness. In this check, long-term deformation due to creep is 

taken into account. In order to do so, the q-load is adjusted to include all factors relevant to creep. This 

gives the following q-loads. For the beam without hole: 

𝑞𝑓𝑖𝑛 = 20,58 ∙ (1 + 0,6) + 36 ∙ (1 + 0,3 ∙ 0,6) = 69,11 𝑘𝑁/𝑚 

And for the beam with hole: 

𝑞𝑓𝑖𝑛 = 11,14 ∙ (1 + 0,6) + 18 ∙ (1 + 0,3 ∙ 0,6) = 39,07 𝑘𝑁/𝑚 

qfin is then used to obtain a value for the final deformation in the SLS. This value cannot exceed the 

maximum allowable deflection, which equals: umax = span/250. 

Beam Without Hole 

Eurocode checks: 

▪ Final deflection:   𝑢𝑓𝑖𝑛 =  
5

384
∙

69,11∙7.2004

13.800∙
1

12
∙370∙6003

=  26,4 𝑚𝑚 

▪ Max. allowable deflection:  𝑢𝑚𝑎𝑥 =
7.200

250
= 28,8 𝑚𝑚 

Beam With Hole 

Eurocode checks: 

▪ Final deflection:   𝑢𝑓𝑖𝑛 =  
5

384
∙

39,07∙7.2004

13.800∙
1

12
∙350∙7503

=  8,06 𝑚𝑚 

▪ Max. allowable deflection:  𝑢𝑚𝑎𝑥 =
7.200

250
= 28,8 𝑚𝑚 
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Fire Safety 
Finally, both beams are checked for fire safety. It is assumed that due to exposure to fire for 90 minutes, 

70 mm cross section is lost at the beam’s bottom, and to the sides that are not protected by floors. See 

Figure 21 below for an indication of the cross-section loss. 

 

Figure 21: indication of cross-section loss due to fire for beams in fire safety calculations. 

Beam Without Hole 

Eurocode checks: 

▪ Extreme stress:    𝜎𝑏𝑜𝑡𝑡𝑜𝑚 =  
𝑀∙𝑧

𝐼
=

203,35∙106∙295,416

3,573∙109  
= 16,82 𝑁/𝑚𝑚2 

▪ LVL strength:    𝑓𝑑,𝑓𝑖 =  
𝑘𝑚𝑜𝑑,𝑓𝑖∙𝑓20

𝛾𝑚,𝑓𝑖
=  

1,0∙38,5

1,0
= 38,5 𝑁/𝑚𝑚2 

Beam With Hole 

Eurocode checks: 

▪ Extreme stress:    𝜎𝑏𝑜𝑡𝑡𝑜𝑚 =  
𝑀∙𝑧

𝐼
=

107,18∙106∙360,450

7,430∙109 = 5,20 𝑁/𝑚𝑚2 

▪ LVL strength:    𝑓𝑑,𝑓𝑖 =  
𝑘𝑚𝑜𝑑,𝑓𝑖∙𝑓20

𝛾𝑚,𝑓𝑖
=  

1,0∙38,5

1,0
= 38,5 𝑁/𝑚𝑚2 

Additionally, the beam with hole is also checked for fire safety locally at the hole. In this scenario, it is 

assumed that the reinforcement plates have disappeared, due to the fire. Also, the hole has become larger, 

due to exposure to the fire. Thus, in this situation, the beam is unreinforced, and with a larger hole (see 

Figure 22). 

In order to make strength checks, the German Eurocode is not applied. The reason for this, is that the 

hole is too large for this document’s scope. Instead, for this purpose, a different method is used. A 

method as described in the Dutch magazine for timber structural designers (‘de Houtconstructeur’) 

prescribes the following checks. [57] (See Appendix XXIII for full calculations.) 

 

Figure 22: cross-section loss due to fire exposure, at the position of the hole. 
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Shear strength check at the position of the unreinforced hole during a fire: 

▪ Extreme stress:    𝜏𝑑 = 1,5 ∙
(17,27∙7.200)

2
−(17,27∙3.300)

185∙350+115∙230
= 0,086 𝑁/𝑚𝑚2 

▪ LVL strength:    𝑓𝑑,𝑓𝑖 = 𝑘𝑟 ∙
𝑘𝑚𝑜𝑑,𝑓𝑖∙𝑓𝑘,𝑓𝑖

𝛾𝑚,𝑓𝑖
= 0,2306 ∙

1,0∙4,62

1,0
= 1,065 𝑁/𝑚𝑚2 

In the strength formula, kr is a reduction factor. It takes into account the effect of the hole on the shear 

capacity. It is based on the dimensions of the beam in relation to the hole. 

Bending strength check at the position of the unreinforced hole during a fire: 

▪ Extreme stress:    𝜎𝑚,𝑑 =
𝑦∙𝑀𝑑

𝐼𝑒𝑓
=

(680−246,2)∙
1

8
∙17,27∙7.2002

5.488.821.128
= 8,85 𝑁/𝑚𝑚2 

▪ LVL strength:    𝑓𝑚,𝑑 =
𝑘𝑚𝑜𝑑,𝑓𝑖∙𝑓𝑘,𝑓𝑖

𝛾𝑚,𝑓𝑖
=

1,0∙48,4

1,0
= 48,4 𝑁/𝑚𝑚2 

However, it must me noted that the hole height after fire exposure (380 mm), falls outside the 

Houtconstructeur’s limitation. (Max. hole height ≤ 0,4·h → max. hole height ≤ 272 mm.) Therefore, an 

additional check is made. Here, it is assumed that the hole is fire protected, and thus does not grow 

during the fire. In this situation, the hole is within the document’s limitation. The results for this 

calculation are shown in Table 30. 

Conclusion 
Below, in Table 30, all Eurocode checks are summarized, and translated into unity checks. 

Table 30: summary of all Eurocode checks for the beams, and the corresponding unity checks. 

Check: U.C.: Check: U.C.: 

Beam 370 · 600 mm2, without hole: Beam 350 · 750 mm2, with hole: 

ULS strength 
25,15 𝑁/𝑚𝑚2

29,33 𝑁/𝑚𝑚2
= 0,86 ULS strength 

8,095 𝑁/𝑚𝑚2

17,33 𝑁/𝑚𝑚2
= 0,47 

SLS stiffness 
26,4 𝑚𝑚

28,8 𝑚𝑚
= 0,92 SLS stiffness 

23,3 𝑚𝑚

28,8 𝑚𝑚
= 0,81 

Fire safety 
16,82 𝑁/𝑚𝑚2

38,50 𝑁/𝑚𝑚2
= 0,44 Reinforcement glue 

0,12 𝑁/𝑚𝑚2

0,50 𝑁/𝑚𝑚2
= 0,24 

 Reinforcement strength 
2,999 𝑁/𝑚𝑚2

11,67 𝑁/𝑚𝑚2
= 0,26 

  Fire safety full beam 
11,6 𝑁/𝑚𝑚2

28,6 𝑁/𝑚𝑚2
= 0,41 

  
Fire safety hole (shear, 

unprotected) 

0,086 𝑁/𝑚𝑚2

1,065 𝑁/𝑚𝑚2
= 0,09 

  
Fire safety hole 

(bending, unprotected) 

8,85 𝑁/𝑚𝑚2

48,4 𝑁/𝑚𝑚2
= 0,19 

  
Fire safety hole (shear, 

protected) 

0,067 𝑁/𝑚𝑚2

1,369 𝑁/𝑚𝑚2
= 0,05 

  
Fire safety hole 

(bending, protected) 

6,75 𝑁/𝑚𝑚2

48,4 𝑁/𝑚𝑚2
= 0,17 
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All unity checks are below 1, which means that both beams pass the Eurocode checks performed in this 

subparagraph. However, one remark must be made. As mentioned, the local fire safety check for the 

beam with unprotected hole, was outside the limitations of the used guidelines. Additional calculations, 

where the same hole is fire protected, do fall without these limitations. 

In the context of this redesign, this is adequate information. In any case, the hole is sufficiently fire safe 

if it is fire protected. And, if no fire protection at the hole is desired, then the unprotected beam by itself 

probably has sufficient strength, since the governing unity check in this situation is very low (0,19). 

However, if this solution is chosen, additional analysis is required, since the checks presented here fall 

outside the limitations of the applied guidelines.  

5.8.4 Column 

Introduction 
In this subparagraph, the columns of the EMA office redesign are checked for ULS strength and fire 

safety. Also, optimal column profile dimensions at different heights are determined, with a minimum 

possible profile of 380 · 380 mm2 (due to the connection design as given in 5.5.2). See Image 79 below. 

In Figure 23 below, the relevant parameters for the column checks are given. 

 

Figure 23 (left): relevant parameters for the column checks in this subparagraph. The different column 

profiles are applied at various heights throughout the office tower, as indicated in Image 79 to the right. 

Image 79 (right): the position of different column profiles at various heights throughout the office tower. [49, 

p. 71] 

Below, calculations are shown only for one column type (the column at floor 3 – 6). The reason for this, 

is to avoid presenting repetitive calculations, which helps keeping this subparagraph as readable as 

possible. The full calculations for all column types are included in Appendix XXIV. 

  

floor 3 – 6: 

570·570 mm2 

floor 7 – 10: 

490·490 mm2 

floor 11 – 14: 

410·410 mm2 

floor 15 – 18: 

380·380 mm2 
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Governing Loads 
In Table 31 below, the governing loads for the column at floors 3 – 6 are given. 

Table 31: highest obtained load for a column at floor 3 – 6. Values are derived from SCIA Engineer. 

Check: Load Combination: Load Value: 

ULS strength (extreme vertical load) 2,STR,ULS Vd = 6.529,35 kN 

Fire safety 7,STR,ULS Vd = 3.110,42 kN 

 

ULS Strength 
Eurocode check for the column at floor 3 – 6: 

▪ Extreme stress:    𝜎𝑐,0,𝑑 =  
𝑉𝑑

𝑏∙ℎ
=

6.529,35∙103

570∙570  
= 20,10 𝑁/𝑚𝑚2 

▪ Column strength:   𝑓𝑑 =  𝑘𝑐 ∙
𝑘𝑚𝑜𝑑∙𝑓𝑐,0,𝑘

𝛾𝑚
= 0,99284 ∙

0,8∙32

1,25
 = 20,33 𝑁/𝑚𝑚2 

In the strength checks, the column strength is determined using a buckling factor kc. This factor is based 

on column properties, such as its relative slenderness. (Based on NEN-EN 1995-1-1, 6.3.2.) 

Fire Safety 
Eurocode check for the column at floor 3 – 6: 

▪ Extreme stress:    𝜎𝑐,0,𝑑,𝑓𝑖 =  
𝑉𝑑

𝑏∙ℎ
=

3.110,42∙103

430∙430  
= 16,83 𝑁/𝑚𝑚2 

▪ Column strength:   𝑓𝑑,𝑓𝑖 =  𝑘𝑐 ∙
𝑘𝑚𝑜𝑑,𝑓𝑖∙𝑓𝑐,0,𝑘,𝑓𝑖

𝛾𝑚,𝑓𝑖
= 0,97718 ∙

1,0∙36,8

1,0
 =

                                                            =  35,96 𝑁/𝑚𝑚2 

Here, the cross section of the column is reduced on all four sides by 70 mm, due to fire exposure. 

Conclusion 
In Table 32, the Eurocode checks for all columns are summarized, and translated into unity checks. 

Table 32: overview of the Eurocode checks for all columns. 

Check: U.C.: Check: U.C.: 

Column floor 3 – 6: Column floor 7 – 10: 

ULS strength 
20,10 𝑁/𝑚𝑚2

20,33 𝑁/𝑚𝑚2
= 0,99 ULS strength 

20,13 𝑁/𝑚𝑚2

20,18 𝑁/𝑚𝑚2
= 1,00 

Fire safety 
16,83 𝑁/𝑚𝑚2

35,96 𝑁/𝑚𝑚2
= 0,47 Fire safety 

18,82 𝑁/𝑚𝑚2

35,26 𝑁/𝑚𝑚2
= 0,54 

Column floor 11 – 14: Column floor 15 – 18: 

ULS strength 
18,95 𝑁/𝑚𝑚2

19,93 𝑁/𝑚𝑚2
= 0,96 ULS strength 

10,90 𝑁/𝑚𝑚2

19,80 𝑁/𝑚𝑚2
= 0,56 

Fire safety 
20,86 𝑁/𝑚𝑚2

33,46 𝑁/𝑚𝑚2
= 0,63 Fire safety 

13,06 𝑁/𝑚𝑚2

31,81 𝑁/𝑚𝑚2
= 0,42 
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All unity checks are equal to or are below 1, and therefore pass the check. 

Interestingly, when evaluating the overview in Table 32,  one can observe that fire safety gradually 

becomes more governing, as column profiles become smaller. This is in line with Design 

Recommendation D. However, at the final column (the one at floor 15 – 18), connection design became 

governing, and the column profile could not be optimized for ULS strength or fire safety. 

5.8.5 CLT Wall 

Introduction 
In this subparagraph, the CLT walls are checked for ULS strength and fire safety. In these checks, 

extreme vertical loads are considered (buckling), as well as extreme horizontal loads (shear full wall, 

and a secondary moment acting on the lintel above the door opening). 

In this section, buckling and shear full wall are checked for CLT walls at ground level. The secondary 

moment at the lintel above the door opening is checked for CLT walls at the 3rd floor, as the lintel height 

is minimal there. 

A number of calculations are not shown in this subparagraph, as these are repetitive calculations for 

similar elements. However, the outcomes are shown at the overview at the end of this subparagraph, and 

can be found fully in Appendix XXV. 

Below, in Figure 24, relevant parameters are given for the ground floor CLT wall checks. In Figure 25, 

relevant parameters for the lintel check at the 3rd floor are given. 

 

Figure 24: schematization of a CLT wall at ground level, with the relevant forces acting on it. 

 

Figure 25: a schematization of a CLT wall at the 3rd floor, with the relevant forces acting on it. 
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Governing Loads 
Below, in Table 33, the governing loads for the different checks on the CLT wall are given. 

Table 33: governing loads for the checks on the CLT walls. 

Check: Relevant Figure: Load Combination: 
Relevant Load 

Value: 

ULS strength (buckling) Figure 24 4,STR,ULS qd = 1.298,31 kN/m 

Fire safety (buckling) Figure 24 7,STR,ULS qd = 548,60 kN/m 

ULS strength (shear full wall) Figure 24 4,STR,ULS Hd = 1.433,25 kN 

Fire safety (shear full wall) Figure 24 7,STR,ULS Hd = 612,32 kN 

ULS strength (shear combi at lintel) Figure 25 4,STR,ULS Vd = 261,43 kN 

Fire safety (shear combi at lintel) Figure 25 7,STR,ULS Vd = 65,83 kN 

 

ULS Strength (buckling) 
In order to check the CLT walls for buckling, the highest vertical force acting on a CLT was obtained 

in SCIA Engineer. It is assumed that this load acts on a 1 meter width along the wall. Then, the following 

Eurocode calculations are made for the separate shear wall: 

▪ Extreme load:    𝑁𝑑 = 𝑞𝑑 ∙ 𝑏𝑥 = 1.298,31 ∙ 1.000 = 1.298.310 𝑁 

▪ CLT wall strength:   𝐹𝑑 = 𝑘𝑐,𝑦 ∙ 𝐴𝑥,𝑛𝑒𝑡 ∙
𝑘𝑚𝑜𝑑∙𝑓𝑐,0,𝑥𝑙𝑎𝑦,𝑘

𝛾𝑚
= 0,963 ∙ 315.000 ∙

0,8∙24

1,25
=

                                                           = 4.659.379 𝑁 

In this calculation, kc,y represents a buckling reduction factor, based on element geometry. Ax,net is the 

cross sectional area of CLT lamellae in the upright direction. 

Fire safety (buckling) 
For fire safety, it is assumed that both sides of the CLT wall lose 70 mm cross section, due to exposure 

to fire for 90 minutes. The following Eurocode calculations are made for the separate shear wall: 

▪ Extreme load:    𝑁𝑑 = 𝑞𝑑 ∙ 𝑏𝑥 = 548,60 ∙ 1.000 = 548.600 𝑁 

▪ CLT wall strength:   𝐹𝑑,𝑓𝑖 = 𝑘𝑐,𝑦 ∙ 𝐴𝑥,𝑛𝑒𝑡 ∙
𝑘𝑚𝑜𝑑,𝑓𝑖∙𝑓𝑐,0,𝑥𝑙𝑎𝑦,𝑘,𝑓𝑖

𝛾𝑚,𝑓𝑖
=

                                                           = 0,848 ∙ 175.000
1,0∙27,6

1,0
= 4.095.840 𝑁 

ULS Strength (shear full wall) 
In the calculations for shear strength of a full wall, two checks are made. The first check relates to the 

shear resistance of the full CLT panel. The second check takes into account the resistance between layers 

within the CLT panel, against potential deformation caused by the horizontal load. Both mechanisms 

are depicted in the images below. 
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Image 80 (left): relevant parameters for the shear check of a full CLT panel. [3, p. 58] 

Image 81 (right): relevant parameters for the strength check between layers inside the CLT wall. [3, p. 58] 

Full CLT Panel Check 

Eurocode check for the separate shear wall: 

▪ Extreme stress:    𝜏𝑣,𝑥𝑦,𝑑 =
𝐻𝑑

𝐴𝑥,𝑛𝑒𝑡
=

1.433,25∙103

7∙45∙7.200
= 0,632 𝑁/𝑚𝑚2 

▪ CLT wall strength:   𝑓𝑣,090,𝑥𝑙𝑎𝑦,𝑑 =
𝑘𝑚𝑜𝑑∙𝑓𝑣,090,𝑥𝑙𝑎𝑦,𝑘

𝛾𝑚
=

0,8∙4

1,25
= 2,56 𝑁/𝑚𝑚2 

In this calculation, Ax,net represents the cross-sectional area of all CLT lamellae contributing to shear 

strength (i.e. the lamellae oriented upright). 

Between CLT Layers Check 

Eurocode check for the separate shear wall: 

▪ Extreme stress:    𝜏𝑚𝑧,𝑑 =
𝐻𝑑∙

ℎ

2

𝑛𝑡∙𝑊𝑝
=

1.433,25∙103∙
6.400

2

11.200∙1.944.000
= 0,211 𝑁/𝑚𝑚2 

▪ CLT wall strength:   𝑓𝑚𝑧,9090,𝑑 =
𝑘𝑚𝑜𝑑∙𝑓𝑚𝑧,9090,𝑘

𝛾𝑚
=

0,8∙1,1

1,25
= 0,704 𝑁/𝑚𝑚2 

In this calculation, nt represents the number of contact surfaces between transverse lamellae. For 

example, the selected CLT profile has 8 transverse bonded layers (i.e. in the CLT profile, there are 8 

interfaces between horizontal and vertical lamellae). Also, in this calculation, there are approx. 40 

vertically oriented planks per layer, and approx. 35 horizontally oriented planks per layer. Combined, 

this gives nt = 8 · 40 · 35 = 11.200 bonded surfaces. 

Additionally, Wp represents the board’s polar moment of inertia (mm3). 

Fire Safety (shear full wall) 
For fire safety, the same checks are made as in the previous section, but with a two-sided 70 mm cross-

section loss. 

Full CLT Panel Check 

Eurocode check for the separate shear wall: 

▪ Extreme stress:    𝜏𝑣,𝑥𝑦,𝑑 =
𝐻𝑑

𝐴𝑥,𝑛𝑒𝑡
=

612,32∙103

(3∙45+2∙20)∙7.200
= 0,486 𝑁/𝑚𝑚2 

▪ CLT wall strength:   𝑓𝑣,090,𝑥𝑙𝑎𝑦,𝑑,𝑓𝑖 =
𝑘𝑚𝑜𝑑,𝑓𝑖∙𝑓𝑣,090,𝑥𝑙𝑎𝑦,𝑘,𝑓𝑖

𝛾𝑚,𝑓𝑖
=

1,0∙4,6

1,0
= 4,60 𝑁/𝑚𝑚2 
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Between CLT Layers Check 

Eurocode check for the separate shear wall: 

▪ Extreme stress:    𝜏𝑚𝑧,𝑑 =
𝐻𝑑∙

ℎ

2

𝑛𝑡∙𝑊𝑝
=

612,32∙103∙
6.400

2

8.400∙1.944.000
= 0,1200 𝑁/𝑚𝑚2 

▪ CLT wall strength:   𝑓𝑚𝑧,9090,𝑑,𝑓𝑖 =
𝑘𝑚𝑜𝑑,𝑓𝑖∙𝑓𝑚𝑧,9090,𝑘,𝑓𝑖

𝛾𝑚,𝑓𝑖
=

1,0∙1,265

1,0
= 1,265 𝑁/𝑚𝑚2 

ULS Strength (shear combi at lintel) 
In this calculation, the lintel above the door opening is checked for its capacity to withstand movement 

due to horizontal forces. As mentioned in the introduction of this subparagraph, the separate shear wall 

at the 3rd floor is considered here, instead of the CLT wall at the ground floor. The lintel is checked for 

its bending moment resistance. Also, the two shear strength checks as introduced earlier in this 

subparagraph, are applied for the lintel. 

Bending Moment Check 

Eurocode check for the lintel at the separate shear wall at the 3rd floor: 

▪ Extreme stress:    𝜎𝑚,𝑑 =
𝑉𝑑∙

2400

2

𝑊𝑧,𝑦,𝑛𝑒𝑡
=

261,43∙103∙1.200

43.200.000
= 7,262 𝑁/𝑚𝑚2 

▪ CLT wall strength:   𝑓𝑚,𝑦𝑙𝑎𝑦,𝑑 =
𝑘𝑚𝑜𝑑∙𝑓𝑚,𝑦𝑙𝑎𝑦,𝑘

𝛾𝑚
=

0,8∙24

1,25
= 15,36 𝑁/𝑚𝑚2 

In this calculation, Wz,y,net represents the panel’s net moment of resistance. This value is based on the 

dimensions of the lamellae in the horizontal orientation. 

Full CLT Panel Check 

Eurocode check for the separate shear wall at the 3rd floor: 

▪ Extreme stress:    𝜏𝑣,𝑥𝑦,𝑑 =
𝐻𝑑

𝐴𝑥,𝑛𝑒𝑡
=

261,43∙103

4∙45∙1.200
= 1,22 𝑁/𝑚𝑚2 

▪ CLT wall strength:   𝑓𝑣,090,𝑥𝑙𝑎𝑦,𝑑 =
𝑘𝑚𝑜𝑑∙𝑓𝑣,090,𝑥𝑙𝑎𝑦,𝑘

𝛾𝑚
=

0,8∙4

1,25
= 2,56 𝑁/𝑚𝑚2 

Between CLT Layers Check 

Eurocode check for the lintel at the separate shear wall at the 3rd floor: 

▪ Extreme stress:    𝜏𝑚𝑧,𝑑 =
𝐻𝑑∙

2.400

2

𝑛𝑡∙𝑊𝑝
=

261,43∙103∙1.200

624∙1.944.000
= 0,259 𝑁/𝑚𝑚2 

▪ CLT wall strength:   𝑓𝑚𝑧,9090,𝑑 =
𝑘𝑚𝑜𝑑∙𝑓𝑚𝑧,9090,𝑘

𝛾𝑚
=

0,8∙1,1

1,25
= 0,704 𝑁/𝑚𝑚2 

Fire Safety (shear combi at lintel) 
The lintel above the door opening of the separate shear at floor 3 is checked again. However, in this 

instance with regard to fire safety. It is assumed that 70 mm cross section is lost due to fire on both sides 

of the wall. 

Bending Moment Check 

Eurocode check for the lintel at separate shear wall at the 3rd floor: 

▪ Extreme stress:    𝜎𝑚,𝑑 =
𝑉𝑑∙

2.400

2

𝑊𝑧,𝑦,𝑛𝑒𝑡
=

65,83∙103∙1.200

43.200.000
= 1,83 𝑁/𝑚𝑚2 

▪ CLT wall strength:   𝑓𝑚,𝑦𝑙𝑎𝑦,𝑑,𝑓𝑖 =
𝑘𝑚𝑜𝑑,,𝑓𝑖∙𝑓𝑚,𝑦𝑙𝑎𝑦,𝑘,𝑓𝑖

𝛾𝑚,𝑓𝑖
=

1,0∙27,6

1,0
= 27,6 𝑁/𝑚𝑚2 
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Remark: note that the horizontal lamellae in the CLT wall are protected by two layers of vertical 

lamellae. Therefore, the horizontal lamellae are unaffected by fire in this calculation. Thus, Wz,y,net 

remains unchanged, compared to the ULS calculation. 

Full CLT Panel Check 

Eurocode check for the lintel at separate shear wall at the 3rd floor: 

▪ Extreme stress:    𝜏𝑣,𝑥𝑦,𝑑 =
𝐻𝑑

𝐴𝑥,𝑛𝑒𝑡
=

65,83∙103

4∙45∙1.200
= 0,31 𝑁/𝑚𝑚2 

▪ CLT wall strength:   𝑓𝑣,090,𝑥𝑙𝑎𝑦,𝑑,𝑓𝑖 =
𝑘𝑚𝑜𝑑,𝑓𝑖∙𝑓𝑣,090,𝑥𝑙𝑎𝑦,𝑘,𝑓𝑖

𝛾𝑚,𝑓𝑖
=

1,0∙4,6

1,0
= 4,60 𝑁/𝑚𝑚2 

Between CLT Layers Check 

Eurocode check for the lintel at separate shear wall at the 3rd floor: 

▪ Extreme stress:    𝜏𝑚𝑧,𝑑 =
𝐻𝑑∙

2.400

2

𝑛𝑡∙𝑊𝑝
=

65,83∙103∙1.200

468∙1.944.000
= 0,087 𝑁/𝑚𝑚2 

▪ CLT wall strength:   𝑓𝑚𝑧,9090,𝑑,𝑓𝑖 =
𝑘𝑚𝑜𝑑,𝑓𝑖∙𝑓𝑚𝑧,9090,𝑘,𝑓𝑖

𝛾𝑚,𝑓𝑖
=

1,0∙1,265

1,0
= 1,265 𝑁/𝑚𝑚2 

Conclusion 
In Table 34, Eurocode checks of all relevant CLT walls are summarized, and translated into unity checks. 

Table 34: summary of all Eurocode checks on CLT walls. (Note: for the shear checks, the governing check is 

selected for each calculation – i.e. the highest of either the full panel check, or the in between layers check.) 

Check: U.C.: Check: U.C.: 

Separate CLT wall at ground level: Separate CLT wall at 3rd floor: 

ULS strength (buckling) 
1.298.310 𝑁

4.659.379 𝑁
= 0,28 ULS strength (shear, lintel) 

1,22 𝑁/𝑚𝑚2

2,56 𝑁/𝑚𝑚2
= 0,48 

Fire safety (buckling) 
548.600,0 𝑁

4.095.840 𝑁
= 0,14 Fire safety (shear, lintel) 

0,087 𝑁/𝑚𝑚2

1,265 𝑁/𝑚𝑚2
= 0,07 

ULS strength (shear, full) 
0,632 𝑁/𝑚𝑚2

2,560 𝑁/𝑚𝑚2
= 0,25 ULS strength (bending, lintel) 

7,262 𝑁/𝑚𝑚2

15,36 𝑁/𝑚𝑚2
= 0,48 

Fire safety (shear, full) 
0,486 𝑁/𝑚𝑚2

4,600 𝑁/𝑚𝑚2
= 0,11 Fire safety (bending, lintel) 

1,83 𝑁/𝑚𝑚2

27,6 𝑁/𝑚𝑚2
= 0,07 

Core CLT wall at ground level:  

ULS strength (shear, full) 
0,368 𝑁/𝑚𝑚2

0,704 𝑁/𝑚𝑚2
= 0,53   

Fire safety (shear, full) 
0,807 𝑁/𝑚𝑚2

4,600 𝑁/𝑚𝑚2
= 0,18   

 

All unity checks are below 1, and therefore pass the checks. 
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5.8.6 Conclusion 
As shown in the previous subparagraphs, all mass timber elements pass the required Eurocode Checks. 

Floors and beams have been checked for ULS strength, SLS stiffness, and fire safety. Only the beam 

with hole potentially requires extra investigation with regard to fire safety, if no protection at the hole is 

applied. Apart from that, all elements passed all relevant checks. Also, the columns and the CLT walls 

have been checked for ULS strength and fire safety. Here, no issues were found, and all elements passed 

the required checks. 

In Figure 26, a summary of all governing U.C.s for all building elements in this paragraph is presented. 

 

Figure 26: a summary of all governing U.C.s for the construction elements checked in this paragraph. 
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5.9 Conclusion 

In this paragraph, the design steps of this chapter are summarized. Then, a final conclusion is made. But 

first, below in Table 35, an overview of the adjustments made to the preliminary redesign is given. 

Table 35: overview of adjustments made in Chapter 5, compared to the preliminary redesign of Chapter 4 

Construction 

Element: 

Preliminary Redesign 

(Chapter 4): 

Final Redesign 

(Chapter 5): 
Remark: 

Floor 240 mm height 280 mm height 
A floor height increase was required 

due to floor vibrations. 

Beam 
600 · 370 mm2 profile 

750 · 350 mm2 profile 

600 · 370 mm2 profile 

750 · 350 mm2 profile 
For the beam with hole: the position 

of the hole is slightly adjusted. 

Column 630 · 630 mm2 profile 

380 · 380 mm2 profile 

410 · 410 mm2 profile 

490 · 490 mm2 profile 

570 · 570 mm2 profile 

Column profiles have been 

optimized over the height of the 

building (per four floors). 

CLT wall 

Separate shear wall: large 

opening, and positioned 

close to the core 

320 mm thickness 

Separate shear wall: small 

opening, and positioned 

farther away from the core 

495 mm thickness 

In order to provide sufficient 

(rotational) stiffness, the system of 

CLT walls (core plus separate shear 

wall) was adjusted.  

 

In Image 82 below, a floor plan of the final EMA office tower redesign in mass timber is given. 

 

Image 82: floor plan of the final redesign of the EMA office tower. (Here, the column profile for floor 3 – 6 is 

applied. Higher storeys are identical, other than that slimmer column profiles (see Table 35) are applied.) 

CLT wall (t = 495 mm) 

LVL beam (600 · 370 mm2) 

LVL beam (750 · 370 mm2, 

with hole) 

LVL box (h = 280 mm) 

Legend: 

Column (570 · 570 mm2) 
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In this chapter, the preliminary redesign for the office tower of Chapter 4 was checked, and adjusted 

where necessary. Based on Eurocode, load cases and load combinations were defined. Then, these were 

used in a SCIA Engineer 3D model of the construction, to verify its stiffness. 

In this process, a number of design changes were made. The separate shear wall was positioned farther 

away from the core, to better resist rotational deformation. Also, its door opening was reduced in size, 

in order to increase its stiffness. And all CLT walls were increased in thickness, so that the total stability 

system is sufficiently stiff. 

After this, three connections were designed, to show practical feasibility of the construction. These 

connections were designed with economic design in mind, with a focus on prefabrication and dry 

construction methods. 

Subsequently, Eurocode checks were made with regard to floor vibrations and wind vibrations. The 

floor system had to be increased in height, to provide sufficient vibration comfort. As for wind 

vibrations, the EMA office redesign turned out to be well within Eurocode limits, and no design changes 

were necessary. 

Then, all construction elements were subjected to Eurocode checks for strength, stiffness, and fire safety. 

In this process, only the fire safety check of the beam with hole may require more research, if the 

decision is taken to not apply fireproofing at the hole. Apart from that, all elements were successfully 

verified for their respective checks. On top of that, it was possible to perform profile optimization for 

columns, in order to reduce material consumption. 
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Finally, the redesign of the EMA office tower in mass timber is finished. Before starting the next chapter, 

it may be interesting to review the design recommendations as obtained in Table 5 in Chapter 2: 

▪ A – apply prefabricated connections: applied in this design. Building speed should increase, but 

its effect has not been measured quantitatively. 

▪ B – apply repetitive connections: applied in this design. Building speed should increase, but its 

effect has not been measured quantitatively. 

▪ C – integrate multiple solutions into 1 connection: applied in this design. Building speed should 

increase, but its effect has not been measured quantitatively. 

▪ D – large volume v. exposed area: applied in this design. Its effect was notable in fire safety 

calculations for columns. 

▪ E – apply internal steel plates: applied in this design. Because of this, fire safety was 

automatically ensured for connections, without additional steps. 

▪ F – CLT with thick outer layers: not applied in this design. Stiffness was the governing 

parameter in CLT panel design. 

▪ G – expose only on CLT surface: applied in the office area design. Extra fireproofing may be 

required inside the core. 

▪ H – choose ceiling as exposed CLT surface: applied, but for LVL floor elements. This avoided 

the need for extra fireproofing on the ceilings. 

▪ I – do not design opposite CLT surfaces: applied in the office area design. Similar to G, extra 

fireproofing may be required inside the core. 

▪ J – use damping to improve vibration comfort: applied in this design. The inherent damping 

properties of timber is taken into account in the OS-RMS 90 method. It provided a ‘free’ way 

of improving vibration comfort. 

▪ K – increase flexural stiffness to improve vibration comfort: applied in this design. Increasing 

floor height (and thus flexural stiffness), solved potential vibration comfort problems. 

▪ L – couple floor elements: not applied in this design. 

▪ M – decouple building elements: applied in this design for connection details. Its effect has not 

been measured. 

▪ N – use double building elements: not applied in this design. 

▪ O – apply mass timber inside the building envelope only: applied in this design. This should 

protect all timber elements from outside elements. 

▪ P – mass timber needs sufficient exposed area: applied in this design. Almost all mass timber 

elements have sufficient exposed area. 

▪ Q – on-site construction needs to be as fast as possible: applied in this design. Almost all 

construction design decisions were made with construction speed in mind. 

In the next chapter, the original EMA office tower and its mass timber redesign are compared. 
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6.1 Introduction 

In this final chapter, the original EMA office tower and its mass timber redesign are compared. This is 

done on basis of quantifiable performance metrices. For example, the total amount of embodied carbon 

is compared, the total mass of both structures is compared, as well as a number of other metrices. 

It must be noted that the scope of this chapter is limited to (a) the office tower, and to (b) the main 

supporting structure. The former is in line with the previous chapter – there, the final redesign is limited 

to the office tower as well. As for the latter, as mentioned in Chapter 1, this means that only construction 

elements of the main supporting structure are considered. This includes columns, beams, floors, and 

structural walls. And this excludes aspects such as floor finishing, the façade, and non-structural walls. 

This chapter consists of the following paragraphs: 

▪ In paragraph 6.2, the quantifiable performance metrices are introduced and defined. 

▪ Then, in paragraphs 6.3 and 6.4, respectively the original EMA office tower and its mass timber 

redesign are ‘measured’ for these metrices. 

▪ Subsequently, in paragraph 6.5, the obtained measurements for both buildings are compared. 

▪ Finally, a conclusion is made in paragraph 6.6. 
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6.2 Quantifiable Performance Metrices 

When comparing the original EMA office tower and its mass timber redesign, a select number of 

performance metrices will be considered. The criteria for choosing these certain metrics, is mainly based 

on the following two aspects: 

▪ Relevance to economical mass timber design: a performance metric must help answering the 

research question of this thesis. 

▪ Quantifiable: as stated in Chapter 1, a performance metric must be ‘measurable’ – it should be 

quantifiable, and be reproducible by others. 

In the context of the two aspects as stated above, the following performance metrices are defined: 

▪ Carbon footprint 

▪ Construction mass 

▪ Building dimensions 

▪ Current cost indication 

Each metric is further elaborated below. 

6.2.1 Performance Metric – Carbon Footprint 
In the context of mass timber construction in relation to traditional materials, the carbon footprint aspect 

is arguably the most interesting. As stated in Chapter 1, mass timber construction can be carbon-

negative, whereas traditional construction usually cannot. In this performance metric, the exact 

difference in carbon emissions between a concrete/steel tower, and its mass timber alternative, is 

explored. 

In order to do so, the following steps will be taken: 

▪ For both buildings, a sort of bill of materials is produced. This is an overview of the required 

amount of construction materials, measured in m3 or m2. 

▪ Also, for each construction material, the amount of emissions is determined. This is done on 

basis of a material’s Environmental Product Declaration (EPD). In an EPD, information is 

found about the environmental impact of a material throughout its life-cycle. 

▪ Then, when combining the bill of materials with the EPDs, the environmental impact of both 

buildings can be quantified. 

How a building material’s environmental impact is quantified, is elaborated below. 

Quantifying Environmental Impact 
In Europe, the method for determining the environmental impact of a construction material is described 

in EN 15804. In this document, standard rules are defined, by which a material’s environmental 

declaration should be made. 

One notable feature of this method, is the distinction of the environmental impact per stage in the 

material’s life-cycle. Below, in Image 83, a brief overview of the life-cycle stages is shown. In every 

EPD, environmental impact is measured on basis of these life-cycle stages. However, not all stages are 

considered in every EPD. In an EPD, the scope with regard to which stage is taken into account, and 

which stage is not, is defined at the beginning. 
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Image 83: an overview of all life cycle stages in an EPD according to EN 15804 [58, p. 5] 

In the context of this research question, the stages A1 to A5 are most relevant, as this thesis focusses on 

construction. Of these stages, A1 to A3 are usually present in all EPDs for construction materials. Here, 

manufacturers calculate the pollution caused by the extraction of the raw material, subsequent transport 

to a factory, and manufacturing at this factory. As for A4 and A5, these stages are determined on basis 

of scenarios. For example, assumptions need to be made for transport distances, trucking pollution, 

machinery at the construction site, packing material waste, etc. 

In an EPD, several factors that measure environment impact, are taken into account. In this thesis, one 

parameter in an EPD is of particular interest: the Global Warming Potential (GWP). In short, the GWP 

of a material describes its impact on climate change. It measures how much greenhouse gasses are 

released, and which greenhouse gasses.  

In the GWP, greenhouses gasses include not only carbon dioxide (CO2), but also greenhouse gasses such 

as methane (CH4), and nitrous oxide (N2O). In order to measure this mix of emissions under one unit, a 

unit called kg CO2 equivalent (kg CO2-eq) has been created. In this unit, the GWP of all greenhouse 

gasses can be expressed, relative to the GWP of CO2. For example, CH4 has 25 times more impact on 

global warming over a 100 year period than CO2. So, the GWP for CH4 equals 25 kg CO2-eq. Similarly, 

N2O has 298 times more impact on global warming than CO2 over the same 100 year timespan. Thus, 

the GWP of N2O equals 298 kg CO2-eq. And, clearly, as CO2 is the denominator in this calculation, the 

kg CO2-eq of CO2 equals 1. [59, pp. 211–212] 

In the following section, the GWP in stages A1 to A3 of all construction materials considered in this 

thesis, are defined. In the subsequent section, GWP scenarios are defined for stage A4 (transport). (Note: 

stage A5 (construction) is omitted in this thesis. The reason for this, is that this data is not provided in 

all EPDs. Also, stage A5 is usually relatively small, compared to A1 to A4. Thus, the impact of its 

absence on the overall results, is assumed to be very limited.) 
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Construction Material’s GWP (Stage A1 – A3: Product Stage) 
Based on EPDs for each construction material, the GWP for all construction materials in stage A1 to A3 

are defined. The results are shown at the end of this paragraph, in Table 36.  

The property differences between mass timber and traditional materials, is apparent in Table 36. 

Concrete and steel both have a positive GWP, meaning that greenhouse gasses are emitted during 

production. Especially the GWP of steel is relatively high. In contrast, the GWP of mass timber products 

are all negative, meaning that greenhouse gasses are captured from the air, and sequestered in the wood. 

GWP Scenarios (Stage A4: Transport) 
In order to measure the environmental impact of material transport, the total amount of transport 

movements need to be determined for each material. Then, combined with emission data of the transport 

vehicle, the total GWP in this stage can be calculated. 

In transport movements, a distinction is made between mass timber products, and the other materials. 

The reason for this, is that mass timber products usually are imported from relatively far away (e.g. from 

Germany, or Scandinavia). In these calculations, it is assumed that the transport distance of all timber 

materials equals 400 km. This number roughly equals the road distance between the EMA office and a 

large timber factory in Western Germany (Eugen-Decker, near Luxembourg). For all other materials, a 

transport distance of 40 km is assumed. (This roughly equals the road distance between the EMA office 

and the Tata Steel factory, near Amsterdam). Also, empty return movements are taken into account. 

As for the transport vehicle, the following is assumed: a truck with a max. load capacity of 25 tonnes. 

Its average emissions per tonne payload per kilometre equal 0,16 kg CO2-eq/tkm. (‘tkm’ is an 

abbreviation for tonne-kilometre. The presented value is an average, that includes empty return trips.) 

[60, pp. 8, 22] 

6.2.2 Performance Metric – Construction Mass 
The second performance metric to be determined for both buildings, is construction mass. In this metric, 

the total mass of the main supporting structure of the office tower is calculated. Thus this number 

excludes non-construction elements, such as façades and floor finishing. Only the primary construction 

elements as considered in the final design are included.  

In order to make these calculations for both buildings, the material density for each construction material 

is defined (see Table 36). Then, these densities are multiplied with the required volume of each material 

for both buildings. 

6.2.3 Performance Metric – Building Dimensions 
In this metric, the following building dimensions are considered: 

▪ Usable floor area 

▪ Building height 

▪ Building footprint 

Each aspect is further elaborated below. 

Usable Floor Area 
For both buildings, the usable floor area is calculated. This involves all floor area with an office function. 

Measuring is done in terms of square metres, as well as in number of workplaces. 

Building Height 
The building height of both buildings is measured (in metres). 

Building Footprint 
The footprint of both buildings is measured in square metres. 
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6.2.4 Current Cost Indication 
In this final performance metric, a cost indication is made, based on current estimations. Numbers are 

based on practical experience by a senior building cost consultant of Royal HaskoningDHV. In this 

estimation, unit prices are determined for all construction elements – floors, walls, columns, beams, and 

stability elements. These unit prices include material cost, as well as transport and installation. 

The unit prices can be found in Table 37, in the next subparagraph. 

6.2.5 Performance Metrices Overview 
In this subparagraph, an overview is given of all the numbers used in the quantifiable performance 

metrices. In Table 36, material densities, carbon footprints, and transport distances are given. After that, 

in Table 37, unit prices for all construction elements are presented. 

Table 36: construction material properties, that are used to compare the original building and the redesign. 

(Note that some floor parameters are measured in m2, instead of m3.) [61][62][63][64][65][66][58][67][68][69] 

Material: Type: Density: GWP (A1 – A3): † Transport: 

Traditional Materials (3D): 

Concrete In-situ 2.380,00 kg/m3 246,00 kg CO2-eq/m3 40 km 

Rebar - 7.850,00 kg/m3 6.116,00 kg CO2-eq/m3 40 km 

Steel Hollow section 7.850,00 kg/m3 19.625,00 kg CO2-eq/m3 40 km 

Steel 
Non-hollow 

profile/plate 
7.850,00 kg/m3 8.871,00 kg CO2-eq/m3 40 km 

Gravel Recycled 1.600,00 kg/m3 0,63 kg CO2-eq/m3 40 km 

Mass Timber (3D): 

CLT - 470,00 kg/m3 – 657,00 kg CO2-eq/m3 400 km 

LVL Beams 510,00 kg/m3 – 640,00 kg CO2-eq/m3 400 km 

Glulam - 460,00 kg/m3 – 650,00 kg CO2-eq/m3 400 km 

Floors (2D): 

Steel Floor deck 11,35 kg/m2 31,10 kg CO2-eq/m2 40 km 

LVL Hollow floor box 510,00 kg/m3 – 90,00 kg CO2-eq/m2 400 km 

 

† Note: the data in this table originate from EPDs of different manufacturers. All of these EPDs were up-

to-date (as of April 2021). Also, all EPDs are in accordance with EN 15804, and are European. EPDs 

from The Netherlands were preferred, but not available for every material type. 
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Table 37: unit prices for construction elements, to be used in the current cost estimation. (Numbers are based 

on practical experience by a senior cost consultant of Royal HaskoningDHV.) 

Element: Type: Unit cost: 

Original EMA Office Materials: 

Floor 
Concrete steel composite 

decking 
€ 115,00/m2 

Wall Concrete in-situ € 260,00/m2 

Beam Steel profile (IPE, HEB) € 3,50/kg 

Column Steel profile (HEB) € 3,50/kg 

Column 
Steel, concrete-filled (part 

steel) 
€ 8,50/kg 

Column 
Steel, concrete-filled (part 

concrete) 
€ 180,00/unit 

Stability Diagonal Steel hollow profile € 8,50/kg 

Mass Timber EMA Office Materials: 

Floor LVL floor box € 335,00/m2 

Floor Floor added mass (gravel) € 203,00/m3 

Wall CLT € 2.075,00/m2 

Beam LVL € 1.900,00/m3 

Column Glulam € 1.900,00/m3 
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6.3 Original EMA Office Tower Performance Metrices 

In this paragraph, the quantifiable performance metrices as introduced in the previous paragraph, are 

determined for the original EMA office tower main supporting structure. First, the metrices based on 

material consumption are presented (i.e. the carbon footprints and mass). Subsequently, building cost is 

calculated. Then, the performance metrices based on building dimensions are given. See Appendix 

XXVI for full calculations. 

6.3.1 Original EMA Office Tower – Carbon Footprint and Mass 
Below, in Table 38, the bill of materials is presented for the main supporting structure of the original 

EMA office tower. Also, the performance metrices associated with material volumes are calculated. 

Table 38: bill of materials for the original EMA office tower construction, carbon footprints, and mass. 

Material: Type: Quantity: 
GWP 

(A1 – A3): 

GWP 

(transport): 
Mass: 

Concrete In-situ 6.656,92 m3 1.637.602 kg CO2-eq 101.440 kg CO2-eq 15.843.470 kg 

Rebar - 22,35 m3 136.693 kg CO2-eq 1.280 kg CO2-eq 175.448 kg 

Steel 
Hollow 

section 
15,90 m3 312.038 kg CO2-eq 800 kg CO2-eq 124.815 kg 

Steel 
Non-hollow 

profile/plate 
161,15 m3 1.429.562 kg CO2-eq 8.160 kg CO2-eq 1.265.028 kg 

Steel Floor deck 24.675,84 m2 767.419 kg CO2-eq 1.920 kg CO2-eq 280.071 kg 

Total: 4.283.314 kg CO2-eq  113.600 kg CO2-eq 17.688.832 kg 
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6.3.2 Original EMA Office Tower – Current Cost Indication 
In Table 39 below, a current cost indication for the original EMA office tower is given. 

Table 39: bill of construction elements for the original EMA office tower, and the associated cost indication. 

Element: Type: Quantity: Total cost: 

Floor 
Concrete steel 

composite decking 
24.676 m2 € 2.837.721,60 

Wall Concrete in-situ 6.090 m2 € 1.583.462,40 

Beam 
Steel profile (IPE, 

HEB) 
 782.982 kg € 2.740.436,27 

Column Steel profile (HEB) 269.713 kg € 943.997,04 

Column 
Steel, concrete-

filled (part steel) 
111.253 kg € 945.651,01 

Column 
Steel, concrete-

filled (part concrete) 
192 units € 33.600,00 

Stability Diagonal Steel hollow profile 13.658 kg € 116.094,62 

Total: € 9.200.962,93 

 

6.3.3 Original EMA Office Tower – Building Dimensions 
The following building dimensions are measured for the original EMA office tower: 

▪ Usable floor area: 21.150,32 m2 

▪ Building height: 60,40 m 

▪ Building footprint: 1814,40 m2  
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6.4 Mass Timber EMA Office Tower Performance Metrices 

In this paragraph, the quantifiable performance metrices as introduced in paragraph 6.2, are determined 

for the redesigned mass timber EMA office tower main supporting structure. First, the metrices based 

on material consumption are presented (i.e. the carbon footprints and mass). Subsequently, building cost 

is calculated. Then, the performance metrices based on building dimensions are given. See Appendix 

XXVI for full calculations. 

6.4.1 Mass Timber EMA Office Tower –Carbon Footprint and Mass 
The bill of materials for the mass timber EMA office tower can be found below, in Table 40. Also, the 

associated performance metrices – the carbon footprints and mass – have been added. 

Table 40: bill of materials for the EMA office tower mass timber redesign, carbon footprints, and mass. 

Material: Type: Quantity: 
GWP 

(A1 – A3): 

GWP 

(transport): 
Mass: 

CLT - 3.915,84 m3 – 2.572.707 kg CO2-eq 118.400 kg CO2-eq 1.840.445 kg 

Glulam - 404,36 m3 – 262.834 kg CO2-eq 12.800 kg CO2-eq 186.006 kg 

LVL Beams 1.151,58 m3 – 737.011 kg CO2-eq 38.400 kg CO2-eq 587.306 kg 

LVL 
Hollow 

floor box 

24.675,84 m2 

3.535,66 m3 
– 2.220.826 kg CO2-eq 116.800 kg CO2-eq 1.803.187 kg 

Gravel Recycled 1.522,35 m3 959 kg CO2-eq  15.680 kg CO2-eq 2.435.760 kg 

Steel 
Non-hollow 

profile/plate 
122,65 m3 1.088.028 kg CO2-eq 6.240 kg CO2-eq 962.803 kg 

Total: – 4.704.391 kg CO2-eq  308.320 kg CO2-eq 7.815.507 kg 
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6.4.2 Mass Timber EMA Office Tower – Current Cost Indication 
In Table 41 below, the current cost indication for the mass timber EMA office tower is shown. 

Table 41: bill of construction elements for the mass timber EMA office tower, with a cost indication. 

Element: Type: Quantity: Total cost: 

Floor LVL floor box 24.676 m2 € 8.266.406,40 

Floor 
Floor added mass 

(gravel) 
1.522 m3 € 309.037,05 

Wall CLT 7.910 m2 € 16.414.080,00 

Beam LVL 1.159 m3 € 2.202.808,32 

Column Glulam 390 m3 € 741.040,13  

Total: € 27.933.371,90 

 

6.4.3 Mass Timber EMA Office Tower – Building Dimensions 
The following building dimensions are measured for the original EMA office tower: 

▪ Usable floor area: 20.882,88 m2 

▪ Building height: 60,40 m 

▪ Building footprint: 1814,40 m2  
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6.5 EMA Office Original and Mass Timber Tower Comparison 

In this paragraph, the performance metrices as quantified in the previous paragraphs, are compared 

between the original EMA office tower and its mass timber redesign. Also, at the end of this paragraph, 

a number of qualitative aspects of both buildings are compared. See Appendix XXVI for full 

calculations. 

6.5.1 Carbon Footprint 
Below, in Figure 27, the carbon footprint of both buildings is presented, in four ‘cases’. These cases are 

based on the following starting points: 

▪ Product Stage Only: here, only the GWP of LCA modules A1 to A3 are taken into account. (As 

determined in Table 38 and Table 40.)  

▪ Product Stage and Transport: in this case, transportation of construction materials is added. (As 

determined in Table 38 and Table 40.) 

▪ Timber Without Carbon Sequestration: here, it is assumed that the GWP of all timber products 

for stage A1 equals 0 kg CO2-eq. (This can be assumed, if the end-of-life stage for timber is not 

managed well. For example, if all timber is burned, all embodied carbon returns to the 

atmosphere. This would cancel out the effect of timber carbon sequestration.) Transportation is 

also included. See Appendix XXVI for the full calculation. 

▪ Timber Without Carbon Sequestration and Very Far Away Transport: here, the same is assumed 

as in the previous case, as well as an even farther transport distance for timber products. It is 

assumed that all timber products are imported from Austria, instead of Western Germany. See 

Appendix XXVI for the full calculation. 

 

 

Figure 27: carbon footprint comparisons between the original EMA office tower and its mass timber alternative. 

The four different cases are described above. 
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As can be observed in Figure 27, the four cases are ordered from most favourable to least favourable, 

with regard to the mass timber redesign. In the most favourable case – with full timber carbon 

sequestration, and no transport taken into account – the mass timber redesign embodies more carbon 

than the original building emits. And in the least favourable case – where timber carbon sequestration 

is not taken into account, and all timber is imported from relatively far away – the mass timber redesign 

emits 52,3% GHG compared to the original building. 

6.5.2 Construction Mass 
The total mass of the main supporting structure for the original EMA office tower, and its mass timber 

redesign, were determined as follows: 

▪ Original EMA office tower: 17.688.832 kg 

▪ Mass timber EMA office tower: 7.815.507 kg 

As can be observed in the numbers above, the mass timber redesign has a mass less than half of the 

original EMA office tower main supporting structure. 

6.5.3 Building Dimensions 
The considered building dimensions, included the following three aspects: usable floor area, building 

height, and building footprint. The latter two are the same for both buildings. Only in the usable floor 

area, a difference was obtained: 

▪ Original EMA office tower: 21.150,32 m2 

▪ Mass timber EMA office tower: 20.882,88 m2 

Thus, a reduction of 1,26% in usable floor area is found in the mass timber redesign, compared to the 

original EMA office tower. 

The most impactful factor with regard to usable floor area reduction, is the CLT walls. The increase in 

wall thickness (from 300 mm to 495 mm) along all lengths, and the addition of extra separate shear 

walls, were the main contributing factors. In contrast, the impact of the increased column sizes, was only 

limited. 

6.5.4 Current Cost Indication 
Based on practical cost numbers, an indication for the total cost of both buildings is produced. The total 

cost for each building was obtained as follows: 

▪ Original EMA office tower: € 9.200.962,93 

▪ Mass timber EMA office tower: € 27.933.371,90 

As can be seen in the numbers above, the mass timber alternative cost is a factor 3 higher than the 

original building, based on current estimates. Large contributors to this cost gap are the floors, and the 

CLT walls. 

6.5.5 Qualitative Comparison 
Beside quantitative (measurable) differences between both buildings, a number of qualitative 

differences can also be observed. A selection, which relates to economic design, is presented in this 

subparagraph. 

First of all, building time is compared. Even though the original EMA office was designed to be built 

rapidly, the mass timber redesign arguably has a shorter building time. Reasons for this, include: 

▪ The mass timber office tower consists fully out of prefabricated elements, and all construction 

is dry. At the construction site, these elements only have to put in place, and then fixed. In 
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contrast, the original EMA office has a core made of in-situ concrete, that requires more time to 

realize than prefabricated CLT walls. 

▪ The lighter construction may save some time in foundation works, compared to the heavier 

original building. 

▪ Mass timber requires less steps in finishing actions. For example, most timber surfaces can be 

fully exposed, without additional layers for fireproofing, since fire safety is integrated in the 

design. On the contrary, in the original building, additional steps were required in the finishing 

process. For example, elements required fireproofing, and all ceilings required an extra finishing 

layer. 

Secondly, the architectural value of exposed timber can be an asset for the building. Currently, mass 

timber buildings are relatively uncommon, and thus unique. Also, there may be health benefits for living 

and/or working in an environment with exposed timber. Studies investigating these effects, report 

reduced levels of stress for end-users, and a higher satisfaction of the psychical surroundings. [70] 
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6.6 Conclusion 

In this chapter, differences between the original EMA office tower, and its mass timber alternative were 

compared. 

First, the carbon footprint of both buildings was compared. Four cases, with different assumptions with 

regard to transport and carbon sequestration, were examined. Two of these cases represent upper and 

lower boundary values for the carbon emissions of the mass timber building. The actual value should 

lay in between these limits, and is dependent on a number of practical unknowns. For example, from 

how far away are the mass timber elements imported? And what is the end-of-life plan for the mass 

timber elements? However, Figure 27 shows there is considerable room for such uncertainties, before 

the mass timber building comes even close to the original building in terms of GHG emissions. 

Then, the buildings masses were compared. It was found that the mass timber redesign has a mass less 

than half of the original EMA office. How to interpret this difference in the context of economic design, 

is not directly clear. On one hand, building lighter arguably saves some amount of construction time, 

and foundation materials. On the other hand, it is likely that the foundation for the lighter construction 

still requires the same amount of foundation piles as the original. Thus, the actual construction time 

savings are probably only incremental. 

Subsequently, building dimensions were compared. Only a difference in usable floor area was found – 

here, the mass timber redesign showed a 1,26% reduction. Despite this reduction in usable floor area, 

the number of available workplaces was unaffected. This means that the interpretation of the loss in 

usable floor area, depends on which factors have priority. For example, a real estate developer may only 

be interested in the amount of available square meters, since this number determines potential rent 

income. On the contrary, a client that is also the building’s end-user, may be more interested in the 

number of available work places.   

Next, building cost was compared. It was found that, based on current estimates, the mass timber office 

tower has a cost three times higher than the original building. These costs are rough practical estimates, 

but include many aspects (material, transport, and construction). This large difference in cost, is in line 

with the observation in Chapter 2. Here, it was found that mass timber construction is relatively 

uncommon in The Netherlands, due to its high cost. However, one remark must be made. The cost 

estimates are based on current practice. It remains to be seen how the mass timber building costs may 

adapt to the high building speed methods proposed in this thesis. 

Finally, two qualitative aspects of both buildings were also compared. The first one was building time. 

Here, three indicators were identified, that suggest the mass timber building may be constructed faster 

than the original EMA office tower. (These indicators being: the all-dry and (almost) fully prefabricated 

construction method, the effect of reduced mass on foundation works, and the reduction in necessary 

steps in finishing the building.) The second aspect was the architectural value of having exposed timber 

in the interior. This may be an unique asset to the building, and have beneficial effects on the end-user. 
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Conclusion & Discussion 
Conclusion 

The Dutch construction industry is facing a challenging problem – carbon emissions need to be reduced, 

but simultaneously, the building production needs to be increased. Mass timber construction has the 

potential to contribute in solving these challenges. It enables carbon-negative construction, and it allows 

for rapid construction. However, in practice, it appears that mass timber construction is currently too 

costly, compared to traditional methods of construction. 

This thesis attempts to address this cost barrier, by exploring economical design in mass timber 

construction. In order to do so, a case study building was selected (the EMA office tower), and it was 

redesigned in mass timber. After feasibility was shown for a mass timber redesign, the focus shifted 

toward economic aspects of the redesign. Emphasis was put on rapid construction methods, and on 

integrating multiple solutions into single elements. When the final redesign was finished, a comparison 

was made between the original EMA office tower, and its mass timber alternative.  

Main Findings 
First of all, the following main findings were obtained in the comparison between the original EMA 

office tower, and its mass timber redesign. 

Carbon Footprint 
The mass timber redesign has a significantly lower carbon footprint (– 4.396.071 kg CO2-eq), compared 

to the original building in steel and concrete (4.396.914 kg CO2-eq). The potential carbon savings 

roughly equal the average annual carbon footprint of 557 Dutch citizens. [71] This number includes 400 

km transport for all mass timber elements. It also assumes there is proper end-of-life management for 

all mass timber elements, and that the elements are not simply burnt for energy. 

However, even if the latter was the case (i.e. the carbon footprint of all mass timber elements is taken as 

zero instead of a negative value), the mass timber redesign still has a significantly lower carbon footprint. 

In this scenario, a carbon footprint of 1.653.990 kg CO2-eq was found for the mass timber redesign. The 

new carbon savings are roughly equivalent to the average annual carbon footprint of 174 Dutch citizens. 

In practice, these two carbon footprints for the mass timber building may represent upper and lower 

boundary values. The actual carbon footprint lies in between these boundary values, and depends on a 

number of practical variables. For example, from how far away are the mass timber elements imported? 

And what is the end-of-life plan for the mass timber elements? But, even in the least favourable scenario 

that was explored, mass timber construction still has a significantly lower carbon footprint than 

traditional construction. 

Economical Design 
In order to assess economical design, a number of quantifiable performance metrices were applied. 

Building Dimensions 

First of all, it was found that due to the larger size of timber elements, there was a reduction in usable 

floor area for the mass timber redesign (1,26% loss). This means a loss in rentable floor area, and thus 

lower potential income for the building owner, if the building was rented out. However, there was no 

loss in number of workplaces. Thus, if the building owner also functions as building end-user, the usable 

floor area loss should not be as financially impactful. 

Also, the mass timber redesign has the same building height as the original, as well as the same building 

footprint. 
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Indicators for Economic Design 

Secondly, a number of other indicators that may influence the economical aspect of the mass timber 

building, have been explored: 

▪ Construction mass: it was found that the mass timber redesign has a significantly lower mass 

than the original. A difference of 55,8% was obtained. This may translate into moderately less 

costly foundation works. 

▪ Construction time: the mass timber redesign should have a shorter construction time than the 

original. All elements are prefabricated, and all non-foundation elements and connections are 

dry. This should have a favourable effect on construction speed, even though the precise effects 

have not been quantified in this thesis. 

▪ Qualitative aspects of mass timber: finally, qualitative aspects of mass timber design may also 

be taken into account. For example, mass timber buildings can be considered unique, compared 

to more common concrete and steel buildings. Also, there are health benefits associated with 

mass timber interiors. These aspects have not been quantified in this thesis, but may be taken 

into account in a full economic assessment. 

Current Cost Indication 
Thirdly, a current cost indication for both buildings was made. Here a significant cost difference was 

found for both buildings. The cost indication of the original building equals € 9.200.963, whereas the 

cost indication for the mass timber building equals € 27.933.372. This includes material cost, transport, 

and construction. These numbers are based on current practice experience, and illustrate the cost gap 

between building traditionally and mass timber construction. With regard to building cost, it remains 

uncertain what the impact is of the rapid design methods proposed in this thesis. 

Next, a number of other findings relevant to design in mass timber are presented. 

Design in Mass Timber 
In the process of designing in mass timber, the following findings were obtained: 

▪ Stiffness: in the design, overall building stiffness was governing, and not strength. Because of 

this, the profiles of the CLT walls are relatively thick (495 mm in total). This profile was 

required to satisfy the u = l/500 demand for maximum horizontal deflection in the SLS. With 

regard to ULS strength, the CLT walls have a high remaining capacity (the highest obtained 

U.C. for a CLT wall is 0,53). 

▪ Added mass in floors: the added mass in the lightweight LVL floor boxes, serves multiple 

purposes. First of all, it helps solving floor vibration problems. Secondly, the added mass also 

helps preventing tensile forces in column and wall connections in the SLS. And thirdly, the 

added mass is beneficial for avoiding disturbances caused by wind induced vibrations. In this 

thesis, an added floor mass of 100 kg/m2 was assumed. As for material, recycled gravel was 

chosen, for sustainability reasons. 

▪ Floor systems: when comparing floor systems in mass timber, it was found that LVL closed 

floor boxes are the best performing, when designing for minimal floor height (see Chapter 4). 
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Conclusions 
With the main findings as presented above, a conclusion to this thesis is made. The EMA office tower 

has been redesigned in mass timber. From a technical point of view, this was done successfully. From 

an economical point of view, not as successfully, due to a loss in usable floor area. 

This conclusion enables the research question to be answered. 

Research Question:  Can a midrise office building in The Netherlands, built in a traditional 

material, be redesigned in mass timber, and is this as economical as the 

original design? 

Answer: 

▪ As for the technical aspect: yes. In this thesis, the EMA office tower has been 

successfully redesigned in mass timber. All structural demands are satisfied, 

including strength, serviceability, and fire safety. Only certain specific building 

elements, such as the large truss in the base building, may be challenging to 

build in mass timber. 

▪ As for the economical aspect: no. The mass timber redesign resulted in a 1,26% 

usable floor area loss, due to larger construction element sizes. Other variables 

that can influence economical design – such as construction mass, construction 

time, and the qualitative aspects of a building material – indicate that mass 

timber construction may be more favourable in economical design, with regard 

to these aspects. However, the precise impact of these variables have not been 

explored in this thesis. 

Discussion 

The following topics that have been covered in this thesis, may be relevant for discussion: 

▪ Cost difference: the quantified cost difference between the mass timber construction and the 

original construction, is based on current practical numbers. Thus, it remains unclear what the 

impact of the proposed construction methods with increased speed may be. 

▪ Usable floor area loss and design for timber: usable floor area loss may be unavoidable when 

building in mass timber. After all, mass timber elements require more volume to provide the 

same strength, compared to, for example, steel. Nonetheless, in this thesis, the 1,26% loss may 

have been lowered, if the mass timber building was designed specifically for timber. For 

example, different grid sizes, and a modified floor plan (all whilst respecting the requirements 

set by the client), may have been considerations. However, it was decided to keep the original 

floor plan, in order to better compare the original and mass timber buildings. 

▪ CLT wall connection: when reviewing the connection designs and carbon footprint differences, 

it seems the CLT wall connection is not designed as optimally as it could be. Steel has a 

relatively large carbon footprint, and the large amount of steel accounts for a big portion of the 

carbon footprint in the mass timber redesign. (More precisely: 76% of GHG emissions in 

modules A1 – A3 in the mass timber redesign, are due to the CLT wall connections.) 

▪ Mass timber design: in this thesis, the decision was taken to keep the mass timber redesign close 

to the original building design. This allowed for a better comparison between both buildings. 

However, in practice, the EMA office should be designed differently if it was built in mass 

timber. For example, different grid sizes and floor spans may be more efficient in mass timber. 
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Further Research 

If more mass timber construction is desired in The Netherlands, arguably the most important area for 

further research is cost reduction. As indicated in Chapter 6, there is a cost difference between building 

traditionally and building in mass timber. These difference forms a barrier for the market to adopt mass 

timber. 

Further research in mass timber cost reduction may include the following: 

▪ 17 design recommendations: in this thesis, the 17 design recommendations for mass timber (as 

obtained in Table 5 in Chapter 2) have provided starting points for economic design in mass 

timber. It may be beneficial to research extra design recommendations. Especially in the topic 

of Connection Design, new design recommendations will arguably be the most impactful 

regarding the development of mass timber construction. Also, it may be interesting to quantify 

the effects of the design recommendations.  

▪ CLT wall connections: the CLT wall connections that were designed in this thesis, require a 

relatively high amount of steel. This has an unfavourable effect on building cost and carbon 

footprint. Innovative CLT wall connections, with less steel consumption, may help mitigate this 

effect. 

▪ Mass timber prefabrication and construction speed: in this thesis, only qualitative statements on 

building speed have been made. However, it may be interesting to explore quantitatively the 

effect of a full prefabricated mass timber construction on construction speed, compared to 

building traditionally. This quantified speed increase may illustrate more concretely the 

plausible benefits of mass timber construction. 
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Appendix I – Preliminary Wind Load Determination  

Based on NEN-EN 1991 + Dutch National Annex 

 

Wind load determination 
Assume wind area I; non-urban surrounding; 80 m height; yields qp = 1,86 kN/m2 (Table NB.5) 

 

cpe = 0,8 (Table NB.6, zone D) 

cpi = 0,5 (Figure 7.13, h/d > 1 and µ = 1) 

 

Correlation factor = 0,85 (7.2.2 (4)) 

 

External wind pressure (we = qp(ze) * cpe (5.1)) and internal wind pressure (wi = qp(zi) * cpi (5.2)) are 

combined: 

 

 (0,8+0,5)*0,85 = 1,105 → cpe,total = 1,155 is assumed 

 

Base building of the EMA office 
Dimensions: 

- 79,2 m broad 

- 18,8 m high 

- 50,4 m depth 

 

q load: 

1,86 kN/m2 * 79,2 m * 1,155 = 170,15 kN/m 

 

Resulting moment: 

Mbase = 0,5 * 170,15 * 18,82 = 30069 kNm 

 

Office tower of the EMA office 
Dimensions: 

- 50,4 m broad 

- 60,4 m high 

- 36 m depth 

 

q load: 

1,86 kN/m2 * 50,4 m * 1,155 = 108,28 kN/m 
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Appendix II – Allowable Deflection Determination 

Allowable Deflection 
Max. allowable deflection: umax = 1/500 * height = 79200/500 = 158,4 mm 

 

Assumptions: 

- The construction is simplified to a clammed beam 

- Max deflection is caused by wind loading (u1) and the rotational stiffness of the foundation 

(u2) 

- It is assumed that u2 = 50% * u1 

- It is assumed that the 2nd order effect n/n-1 = 1,25 

 

 
 

→ 1,25 * (umax) = 158,4 mm 

→ 1,25 * (u1 + 0,5*u1) = 158,4 mm 

→ u1 = 84,48 mm 
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Appendix III – Preliminary Stiffness Determination Clamped Beam 

Required Stiffness 
Beam theory deflection of a clamped beam, loaded with a moment: 

 

u = (M*l2)/(2EI) 

 

→ u1 = (M*l2)/(2EI) 

→ u1 = (350535 * 79,22)/(2EI) 

→ EI = (350535 * 79,22)/(2*(84,48/1000)) 

→ EI = 2198779862 / 0,16896 

→ EI = 1,301361… E10 

→ EI ≃ 1,302 E10 kNm2 

 

E-modulus assumption for CLT: 8700 N/mm2 

 

→ I ≃ 1495,818 m4 

 

A reduction factor is assumed, to account for the effects of wall openings and connections: 0,65 

 

→ Irequired = 1495,818 / 0,65 ≃ 2302 m4 
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Appendix IV – Minimal Floor Height Office Tower 

Lignatur 
 

 
  



Appendix IV – Minimal Floor Height Office Tower – Lignatur 

 
  



Appendix IV – Minimal Floor Height Office Tower – Lignotrend 

Lignotrend 
 

 
  



Appendix IV – Minimal Floor Height Office Tower – Lignotrend 

 



Appendix IV – Minimal Floor Height Office Tower – CLT slab 

CLT slab 
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CLT T-slab 
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Appendix IV – Minimal Floor Height Office Tower – CLT ⊥-slab 

CLT ⊥-slab 
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Appendix IV – Minimal Floor Height Office Tower – LVL closed box 

LVL closed box 
 

 
  



Appendix IV – Minimal Floor Height Office Tower – LVL closed box 

 
 

  



Appendix IV – Minimal Floor Height Office Tower – LVL half-open box 

LVL half-open box 
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Appendix IV – Minimal Floor Height Office Tower – LVL U-box 

LVL U-box 
 

 
  



Appendix IV – Minimal Floor Height Office Tower – LVL U-box 

 
  



Appendix V – Fixed Floor Height Office Tower – CLT T-slab 

Appendix V – Fixed Floor Height Office Tower 

CLT T-slab 
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Appendix V – Fixed Floor Height Office Tower – CLT ⊥-slab 

CLT ⊥-slab 
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Appendix V – Fixed Floor Height Office Tower – LVL half-open box 

LVL half-open box 
 

 

  



Appendix V – Fixed Floor Height Office Tower – LVL half-open box 

  



Appendix V – Fixed Floor Height Office Tower – LVL U box 

LVL U box 
 

 
  



Appendix V – Fixed Floor Height Office Tower – LVL U box 
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Appendix VI – Preliminary Beam Calculations Without Installations 

Dimensions for Different Beam Heights (ULS) 
Rectangular beam h = 400: 

 

 

Rectangular beam h = 450:

 

  



Appendix VI – Preliminary Beam Calculations Without Installations – Dimensions for Different Beam 

Heights (ULS) 

Rectangular beam h = 500: 

 

 

Rectangular beam h = 550:

 

  



Appendix VI – Preliminary Beam Calculations Without Installations – Dimensions for Different Beam 

Heights (ULS) 

Rectangular beam h = 600: 

 

 

Rectangular beam h = 650:

 

  



Appendix VI – Preliminary Beam Calculations Without Installations – Dimensions for Different Beam 

Heights (ULS) 

Rectangular beam h = 700: 

 

 

Rectangular beam h = 750:

 

  



Appendix VI – Preliminary Beam Calculations Without Installations – Dimensions for Different Beam 

Heights (ULS) 

Rectangular beam h = 800:

 

Rectangular beam h = 850: 

 

  



Appendix VI – Preliminary Beam Calculations Without Installations – Fire Safety Check (600*370 

profile) 

Rectangular beam h = 900: 

 

Fire Safety Check (600*370 profile) 
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Appendix VII – Preliminary Beam Calculations With Installations 

Unreinforced hole 
Unreinforced beam hole size limitations, based on DIN EN 1995-1-1/NA: 

 

Beam height h = 600 mm; which gives: 

▪ a ≤ 0,4 * 600 mm = 240 mm 

▪ hd ≤ 0,15 * 600 mm = 90 mm 

These size limitations are too small to fit the required installations (e.g. a 200 x 600 mm2 air duct). 

However, different limitations can be assumed for a material with higher tensile strength perpendicular 

to the grain – such as LVL with cross veneer layers. The Austrian National Annex to Eurocode 5 

(Nationale Festlegungen zur Umsetzung der ÖNORM EN 1995-1-1, nationale Erläuterungen und 

nationale Ergänzungen, Chapter 7.3 and Annex F) sets the following dimension limitations for holes in 

a LVL-C beam: 

▪ hro and hru ≥ 0,25h 

▪ a ≤ 2,5 hd 

▪ hd ≤ 0,4 h 

Using these limitations, a hole of 550 x 220 mm2 is used to design a beam profile: a 600*630 mm2 

profile is obtained (see below). Additionally, with the limitations as given above, it is impossible to 

design the hole below the floor, without increasing the beam height. 



Appendix VII – Preliminary Beam Calculations With Installations – Unreinforced hole 

 



Appendix VII – Preliminary Beam Calculations With Installations – Reinforced hole h = 600 

Reinforced hole h = 600 
Reinforced beam hole size limitations, based on DIN EN 1995-1-1/NA: 

 

Beam height h = 600 mm; which gives for external reinforcement: 

▪ hd ≤ 0,4 * 600 mm = 240 mm 

▪ a ≤ 2,5 * 240 mm = 600 mm 

Option A: externally reinforced rectangular holes (220 * 500 mm2) at centreline beam 

The reinforcement panel width is determined. The following equation should be satisfied: 

 

Input: 

▪ Ft,90 = 42255,83 N (see below) 

▪ ar = to be determined 

▪ had = 190 mm 

▪ fk,2 = (0,75/1,2) * 0,8 = 0,5 N/mm2 

Ft,90 determination: 

 

Input: 

▪ V (positioned at 800 mm from the center (0,5 * lz limitation + hole width 500 mm), and 

assuming q=90 kN/m (based on rectangular beam 600 mm height)) = 72 kN 

▪ hd = 220 mm (20 mm extra is taken into account, so that installations will fit in practice) 

▪ h = 600 mm 

▪ M (at same position as V) = 554,4 kNm 

▪ hr = 190 mm 

Which gives for Ft,90 = 18912,6667 + 23343,16 = 42255,83 N 

→ solving for ar: 

42255,83/(2*ar*190) = 0,5 → ar = 222,4 mm 

 



Appendix VII – Preliminary Beam Calculations With Installations – Reinforced hole h = 600 

External reinforcement plate dimension limitations: 

 

0,25 * 500 ≤ 222,4 ≤ 0,3(220+600) 

125 ≤ 222,4 ≤ 246 → pass 

 

Next, the reinforcement panel thickness is determined: 

 

Input: 

▪ Ft,90 = 42255,83 N (see above) 

▪ tr = to be determined 

▪ ar = 222,4 mm (see above) 

▪ ft = (35/1,2) * 0,8 = 23,33 N/mm2 (LVL 48P tensile strength) 

▪ kk = 2 (determined by DIN EN 1995:1-1-1/NA) 

→ solving for tr: 

42255,83/(2*tr*222,4) = 23,33/2 

tr = 8,144 mm → minimal 10 mm thickness is required 

Conclusion: two rectangular holes (220 * 500 mm2) at beam centreline, externally reinforced with two 

LVL 48P plates of 950 * 600 mm2 work in ULS in tension perpendicular to the grain of the beam. 

Required beam dimension: 600 x 460 mm2 (see below) 



Appendix VII – Preliminary Beam Calculations With Installations – Reinforced hole h = 600 

 

  



Appendix VII – Preliminary Beam Calculations With Installations – Reinforced hole h = 600 

Fire safety check. Assumptions: 

▪ 70 mm material is lost, from below and both sides 

▪ The beam does not lose material from inside the hole due to the fire (i.e. the holes are filled) 

 



Appendix VII – Preliminary Beam Calculations With Installations – Reinforced hole h = 600 

Option B: externally reinforced rectangular holes (200 * 520 mm2) below centreline beam 

New Ft,90 determination: 

 

Input: 

▪ V (positioned at 800 mm from the center (0,5 * lz limitation + hole width 500 mm), and 

assuming q=90 kN/m (based on rectangular beam 600 mm height)) = 72 kN 

▪ hd = 200 mm 

▪ h = 600 mm 

▪ M (at same position as V) = 554,4 kNm 

▪ hr = 160 mm 

Which gives for Ft,90 = 17333,33 + 27720 = 45053,33 N 

Panel width determination: 

 

Input: 

▪ Ft,90 = 45053,33 N (see above) 

▪ ar = to be determined 

▪ had = 160 mm 

▪ fk,2 = (0,75/1,2) * 0,8 = 0,5 N/mm2 

→ solving for ar: 

45053,33 /(2*ar*160) = 0,5 → ar = 281,58 mm 

ar is larger than 0,3(hd+h) (which equals 240 mm) → fail 

Conclusion: making two externally reinforced holes in the beam below the floor system is not possible 

in this context. 

Option C: externally reinforced rectangular hole (220 * 550 mm2) at the middle of the beam 

A 220 * 550 mm2 hole satisfies the dimensional requirements as stated above. However, the hole cannot 

be below the floor system (assuming 240 mm floor height and 600 mm beam height). 

New Ft,90 determination: 

 

Input: 

▪ V (positioned at 275 mm from the centre, and assuming q=90 kN/m (based on rectangular 

beam 600 mm height)) = 24,75 kN 

▪ hd = 220 mm 

▪ h = 600 mm 

▪ M (at same position as V) = 579,8 kNm 

▪ hr = 190 mm 



Appendix VII – Preliminary Beam Calculations With Installations – Reinforced hole h = 600 

Which gives for Ft,90 = 6501,23 + 24412,64 = 30913,87 N 

Now, the reinforcement panel width is determined. The following equation should be satisfied: 

 

Input: 

▪ Ft,90 = 30913,87 N (see above) 

▪ ar = to be determined 

▪ had = 190 mm 

▪ fk,2 = (0,75/1,2) * 0,8 = 0,5 N/mm2 

→ solving for ar: 

30913,87 /(2*ar*190) = 0,5 → ar = 162,71 mm 

 

External reinforcement plate dimension limitations: 

 

0,25 * 550 ≤ 162,71 ≤ 0,3(220+600) 

137,5 ≤ 162,71 ≤ 246 → pass 

Next, the reinforcement panel thickness is determined: 

 

Input: 

▪ Ft,90 = 30913,87 N (see above) 

▪ tr = to be determined 

▪ ar = 162,71 mm (see above) 

▪ ft = (35/1,2) * 0,8 = 23,33 N/mm2 (LVL 48P tensile strength) 

▪ kk = 2 (determined by DIN EN 1995:1-1-1/NA) 

→ solving for tr: 

30913,87 /(2*tr*162,71) = 23,33/2 

tr = 8,15 mm → minimal 10 mm thickness is required 

Conclusion: a rectangular hole (220 * 550 mm2) at beam centreline, externally reinforced with two LVL 

48P plates of 900 * 600 mm2 work in ULS in tension perpendicular to the grain of the beam. 

Required beam dimension: 600 * 460 mm2 (see below). 
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Appendix VII – Preliminary Beam Calculations With Installations – Notched beam (bottom) 

unreinforced 

Notched beam (bottom) unreinforced 
It is checked if a notched beam without reinforcement is feasible. 

 

In this sort of calculation, shear strength of the beam is reduced by a factor kv. Because shear stresses 

are high near the support, and shear strength of LVL is relatively low, reduction factor kv should not 

be too low. Assume kv ≤ 0,8 to be too low. 

 
Input: 

▪ kn = 4,5 (for LVL) 

▪ i = 12 (a very gradual notch inclination, which is beneficial for the beam’s strength) 

▪ h = 600 mm 

▪ a = hef/h = 400/600 = 0,6667 

▪ x = 550 mm (assumption) 

 

This gives for kv: 0,43 → too low 

 

Notched beam (bottom) reinforced 
It is checked if a notched beam with external reinforcement is feasible. 

  

 

Input: 

▪ Ft,90 = V = 324000 N (V is not reduced because of the large value for x) 

▪ h = 600 

▪ hef = 400 

▪ lr = to be determined 

▪ fk,2 = (0,75/1,2) * 0,8 = 0,5 N/mm2 

Solve for lr: 

324000 / (2*200*lr) ≤ 0,5 

lr = 1620 mm 

Panel width limitations: 

 

0,25 ≤ 1620/200 ≤ 0,5 

0,25 ≤ 8,1 ≤ 0,5 → fail 

Conclusion: in this situation, reinforcement plates on a notched beam (bottom) cannot be applied. 



Appendix VII – Preliminary Beam Calculations With Installations – Notched beam (top) 

Notched beam (top) 
h = 600: 

 

Reinforced hole 240*600 mm2; h > 600 
Reinforced beam hole size limitations, based on DIN EN 1995-1-1/NA: 

 

For h = 650, 700, 750, 800, a hole of 240*600 mm2 is allowed (hd always ≤ 0,4h, and 2,5*240 = 600 

mm). 

The available free height above the hole for the different beam heights is as follows: 

▪ 650 – (0,25*650) – 240 = 247,5 mm 

▪ 700 – (0,25*700) – 240 = 285 mm 

▪ 750 – (0,25*750) – 240 = 322,5 mm 

▪ 800 – (0,25*800) – 240 = 360 mm 

The required beam thicknesses for each beam height: (the corresponding ULS checks for each full beam 

option are given below. Reinforcement plate checks are given subsequently.) 

▪ h = 650; t = 410 

▪ h = 700; t = 350 

▪ h = 750; t = 300 

▪ h = 800; t = 260 

  



Appendix VII – Preliminary Beam Calculations With Installations – Reinforced hole 240*600 mm2; h 

> 600 

h = 650: 

 



Appendix VII – Preliminary Beam Calculations With Installations – Reinforced hole 240*600 mm2; h 

> 600 

h = 700: 
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> 600 

h = 750: (note: the tension perp. to grain check fails here, but the calculation presented here is for shear and bending. The reinforcement 

plates will resist the tension perp. to the grain, but have not been considered here.) 
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> 600 

h = 800: (note: the tension perp. to grain check fails here, but the calculation presented here is for shear and bending. The reinforcement 

plates will resist the tension perp. to the grain, but have not been considered here.) 

 



Appendix VII – Preliminary Beam Calculations With Installations – Reinforced hole 240*600 mm2; h 

> 600 

Reinforcement plate design for h = 750: 

 

Ft,90 determination: 

 

Input: 

▪ V (positioned at 300 mm from the centre, and assuming q=90 kN/m (based on rectangular 

beam 600 mm height)) = 27 kN 

▪ hd = 240 mm 

▪ h = 750 mm 

▪ M (at same position as V) = 579,15 kNm 

▪ hr = 190 mm 

Which gives for Ft,90 = 6258,82 + 24385,27 = 30644,09 N 

Now, the reinforcement panel width is determined. The following equation should be satisfied: 

 

Input: 

▪ Ft,90 = 30644,09 N (see above) 

▪ ar = to be determined 

▪ had = 190 mm 

▪ fk,2 = (0,75/1,2) * 0,8 = 0,5 N/mm2 

→ solving for ar: 

30644,09/(2*ar*190) = 0,5 → ar = 161,29 mm 

 

External reinforcement plate dimension limitations: 

 

0,25 * 600 ≤ 161,29 ≤ 0,3(240+750) 

150 ≤ 161,29 ≤ 297 → pass 

Next, the reinforcement panel thickness is determined: 

 



Appendix VII – Preliminary Beam Calculations With Installations – Reinforced hole 240*600 mm2; h 

> 600 

Input: 

▪ Ft,90 = 30644,09 N (see above) 

▪ tr = to be determined 

▪ ar = 297 mm (the maximum allowable value is applied here, see above) 

▪ ft = (35/1,2) * 0,8 = 23,33 N/mm2 (LVL 48P tensile strength) 

▪ kk = 2 (determined by DIN EN 1995:1-1-1/NA) 

→ solving for tr: 

30644,09 /(2*tr*297) = 23,33/2 

tr = 4,43 mm → minimal 10 mm thickness is required 

 

Conclusion: a 1200 * 620 mm2 reinforcement plate, LVL 48P, and with 10 mm thickness should at 

least be applied to the hole. 

 

Fire safety check for the h=750 beam (350 mm thickness) 



Appendix VII – Preliminary Beam Calculations With Installations – Reinforced hole 240*600 mm2; h 

> 600 
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Appendix VIII – Preliminary Calculation Column Office Tower 

Load Determination Office Tower 

 

 

  



Appendix VIII – Preliminary Calculation Column Office Tower – Strength Check 

Strength Check 
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Appendix IX – Preliminary Calculation Wall Office Tower 

Load Determination Office Tower 
Consider the following loads: 

▪ 17 floor loads (of which 15 with reduced live load (ψ0 = 0,5), and 2 with extreme live load) 

▪ 16 CLT walls 

ULS load combination assumption: 1,5 * permanent load + 1,65 * live load 

Floor loads (reduced live load) 

Reduced live load: 5 kN/m2 * 1,65 * 7,2 m * 0,5 = 29,7 kN/m 

Permanent load: 2 kN/m2 * 1,5 * 7,2 m = 21,6 kN/m 

Floor self-weight: 5 kN/m * 1,5 = 7,5 kN/m (a 500 kg floor type is assumed) 

Sum: 58,8 kN/m 

 

Floor loads (extreme live load) 

Reduced live load: 5 kN/m2 * 1,65 * 7,2 m = 59,4 kN/m 

Permanent load: 2 kN/m2 * 1,5 * 7,2 m = 21,6 kN/m 

Floor self-weight: 5 kN/m * 1,5 = 7,5 kN/m (a 500 kg floor type is assumed) 

Sum: 88,5 kN/m 

 

CLT wall load 

Self-weight: (420 kg/m3 * 10) * 0,4 m * 3,6 m * 1,5 = 9,1 kN/m 

 

Total load 

58,8 kN/m * 15 + 88,5 kN/m * 2 + 9,1 kN/m * 16 = 1205 kN/m (ULS) 

Assumption: fire load equals 75% of ULS load = 1205 * 0,75 = 903,75 kN/m 

  



Appendix IX – Preliminary Calculation Wall Office Tower – Strength Checks (Stora Enso Calculatis) 

Strength Checks (Stora Enso Calculatis) 
ULS 

 

 

 

 

 

 

 



Appendix IX – Preliminary Calculation Wall Office Tower – Strength Checks (Stora Enso Calculatis) 

Fire safety 
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Appendix X – Preliminary Calculation Truss Base Building 

Load Determination Truss 
Office Tower Point Loads 

Live load per floor: 5 kN/m2 * 7,2 m * 7,2 m = 260 kN 

Perm. load per floor: 2 kN/m2 * 7,2 m * 7,2 m + 5 kN/m * 7,2 m + 20 kN (column) = 160 kN 

 

Consider 18 floors, of which 16 with reduced live load, and 2 with extreme live load 

16 floors with reduced live load: 16 * (260 kN * 0,5 * 1,65 + 160 kN * 1,5) 

2 floors with extreme live load: 2 * (260 kN * 1,65 + 160 kN * 1,5) 

Sum = 8610 kN = V1 = V2 

Assume V3 = 55% of V1 (because ½ field is carried) = 4735,5 kN 

 

Technical Room Point Loads 

Live load: 8 kN/m2 * 7,2 m * 1,65 = 95,04 kN/m 

Perm. load: (10 kN/m + 2 kN/m2 * 7,2 m) * 1,5 = 36,6 kN/m 

Sum: 132 kN/m 

Transfer q-load into point load: 132 kN/m * 7,2 m = 951 kN = V4 = V5 = V6 

 

Self-weight truss has been determined by MatrixFrame, and then also multiplied by 1,5. 

 

 

 

 

 

 

 

  

l 

l l l l l = 3,6 m 

Office Tower 

Base Building 

V1 V2 V3 

V5 V4 V6 
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Appendix XI – Minimal Floor Height Base Building 

Lignatur 

 
  



Appendix XI – Minimal Floor Height Base Building – Lignatur 

 
  



Appendix XI – Minimal Floor Height Base Building – Lignotrend 

Lignotrend 

 

  



Appendix XI – Minimal Floor Height Base Building – Lignotrend 

  



Appendix XI – Minimal Floor Height Base Building – CLT slab 

CLT slab 
 

 

 

  



Appendix XI – Minimal Floor Height Base Building – CLT T-slab 

CLT T-slab 

 
  



Appendix XI – Minimal Floor Height Base Building – CLT T-slab 

 
  



Appendix XI – Minimal Floor Height Base Building – CLT ⊥-slab 

CLT ⊥-slab 

 
  



Appendix XI – Minimal Floor Height Base Building – CLT ⊥-slab 

 
  



Appendix XI – Minimal Floor Height Base Building – LVL closed box 

LVL closed box 

 
  



Appendix XI – Minimal Floor Height Base Building – LVL closed box 

 
  



Appendix XI – Minimal Floor Height Base Building – LVL half-open box 

LVL half-open box 

 
  



Appendix XI – Minimal Floor Height Base Building – LVL half-open box 

 
  



Appendix XI – Minimal Floor Height Base Building – LVL U box 

LVL U box 

 

  



Appendix XI – Minimal Floor Height Base Building – LVL U box 
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Building 

Appendix XII – Preliminary Calculations Columns Base Building 

Load Determination Columns Base Building 
C,1 (‘normal’ column) 

 



Appendix XII – Preliminary Calculations Columns Base Building – Load Determination Columns Base 

Building 

C,2 (entrance, not near the façade) 

Reaction force truss: 14480 kN 

 

Extra load from floors: 

Permanent load: 5 kN/m2 * 7,2 * 7,2 * 1,65 = 427,68 kN 

Live load: 2 kN/m2 * 7,2 * 7,2 * 1,5 = 155,52 kN 

Self-weight floors: 5 kN/m * 7,2 * 1,5 = 54 kN 

Self-weight columns: 10 kN * 1,5 = 15 kN 

Sum: 652,2 kN 

652,2 kN * 2 floors = 1304,4 kN 

 

Total: 14480 kN + 1304,4 kN = 15784,4 kN 

 

C,3 (entrance, near façade) 

Reaction force truss: 10130 kN 

Wind: 1,86 kN/m2 * 7,2 m * 1,65 = q = 22,1 kN/m → Mmax,d = (1/8)*22,1*15,22 = 638,16 kNm 

  



Appendix XII – Preliminary Calculations Columns Base Building – Strength Check columns base 

building 

Strength Check columns base building 
C,1 (‘normal’ column) 

 

  



Appendix XII – Preliminary Calculations Columns Base Building – Strength Check columns base 

building 

C,2 (entrance, not near the façade) 

 

 



Appendix XII – Preliminary Calculations Columns Base Building – Strength Check columns base 

building 

C,3 (entrance, near façade) 
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Appendix XIII – Preliminary Calculations Wall Base Building 

Load Determination Base Building 
Consider the following loads: 

▪ The office tower load 

▪ Plus 5 floor loads with reduced live load (ψ0 = 0,6 for meeting functions) 

▪ Plus 5 walls 

ULS load combination assumption: 1,5 * permanent load + 1,65 * live load 

Floor loads (reduced live load) 

Reduced live load: 5 kN/m2 * 1,65 * 7,2 m * 0,6 = 35,64 kN/m 

Permanent load: 2 kN/m2 * 1,5 * 7,2 m = 21,6 kN/m 

Floor self-weight: 5 kN/m * 1,5 = 7,5 kN/m (a 500 kg floor type is assumed) 

 

CLT wall load 

Self-weight: (420 kg/m3 * 10) * 0,4 m * 3,6 m * 1,5 = 9,1 kN/m 

 

Total load 

5 * (35,64 kN/m + 21,6 kN/m + 7,5 kN/m) + 5 * 9,1 kN/m + 1205 kN/m = 1575 kN/m (ULS) 

Assumption: fire load equals 75% of ULS load = 1575 * 0,75 = 1182 kN/m 

  



Appendix XIII – Preliminary Calculations Wall Base Building – Strength Checks (Stora Enso 

Calculatis) 

Strength Checks (Stora Enso Calculatis) 
ULS 

 

 

 



Appendix XIII – Preliminary Calculations Wall Base Building – Strength Checks (Stora Enso 

Calculatis) 

Fire safety 
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Appendix XIV – Load Cases and Load Combinations 

Load Cases 
The following load cases are taken into account: 

▪ Permanent Loads 

o LC perm. I: Self-weight structure 

o LC perm. II: Floor permanent load 

o LC perm. III: Façade permanent load 

▪ Live Loads 

▪ LC live I: Floor loads 

▪ LC live II: Wind 

▪ LC live III: Snow 

Each is elaborated further below. 

LC perm. I: Self-Weight Structure 

This load case is determined by SCIA Engineer. 

LC perm. II: Floor Permanent Load 

The selected floor system (LVL box h = 240 mm) has a total mass of 487 kg over a span of 7,2 m per 1 

m width. → 4870 N/m / 7,2 m = 677 N/m2 = 0,677 kN/m2 

The floor system has a permanent load of 2 kN/m2, as determined in 4.3.2. 

Total Gk: 2,677 kN/m2 

LC perm. III: Façade Permanent Load 

In the original preliminary calculations for the EMA office, a value of 1,2 kN/m2 was assumed for the 

self-weight of the curtain wall façade. This value is also used in the redesign, to allow for the same 

building exterior. 

Storey height = 3,6 m → 1,2 kN/m2 * 3,6 m = Gk = 4,32 kN/m 

LC live I: Floor Loads 

The floor live loads assumed in the redesign can be found in the table below. 

Function: Load Qk: Remark: 

Office 5 kN/m2 

A relatively high live load is applied here, to allow for a 

flexible long-term building. (This value is based on Usage 

Class C; relevant to meeting areas). 

Escape Routing 5 kN/m2 Based on Usage Class C, meeting areas. 

Technical Rooms 8 kN/m2 
Based on NEN-EN 1991-1-1 art. 6.3, N.A., and the 

preliminary construction design of the EMA office. 

Roof 2 kN/m2 
A relatively high live load is applied here, to allow for a 

flexible long-term building. 
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LC live II: Wind 

Wind base building: 

 

The SCIA model will have a width of 7·7,2 m, whereas the base building is 11·7,2 m wide. In order to 

account for the extra width of the base building, multiply the above value with 11/7 → 1,25 kN/m2 · 

(11/7) = 1,965 kN/m2 

 

Wind office tower: 

 

Wind in between base building and office tower: 

(1,965 + 1,851)/2 = 1,908 kN/m2 
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LC live III: Snow 

s = µi · Ce · Ct · sk 

µ = 0,8 (flat roof, art. 5.3) 

Ce = 1 (N.A.) 

Ct = 1 (N.A.) 

sk = 0,7 kN/m2 (N.A.) 

→ sk = 0,8 * 1 * 1 * 0,7 = 0,56 kN/m2 

Load Combinations 
(Based on NEN-EN 1990) 

Psi-factors 

Table NB.2 – A1.1 – a selection of ψ factors for buildings, relevant to EMA office tower 

 ψ0 ψ1 ψ2 

Category B: offices 0,5 0,5 0,3 

Category C: meeting 

areas 
0,6/0,4† 0,7 0,6 

Category E: storage 

rooms 
1,0 0,9 0,8 

Category H: roofs 0 0 0 

Snow load 0 0,2 0 

Wind load 0 0,2 0 
† The 0,6 value is applicable for escape routes, stairs, etc. 

ULS Load Combinations 
Load combination formulas: 

EQU:   𝐸𝑑 = ∑ 𝛾𝐺,𝑗 ∙ 𝐺𝑘,𝑗 + 𝛾𝑄,1 ∙ 𝑄𝑘,1𝑗≥1    +     ∑ 𝛾𝑄,𝑖 ∙ 𝜓0,𝑖 ∙ 𝑄𝑘,𝑖𝑖≥1  

STR:    𝐸𝑑 = ∑ 𝛾𝐺,𝑗 ∙ 𝐺𝑘,𝑗 + 𝛾𝑄,1 ∙ 𝜓0,1 ∙ 𝑄𝑘,1𝑗≥1    +     ∑ 𝛾𝑄,𝑖 ∙ 𝜓0,𝑖 ∙ 𝑄𝑘,𝑖𝑖≥1  

STR:    𝐸𝑑 = ∑ 𝜉𝑗 ∙ 𝛾𝐺,𝑗 ∙ 𝐺𝑘,𝑗 + 𝛾𝑄,1 ∙ 𝑄𝑘,1𝑗≥1    +     ∑ 𝛾𝑄,𝑖 ∙ 𝜓0,𝑖 ∙ 𝑄𝑘,𝑖𝑖≥1  

Partial factors: 

Table NB.3 – A1.2(A) – partial factors (EQU) 

Permanent Loads Dominant 

Live Load 

Other Live Loads Simultaneously with Dominant 

Live Load 

Unfavourable Favourable Most important Others 

1,1 · Gk 0,9 · Gk 1,5 · Qk,1  1,5 · ψ0,i · Qk,i 

 

Table NB.5 – partial factors for CC3 loads (STR) 

 
Permanent Loads Dominant 

Live Load 

Other Live Loads Simultaneously with Dominant 

Live Load 

Unfavourable Favourable Most important Others 

CC 3 
1,5 · Gk 0,9 · Gk  1,65 · ψ0,1 · Qk,1 1,65 · ψ0,i · Qk,i 

1,3 · Gk 0,9 · Gk 1,65 · Qk,1  1,65 · ψ0,i · Qk,i 
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Based on the information as given above, the ULS load combinations are determined, and presented in 

the table below. 

 

  Permanent Load Cases Live Load Cases 

Load 

Combi-

nation 

Desc.: 

I: Self-

Weight 

Structure 

II: Floor 

Permanen

t Loads 

III: 

Façade 

Self-

Weight 

I: Floor 

Loads † II: Wind III: Snow 

1,STR,ULS 
Maximum 

vertical load 
1,5 1,5 1,5 1,65·ψ0 - 1,65·ψ0 

2,STR,ULS 
Maximum 

vertical load 
1,3 1,3 1,3 1,65 - 1,65·ψ0 

3,STR,ULS 

Extreme 

lateral load 

(column 

compression) 

1,5 1,5 1,5 1,65·ψ0 1,65·ψ0 - 

4,STR,ULS 

Extreme 

lateral load 

(column 

compression) 

1,3 1,3 1,3 1,65·ψ0 1,65 - 

5,STR,ULS 

Extreme 

lateral load 

(column 

tension) 

0,9 0,9 0,9 - 1,65 - 

6,STR,ULS Snow 1,3 1,3 1,3 1,65·ψ0 - 1,65 

7,STR,ULS Fire 1,0 1,0 1,0 1,0·ψ2 1,0·ψ1 - 

 

† Floor live loads are reduced when considering more than two floors. NEN-EN 1991-1-1 states 

that the two floors above each other with the highest live load, are considered fully, and that 

the live load of all other floors are reduced with a factor ψ0. 

 

SLS Load Combinations 
Load combination formulas: 

CHAR.:  𝐸𝑑 = ∑ 𝐺𝑘,𝑗 + 𝑄𝑘,1𝑗≥1    +     ∑ 𝜓0,𝑖 ∙ 𝑄𝑘,𝑖𝑖≥1  

FREQ.:   𝐸𝑑 = ∑ 𝐺𝑘,𝑗 + 𝜓1,1 ∙ 𝑄𝑘,1𝑗≥1    +     ∑ 𝜓2,𝑖 ∙ 𝑄𝑘,𝑖𝑖≥1  

Q-PERM.:  𝐸𝑑 = ∑ 𝐺𝑘,𝑗𝑗≥1    +     ∑ 𝜓2,𝑖 ∙ 𝑄𝑘,𝑖𝑖≥1  

Table A1.4 – load values for load combinations in SLS 

 Permanent Loads Gd Live Loads Qd 

 Unfavourable Favourable Dominant Others 

Characteristic Gk Gk Qk,1 ψ0,i · Qk,i 

Frequent Gk Gk ψ1,1 · Qk,1 ψ2,i · Qk,i 

Quasi-

permanent 
Gk Gk ψ2,1 · Qk,1 ψ2,i · Qk,i 
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  Permanent Load Cases Live Load Cases 

Load Combi-

nation 
Desc.: 

I: Self-

Weight 

Structure 

II: Floor 

Permane

nt Loads 

III: 

Façade 

Self-

Weight 

I: Floor 

Loads † II: Wind III: Snow 

1,CHA,SLS 
Floors 

deflection 
1 1 1 1 - 1·ψ2 

2,CHA,SLS 
Roof 

deflection 
1 1 1 1·ψ2

 - 1 

3,CHA,SLS 

Wind, 

horizontal 

deflection 

1 1 1 1·ψ2 1 - 

4,CHA,SLS 

Wind, 

horizontal 

deflection 

1 1 1 - 1 - 

5,QUA,SLS 
Floor 

vibrations 
1 1 1 1·ψ2 - 1·ψ2 

 

† Floor live loads are reduced when considering more than two floors. NEN-EN 1991-1-1 states 

that the two floors above each other with the highest live load, are considered fully, and that 

the live load of all other floors are reduced with a factor ψ0. 

 

Table NB.7 – A1.3 – partial factors for loads in extraordinary load combinations 

Permanent Loads Dominant 

Live Load 

Other Live Loads Simultaneously with Dominant 

Live Load 

Unfavourable Favourable Most important Others 

1,0 · Gk 1,0 · Gk 1,0 · Ad ψ1,1 · Qk,1 ψ2,i · Qk,i 

 

 

  



Appendix XV – 2D Stiffness Matrix CLT Wall Elements – CLTdesigner Stiffness Matrix In- and Output 

Appendix XV – 2D Stiffness Matrix CLT Wall Elements 

CLTdesigner Stiffness Matrix In- and Output 

Input 

 

 

Output 

 

  



Appendix XV – 2D Stiffness Matrix CLT Wall Elements – SCIA Engineer Stiffness Matrix Input 

SCIA Engineer Stiffness Matrix Input 
 

  



Appendix XVI – SLS Tension in CLT Wall Connections – SCIA Engineer Stiffness Matrix Input 

Appendix XVI – SLS Tension in CLT Wall Connections 

Extreme vertical forces in CLT walls in SLS. (Core CLT walls are numbered according to their 

respective position; from south to north.) Red indicates compression, blue tensile forces. 

 

Shear Wall (4,CHA,SLS) (Image rotated 90 deg.) 

 
Core CLT Wall 1 (4,CHA,SLS) (Image rotated 90 deg.) 

 
Core CLT Wall 2 (4,CHA,SLS) (Image rotated 90 deg.) 

 
  



Appendix XVI – SLS Tension in CLT Wall Connections – SCIA Engineer Stiffness Matrix Input 

Core CLT Wall 3 (4,CHA,SLS) (Image rotated 90 deg.) 

 
Core CLT Wall 4 (4,CHA,SLS) (Image rotated 90 deg.) 

 
Core CLT Wall 5 (4,CHA,SLS) (Image rotated 90 deg.) 

 
Core CLT Wall 6 (4,CHA,SLS) (Image rotated 90 deg.) 

  



Appendix XVII – Columns & Beams Connection Design – Governing Load Determination 

Appendix XVII – Columns & Beams Connection Design 

Governing Load Determination 
Loads: 

▪ Floor live load: 5 kN/m2 

▪ Floor perm. load: 2,68 kN/m2 (including self-weight) 

▪ Beam self-weight: 1,42 kN/m (h=750 mm beam, hole not taken into account) 

 

Load combinations: 

▪ 1,STR,ULS: 1,5 · perm + 0,83† · live  

▪ 2,STR,ULS: 1,3 · perm + 1,65 · live 

 
† (ψ0=0,5 → 1,65·0,5=0,825) 

 

Field (to obtain total load on one beam end): 

▪ Width: 7,2 m 

▪ Length: 3,6 m 

 

Total vertical design load on one beam end: 

▪ 1,STR,ULS: 5·7,2·3,6·0,83 + 2,68·7,2·3,6·1,5 + 1,42·3,6·1,5 = 219,44 kN 

▪ 2,STR,ULS: 5·7,2·3,6·1,65 + 2,68·7,2·3,6·1,3 + 1,42·3,6·1,3 = 310,80 kN ( governing) 

 

Connection Strength Calculation 

 

 
Relevant failure modes: f, g, h 

 

Assume: 

▪ Bolt size: M20 

▪ Bolt class: 8.8 

▪ Steel plates: 20 mm thickness 

▪ Distance t1 = 95 mm 

 

  



Appendix XVII – Columns & Beams Connection Design – Connection Strength Calculation 

Failure Mode: f 
fh1k · t1 · d = 20,91 · 95 · 20 = 39.729 N 

 

With: 

▪ k90 for LVL = 1,30 + 0,015·d = 1,30 + 0,015·20 = 1,6 

▪ fh0k = 0,082·(1-0,01·d)ρk = 0,082·(1-0,01·20)510 = 33,456 

▪ fh90k = 33,456/(1,6·sin2(90°)+cos2(90°)) = 20,91 

 

Failure Mode: g 

39729 ∙ [√2 +
4 ∙ 579280,92

20,91 ∙ 20 ∙ 952
− 1] + 

6220,35

4
= 26.058,54 𝑁 

 

With: 

▪ Myrk = 0,3·fu·d^2,6 = 0,3·800·20^2,6 = 579.280,92 

▪ FaxRk = 3·fc90k·Awasher = 3·2,2·942,47 = 6220,35 

 

Failure Mode: h 

2,3 ∙  √579280,92 ∙ 20,91 ∙ 20 + 
6220,35

4
= 37.353,55 𝑁 

 

→ Failure mode g is decisive 

 

Design Strength 
Fvrd = (0,8 · 26.058,54) / 1,2 = 17.372,36 N per bolt per shear plane 

 

310.800 / 17.372,36 = 17,89… →18 → 9 bolts are required at minimum 

 

(Group effect not taken into account, since load is perpendicular to the grain) 

 

  



Appendix XVIII – CLT Wall & Foundation Connection Design – Governing Load Determination 

Appendix XVIII – CLT Wall & Foundation Connection Design 

Governing Load Determination 
The governing loads for this connection were determined in SCIA. Extreme reaction forces found at 

supports were used. In the load combinations 3,STR,ULS; 4,STR,ULS; and 5,STR,ULS, extreme 

tensile and shear reaction forces at supports were examined, both at the shear wall supports, as the core 

walls. 

 

The following extreme forces were found: 

▪ Core extreme tension: 1466 kN; + 261 kN shear (5,STR,ULS) (outer support) 

▪ Core extreme shear: 976 kN (no tension) (4,STR,ULS) (outer support) 

▪ Shear wall extreme tension: 832 kN; 332 kN shear (5,STR,ULS) (outer support) 

▪ Shear wall extreme shear: 1778 kN (no tension) (4,STR,ULS) (outer support) 

 

When combining shear and tensile forces where applicable an then comparing all reaction forces, the 

highest force is 1778 kN. This is the decisive force for designing this connection. 

 

 

 

3,STR,ULS horizontal 

4,STR,ULS horizontal 



Appendix XVIII – CLT Wall & Foundation Connection Design – Connection Strength Calculation 

 

 
 

Connection Strength Calculation 

 

 
Relevant failure modes: l, m 

 

Assume: 

▪ Bolt size: M30 

▪ Bolt class: 8.8 

▪ Steel plates: 30 mm thickness 

▪ Distance between steel plates (t2) = 255 mm 

 

Failure Mode: l 
0,5 · fh2k · t2 · d = 0,5 · 14,66 · 255 · 30 = 56.074,5 N 

 

 

 

5,STR,ULS horizontal 

5,STR,ULS vertical 



Appendix XVIII – CLT Wall & Foundation Connection Design – Connection Lay-Out 

fh2k = 0,082 · (1 – 0,01·30) · 460 = 26,404 N/mm2 (parallel to the grain) 

 

At angle = 90 deg. to the grain: 

fhk = 26,404/((1,35+0,015·30)·1+0) = 26,404 / 1,8 = 14,66 N/mm2 (reduced value for forces acting 

perpendicular to the grain) 

 

Failure Mode: m 
2,3 · √[Myrk·fh2k·d] + FaxRk/4 = 62.189,73 + 15.547,43 = 77.737,16 N 

 

2,3 · √[1.662.365,45·14,66·30] = 62.189,73 N 

min[25% of 62.189,73 ; (2·88.215,92)/4] = 15.547,43 N 

 

Myrk = 0,3 · fu · d2,6 = 0,3 · 800 · 302,6 = 1.662.365,45 

FaxRk = 3 · 2,6 · (π(120/2)^2) = 88.215,92 per side (see below) 

 

FaxRk is dependent on the washer of the bolt connection, see below. Because steel plates are used as 

washers, D is used as diameter input for Awasher. 

 

 (D = min[12·30 ; 4·30] = 120) 

Design Strength 
Failure mode l is the lowest, and is thus decisive: 56.074,5 N 

Applying kmod = 0,8 and γm = 1,25 gives: 0,8 · 56.074,5/1,25 = 35.887,68 N per bolt per shear plane 

 

→ Frd = 35.887,68 · 2 = 71.775,36 N per bolt 

 

Connection Lay-Out 
Lay-out requirements Eurocode: 

▪ Spacing between bolts: minimal distance of 4 · d = 4 · 30 = 120 mm (in vertical and horizontal 

directions) 

▪ Loaded end: minimal distance of max[80 mm ; 7·d] = 7 · d = 210 mm 

▪ Loaded edge: minimal distance of max[(2+2sin(90deg))·d ; 3·d] = 4 · d = 120 mm 

 

Group effect: due to the crosswise lay-out of the CLT panel, there are no rows of fasteners fully 

oriented parallel to the grain. Therefore, the group effect of fasteners is ignored in the case of CLT.  

 

  



Appendix XIX – CLT Wall & CLT Wall Connection Design – Governing Load Determination 

Appendix XIX – CLT Wall & CLT Wall Connection Design 

Governing Load Determination 
Extreme tensile and shear forces in CLT walls, obtained using integration elements. (Core CLT walls 

are numbered according to their respective position; from south to north.) For every item, the extreme 

obtained values are given. 

Extreme Tension + Shear (5,STR,ULS) 
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Appendix XIX – CLT Wall & CLT Wall Connection Design – Governing Load Determination 
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Appendix XIX – CLT Wall & CLT Wall Connection Design – Governing Load Determination 

 

 
 

Extreme Shear + No Tension (4,STR,ULS) 
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Appendix XIX – CLT Wall & CLT Wall Connection Design – Governing Load Determination 

 

 

 

Result Overview 
▪ Shear wall highest tension + shear: 635 kN (tension) + 595 kN (shear) → 871 kN combined 

▪ Shear wall highest shear only: 833 kN 

▪ Core highest tension + shear: 229 kN (tension) + 583 kN (shear) → 627 kN combined 

▪ Core highest shear only: 787 kN (at Core 4)  
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Appendix XX – OS-RMS 90 Calculations – Damping Ratio 

Appendix XX – OS-RMS 90 Calculations 

Damping Ratio 
Table 7-4 of ‘Design of floor structures for human induced vibrations’ (p. 40) is used. 

 
Sum: D = 6% + 1% + 0% = 7% 

 

Floor Parameters 
▪ Floor type: LVL closed box; width = 2400 mm 

▪ BCs: supported on two ends with hinges 

▪ Floor span: l = 7,2 m 

▪ Dynamic Modulus of Elasticity for LVL: E = 14000000000 N/m2 † 

▪ Second moments of inertia: 

o h=240: I = 0,002347526463 mm4 (Appendix IV) 

o h=260: I = 0,002895337653 mm4 (based on calculation sheet Appendix IV) 

o h=280: I = 0,003508655585 mm4 (based on calculation sheet Appendix IV) 

▪ Total floor masses: 

o h=240: µ = 162,165 kg/m (Appendix IV) + 432 kg/m = 594,2 kg/m 

o h=260: µ = 165,072 kg/m (based on calculation sheet Appendix IV) + 432 kg/m = 

597,1 kg/m 

o h=280: µ = 167,979 kg/m (based on calculation sheet Appendix IV) + 432 kg/m = 

600,0 kg/m 

 
†
 This value is based on: “Mechanical properties of laminated veneer lumber produced from ten cultivars of 

poplar”, by el Haouzali, H. et al 2020, p. 9 
††

 Here, the self-weight of the floor, is combined with: 100 kg/m2 added mass, 30 kg/m2 computer floor (both as given 

in Chapter 4), and 50 kg/m2 furniture. This results, over a 2,4 m width, in an additional mass of: 432 kg/m. 

  



Appendix XX – OS-RMS 90 Calculations – Natural Frequency 

Natural Frequency 
Formula for a 1-way span floor beam with hinged supports at both ends: 

 

Output: 

▪ h=240: 𝑓 =  
2

𝜋
 ∙  √

3 ∙ 14000000000 ∙ 0,002347526463

0,49 ∙594,2 ∙7,24
= 7,15 𝐻𝑧 

▪ h=260: 𝑓 =  
2

𝜋
 ∙  √

3 ∙ 14000000000 ∙ 0,002895337653

0,49 ∙597,1 ∙7,24
= 7,92 𝐻𝑧 

▪ h=280: 𝑓 =  
2

𝜋
 ∙  √

3 ∙ 14000000000 ∙ 0,003508655585

0,49 ∙600,0 ∙7,24
= 8,69 𝐻𝑧 

Modal Mass 
Formula for a 1-way span floor beam with hinged supports at both ends: 

 
Output: 

▪ h=240: 𝑀𝑚𝑜𝑑 = 0,5 ∙ 594,2 ∙ 7,2 = 2139,12 𝑘𝑔 

▪ h=260: 𝑀𝑚𝑜𝑑 = 0,5 ∙ 597,1 ∙ 7,2 = 2149,56 𝑘𝑔 

▪ h=280: 𝑀𝑚𝑜𝑑 = 0,5 ∙ 600,0 ∙ 7,2 = 2160,00 𝑘𝑔 

 

  



Appendix XXI – Wind Vibrations – Wind Acceleration 

Appendix XXI – Wind Vibrations 

Wind Acceleration 
Formulas taken from: Eurocode 1990, Dutch National Annex A 

 
With: 

▪ ɸ2 = 0,2013059 (see below) 

▪ pvw,1 = 100·ln[h/0,2] = 100·ln[79,2/0,2] = 598,1414 N/m2 

▪ cpe = 1,20 (see Appendix XIV) 

▪ bm = 50,4 m 

▪ ρ1 = 203.984,42 kg/m (see below) 

 

The values above result in the following value for the wind acceleration: awind = 0,057121 m/s2 

 

Vibration Dynamic Factor 

 
 

With: 

▪ n1,x = 0,88 Hz (see below) 

▪ D = 0,01 (see NEN-EN 1990 Dutch N.A. A1.4.4, p. 72) 

▪ h = 79,2 m 

▪ bm = 50,4 m 

 

The values above result in the following value for the vibration dynamic factor: ɸ2 = 0,2013059 

 

Building Mass per Unit Height 
In order to determine ρ1, the mass of the building per unit height is required. The following steps were 

taken to obtain this value: 

▪ In SCIA, the quasi-permanent load combination (5,QUA,SLS) was selected. 

▪ The sum of all vertical reaction forces at the supports was taken. 

▪ Then, this sum was divided by the height of the building. This final value represents the 

building mass per unit height. 

 

The following value was obtained: 

▪ Sum of all vertical reaction forces at supports in 5,QUA,SLS: 161.555,66 kN 

▪ Divide by building height: 161.555,66 kN / 79,2 m = 2.039,844 kN/m = 203.984,42 kg/m 

 

Natural Frequency 
Eurocode provides the following formula for determined the natural frequency of a building in the 

context of wind vibrations: n1,x = 46/h (NEN-EN 1991-1-4 Dutch N.A. F, equation F.2). However, this 

formula might not be applicable for more unconventional buildings, such as buildings with a relatively 

low mass (such as a mass timber tower). 

Therefore, the natural frequency is calculated as follows: 

 



Appendix XXI – Wind Vibrations – Natural Frequency 

With: 

▪ E = 8.273.000.000 N/m2 (based on C35, with 7/11 layers activated = 13.000 MPa · (7/11)) 

▪ I = 2374,101 m4 (see below) 

▪ µ = 203.984,42 kg/m 

▪ l = 79,2 m 

The values above result in the following value for the natural frequency: n1,x = 0,88 Hz 

 

Determination of I: 

 

(This determination for I applies for the final stability system configuration, as shown below.) 

 

 
 

 

 



Appendix XXII – Floor Eurocode Check – Input Parameters 

Appendix XXII – Floor Eurocode Check 

Input Parameters 

 
General: 

▪ Length: 7.200 mm 

▪ Total height: 280 mm 

▪ Total width: 2.400 mm 

▪ E0,mean = 10.500 N/mm2 

▪ I = 3.508.655.585 mm4 

 

For more detailed parameters of this floor system, see below, under ‘Detailed Floor Parameters’. 

 

Top and bottom plates: 

▪ Top and bottom material: LVL-X 

▪ Top plate thickness: 43 mm 

▪ Bottom plate thickness: 75 mm 

 

Ribs: 

▪ Rib material: LVL-S 

▪ Rib height: 162 mm 

▪ Rib thickness: 57 mm 

 

Design q-loads: 

▪ SLS: 

o q,perm: 6,48 kN/m 

o q,live: 12 kN/m 

▪ ULS: 28,23 kN/m 

 

Fire: 

▪ Cross section reduction: 70 mm (→ bottom plate thickness becomes 5 mm) 

▪ I,fire = 795.171.564,8 mm4 

▪ Design load fire: 10,08 kN/m 

 

ULS Strength Check 
Material strength: 

 
 

With: 

▪ fk = 26 N/mm2 

▪ γm = 1,2 (-) 

▪ kmod = 0,8 (-) 

 

𝑓𝑑 = 
0,8 ∙ 26

1,2
= 17,33 𝑁/𝑚𝑚2 

 

Extreme stress: 

𝑀 = 
1

8
𝑞𝑙2 = 

1

8
∙ 28,23 ∙ 7,22 = 182,9304 𝑘𝑁𝑚 



Appendix XXII – Floor Eurocode Check – SLS Deflection Check 

𝜎𝑡𝑜𝑝 = 
𝑀 ∙ 𝑧

𝐼
=
182,9304 ∙ 106 ∙ 155,27

3508655585 
= 8,095 𝑁/𝑚𝑚2 

𝜎𝑏𝑜𝑡𝑡𝑜𝑚 =  
𝑀 ∙ 𝑧

𝐼
=
182,9304 ∙ 106 ∙ 124,73

3508655585 
= 6,5 𝑁/𝑚𝑚2 

(note: z is the distance from the profile neutral axis, to the top or the bottom, and can be found below) 

 

Check: 8,1 N/mm2 ≤ 17,33 N/mm2 & 6,5 N/mm2  ≤ 17,33 N/mm2 → pass 

 

SLS Deflection Check 

 

 

 
 

With: 

▪ ψ2 = 0,3 (offices) 

▪ kdef = 0,6 (LVL, climate class 1) 

 

𝑞𝑓𝑖𝑛 = 6,48 ∙ (1 + 0,6) + 12 ∙ (1 + 0,3 ∙ 0,6) = 24,528 𝑘𝑁/𝑚 

𝑢𝑓𝑖𝑛 = 
5

384
∙

24,528 ∙ 72004

10500 ∙ 3508655585
= 23,3 𝑚𝑚 

 

Max. allowable deflection = l/250 = 7200/250 = 28,8 mm → 23,3 mm ≤ 28,8 mm → pass 

 

Fire Strength Check 
Material strength: 

 
 

With: 

▪ f20 = 28,6 N/mm2 (ft,20 for LVL-X is chosen here) 

▪ γm,fi = 1,0 (-) 

▪ kmod,fi = 1,0 (-) 

 

𝑓𝑑 = 
1,0 ∙ 28,6

1,0
= 28,6 𝑁/𝑚𝑚2 

 

Extreme stress: 

𝑀 = 
1

8
𝑞𝑙2 = 

1

8
∙ 10,08 ∙ 7,22 = 65,32 𝑘𝑁𝑚 

𝜎𝑡𝑜𝑝 = 
𝑀 ∙ 𝑧

𝐼
=
65,32 ∙ 106 ∙ 69,55

795171564,8  
= 5,72 𝑁/𝑚𝑚2 

𝜎𝑏𝑜𝑡𝑡𝑜𝑚 =  
𝑀 ∙ 𝑧

𝐼
=
65,32 ∙ 106 ∙ 140,45

795171564,8  
= 11,54 𝑁/𝑚𝑚2 

(note: z is the distance from the profile neutral axis, to the top or the bottom, and can be found below) 

 

Check: 5,72 N/mm2 ≤ 28,6 N/mm2 & 11,54 N/mm2  ≤ 28,6 N/mm2 → pass 



Appendix XXII – Floor Eurocode Check – Detailed Floor Parameters 

Detailed Floor Parameters 

Floor, general detailed parameters: 

 

Design load determination (relevant load combinations: 1,STR,ULS; 2,STR,ULS; 

1,CHA,SLS): 

 
  

Input

span 7,2 [m]

E(plate,mean) 10500 [N/mm^2]

E(rib,mean) 13800 [N/mm^2]

E(plate,0,05) 8800 [N/mm^2]

E(rib,0,05) 11600 [N/mm^2]

n = E(rib)/E(plate) 1,314285714

ρ(plate) 510 [kg/m^3]

ρ(rib) 510 [kg/m^3]

width box 2400 [mm]

no. of ribs 5 [-]

top plate thickness 43 [mm]

bottom plate thickness 75 [mm]

rib thickness 57 [mm]

rib thickness * n 74,91428571 [mm]

rib height 162 [mm]

A(top plate) 103200 [mm^2]

A(rib) 12136,11429 [mm^2]

A(rib,total) 60680,57143 [mm^2]

A(bottom plate) 180000 [mm^2]

A,total 343880,5714 [mm^2]

y(top plate) 21,5 [mm]

y(rib) 124 [mm]

y(bottom plate) 242,5 [mm]

S(top plate) = A * y 2218800 [mm^3]

S(rib) = A * y 7524390,857 [mm^3]

S(bottom plate) = A * y 43650000 [mm^3]

S,total 53393190,86 [mm^3]

neutral axis = S,total/A,total 155,266669 [mm]

I(self,top plate) = (1/12)bh^3 15901400 [mm^4]

I(Steiner, top plate) = A * z^2 1846611443 [mm^4]

I(self,ribs,total) = (1/12)bh^3 132708409,7 [mm^4]

I(Steiner, ribs,total) = A * z^2 59321605,15 [mm^4]

I(self, bottom plate) = (1/12)bh^3 84375000 [mm^4]

I(Steiner,bottom plate) = A * z^2 1369737727 [mm^4]

I(total) 3508655585 [mm^4]

Input

span 7,2 [m]

E(plate,mean) 10500 [N/mm^2]

E(rib,mean) 13800 [N/mm^2]

E(plate,0,05) 8800 [N/mm^2]

E(rib,0,05) 11600 [N/mm^2]

n = E(rib)/E(plate) 1,314285714

ρ(plate) 510 [kg/m^3]

ρ(rib) 510 [kg/m^3]

width box 2400 [mm]

no. of ribs 5 [-]

top plate thickness 43 [mm]

bottom plate thickness 75 [mm]

rib thickness 57 [mm]

rib thickness * n 74,91428571 [mm]

rib height 162 [mm]

A(top plate) 103200 [mm^2]

A(rib) 12136,11429 [mm^2]

A(rib,total) 60680,57143 [mm^2]

A(bottom plate) 180000 [mm^2]

A,total 343880,5714 [mm^2]

y(top plate) 21,5 [mm]

y(rib) 124 [mm]

y(bottom plate) 242,5 [mm]

S(top plate) = A * y 2218800 [mm^3]

S(rib) = A * y 7524390,857 [mm^3]

S(bottom plate) = A * y 43650000 [mm^3]

S,total 53393190,86 [mm^3]

neutral axis = S,total/A,total 155,266669 [mm]

I(self,top plate) = (1/12)bh^3 15901400 [mm^4]

I(Steiner, top plate) = A * z^2 1846611443 [mm^4]

I(self,ribs,total) = (1/12)bh^3 132708409,7 [mm^4]

I(Steiner, ribs,total) = A * z^2 59321605,15 [mm^4]

I(self, bottom plate) = (1/12)bh^3 84375000 [mm^4]

I(Steiner,bottom plate) = A * z^2 1369737727 [mm^4]

I(total) 3508655585 [mm^4]

floor mass (1m width) 503,9361 [kg]

self weight top plate 0,52632 [kN/m]

self weight bottom plate 0,918 [kN/m]

self weight ribs 0,235467 [kN/m]

live load 5 [kN/m^2]

perm load 2 [kN/m^2]

live load (line) 12 [kN/m]

total perm load (line) 6,479787 [kN/m]

γ SLS live 1 [-]

γ SLS perm 1 [-]

γ ULS live 0,825 [-]

γ ULS perm 1,5 [-]

SLS live load 12 [kN/m]

SLS perm load 6,479787 [kN/m]

total SLS load 18,47979 [kN/m]

ULS live load 9,9 [kN/m]

ULS perm load 9,719681 [kN/m]

total ULS load 19,61968 [kN/m]

floor mass (1m width) 503,9361 [kg]

self weight top plate 0,52632 [kN/m]

self weight bottom plate 0,918 [kN/m]

self weight ribs 0,235467 [kN/m]

live load 5 [kN/m^2]

perm load 2 [kN/m^2]

live load (line) 12 [kN/m]

total perm load (line) 6,479787 [kN/m]

γ SLS live 1 [-]

γ SLS perm 1 [-]

γ ULS live 1,65 [-]

γ ULS perm 1,3 [-]

SLS live load 12 [kN/m]

SLS perm load 6,479787 [kN/m]

total SLS load 18,47979 [kN/m]

ULS live load 19,8 [kN/m]

ULS perm load 8,423723 [kN/m]

total ULS load 28,22372 [kN/m]



Appendix XXII – Floor Eurocode Check – Detailed Floor Parameters 

Floor, fire detailed parameters: 

 
 

Fire load determination (relevant load combination: 7,STR,ULS): 

 
  

Input

span 7,2 [m]

E(plate,mean) 10500 [N/mm^2]

E(rib,mean) 13800 [N/mm^2]

E(plate,0,05) 8800 [N/mm^2]

E(rib,0,05) 11600 [N/mm^2]

n = E(rib)/E(plate) 1,314285714

ρ(plate) 510 [kg/m^3]

ρ(rib) 510 [kg/m^3]

width box 2400 [mm]

no. of ribs 5 [-]

top plate thickness 43 [mm]

bottom plate thickness 5 [mm]

rib thickness 57 [mm]

rib thickness * n 74,91428571 [mm]

rib height 162 [mm]

A(top plate) 103200 [mm^2]

A(rib) 12136,11429 [mm^2]

A(rib,total) 60680,57143 [mm^2]

A(bottom plate) 12000 [mm^2]

A,total 175880,5714 [mm^2]

y(top plate) 21,5 [mm]

y(rib) 124 [mm]

y(bottom plate) 207,5 [mm]

S(top plate) = A * y 2218800 [mm^3]

S(rib) = A * y 7524390,857 [mm^3]

S(bottom plate) = A * y 2490000 [mm^3]

S,total 12233190,86 [mm^3]

neutral axis = S,total/A,total 69,55396357 [mm]

I(self,top plate) = (1/12)bh^3 15901400 [mm^4]

I(Steiner, top plate) = A * z^2 238307728,4 [mm^4]

I(self,ribs,total) = (1/12)bh^3 132708409,7 [mm^4]

I(Steiner, ribs,total) = A * z^2 179879719,1 [mm^4]

I(self, bottom plate) = (1/12)bh^3 25000 [mm^4]

I(Steiner,bottom plate) = A * z^2 228349307,6 [mm^4]

I(total) 795171564,8 [mm^4]

Input

span 7,2 [m]

E(plate,mean) 10500 [N/mm^2]

E(rib,mean) 13800 [N/mm^2]

E(plate,0,05) 8800 [N/mm^2]

E(rib,0,05) 11600 [N/mm^2]

n = E(rib)/E(plate) 1,314285714

ρ(plate) 510 [kg/m^3]

ρ(rib) 510 [kg/m^3]

width box 2400 [mm]

no. of ribs 5 [-]

top plate thickness 43 [mm]

bottom plate thickness 5 [mm]

rib thickness 57 [mm]

rib thickness * n 74,91428571 [mm]

rib height 162 [mm]

A(top plate) 103200 [mm^2]

A(rib) 12136,11429 [mm^2]

A(rib,total) 60680,57143 [mm^2]

A(bottom plate) 12000 [mm^2]

A,total 175880,5714 [mm^2]

y(top plate) 21,5 [mm]

y(rib) 124 [mm]

y(bottom plate) 207,5 [mm]

S(top plate) = A * y 2218800 [mm^3]

S(rib) = A * y 7524390,857 [mm^3]

S(bottom plate) = A * y 2490000 [mm^3]

S,total 12233190,86 [mm^3]

neutral axis = S,total/A,total 69,55396357 [mm]

I(self,top plate) = (1/12)bh^3 15901400 [mm^4]

I(Steiner, top plate) = A * z^2 238307728,4 [mm^4]

I(self,ribs,total) = (1/12)bh^3 132708409,7 [mm^4]

I(Steiner, ribs,total) = A * z^2 179879719,1 [mm^4]

I(self, bottom plate) = (1/12)bh^3 25000 [mm^4]

I(Steiner,bottom plate) = A * z^2 228349307,6 [mm^4]

I(total) 795171564,8 [mm^4]



Appendix XXIII – Beam Eurocode Check – Input Parameters 

Appendix XXIII – Beam Eurocode Check 

Input Parameters 

Beam Without Hole 
General: 

▪ Span: 7,2 m 

▪ Width: 370 mm; height: 600 mm 

 

Determining beam subjected to highest loads: 

▪ Beam at tower perimeter: 

o Perm. load floor: 2,7 kN/m2 · 3,6 m = 9,72 kN/m 

o Live load floor: 5 kN/m2 · 3,6 m =18 kN/m 

o Façade load: 4,32 kN/m 

o Self-weight beam: 510 kg/m3 · 0,37 m · 0,6 m · 1/100 = 1,14 kN/m 

o Total: 15,18 kN/m perm. load + 18 kN/m live load 

 

▪ Beam bearing full floor field: 

o Perm. load floor: 2,7 kN/m2 · 7,2 m = 19,44 kN/m 

o Live load floor: 5 kN/m2 · 7,2 m = 36 kN/m 

o Self-weight beam: 510 kg/m3 · 0,37 m · 0,6 m · 1/100 = 1,14 kN/m 

o Total: 20,58 kN/m perm. load + 36 kN/m live load ( governing beam) 

 

Loads ULS strength: 

▪ 1,STR,ULS: 1,5 · 20,58 + 0,825 · 36 = 60,57 kN/m 

▪ 2,STR,ULS: 1,3 · 20,58 + 1,65 · 36 =86,16 kN/m ( governing load combination) 

 

Loads SLS stiffness: 

▪ 1,CHA,SLS: 1 · 20,58 + 1 · 36 = 56,58 kN/m 

 

Loads fire safety strength: 

▪ 7,STR,ULS: 1 · 20,58 + 0,3 · 36 = 31,38 kN/m 

 

Beam With Hole 
General: 

▪ Span: 7,2 m 

▪ Width: 350 mm (+ 10 mm reinforcement plates on both sides); height: 750 mm 

▪ Hole: 600 mm · 240 mm at beam’s centre 

 

Governing load: 

▪ Perm. load floor: 2,7 kN/m2 · 3,6 m = 9,72 kN/m 

▪ Live load floor: 5 kN/m2 · 3,6 m = 18 kN/m 

▪ Self-weight beam: 510 kg/m3 · 0,37 m · 0,75 m · 1/100 = 1,42 kN/m 

▪ Total: 11,14 kN/m perm. load + 18 kN/m live load 

 

Loads ULS strength: 

▪ 1,STR,ULS: 1,5 · 11,14 + 0,825 · 18 = 31,56 kN/m 

▪ 2,STR,ULS: 1,3 · 11,14 + 1,65 · 18 = 44,19 kN/m ( governing load combination) 

 

Loads SLS stiffness: 

▪ 1,CHA,SLS: 1 · 11,14 + 1 · 18 = 29,14 kN/m 

 

Loads fire safety strength: 

▪ 7,STR,ULS: 1 · 11,14 + 0,3 · 18 = 16,54 kN/m 

  



Appendix XXIII – Beam Eurocode Check – ULS Strength Check 

ULS Strength Check 

Material strength: 

 
 

With: 

▪ fk = 44 N/mm2 

▪ γm = 1,2 (-) 

▪ kmod = 0,8 (-) 

 

𝑓𝑑 = 
0,8 ∙ 44

1,2
= 29,33 𝑁/𝑚𝑚2 

 

Extreme Bending Stress Beam Without Hole: 

𝜎 =  
𝑀

𝑊
=

1
8
𝑞𝑙2

1
6
𝑏ℎ2

=

1
8
∙ 86,16 ∙ 72002

1
6
∙ 370 ∙ 6002

=
558316800

22200000
= 25,15 𝑁/𝑚𝑚2 

 

Check: 25,15 N/mm2 ≤ 29,33 N/mm2 → pass 

 

Extreme Bending Stress Beam With Hole: 

𝜎 =  
𝑀

𝑊
=

1
8
𝑞𝑙2

1
6
𝑏ℎ2

=

1
8
∙ 44,19 ∙ 72002

1
6
∙ 350 ∙ 7502

=
286351200

32812500
= 8,73 𝑁/𝑚𝑚2 

 

Check: 8,73 N/mm2 ≤ 29,33 N/mm2 → pass 

 

SLS Stiffness Check 

Beam Without Hole: 

 

 

 
 

With: 

▪ ψ2 = 0,3 (offices) 

▪ kdef = 0,6 (LVL, climate class 1) 

 

𝑞𝑓𝑖𝑛 = 20,58 ∙ (1 + 0,6) + 36 ∙ (1 + 0,3 ∙ 0,6) = 69,11 𝑘𝑁/𝑚 

𝑢𝑓𝑖𝑛 = 
5

384
∙

69,11 ∙ 72004

13800 ∙
1
12
∙ 370 ∙ 6003

=  26,4 𝑚𝑚 

 

Max. allowable deflection = l/250 = 7200/250 = 28,8 mm → 26,4 mm ≤ 28,8 mm → pass 

 



Appendix XXIII – Beam Eurocode Check – Fire Strength Check 

Beam With Hole: 

 

 

 
 

With: 

▪ ψ2 = 0,3 (offices) 

▪ kdef = 0,6 (LVL, climate class 1) 

 

𝑞𝑓𝑖𝑛 = 11,14 ∙ (1 + 0,6) + 18 ∙ (1 + 0,3 ∙ 0,6) = 39,07 𝑘𝑁/𝑚 

𝑢𝑓𝑖𝑛 = 
5

384
∙

39,07 ∙ 72004

13800 ∙
1
12
∙ 350 ∙ 7503

=  8,06 𝑚𝑚 

 

Max. allowable deflection = l/250 = 7200/250 = 28,8 mm → 8,06 mm ≤ 28,8 mm → pass 

 

Fire Strength Check 
Material strength: 

 
 

With: 

▪ f20 = 38,5 N/mm2 (ft,20 for LVL-S is chosen here) 

▪ γm,fi = 1,0 (-) 

▪ kmod,fi = 1,0 (-) 

 

𝑓𝑑 = 
1,0 ∙ 38,5

1,0
= 38,5 𝑁/𝑚𝑚2 

 

Extreme Bending Stress Beam Without Hole: 
 Beam’s cross-section loss in a fire: 

▪ floor height = 280 mm 

▪ exposed side = 250 mm 

▪ charring depth = 70 mm 

 

 

 

 

 

Determining beam’s I in case of fire: 

𝑁. 𝐴.=  
280 ∙ 370 ∙ 140 + 250 ∙ 230 ∙ 405

280 ∙ 370 + 250 ∙ 230
= 234,584 𝑚𝑚 (𝑓𝑟𝑜𝑚 𝑎𝑏𝑜𝑣𝑒) 

𝐼 =  
1

12
∙ 370 ∙ 2803 + 370 ∙ 280 ∙ (94,584)2 + 

1

12
∙ 230 ∙ 2503 + 250 ∙ 230 ∙ (170,416)2

= 3,573 ∙ 109 𝑚𝑚4 

 

 



Appendix XXIII – Beam Eurocode Check – Reinforcement Beam Hole ULS Strength Check 

Extreme stress: 

𝑀 = 
1

8
𝑞𝑙2 = 

1

8
∙ 31,38 ∙ 7,22 = 203,35 𝑘𝑁𝑚 

𝜎𝑡𝑜𝑝 = 
𝑀 ∙ 𝑧

𝐼
=
203,35 ∙ 106 ∙ 234,584

3,573 ∙ 109  
= 13,36 𝑁/𝑚𝑚2 

𝜎𝑏𝑜𝑡𝑡𝑜𝑚 =  
𝑀 ∙ 𝑧

𝐼
=
203,35 ∙ 106 ∙ 295,416

3,573 ∙ 109  
= 16,82 𝑁/𝑚𝑚2 

 

Check: 13,36 N/mm2 ≤ 38,5 N/mm2 & 16,82 N/mm2  ≤ 38,5N/mm2 → pass 

 

Extreme Bending Stress Beam With Hole: 
 Beam’s cross-section loss in a fire: 

▪ floor height = 280 mm 

▪ exposed side = 400 mm 

▪ charring depth = 70 mm 

 

 

 

 

 

Determining beam’s I in case of fire: 

𝑁. 𝐴.=  
280 ∙ 350 ∙ 140 + 250 ∙ 400 ∙ 480

280 ∙ 350 + 400 ∙ 230
= 324,842 𝑚𝑚 (𝑓𝑟𝑜𝑚 𝑎𝑏𝑜𝑣𝑒) 

𝐼 =  
1

12
∙ 350 ∙ 2803 + 350 ∙ 280 ∙ (184,842)2 + 

1

12
∙ 230 ∙ 4003 + 400 ∙ 230 ∙ (155,158)2

= 7,430 ∙ 109 𝑚𝑚4 

 

Extreme stress: 

𝑀 = 
1

8
𝑞𝑙2 = 

1

8
∙ 16,54 ∙ 7,22 = 107,18 𝑘𝑁𝑚 

𝜎𝑡𝑜𝑝 = 
𝑀 ∙ 𝑧

𝐼
=
107,18 ∙ 106 ∙ 319,550

7,430 ∙ 109  
= 4,61 𝑁/𝑚𝑚2 

𝜎𝑏𝑜𝑡𝑡𝑜𝑚 =  
𝑀 ∙ 𝑧

𝐼
=
107,18 ∙ 106 ∙ 360,450

7,430 ∙ 109
= 5,20 𝑁/𝑚𝑚2 

 

Check: 4,61 N/mm2 ≤ 38,5 N/mm2 & 5,20 N/mm2  ≤ 38,5 N/mm2 → pass 

 

Reinforcement Beam Hole ULS Strength Check 
Based on: DIN EN 1995-1-1/NA, and ÖNORM EN 1995-1-1 Annex F 

 
 

Ft,90 Determination 

𝐹𝑡,90 = 𝐹𝑡,90,𝑣 + 𝐹𝑡,90,𝑀 = 
𝑉ℎ𝑑
4ℎ

∙ (3 −
ℎ𝑑
2

ℎ2
) + 0,008

𝑀

ℎ𝑟

= 
13257 ∙ 240

4 ∙ 750
∙ (3 −

2402

7502
) + 0,008

284,363 ∙ 106

255
= 11994,28 𝑁 



Appendix XXIII – Beam Eurocode Check – Reinforcement Beam Hole ULS Strength Check 

With: 

▪ V = 13,257 kN (shear force at hole edge) 

▪ M = 284,363 kNm (bending moment at hole edge) 

Reinforcement Required Width 

𝜏𝑒𝑓 = 
𝐹𝑡,90
2𝑎𝑟ℎ𝑎𝑑

≤ 𝑓𝑘,2 →
11994,28

2 ∙ 𝑎𝑟 ∙ 255
≤
0,75

1,2
∙ 0,8 → 𝑎𝑟 ≥ 47,1 𝑚𝑚 

 

→ Assume ar = 200 mm 

 

Plate dimension limitation check: 

ℎ1 ≥ 0,25𝑎 →  255 ≥ 0,25 ∙ 600 →  255 ≥ 150 (pass) 

 

0,25𝑎 ≤ 𝑎𝑟 ≤ 0,3(ℎ𝑑 + ℎ) → 0,25 ∙ 600 ≤ 200 ≤ 0,3(240 + 750) → 150 ≤  200 ≤ 297 (pass) 

 

Reinforcement Panel Thickness 

𝜎𝑡 = 
𝐹𝑡,90
2𝑡𝑟𝑎𝑟

≤
𝑓𝑡
𝑘𝑘
 →  

11994,28

2 ∙ 𝑡𝑟 ∙ 200
≤

35
1,2

∙ 0,8

2
 →  2,58 𝑚𝑚 

 

With: 

▪ ft = 35 N/mm2 (LVL 48P tensile strength) 

▪ kk = 2 (determined by DIN EN 1995:1-1-1/NA) 

A minimum reinforcement panel thickness of 10 mm is required → tr = 10 mm. 

 

Dimension limitation check 

 

 
 

Checks: 

▪ lv ≥ h    → 3300 mm ≥ 750 mm → pass 

▪ la ≥ 0,5h  → 3300 mm ≥ 375 mm → pass 

▪ hr ≥ 0,25h  → 255 mm ≥ 187,5 mm → pass 

▪ a ≤ h   → 600 mm ≤ 750 mm → pass 

▪ a ≤ 2,5 hd  → 600 mm ≤ 600 mm → pass 

▪ hd ≤ 0,4h  → 240 mm ≤ 300 mm → pass 

  



Appendix XXIII – Beam Eurocode Check – Beam Hole Fire Check 

Beam Hole Fire Check 
(Based on: de Houtconstructeur, 2011, no. 43, pp. 8 – 10) 

 

Beam Hole is Fire Protected 
 Beam’s cross-section loss in a fire: 

▪ floor height = 280 mm 

▪ exposed side = 400 mm 

▪ charring depth = 70 mm 

 

 

 

 

 

Shear Check 
Reduction factor shear strength rectangular hole: 

 

𝑘𝑟 =
𝑘𝑛

√𝐻 ∙ (√𝛼 ∙ (1 − 𝛼) +
0,4 ∙ ℎ𝑘
𝐻

∙ √
1
𝛼
− 1)

=
4,5

√680 ∙ (√0,647 ∙ (1 − 0,647) +
0,4 ∙ 240
680

∙ √
1

0,647
− 1)

= 0,2964 

With: 

▪ kn = 4,5 for LVL 

▪ H = 680 mm 

▪ 𝛼 =
𝐻−𝐻𝑘

𝐻
=
680−240

680
= 0,647 

 

Shear stress: 𝜏𝑑 = 1,5 ∙
(17,27∙7200)

2
−(17,27∙3300)

230∙(750−240)
= 0,067 𝑁/𝑚𝑚2 

Shear strength:𝑓𝑑,𝑓𝑖 = 𝑘𝑟 ∙
𝑘𝑚𝑜𝑑,𝑓𝑖∙𝑓𝑘,𝑓𝑖

𝛾𝑚,𝑓𝑖
= 0,2964 ∙

1,0∙4,62

1,0
= 1,369 𝑁/𝑚𝑚2 → pass 

Bending Moment Check 

𝑧 =  
255∙350∙127,5+230∙185∙587,5

255∙350+230∙185
= 276 𝑚𝑚 (from upper edge) 

𝐼𝑒𝑓 =
1

12
350 ∙ 2553 + 255 ∙ 350 ∙ 148,52 +

1

12
230 ∙ 1853 + 230 ∙ 185 ∙ 311,52 = 6,701 ∙ 109𝑚𝑚4 

 

Bending stress: 𝜎𝑚,𝑑 =
𝑦∙𝑀𝑑

𝐼𝑒𝑓
=
(680−276)∙

1

8
∙17,27∙72002

6,701∙109
= 6,75 𝑁/𝑚𝑚2 

Bending strength: 𝑓𝑚,𝑑 =
𝑘𝑚𝑜𝑑,𝑓𝑖∙𝑓𝑘,𝑓𝑖

𝛾𝑚,𝑓𝑖
=
1,0∙48,4

1,0
= 48,4 𝑁/𝑚𝑚2 

  



Appendix XXIII – Beam Eurocode Check – Beam Hole Fire Check 

Beam Hole is not Fire Protected 

 
 

(Note: the unprotected hole height in a fire (240 + 70 + 70 = 380 mm) does not satisfy the hole height 

requirement as set in the Houtconstructeur document (hole height ≤ 0,4·h → hole height ≤ 272 mm)). 

 

Shear Check 
Reduction factor shear strength rectangular hole: 

 

𝑘𝑟 =
𝑘𝑛

√𝐻 ∙ (√𝛼 ∙ (1 − 𝛼) +
0,4 ∙ ℎ𝑘
𝐻

∙ √
1
𝛼
− 1)

=
4,5

√680 ∙ (√0,441 ∙ (1 − 0,441) +
0,4 ∙ 380
680

∙ √
1

0,441
− 1)

= 0,2306 

With: 

▪ kn = 4,5 for LVL 

▪ H = 680 mm 

▪ 𝛼 =
𝐻−𝐻𝑘

𝐻
=
680−380

680
= 0,441 

 

Shear stress: 𝜏𝑑 = 1,5 ∙
(17,27∙7200)

2
−(17,27∙3300)

(185∙350)+(115∙230)
= 0,086 𝑁/𝑚𝑚2 

Shear strength:𝑓𝑑,𝑓𝑖 = 𝑘𝑟 ∙
𝑘𝑚𝑜𝑑,𝑓𝑖∙𝑓𝑘,𝑓𝑖

𝛾𝑚,𝑓𝑖
= 0,2306 ∙

1,0∙4,62

1,0
= 1,065 𝑁/𝑚𝑚2 → pass 

Bending Moment Check 

𝑧 =  
350∙185∙92,5+230∙115∙622,5

350∙185+230∙115
= 246,2 𝑚𝑚 (from upper edge) 

𝐼𝑒𝑓 =
1

12
350 ∙ 1853 + 350 ∙ 185 ∙ 153,72 +

1

12
230 ∙ 1153 + 230 ∙ 115 ∙ 376,32

= 5488821128 𝑚𝑚4 

 

Bending stress: 𝜎𝑚,𝑑 =
𝑦∙𝑀𝑑

𝐼𝑒𝑓
=
(680−246,2)∙

1

8
∙17,27∙72002

5488821128
= 8,85 𝑁/𝑚𝑚2 

Bending strength: 𝑓𝑚,𝑑 =
𝑘𝑚𝑜𝑑,𝑓𝑖∙𝑓𝑘,𝑓𝑖

𝛾𝑚,𝑓𝑖
=
1,0∙48,4

1,0
= 48,4 𝑁/𝑚𝑚2 

 

  



Appendix XXIV – Column Eurocode Check – Input Parameters 

Appendix XXIV – Column Eurocode Check 

Input Parameters 
Extreme loads are derived from SCIA Engineer: 

 

Floor: 
Extreme ULS load & 

load combination: 

Extreme fire load & 

load combination: 

3 
6529,35 kN 

2,STR,ULS 

3110,42 kN 

7,STR,ULS 

7 
4830,97 kN 

2,STR,ULS 

2304,45 kN 

7,STR,ULS 

11 
3183,98 kN 

2,STR,ULS 

1520,07 kN 

7,STR,ULS 

15 
1573,40 kN 

2,STR,ULS 

751,84 kN 

7,STR,ULS 

 

At each floor, the column indicated below was found to bear the highest load: 

 
 

Minimum Required Column Profiles 
For each column, the minimum required column profile is determined. This is done on basis of 

Eurocode checks for column buckling resistance. Both the ULS extreme load and the extreme fire load 

are checked. Also, the minimum possible profile dimension is defined as 380 · 380 mm2, on basis of 

the connection detail of columns and beams.  

 

For the detailed calculations, see the calculation sheet in the next section. 

 

Column profile minimal requirements: 

▪ Floor 3: 570 · 570 mm2 

▪ Floor 7: 490 · 490 mm2 

▪ Floor 11: 410 · 410 mm2 

▪ Floor 15: 380 · 380 mm2 

 

  



Appendix XXIV – Column Eurocode Check – Detailed Column Buckling Calculations 

Detailed Column Buckling Calculations 

Column Floor 3 

 
  

Load input vertical

Total load acting on column = Vd 6529,35 [kN]

Load input fire vertical

Total load (fire) acting on column = Vd,fi 3110,42 [kN]

Column properties Strength check

Material

fc0k 32 [N/mm^2]

fmyk 32 [N/mm^2]

fmzk 32 [N/mm^2] σc0d=Vd / bh 20,09649123 [N/mm^2]

E0,05 11800 [N/mm^2] kc,y 0,992842912 [-]

γm 1,25 [-] fc0d 20,48 [N/mm^2]

kmod 0,8 [-] σm,y,d 0 [N/mm^2]

βc 0,1 [-] fm,y,d 20,48 [N/mm^2]

km 0,7 [-] (rectangular cross section lam. timber)

fc0d 20,48 [N/mm^2] σm,z,d 0 [N/mm^2]

fmyd 20,48 [N/mm^2] fm,z,d 20,48 [N/mm^2]

fmzd 20,48 [N/mm^2]

U.C. 1 0,988347677 ≤ 1

Material (fire) U.C. 2 0,988347677 ≤ 1

βn 0,7 [mm/min.]

k,fi 1,15 [-] Strength check fire

γm,fi 1 [-]

kmod,fi 1 [-]

fc0d,fi 36,8 [N/mm^2] σc0d=Vd,fi / b(fire)h(fire) 16,82217415 [N/mm^2]

fmyd,fi 36,8 [N/mm^2] kc,y(fire) 0,977184206 [-]

fmzd,fi 36,8 [N/mm^2] fc0d,fi 36,8 [N/mm^2]

σm,y,d,fi 0 [N/mm^2]

Column geometry fmyd,fi 36,8 [N/mm^2]

l 3600 [mm] km 0,7 [-] (rectangular cross section lam. timber)

b=h 570 [mm] σm,z,d 0 [N/mm^2]

fmzd,fi 36,8 [N/mm^2]

l = l0 (buckling length) 3600 [mm]

U.C. 1 0,467797468 ≤ 1

Iy=(1/12)bh^3 8796667500 [mm^4] U.C. 2 0,467797468 ≤ 1

Relative slenderness

λrel,y 0,362672971 [-]

k values

ky 0,56889949 [-]

kc,y 0,992842912 [-]

Column geometry (fire)

b(fire) = h(fire) = b-(2*(90β+7)) 430 [mm]

Iy(fire)=(1/12)b(fire)h(fire)^3 2849000833 [mm^4]

Relative slenderness (fire)

λrel,y(fire) 0,480752542 [-]

k values (fire)

ky(fire) 0,624599131 [-]

kc,y(fire) 0,977184206 [-]



Appendix XXIV – Column Eurocode Check – Detailed Column Buckling Calculations 

Column Floor 7 

 

  

Column properties Strength check

Material

fc0k 32 [N/mm^2]

fmyk 32 [N/mm^2]

fmzk 32 [N/mm^2] σc0d=Vd / bh 20,12065806 [N/mm^2]

E0,05 11800 [N/mm^2] kc,y 0,985434305 [-]

γm 1,25 [-] fc0d 20,48 [N/mm^2]

kmod 0,8 [-] σm,y,d 0 [N/mm^2]

βc 0,1 [-] fm,y,d 20,48 [N/mm^2]

km 0,7 [-] (rectangular cross section lam. timber)

fc0d 20,48 [N/mm^2] σm,z,d 0 [N/mm^2]

fmyd 20,48 [N/mm^2] fm,z,d 20,48 [N/mm^2]

fmzd 20,48 [N/mm^2]

U.C. 1 0,99697565 ≤ 1

Material (fire) U.C. 2 0,99697565 ≤ 1

βn 0,7 [mm/min.]

k,fi 1,15 [-] Strength check fire

γm,fi 1 [-]

kmod,fi 1 [-]

fc0d,fi 36,8 [N/mm^2] σc0d=Vd,fi / b(fire)h(fire) 18,81183673 [N/mm^2]

fmyd,fi 36,8 [N/mm^2] kc,y(fire) 0,958169567 [-]

fmzd,fi 36,8 [N/mm^2] fc0d,fi 36,8 [N/mm^2]

σm,y,d,fi 0 [N/mm^2]

Column geometry fmyd,fi 36,8 [N/mm^2]

l 3600 [mm] km 0,7 [-] (rectangular cross section lam. timber)

b=h 490 [mm] σm,z,d 0 [N/mm^2]

fmzd,fi 36,8 [N/mm^2]

l = l0 (buckling length) 3600 [mm]

U.C. 1 0,53350809 ≤ 1

Iy=(1/12)bh^3 4804000833 [mm^4] U.C. 2 0,53350809 ≤ 1

Relative slenderness

λrel,y 0,421884884 [-]

k values

ky 0,595087672 [-]

kc,y 0,985434305 [-]

Column geometry (fire)

b(fire) = h(fire) = b-(2*(90β+7)) 350 [mm]

Iy(fire)=(1/12)b(fire)h(fire)^3 1250520833 [mm^4]

Relative slenderness (fire)

λrel,y(fire) 0,590638838 [-]

k values (fire)

ky(fire) 0,68895906 [-]

kc,y(fire) 0,958169567 [-]



Appendix XXIV – Column Eurocode Check – Detailed Column Buckling Calculations 

Column Floor 11 

 

  

Column properties Strength check

Material

fc0k 32 [N/mm^2]

fmyk 32 [N/mm^2]

fmzk 32 [N/mm^2] σc0d=Vd / bh 18,94098751 [N/mm^2]

E0,05 11800 [N/mm^2] kc,y 0,973580045 [-]

γm 1,25 [-] fc0d 20,48 [N/mm^2]

kmod 0,8 [-] σm,y,d 0 [N/mm^2]

βc 0,1 [-] fm,y,d 20,48 [N/mm^2]

km 0,7 [-] (rectangular cross section lam. timber)

fc0d 20,48 [N/mm^2] σm,z,d 0 [N/mm^2]

fmyd 20,48 [N/mm^2] fm,z,d 20,48 [N/mm^2]

fmzd 20,48 [N/mm^2]

U.C. 1 0,949950556 ≤ 1

Material (fire) U.C. 2 0,949950556 ≤ 1

βn 0,7 [mm/min.]

k,fi 1,15 [-] Strength check fire

γm,fi 1 [-]

kmod,fi 1 [-]

fc0d,fi 36,8 [N/mm^2] σc0d=Vd,fi / b(fire)h(fire) 20,85144033 [N/mm^2]

fmyd,fi 36,8 [N/mm^2] kc,y(fire) 0,90932182 [-]

fmzd,fi 36,8 [N/mm^2] fc0d,fi 36,8 [N/mm^2]

σm,y,d,fi 0 [N/mm^2]

Column geometry fmyd,fi 36,8 [N/mm^2]

l 3600 [mm] km 0,7 [-] (rectangular cross section lam. timber)

b=h 410 [mm] σm,z,d 0 [N/mm^2]

fmzd,fi 36,8 [N/mm^2]

l = l0 (buckling length) 3600 [mm]

U.C. 1 0,623118476 ≤ 1

Iy=(1/12)bh^3 2354800833 [mm^4] U.C. 2 0,623118476 ≤ 1

Relative slenderness

λrel,y 0,504203886 [-]

k values

ky 0,637320974 [-]

kc,y 0,973580045 [-]

Column geometry (fire)

b(fire) = h(fire) = b-(2*(90β+7)) 270 [mm]

Iy(fire)=(1/12)b(fire)h(fire)^3 442867500 [mm^4]

Relative slenderness (fire)

λrel,y(fire) 0,765642938 [-]

k values (fire)

ky(fire) 0,816386701 [-]

kc,y(fire) 0,90932182 [-]



Appendix XXIV – Column Eurocode Check – Detailed Column Buckling Calculations 

Column Floor 15 

 

  



Appendix XXV – CLT Wall Eurocode Check – Wall Parameters 

Appendix XXV – CLT Wall Eurocode Check 

Wall Parameters 
The following wall parameters are obtained from CLTdesigner: 

 

 
 

Extreme Vertical Load Check 

Governing Loads Determination 
In SCIA, the highest vertical force acting on the CLT wall was obtained in load combination 

4,STR,ULS, at the separate shear wall: 1298,31 kN. The highest load when considering fire safety 

(7,STR,ULS), is found at the same position: 548,60 kN. In the calculations, both loads are assumed to 

act as a q-load with a width of 1 m on the wall. 

 

 



Appendix XXV – CLT Wall Eurocode Check – Extreme Vertical Load Check 

Strength Check Formulae 
The wall profile is checked for buckling. Schematization: 

 
(Image and formulae taken from The CLT Handbook.) 

 

Strength check: 

 
 

With: 

 

 

 

 

 

 

ULS check 
1298,31 ∙ 103

𝑘𝑐,𝑦 ∙ 1000 ∙ 7 ∙ 45 ∙
0,8 ∙ 24
1,25

+ 0 ≤ 1 →  
1298,31 ∙ 103

0,963 ∙ 315000 ∙ 15,36
≤ 1 → 0,279 ≤ 1 

 

With: 

𝑘𝑐,𝑦 =
1

0,67465 + √0,674652 − 0,5678962
= 0,963 

𝑘𝑦 = 0,5(1 + 0,1(0,567896 − 0,3) + 0,567896
2) = 0,67465 

𝜆𝑟𝑒𝑙,𝑦 = 
39,536

𝜋
√

24

11785,8
= 0,567896 

𝐸0,𝑥,05 =

(

 1 −
0,328

√
2 ∙ 1
0,15

− 1
)

 ∙ 13000 = 11785,8 

𝜆𝑦 =
6400

161,88
= 39,536 



Appendix XXV – CLT Wall Eurocode Check – Extreme Horizontal Load Check 

𝑖𝑥,𝑒𝑓 = √
8254406250

1000∙7∙45
= 161,88   (with Ix,ef based on EIef/E, as given by CLTdesigner)   

 

Fire safety check 
548,60 ∙ 103

𝑘𝑐,𝑦 ∙ 1000 ∙ (3 ∙ 45 + 2 ∙ 20) ∙
1 ∙ 27,6
1

+ 0 ≤ 1 →
548,60 ∙ 103

0,848 ∙ 175000 ∙ 27,6
≤ 1 → 0,133 ≤ 1 

 

With: 

𝑘𝑐,𝑦 =
1

0,9237 + √0,92372 − 0,888042
= 0,848 

𝑘𝑦 = 0,5(1 + 0,1(0,88804 − 0,3) + 0,88804
2) = 0,9237 

𝜆𝑟𝑒𝑙,𝑦 = 
61,824

𝜋
√

24

11785,8
= 0,88804 

𝐸0,𝑥,05 =

(

 1 −
0,328

√
2 ∙ 1
0,15

− 1
)

 ∙ 13000 = 11785,8 

𝜆𝑦 =
6400

103,52
= 61,824 

𝑖𝑥,𝑒𝑓 = √
1875364583

1000∙(3∙45+2∙20)
= 103,52  (with Ix,ef based on EIef/E, as given by CLTdesigner)   

 

Extreme Horizontal Load Check 

Governing Load Determination 
In this check, shear forces are checked at the separate shear wall, and at the walls in the core. The 

following governing loads were obtained from SCIA: 

▪ Separate shear wall ULS: 1433,25 kN (4,STR,ULS) 

▪ Separate shear wall fire: 612,32 kN (7,STR,ULS) 

▪ Core wall ULS: 876,26 kN (4,STR,ULS) 

▪ Core wall fire: 367,08 kN (7,STR,ULS) 

 

The walls have the following lengths: 

▪ Separate shear wall: 7,2 m (= shortest distance between door opening and wall edge) 

▪ Core wall: 2,6 m (= shortest distance between door opening and wall edge) 

 

Strength Check Formulae 
The wall profile is checked for shear strength: both the whole panel (image on the left), and between 

layers (image on the right). This is done for ULS strength and for fire safety, and for the separate shear 

wall, and for a wall in the core with the highest shear load (thus, a total of 8 checks are performed). 

  
 

(Images and formulae taken from The CLT Handbook.) 



Appendix XXV – CLT Wall Eurocode Check – Extreme Horizontal Load Check 

 

Whole panel shear strength check: 

 
 

Between layers shear strength check: 

 

ULS whole panel shear strength check (separate shear wall) 
1433,25 · 103

7 ∙ 45 ∙ 7200
≤
0,8 ∙ 4

1,25
→ 0,6312 ≤ 2,56 

 

ULS between layers shear strength check (separate shear wall) 
𝑀𝑡,𝑑
𝑛𝑡 ∙ 𝑊𝑝

≤
0,8 ∙ 1,1

1,25
→

4586400000

11200 ∙ 1944000
≤ 0,704 → 0,2107 ≤ 0,704 

 

With: 

𝑀𝑡,𝑑 = 1433,25 ∙ 10
3 ∙ 3200 = 4586400000 𝑁 ∙ 𝑚𝑚 

𝑛𝑡 = 8 𝑏𝑜𝑛𝑑𝑒𝑑 𝑙𝑎𝑦𝑒𝑟𝑠 ∙
7200

180
𝑛𝑜. 𝑜𝑓 𝑝𝑙𝑎𝑛𝑘𝑠 ↕ ∙

6400

180
𝑛𝑜. 𝑜𝑓 𝑝𝑙𝑎𝑛𝑘𝑠 ↔ = 8 ∙ 40 ∙ 35

= 11200 

𝑊𝑝 =
2 ∙ 𝐼𝑝

√180 ∙ 180
=  
2 ∙ 174960000

180
= 1944000 𝑚𝑚3 

𝐼𝑝 = 
1804

6
= 174960000 𝑚𝑚4 

 (A 4:1 width to thickness ratio is assumed for the CLT planks → b = 45·4 = 180 mm) 

 

Fire safety whole panel shear strength check (separate shear wall) 
612,32 ∙ 103

(3 ∙ 45 + 2 ∙ 20) ∙ 7200
≤
1 ∙ 4,6

1
→ 0,4860 ≤ 4,6 

 

Fire safety between layers shear strength check (separate shear wall) 
𝑀𝑡,𝑑
𝑛𝑡 ∙ 𝑊𝑝

≤
1 ∙ 1,265

1
→

1959424000

8400 ∙ 1944000
≤ 1,265 → 0,1200 ≤ 1,265 

 

With: 

𝑀𝑡,𝑑 = 612,32 ∙ 10
3 ∙ 3200 = 1959424000 𝑁 ∙ 𝑚𝑚 

𝑛𝑡 = 6 𝑏𝑜𝑛𝑑𝑒𝑑 𝑙𝑎𝑦𝑒𝑟𝑠 ∙
7200

180
𝑛𝑜. 𝑜𝑓 𝑝𝑙𝑎𝑛𝑘𝑠 ↕ ∙

6400

180
𝑛𝑜. 𝑜𝑓 𝑝𝑙𝑎𝑛𝑘𝑠 ↔ = 6 ∙ 40 ∙ 35

= 8400 

𝑊𝑝 =
2 ∙ 𝐼𝑝

√180 ∙ 180
=  
2 ∙ 174960000

180
= 1944000 𝑚𝑚3 

𝐼𝑝 = 
1804

6
= 174960000 𝑚𝑚4 

 (A 4:1 width to thickness ratio is assumed for the CLT planks → b = 45·4 = 180 mm) 

 

ULS whole panel shear strength check (core wall) 
876,26 · 103

7 ∙ 45 ∙ 2600
≤
0,8 ∙ 4

1,25
→ 1,070 ≤ 2,56 

 



Appendix XXV – CLT Wall Eurocode Check – Lintel Check 

ULS between layers shear strength check (core wall) 
𝑀𝑡,𝑑
𝑛𝑡 ∙ 𝑊𝑝

≤
0,8 ∙ 1,1

1,25
→

2804032000

3920 ∙ 1944000
≤ 0,704 → 0,3680 ≤ 0,704 

 

With: 

𝑀𝑡,𝑑 = 876,26 ∙ 10
3 ∙ 3200 = 2804032000 𝑁 ∙ 𝑚𝑚 

𝑛𝑡 = 8 𝑏𝑜𝑛𝑑𝑒𝑑 𝑙𝑎𝑦𝑒𝑟𝑠 ∙
2600

180
𝑛𝑜. 𝑜𝑓 𝑝𝑙𝑎𝑛𝑘𝑠 ↕ ∙

6400

180
𝑛𝑜. 𝑜𝑓 𝑝𝑙𝑎𝑛𝑘𝑠 ↔ = 8 ∙ 14 ∙ 35

= 3920 

𝑊𝑝 =
2 ∙ 𝐼𝑝

√180 ∙ 180
=  
2 ∙ 174960000

180
= 1944000 𝑚𝑚3 

𝐼𝑝 = 
1804

6
= 174960000 𝑚𝑚4 

 (A 4:1 width to thickness ratio is assumed for the CLT planks → b = 45·4 = 180 mm) 

 

Fire safety whole panel shear strength check (core wall) 
367,08 ∙ 103

(3 ∙ 45 + 2 ∙ 20) ∙ 2600
≤
1 ∙ 4,6

1
→ 0,8068 ≤ 4,6 

 

Fire safety between layers shear strength check (core wall) 
𝑀𝑡,𝑑
𝑛𝑡 ∙ 𝑊𝑝

≤
1 ∙ 1,265

1
→

1174656000

2940 ∙ 1944000
≤ 1,265 → 0,2056 ≤ 1,265 

 

With: 

𝑀𝑡,𝑑 = 367,08 ∙ 10
3 ∙ 3200 = 1174656000 𝑁 ∙ 𝑚𝑚 

𝑛𝑡 = 6 𝑏𝑜𝑛𝑑𝑒𝑑 𝑙𝑎𝑦𝑒𝑟𝑠 ∙
2600

180
𝑛𝑜. 𝑜𝑓 𝑝𝑙𝑎𝑛𝑘𝑠 ↕ ∙

6400

180
𝑛𝑜. 𝑜𝑓 𝑝𝑙𝑎𝑛𝑘𝑠 ↔ = 6 ∙ 14 ∙ 35

= 2940 

𝑊𝑝 =
2 ∙ 𝐼𝑝

√180 ∙ 180
=  
2 ∙ 174960000

180
= 1944000 𝑚𝑚3 

𝐼𝑝 = 
1804

6
= 174960000 𝑚𝑚4 

 (A 4:1 width to thickness ratio is assumed for the CLT planks → b = 45·4 = 180 mm) 

 

Lintel Check 

Governing Load Determination 
In this check, the lintel above door openings in a CLT wall is checked. First, the governing load in the 

governing CLT wall is determined. At floor 3, the separate shear wall, and the governing wall in the 

core are considered, since this is the floor with the highest shear load with a small lintel height. The 

following governing loads were obtained from SCIA: 

▪ Separate shear wall 3rd floor: 261,43 kN (4,STR,ULS) & 65,83 kN (7,STR,ULS) 

▪ Core wall 3rd floor: 132,80 kN (4,STR,ULS) & 41,40 kN (7,STR,ULS) 

 

The lintels in these walls have the following parameters: 

▪ Walls at 3rd floor: 2,4 m width; 1,2 m height above door opening 

 

→ the separate shear wall the 3rd floor is governing in the lintel check. 

 

Strength Check Formulae 
In order to check the lintel, the following formulae are applied: 



Appendix XXV – CLT Wall Eurocode Check – Lintel Check 

▪ The same shear checks as in the previous section (full panel, and between layers). However, as 

for the full panel, the orientation of the force has changed, resulting in the following formula: 

 

▪ A bending check, as depicted below (image and formula taken from The CLT Handbook) 

  

These checks are performed both for ULS strength, and with regard to fire safety. 

ULS whole panel shear strength check 
261,43 · 103

4 ∙ 45 ∙ 1200
≤
0,8 ∙ 4

1,25
→ 1,22 ≤ 2,56 

 

ULS between layers shear strength check 
𝑀𝑡,𝑑
𝑛𝑡 ∙ 𝑊𝑝

≤
0,8 ∙ 1,1

1,25
→

313716000

624 ∙ 1944000
≤ 0,704 → 0,2587 ≤ 0,704 

 

With: 

𝑀𝑡,𝑑 = 261,43 ∙ 10
3 ∙ 1200 = 313716000 𝑁 ∙ 𝑚𝑚 

𝑛𝑡 = 8 𝑏𝑜𝑛𝑑𝑒𝑑 𝑙𝑎𝑦𝑒𝑟𝑠 ∙
2400

180
𝑛𝑜. 𝑜𝑓 𝑝𝑙𝑎𝑛𝑘𝑠 ↕ ∙

1200

180
𝑛𝑜. 𝑜𝑓 𝑝𝑙𝑎𝑛𝑘𝑠 ↔ = 8 ∙ 13 ∙ 6 = 624 

𝑊𝑝 =
2 ∙ 𝐼𝑝

√180 ∙ 180
=  
2 ∙ 174960000

180
= 1944000 𝑚𝑚3 

𝐼𝑝 = 
1804

6
= 174960000 𝑚𝑚4 

 (A 4:1 width to thickness ratio is assumed for the CLT planks → b = 45·4 = 180 mm) 

 

ULS bending strength check 
𝑀𝑧,𝑑
𝑊𝑧,𝑦,𝑛𝑒𝑡

≤
𝑘𝑚𝑜𝑑 ∙ 𝑓𝑚,𝑦𝑙𝑎𝑦,𝑘

𝛾𝑚
→
313716000

43200000
≤
0,8 ∙ 24

1,25
→ 7,262 ≤ 15,36 

 

With: 

𝑀𝑧,𝑑 = 261,43 ∙ 10
3 ∙ 1200 = 313716000 𝑁 ∙ 𝑚𝑚 

 𝑊𝑧,𝑦,𝑛𝑒𝑡 =
∑𝑡𝑖∙ℎ

2

6
=
(45+45+45+45)∙12002

6
= 43200000 𝑚𝑚3 

 

Fire safety whole panel shear strength check 
65,83 · 103

4 ∙ 45 ∙ 1200
≤
1,0 ∙ 4,6

1,0
→ 0,31 ≤ 4,60 



Appendix XXV – CLT Wall Eurocode Check – Lintel Check 

(Note: no lamellae in the relevant direction are lost by fire.) 

 

Fire safety between layers shear strength check 
𝑀𝑡,𝑑
𝑛𝑡 ∙ 𝑊𝑝

≤
1 ∙ 1,265

1
→

78996000

468 ∙ 1944000
≤ 1,265 → 0,0869 ≤ 1,265 

 

With: 

𝑀𝑡,𝑑 = 65,83 ∙ 10
3 ∙ 1200 = 78996000 𝑁 ∙ 𝑚𝑚 

𝑛𝑡 = 6 𝑏𝑜𝑛𝑑𝑒𝑑 𝑙𝑎𝑦𝑒𝑟𝑠 ∙
2400

180
𝑛𝑜. 𝑜𝑓 𝑝𝑙𝑎𝑛𝑘𝑠 ↕ ∙

1200

180
𝑛𝑜. 𝑜𝑓 𝑝𝑙𝑎𝑛𝑘𝑠 ↔ = 6 ∙ 13 ∙ 6 = 468 

𝑊𝑝 =
2 ∙ 𝐼𝑝

√180 ∙ 180
=  
2 ∙ 174960000

180
= 1944000 𝑚𝑚3 

𝐼𝑝 = 
1804

6
= 174960000 𝑚𝑚4 

 (A 4:1 width to thickness ratio is assumed for the CLT planks → b = 45·4 = 180 mm) 

 

Fire safety bending strength check 
𝑀𝑧,𝑑
𝑊𝑧,𝑦,𝑛𝑒𝑡

≤
𝑘𝑚𝑜𝑑,𝑓𝑖 ∙ 𝑓𝑚,𝑦𝑙𝑎𝑦,𝑘,𝑓𝑖

𝛾𝑚,𝑓𝑖
→
78996000

43200000
≤
1,0 ∙ 27,6

1,0
→ 1,83 ≤ 27,6 

 

With: 

𝑀𝑧,𝑑 = 65,83 ∙ 10
3 ∙ 1200 = 78996000 𝑁 ∙ 𝑚𝑚 

 𝑊𝑧,𝑦,𝑛𝑒𝑡 =
∑𝑡𝑖∙ℎ

2

6
=
(45+45+45+45)∙12002

6
= 43200000 𝑚𝑚3 

 

(Note: no lamellae in the relevant direction are lost by fire.) 

 

  



Appendix XXVI – Quantifiable Performance Metrices – Original EMA Office Material Volumes 

Appendix XXVI – Quantifiable Performance Metrices 

Original EMA Office Material Volumes 
(Based on the preliminary construction report and the design book of the EMA Office.) 

 

The following construction elements (with volumes) are present on 1 floor. Note: in the grey rows, 

either K400x16 elements should be chosen, or K350x12,5. This depends on which floor is considered. 

In the lower half of the tower, K400x16 columns are applied. In the upper half, K350x12,5. 

 

Element: Material: Volume: 

Core Outer Wall t = 300 mm Concrete C30/37† (in situ) 
((21,6 m + 19,6 m + 12 m + 10 m) · 3,6 m + (8,4 m 

· 1,2 m)) · 0,3 m = 71,28 m3 

Core Inner Wall t = 200 mm Concrete C30/37† (in situ) 
(7,2 m · 4 pcs. + 4,8 m · 3 pcs.)·3,6 m · 0,2 m = 

31,104 m3 

Core Outer Wall (rebar, 2 Ø20-

300†) 
B500B† 

1,047·10-3 m2/m (63,2 m · 3,6 m + 8,4 m · 1,2 m) + 

3,77·10-3 m3/m · 63,2 m + 1,26·10-3 m3/m · 8,4 m = 

0,498 m3  

Core Inner Wall (rebar, 2 Ø20-

300†) 
B500B† 

1,047·10-3 m2/m · 43,2 m · 3,6 m + 3,77·10-3 m3/m 

· 43,2 m = 0,326 m3 

Stability Diagonal K250x10 Steel S355 
((√((7,2 m)2+(7,2 m)2)·18 pcs.) / 16 

floors)·9,493·10-3 m2 = 0,109 m3 (avg. per floor) 

Internal Columns K400x16 

(steel profile) 
Steel S355 0,024301 m2 · 3,6 m · 12 pcs. = 1,05 m3 

Internal Columns K400x16 

(concrete filling) 
Concrete C30/37 (in situ) 0,13520525 m2 · 3,6 m · 12 pcs. = 5,84 m3 

Internal Columns K400x16 

(rebar filling, 8 Ø6-150†) 
B500B† 

(2,262·10-4 m2 ·3,6 m + 2,83·10-5 m3 · (3,6 m / 0,15 

m)) · 12 pcs. = 0,018 m3 

Internal Columns K350x12,5 

(steel profile) 
Steel S355 0,016707 m2 · 3,6 m · 12 pcs. = 0,72 m3 

Internal Columns K350x12,5  

(concrete filling) 
Concrete C30/37 (in situ) 0,1069635 m2 · 3,6 m · 12 pcs. = 4,62 m3 

Internal Columns K350x12,5  

(rebar filling, 8 Ø6-150†) 
B500B† 

(2,262·10-4 m2 ·3,6 m + 2,262·10-5 m3 · (3,6 m / 

0,15 m)) · 12 pcs. = 0,0163 m3 

Perimeter Columns HEB500 Steel S355 0,02386 m2 · 3,6 m · 25 pcs. = 2,15 m3 

Office + Core Floor (steel deck 

100 mm) 
Steel S355 

2,022·10-3 m2/m · 7,2 m · 7,2 m · 28 pcs. = 

2,935 m3 

floor area = (7,2 m)2 · 28 pcs. = 1451,52 m2 

Office + Core Floor (concrete 

top t = 200 mm) 
Concrete C30/37 (in situ) 0,2 m · 7,2 m · 7,2 m · 28 pcs. = 290,3 m3 

Office + Core Floor (rebar) Ø6-

150† B500B† (± 660 m rebar per 7,2 m2 floor)· 2,83·10-5 m2 · 28 

pcs. = 0,523 m3 

Internal Floor Beam IPE 330  Steel S355 6,261·10-3 m2 · 7,2 m · 11 pcs. = 0,496 m3 

Internal Floor Beam (partially 

castellated) IPE 500† Steel S355 85% · 0,011552 m2 † · 7,2 m · 62 pcs. = 4,38 m3 

Perimeter Floor Beam HEB 

300 
Steel S355 0,01491 m2 · 7,2 m · 24 pcs. = 2,58 m3 

 
† Here, this particular parameter has been assumed, based on construction photos, or on general 

construction practice. 



Appendix XXVI – Quantifiable Performance Metrices – EMA Office Redesign Material Volumes 

EMA Office Redesign Material Volumes 
The following construction elements (with volumes) are present on 1 floor. Note: in the grey rows, the 

applicable column profile and steel connection should be chosen, based on which floor is considered. 

 

Element: Material: Volume: 

Core Walls t = 495 mm CLT 
((21,6 m + 60 m + 19,6 m + 10 m) · 3,6 m + 18,4 

m · 1,2 m) · 0,495 m = 209,1 m3 

Separate Shear Wall t = 495 

mm 
CLT 

(19,2 m · 3,6 m + 2,4 m · 1,2 m) · 0,495 m = 35,64 

m3 

Core Walls t = 495 mm (steel 

connection) † S355 
0,02475 m2 · 129,6 m + 0,02475 m2 · 111,2 m = 

5,96 m3 

Separate Shear Wall t = 495 

mm (steel connection) † S355 0,02475 m2 · 21,6 m + 0,02475 m2 · 19,2 m = 1 m3 

Glulam Column 570 · 570 mm2 Glulam 0,57 m · 0,57 m · 3,6 m · 32 pcs. = 37,43 m3 

Glulam Column 570 · 570 mm2 

(steel connection) 
S355 

(2 pcs. · 0,57 m · 0,57 m · 0,03 m + 0,5 m · 2,878 · 

10-3 m2) · 32 pcs. = 0,67 m3 

Glulam Column 490 · 490 mm2 Glulam 0,49 m · 0,49 m · 3,6 m · 32 pcs. = 27,66 m3 

Glulam Column 490 · 490 mm2 

(steel connection) 
S355 

(2 pcs. · 0,49 m · 0,49 m · 0,03 m + 0,5 m · 2,878 · 

10-3 m2) · 32 pcs. = 0,51 m3 

Glulam Column 410 · 410 mm2 Glulam 0,41 m · 0,41 m · 3,6 m · 32 pcs. = 19,37 m3 

Glulam Column 410 · 410 mm2 

(steel connection) 
S355 

(2 pcs. · 0,41 m · 0,41 m · 0,03 m + 0,5 m · 2,878 · 

10-3 m2) · 32 pcs. = 0,37 m3 

Glulam Column 380 · 380 mm2 Glulam 0,38 m · 0,38 m · 3,6 m · 32 pcs. = 16,63 m3 

Glulam Column 380 · 380 mm2 

(steel connection) 
S355 

(2 pcs. · 0,38 m · 0,38 m · 0,03 m + 0,5 m · 2,878 · 

10-3 m2) · 32 pcs. = 0,32 m3 

Office + Core Floor LVL 
0,3438806 m2 · 7,2 m · 3 pcs. per grid square · 28 

pcs. = 207,98 m3 

floor area = (7,2 m)2 · 28 pcs. = 1451,52 m2 

Office + Core Floor (added 

mass, h = 70 mm) 
Recycled Gravel 

0,07 m · 2,115 m · 7,2 m · 3 pcs. per grid square · 

28 pcs. = 89,55 m3 

Floor Beam h = 600 mm LVL 0,6 m · 0,37 m · 7,2 m · 29 pcs. = 46,35 m3 

Floor Beam h = 600 mm (steel 

connection) 
S355 

0,35 m · 0,02 m · 0,4 m · 2 pcs. per beam · 29 pcs. 

= 0,1624 m3 

Floor Beam h = 750 mm with 

hole 
LVL 

(0,75 m · 0,37 m · 7,2 m – 0,6 m · 0,24 m · 0,37 

m) · 11 pcs. = 21,39 m3 

Floor Beam h = 750 mm with 

hole (steel connection) 
S355 

0,35 m · 0,02 m · 0,4 m · 2 pcs. per beam · 11 pcs. 

= 0,0616 m3 

 

† Here, the following is assumed with regard to the quantity of steel required at the CLT wall connections. Based on the separate 

shear wall at the 3rd floor, 5 connection points with 600 mm internal steel plate height are assumed. Additionally, 2 connection 

points at the outer edges with 900 mm internal steel plate height are assumed. In between these connection points, the internal 

steel plates are assumed to be 50 mm in height. In this context, connection points (with an avg. internal steel plate height of 686 

mm) make up 18% of the wall width, the rest 82% (with an internal steel plate height of 50 mm). → 18% · 686 mm + 82% · 50 

mm = 165 mm. This is the average internal steel plate height of the connection at the top/bottom of a CLT wall. Now, the 

horizontal plate is added (495 mm width). Both the internal and horizontal plates are 30 mm thick. There are two internal steel 

plates. → 2 · 165 mm · 30 mm + 495 mm · 30 mm = 24750 mm2 = 0,02475 m2.  



Appendix XXVI – Quantifiable Performance Metrices – Transport Emissions 

Transport Emissions 

 

  

Material Totals Transport

EMA Office Original: Tonnage: Distance: Tonne-kilometers: No. deliveries: Total tkm: kg CO2eq:

Concrete 6.656,92 m^3 15.843.479,12 kg 25 tonne 40 km 1.000 tkm 634 634.000 tkm 101.440

Rebar 22,35 m^3 175.442,79 kg 25 tonne 40 km 1.000 tkm 8 8.000 tkm 1.280

Steel hollow section 15,90 m^3 124.846,40 kg 25 tonne 40 km 1.000 tkm 5 5.000 tkm 800

Steel profile 161,15 m^3 1.265.043,20 kg 25 tonne 40 km 1.000 tkm 51 51.000 tkm 8.160

Steel floor deck 24.675,84 m^2 280.070,78 kg 25 tonne 40 km 1.000 tkm 12 12.000 tkm 1.920

EMA Office Mass Timber:

CLT 3.915,84 m^3 1.840.444,80 kg 25 tonne 400 km 10.000 tkm 74 740.000 tkm 118.400

Glulam 404,36 m^3 186.005,60 kg 25 tonne 400 km 10.000 tkm 8 80.000 tkm 12.800

LVL beams 1.151,58 m^3 587.305,80 kg 25 tonne 400 km 10.000 tkm 24 240.000 tkm 38.400

LVL floors 3.535,66 m^3 1.803.186,60 kg 25 tonne 400 km 10.000 tkm 73 730.000 tkm 116.800

Recycled Gravel 1.522,35 m^3 2.435.760,00 kg 25 tonne 40 km 1.000 tkm 98 98.000 tkm 15.680

Steel profile 122,65 m^3 962.786,80 kg 25 tonne 40 km 1.000 tkm 39 39.000 tkm 6.240



Appendix XXVI – Quantifiable Performance Metrices – Floor Area Determination 

Floor Area Determination 

Floors 3 – 6: 

 
 

Floors 7 – 10: 

 
 

Floors 11 – 14: 

 
 

Original: Mass Timber:

quantity: area size: total area: quantity: area size: total area:

Columns 12 160.000,00 1.920.000,00 mm^2 32 324.900,00 10.396.800,00 mm^2

25 250.000,00 6.250.000,00 mm^2

8.170.000,00 mm^2 10.396.800,00 mm^2

total area: total area:

Walls 7,2 m · 10 · 300 + 7,2 m · 2 · 200 mm = 24.480.000,00 mm^2 7,2 m · 10 · 495 mm + 7,2 m · 3 · 495 mm = 46.332.000,00 mm^2

Total: 32.650.000,00 mm^2 Total: 56.728.800,00 mm^2

Difference: 24.078.800,00 mm^2

Lost usable area: 19.866.800,00 mm^2

19,87 m^2

Original usable area: 1.321,67 m^2

New usable area: 1.301,80 m^2

Relative loss: 1,50%

Original: Mass Timber:

quantity: area size: total area: quantity: area size: total area:

Columns 12 160.000,00 1.920.000,00 mm^2 32 240.100,00 7.683.200,00 mm^2

25 250.000,00 6.250.000,00 mm^2

8.170.000,00 mm^2 7.683.200,00 mm^2

total area: total area:

Walls 7,2 m · 10 · 300 + 7,2 m · 2 · 200 mm = 24.480.000,00 mm^2 7,2 m · 10 · 495 mm + 7,2 m · 3 · 495 mm = 46.332.000,00 mm^2

Total: 32.650.000,00 mm^2 Total: 54.015.200,00 mm^2

Difference: 21.365.200,00 mm^2

Lost usable area: 17.153.200,00 mm^2

17,15 m^2

Original usable area: 1.321,67 m^2

New usable area: 1.304,52 m^2

Relative loss: 1,30%

Original: Mass Timber:

quantity: area size: total area: quantity: area size: total area:

Columns 12 122.500,00 1.470.000,00 mm^2 32 168.100,00 5.379.200,00 mm^2

25 250.000,00 6.250.000,00 mm^2

7.720.000,00 mm^2 5.379.200,00 mm^2

total area: total area:

Walls 7,2 m · 10 · 300 + 7,2 m · 2 · 200 mm = 24.480.000,00 mm^2 7,2 m · 10 · 495 mm + 7,2 m · 3 · 495 mm = 46.332.000,00 mm^2

Total: 32.200.000,00 mm^2 Total: 51.711.200,00 mm^2

Difference: 19.511.200,00 mm^2

Lost usable area: 15.299.200,00 mm^2

15,30 m^2

Original usable area: 1.322,12 m^2

New usable area: 1.306,82 m^2

Relative loss: 1,16%



Appendix XXVI – Quantifiable Performance Metrices – Floor Area Determination 

Floors 15 – 18: 

 
 

Total 
Total usable floor area loss: 

4 · 19,87 m2 + 4 · 17,15 m2 + 4 · 15,30 m2 + 4 · 14,54 m2 = 267,44 m2 

 

Original total usable floor area: 

8 · 1321,67 m2 + 8 · 1322,12 m2 = 21.150,32 m2 

 

New total usable floor area: 

4 · 1301,8 m2 + 4 · 1304,52 m2 + 4 · 1306,82 m2 + 4 · 1307,58 m2 = 20.882,88 m2 

 

Relative loss (total): 

1,26 % 

  

Original: Mass Timber:

quantity: area size: total area: quantity: area size: total area:

Columns 12 122.500,00 1.470.000,00 mm^2 32 144.400,00 4.620.800,00 mm^2

25 250.000,00 6.250.000,00 mm^2

7.720.000,00 mm^2 4.620.800,00 mm^2

total area: total area:

Walls 7,2 m · 10 · 300 + 7,2 m · 2 · 200 mm = 24.480.000,00 mm^2 7,2 m · 10 · 495 mm + 7,2 m · 3 · 495 mm = 46.332.000,00 mm^2

Total: 32.200.000,00 mm^2 Total: 50.952.800,00 mm^2

Difference: 18.752.800,00 mm^2

Lost usable area: 14.540.800,00 mm^2

14,54 m^2

Original usable area: 1.322,12 m^2

New usable area: 1.307,58 m^2

Relative loss: 1,10%



Appendix XXVI – Quantifiable Performance Metrices – Current Building Cost Estimation 

Current Building Cost Estimation 
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Appendix XXVI – Quantifiable Performance Metrices – Embodied Carbon Comparison 

Embodied Carbon Comparison 

Timber Without Carbon Sequestration 
Based on the applied EPDs (as referenced to in the main report), the following GWPs apply for mass 

timber products, if the GWP for A1 equals 0. 

▪ CLT: 25,96 kg CO2-eq per m3 → total: 101.655 kg CO2-eq 

▪ Glulam: 20,66 kg CO2-eq per m3 → total: 8.354 kg CO2-eq 

▪ LVL beam: 15,30 kg CO2-eq per m3 → total: 17.619 kg CO2-eq 

▪ LVL floor: 5,23 kg CO2-eq per m2 → total: 129.055 kg CO2-eq 

 

Total mass timber carbon emissions: 256.683 kg CO2-eq 

Total (including steel and gravel): 1.345.670 kg CO2-eq (note: here, more than 80% of the GHG 

emissions originate just from steel) 

 

Timber Without Carbon Sequestration and Far Away Transportation 
A new transport distance of 1.100 km is assumed for all timber products. (This is roughly the road 

distance between the EMA office and Binderholz, a large mass timber producer located in Austria.) 

 

 
 

→ new value for transport emissions: 952.720 kg CO2-eq 

 

Farthest Away Possibility for Import 

 
 → at an import distance of 4.250 km for mass timber elements, the mass timber building becomes 

more polluting than the original (based on the no-carbon sequestration in timber scenario).  

EMA Office Mass Timber:

CLT 3.915,84 m^3 1.840.444,80 kg 25 tonne 4.250 km 106.250 tkm 74 7.862.500 tkm 1.258.000

Glulam 404,36 m^3 186.005,60 kg 25 tonne 4.250 km 106.250 tkm 8 850.000 tkm 136.000

LVL beams 1.151,58 m^3 587.305,80 kg 25 tonne 4.250 km 106.250 tkm 24 2.550.000 tkm 408.000

LVL floors 3.535,66 m^3 1.803.186,60 kg 25 tonne 4.250 km 106.250 tkm 73 7.756.250 tkm 1.241.000

Recycled Gravel 1.522,35 m^3 2.435.760,00 kg 25 tonne 40 km 1.000 tkm 98 98.000 tkm 15.680

Steel profile 122,65 m^3 962.786,80 kg 25 tonne 40 km 1.000 tkm 39 39.000 tkm 6.240

3.064.920



Appendix XXVII – 1:10 Connections Details – Embodied Carbon Comparison 

Appendix XXVII – 1:10 Connections Details 

See drawings below. 
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