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Abstract 

This report will discuss the possibility to use poplar as a primary structural material for a bicycle and 
pedestrian bridge over the Beatrix canal in Eindhoven. Different poplar sub-species will be looked at for 
their mechanical properties (Robusta, Koster, and, Ellert). The Robusta and the Koster will be 
investigated in with a higher number of test specimen for a proper strength class allocation. The Ellert 
will be investigated if further research on this sub-species will be interesting. For outdoor use, poplar 
timber needs to be modified or protected against moisture, fungi and, insects. Modifying the timber will 
be done by acetylating the timber. The timber is treated with acetic anhydride to make sure moisture, 
fungi, and insects will not be a tread anymore. After the acetylation process, the wood structure has 
altered, and the strength properties have changed. The change in strength properties will be tested in 
the Structures Laboratory in Eindhoven. The bending strength, density, and modulus of elasticity will be 
determined. For the Robusta and the Koster, The effect of acetylation on the mechanical properties will 
be tested. The modified Robusta was allocated in strength class C20 the unmodified Robusta was 
allocated in strength class C18. The Modified Koster was awarded in strength class C16 and the 
unmodified Koster in strength class C14. The Ellert could not be assigned in a strength class and was 
rejected. This results in two sub-species suitable for constructing a bridge in outdoor conditions. The 
bridge design will be made based on strength class C20. The design will be elaborated, and the details 
will be calculated.  
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1. INTRODUCTION 

 
This research will investigate the feasibility to use polar as a main structural material for a bicycle and 
pedestrian bridge. The report exists of three main parts a literature study to properties of poplar and 
ways to improve the properties of poplar. Also, reference projects and innovative applications for timber 
bridge designs will be discussed. After that the experimental research will be discussed and elaborated. 
The mechanical properties of poplar and the influence of the modification technique will be tested. The 
last part of the report will describe the design for a pedestrian/bicycle bridge with poplar as a primary 
structural material, first of all, an introduction in how this project came to a start.  
 
For this project, a structural design for a bridge over the Beatrix Canal in Eindhoven will be made. The 
plan will be made for the municipality of Eindhoven. One of the critical points of this design is the material 
used for the structure. Poplar wood is aimed to be used as a primary structural material. The use of this 
material is decided together with Peppelhout, a company which stimulates the use of poplar wood and 
the local use of this wood. ‘Poplar wood should be used for more high-end products’ is their point of 
view. This project is the perfect way to show and test if this is feasible. The goal is to use the wood from 
sources nearby Eindhoven. It would be very nice to see the harvested trees being used for local projects 
and strengthen the so-called circular economy. There is no need to import wood from foreign countries 
and export our poplar wood. This way, the domestic production of polar wood will be stimulated, and 
more poplar wood will appear in the Dutch landscape. Wood, in general, is also perfect for stimulating 
the circular economy. When the lifetime of the bridge is exceeded, the timber can be used for different 
purposes in other local projects, for example as a cladding material for facades or the wood can be 
burned for energy. This way, the wood will have another purpose when it is not suitable for structural 
purposes anymore. The main advantages of a circular economy are that there will be less waste, 
materials will be used more than once, and we will deplete our recourses slower. 
The last 50 years the number of poplar trees in Noord-Brabant and Zeeland is reduced by 50% due to 
the import of other timber species, and the low interest in poplar trees (Klein, Dolstra, Schoonderwoerd, 
& Kennis, 2009). There are some interest organizations which are pro poplar, and they want to make 
sure more poplar trees are planted (Brabantse Populierenvereniging, Peppelhout). Their opinion is that 
the poplar trees belong to the Dutch landscape. This is the basis for the project. Research needs to be 
done for possibilities to use the poplar wood in outdoor conditions and, if the wood needs modification 
to make it more durable outdoor, the right technique for that needs to be selected. It would be exciting 
to see if modification of the wood is possible with a non-environmentally toxic method. Different methods 
are available on the market. These will be elaborated, and the companies will be visited to discuss the 
possibilities for this project. The design for the bridge will be made for the municipality of Eindhoven. 
The requirements for the bridge will be discussed with them. The exact location of the bridge can be 
observed in figure 1 The bridge is part of a project in Brainport Eindhoven. Roads are being constructed 
and improved to improve the accessibility of the area. The bicycle bridge is part of this. The bridge will 
connect flight forum with the city on the other side of the canal. Flight forum is a fast-growing industrial 
area in the north-west of Eindhoven. The bridge location can be seen in the red circle in the figure.  
 
A few questions need to be answered before the material poplar can be used for outdoor construction. 
First of all, does poplar have the right strength properties to be used structurally? The durability concern 
also plays a vital role in the design. Does the material need to be modified? If so which modification 
technique is most suitable? When the material turns out to be useful for the bridge design what would 
be the most optimal design form to span the canal? How can the material be used as efficient as 
possible? All these questions will be answered in this report.  
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Figure 1 Project location 

2. LITERATURE STUDY 
2.1. Introduction 

 
Poplar wood is a fast-growing deciduous species which can be 
found all over Europe and Amerika. The trees usually grow to a 
height of 18 to 35 meters depending on the species and soil 
conditions. The diameter of mature trees varies between 0.9 to 
1.2 meters (Centrum-hout.nl, 2014). Poplar trees grow very fast 
compared to other species, this is the reason why it is 
interesting to use this material also for a structural purpose. 
There are many different sub-species of poplar. It is essential to 
know which sub-species is usable and which is not. At the 
moment, poplar wood is not used for structural purposes. The 
reason for that is that the strength and stiffness properties vary 
enormously depending on the sub-species. Another challenge 
is the vulnerability of the wood for fungi and insects. For outdoor 
use, the wood has to be treated, or the design has to be made 
in such a way the wood does not suffer from outdoor conditions. 
Nowadays poplar wood is mainly used for fiberboard, sawn 
wood, veneer, packaging material, plywood material, matches 
and in the Netherlands for producing wooden shoes and is 
mostly used for indoor purposes. Form a heritage point of view; 
it is interesting to try and keep poplar in our landscape. At the 
moment, the tree is disappearing from the Dutch countryside 
(Klein et al., 2009). Together with Peppelhout (a Dutch 
organization which supports the production of poplar wood on a 
local scale) and the municipality of Eindhoven, a structural 
design for a bridge over the Beatrix Canal in Eindhoven will be 
made. This way, poplar wood will be placed in another 
perspective, and it can be proven that the wood also has the 
potential for structural use.  
  

Figure 2 Poplar tree (Boeckel Bosbouw, 2018) 
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2.2. Poplar in general 

Poplar wood is a wood species with a great variety in properties between sub-species. Poplar, in 
general, grows very fast. This variety in properties makes it interesting for production. The density of 
poplar with a moisture content of 12% is 450 (280-530) kg/m³. When the wood is freshly cut, the density 
will be around 880 kg/m³ (Wiselius, 2001). As told before there are many different sub-species of poplar. 
There is of difference in properties between these sub-species. This difference in properties makes it 
very hard to categorize poplar in general. The mechanical and visual properties of poplar depend very 
much on the sub-species and the growing conditions (Centrum-hout.nl, 2014) 
 
Poplar wood is a deciduous species which forms hardwood according to (Van der Meiden, 1958). The 
heartwood in wood is defined as the most inside part of the tree, where the parenchymal cells are not 
alive anymore (Van der Meiden, 1958). The properties of this heartwood are different compared to the 
sapwood. Poplar wood is a wood species which form heartwood in the middle. It differs per species how 
much heartwood will be formed. The heartwood has a slightly darker color after cutting the tree. The 
color can become lighter when the wood dries. The forming of heartwood depends on the growing 
location of the tree. If there are toxic residuals in the ground, then extraordinary heartwood can be 
formed with a black color. The poplar Gelrica has the most favorable heartwood. It is light of color, and 
it has a consistent shape and a small surface of the tree’s cross-section. For the durability of the timber, 
the heartwood is preferred. The main drawback of heartwood is the difficulty to impregnate the wood. 
Due to this drawback for poplar the sapwood is preferred. This sapwood is much easier to impregnate 
to increase the durability of the wood. This will be discussed further with the modification techniques.  

 
Figure 3 Heartwood and sapwood of poplar 

 

2.3. Mechanical properties 

 
There is still little knowledge about the mechanical properties of different poplar species. The reason for 
this is that the wood is hardly used for structurally purposes so far. For this project, it is important to 
know the mechanical properties in detail of at least one sub-species. The sub-species named Robusta 
was tested for its mechanical properties in the past (Mulders, 2008). These results are beneficial for this 
project. 
Furthermore, little research is done for the mechanical properties of the sub-species Koster (Mulders, 
2008). Only a few specimens have been tested, and the results from those tests can be used as an 
indication. The main conclusion from these tests was that the Robusta has relatively good mechanical 
properties, and the Koster is very weak compared to the Robusta. See table 1 for the test results.  
 
Table 1 Properties of Populus Robusta and Populus Koster; Mulders (2008) 

Sub-species Density 
[kg/m³] 

E-modulus 
[N/mm²] 

Bending strength  
[N/mm²] 

Robusta 390.0 10972.2 21.01 
Koster 304.13 7315.9 10.88 

 
 
 

Sapwood 

Heartwood 
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One of the project goals is to use local wood. Because of this, contact was made with Frans van Boeckel 
from the company Boeckel Bosbouw. The company is located in Liempde, a village between Eindhoven 
and Den Bosch. Because the test specimen for the mechanical properties of the poplar sub-species are 
only received from this one location, it cannot be said that the mechanical properties for example of a 
Koster from a different location will be the same, for more general properties of the timber, timber from 
different locations has to be tested. For this project, timber from only one location will be tested and 
used. This is a limitation of the project. For further research, poplar from different locations can be tested 
using this research as a reference. The wood available from this location are the following sub-species: 
Koster, Robusta and the Gelrica. Also, the sub-species Ellert is considered, but since the available trees 
grow in one line along the highway A2, instead of a forest, more reaction wood will be expected, which 
makes the sub-species presumably less qualified. 
 
The Robusta has some challenges for practical use. When drying the wood, the wood will likely crack 
or deform. This happens mostly when the timber pieces are too long. Lengths over 4 meters give more 
problems than shorter lengths. Furthermore, the Robusta grows much slower than the Koster. The 
Koster grows almost twice as fast and has a straight trunk, light color and a low density. Due to this 
difference, more Koster’s than Robusta’s are planted. The main advantage of the Robusta is its strength. 
According to the test results, (Mulders, 2008), the Robusta is much stronger than the Koster. The results 
obtained from tests done in 2008 the Koster has to be rejected for structural purposes. The bending 
strength is too low for strength class C14 (The lowest strength class). According to the bending strength, 
C10 is more appropriate, but this is a non-existing strength class. Because of this, the Koster had to be 
rejected for structural purposes. There is little known about the Gelrica, but an estimation is that the 
strength will be between the Koster and the Robusta but closer to the Koster. This assumption is based 
on the density of the wood. In general, if the wood has a high density, the wood will have better 
mechanical properties (bending strength).  
 
By performing tests in the laboratory, the mechanical properties can be determined. It is recommended 
to repeat the tests done in 2008 to make sure these values are still valid. In the past tests on other sub-
species are executed as well, but these will not be considered because of the following reasons: First 
of all, the tests were done on a tiny test specimen. Due to this, the values can be much higher because 
of the lack of imperfections in the wood. If the test specimen is larger, the chance of the presence of 
imperfections is more significant, so test values will be lower on larger specimen and therefore more 
reliable. If a small test specimen is used, the specimen will be tested on shear strength instead of 
bending. Secondly, from these tests, only the average values are available. These values cannot be 
used for calculations because these values have to be evaluated into characteristic values. To do so, 
the number of tests and the standard deviation between the values need to be known.  
 
Because the other sub-species are not directly available nearby the project location, these will not be 
considered in this research. The Koster, Robusta, Gelrica and the Ellert are available nearby Eindhoven. 
By using one of these sub-species local wood can be used for the project. The Gelrica, however, is not 
a sub-species which will often be planted anymore due to the vulnerability to diseases, and therefore 
the Gelrica will probably slowly disappear. For that reason, it makes no sense to test the mechanical 
properties of the Gelrica.  
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2.4. Durability of poplar in general 

Wood species are divided into five different durability classes; these classes indicate the period the wood 
survives outdoor in ground contact exposure without deterioration due to fungi. See table 2 for the 
durability class of poplar wood. 
 
Table 2 Durability classes (Jorissen, 2014) 

 
Poplar wood is categorized in class V. This means that it will take less than five years for the wood to 
decay when exposed to ground contact (Jorissen, 2014). 
 
Poplar wood is vulnerable to different types of fungi and insect attacks.  
 
There are many different techniques to modify the wood to make it less vulnerable to moisture and fungi 
or insect attacks. There are two different categories of wood modification techniques. The first one is 
active modification. This technique changes the structure of the wood cells. The other technique is 
passive modification or preservation. This technique makes use of other materials to protect the wood 
without changing the cell structure of the wood. The following techniques will be introduced and 
elaborated shortly: Thermal modification, acetic anhydride modification, furfurylation of the wood, and 
natural protection with the use of fungus. These techniques are relevant for modifying poplar wood and 
between these techniques, one technique has to be chosen as the best option for poplar wood, and the 
purpose of this project.  
 
The definition of modification is as follows: changing the material chemically to improve or eliminate one 
or more of the material disadvantages. There are two types of modification as told above: active 
modification and passive modification. The difference between the two is that for active modification, it 
is required that the cell structure of the wood changes. For passive modification, this is not the case.  
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2.5. Active modification 

2.5.1. Thermal modification 
 

Modification of wood means changing the characteristics of the material. By thermal modification, the 
wood will be heat treated to change the wood structure. The thermal modification process starts with 
heating the wood to a temperature above 180 degrees Celsius in a room with a deficient oxygen level. 
This process will change the chemical structure of the lignin, cellulose, and hemicellulose. Between 140 
and 150 degrees Celsius, hemicellulose will be discomposed and from 150 degrees Celsius α-cellulose 
will be discomposed. All the volatile components will be removed from the wood due to the heat. Due to 
the removal of these components, organic acids will arise, and the number of OH groups in the wood 
will be reduced. When OH groups are removed from the cell structure of the wood, the wood will not 
bound water as much as it did before the treatment. This gives the advantage that the durability and 
dimension stability will increase. The color of the wood will become darker after thermal modification. 
By using this technique, the durability class can rise to class 1. A drawback of thermal modification of 
wood is that the strength of the wood will be reduced and the failure behavior will become more brittle. 
This is not in favor when the wood will be used for structural purposes (Hill, 2006). 

 
The modification process can be adjusted in many different ways. There are many different process 
variables; (Hill, 2006) 

- Time and temperature of the treatment 
- Treatment atmosphere 
- Closed vs. open system 
- Wood species 
- Wet and dry system 
- Sample dimension 
- Use of catalysts  

 
Thermal treatment also gives the wood better dimensional stability. It reduces the swelling and shrinking 
of the wood because the wood does not bound as much water anymore as before. The wood will also 
lose some mass during the process. This makes sense because the cell structure of the wood will 
change.  
 
Due to thermal modification, the vulnerability to fungi of the wood will be reduced. The effect of the 
gained resistance depends on the used thermal modification technique. Thermal modification does not 
make the wood resistant for insects, although the effect depends on the thermal modification process. 
In general, it does not add significant value to insect resistance. The steam-heated modification process 
even encouraged the insect attack on the wood, where the dry air heated process had little effect on 
insect resistance (Hill, 2006).  
 
To sum up, the modification technique has many advantages but also some significant disadvantages. 
These are as follows:  

Advantages: 
- Increase of dimensional stability 
- Reduced swelling and shrinkage due to reduced moisture absorption 
- Reduced vulnerable for fungi attack  
- Increased durability of the wood 
- It is an environmentally friendly modification technique 

Disadvantages 
- Reduced strength of about 30%  
- Wood will become more brittle 
- Reduced modulus of elasticity  
- Insect attack still a problem 
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2.5.2. Acetic anhydride modification (Hill, 2006) 
 
Another modification technique based on reducing the number of OH groups left in the wood for moisture 
bounding is acetylation of wood. This technique is used for producing so-called Accoya. At the moment 
this technique is used for modifying radiata pine. This is a fast-growing wood species mainly growing in 
the southern hemisphere (New Zeeland, Chili, South Africa) and also in Spain. The modification process 
works as follows: the wood will be dried before entering the reactor. When the wood has a specific 
moisture content, the wood will be placed in a reactor where the timber will be impregnated with acetic 
anhydride by a vacuum-pressure method. After that the timber will be heated to around 70 degrees 
Celsius to start the acetylation. This acetic anhydride will react with the wood and bound to the OH 
groups. See figure 4 for the chemical reaction. Wood has a certain number of OH groups which usually 
bounds to water. During the reaction, these groups react with the acetic anhydride. The OH group will 
be replaced with oxygen and a hydrocarbon group, the so-called acetylated wood. During the process 
also so-called acetyl groups will be formed and stay as residue in the timber. When all the OH groups 
in the wood have reacted with the acetic anhydride, the residual fluid is a mixture of acetic anhydride 
and acetic acid. These two residuals will be separated from the timber by a drying process. The residue 
extracted from the timber will be separated in a distillation unit in anhydride and acetic acid. The 
anhydride will be reused in the Accsys production. The acetic acid will be sold to other companies. After 
the treatment, the cell structure has changed chemically, and the durability properties are increased. 

 
Figure 4 Acetylation process Accsys Technologies (2018) 

The modification brings several changes to the wood properties. The swelling and shrinkage due to 
moisture absorption will be reduced by 80%. The main advantage of this dimension stability is that film-
forming wood coatings will have a longer lifetime. The wood will also be more resistant to fungi and 
insect attacks. The fungi and insects which generally can be found on the wood do not see acetylated 
wood as wood anymore; the insects cannot digest the acetylated timber due to the chemical changes 
the timber has gone through. Due to the new chemical groups formed in the timber, the hardness and 
compression strength will increase. The tension strength, however, will be reduced slightly. Due to the 
reduction of the tensile strength, the bending strength will be reduced slightly as well. The Modulus of 
elasticity shows a small reduction as well. The wood itself will be more durable and better resistant to 
fungi and insect attacks; this results in wood categorized in durability class 1. 
 
For poplar, this treatment is also possible; however, it is not the case that the changes in properties 
which were investigated for the radiata pine are directly applicable on poplar wood. This means that 
these properties of the wood need to be investigated in advance and after acetylating the timber.  
First of all, the wood needs to be impregnable. The acetic anhydrite needs to be able to penetrate the 
whole timber beam cross-section. If the wood surface is not smooth and good impregnable than 
locations without acetic anhydride will occur after treating the wood, and the wood can degrade on those 
locations faster than other locations. Usually, only the sapwood is used for this treatment method 
because the heartwood is hard to penetrate for the acetic anhydride an unequal treatment can occur. 
See section 2.1. for more information on heartwood and juvenile wood for poplar.  After modifying the 
wood, research needs to be done for the influence on the mechanical strength. This could be different 
from the influence on the radiata pine. Also, the glue ability of poplar after treating it with acetic anhydride 
is unknown. 
Acetylating of poplar wood is a possible promising way of modifying the wood to improve the durability 
of this project. This is also a very environmentally friendly technique for modifying the wood. The only 
residue from the process is an acetic acid which can be used again for other purposes. The only 
drawback is that many things are still unknown about the properties of the wood after modifying. It is 
possible to research to get to know these properties together with Accoya.   
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2.5.3. Furfurylation 
 

Furfurylation is a technique to modified wood with a polymerized furfuryl alcohol (Schneider, 2007). A 
significant advantage of furfuryl alcohol is that it is derived from nature and thus, renewable resources 
(mainly corn cobs) (Hill, 2006). When the wood is ready for the treatment, it will be placed in an autoclave 
where under pressure, the furfuryl alcohol-based resin is brought in. This resin will penetrate the wood 
all the way. Due to this, penetration of the wood will be uniform across the whole cross-section. Also, 
for this technique, the impregnability of the wood needs to be tested. Is can easily penetrate sapwood 
but does this also count for heartwood? According to (Schneider, 2007) furfuryl alcohol has difficulties 
with penetrating heartwood. After adding the resin to the wood, the temperature will be brought up to 
about 70 degrees Celsius for a few days or higher temperatures for a shorter amount of time. As told 
before, high temperatures do affect the wood properties. After the treatment, the wood will be colored 
darker.  
 
Treating the wood with furfuryl alcohol has a significant influence on the durability. After treatment, 
durability class 1 can be achieved. The treatment also provides better dimensional stability of the wood. 
The wood will become more resistant to fungi and insect attacks. Because of the extra furfuryl group 
insects and fungi do not recognize the wood anymore. The mechanical properties are also influenced 
by this reaction; this also depends on the level of furfurylation (Lande, Westin, & Schneider, 2004). The 
modulus of elasticity was not affected due to the treatment; the bending strength, however, increased 
slightly with 6%. The hardness of the sapwood did increase by 50% (Lande et al., 2004). One drawback 
is that high levels of furfurylation do increase the brittleness of the wood.  This was the case for Idaho 
white pine. Further research is needed if this is the same for poplar wood.   
 

2.6. Passive modification 

2.6.1. Natural durability by using fungi 
 
This is a relatively new technique to modify wood. This method makes use of a dominant mold which 
will be placed on the wood. The wood will be covered with linseed oil. This oil is the food for the mold. 
On the linseed oil, a biofilm of a dominant fungus will be formed. This layer will protect the wood against 
other fungi attacks. Damage on the fungus layer will be repaired by the fungus itself as long as there is 
enough food (linseed oil). There is one company who promotes this way of making the wood more 
durable the company is called: ‘Xhylo bio finish.’ There is little information available on the water 
absorption of the treated wood and whether the treatment needs to be repeated during the lifetime of 
the wood. Is it necessary to repeatedly treat the structure with the linseed oil? The Biofilm does not 
provide any protection for insect attacks. The main focus of this product is protecting the wood against 
fungus attacks.  
 
It makes sense to assume that this way of modifying the wood does not affect the mechanical properties 
of the wood because the biofilm does not change the cell structure of the wood itself (passive 
modification). This can be seen as an advantage because the wood will not become more brittle as we 
have seen at the other techniques. It is an extra layer on top of the wood (like a paint layer) which does 
not contribute to the strength of the wood, but it does not weaken the wood either. The main question 
which remains is, does this technique make the wood as durable as the other techniques discussed?  
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2.7. Conclusion  

 
From the modification methods discussed above, there are two methods which are more suitable for 
this project. Acetylating and furfurylation are the most promising. The reason for that is because of the 
possibility to fully penetrate the cross-section of the sapwood and the improved dimension stability after 
the treatment. The possibility to penetrate the hardwood needs to be tested during the experimental 
research. Also, the mechanical properties will be influenced minimally. Research is needed to prove this 
statement. The expectation is that this will give a uniform change in mechanical properties for the 
different parts. Thermal modification is not suitable because of the substantial reduction in strength and 
the brittleness of the wood after treatment. Biofinish is not suitable because of the unknown lifetime and 
insect vulnerability. After the Biofinish treatment, the wood will also still absorb the same amount of 
moisture as it did before the treatment. This means the wood will still shrink and expand as it did before. 
Acetylating and furfurylation both have a positive effect on insect and fungus resistance. This is very 
important for this project because the design could be made in a way that moisture will not form any 
problems, but insects can still reach the timber construction. The resistance against insects is thus a 
vital aspect of the treated wood. The biggest drawback of furfurylation is that this technique will make 
the wood more brittle compared to acetylation. This makes acetylating favorable for this project. This 
technique does not influence the mechanical properties significantly, and the durability of insect and 
fungi resistance will be improved.  
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2.8. Gluability acetylated timber 

 
Due to the modification process, the wood structure and some of the properties have been altered. This 
could mean that conventional timber glue types are not suitable anymore. The last years some research 
has been done on this topic. There are many different glue types available on the market nowadays. All 
these glue types have their properties. For example: 

- PRF (phenol-resorcinol-formaldehyde adhesive) 
- EPI (emulsion-polymer-isocyanate adhesive) 
- MUF ((melamine-urea-formaldehyde adhesive) 
- PUR (polyurethane adhesive) 
- Epoxy adhesive 
- PVAc (polyvinylacetaat) 

 
Not all glue types are suitable for structural purposes.  
Due to the acetylation process, various material properties have altered. This may influence the bounding 
quality of the material. The following material properties may have changed and influence the bounding 
quality (Hunt & Brandon, 2007). 
 

- Chemical bonding to the wood cell wall matrix. Acetylation replaces the hydrophobic hydroxyl 
groups with acetyl groups. This has a direct impact on adhesives in terms of the chemical bonding 
to hydroxyl groups. 

- The equilibrium moisture content of acetylated wood is reduced significantly. The low moisture 
content can have an impact on the bonding with one-component polyurethane adhesive systems.  

- The high dimensional stability of the timber reduces the stresses in the bond lines. 
- The presence of small amounts of acetic acid changes the pH value of the wood. This can 

influence the curing of the adhesive.  
 
These mentioned points can influence the adhesive system and the bond strength, according to F. 
Bongers et al., (2016).  
According to Hunt & Brandon (2007), there are two types of adhesives: the reinforcing adhesives and the 
flexible adhesives. The main difference between these two types of adhesives is the way the bond line 
connects the two elements. The reinforcing adhesive is a stiff adhesive which does not expand with the 
timber. To prevent high shear concentrations in the bond line, the adhesive diffuses into and reinforcing 
the cells adjacent to the bond line. Typical reinforcing adhesives are formaldehyde (MF) and resorcinol-
formaldehyde (RF). The flexible adhesives prevent the high shear stress concentrations by flexibility 
expand, and shrink with the timber. Emulsion polymerized isocyanate (EPI) is an example of this adhesive 
type. Adhesives which do not fall in either of these classes are not durable and have trouble to coop with 
high moisture fluctuations.  
Hunt & Brandon (2007), have researched the bond strength of acetylated wood with four different 
adhesive types. They found that planing the surface of acetylated timber influences the bond strength 
negatively. Planing the surface could expose unacetylated hydroxyl-groups. These groups could 
influence the adhesive reaction. The research tested four types of adhesives. (RF, UF, Epoxy and, EPI). 
The UF adhesive was excluded due to the low results. They concluded that that adhesive type was not 
suitable for acetylated timber. The conclusion was that the bond for both types of adhesive (reinforcement 
and flexible) was excellent. Due to the higher dimensional stability, the stresses in reinforcement 
adhesives are much lower. These reinforcing adhesives (RF) provide reliable and watertight connections. 
Epoxy adhesives are stiff adhesives which do not provide a water-resistant connection. Due to the 
dimension stability, the epoxy does provide a reliable connection for acetylated timber. EPI is a flexible 
adhesive and can coop more easily with swelling and shrinking of timber. On acetylated timber, the 
connection is more difficult due to loss of polar bonding and small penetration of the timber. This reduces 
the failure strength of the bond under wet conditions dramatically.  
It can be concluded that the following adhesives are suitable for acetylated timber (Hunt & Brandon, 2007) 
(F. Bongers et al., 2016) 

- PRF (phenol-resorcinol-formaldehyde adhesive) 
- EPI (emulsion-polymer-isocyanate adhesive) 
- PUR (polyurethane adhesive) 
- Epoxy adhesive  
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This section will introduce some different reference projects used as inspiration for the bridge design for 
the pedestrian/ bicycles bridge over the Beatrix canal.  

2.9. Bridge Hofstraat Landgraaf 
 

 
Figure 5 Bridge impression (ipv delft, n.b.) 
 
2.9.1. Project information 
 

Location Landgraaf (the Netherlands) 
Completion 2013 
Bridge type Arch bridge 
Structural engineer Pieters bouwtechniek 
Architect IPV Delft 
Client Municipality of Landgraaf 
Type of structure Wood / steel 
Bridge length 32.5 meter 
Bridge width 5.4 meter 
Construction Costs € 410,000 

 

 
Figure 6 Bridge location (Google, 2019) 

The bridge located at the Hofstraat in Landgraaf was tendered by the municipality of Landgraaf. Design 
and engineering studio IPV Delft made the winning design for the bridge. It is a bicycle/pedestrian bridge 
which connects the neighborhood with the football fields on the other side of the road see figure 6. The 
bridge had to look like a very slender structure. This is achieved by choosing the right material in the 
right place. For example, the steel tension elements and wood compression elements. This way, the 
parts can be designed very slender. The new bridge replaces the old bridge which was damaged by a 
collision with a truck. The building order for the bridge was as follows. First, the concrete foundation is 
made. After that, the bridge deck is placed and temporally supported to prevent too much deflection in 
the middle. After that, the wooden arches are put into place. Each arch is made of two pieces and 
connected in the middle. At last the steel cables and the steel truss are attached to the bridge deck and 
the wooden arches for the support. Due to prefabrication, the bridge was built on location in just three 
days. This had to be done quickly to prevent as much hinder as possible.  
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2.9.2. Structural design 
 

The construction of the bridge exists out of two laminated wooden arches. These are connected on a 
concrete foundation. The foundation is placed on a slope. This is a favorable position because this way, 
the foundation cannot move due to horizontal forces from the arch. The arches are made from Iroko 
wood. This is a hardwood from West-Africa. This wood has excellent properties for outdoor structural 
use. The bridge deck is made of two edge beams connected by secondary beams. The bridge deck is 
connected to the arches by tension cables. These are mounted on flanges welded on the edge beams 
of the bridge deck. Due to this system, the bridge deck could be made this slender. Unique details were 
developed for the connection of the arch to the bridge deck and the arch to the foundation. Round pins 
with round bolts were used instead of the standard hexagon nut see figure 7. To make the whole 
structure stable, a specially designed wind brace is placed between the arches on the top. The wind 
brace is shaped with the same curvature as the arch this way the wind brace will not be visible from the 
front view of the bridge see figure 5.  The main advantage of this structure is that the wood will mainly 
be in compression, and the steel will mainly be in tension. This is the optimal use of material strength. 
The connection with the concrete support is made with steel plates connected to the outside of the 
timber. It is almost impossible to prevent moisture entering between the steel plate and the timber. This 
is not favorable in a durability point of view. Ventilation between the steel and timber is complicated this 
way. A solution to this could be using internal steel plates. This way the connection will be more durable.  
 

 
Figure 7 Bridge impression (Heko spanten,n.b.) 
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2.10. Botterbrug Harderwijk 

 

 
Figure 8 Bridge impression (ZJA Zwarts & Jansma Architects,2019) 

2.10.1. Project information 
 
Location Harderwijk (the Netherlands) 
Completion 12 December 2014 
Bridge type Cable-stayed bridge 
Structural engineer Heijmans integrale projecten rosmalen 
Architect Zwarts & Jansma Architects 
Client Municipality of Harderwijk 
Type of structure Wood / Steel / Concrete 
Bridge length 76 meter 
Bridge width 4.5 meter 
Construction Costs € 2,900,000 

 

 
Figure 9 Bridge location (Google, 2019) 

The bridge is crossing the A28 near Harderwijk. It is a bicycle and pedestrian bridge to connect the two 
neighborhoods ‘Drielanden’ and ‘Stadsweiden.’ The bridge design is made by Zwarts & Jansma 
Architects, and the design is based on a ‘botter,’ a typical Dutch fishing ship. The pile with the cables 
attached asymmetrically has to look like the mast of the boat with the cables for the sail. The span was 
too big to complete the bridge with only one tower with cables. This is the reason that two of these 
towers are placed. The free span is 50 meters and a total length of l76 meters. This is one of the longest 
wooden cable-stayed bridges in Europe. The pillars have a height of 22 meters and a diameter of 1 
meter. They are made of one single tree, so no laminated wood. ‘Koninklijke houthandel Wijma’ from 
Kampen was the contractor for these distinctive pillars. They have a large forest concession in Africa 
where they have selected a suitable tree for this project. Heijmans did the construction design and 
execution of the bridge. The building order for the bridge was as follows: First, the two concrete 
foundation pillars were made, and the masts were placed on these pillars. After that, the bridge elements 
could be hoisted in place and connected to the cables with the pillars (see figure 10). 
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2.10.2. Structural design 
 

 
Figure 10 Construction of botterbrug (Houtwereld,2019) 

   
 

The main structure of the bridge are the two azobé wooden pillars, and the attached cables see figure 8.  
This wooden pillar is placed on a concrete foot, which also supports one bridge deck section. The bridge 
deck sections are inspired on lock doors. Many of these lock doors are made out of azobé wood. The 
durability and strength from these doors are outstanding, so based on that the decision to make the bridge 
deck sections the same way with the same wood species was made. The bridge deck must withstand a 
high impact load 1600 kN from trucks; the lock door structure provides enough strength for this high force. 
At the end of each section, a steel beam is placed, which is connected to the pillar by cables. This way, 
each section is supported by each other and eventually carried by the pillars. A free span of 50 meters is 
realized this way. Each bridge section is braced with steel bars in all directions; this way, only support is 
needed to keep them upright. The wood used for the structure is Azobé. This is a tropical hardwood 
species and is very suitable for outdoor use. The wood is categorized in durability class 1. This wood 
species is a solid and robust wood species which is used commonly for construction purposes in water 
structures.  
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2.11. Montmorency south forest bridge 

 

 
Figure 11 Bridge impression (NORDIC STRUCTURES, 2019) 

2.11.1. Project information 
 

Location 75 km north of Quebec City (Canada) 
Completion 2010 
Bridge type Arch bridge 
Structural engineer CIMA+ 
Architect Nordic structures 
Client Laval University 
Type of structure Wood   
Bridge length 32,9 meters 
Bridge width 4,8 meters 
Construction Costs Unknown 

 

 
Figure 12 Bridge location (Google,2019) 
 
This is entirely wooden bridge build in Canada. The bridge is part of a project form Laval University. 
They want to stimulate the use of wood in structures for nonresidential buildings. In this part of Canada, 
steel and concrete are mostly used for bridge constructions. This bridge is suitable for cars and trucks 
and can be loaded up to 63.7 tones. The bridge is built over the Montmorency River 75 km North of 
Quebec City. The location where the bridge is built is an area where of 6664 ha used for teaching and 
research activities related to the faculty of Forestry and Geomatics see figure 12. The project had to be 
a carbon-neutral project. This is done by planting 1941 trees on the Montmorency forest territory to 
compensate the 129.4 tons of CO2 emitted during the project.  
  

6664 ha research and recreation 
area Forêt Montmorency 
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2.11.2. Structural design 
 

 
Figure 13 Bridge impression (NORDIC STRUCTURES, 2019) 

The structure of the bridge is made of laminated arches and straight beams made of black spruce. The 
arches are connected to the straight beams and support these in the middle. There are in total 12 arches 
and ten beams to realize the span of 32.9 meters. The wood used for this project is black spruce from 
northern Quebec. The beams have a dimension of 722 x 175mm. The arch reduces the bridge deck 
span to 10 meters. The arches have a dimension of 965 x 175mm. The arch is an ideal shape for a 
construction in wood because of the high compression forces and low to none tension forces. This 
makes the structure relatively slender for the span. The bridge deck will provide stability. This deck is 
made of multiplex plates glued and screwed to the beams. The screws used are extra strong screws to 
provide stability for wind loading. On one-third of the span on each side a beam is placed perpendicular 
to the span of the bridge. This small beam makes sure the forces are introduced in the arches more 
evenly and not only in the middle. In the middle of the bridge, where the arches and beams cross each 
other, spacers are used to provide enough ventilation. When the beams touch each other moisture can 
build up between the beams and the construction is more vulnerable for decay due to fungi. Steel plates 
are used for the connection to the concrete foundation. These embedded steel plates are connected to 
a hinge. The bolt connection in the wood is not the most favorable connection to transfer compression 
forces. These compression forces result in splitting tensile forces perpendicular to the grain. A different 
connection, for example, with a steel plate at the end of the arch taking the compression forces would 
give a better force transition. The main drawback will be moisture accumulation underneath the steel 
plate. The connection realized has the main advantage that there is no possibility for moisture 
accumulation. Also, in the middle, a steel connection is made. This connection connects the arches and 
the beams. The arches are split in the middle of the span to reduce them in size. This way, they could 
be prefabricated and transported by truck to the construction site.  
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2.12. Älvsbacka bridge Skellefteå  (Jacobsson, n.d.) 
 

 
Figure 14 Bridge impression  

2.12.1. Project information 
 
Location Skellefteå 
Completion 2011 
Bridge type Cable-stayed bridge 
Structural engineer/builder Martinsons Träbroar AB 
Architect Martinsons Träbroar AB 
Client Trafikverket 
Type of structure Wood / steel 
Bridge length 182 meters span: 130 meters 
Bridge width 4 meters 
Construction Costs Unknown 

 

 
Figure 15 Bridge location  

The Älvsbacka Bridge is a unique bridge located in Skellefteå Sweden. The bridge is made for 
pedestrians. The main challenge of the design was the dynamic behavior and the construction. The 
dynamic behavior is calculated with the use of a FEM model. In the end, the bridge did fulfill the stated 
requirements. However, if the bridge would vibrate more than the comfort level, a damping installation 
is prepared. This makes it possible to add this installation in a later stage. The construction is built up 
with steel and glued laminated. Glued laminated beams are untreated spruce beams protected with a 
coating and paneling. The bridge spans 130 meters over the river Skellefteälven. In the first stage, the 
design was planned with one pillar in the middle of the river due to the limited amount of space on the 
river bank see figure 16. This design was not chosen because of the costs. The pylon in the middle of 
the river was a large part of the costs. Due to that, the decision was made to span the river in one go. 
The final design is made with two pylons on each side of the river, see figure 17. 
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Figure 16 Preliminary design  

 
Figure 17 Final design 

 

2.12.2. Structural design  
 
The structure exists of three main elements. First of all, the two pylons bearing the steel cables which 
support the bridge deck and have a height of 24 meters. Secondly the steel cables and at least the 
bridge deck itself. The steel cables are attached to the bridge deck by a steel beam underneath the main 
bridge deck beam. The bridge deck is made of glulam beams which span approximately 14 meters 
between each support cable. The bridge deck is made in 5 parts which were prefabricated for 90%. Only 
the bridge deck cladding is not entirely prefabricated. The connection between the bridge deck elements 
is made on site. The cladding material will be added on-site; this way, it will always fit. One crucial 
question was the dynamic behavior of the structure. This is modeled with FEM models, the variable load 
and wind were considered, and the bridge design satisfied the criteria. These criteria are stated in the 
Swedish bridge norm.  Another challenge was the assembly of the bridge. A plan had to be made for 
this bridge that does not require many cranes. There was no place to put all the cranes, and after all, it 
would be too expensive.  
 
The building order was as follows, first of all, the two pylons were lifted in place together with the cable 
attached in the middle of the bridge. This took two weeks. Weights were used to put stress on the cables 
and make it stable, see figure 18. When this stage was done, the other cables were attached to the 
pylons, and the bridge deck was launched over the cables from the south side. A horizontal force of 11 
tons was needed to coop with the friction between the elements and the steel cable. This stage took 
three weeks to complete, including the finishing work on the bridge. The entire structure consists of 
approximately 200 tons (400m³) of wood is 500 kg/m³ relative light timber was used, and 70 tons (9m³) 
of steel.   
 
 

Figure 18 Erection of the pylons 
Dead load during erection 
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Figure 19 Erection of pylons  
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2.13. Pre-stressed bridge deck 

 
A pre-stressed bridge deck, with other words stress-laminated timber (SLT), is used often in the 
Scandinavian countries. This technique makes use of steel rods, which stress different (glulam) beams 
together. Due to the pre-stress, the force on the beams will be divided over the different beams due to 
friction. This makes sure the whole bridge deck will be loaded. For different spans, there are different 
designs possible for the pre-stressed bridge deck see figure 20. First of all, the bridge deck could be 
made out of one layer of wood stressed together. This system is used for smaller spans up to 9 meters 
with high strength timber. For longer spans, the other two systems are better a T or box formed deck. 
Spans of 25 meter can be realized.   
 
 

 
Figure 20 SLT deck designs 

The primary function of SLT decks was replacing old bridge decks. The new decks could be placed in 
position. The SLT deck can be made using hardwood or softwood species. There are different pre-
stress systems see figure 21. The main difference between the four systems is the continuous beam 
and the steel plates at the end of the bars. For softwood species, a continuous steel bar is needed to 
introduce the pre-stress in the timber. The steel bar reduces the compression forces by the pre-stress 
perpendicular to the grain. For hardwood species, a steel bearing plate has enough surface for 
introducing the pre-stress forces.   

 
Figure 21 Pre-stress systems (Ekholm, 2013) 

The bridge deck is a buildup of smaller timber deck laminates. These laminates are standardized. This 
means they come in standard sizes. The layout of this lamination is essential to avoid edges to come 
together. The standard thickness of these laminates is 35 mm with a maximum of 75 mm. The laminate 
width (the thickness of the deck) is available from 140 mm with increments of 50 mm to a maximum of 
290 mm. The length is available in multiples of 300 mm. It is essential to keep that in mind for designing 
an SLT deck. The butt joint should be taken into account. It is not favorable to have two butt joints next 
to each other. This will weaken the bridge deck structure. The deck layout should be designed properly. 
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See figure 22 for a possible layout of the laminates. When a laminate length of 4800mm is used the 
spacing between the joints will be 1200mm see figure 22. (Five, 2018) This way no butt joints will occur 
next to each other. 

 
Figure 22 SLT bridge deck layout (Five, 2018) 

The finishing of the bridge deck will be done with a waterproof membrane, which protects the wood 
against moisture. The deck will be covered with, for example, a rubberized bitumen. The final finish layer 
will be a layer of asphalt. These layers need a regular inspection for cracks to prevent moisture contact 
with the wood. The main advantage of this waterproofing is that the wood does not need any treatment.  

There are four different failure mechanism for the bridge deck see figure 23 (Ekholm, 2013). Due to the 
pre-tension in the wood, the lamellas are pressed together when the bridge deck will be loaded. When 
there is not enough pre-tension or the loading is too high, one of the failure mechanism A, B, C, or D 
can occur, see figure 23. Failure mechanism A can occur if the pre-stress level gets too low; this should 
be prevented. These gaps can be filled with moisture or other kind of debris. The friction between the 
wood has to prevent horizontal and vertical shear deformation between the laminate’s failure mechanism 
B and C. Horizontal, and vertical slip can also damage the waterproofing of the bridge deck. This has to 
be prevented. A vertical slip could occur due to very high loads. The load-bearing capacity of the SLT 
deck depends on the amount of pre-stress. The lower the pre-stress, the higher the risk of slip between 
the laminates. 

 
Figure 23 A Gap due to transverse bending, B Vertical slip due to vertical shear, C Horizontal slip due to horizontal 
shear, D Combination of horizontal and vertical slip due to deck twisting (Ekholm, 2013) 

The calculation for the bridge deck design can be done using the theory of orthotropic plates. This can 
be done by numerical finite element models. A simple calculation model is also possible. The standard 
EN 11995-2 simplified the dimensioning of the bridge deck. The simplified model reduces the bridge 
deck to a beam with the height of the bridge deck and an effective width. The effective width is based 
on the load distribution through the bridge deck. This means a higher bridge deck gives a larger effective 
width. According to EN 1995-2, the longitudinal bending moment and the shear forces should be verified 
in the ULS. The bridge deck capacity is dependent on the bridge deck thickness, and most likely 
governed by the deflection criteria in the SLS. The transverse shear force verifies if the shear force 
capacity dependent on the pre-stress is sufficient. Figure 24 shows the traffic load combination of a two-
lane traffic bridge which causes the maximum longitudinal bending moment and the maximum 
deflection. The needed pre-stress can thus be calculated based on the occurring transversal shear 
forces. The higher the pre-stress, the higher the friction coefficient between the deck laminates will 
become. Crocetti, Ekholm, & Kliger, (2015) 
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Figure 24 Geometry of a simple supported two-lane bridge with load positioned for maximum longitudinal bending 
moment and deflection 

 
The main advantages of SLT bridge decks are as follows(Crews, 2015): 

- Due to production under controlled circumstances (prefabrication), a more reliable structure 
can be made. 

- SLT decks can be constructed from timber beams in sizes which are commercially available.  
- It is very cost-efficient compared to a steel or concrete bridge deck when they get replaced. 
- The bridge deck is relatively lightweight.  
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2.14. Lengthwise pre-stressed timber beams  

 
Besides pre-stressed bridge decks, it is also possible to pre-stress the laminated beams. The main 
advantage of pre-stressing these beams is increasing the bearing capacity. This way, less wood is 
needed to bear the same load. There are different techniques of pre-stressing the wood. Some of these 
techniques will be explained briefly.  

 
2.14.1. Pre-stressed beam with the use of compressed wood blocks (Anshari, Guan, Kitamori, Jung, & 
Komatsu, 2012) 

 
The first technique makes use of compressed wooden blocks to pre-stress the beam. On certain 
positions in the glulam beam holes will be cut out and these holes will be filled with compressed wood 
(CW) with a lower moisture content. Due to the swelling of this timber, the glulam beam will be loaded 
with a bending moment, and a small deformation will occur, see figure 25 and figure 26. 

 
Figure 25 Glulam beam with compressed wood blocks (CW blocks) (Anshari et al., 2012) 

The CW blocks are made of lower grade timber free of knots and other defects to make sure the wood 
will be uniformly compressed in the radial direction (perpendicular to the grain). The blocks will be 
compressed so that 30% of the original size is left. The moisture content of the wood must be 6%. This 
is lower than the 12% moisture content of the glulam beam. The main reason to use compressed wood 
is that this wood shows much less stress relaxation than regular dried wood. After a few days, the blocks 
become larger and cause a certain amount of pre-stress in the glulam beam. Due to the pre-stress, a 
pre-chamber deflection will occur, see figure 26.  
 

Figure 26 Pre-camber due to pre-stress (Anshari et al., 2012)  

The amount of pre-camber deflection depends on the amount and size of CW blocks. Test results show 
an increase in bending stiffness of 8.6% for the beam reinforced with 3 CW blocks of 45mm see figure 
25 The load-bearing capacity for this beam was increased with 1.4% for the same beam. If more CW 
blocks were applied, higher strength and stiffness was achieved. The test results were compared to a 
glulam beam with the same dimensions without the CW blocks. Due to the deflection of the beam in the 
opposite direction of the loading, the beam can bear higher loads.  
 
One question what could be raised is how moisture dependent this technique is. The article does not 
describe how the beam reacts to moisture changes. Does the beam lose its pre-stress by moisture 
content changes? For outdoor use, this could be a problem what should be investigated in advance. For 
use in practice and the effects on poplar timber, more research is needed.  
  

Pre-camber 

Clamping 

CW block 
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2.14.2. Reinforced timber beams (Glišović, Stevanović, & Todorović, 2016) 
 

Reinforcing timber beams gives the beam extra strength. This way the beam has a higher load-bearing 
capacity, less wood can be used for the same load-bearing capacity or lower grade timer can be used 
for the structure. More traditional reinforcing systems use steel or aluminum as reinforcing material. The 
main drawbacks of this material are the self-weight and the difficulty of implementation. For this reason, 
research is done to reinforce timber beams with fiber-reinforced polymers (FRP) glued onto the timber. 
The most common fibers to use are glass and carbon fibers. These fibers have a high stiffness and 
tensile strength and a very low self-weight.  
 
The timber beams used for testing the effect of the reinforcement where glued laminated beams made 
from spruce with grade C24. All timber came from the same stand to make sure this was not a variable 
between the beams. The size of the beams used for the test is W*H*L 80*210*4000 mm composed of 
seven laminates. For this research carbon fiber where used. These fibers have a higher strength and 
stiffness but are much more expensive than glass fibers. The carbon fiber-reinforced polymer (CFRP) 
plate used was 60 mm wide and 1.3 mm thick. Different reinforcement layouts can be used with different 
properties. See figure 27 for the different test layouts. The connection between the CFRP plate and the 
glulam beam is made with an adhesive. Because the beam itself is also connected by using adhesives, 
it is a relatively easy step to implement the CFRP plate in the production process of glulam beams. 
 

 
Figure 27 Reinforcement layout (Glišović et al., 2016) 

The beams were tested in accordance with EN-408. The results from the different reinforcement layouts 
are compared to each other. Figure 28 shows the deflection in the middle of the beam with the applied 
load. All beams failed due to tension in the lower fibers. What clearly can be observed is that 
reinforcement layout B is the most favorable one for the flexural strength. The reinforcement gives the 
wood also more deformation capacity before failure. This is a favorable material property.   
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Figure 28 Load-deflection curves at mid-span (Glišović et al., 2016) 

 

The strength and stiffness of the reinforced beam can be increased significantly compared to the 
unreinforced beam. The strength can be increased with 18.6% up to 56% depending on the 
reinforcement layout. The stiffness can be increased with 11.1% up to 19.5% also depending on the 
reinforcement layout. Adding a material with high tensile strength and modulus of elasticity, the stiffness 
of the glulam will increase. These numbers can be achieved by adding only 0.46% (100% is full timber 
cross-section) extra material in the form of carbon fiber reinforced polymers. The unreinforced beams 
showed linear elastic deformation with brittle tension failure. The reinforced beams showed plastic failure 
behavior. The best reinforcement layout depends on the design where it is used for.  For this research, 
the layout with the reinforcement strip underneath the beam was most favorable.  
This technique could be applied for timber structures with height limitations. Using this reinforcement, 
the beam can be used more efficiently. The tension stresses in a timber beam are governing for the 
ultimate strength since failure due to tension gives brittle failure. Another application for this technique 
can be for renovating old timber structures. By reinforcing the timber beam, the load-bearing capacity 
can be increased and replacing a beam is not necessary anymore.  
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3. EXPERIMENTAL RESEARCH ON THE MECHANICAL PROPERTIES OF POPLAR 
WOOD 

 

3.1. Objective 

The objective of this experimental research is to obtain more information about the mechanical 
properties of three different poplar sub-species (Robusta, Koster and the Ellert). Furthermore, the 
information of earlier research will be expanded with more data. Also, the influence of acetylating on the 
mechanical properties will be investigated for the Robusta and the Koster. This information is needed 
for a structural design which will be made for a bridge over the Beatrix canal in Eindhoven. There is still 
little known of the mechanical properties of poplar wood. If the material will be used, structurally more 
insight is needed, especially for one of the available sub-species which will be chosen to be use for the 
bridge.  
In the past, Sigrid Mulders researched the mechanical properties of the Robusta and the Koster. 
(Mulders, 2008) These two sub-species will be looked at again, but the range of sub-species will with 
the Ellert This way more information about different sub-species will become available, and a better 
choice for the right material can be made. The Gelrica grows as well in the region nearby Eindhoven at 
the moment, but this sub-species is not relevant for this research as told before. There is an indication 
that this sub-species will slowly disappear due to the vulnerability of diseases.   
 
This research will focus in more detail on the Koster and the Robusta. These two sub-species will be 
tested with more test specimen. These will be tested in more detail because these two sub-species are 
available at the moment and most likely also in the future. The influence of acetylating on the mechanical 
properties will be investigated for these two sub-species. For that reason, more specimens are needed 
for these two sub-species. Research in the past proved that the Robusta is the most promising, 
regarding strength, stiffness, and density. The Ellert will be tested with less specimen only for an 
indication regarding strength, stiffness, and density. The objective of this graduation project is to obtain 
more information about different sub-species and make a structural design for a bridge with the right 
poplar sub-species. For this reason, the decision is made to take a smaller amount of test specimen of 
the Ellert. This smaller amount of test data from these test specimens will give a good indication of the 
mechanical properties for further research. 
 

3.2. Research question 

The main research question which needs to be answered during the experimental research is: 
What is the modulus of elasticity, bending strength and density of the following poplar sub-species: 
Robusta, Koster, and Ellert, and how does the acetylation process influence these mechanical 
properties?  
By answering this research question, a suitable structural material can be selected for the bridge. 
 
The expectation is that the Robusta will be allocated in a useful strength class. The Koster is still doubtful 
if it can be allocated in a strength class based on earlier research. The expectation for the Ellert is the 
same as for the Koster. Probably the mechanical properties of the Ellert will be in the same magnitude 
of the Koster. The influence of the acetylation process will also be investigated. The expectation is that 
the density of the timber will increase due to the addition of the extra material. The modulus of elasticity 
is expected to increase slightly due to the increased compression strength, the same counts for the 
modulus of rupture. The tensile strength will be reduced slightly while the compression strength will 
increase slightly. Test have to point out if these expectations are correct.   
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3.3. Test specimen 

For deducting experimental research, several test specimens are needed. The specimens need to have 
defined dimension stated in EN 408:2010. A timber beam will break on its weakest point. Due to this, a 
certain length is needed. If the test specimen is too small, the test values will turn out to be much higher 
because a specimen without defects can be selected. If test specimens are too short, shear strength will 
be governing. The Standard EN408 states that the length of the beam should be 19 times the height of 
the beam. In this case, the height should be 150 mm so that the length will be 2850 mm. The width of the 
beam will be 45mm. These dimensions should be the same as used ten years ago for the research of 
Sigrid Mulders. Using the same dimensions would have an advantage comparing the results. However, 
due to the drying process, the beams have shrunk more as expected. This resulted in beams with a 
height of 140 mm.  
 
For each sub-species, several specimens are needed. According to NEN-EN 384, 40 test specimens are 
needed to calculate a reliable characteristic value and give the timber a strength class. In earlier research 
Mulders (2008), 47 beams from the Robusta and 24 for the Koster were used. This means that the 
Robusta was given a strength class, but the values for the Koster could be used as an indication. In order 
to extend those values, the preferred number of test specimen needed for the Robusta and Koster are 
50 beams. The other sub-species will be tested but the values will be used for getting a proper indication 
of the mechanical properties. From the Ellert, ten beams are chosen.  
The Robusta and Koster beams will also be used for the modification process. The values before and 
after the modification process will be compared. This way, the influence of acetylating the wood will be 
measured, and a good comparison can be made. Paragraph 3.4. will explain more about the acetylating 
process of the wood and the small pre-research already carried out. The next paragraph will explain the 
test conducted on the specimen.  
 
Table 3 shows the test specimen with their size and the amount needed for this research. For the Koster 
and Robusta, 40 test specimens were used for the modification process. As told before according to the 
standard NEN-EN 384 40 test specimen are needed to allocate the sub-species to a strength class. This 
will be done for the acetylated beams. The other ten beams will be used as reference beams. The results 
of those beams will be used for comparison with the research of Sigrid Mulders in 2008.  
The reference beams will undergo the same tests as the acetylated beams. The only difference is that 
they will not be acetylated. The test matrix also shows that for the modulus of elasticity test, the specimen 
will be loaded until 35% of the failure load instead of 40% of the failure load. This will be done to make 
sure the specimen will not fail. The failure load was based on the results from the research of Sigrid 
Mulders.  
 
Table 3 Test matrix 

Sub-species Needed test specimen tests  
Robusta 50 beams  

W 45 mm 
H 150 mm 
L 2850 mm 

‐ Visual grading  
‐ MTG (Mobile timber grader) 
‐ 3 point bending test before modification to 

determinate E modulus (35% of failure load) 
‐ 4 point bending test after modification until 

failure 
Koster 50 beams 

W 45 mm 
H 150 mm 
L 2850 mm  

‐ Visual grading  
‐ MTG (Mobile timber grader) 
‐ 3 point bending test before modification to 

determinate E modulus (35% of failure load) 
‐ 4 point bending test after modification until 

failure 
Ellert 10 beams 

W 45 mm 
H 150 mm 
L 2850 mm 

‐ Visual grading 
‐ MTG (Mobile timber grader) 
‐ 4 point bending test until failure 
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3.4. Acetylating of the test specimen  

One part of the research is to investigate the influence of acetylating the wood on mechanical properties. 
Paragraph 4.2.2 explains the acetylation process. First of all, the suitability of the wood for the 
acetylation process needs to be tested. Because as described in paragraph 2.2 poplar trees do form 
heartwood, which makes it much more difficult to impregnate the wood evenly. For this reason, some 
test specimens have been sent to the company Accsys Group to test the suitability of poplar for the 
commercialized acetylation process. These test specimens were leftovers from the research from Sigrid 
Mulders in 2008. These beams have a size of approximately h*l*b 140*1000*45mm. Seven of these 
beams were Robusta and one beam of the Koster. The main difference between the beams was the 
direction of the annual rings. The absorption of the acetic anhydride goes along three directions, the 
tangential, radial, and longitudinal direction. The longitudinal direction is the fastest direction to absorb 
the fluid. Along the other two directions, the absorption goes much slower. The thickness of the timber 
beams, the sawn pattern and wood species influence the absorption speed. The thicker the beam, the 
harder the process will be to penetrate the full cross-section. The length is not decisive for the absorption 
seed because along this direction the fluid will be absorbed the quickest. The test pieces which have 
been sent to Accsys Group were to test if the beams are not too thick for the acetylation process. The 
acetic anhydride must penetrate the full cross-section. The results from the test can be observed in 
figure 29. The cross-section before and after modification is compared. The results, according to Accsys 
Group, were promising. There was a decent amount of acetic anhydride through the full cross-section. 
This means that the beams are not too thick. It still has to be proven if it also works on a full-scale beam. 
Further research for Accsys Group must be done to optimize the acetylation process for poplar wood. 
Test on thinner boards could be done to thoroughly test the impregnability of the heartwood and other 
defects on the timber.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Before the test specimen will be acetylated, the moisture content needs to be low enough. The wood 
will be dried in a drying room to a specific moisture content. After that, the acetylation process can begin. 
The beams selected for the acetylation process can be observed in appendix A table 3 and 5. The 
beams which are not acetylated will be used as a reference to compare for any difference in modulus 
of elasticity. After the acetylation process, the beams will be weighed and measured again to see any 
differences. The average results can be observed in table 6. Appendix A table 1 and 2 shows a more 
detailed data sheet with all the measurements per specimen.  
 
After the acetylation process, the beam color is darker, as expected. Also, many beams have a crack in 
the beam end, see figure 30 for a severe crack. These cracks can be a result of the drying process or 
the acetylation process itself. The beams have a moisture content of around 2.5% after the acetylation 
process (theoretically the timber does not contain any moisture after the acetylation process. The 
moisture is picked up from the air when stored at 20 degrees Celsius and 65% RH). The Robusta 
showed the most and most severe cracks after the modification process compared to the Koster. This 
is in line with the statement Frans van Boeckel made that The Robusta is a sub-species which is harder 
to dry and tends to bend more due to residual stresses inside the timber. This would be interesting to 
research the residual stresses in poplar timber after cutting the tree after a particular time. Especially 
the difference between the sub-species. This will, however not fall into the scope of this research and 
will be advised for further research.  
 

Figure 29 Left, non-acetylated poplar beam; right, acetylated poplar beam 



Poplar as main structural material for a bicycle / pedestrian bridge‐structure. 

 
 

37 
 

 
Figure 30 Severe end crack after modification process 

Before executing the destructive test, it is advised to store the wood in a climate room with +- 20 degrees 
Celsius and 65% relative humidity for six weeks. After this period, the moisture content in the timber 
beams will be constant. This will decrease any influences of difference in moisture content between the 
beams. However, due to time limitations, it is not possible to wait six weeks. For every beam, the 
moisture content will be determined before testing the beam. This way, the moisture content can be 
taken into account when the mechanical properties will be determined. Ferry Bongers, Marcroft, Perez, 
Alexander, & Harrison, (2014) have researched the mechanical properties of acetylated and non-
acetylated radiata pine in different service classes (class 1 to 3). Table 4 shows the influence of moisture 
content on the modulus of elasticity of the timber. It can be observed that a higher moisture content 
gives a reduction of about 20% in modulus of elasticity for non-acetylated timber. For acetylated timber, 
the reduction is about 10%. Another interesting remark is the difference between service class 3 and 
submerged in water. For non-acetylated wood, there is even a higher reduction, while for acetylated 
timber there is only a small difference. The influence of moisture on the modulus of elasticity due to the 
acetylation process can be observed very well in this table. The reduction in modulus of elasticity is 
based on an acetylated and non-acetylated test specimen in service class 1. 
 
Table 4 Moduli of elasticity under various moisture conditions (Ferry Bongers et al., 2014) 

 Modulus of elasticity under the following conditions as a proportion of the 
modulus of elasticity at 65% RH / 20°C 

65% RH/20°C (SC1) 90% RH/20°C (SC3) Water-soaked (SC3) 
Accoya Radiata pine 1.00 0.90 0.91 
Untreated Radiata Pine 1.00 0.80 0.64 

 
There are different tests done for every specimen as told before. Each test will be described what is 
done and what the outcome is. Also, the outcome for the acetylation process will be discussed and 
elaborated in more detail for every specific test.  
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3.5. Visual grading  

Each sub-species will undergo a series of tests. There are four different tests for the specimen. Each of 
them will be explained in more detail. First, each specimen will be measured and weighted to know the 
exact dimensions, weight, and density. The results of this measurement can be observed in appendix 
A table 1 and 2. Table 5 shows the average results from the measurements for each species before the 
modification process. The measurement location can be observed in figure 31 The height and width are 
measured on three locations to see if the beam is straight and get an average beam height and width. 
The beams will be measured before and after the modification process to see the influence of the 
modification process on the weight and dimensions. Table 5 and 6 show the average results from each 
sub-species.  

 
Figure 31 Measurement locations 

Table 5 Average beam measurements before modification 

Koster (n=51) Robusta (n=52) Ellert (n=13) 

Average Stdev. Average Stdev. Average Stdev. 
Height 1 [mm] 140.10 0.67 139.73 1.37 139.62 1.51 
Height 2 (middle) [mm] 139.98 0.65 140.23 0.44 139.91 0.41 
Height 3 [mm] 141.50 0.43 139.71 1.61 139.19 2.46 
With 1 [mm] 45.03 0.16 44.95 0.33 45.00 0.18 
With 2 (middle) [mm] 45.10 0.19 45.13 0.25 45.08 0.23 
With 3 [mm] 44.99 0.23 44.96 0.31 45.02 0.12 
Length 2849.80 0.59 2849.87 0.39 2849.92 0.27 
Weight [kg] 7.53 0.50 8.64 0.67 6.55 0.24 
Density [kg/m³] 419.08 27.35 482.59 38.22 365.69 14.09 

 
A note has to be made that the moisture content when the beams were measured before the acetylation 
process was slightly higher than the ideal 12%. According to Kolmann & Côte (1968) a higher moisture 
content influences the density of the timber. The density of the timber will be higher when the moisture 
content of the timber is higher. For that reason, the density values of table 6 will be used for further 
comparisons. The moisture content of the beams has been measured with an electrical moisture content 
meter see figure 32. This device uses a small electrical current to measure the moisture content of the 
timber. The moisture content was measured on two sides of the beam before the modification process 
for every beam and after the modification for only two beams. The electrical moisture meter could not 
be used for acetylated timber due to a to low moisture content. The resistance would be too high. The 
moisture content meter is typically used between the range of 6 to 30% moisture content. After the 
beams have been in a drying chamber, the moisture content should be equal for every beam. This was 
not the case. There was a vast difference between the moisture content. The highest moisture content 
measured was approximately 30%, and the lowest moisture content measured was approximately 12%. 
There are two possible explanations for the high distribution in moisture content. First off all, due to the 
small number of beams, not the entire drying chamber could be filled. The beams were placed together 
with another timber species in a drying chamber. This will not be favorable for the drying process. Poplar 
is also a timber species which is not easy to dry. The moisture content after cutting the tree is very high. 
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Drying the timber beams is a delicate process which needs to be done carefully not to damage the 
beams. Otherwise drying imperfections will occur.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6 Average beam measurements after modification 

 
 
 
  

Koster (n=40) 
Modified 

Koster (n=11) 
before 

modification 

Robusta (n=40) 
Modified 

Robusta (n=12) 
before modification 

  Average Stdev. Average Stdev. Average Stdev. Average Stdev. 
Height 1 [mm] 142.24 1.44 140.10 0.67 141.75 1.59 139.73 1.37 
Height 2 (middle) [mm] 140.88 1.73 139.98 0.65 141.43 0.98 140.23 0.44 
Height 3 [mm] 145.20 1.56 141.50 0.43 142.20 1.67 139.71 1.61 
With 1 [mm] 45.58 0.28 45.03 0.16 45.61 0.39 44.95 0.33 
With 2 (middle) [mm] 45.45 0.34 45.10 0.19 45.46 0.33 45.13 0.25 
With 3 [mm] 45.66 0.32 44.99 0.23 45.65 0.38 44.96 0.31 
Length 2846.90 3.15 2849.80 0.59 2847.55 2.52 2849.87 0.39 
Weight [kg] 7.97 0.40 6.80 0.28 9.10 0.66 7.89 0.64 
Density [kg/m³] 433.02 22.46 379.14 15.20 494.77 37.54 440.07 35.69 

 
The mean beam dimensions can be observed in table 3 This is the dimension the beams are ordered 
for. Due to fabrication margins, the beams will never be exactly that size. The average beam dimensions 
before the acetylation process can be observed in table 5 Before the modification process, the beam 
dimensions differ slightly. Table 6 shows the beam dimensions after the acetylation process and the 
beam dimensions of the reference beams. Remarkable is that the beam dimensions differ more after 
the acetylation process. The beam dimensions will be increased due to the modification process. Adding 
the acetic anhydride to the wood the cell wall will stretch the hydroxyl groups will be replaced with the 
larger acetyl groups see figure 33. This will cause the wood to swell (Rowell, 2014). 

 
Figure 33 Acetylation reaction (Ferry Bongers, Rowell, & Roberts, 2008) 

This reaction explains the measured results. Also, the density of the wood will be increased after the 
modification process. Various literature sources confirm the statement that the wood density will be 
higher after the modification process. Table 6 shows the average density of the Koster and Robusta for 
40 beams after the modification process and for 11 and 12 reference beams. The reference beams have 
an average moisture content of 12%. This explains the average weight difference with table 5. At that 

Figure 32 Electrical moisture meter (A, computer B, meter C, calibration device) 

A B

C 



Poplar as main structural material for a bicycle / pedestrian bridge‐structure. 

 
 

40 
 

time, the average moisture content was much higher, thus giving a wrong view of the wood density. 
Comparing the reference beams with the modified beams, the density increased with 14.2% for the 
Koster and 12.4% for the Robusta.  
 
Besides the measuring, the beams will be graded visually according to the standard NEN:5461 and the 
preliminary standard EN 14081-1. The goal of visual grading is to connect possible defects to weaker 
or stronger beams. This also gives the possibility to give the beams a strength class based on visual 
marks. Afterward, visual grading criterion can be set which the beams need to fulfill to be selected for 
the given strength class. The following aspects will be looked at for each beam: 
 

- Insect degradation 
- Grain pattern 
- Annual ring width  
- Location of trunk center 
- Knots (dimensions, locations, and number of knots) 
- Ruptures  
- Deformations 
- Wan 

 
Each beam is graded on the criteria mentioned above. A table for each test specimen can be observed 
in appendix B table 1,2 and 3 Not every defect will be explained in detail only the outstanding defects 
will be explained. The presence of knots in a beam has a strong influence on the ultimate strength of a 
beam. According to Frans van Boeckel, knots can be prevented by regally trimming the trees. Also, 
more knots will be observed in the upper part of the tree trunk than the lower part. To be sure the 
distribution in bending strength will be represented with the reality, the beams will be made from the 
lower and upper part of the trunk.  
 
Between the sub-species, a significant difference in the number of knots is noticed. The Robusta, for 
example, has more beams with knots than the Koster. The explanation for that is that these trees come 
from a different field than the Koster. The Koster’s where maintained and trimmed better than the 
Robusta, which causes fewer knots. An expectation is that the beams with knots in the middle will have 
lower strength values. The fact that the Robusta has more knots lowers the strength expectations. The 
fact that the Koster has a low amount of knots raises the strength expectations. For the Ellert, there are 
only 13 beams as told before. These beams also show many knots. The grow location of these trees 
was next to the A2 highway. These trees probably are not as well maintained as the forest trees planted 
for quality wood.  
 
The number of ruptures in the wood before the modification process is not significant. There are almost 
no visible ruptures in the timber beams. However, after the modification process, there are more ruptures 
present in the beams. A reason for that is the drying of the wood for the modification process. According 
to (Hill, 2006), a higher moisture content in the timber leads to less weight percentage gain (WPG). This 
means that less acetic anhydride will react with the timber but with the moisture inside the timber. This 
results in poorer modified timber. For that reason, the timber will be dried before the modification 
process. This drying process causes more ruptures in the beams.  
 
Between the sub-species, there was a difference in the straightness of the beams. The Ellert was not 
bent, curved or twisted as much as the other two sub-species. The reason for that is that the Ellert tree 
was blown over in May 2018 during a storm. There were six months between taking down the tree and 
cutting the beams out the tree. In these six months, the tension inside the tree disappeared, and 
according to Frans van Boeckel, this results in straight beams (fewer stresses inside the timber). The 
Koster and Robusta were sawn into beams almost directly after taking down the tree. This resulted in 
more curved, bent and twisted beams (more stresses inside the timber). Based on this it will be advised 
to have six months in-between cutting a tree and cutting it into beams.  
Based on the average density, a prediction can be made for the sub-species with the highest modulus 
of elasticity. According to Kolmann & Côte (1968) is the density in relation to the modulus of elasticity of 
a timber beam. The higher the density of the timber, the higher the modulus of elasticity will be. The 
density of the wood with an average moisture content of around 12% for the Koster is 379.14 kg/m³ the 
Robusta 440.07 kg/m³ and the Eller 365.69 kg/m³. The Koster and Ellert only differ a little in density. 
The Robusta is heavier than the other two. This indicates that the Robusta probably has the highest 
modulus of elasticity followed by the Koster and after that, the Ellert. It can be assumed that a higher 
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modulus of elasticity results in a higher bending strength but imperfections in the beam are very 
important to consider for the bending strength. Test will prove if this statement is true.  
Figure 34 shows the requirements a timber beam needs to fulfill for visual grading. There are two 
strength classes mentioned in figure 34 Below and above C18. It can be observed that a large rupture 
lowers the strength class. This figure can be compared with the visual grading sheet observed in 
appendix B table 1,2 and 3. Figure 34 shows the requirements the beam needs to fulfill visually to be 
classified above or below C18 based on the amount and size of the knots. This can be taken into account 
when the beams will be selected for structural purposes. These criteria can be used after the 
classification. When a test series is classified above C18, and the beam does not fulfill the mentioned 
criteria than that beam will be rejected for structural purposes. The same rule counts for beams classified 
in C18 or below only the criteria will be less strict.  
This table is used because poplar wood will be given a coniferous strength class allocation. Even if it is 
a deciduous wood species. The standard EN14081-1 does not describe that it is not suitable for 
deciduous wood species. This table has been used because in the end the sub-species will be allocated 
in a coniferous strength class. This is done because poplar and the most European deciduous timber 
species are not strong enough for a deciduous strength class. A coniferous strength class is more 
suitable in this situation.  
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Figure 34 Criteria visual strength class grading (EN-14081-1) 
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3.6. Mobile timber grader 

 
The second test will be done using an MTG (Mobile timber grader) see figure 35. This device can grade 
wood in a strength class in a non-destructive way. The device measures the (dynamic) modulus of 
elasticity. This is done with a small hammer inside the device. This hammer hits the wood on the end 
side and measures the vibration in the wood caused by the hammer. With a formula, the modulus of 
elasticity can be calculated. This modulus of elasticity is a mean value for a specific strength class. After 
grading the timber with the MTG, the beam is graded in a strength class. This will be done for every 
beam, and the results will be compared with the final test results. Since the modulus of elasticity is one 
of the properties which decide the strength class allocation for this research, this could be a good first 
indication for the strength class properties. Also, after acetylating the timber, the beams will be graded 
by the mobile timber grader. This way, the results can be compared, and a prediction of the strength of 
the wood can be made before and after the acetylation process.  
 
See figure 35 for the mobile timber grader used for this project. The device needs some input data 
before testing the timber. The size, density, timber species, and if it is hardwood or softwood (deciduous 
or coniferous) are input values for the MTG. For this testing, both the hardwood and softwood setup is 
used. This is done to be able to compare which of the two settings gives the best results. Poplar is a 
hardwood species, but it is classified in the softwood strength classification. For that reason, it is 
interesting to see which MTG setting gives the most realistic values. There are different suitable test 
setups for deducting this test. The test specimen could be placed on foam black, on small beams of just 
stacked with beams in-between. Figure 36 shows the results of the MTG test before the acetylation 
process. It can be observed that there is a broad distribution in the results. This is a proper prediction 
for the values of the modulus of elasticity test. The results from the MTG show the highest average 
values for the modulus of elasticity for the Robusta and the lowest average values for the Ellert. The 
modulus of elasticity is a good indication for the bending strength of the beams. It is expected that the 
lower the average modulus of elasticity, the lower the average bending strength will be. With this relation, 
it can be said that the expectation is that the Robusta has the highest bending strength and the Ellert 
the lowest bending strength.  

Figure 35 A, plastic calibration piece B, USB software key
C, MTG 

A B C 
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The MTG test is also done after the acetylation process to compare the results. Also, the moisture 
content and weight will be measured again to get the results as realistic as possible. The modulus of 
elasticity after the modification process can be observed in figure 37. Because only the Koster and 
Robusta are modified, only these two graphs are shown. It can be observed that the average modulus 
of elasticity increases slightly. This is also in line with the expectation that the modulus of elasticity will 
increase slightly. The exact values of the MTG test can be observed in appendix C table 1 until 5. The 
averaged classification for each sub-species is marked with the color from hard or softwood (see legend 
figure 36). It is remarkable to see that the average modulus of elasticity classification for the Robusta 
hardwood setting was higher before modification than after the modification process. Note that when 
looking to the exact numbers, the C24 classification was given by just slightly exceeding the 11000 MPa 
value. For the Koster, however, the average value for the softwood and hardwood setting on the MTG 
is increased. Before the modification process, both had an average classification of C16. After the 
modification process, the MTG classification with the softwood setting increased to C18, and the 
hardwood setting even increased to C20. One crucial question remains: is the MTG usable for acetylated 
wood? The expectation is that the results will be different; this could be seen in the graphs shown 
already. Section 3.7.2. will show the difference between the MTG values and the real test values. The 
expectation is that an extra calibration factor is needed to get the MTG results more in line with the test 
values.  
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These results are auspicious for the bending strength test. The MTG gives the idea that the modulus of 
elasticity for the Koster comes closer to the Robusta. The expectation was a small increment in modulus 
of elasticity for both sub-species due to the modification process. The next section will describe the 
modulus of elasticity test done before the modification process to validate the MTG results and to be able 
to compare the beams before and after the modification forces.  

3.7. Modulus of elasticity test 

3.7.1. Laboratory test results 
 

The goal of this test is to determinate the modulus of elasticity of every beam before acetylating. The 
specimen will be loaded until 35% of the failure load. This way, the beam deformation will stay within 
the elastic region. This test will thus not influence the results obtained from additional tests on the same 
specimen. Former tests have given mean values which can be used to calculate the predicted failure 
load and deformation of the four-point bending test. For this test, the same beams will be used for all 
the other tests. The beam dimensions are thus: 2850 x 140 x 45 mm. The distance between the supports 
will be 2520 mm. See figure 38 for the test setup. Table 7 shows the mean bending strength and mean 
modulus of elasticity from previous tests. These values will be used to calculate the expected 
deformation, and at which force the deformation will be 35%. For this test, only the Robusta and Koster 
specimen will be used. The reason for this is that only these specimens will be modified. The main goal 
of this test is to compare the modulus of elasticity before and after the modification process. The test 
setup will be the same as used for the destructive test after the beam modification. This makes it possible 
to directly compare the force and deformation in the middle of the beam before and after the modification 
process. Not all the Koster and Robusta beams will be modified so it could be said that it is not necessary 
to determinate the modulus of elasticity on forehand for these specimens as well. However, to be sure 
to make a proper selection for suitable test specimen for the modification process, the decision was 
made to test all 50 non acetylated beams from the Koster and the Robusta on the modulus of elasticity.  

 
Figure 38 Four-point bending test scheme 

 
Table 7 Results from the previous test (Mulders, 2008) 

Sub-species Average modulus of elasticity 
from test results [N/mm²] 

Average bending strength from 
test results [N/mm²] 

Robusta 10972.2 52.5 
Koster 7315.9 30.4 

The maximum expected deformation is calculated with the following formulas based on previous test 
results.  

∗     ∗ 45 ∗ 140  = 1.47*105 mm³      (1) 
 

∗    ∗ 45 ∗ 140  = 1.03*107 mm4      (2) 
 
W = Section modulus [mm³] 
I = Moment of inertia [mm4] 
b = Width of beam [mm] 
h = Height of beam [mm] 
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To determinate the maximum applicable force, the mechanical scheme observed in figure 39 is used. 
The scheme shows half of the beam. The middle of the beam (point A) is clamped. This way, the force 
and deflection can be calculated.  
 

 
Figure 39 Mechanic scheme 

 

 

  

,
∗   ,

∗	 , ∗ ∗ ,   = 10640 N   (3) 
 

,
∗   ,

∗	 , ∗ ∗ .  = 18375 N   (4) 
 
Fmax = Maximum applied force      [kN] 
fm = Maximum bending stress     [N/mm²] 
a = Distance between support and closest force introduction [mm] 
  

For determination of the modulus of elasticity, only 35% of the failure load will be applied to the test 
specimen. This results in a load of 3724 N for the Koster and a load of 6431 N for the Robusta. The 
maximum deflection can be calculated with the following formula:  
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∗           (6) 
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 = 40.1 mm   (7) 

 

,
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48

3
  , ∗

∗

10972,2∗	
1
12
∗45∗1403

 = 46.2 mm   (8) 

 
wmax = Maximum deflection in the middle [mm] 
F = Applied load    [N] 
E = Modulus of elasticity   [N/mm²] 
 
The maximum deflection is the deformation for which the beam will fail. For testing the modulus of 
elasticity, the beam will only be loaded until 35% of the maximum load as told before. This results in a 
deflection of 14,0 mm for the Koster, and a deflection of 16,2 mm for the Robusta. The results from the 
calculation are summarized in table 8. The test rate is stated in NEN:408, the test specimen will be 
loaded with 0.003 * beam height results in a load speed of 0.003 * 140 = 0.42 mm/s.  
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Table 8 35% load force and deformation 

Sub-species 35% of failure load [N] 35% of failure deflection [mm] 
Koster 3724 14.0 
Robusta 6431 16.2 

 
Table 9 shows the modulus of elasticity of each test specimen. The modulus of elasticity is calculated 
with the formula 9 according to NEN:408 The formula does not take the shear modulus into account. 
The shear modulus is taken as infinite. By taking the shear modulus as infinite, it will not be part of the 
equation. This is in accordance with NEN:408. The norm states that the shear modulus shall be taken 
as infinite when the formula is used for EN:384 strength class allocation.  
 

, ∗
          (9) 

 
Em,g  = Global modulus of elasticity  [N/mm²] 
l  = Beam length    [mm] 
w = Beam deflection   [mm] 
 
Figure 40 Shows the test setup used for testing the test specimen. Because of the beam height of 140 
mm, the distance between the supports is 2520 mm. The distance between the support and the force 
introduction is 840 mm, and the distance between the two force introduction points is 840 mm. To 
measure the deformation of the timber beam, a laser is placed in the middle of the span. This laser 
measures the deformation with an accuracy of 0.05 mm. The force is measured with a force measuring 

box. This force measuring box has a capacity of 80 kN that is more than enough for these tests. The 
laser will be used to measure the defection in the middle for this test but also for the destructive test, 
which will be executed later. This way, the same measuring location, and device will be used. The results 
are directly comparable between the destructive and non-destructive test.  
 
Table 9 shows the results from the modulus of elasticity test. The first column shows the test specimen, 
and the second column shows the modulus of elasticity before acetylating the test specimen, and the 
third column the modulus of elasticity after acetylating the test specimen. The first part of the table shows 
the results for the Robusta, and the second part the results for the Koster. The results from testing the 
modulus of elasticity before acetylating the test specimen were also used to make a selection for which 
test specimen would be acetylated and which one not. Forty beams were acetylated, and the other ones 
were used as a reference. Based on these results, the beams for the modification process were selected 
as told before. The selection criteria were based on three factors. First of all, the moisture content was 
looked at. Some specimen still had a high moisture content above 20%. The high moisture content 
resulted in a lower value for the modulus of elasticity (Kolmann & Côte, 1968). These test specimens 
will have some more time to dry before the destructive test. The second criteria was the visual grading 
of the beams. Beams with a high number of knots in the middle of the beam were also rejected. Mostly 

Support 

Figure 40 Test setup four-point bending test 

Beam to divide forces for 
force introduction 

Laser to measure deflection 

Boll hinge 
Force measuring box 

Lateral support 
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the beams with knots in the middle had a lower modulus of elasticity. For those reasons, these beams 
were rejected for the modification process. It makes no sense to use bad, visually graded beams for the 
modification process. Also, the modulus of elasticity test is used to make a selection for the beams for 
the modification process. It would be favorable to have a range of beams with a different modulus of 
elasticity as reference beams. This way, the influence of acetylation on the modulus of elasticity can be 
compared with beams with a different modulus of elasticity.  
 
Table 9 Modulus of elasticity Robusta and Koster 
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R1 11893 12453 4.71   K1 7714 8258 7.05 
R2 10031 10366 3.34   K2 8539 8407 -1.55 
R3 12232 12326 0.77   K3 9344 9221 -1.31 
R4 12440 11985 -3.65   K4 7627 7187 -5.77 
R5 12045 12527 4.00   K5 9257 9408 1.63 
R6 10859 10574 -2.63   K6 9607 9276 -3.45 
R7 11814 12054 2.03   K7 7129 7446 4.45 
R8 10035 10281 2.45   K8 8514 8338 -2.07 

R12 11174 11159 -0.13   K9 9769 9383 -3.95 
R13 10058 10429 3.69   K10 8745 8954 2.39 
R15 10041 10464 4.22   K12 9668 9757 0.92 
R16 11961 13438 12.35   K13 10457 11112 6.26 
R19 10009 10574 5.65   K14 8670 9099 4.95 
R21 11429 12251 7.19   K15 8924 9051 1.42 
R22 8257 8940 8.28   K16 9108 9126 0.20 
R23 11762 12334 4.87   K18 8272 8169 -1.24 
R24 12419 13362 7.59   K19 9740 9555 -1.90 
R25 12863 12961 0.76   K20 6591 6371 -3.33 
R26 12241 12627 3.16   K21 10108 9949 -1.57 
R27 12251 12838 4.79   K22 9163 9386 2.43 
R29 12039 12699 5.48   K25 9088 9191 1.14 
R30 10130 11162 10.18   K26 7397 7607 2.84 
R31 10956 10890 -0.60   K27 10072 10403 3.28 
R32 13269 13135 -1.01   K29 8735 8522 -2.44 
R33 8207 8855 7.89   K30 9015 9109 1.05 
R34 11007 10783 -2.03   K33 6971 6877 -1.35 
R36 10111 11396 12.71   K34 10059 9933 -1.25 
R37 9985 10733 7.49   K35 9616 9614 -0.02 
R39 12230 12364 1.09   K36 8752 9184 4.94 
R40 12161 13408 10.26   K37 9249 9324 0.81 
R41 12662 12283 -3.00   K39 10050 10373 3.21 
R43 9928 10153 2.27   K40 8117 8709 7.30 
R44 12111 11760 -2.90   K41 9313 9252 -0.65 
R45 8636 9011 4.35   K43 9631 10183 5.74 
R47 8184 8672 5.96   K46 8749 8623 -1.44 
R48 11319 10928 -3.45   K47 9615 9163 -4.70 
R49 7975 8820 10.60   K49 9901 9751 -1.51 
R50 11653 11530 -1.05   K50 9262 9557 3.18 
R51 11271 12418 10.17   K51 10452 10173 -2.67 

R52 11067 10423 -5.82   Average 9000 9051 0.57 

Average 11018 11384 3.32   Stdev. 1139 1139   
Stdev. 1383 1351         
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Table 9 shows the comparison in modulus of elasticity between the test specimen before and after the 
modification process. The average modulus of elasticity has increased slightly. For the Robusta, the 
increment is slightly more than for the Koster. The expectation was that the modulus of elasticity would 
increase slightly. For most of the test specimen, this is true but not for all of them. See the red marked 
values in table 9. For these test specimens, the modulus of elasticity has decreased. It could be said 
that a possible reason for the decreased modulus of elasticity is that those test specimens contain 
heartwood. It is harder to modify heartwood than sapwood as told before. However, if the visual grading 
table is compared with these test specimens, it can be observed that some of the red marked test 
specimens contain the trunk center but not all of them. This means that it is most unlikely that the amount 
of present heartwood explains the lower modulus of elasticity. To gain a better insight into the influence 
of the modification process on the modulus of elasticity, it is interesting to execute a test with more 
different test specimen. This way, it can be tested what the exact explanation is for a decreased or 
increased modulus of elasticity. When the average values are compared, it can be observed that the 
modulus of elasticity increased with 3.32% for the Robusta. The average modulus of elasticity of the 
Koster increased by 0.57%. The strength class based on the modulus of elasticity before and after 
modification is for both sub-species the same because of the small increment. Appendix C table 1 until 
5 shows the table with the values and classification for each specimen. Also, for the other sub-species 
(Ellert). Table 10 shows the difference in modulus of elasticity for the reference specimen. Table 10 
shows the difference in modulus of elasticity of the reference beams. After drying the beams to a lower 
moisture content from <12 to 12% moisture content, an increase of modulus of elasticity can be seen. 
Before and after the modification process the moisture content also decreased. The main difference is 
that the modulus of elasticity does not always increase. This means that the modification process lowers 
the modulus of elasticity because, according to (Kolmann & Côte, 1968), a decreased moisture content 
leads to an increased modulus of elasticity. For most specimen this is true but not for all of them. The 
average increase is also much smaller than the average increase of the reference beams. This can be 
a result of the modification process. More test with the same moisture content needs to be done to point 
out the exact difference in modulus of elasticity before and after modification. These tests show that the 
modification process does influence the modulus of elasticity but so does the moisture content. Extra 
tests in the future can extract these two influences and give the influence on the modulus of elasticity of 
the modification process and, the influence of the moisture content on the modulus of elasticity. 
 
Not all the Koster’s and Robusta’s are modified. The main difference between the beams in the test is 
moisture content. At the first test, the moisture content of the beams was a bit too high which gave lower 
values for the modulus of elasticity. According to (Kolmann & Côte, 1968) gives a higher moisture 
content, a lower modulus of elasticity. The modulus of elasticity with a moisture content of 12% can be 
calculated with formula 10. The formula is dependent on the timber species. The table below also shows 
the percentual difference in modulus of elasticity for every test specimen.  When the beams were tested 
the second time (the four-point destructive bending test), the moisture content was around 12%. Table 
10 shows the difference in modulus of elasticity of these beams. Test specimen R20 and K11 are left 
out because the test was not done right for these specimens. The results are in line with the expectation 
that the modulus of elasticity will increase when the moisture content is lower. Only one exception can 
be observed in the table. Specimen K17 is the only test specimen with a lower modulus of elasticity after 
the drying. No explanation can be found when looking to the visual grading of the specimen or at the 
MTG results. All these results are in line with the expectations. The rest of the table confirms the 
statement that lower moisture content results in a higher modulus of elasticity. 
 

           (10) 
 
E2 = Modulus of elasticity after correction    [MPa] 
E1 = Modulus of elasticity before correction    [MPa] 
b = Correction factor according timber species-specific graph  [-] 
u1 = Moisture content before correction    [%] 
u2 = Moisture content after correction    [%] 
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Table 10 Modulus of elasticity reference beams 
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R9 6704 7077 5.56   K11 5936     

R10 10370 10947 5.56   K17 9080 8114 -10.64 

R11 7082 7632 7.77   K23 5719 5973 4.44 

R14 7918 8302 4.85   K24 6192 6644 7.29 

R17 6813 7177 5.35   K28 7516 7659 1.90 

R18 7719 8052 4.32   K31 8359 8661 3.61 

R20 9213       K38 6480 6660 2.78 

R28 11257 12193 8.32   K42 8761 9261 5.71 

R35 10014 10885 8.70   K44 7920 8604 8.64 

R38 10927 11855 8.49   K45 7582 7973 5.15 

R42 7360 7901 7.35   K48 6549 6549 0.00 

R46 6872 7653 11.36  Average 7281 7610 4.51 

Average 8521 9061 6.34       
 
Figure 41 shows the distribution in the modulus of elasticity for all the sub-species. The figure shows 
clearly the difference between the sub-species. The Robusta has the highest average modulus of 
elasticity. The difference between the Ellert and the Koster is not that clear from the figure. The figure 
also shows that the average value is lower for unmodified reference beams. Two reasons explain the 
lower values. First of all, the beams which are not used for the modification process were mostly the 
poorer beams. Beams with many knots were not used for the modification process as told before. By 
taking these beams apart, the average modulus of elasticity will be lower for these beams. The second 
reason is that the modification process increases the average modulus of elasticity of the beams. This 
can be observed at the Koster and the Robusta. The average modulus of elasticity for each sub-species 
can be observed in table 11 The average value is also the value used to determinate the strength class 
based on the modulus of elasticity.  
 
 

 
Figure 41 Distribution in modulus of elasticity 
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Table 11 Average modulus of elasticity and classification based on modulus of elasticity 

 Average modulus of elasticity [MPa] Stdev. [Mpa] Strength class 
Robusta modified (n=40) 11384 1351 C24 

Robusta unmodified (n=11) 9061 1882 C18 

Koster modified (n=39) 9051 1139 C18 

Koster unmodified (n=10) 7610 1042 C14 

Ellert unmodified (n=13) 8643 999 C16 
 
Table 11 gives a different view on the difference between modified and unmodified beams. The average 
values differ much more than what can be observed in table 9 and 10. The reason for that is that this 
table does not compare the same beams before and after the modification process. The reference 
beams (unmodified beams in table 10) are from a lower grade timber as told before. For the Koster, the 
average is determined with 39 beams. One test with a Koster beam went wrong, and the data was not 
usable. The results based on the average modulus of elasticity are promising for a strength class 
allocation. To gain better comparable results for the comparison with the reference and modified beams, 
a larger number of test specimen is needed. With a more significant number of test-specimens, a better 
beam selection can be made. Now the poorer beams are selected as reference beams. This results in 
a lower modulus of elasticity, and a lower bending strength is expected.  
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3.7.2. Comparison of mobile timber grader results WRT Laboratory test results. 
 

Comparison MTG values WRT test values Robusta unmodified 
 
In practice, it is much easier to grade the timber with the use of a mobile timber grader (MTG). The 
output value for the MTG has to be validated with the test results. For the Koster and Robusta, a 
comparison is made with the MTG and the test values before and after the modification process. For 
the Ellert, the same comparison has been made, but because of the low amount of test specimen, the 
conclusions for the Ellert have to be taken with caution. First of all, the comparison with the Robusta will 
be shown.  

 
Figure 42 Distribution modulus of elasticity Robusta unmodified 

Figure 42 shows the distribution and the average value of the modulus of elasticity for every test setting. 
As told before two MTG settings were used the hardwood setting and the softwood setting. The reason 
for that is to see which of the two settings will be the closest to the test value. Figure 42 shows that the 
test value and the MTG softwood setting have the highest variety in the results. When the average 
values will be compared, it can be observed that the MTG softwood setting will be the closest to the test 
results. The main drawback of this graph is that it does not show the difference in results for every beam. 
Only the average value and the distribution in results can be compared. Figure 43 shows the results for 
the MTG and the modulus of elasticity (MOE) test for every beam. It can be observed when the MTG 
over- or underestimates the beam. The test values are ordered from the lowest to the highest value to 
get a clear separation between higher and lower MOE values. The horizontal lines show the average 
value. It is visible that for the lower test values, the MTG overestimates the timber beam compared to 
the test values. In the higher value range, the MTG tends to underestimate the beams more often. 
Overall can be confirmed together with figure 43 that the MTG softwood setting gives the best results. 
It can be observed that for every beam, the MTG hardwood setting gives a higher MOE value than the 
MTG softwood setting. Because the over- or underestimation is not constant. It is not that easy to give 
a simple correction factor to the MTG results to match the test values. For the average MOE values, the 
deviation is as follows the average deviation for the MTG softwood setting is 101.66%, and for the MTG 
hardwood setting the average deviation is, 106.11%. It can be observed that the MTG with the softwood 
setting has a smaller overestimation compared to the MTG with the hardwood setting.  

 
Figure 43 Comparison MOE MTG and test value Robusta unmodified 

6000 7000 8000 9000 10000 11000 12000 13000 14000

Modulus of elasticity [MPa]

Distribution modulus of elasticity Robusta unmodified

MTG softwood

MTG hardwood

Test value

Average

6000

7000

8000

9000

10000

11000

12000

13000

14000

M
od

ul
us

 o
f e

la
st

ic
ity

 [M
P

a]

test specimen

Comparison modulus of elasticity Robusta  unmodified MTG, test value

MTG softwood

MTG hardwood

Test value

Average MTG softwood

Average MTG hardwood

Average test value

Lineair (Average MTG softwood)

Lineair (Average MTG hardwood)

Lineair (Average test value)



Poplar as main structural material for a bicycle / pedestrian bridge‐structure. 

 
 

53 
 

Comparison MTG values WRT test values Robusta modified  
 
The same comparison is made for the Robusta after the modification process. Figure 44 shows the 
results after the modification process. Straight away, it stands out that the average test value is higher 
than the MTG softwood and MTG hardwood setting. The distribution in the test value results also shows 
a few test pieces with a remarkable lower value than the rest of the test specimen. Even with these 
lower values, the test value still has a higher average than the average MTG results.  
 

 
Figure 44 Distribution modulus of elasticity Robusta modified 

Figure 45 shows the results for each test specimen. The same separation in under- and overestimation 
of the MTG can be observed in figure 45. In this case, the deviation is more extreme. All the lower MOE 
values will be overestimated, and all the higher values will be underestimated. The average deviation 
for the MTG settings is as follows, for the MTG softwood setting 93.56% and for the MTG hardwood 
setting, 97.49%. On average the MTG underestimates the beams. The deviation after the modification 
process is much higher than before the modification process. There MTG values differ much more with 
the test values. This indicates that the MTG is not straight away entirely usable for Acetylated timber. 
First, research for the perfect MTG settings needs to be done before the MTG can be used for acetylated 
Robusta. The deviation for the modified test specimen can go up as high as 131% for the hardwood 
setting. The maximum deviation for the unmodified test specimen is 123%. This means that this small 
comparison study proves that the MTG is more accurate for the unmodified test specimen than for the 
modified test specimen.  

 
Figure 45 Comparison MOE MTG and test value Robusta after modification 
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Comparison MTG results WRT test values Koster unmodified 

The same comparison is made for the Koster. The distribution in the results for the unmodified Koster 
can be observed in figure 46. It can be observed that the average MOE test value for the Koster is closer 
to the MTG hardwood setting than to the MTG softwood setting. The distribution of the MOE test value 
has more comparison with the MTG softwood setting. According to figure 46 the MOE test value comes 
closer to the hardwood setting. Figure 47 will show how the deviation will be for each test specimen.  

 
Figure 46 Distribution modulus of elasticity Koster unmodified 

 
Figure 47 Comparison MOE MTG and test value Koster unmodified 

The same results as for the unmodified Robusta can be seen. The MTG results come relatively close to 
the test value. Also, here the lower values show more overestimation, and the higher MOE values show 
more underestimation by the MTG of the real MOE value. However, the difference is much smaller than 
observed at the Robusta. The average deviation for the MTG softwood setting is 94.83% and for the 
MTG hardwood setting 102.76%. This means that on average, the MTG softwood setting 
underestimates the MOE and the Hardwood setting overestimates the timber. In this case, the decision 
could be made to use the most unfavorable setting for the use of the timber beams. The test value lays 
between the values given by one of the two settings. When a high MOE is required, the decision could 
be made to use the MTG softwood setting to be on the safe side. The MOE hardwood setting has the 
output closest to the real test value.  
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Comparison MTG results WRT to test values Koster modified 

Figure 48 Shows the distribution in Modulus of elasticity for the modified Koster the main difference is 
that the distribution in the MTG softwood values is much smaller. The overall values are higher 
compared to the unmodified MOE. There are no MOE values below the 6000 MPa. The average value 
comes closer to the MTG softwood setting while before modification, the average MOE was closer to 
the MTG hardwood setting. This is in contradiction with what we saw for the unmodified Koster results. 
The test value increases less than the average MTG results. The Robusta also showed different results. 
There the average test value increased more than the average test value from the Koster. This is also 
something we saw at the test value result in paragraph 8.4.1. There the difference in test results for the 
Koster was minimal after the modification process. The Robusta, however, showed a more significant 
increase in MOE after the modification process. Figure 48 shows already that the two subspecies do 
not have the same outcome for the MTG after the modification process. Taking this into account it means 
that different MTG settings are needed for the different poplar sub-species.  

 
Figure 48 Distribution modulus of elasticity Koster after modification 

Figure 49 shows the distribution in the results for every test specimen for the modified Koster. It can be 
observed that the deviation in results is more significant than before the modification process. However, 
still, the same deviation can be observed as at the unmodified Koster specimen. The lower MTG values 
give an overestimation, and for the higher values, a more underestimation will be given by the MTG. 
However, this statement is not that extreme as the unmodified specimen and the Robusta specimen. 
The average test value and the average MTG softwood results are almost in one line. This indicates 
that the softwood setting would be the most realistic setting for modified Koster. The average deviation 
for the MTG softwood setting is 100.45 and for the MTG hardwood setting 107.17. This confirms the 
finding that the results for the MTG softwood setting are on average, almost the same as the average 
test value.  
 

 
Figure 49 Comparison MOE MTG and test value Koster modification 
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Comparison MTG results WRT test values Ellert 

Figure 50 shows the distribution in MOE for the Ellert. For the Ellert, there will be no comparison between 
before and after modification because this sub-species is unmodified. There are also fewer test 
specimen which can be observed in the number of dots in the figure. The distribution shows that the 
MTG hardwood setting overestimates the MOE of the beams. The average value is much higher than 
the average value of the test value. The average value of the MTG softwood setting is more in the range 
of the test value.  
 

 
Figure 50 Distribution MOE Ellert 

Figure 51 shows the distribution for each beam separately. It can be observed that overall, the test value 
overlap mostly with the MTG softwood setting. The deviation in results has the same distribution as the 
unmodified Koster. The hardwood setting overestimates the timber beam, and the softwood setting 
underestimates the timber beams. The average deviation for the softwood setting is 95.49% and for the 
hardwood setting 113.02%. This also indicates that the average deviation for the MTG softwood setting 
is smaller than the MTG hardwood setting. Since the average test value lays between the MTG 
hardwood and softwood setting the same decision for setting could be made based on the most 
unfavorable output.  
 

 
Figure 51 Comparison MOE MTG and test value Ellert 

Conclusion 

The conclusion for the MTG and test value comparison is that the MTG gives a reliable output for the 
unmodified specimen. After the modification process, the MTG settings need to be adjusted to fit the 
test values. The deviation in results is much higher for the acetylated test specimen. This makes the 
MTG output less reliable. Also, a remarkable output is an overestimation for lower MOE values and an 
underestimation for higher MOE values. 
The overall deviation for the Robusta (modified and unmodified) is more significant than for the Koster. 
A reason for that could be the visual grading of the test specimen. The output for the visual grading was 
that the Robusta had much more defects like ruptures and knots than the Koster. This could result in a 
higher deviation for the MTG.     
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3.8. Four-point bending test 

 
The last test is a destructive four-point bending test. The same test setup as for the modulus of elasticity 
test will be used for these tests. The test setup can be observed in figure 52 as well as in the standard 
NEN:408 which describes the test setup and procedure. The only difference is the addition of two extra 
LVDT’s to measure the displacement close to the force introduction see figure 52. To gain usable results 
for determining the bending strength of the sub-species, the beam length needs to be 19 times the beam 
height. This way, it will be sure that the beam will fail due to too high bending stresses. If a shorter test 
specimen was used, the beam would fail due to high shear forces. The test setup can be observed in 
figure 40 The beam is placed on roller supports on the ends. These hinges prevent axial forces acting on 
the beam. The lateral supports must prevent lateral-torsional buckling of the test specimen. The force will 
be divided into two-point loads with an in-between distance of 840 mm. This force loads the beam in pure 
bending due to the boll hinge between the jack and the beam which divides the force. The test specimen 
used had a slightly different height length ratio, as stated in the standard. The beam length is 20.4 times 
the height. When drying the beams, they shrunk, so it was not possible to plane everything even at the 
height of 150 mm. For that reason, 140 mm was chosen to have every beam with the same height.  

 

 
Figure 52 Test setup 4-point bending test (NEN:408)  

First, the beam will deform elastic, and after that, plastic deformation will occur. The primary elastic 
deformation was calculated in section 3.7. based on the mean values from previous research. This gives 
a good insight into the expected forces and deformations. These values are essential for the test setup. 
The test setup needs the right amount of space for the beam to deform until failure. The deformation is 
also decisive for the measuring equipment used. The deformation in the middle will be measured with 
the same laser as used for the modulus of elasticity test. Furthermore, two LVDT’s will be used to 
measure the deformation underneath the force introductions.  
 
The maximum deformation is also essential to know to determine the load rate for the test. The standard 
provides a test speed of 300 seconds ± 120 seconds. The maximum expected elastic deformation for 
the Robusta is 46.2mm and for the Koster 40.1mm. Because the plastic deformation is not considered, 
yet 4 mm extra deformation will be added to the elastic deformation to determine the test speed. This 
results in a test speed of 10.0 mm/min for the Robusta and a test speed of 8.8 mm/min for the Koster. 
For the Ellert, the expectation is that the maximum deformation will be a bit less than the Koster. The 
Ellert has a lower modulus of elasticity, which results in a lower bending resistance. The test speed for 
the Ellert is estimated at 8 mm/min. This can be adjusted after one test species if the test speed does 
not fall in the stated range. 
 
Figure 53 shows the distribution in test value bending strength for all the test specimen. This figure gives 
an overview of the distribution in the results and a small indication in the influence of the modification 
process. Note that only for the modified Robusta and Koster enough test specimens have been tested 
for strength class allocation. The unmodified Robusta and Koster act as reference beams to compare 
with the modified test specimen. The Ellert will be investigated as a reference for further research, as 
mentioned before.  
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Figure 53 Bending strength distribution sub-species 

When the bending strength distribution is compared, it can be observed that the distribution in results is 
quite significant. The average strength is in line with the expectations that the Robusta will have the 
highest bending strength. The lowest bending strength, however, is for the unmodified Koster. The 
expectation was that the Ellert would have the lowest bending strength. Figure 53 shows that the 
unmodified Koster has the lowest bending strength. The reason for that could be the selection which 
was made to select the beams for the modification process. The visual grading was one of the selection 
criteria for selecting the beams which were modified. This results in beams of a lower grade as reference 
beams. This could explain why the unmodified Koster has a lower average bending strength than the 
Ellert. The average bending strength of the modified test specimen is also higher than from the 
unmodified test specimen. This can have two explanations. First, the selection criteria could play a role 
again. The fact that lower grade beams are used results in a lower bending strength. Secondly, it can 
be said that the bending strength increases due to the acetylation of the timber. Before concluding that 
this is true, the bending strength will be compared with the findings of research to the mechanical 
properties of the Koster and Robusta. This will be done when the characteristic bending strength is 
calculated.  
 
A few outliers can be observed in figure 53. The Robusta has one extreme outlier on the right-hand side 
circled in figure 53. This was a remarkably strong specimen. The other sub-species have the outliers 
mostly on the left-hand side (weaker side) this results in a lower characteristic value.  The reason for 
these weaker outliers is the presence of knots on the tensile side of the beam. This lowers the bending 
strength resistance significantly. For the final results, the characteristic bending strength values will be 
calculated. These values will be compared with the results found by Sigrid Mulders. The difference in 
results will be explained with the visual grading results. This way, a prescription can be written what the 
beams need to look like for a particular strength class allocation.   
 
Figure 54 shows the comparison between the bending strength and density for each test specimen. It 
was stated before that a higher density results in a higher modulus of rupture. Figure 54 needs to prove 
if this is true. The scatter in the figure shows there is little relation between the density and modulus of 
rupture (MOR). The reason for that are the imperfections in the beams. Due to the imperfections, a 
beam can fail much faster and. The relation between density and MOE is more evident, a higher density 
results in a modulus of elasticity see figure 55. Beam imperfections do not influence this relationship as 
much as the previous relation we saw. The reason for that is that only the elastic deformation will be 
taken into account. Plastic deformation and failure are not considered in this relation. There should also 
be a relation between the modulus of rupture and modulus of elasticity. However, as seen at the 
comparison between the density and modulus of rupture, this relation is probably also dominated by 
failure on imperfections. Figure 56 shows the comparison between the modulus of rupture and modulus 
of elasticity. It can indeed be seen that there is little relation between the MOE and MOR due to failure 
on imperfections. If for example a knot is placed on an unfavorable location the beam can have a high 
modulus of elasticity, but the bending resistance is meager due to failure on the knot. It can be concluded 
that the bending strength first depends on the beams defects and if there are no defects the modulus of 
elasticity and density can give a good indication in bending strength. For this reason, the visual grading 
is of great importance as first grading step.  

10 20 30 40 50 60 70 80 90 100
Bending stregth [MPa]

Bending strength distribution sub-species

Ellert

Koster acetylated

Koster not acetylated

Robusta not acetylated

Robusta acetylated

Average



Poplar as main structural material for a bicycle / pedestrian bridge‐structure. 

 
 

59 
 

 
Figure 54 Comparison density and MOR 

 
 

 
Figure 55 Comparison density and MOE test value 

 
Figure 56 Comparison MOE test value and MOR 
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Appendix E shows for each test specimen the force-displacement graph, maximum deformation, 
maximum force, modulus of elasticity, and the stress distribution over the height of the beam. From 
those force-displacement graphs, a remarkable difference could be observed between the modified and 
unmodified test specimen. See figure 57 for the force-displacement graph of test specimen R35. This is 
an unmodified Robusta beam. There is a clear distinction between the elastic and plastic deformation 
in the graph. The beam first deforms elastically until about a force of 15 kN. After that, the plastic 
deformation starts. This means that the critical compression resistance on the top part of the beam has 
been reached. The beam starts to deform plastically in the compression zone. This is visible on the 
beam; bearing failure lines occur in the compression zone see figure 58. When the maximum tensile 
resistance is reached, the beam will fail. This is a failure mechanism which gives a warning by a large 
deformation before failure. The maximum deflection of this specimen is 84mm with a force of 20.9kN. 
Figure 59 shows the beam after failure. This beam fails in the middle in the tension zone.  
  

 
Figure 57 Force-displacement R35 

 

Figure 58 Bearing failure line in timber beam due to too high compressive stresses 

 

Figure 59 Failure of test specimen R35  
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Figure 60 shows the force-deformation graph of test specimen R19. This is an acetylated (modified) 
Robusta beam. The main difference is that there is only minimal plastic deformation. The graph shows 
an almost straight line. This means that there is almost no plastic deformation in the compressive zone. 
This compressive deformation is not visible on the test specimens. These show no bearing failure lines 
anymore. This difference could be observed on all specimen. The acetylated specimens have a force-
displacement graph with an almost straight line which indicates little compressive deformation, while the 
unmodified test specimen all show a considerable plastic deformation part. The reason for this is the 
increased compressive resistance after the acetylation process. The acetylation process gives the beam 
a higher compressive resistance parallel and perpendicular to the grain. The place of force introduction 
did also not leave any marks compared to the unmodified test specimen. There a clear mark from the 
force introduction was visible. Further research to the compression strength of acetylated timber is 
advised to investigate the exact increase in compressive resistance. The main drawback of this 
increased compressive resistance is that the beam will fail more brittle. The beam does not deform 
plastically as much as it did before. There is much less warning before the beam will fail. It is also tough 
to predict when the beam will fail because the line in the graph will not take a horizontal direction before 
failure. Figure 61 shows that the beam failed in the tensile zone. It is most likely that the first crack 
occurred somewhere between the force introduction points in the tensile zone. Because there is no 
visual compressive failure it makes no sense to draw a stress diagram for each cross-section. The 
maximum occurring stress is almost equal in the tensile and compressive zone because there is no to 
almost no plastic deformation.  

 
Figure 60 Force-displacement R19 

 
Figure 61 Failure of test specimen R19 
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The bending strength for each sub-species is calculated with the following formula. 

	             (11) 

F = Maximum force applied on specimen      [N] 
a = Distance between support and force introduction      [mm] 
b = Width of test specimen        [mm] 
h = Height of test specimen        [mm]  
 
The bending strength test value for each specimen can be observed in appendix D table 1 until 4. The 
characteristic values are calculated according to standard NEN-EN 384. Table 12 shows the average 
test results for each sub-species. According to this table, the bending strength looks promising for 
strength class allocation. However, it would not be safe using these values for calculations. For that 
reason, the characteristic value needs to be calculated. Note that for a proper strength class allocation, 
40 test specimens are needed to get a good idea of the distribution in the results. It could be observed 
in figure 53 that there is a broad distribution in results. The standard NEN-EN384 uses a normal 
distribution of the results to calculate the characteristic value. For that reason, a check has been done 
to check if a normal distribution applies to the results found. A normal probability plot has been made, 
and the results are within limits for a normal distribution. The normal probability plot can be observed in 
appendix F. 
Table 12 Average bending strength test value 

Sub-species average bending strength test value [MPa] Stdev. [MPa] 
Robusta modified (n=40) 52.63 15.60 
Robusta unmodified  (n=10) 45.24 9.53 
Koster modified (n=39) 49.26 13.02 
Koster unmodified  (n=10) 35.44 8.78 
Ellert (n=13) 39.06 11.49 

First, the f05 value will be calculated. The test specimen will be ordered from lowest to highest bending 
strength. After that, the value for which only 5% of the values will be lower will be determinate. When it 
is not a real value, the value will be determined by interpolation. This will be calculated with the formula 
12. For the test series with a lower amount of test specimen than 20, the lowest test value is taken as 
f0.5. The values obtained for these test series will not be used for a proper strength class allocation. 
These will be used as a reference and as an indication for further research.  

∗ 5%          (12) 

f05 = 5% value of bending strength       [MPa] 
fa = Bending strength of specimen a before interpolation     [MPa] 
fb = Bending strength of specimen b before interpolation     [MPa] 
Xa = Percentage of number of test specimen before specimen a before interpolation [%] 
Xb = Percentage of number of test specimen before specimen b before interpolation [%] 
 
When f05 is calculated, the value needs to be corrected for the width and length. The test specimen will 
be calculated to a standardized height of 150 mm and a standardized length according to NEN-EN 408. 
The height of the used specimen is 140mm. This means that the corrected  will be a higher value due 
to the height correction according to formula 13 until 15. 
 

	 ∗ ∗           (13) 
 

.            (14) 
.            (15) 

 
 = Corrected 5% value of bending strength     [MPa] 

kh = Height correction factor       [-] 
kl = Length correction factor        [-]  
les = Effective length of the beam for standard tests     [mm] 
lef = Effective length of the beam       [mm] 
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The kh for the beams equals 1.014; the kl equals one since the effective beam length equals the effective 
beam length for the standard tests. Table 13 shows the corrected  for every sub-species. This value 
is used to calculate the characteristic value.  

Table 13   for sub-species 

Sub-species  [MPa] 
Robusta modified (n=40) 27.05 
Robusta unmodified (n=10) 29.83 
Koster modified (n=39) 22.78 
Koster unmodified (n=10 20.01 
Ellert (n=13) 12.95 

With these values, the characteristic bending strength can be calculated. Formula16 is used to calculate 
this value.  

	 ∗ ∗           (16) 

fk = Characteristic bending strength       [MPa] 
ks = Correction factor for a number of test specimen and samples see figure 62 [-] 
kv = Correction factor for way of testing      [-] 

 
Figure 62 Reduction factor for a number of test specimen (NEN-EN 384) 

According to figure 62 the reduction factor which needs to be used is 0.77. This is the most unfavorable 
reduction factor. For this reason, this reduction factor is also used for the smaller test series. The kv 

factor equals 1. Table 14 shows the final characteristic bending strength values for every sub-species. 
Table 14 Characteristic bending strength and classification sub-species based on bending strength. 

Test specimen Characteristic bending strength [MPa] Classification 
Robusta modified 20.83 C20 
Robusta unmodified  22.97 C22 
Koster modified  17.54 C16 
Koster unmodified   15.41 C14 
Ellert 9.97 Rejected 

Table 14 shows some different values as observed in the previous research from Sigrid Mulders. First 
of all, the Koster can be classified in a strength class. The reason for that is the better quality of the 
timber. There were only a few knots on the beams as told before. The modified Koster is even classified 
in C16 based on the bending strength. The difference between the modified and unmodified test 
specimen can partly be explained by the number of test specimen. There were only ten beams used 
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with the lowest value as f05. Furthermore, the modified test specimens were selected to be the higher 
quality timber. Due to this, no hard conclusions can be drawn for the relation between the modified and 
unmodified test specimen. A brother range of test specimen is needed to give a proper view of the 
distribution. For the Robusta the same classification is found as at the research of Sigrid Mulders. At the 
visual grading, the Robusta has more knots than the Koster. The expectation is that the quality of the 
Koster has improved over the years. Good, quality trees were used. The quality of the Robusta has 
stayed the same.  

3.9. Strength class allocation 

 
The strength class allocation is based on characteristic bending strength density and the modulus of 
elasticity. First, the characteristic density will be determined. A normal distribution is assumed for the 
density distribution. Formula 17 is used to calculate the characteristic density. 
 

	 ̅ 1.65 ∗           (17) 
 
ρk = Characteristic density 
ρ05 = 5% lowest value test series 
̅ = Average density test series 

s = Standard deviation test series 
 
Table 15 Shows the characteristic density for every test series. Also, the classification based on the 
density is added to the table. The classification based on the density is very high compared to the results 
observed at the bending strength classification.  
Table 15 Characteristic density sub-species 

Test series Characteristic density [Kg/m³] classification 
Robusta modified 433 C35 
Robusta unmodified  381 C30 
Koster modified 396 C30 
Koster unmodified  347 C22 
Ellert 342 C22 

 

Table 16 shows the modulus of elasticity and the corresponding classification. For the modulus of 
elasticity, the mean value will be used for strength class allocation.  
Table 16 Strength class allocation based on the modulus of elasticity 

Test series E0,mean [MPa] classification 
Robusta modified 11384 C24 
Robusta unmodified  9061 C18 
Koster modified 9051 C18 
Koster unmodified  7610 C14 
Ellert 8643 C16 

Table 17 shows the characteristic bending strength and the strength classification.  
Table 17 Strength class allocation based on bending strength 

Test specimen Characteristic bending strength [MPa] Classification 
Robusta modified 20.83 C20 
Robusta unmodified  22.97 C22 
Koster modified  17.54 C16 
Koster unmodified   15.41 C14 
Ellert 9.97 Rejected 

The classification is based on figure 63. This figure gives the strength class properties. These values 
are the minimum requirements for a timber specimen. These test series have been tested on the 
modulus of elasticity, density, and, bending strength.  
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The final strength class allocation can be observed in table 18. Each test series has been marked with 
a color corresponding with the color in figure 63. This shows on what property the strength class 
allocation has been based on. The lowest of the three properties has been selected for the strength 
class.  
Table 18 Strength class allocation 

Test series Strength class 
C20 

Robusta unmodified  C18 
Koster modified C16 
Koster unmodified  C14 
Ellert Rejected 

 
Note that only the modified Robusta and modified Koster could get a real strength class by this research. 
Form these two test series enough specimen where available. The unmodified Robusta and Koster were 
used as a reference to see the difference between a modified and an unmodified timber beam. The test 
values from the unmodified beams can also be used to compare with the research from Sigrid Mulders. 
The Ellert was used to get an indication if it is interesting to do more research on the mechanical 
properties in the future. The conclusion from this research is that the Ellert does not look very promising 
for structural purposes. The bending strength was too low for a strength class allocation.   
 
The Koster, however, did get a strength class both, the modified and the unmodified timber. See table 
19 for the results of Sigrid Mulders. According to this research, the Koster was not able to get a strength 
class. There are a few explanations possible. First of all, the amount of test specimen for the modified 
Koster was larger than the amount Sigrid Mulders used. This gives a better view of the distribution of 
the results. Another reason is that the Koster beams received consisted of high-quality timber. There 
were very little knots and other defects present. The last point is essential to take into account grading 
these beams. The Koster can be graded in a C14 or C16 for the modified beams if the beams show a 
small number of knots or tiny knots. If more knots are present, the beam cannot be used for structural 
purposes. The beams used for the research of Sigrid Mulders came from a different field and were 
relatively young and most of the test specimen came from one tree. The beams used for this research 
came from a field maintained by Frans van Boeckel as told before. The modified Robusta has the same 

Figure 63 Strength class properties 
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strength class as ten years ago. However, the unmodified Robusta has a lower strength class.               
This indicates that the Robusta beams where from a lower grade timber than they were before. The 
visual grading table can be observed in appendix B table 1 until 3. This table gives an idea about the 
number of knots and ruptures in the beams. This could be used as a prescription which the beams need 
to fulfill for their strength class. The unmodified beams used as reference are also from a lower grade. 
Most of these beams contain heartwood with a high number of knots. Due to this, a high classification 
is unlikely.  
 

Table 19 Properties of Robusta and Koster; Mulders (2008) 

Sub-species Density 
[kg/m³] 

E-modulus 
[N/mm²] 

Bending strength  
[N/mm²] 

Classification 

Robusta 390.0 10972.2 21.01 C20 
Koster 304.1 7315.9 10.88 Rejected 

 
When the modified test specimens are compared with the results from Sigrid Mulders, the bending 
strength from the Robusta is reduced with 0.86%, the modulus of elasticity has been increased with 
3.75%, and the density has increased with 11.03%. For the Koster, the comparison is as follows: the 
bending strength increased with 61.21% the modulus of elasticity has increased with 23.72% and the 
density has increased with 30.22%. This comparison shows that the modification process has the most 
significant influence on the properties of the Koster. The properties of the Koster all increased 
significantly more than the properties of the Robusta. The low density of the Koster could possibly make 
it easier to modify the beams. This results in a higher increase in properties compared to the Robusta. 
It could be said that the higher density and presence of knots made the modification process more 
difficult.  
 
The conclusion is that the Robusta was and is most suitable for structural purposes. After the 
modification process, the mechanical properties have improved slightly, but visual grading has to be 
taken into account. However, the number of knots and other defects have a smaller impact on the 
mechanical properties for the Robusta compared to the Koster. 
 
The Koster is also suitable for structural purposes. However, the mechanical properties are not as good 
as the Robusta’s. The main advantage of the Koster is the availability at this time and the growth speed. 
The modification process does improve the mechanical properties of the Koster significantly, which was 
not expected on forehand. Note that defects like knots do have a significant impact on the structural 
strength of the beam. For the Koster, it is advised to use only high quality visually graded timber. If this 
will be done strength class C16 can be used for the modified Koster.  
 
The Ellert does not look very promising for further research. Maybe if a more extensive series will be 
tested, a more positive outcome will be achieved, but according to this little research, it is not desired to 
use the Ellert for structural purposes.  
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4. STRUCTURAL DESIGN BICYCLE / PEDESTRIAN BRIDGE 
 

4.1. Design requirements 

The following points were assumed to be essential to consider for the bridge design. First, the bridge 
will be designed for pedestrian and cyclists (no heavy traffic bridge). The width of the bridge is taken as 
5 meters. This is based on the first reference project see section 6.1. The height of the bridge was stated 
at 6.6 meters above the waterline. This is in accordance with CEMT 3. A CEMT classification is given 
to every waterway. The classification states the height, depth, width, maximum shipload, maximum ship 
length, etc. According to CEMT 3 the bridge needs a height of 6.6 meters above the waterline as told 
before. This would result in the highest bridge compared to the other bridges over the Beatrix canal 
according to ‘rijkswaterstaat.’ The other bridges are made according to CEMT 2, thus with less strict 
height requirements. In accordance with the municipality Eindhoven a height of 6 meters above the 
waterline is chosen as the bridge height. Placing columns in the water is not allowed. This will narrow 
the waterway which is unfavorable. The bridge needs to be able to resist the load of a gritter. The weight 
of this machine is 100 kN. Other traffic is not allowed on the bridge. For that reason, protection needs 
to be placed to prevent cars from entering the bridge. A balustrade needs to be placed on the bridge to 
prevent persons from falling off the bridge. The requirements for this balustrade are that the maximum 
openings between the bars are 10 centimeters, with a height of 1 meter above the bridge deck. The 
bridge deck needs to be coated with an anti-slip layer. Also, a total lifetime of 50 years is required for 
the bridge. The calculations will be done with the assumption of strength class C20 for poplar. This is 
based on results of previous research of Sigrid Mulders. Since the design process and the laboratory 
research are two parallel processes the exact strength of the modified wood will not be known when 
designing the structure. Luckily the results of the research of Sigrid Mulders are usable and will thus be 
used for the design process. The expectation is that the results from this research will not be completely 
different and the strength class will be in the same order of magnitude.  
 
The below-mentioned points summarize the bridge requirements. 

- Bicycle / pedestrian bridge 
- Construction material poplar wood 
- CEMT  3 
- Minimum height from water to bridge 6.6 meters from highest water level due CEMT 3 
- No columns in the water 
- Width of the bridge 5 meters 
- Design needs to be a family of the other bridges placed over the Beatrix canal 
- Protection needs to be placed to prevent cars from entering the bridge 
- Gritter can enter the bridge max weight 10000 Kg (approximately 100kN)  
- Height balustrade bridge minimal 1 meter above the bridge deck 
- Maximum start height of the balustrade is 5cm above the bridge deck 
- Maximum spacing between bars of balustrade 0.1 meter 
- Wood in outdoor conditions need to fulfill durability class 1 / 2 
- Bridge deck needs an anti-slip layer  
- Lifetime of bridge should be at least 50 year 
- C20 strength class used for calculations  
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4.2. Bridge location 

 
The bridge will cross the Beatrix canal in Eindhoven, see figure 64 for the location. This bridge is part of 
a more significant project to diverse the slow traffic through the woods from flight forum to Strijp. See 
the orange marked routes on the map for the slow traffic lanes. At the red circle, the slow traffic lane will 
cross the Beatrix canal. The bridge design will be made for this location.   

 
Figure 64 Map with slow traffic lanes in North Eindhoven 

The bridge can cross the canal along two different routes. One of them is to cross the canal with a bridge 
perpendicular on the canal. This results in a span for the bridge as short as possible. A shorter span 
means a lighter construction, and thus less material is needed for constructing the bridge. When the 
bridge is placed over the canal this way the bicycle routes will not connect to the bridge in a smooth line 
see figure 65. for this reason, there is also a different design for the bicycle routes. The consequence of 
this design is, is that the bridge does not cross the canal perpendicular on the canal. This means the 
span of the bridge will be longer see figure 65. The bridge length will be 43.15 meters when crossing 
the canal perpendicular. The span of the other design will be 55.11 meters. This is a significant increase 
in span and thus in needed construction material. The decision for which span will be realized still needs 
to be made. For that reason, a design will be made for both spans, and a comparison can be made what 
the enlargement in bridge length means for the needed construction material.  
 
On the cross-section of the canal, it can be observed that the span over the water is much shorter than 
the span stated above. The reason for this are the banks on the riverside. Due to these banks, the bridge 
can span over the water in one straight line. Enough height is provided by these banks for boats to sail 
underneath the bridge see figure 65 for the cross-section. These river banks can also be used for placing 
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supports for the bridge. This makes the bridge span much shorter and thus, the structural elements 
slenderer. When supports are placed near the water, collision loads should be taken into account.  
 

 
Figure 65 Cross-section canal 

 
To be able to choose the best structural design. Five different designs will be analyzed. These designs 
are an arch bridge, beam bridge, cable-stayed bridge, hanging bridge, and a truss bridge. Each of these 
designs will be analyzed in the following paragraphs. With the help of design criteria, the best design 
will be chosen. Because it is not known yet which span is needed for the final design, both spans will be 
considered in the analysis, and for both spans, the best structural design will be chosen. The following 
design criteria will be compared for each design: 

- Amount of needed timber for the construction (m³) 
- Maximum deflection of the structure 
- Possibility to protect the structure against moisture and insects 
- Amount of connections needed to make the bridge 
- Amount of different connections needed to make the bridge 
- Different amount of construction elements 
- How well does the bridge fit in the family of existing bridges over the Beatrix canal  
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4.3. Loading of the bridge (Eurocode 1) 

 
Different load combinations have to be investigated. These load combinations will be considered for the 
structural design of the bridge.  
The self-weight of the bridge will be taken into account at all times. The bridge will also be loaded by 
crossing pedestrians and bicyclists. This group will form the short term variable loading qf,k. Usually, 5 
kN/m² will be taken as variable loading, but due to the length of the bridge, the Eurocode 1 gives a 
reduction factor for this load, see equation 1 and 2. This results in a variable short-term loading of 3.64 
kN/m² for the 43.15-meter long bridge, and a variable short-term load off 3.41 kN/m² for the 55.11-meter 
long bridge. The longer the bridge, the lower the variable load, which has to be taken into account. The 
main reason for this reduction is that such a long bridge will never completely be filled with pedestrians. 
A load of 2.5 kN/m² will be the lower bound as a result of this reduction factor.  
 

2,0 / ²           (18) 

2.5	 / ²		 5 / ²         (19) 

A concentrated point load Qfvd of 7 kN on a surface of 0.1*0.1 meter need to be taken into account as 
well. This point load needs to be located in the most unfavorable position. However, the bridge gives 
access to a gritter with a weight of 100 kN. For this reason, the Qfvd does not need to be taken into 
account. The load caused by the gritter is much higher compared to the concentrated point load. Qserv 

caused by the gritter is divided in four-point loads each underneath the wheels of the vehicle. The load 
caused by the salt spread can be modeled as 4-point loads of 25 kN each. 
 
There will also be a horizontal load in longitudinal direction Qfl,k working on the bridge. This load is 
caused by braking of the gritter. The horizontal load which needs to be taken into account is the lowest 
value of: 

- 10% of the total uniformly divided load qf,k. Which is equal to 78.53kN for the short bridge and 
93.96kN for the bridge with the longer span. 

- 60% of the total load caused by the gritter Qserv. Which is equal to 60kN for both bridge designs.  
This means that for the horizontal loading the 10% of the qf,k is always governing.  
 
When the variable load qf,k  will be combined with Qserv caused by the gritter also reduction factors are 
applicable. See table 20 for the load groups. When these load groups are combined with other loads, 
they need to be considered as one load.  
 
Table 20 Load groups variable and vehicle loads 

 Load Vertical forces Horizontal forces 
Load system Variable load Load caused 

by the gritter 
 

Load group Gr1 1,0 x qf,k 0 1,0 x Qfl,k 
Gr2    0,8 x qf,k * 1,0 x Qserv 1,0 x Qfl,k 

* Load does not need to be taken into account on the location of the gritter + 5 meters before and 
after the vehicle. 

 
To be sure the structure will be stable for every location of the point load caused by the slat spreader 
multiple load combinations have been made. Each load combination represents a location of the gritter 
and one load combination without the gritter. This makes sure the maximum deformation and stress will 
be found.  
 
The wind load is taken into account, according to En-1991-1-4. A wind load of 2 kN/m is applied 
perpendicular in the horizontal direction on the bridge deck and the arch. Also, upward wind loading is 
considered. A load of 1.8 kN/m² is applied. This upward wind load can cause difficulties due to the light 
timber structure.  
 
Horizontal collision load is not taken into account for this design.  
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4.4. Design variants  

The following section will describe the design variants made for the bridge design. A few different 
structural designs will be dimensioned and elaborated. For the design variants, the height above the 
waterline was still 6.6 meters. At that point of the design process that was still a demand. Later in the 
design process the minimum height above the waterline was lowered to 6 meters. For that reason the 
design variants are made 6.6 meters above the waterline. This will not affect the choice in design. The 
loads taken into account for the design variants are all the same. Only the variable loading and load of 
the gritter have been taken into account. 
 
4.4.1. Arch bridge 
  
From a structural point of view load transfer by axially loaded elements is much more efficient than by 
bending. This makes an arch bridge design an efficient structure. The main structural element (the arch) 
is completely loaded in compression. For a 3D impression of the arch bridge, see figure 66. The bridge 
is a buildup of two arches on each side. These arches support the principal beams running across the 
canal. Between these main beams, the girders are placed to support the bridge deck.  

 
Figure 66 3D view of the structure 

First, the short span bridge will be explained. The main difference between the two spans for this design 
will be the dimension of the arch, the beams, and, the number of supports for the main beam. Figure 67 
shows the side view of the structure. The dimensions of the structural elements are as follows:  

- Arch, 150 x 750mm (w x h) 
- Main beam, 200 x 750mm (w x h) 
- Girders, 100 x 500mm (w x h) 

Because the arch is loaded in compression, the arch can be relatively slender. To prevent buckling of 
the arch, a wind brace is placed on top of the arch.  The main beam is supported at 7 points at center 
to center distance of 8 meters. A beam height of 750mm is, in this case, sufficient. The height of the 
beams is needed to coop with the tensile and compression stresses in the material. The deformation of 
the bridge is not governing. This will be shown in figure 70 where the deformation can be seen.   
 
The dimensions in figure 67 show that the minimum height above the water is 6600mm. In this case, 
the banks on the riverside are used as supports for the arch. Due to this, the arch can start underneath 
the bridge deck, and this the total construction height can be lowered. The arch has a height of 8.1 
meter, which is favorable to prevent too high axial force. The horizontal forces at the arch supports can 
be diverted into the river banks. This makes the arch a robust structure. The forces will be transferred 
from the bridge deck into the arch through the columns. The arch will be symmetrically loaded in 
compression, and the bridge deck will be loaded mainly in bending.   
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Figure 67 Side view arch bridge small span 

 
Figure 68 Transversal cross-section 

Figure 68 shows the transversal cross-section of the bridge. The height difference between the deck 
and the arch structure can be observed clearly in this figure. The width of the bridge is the stated 5 
meters.  
Figure 69 shows the bridge deck structure. The bridge deck is built up with the two main beams and 
girders placed between the main beams. There are two types of girders used for the bridge deck. Type 
one is the small girder with a dimension of 150 x 500 mm (w x h) and type two with a dimension of 150 
x 600 (w x h). The reason for these two types is to make it easier to attach the wind braces underneath 
the bridge. They can be connected with the girders and beams without having to interfere with the 
smaller girders. With these wind braces, the bridge deck will be stiffened for uneven loading. The size 
of the girders is relatively large. This is because of the span of 5 meters of each girder. If the gritter is 
passing the bridge, the girders need to be able to transfer the load to the main beams. Another solution 
could be an extra main beam between to shorten the span of the girders. This solution results in more 
volume wood and difficulties in supporting the middle beam in the middle of the bridge deck. Placing the 
wind braces, not in the middle of the bridge deck introduces an eccentricity which needs to be taken into 
account for the stability in the later design stage.  
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Figure 69 Bridge deck construction 

  
The structure is modeled in the calculation program Scia engineer. This program helps to calculate the 
deformations and stresses in every part of the structure. Figure 70 shows the maximum deformation 
due to the loads mentioned in paragraph 4.3. The maximum deformation of the structure is 30.8 mm. 
The maximum allowable deformation equals 172.6 mm. This equals L/250 according to this demand; 
the service limit state is sufficient.  
 
  

 
Figure 70 Deformation in z-direction 

The biggest deformations can be observed in the middle section. The reason for this is that this part 
makes the larges span (8 meters compared to 7.35 and 6.225 meters). The deformations of the structure 
are well between the limits. A challenge will be the stresses in the vertical members supporting the 
bridge deck. These stresses have to travel through the main beam into the vertical tensile member into 
the arch. These two details need some attention. The maximum occurring stresses have been 
determinate with Scia engineer. The maximum tensile stress is 6.0 MPa occurring in the bridge deck 
beam as bending stress, and the maximum compression stress is 9.9 MPa occurring in the arch. This 
is in favor of the construction material. The construction material used is wood from strength class C20. 
This is the strength class given to the Robusta in earlier research. This means that the construction 
fulfills the ultimate limit state.  
The maximum stresses and deformations in the main beam can be checked with a simple hand 
calculation. Assumed that the distance in between the supports is maximum of 8 meters the following 
simplified model has been made. The model represents the middle part of the bridge deck beam. The 
tension members are modeled as supports. It is a cantilever beam to make the bending moment 
distribution as realistic as possible. The cantilever distance is 1/5 of the span. This is a rule of thumb for 
the location where the bending moment will be zero in a continues beam. The calculated deformation 
equals 11.74 mm is does not comply with the maximum deformation of 30.8 mm stated by Scia. The 
reason for that is the deformation of the arch, which needs to be added to the bridge deck deformation. 
For the hand calculation, the tension members were assumed as hinged supports. The bridge deck self 
will also deform about 20mm in Z-direction. Adding this to the 11.74 mm results in almost the same 
value as Scia engineer has calculated. Also, the bending stresses have been calculated for the simplified 
model. The maximum occurring stress in the beam equals 6.5 MPa. This is in the same order as the 6 
MPa bending stress Scia gave as output for the maximum occurring bending stress. The values are not 
precisely the same because Scia engineer takes the whole structure into account. 
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Figure 71 Simplified mechanic model middle part bridge deck beam 

The following formals have been used to calculate the stresses and deformation of the simplified model: 
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The main positive points for the structure are: 
- Mainly loaded in compression. 
- The structure can be covered easily, so the wood will not get wet. If the construction can be 

protected against rain, treatment against moisture is possibly not needed. 
- The amount of wood needed for this structure is 37.3m³ 

 
Attention points of the structure: 

- Detailing the connections between the vertical elements and the main beams/arch. 
- Connection between the arch and the main beam. 
- Fabrication details (is it possible to manufacture a beam of this size).  
 
Figure 72 shows the side view of the arch bridge for the long span. The main difference between 
the two spans is the dimension of the arch. The deformations are a bit more than the structure 
with the small span. This makes sense because the same amount of supports is used but with a 
different layout.  

 

 
Figure 72 Side view large span bridge 

 
The durability of the bridge can be enlarged in different ways. First of all, the design can be made in 
such a way that it is difficult for moisture to reach the structural element. When moisture does reach the 
structural elements, the details need to be made in such a way that enough ventilation is possible to 
prevent moisture accumulation. One example for the arch bridge to protect the structure is to cover the 
bridge with a roof see figure 73.  

 
Figure 73 Arch bridge with a roof 

Q load 18.2 kN/m 

Bridge deck beam 
200 x 750 mm 



Poplar as main structural material for a bicycle / pedestrian bridge‐structure. 

 
 

75 
 

This way, the bridge can be protected against moisture, but insect vulnerability will still be a challenge. 
The selected modification technique of acetylating the wood makes the wood resistant against insect 
and moisture. By modifying the wood, the structure will be more durable and able to survive the stated 
lifetime. Although the modification technique gives the wood a higher moisture resistance, it is still better 
for the structures lifetime to protect the structure against moisture. This means that enough ventilation 
needs to be possible for the wood to make the structure more durable. There are more different ways 
to protect the structure against moisture. These will be discussed for the design, which will be elaborated 
in more detail as the final design.  
 
There are some improvements possible for this bridge design. The arch of the bridge has to be braced 
in the top for wind loading. To make the arch more stable, the arch can be lowered. When the arch can 
be lowered enough, no wind braces are needed in the top of the arch, but they can be positioned out of 
sight underneath the bridge deck. See figure 74 for a 3D impression of the arch bridge with most of the 
arch underneath the bridge deck.  

 
Figure 74 3D structure with a lowered arch 

Lowering the arch makes the arch more stable as told before. One thing what needs to be kept in mind 
is the needed free space underneath the bridge deck. Above the canal, the free height needs to be at 
least 6.6 meters illustrated in figure 75. For further designing the bridge, it needs to be checked if the 
free space above the canal still meets the requirements. If not and a wind brace is steel needed on top 
of the arch, a height of 4 meters is needed above the top of the arch and the bridge deck to make sure 
all type of gritters are still able to cross the bridge. Further designing the bridge, this needs to be 
analyzed and possibly improved to provide more stability for the arch.  
 
  

Figure 75 Side view 



Poplar as main structural material for a bicycle / pedestrian bridge‐structure. 

 
 

76 
 

4.4.2. Beam bridge 
 

The second bridge design makes use of two beams crossing the canal. These beams are supported in-
between, this will reduce the span and thus the needed height for the beam. See figure 76 for a 3D view 
of the structure. The in-between supports are placed near the water to minimalize the free span of the 
beam. By placing the columns near the water, collision loads should be taken into account, or the columns 
need to be protected against collision.  

 
Figure 76 3D view of the structure 

First, the short span will be explained, and after that, the differences with the construction for the bigger 
span will be discussed. The characteristic of this construction is that all the structural elements are below 
the bridge deck. The main beams running from one side of the canal to the other side are tapered 
beams. These beams have a tapered shape because the bending moment in the middle of the beam is 
higher than the bending moment closer to the edges of the beam. One exception is the bending moment 
at the additional supports underneath the beam. The figure with the bending stress distribution will show 
this in more detail. The needed height for the structural elements for this design are as follows: 

- Main beam:  180 x 600 mm (w x h) at the first and last support 180 x 1600 (w x h) in the 
middle 

- Girders:  60 x 250 mm (w x h) C20 
- Columns:  180 x 250 mm (w x h) C20 
- Wind braces rnd. 20 mm s235 

The dimensions show that the girders are smaller compared with the previous design. The reason for 
this is that the main beams are positioned closer together with an in-between distance of 3000 mm. By 
placing the girders on top of the main beams, a more favorable bending moment distribution can be 
realized for the girders. This will be shown more clearly in figure 78.  
Figure 77 shows the side view of the structure. The columns are not placed symmetrically. This is done 
to make the free span as small as possible. The size of the river banks is not the same on each side of 
the canal. Also, the shape of the tapered main beam can be observed clearly.  
 

 
Figure 77 Side view of the structure 
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Figure 78 shows the transversal cross-section of the bridge. The cross-section shows the placement of 
the main beams clearly. The girders form an overhang which has multiple advantages. Firstly, as told 
before the better moment distribution. Secondly, the bridge deck protects the main beams against 
moisture. Due to the overhang, the rain will not be able to reach the main beams. 
Furthermore, the support structure can be observed very well. This structure is build up out of columns 
with a length of 7.1 meters. With wind braces placed for stability. The axial force in the columns is 300 
kN. The horizontal beams in between the columns will reduce the buckling length for buckling along the 
weak axis. The buckling length along the strong axis will be 7.1 meters. The column is hinged at two 
sides. This will result in a buckling resistance of 435.9 kN. This is sufficient for this structure.    

 
Figure 78 Transversal cross-section 

Figure 79 shows the bridge deck structure. The in-between distance for the main beams is 3000mm, as 
stated above. This also means that the wind braces are closer together and thus provide less stiffness. 
Further calculations have to prove if 3000mm is sufficient for the bridge deck stiffness loaded with wind 
load. Also, for this design, an extra girder type is used for connecting the wind braces. The dimensions 
of these girders are 150 x150 mm. The center to center distance between the girders is 600 mm. A 
multiplex plate can span this distance.  
 

 
Figure 79 Bridge deck construction  
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Figure 80 shows the deformation of the bridge structure in the Z direction. The maximum deformation is 
46.2 mm. This is well within the stated limit of 172.6 mm. The maximum deformation occurs as expected 
in the middle of the free span. Due to the in-between supports, the deformation stays within limits. The 
deformation of the girders, when loaded with the gritter, is 7.5 mm; this is also well within the ultimate 
limit state. 
 

 
Figure 80 Deformation in z-direction of the structure 

The stress σ,x bending stress is shown in figure 81 this figure shows two critical points of attention. The 
middle of the beam and, the location of the in-between supports. At these two places, the peak stresses 
are high. The high compression stresses (11.2 MPa) are not that big of a problem, but the high-tension 
stresses parallel to the grain need attention. The characteristic tension strength parallel to the grain 
equals 12 MPa. The tension stresses occurring are 11.2 MPa. One solution can be making the cross-
section larger. This results in using more wood, even in places where it is not needed. Another solution 
can be reinforcing the wood in the tensile zone. This can be done in different ways. For example, with 
carbon strips see paragraph 5.6.3. glued to the timber, or screws anchored inside the timber. This 
technique can be used locally, and thus, the material is only used where it is needed.  
 

 
Figure 81 Stress σ,x Bending stress 

The main positive points for this structure are: 
- The structure can be protected against rain. 
- Better moment distribution in the girders.  
- 24.22 m³ wood is needed for the construction. 

Attention points for the structure are: 
- High stresses in the main beam, reinforcement is needed. 
- Connection details for supports need to be adequately designed, taking compression forces 

perpendicular to the grain into account. 
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This bridge structure has one significant advantage over the other structures. The bridge deck structure 
can easily protect the main beams against moisture. The overhang from the bridge deck makes it hard 
for rain to reach the main beams. The main beams will degrade less due to low moisture contact. One 
drawback of the structure is the beam shape. The tapered beam will cause tensile stresses 
perpendicular to the grain at the middle supports. This could cause cracks on the beam. This can be 
prevented by using a straight beam, or an optimal slope where only small stresses perpendicular to the 
grain will occur. To make sure the timber will be used as efficiently as possible, internal hinges are used 
to divide the bending moment peaks over the beam. This way the maximum bending moment will be 
about the same for the middle supports and the middle of the beam. See figure 82 and 83 for the bending 
moment distribution before and after adding internal hinges to the structure. It can be observed that the 
bending moment peaks are about equal with the two internal hinges. Without the internal hinges, there 
is a difference of almost 100 kN between the maximum bending moments. The construction will be 
dimensioned on the maximum bending moment to lower the bending moment timber can be saved. The 
deformation is not governing since this was only 46.2 mm and the limit is 172.6 mm. For this reason, it 
is more important to optimize the bending moment distribution since the bending stresses in the structure 
are governing for the beam dimensions.  
 

The forces which need to be transferred through the internal hinge can be observed in figure 84. Also, 
an example is made of a possible way to make the hinge. The best way to transfer the forces is by 
compression. A steel U-shaped profile is used to clamp around the beam. The other side makes use of 
the same connection piece. The two pieces will be connected by one pin. This way, it is a hinged 
connection.  The shear forces will be transferred by compression of the steel plates on the timber beam. 
The minimal needed surface is 180 x 400 mm to transfer the 172 kN caused by the vertical variable load 
and the dead load. The axial forces will be transferred by the steel bars through the timber beam. The 
axial force is 60 kN caused by the breaking force of the gritter. Calculations in further design stages 
need to prove the number of steel bars, and the edge distance is sufficient to provide the needed 
resistance to bear the load and the eccentricity caused by the connection piece. The loads will be 
transferred from the bridge deck beam through the connection piece partly to the columns and partly 
direct to the foundation.  

 
Figure 84 Hinged connection detail   

Figure 82 Main beam with two internal hinges 

Internal hinges

60 kN 

172 kN 

mm 

Figure 83 Main beam without internal hinges 
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4.4.3. Cable-stayed bridge 
 
This design variant will explain a cable-stayed bridge; a very common bridge structure. Figure 85 gives 
a 3D impression of the bridge construction. The construction exists of three main elements. First of all, 
the two pillars where the steel tension cables are attached to. The second element are the two beams 
crossing the canal. The last element are the tension cables supporting the main beams.  
 

 
Figure 85 3D view of the structure 

First, the short span will be explained, and after that, the differences with the more significant span will 
be compared. The main advantage of this structure is that a material which can coop very well with 
tension forces (steel) is used to support the main beams. This way, the material can be used very 
efficiently to reduce the free span of the beam. Figure 86 shows the side view of the structure. The 
height of the two pillars bearing the tension cables has a significant influence on the tension in the 
cables. The steeper the angle between the cable and the pillar, the lower the forces are. The height 
chosen for this design is 15.6 meters above the bridge deck. This gives a total length of the pillar of 21.2 
meters. Having such a long column makes the column very sensitive to buckling. Taking the most 
unfavorable buckling length of 21.2 meters into account the column dimension of 500 x 500 mm still 
fulfills the stability requirements. Note that only the first-order stability is calculated. Further checks need 
to be done in a later design stage. The compression force inside the column is 730.5 kN. The stability 
of these columns is important. The main beam spans at most 9.5 meters and between the cables 5.29 
meters. To make these spans, the main beam needs a dimension of 180 x 1200 mm (w x h). The girders 
between the main beams span 5 meters and have the same configuration as observed at the arch 
bridge, with a size of 100 x 500 mm and 100 x 600 mm (w x h).  
The dimension and number of tension cables have a considerable influence on the deformation of the 
bridge deck. If the cables are not strong enough, they will deform more, and that means directly more 
deformation for the bridge deck. The cables used have a diameter of 50 mm to provide enough strength. 
This way the deflection of the bridge deck will be minimalized.  
 

 
Figure 86 Side view of the structure 
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Figure 87 shows the transversal cross-section of the structure. The figure gives a good view of the 
structure of the two pillars. These pillars are braced against wind loading. The bridge deck hangs 
between these pillars.  
 

 
Figure 87 Transversal cross-section 

Figure 88 shows the bridge deck construction. The bridge deck has the same layout as the bridge deck 
designed for the arch structure. Also, here the wind braces inside the bridge deck provide the stiffness 
and strength for horizontal loading perpendicular to the bridge span.  

 
Figure 88 Bridge deck construction 
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Figure 89 shows the deformation of the structure in the z-direction. The maximum deformation is almost 
at the end of the main beam. The beam has a maximum deformation of 66.7mm; this is well within the 
limits of the ultimate limit state. The deformation at the end can be made smaller by choosing for a 
stronger cable for the last two cables. The angle the cable makes with the two main pillars becomes 
larger the further the cable gets to the end of the bridge. Due to this, the forces inside the cable also get 
bigger and bigger. By using two types of cable the material can be used optimally, but for the 
construction phase, it could be more confusing. A cable with a larger diameter could be used for the two 
cables at the end. Using the tension cables more optimal could result in a slenderer beam. However, 
wind loading in the z-direction upwards should be considered before reducing the beam height.   
 
  

 
Figure 89 Deformation of the structure in z-direction 

The maximum tension stresses parallel to the grain are 9.4 MPa, and the maximum compression 
stresses parallel to the grain are 9.2 MPa. These stresses occur at the end of the main beam, where 
the most prominent deformation occurs. These stresses are within the limits of the characteristic values 
of the material. The wood might need reinforcement on that location to make sure it will fulfill the ultimate 
limit state. The bending stresses are a result of the variable loading. At the end (location with highest 
deformations) the bending stress will also be the highest. It can be seen that the last cable provides the 
least amount of strength and stiffness to the structure. For that reason, it would be interesting to have a 
look at another cable layout.  
 
The main positive points for this structure are: 

- Support points can freely be chosen by replacing the cables.  
- Only one side of the canal will be used for the support structure for the bridge.  

Attention points  
- 47.79 m³ timber is needed for the structure. 
- A high pillar structure is needed. 
- Difficult to protect the structure against moisture contact. 

 
The part of the structure which is decisive for the size of the main beam is the last part. This part 
undergoes the most significant deformation, and the highest stresses occur here. This could be reduced 
by placing a column on the end of the beam and change the cable layout. After these changes, the 
deformation will be less, or the beam can be designed slenderer. Figure 90 shows the changes made 
to the structure. Figure 91 shows that the deformations are reduced significantly compared to the 
previous design. The main reason for the reduction is the extra column added. Due to the extra column, 
fewer cables are needed to get the same result. This makes the design easier and cheaper to make. 
For the further design of this structure, it is important to take the extra column and a different cable 
layout into account. Also, for different cable layouts the force path is interesting to investigate. The force 
transferred from the bridge deck into the cable also causes an axial force in the bridge deck beam. This 
axial force is unfavorable due to buckling risks. The beam has a high buckling length. This makes the 
angle between the cable and the bridge deck beam critical.  
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Figure 90 3D view of the structure 

 
Figure 91 Deformation of the structure in Z-direction 
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4.4.4. Truss bridge 
A truss bridge design is a very common design for large spans. A truss structure can use the material 
more optimal. The upper and lower flange has a certain distance with in-between diagonals which are 
placed in such a way that they will be loaded in compression. A common material for truss structures is 
steel however, the diagonals in a steel structure will be loaded in tension. Steel has the advantage that it 
has the same tension and compression strength. In this case, the truss is designed in wood. This means 
that the tensile strength of wood will be governing. Figure 92 gives a 3D view of the structure.  

 
Figure 92 3D view of the structure 

 
First, the structure for the short span will be discussed and after that, compared with the more extended 
span design. The truss is build up with different elements. First, the upper and lower flange of the truss 
these four beams have a dimension of 220 x 1000 mm (w x h). Between these beams, vertical and 
diagonal elements are placed. These elements are configured in such a way that the diagonals are only 
loaded in compression. The size of these elements is 240 x 240 mm. The maximum compression force 
in the diagonal is 538 kN. The diagonals on top of the structure and all the vertical beams have a size 
of 220 x 220 mm. These beams do not need to be as large as the diagonals. The forces inside these 
beams are much smaller. For now, a most basic truss shape will be discussed, but the design could be 
made more optimal by eliminating bars which do not bear any load. Using more different elements to 
have the right dimensions in the right place. One drawback of that is the complexity at the construction 
site. The girders used are of the same type and layout as observed by the arch bridge.  Figure 93 shows 
the side view of the structure. The total height needed to span 43.15 meters is 5-meter center to center 
distance of the main beams. The maximum moment can be calculated with the formula: 	  and 
equals 4235.8 kNm. q equals 18.2 kn/m, and this is a result of the variable loading on the bridge deck. 
Since the internal moment and external moment need to be equal the tension and compression force in 
the upper and lower beam can be calculated. The moment can be divided by the height, and this results 
in a compression and tension force of 847.16 kN. This equation shows that lowering the truss results in 
higher forces which will be unfavorable.  
 

 
Figure 93 Side view of the structure  
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Figure 94 shows the transversal cross-section of the bridge. The diagonals on each side are made of 
wood except for the ones underneath the bridge deck, these are made of steel. These diagonals are not 
in sight, and there is less place underneath the bridge deck to connect the diagonals. The free height 
for passing the bridge is 4.78 meters.  
 

 
Figure 94 Transversal cross-section 

Figure 95 shows the bridge deck construction. The bridge deck has the same layout as the bridge deck 
designed for the arch structure. Also, here the wind braces inside the bridge deck provide the stiffness 
for wind loading perpendicular to the bridge span.  
 

 
Figure 95 Bridge deck structure 
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Figure 96 shows the deformation of the bridge structure. The maximum deformation in the middle of the 
beam is 69.7 mm. The maximum allowable deformation equals 172.6 mm. The location of the maximum 
deformation is in the middle of the beam. This makes sense because it is a beam supported at only two 
ends.  
 

 
Figure 96 Deformation of the structure in z-direction 

The variable loading of the truss will be transferred from the girders to the lower main beams of the 
truss. These beams will guide the load to the supports at the ends of the truss. The longitudinal horizontal 
forces at the upper main beam will be transferred through the diagonals to the lower main beam to the 
supports. The horizontal forces perpendicular (wind forces) will be transferred through the roof of the 
bridge to the side trusses to the supports. The roof is also made as a truss for extra stiffness in this 
direction. The connection between the vertical members and the main beams needs to be a rigid 
connection to prevent wind forces blowing over the truss.  
 
 
The main positive points for this structure are: 

- The structure can be protected against moisture contact. 
- Only two supports needed for the bridge. 

Attention points: 
- 70.15 m³ timber is needed for the structure. 
- A high amount of connections have to be made. 
- More deformation compared to the arch and beam bridge. 
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The truss bridge can also be designed as a slenderer structure. This is possible when extra columns 
are added to the structure. This reduces the span and thus, the needed amount of timber. Also, the wind 
braces on top of the truss could be made out of steel to give the structure a slenderer look. See figure 
97 for the revised design. The main difference is are the added columns as told before. Due to these 
extra columns, the primary beam dimension can be reduced to 100 x 500 mm. The columns are placed 
in such a way that they support a vertical bar in the truss. This way no extra moments are added in the 
lower beam. To be able to reduce the span as much as possible and connect the column to a vertical 
bar of the truss, one of the two columns is placed under an angle.  
 

 
Figure 97 3D view of the revised truss bridge structure 

The deformations are reduced to 19.6 mm. This is much less compared to the first variant of the truss 
bridge. See figure 98 for the bridge deformation. The structural height has not changed. This is because 
the 4 meters height is needed for the gritter to be able to cross the bridge. The stresses in the structure 
have not changed very much. For the further design process, the placing of the columns could be 
optimized together with the distance between the vertical bars.  

 
Figure 98 Deformation of the structure in z-direction 
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4.4.5. Cable bridge v2 
 
The following bridge design is a different variant on the cable-stayed bridge. As preliminary design, it 
was designed as a suspension bridge. The main disadvantage of a suspension bridge is the construction 
height to get a proper angle for the cable connected to the columns. For that reason, the decision was 
made to make a cable-stayed bridge. The cables now support the main beam directly. See figure 99 for 
a 3D view of the structure. This structure also makes use of a tapered beam running from one to the 
other side of the canal. The beam is supported in-between by cables. These cables are connected to 
columns. To make sure the bending moment inside the column is minimal, a cable runs straight to a 
foundation. The column makes sure that the desired angle between the cable and bridge can be made. 
The forces in the column are mainly compression forces.  
The cables also give the opportunity to pre-stress them. If the cables will be pre-stressed deformations 
from the bridge can be minimalized. The drawback of pre-stressing the cables is that it gives more 
difficult connection details.   
 

 
Figure 99 3D view of the structure 

Figure 100 shows the side view of the structure. The free span of the beam is 10.787 meters. A tapered 
beam is used to make the design as optimal as possible. The beam is tapered with the slope on the top 
side of the beam. A tapered beam with the slope on the bottom side with this loading gives tension 
forces perpendicular to the grain. That would not be favorable for the structure. In total, 6 cables are 
needed for this structure. Four for supporting the bridge beam and two for supporting the columns.  The 
structural elements have the following dimensions: 

- Main beam 180 x 600 (w x h) at the beginning and end, and 180 x 1600 (w x h) in the middle. 
- Columns 400 x 400.  
- Girders: 100 x 500 (w x h). 
- Cables have a diameter of 50 mm. 

The dimension for the columns is based on the buckling resistance. The columns are loaded in 
compression with 1025kN. Euler’s buckling formula is used to calculate the needed column dimension. 
The minimally needed dimension is 355 x 355 mm. Because it is a preliminary design, 400 x 400 is 
chosen as the column dimension. This is calculated with an unfavorable bucking length of 1 * column 
length. Since the column needs to be clamped at the bottom a buckling length to 0.7 * column length 
can be used, which results in a higher buckling resistance.  

 
Figure 100 Side view of the structure 
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Figure 101 Shows the transversal cross-section. The cross-section shows the bridge deck and on the 
background the columns supporting the steel cables. As described the columns need a rigid connection 
with the foundation to resist any horizontal forces. This is one major point of attention since clamped 
connections in timber are complicated to realize.  

 
Figure 101 Transversal cross-section 

The bridge deck structure can be observed in figure 102 and has the same layout as the Arch bridge 
deck. The design of the bridge deck can be the same because the girders have to make the same span 
as observed at the arch bridge design. The girders can be placed in-between the main beams.    
 
 

 
Figure 102 Bridge deck structure  
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The bridge deformation can be observed in figure 103  The maximal deformation occurs in the middle 
of the main beams. The deformation at this location is 105.6 mm. This is within the service limit state. 
There are a few different options to make the structure stiffer. First of all, the main beams can be made 
bigger. Another option is to pre-stress the cables, and this causes the bridge deck to bend upwards 
slightly. This technique will introduce higher stresses in the timber. Another option is to make the column 
surface bigger, and this will make them stiffer and reduce the column deformation. When the column 
deforms, the bridge will deform with them. For this design, the deformations are within the maximum 
172.6mm. For further design stages, the most optimal design could be chosen by alternated change the 
variables in cross-section dimensions.  
 

 
Figure 103 Deformation of the structure in z-direction 

 

The cables do reduce the deformation of the beam significantly. When the cross-section is assumed to 
be rectangular over the whole length with the maximum height the same as the height in the middle the 
deformation can be calculated with the following formula: 	 ∗ 703.8	  This means 
that the cables reduce the deformation with almost 600 mm. This is very beneficial for the material use 
of the structure.  

 
The main positive points of the structure are: 

- No supports near the water. 
- Cables can be pre-stressed to reduce deformations. 

Attention points 
- Columns need to be high to ensure a sufficient angle between the cables and columns. 
- Difficult to protect the structure against moisture. 
- 42.13m³ timber is needed for the structure. 
- Large concrete foundation blocks needed to coop with tension forces in the foundation.  
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4.4.6. Cable-stayed bridge v3.  
 

The design for this cable-stayed bridge is a combination of the previous cable-stayed bridge designs. 
The columns are placed under an angle but also more towards the inside of the bridge. This way the 
columns support the main beam as well and fewer cables are needed. See figure 104 for a 3D impression 
of the bridge design. The main beam is supported by six supports. The support layout makes it possible 
to use a slender beam. The needed beam dimension is 180 x 750 mm. Placing the columns under an 
angle gives some challenges to the design, but it certainly gives an extraordinary look to the bridge. The 
columns are coupled to two thin cables. The design should give an appearance like the columns are 
falling over struggling to keep the bridge stable. The challenge of the design is the connection between 
the bridge deck and the column. It is not desirable to introduce a bending moment in these columns. Due 
to the length, the bearing capacity for bending moments is limited. It is important to carefully design the 
connection between these elements. The angle between the column and the bridge deck is 24 degrees. 
This way the column will be loaded in pure compression due to the forces in the cables. The column is 
designed as a pendulum rod. This means that at every angle, the column will be loaded in pure 
compression. In practice, it is not possible to make a hinge without any resistance. For that reason, the 
angle of 24 degrees is applied. Compared to the previous design these columns are not clamped at the 
foundation which makes the realization a lot easier. The horizontal forces perpendicular to the bridge 
deck will be transported from the columns to the connection with the bridge deck. This prevents the 
difficult moment connection at the foundation.  
 

 
Figure 104 3D bridge design 

  
Figure 105 shows the side view of the structure. The span between the cables and the pillars is about 
10 meters. A straight beam can be used to cross the canal, but a pre-bent beam can possibly reduce 
the deflection. A pre-bent beam has multiple advantages. First of all the deflection will be reduced. The 
second advantage is the drainage of the bridge. This could be a further improvement of the bridge 
design.  
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Figure 105 Side view of the bridge structure 

 
 

The transversal cross-section can be 
observed in figure 106. The height of 
the columns will be 12 meters above 
the bridge deck. The total length of 
the columns will be 20.108 meters. 
Due to the height, the columns will 
have a slender look. The needed 
column dimension will be 400 x 400 
mm. For now, no wind braces are 
added to the structure. When wind 
loading is taken into account, it is 
most likely that wind braces are 
needed. They can be placed 
underneath or above the bridge deck 
to brace the columns and make a stiff 
portal. The wind braces will have two 
functions: first of all, making a stiff 
portal to stabilize the whole structure. 
And secondly, to reduce the 
deformation in the columns by letting 
them work together. To make the 
second statement work, the wind 
braces need to be placed above the 
bridge deck. The connection between 
the bridge deck and the columns 
needs extraordinary measures to 
transfer loading from the column in 
the horizontal direction to the bridge 
deck. Loading the columns in this 
direction causes a bending moment 
in the columns, which is not 
favorable. The connection between 
these elements needs to be able to move freely in a longitudinal horizontal direction and restricted 
movement in a vertical and transversal horizontal direction. This way, the bending moment in the 
columns will be minimalized. The bridge deck is connected between the columns. This way, the main 
beam can be one continuous beam. The main advantage of one continuous beam is a better moment 
distribution. Due to this better moment distribution, less deformation will occur. The bridge deck structure 
is the same as for the other cable-stayed bridges. And can be observed in figure 102. 
  

Figure 106 Transversal cross-section 
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The bridge deformation can be observed in figure 107. The maximum deformation is much smaller than 
the previous cable-stayed bridge designs. Due to placing the columns more towards the canal, an extra-
rigid support is realized, which is a more stable support than a cable support. The deflection in the middle 
of the main beam occurs due to the stretching of the cables and the small deformation of the columns. 
This deflection could be reduced by using stronger cables or make the columns stiffer. The maximum 
deformation of 29.6 mm fits well within the service limit state with a maximum deformation of 172.6 mm. 
 

 
Figure 107 Deformation of the structure in z-direction 

 

Main positive points: 
- Low deformation. 
- Only two cables needed per column. 
- Interesting architectonic view. 

Attention points: 
- Connections between the main beam and columns and connection between main beam and 

cables. 
- High columns needed. 
- 43.62 m³ wood needed for the structure. 
- Self-weight needed as anchorage for foundation loaded in tension. 
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4.5. Design choice 

From the designs mentioned above, one needs to be chosen to work out in more detail. To make a 
proper choice, different criteria were made to check which design suits this location the best. These 
criteria can be observed in table 21. Different properties of the bridge designs have been expressed to 
compare the designs to each other, to find the most suitable design shape. First of all, the maximum 
deformation is shown with the amount of used wood in the next column. This will show the efficiencies 
of the structure. The less wood is needed for small deformations; the more efficient the wood is used. It 
is widely known that wood can coop better with compression forces over tension forces mainly parallel 
to the grain. This can already exclude some of the designs from being suitable for this location based 
on the deformation and the amount of needed wood. The most efficient structure shapes based on these 
criteria are an arch bridge, beam bridge, and the cable-stayed bridge v3.  
Some of the designs load the foundation in tension and some in compression. The cable-stayed bridges 
all have a tension cable connected with the foundation. Due to this, a high amount of dead load is 
needed to keep the bridge stable. For a sustainable design, it would be favorable to use a low amount 
of concrete.  
Also, a criterion is how well the bridge can be protected against moisture. It would be favorable to have 
a structure which can protect the wood against moisture contact, or at least a structure which is easily 
adaptable to moisture protection. A cable-stayed bridge, for example, is much more challenging to 
protect against moisture than a beam bridge or an arch bridge.  
The amount of connections also plays a role in choosing the ideal construction. If many connections 
need to be made, the structure will be more expensive, challenging to make and less easy to protect 
against weather conditions. At last, the design needs to fit in the design family of the bridge structures 
which are already placed over the canal. These criteria can be interpreted in different ways, see figure 
108 for the bridge designs already made over the Beatrix canal.  
 
Table 21 Design choice matrix 
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Arch Bridge 

Small 
span 30.8 37.3 0.9 

Compression Possible 
172 7 3   

Large 
span 31.9 52.4 1.0 212 7 3   

Cable 
stayed 
bridge 

Small 
span 66.7 47.79 1.1 

Tension Difficult 
168 10 6   

Large 
span 61.7 57.44 1.0 214 12 6   

Beam 
bridge 

Small 
span 25.6 24.5 0.6 

Compression Easy 
168 7 5   

Large 
span 53.7 37.27 0.7 208 7 5   

Cable 
stayed 

bridge v2 

Small 
span 90.1 42.13 1.0 

Tension Difficult 
170 7 4   

Large 
span 128.5 48.9 0.9 214 7 4   

Truss 
bridge 

Small 
span 69.7 70.15 1.6 

Compression Possible 
180 7 4   

Large 
span 79.4 107.31 1.9 228 7 3   

Cable 
stayed 

bridge v3 

Small 
span 29.6 43.62 1.0 

Tension Difficult 
168 7 4   

Large 
span 30.4 54.94 1.0 208 7 4   
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Three different bridge types can be observed in the figures above. The upper two are bicycle bridges 
one wood/steel cable-stayed bridge and one steel truss bridge. The lower bridge in figure 108 is a 
concrete traffic bridge. The conclusion from this can be that there are already different bridge types, so 
the newly designed bridge will fit in the family if it looks like one of the others or if it is different from the 
existing bridges.  
 
The final choice is made for the arch bridge. The reason for that is: the arch bridge will be loaded mostly 
in compression. This is an advantage for the material wood. The structure will also be very efficient, 
looking at the deformations occurring. The bridge deck can be supported on different locations, and the 
arch is a very stiff structure itself in the z-direction. The foundation of an arch bridge will be loaded in 
compression, which is favorable for the concrete use. The details of the bridge need to be designed in 
such a way that the structural elements are protected against moisture. The bridge design is not the 
same as one of the existing bridge structures. However, the structure is most favorable, taking the 
material properties into account. The arch structure also has an impressive architectonical view. In 
collaboration with the municipality of Eindhoven, the decision for the arch bridge was made. Their point 
of view is that the structure is suitable to build over the Beatrix canal. 
  

Figure 108 Present bridges Beatrix canal 
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4.6. Arch design optimization small span 

 
The arch bridge will be designed for the large and small span over the Beatrix canal. First of all, some 
essential preconditions, the design needs to fulfill are mentioned. There may no elements be lower than 
6 meters above the water level see the red area in figure 109. Also, no connection between the arches 
above the bridge deck to stabilize the arches. For the aesthetics of the bridge, it looks more interesting if 
there is no truss above the bridge deck. It makes the bridge also more practical when a large object 
needs to be transported.  
 
Taking these conditions into account, different arch lines are possible to make the span and support the 
bridge. To find the most optimal arch for the bridge structure, Excel and Scia engineer are used. Excel 
was used to determine the arch line coordinates and make the comparison graphs. Scia Engineer is used 
for modeling the structure and see the deformations, stresses, and unity checks. Figure 109 shows the 
possible arch lines for the small span bridge.  

Figure 109 Different arch lines small span 
 
The variation is made by shifting the arch start-, end- and midpoint by one meter in height. This way, 
different arches in height and length can be created. The two extreme arch lines are in this case a 
shallow and long arch and a short and high arch. The other variants will be something in-between. Scia 
engineer will help to see which arch uses the material most efficient. The arch is modeled in in a 3d 
model see figure 110 The arch is supported in the y-direction where it crosses the bridge deck beam. 
This way, the simplified model will be stable and realistic. There will be no axial forces inside the bridge 
deck due to hinged/sliding connections with the arch. The load acting on the arch is dead load variable 
load and wind load. This can be observed in figure 110 as well. The wind load acts only on the arch to 
test the stability and deformation of the arch in the y-direction and is an equally distributed load of 2 
kN/m. The variable loading is an equally distributed load of 8.53 kN/m acting on the bridge deck beam 
(red line). 

 
Figure 110 Simplified construction model 

This model is used for every arch to be able to compare the arches. The following criteria were used to 
determine the properties of the arch.  

- Volume of used timer [m³] 
- Maximum deformation bridge deck beam z-direction [mm] 
- Maximum deformation arch z-direction [mm] 
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- Maximum deformation Arch y-direction [mm] 
- Maximum compression stresses arch and bridge deck beam [ MPa] 
- Maximum tensile stresses arch and bridge deck beam [MPa] 
- Height of the arch above the bridge deck [mm]  
- Axial forces in arch above bridge deck [kN] 
- Maximal axial force in arch [kN] 

 
Table 22 shows these criteria with the obtained data from Scia engineer. For the small span, five different 
arch lines have been modeled.  
Table 22 Arch properties 

 
 
The table shows the needed dimensions for the arch and the bridge deck beam to be stable. With those 
dimensions, the amount of needed timber can be calculated. It can be observed that there is an optimum 
in timber use between arch variant three and four. Figure 111 shows the timber used for each variant 
compared to each other. The most efficient arches are three and four; the difference in wood use is very 
small.  
 

  
Figure 111 Timber use small span 

The main advantage of arch 3 and 4 is that the governing failure mechanism is not buckling of the arch. 
This can be observed in table 23 here the unity check of both the arch and the bridge deck beam is 
expressed. There are two main unity check categories. First off all the ULS (ultimate limit state) which 
is divided in unity check, stability check and cross-section check. The second check is the SLS (service 
limit state). The SLS unity check verifies if the deformation is within the stated limits. The most favorable 
failure mechanism for the arch is failure on the cross-section. Stability failure is a very sudden failure 
which cannot be predicted. Only arch 1, 3, and four fail on the cross-section with one remark that the 
difference in unity check for cross-section and stability for arch 1 is minimal. This gives arch 3 and four 
as the most favorable arch line to use for this construction. Arch 4 scores even better on the stability 
check. However, due to the extra needed wood and costs involved for wood modification arch, three will 
come out as best to use. The reason that the lower arches do fail on stability can be found in the axial 
forces in combination with the bending moment in the arch. Table 22 shows in the two last columns the 
axial forces in the arch. It can be observed that the axial forces in arch 3 and four are significantly lower 
than the other arches. The higher and shorter the arch, the lower the axial forces inside the arch. The 
arch could also be placed on a roller hinge on one side to prevent axial forces. The main drawback of 
that solution is that there is much more wood needed to give the arch the needed bending resistance. 
See figure 112 for the different arch lines with the same starting point. This figure shows clearly the 
length and height difference.  
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The stability check is calculated according to Eurocode 1995-1,1. Since the arch is loaded in bending 
and compression, the unity check consists of two parts. The first part of the formula is caused by the 
bending moment and the second part is caused by compression see formula 20 This check has been 
done for every arch. for arch five, the formulas will be worked out. For simplicity it is assumed that the 
arch is loaded with a point load on top of the arch. This load is 188 kN.  
 

,

∗ ,

,

, ∗ , ,
1        (20) 

 
σm,d = Design value bending stresses     [MPa] 
σc,0,d = Design value compression stress parallel to the grain   [MPa] 
fm,d = Design value for bending resistance     [MPa] 
fc,0,d = Design value for compression resistance parallel to the grain  [MPa] 
kcrit = Factor for reduced bending strength due to lateral torsional buckling [-] 
kc,z = Instability reduction factor       [-] 
 

, 	 	 . ∗ ∗

∗ ∗
11.3         (21) 

 
M = Maximum bending moment due to point load on top.    [MPa] 
Z = Distance from outside of beam to centerline    [mm] 
I = Moment of inertia       [mm4] 
 

, 	 	
∗

0.82        (22) 
 
N = Maximal axial force in arch      [N] 
A = surface area of cross section arch     [mm²] 
 

,
, 0.9 ∗

,
14.4       (23) 

 
kmod = modification factor for load duration and moisture content  [-] 
fm,k = characteristic bending strength.      [MPa] 
γm = Safety factor        [MPa] 
 
 , , 	 , , 0.9 ∗

.
13.68       (24) 

 
fc,0,k = Characteristic compression strength parallel to the grain.   [MPa] 
 
Kcrit = 1 because λrel,m ≤0.75 
 

,
,

, .
0.62	        (25) 

 

, 	 . ∗ ∗ . ∗

∗	
	 ∗ ∗ , ∗ ∗ ∗ , ∗

, ∗
52.15   (26) 

2 ∗ 0.8 2 ∗ 1000 ∗ 0.8 ∗ 37831 32264.8     (27)  

 

λrel,m = Relative slenderness for bending     [-] 
σcrit,m = Critical bending stress       [MPa] 
E0.05 = 5 percentile value modulus of elasticity parallel to the grain  [MPa] 
G0.05 = 5 percentile value of shear modulus parallel to the grain  [MPa] 
Iz = Moment of inertia of weak axis (z axis)     [mm4] 
Itor = Torsional moment of inertia       [mm4] 
leff = Effective arch length       [mm] 
h = Beam height        [mm]  
l = Arch length        [mm] 
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, 	
,

	
. .

0.14      (28) 

0.5 1 , 0.3 , 0.5 1 0.1 2.27 0.3 2.27 3.17  (29) 

, 	 , ,

.
	 . 2.27       (30) 

37831 ∗

∗ ∗
131.1       (31) 

 
kz = Instability factor       [-] 
λrel,z = Relative slenderness bending along z-axis     [-] 
βc = Straightness factor       [-] 
λz = Slenderness bending along z-axis     [-] 
 
With the use of these formulas, the unity check can be done by filling in formula 20. This results in a 
unity check of 1 which almost equals the unity check outcome of Scia engineer. The small difference 
can be due to differences in rounding the numbers. It can be seen that buckling of the arch due to high 
compression stresses is not the case. The bending moment in the arch plays an essential role in the 
stability of the arch. For that reason, the stability check needs to take this into account as well.  
 

,

∗ ,

,

, ∗ , ,

11.3
1 ∗ 14.4

0.82
0.14 ∗ 13.68

1 

    

For arch five, the buckling resistance is also checked. The most likely buckling shape can be seen in 
figure 112. This buckling shape is buckling out of plane. It can be seen that the arch will try to fold around 
the bridge deck. This means that the bridge deck will work as buckling supports out of plane. These 
points can be seen as two clamped connections for out of plane buckling. This will reduce the buckling 
length by 50%. With this assumption formula 32 will be used to calculate the critical buckling load.  
 

	 	
∗ ∗ ∗ ∗

.
11285.3       (32) 

 
According to Scia engineer, the buckling factor of this arch equals 23.99 with an axial force of 335 kN 
this results in a critical buckling load of 23.99*335 = 8036.65 kN. This is lower than the calculated value 
in formula 32. The reason for this difference is the wrong assumption for the buckling length. The 
supports at the bridge deck are not fully rigid supports. By taking the buckling load according to Scia 
and the full arch length with an unknown reduction factor for the arch length, the real buckling length 
can be calculated. See formula 33 for the calculation. Solving this equation results in a reduction factor 
x for the buckling length of 0.59. This means that the connection is not fully clamped but in between fully 
clamped and a hinged connection. A fully clamped connection would result in a reduction factor of 0.5, 
and a fully hinged connection at both sides would result in a reduction factor of 1. This outcome is in line 
with the expectations and proves the reliability for the output of Scia engineer.  
 

 
Figure 112 First buckling mode arch 5 

	           (33) 

 
The conclusion is that buckling of the arch is not decisive in the stability check for arch 5. The 
combination of compression and bending stresses are governing in this situation. The unity checks for 
the other arches can be seen in table 23. As said before, arch three is most favorable to use because 
stability failure is not the case for this arch. There are different ways possible to change the stability 
check. First of all, the bending moment can be reduced by making the arch shorter. Secondly, axial 
stresses can be reduced by making the arch higher. For that reason, the most optimal shape is a short 
high arch. This results in the lowest stability check value for arch 4.  
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Table 23 Unity check arch variants 

 
 

 
Figure 113 Arch lines 

 
Figure 114 gives a visual representation of table 22 and 23 This radar chart compares all the different 
arches to each other with the given criteria. There are no absolute values attached to the comparison; 
it is only relative to each other. The closer the line goes through the middle of the chart, the better the 
score of the arch. It can be observed that arch three scores very well on different aspects. The main 
difference between arch 3 and 4 are the stresses in the arch and deformation in the y-direction.  
 

 
Figure 114 Visual comparison arch criteria 

It can be concluded with the use of the tables and figures above that for the short span arch line 3 is 
most suitable. The lowest amount of wood is needed, and the arch will not fail due to buckling.  
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4.6. Arch optimization large span  

For the large span, the same optimization process is used. Different arch lines have been compared to 
each other on the same criteria as for the small span. For the large span, the same preconditions as for 
the small span have to be taken into account. There may no elements be placed 6 meters above the 
water level see the red area in figure 115. This figure also shows the possible arch lines for the large 
span. Seven arch lines will be compared to see which is most suitable to use to make the span. The 
span is about 12 meters more than the previous span. The main difference between the small and large 
span will be the amount of needed wood for the arch and the main bridge deck beam. The expectation 
is that there is a significant increase in wood usage for the large span compared to the small span.  

 
The used construction model for comparing the arches will be the same as the one for the small span. 
See figure 110 for the construction model. Also, the same properties will be compared to be able to see 
which arch line is most suitable for the large span. Figure 116 shows the evaluated arch lines all from 
the same starting point. The difference between the lines can be observed very clearly. The two extreme 
variants are arch 1 and arch 7. Arch 1 is a shallow and long arch; it almost looks like a beam. Arch 7, 
however, is a very high and short arch (which can be very favorable as we saw at previous calculations) 
the other archers are all somewhere in between.  
 

 
Figure 116 Arch lines large span 

See table 24 for the criteria with the obtained data from Scia engineer. The table first shows the needed 
dimensions for the arch and bridge deck beam. After that, the maximum deformations and stresses, at 
last, the height above the bridge deck and the axial forces in the Arch.  
Table 24 Arch properties 
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Figure 115 Different arch lines large span 
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Straight away, it can be observed that arch one is not suitable for this span. The arch dimensions are 
much bigger compared to the other arches. The reason for this is that the arch is very flat. The axial 
forces in the arch are very high. This makes the stability of the arch challenging. The higher the arch in 
this case, the lower the amount of wood is needed. Figure 117 illustrates the wood use per arch variant. 
The trend line shows what the table also shows the higher and shorter the arch the lower the wood 
usage is. Looking at this table and figure 117 arch seven scores very well. This arch needs the least 
amount of wood. The main reason for that is the axial force in the arch. Compared to the other arches, 
the axial forces in arch 7 are significantly lower. This makes the arch less likely to buckle. The other 
arches need much more timber to prevent buckling. Table 25 will show the unity checks and the ULS 
stability check. There it can be observed if the cross-section or the arch stability is governing.  
 

 
Figure 117 Wood use per arch variant 

Table 25 shows the unity checks for the large span variants. It can be observed that only arch 5 and 
seven do not fail on stability. These two arches also have the lowest axial forces. These two arches are 
(based on the failure mechanism) the favorable arches for this span. However, taking the amount of 
needed wood into account, arch 7 is much more efficient. For the SLS check is only the bridge deck 
beam of arch 1 governing this due to the low slope of the arch. The deformations are much more 
significant. Also, the ULS cross-section and stability check differ much more for arch 1. This is due to 
the extremely high axial forces. This makes the arch very unstable. The same can be observed in arch 
six, but the axial forces are much lower compared to arch 1. The reason that this bridge does not fail on 
the cross-section is the support layout. The bridge deck beam is supported in between the arch on three 
points instead of 1 like the other arches see figure 118. Due to this support layout, the forces are more 
divided over the arch instead of only in the middle. This gives a better distribution and an arch which is 
more likely to fail due to stability problems. This explains the low unity check for the cross-section. It has 
one advantage: the better force distribution like the lower needed cross-section, but also a significant 
disadvantage the failure due to stability. All the other arches are modeled like observed in figure 110. 
This bridge deck beam has more supports to make sure the lengths of each part of the bridge deck in 
between the supports is more or less the same. This was not needed for the other arch variants. The 
green boxes show that that is not the determining unity check.  
Table 25 Unity check arch variants 

 
 

 
Figure 118 Structural model arch 6 
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Figure 119 shows the visual comparison of the arch criteria. This radar chart compares the arches with 
each other. Just like the radar chart for the small span, the values used are relative to each other. In this 
chart, arch one is excluded. Arch 1 was very unsuitable for this bridge structure and made the graph 
very unclear due to the large differences in values. Arch 1 was an outlier compared to the other arches. 
The values for the other arches do not differ very much. According to the values in the table, the amount 
of used wood and the stability arch seven would be very suitable for realizing the bridge structure. Also, 
for this bridge structure, the amount of wood has a very high weigh factor in the decision for the most 
suitable arch shape. As mentioned before, the modification of the wood is a relatively expensive process. 
To make the bridge as cheap as possible, a lower amount of material has the preference. Also, for an 
ecological point of view, using materials in an efficient way is very important. For that reason, arch 7 is 
most suitable for the large span. However, the difference in wood use for the small and large span is 
significant. The large span bridge needs about twice as much wood as the small span. This could be a 
reason to choose the small span bridge for realization.    
 

 
Figure 119 Visual comparison of the arch criteria 
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4.7. Design small span bridge 

 
As told in paragraph 11.2. the most suitable arch line for the small span bridge was line three. This arch 
line has been modeled in Scia engineer in a simplified model for the complete bridge structure. A 
simplified model was sufficient for gaining global deformation and stresses. Using these deformations 
and forces, the detailed calculations could be made for every connection by hand.  
 
4.7.1. Construction model input and output according to Scia engineer 
 
Figure 120 shows the simplified 3d structural model. The model is simplified in a few ways. First of all, 
the bridge deck is stiffened with wind braces. In reality, multiplex plates will stiffen the bridge deck. 
Secondly, the bridge deck beam and the arch are modeled as beams crossing each other. This will 
eliminate eccentric forces in the arch. The bridge deck beam will be placed on the inside of the aches. 
The eccentric forces are dealt with differently; this will be discussed in the upcoming connection details. 
The connections at the foundation level are simplified as well. These elements will not come together at 
the same point. Also, here are some eccentricities which need to be looked at on detail level.  

 
Figure 120 3D construction model 

Figure 121 shows the side view of the bridge. The maximum arch height above the bridge deck is 2550 
mm. This means that the arch will block the view when crossing the bridge. This makes the design less 
transparent. The span of the arch is 31150 mm with a total height of 9400 mm. The low arch line gives 
the arch more stability for wind loading. The maximum span of the bridge deck beam is 9500 mm. The 
bridge deck beam has a total of seven supports over the length. The support layout is chosen in such a 
way that the spans of the bridge deck are mostly equal. For that reason, the supports above the arch 
foundation is placed. This reduces the maximum span from 12.4 meters to 9.5 meters. By adding these 
supports, a significant amount of timber can be saved. These columns can be placed on the same 
foundation block. The columns are all placed far away from the water, so submerging in water is very 
unlikely to happen. Four concrete foundation blocks will be used to support the structural elements. The 
deformation in y and z-directions can be observed in figure 122 and 123. After that, detailed calculations 
will be shown together with the connection details of the critical locations in the design.  
 

 
Figure 121 Side view bridge 
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Figure 122 Displacement z-direction 

 
Figure 123 Displacement y-direction perpendicular to bridge deck 

 
All deformation and stresses are within limits. The maximum deformation is 172.6 mm. This is 1/250 of 
the bridge length. The stresses are not higher than the characteristic values given by strength class C20 
reduced with the kmod  and safety factor.  A few elements provide the bridge stability. There are two pairs 
of wind braces used. On each side a pair to stabilize the columns supporting the bridge deck. All the 
wind braces are placed underneath the bridge deck. This way they will be out of sight for any pedestrian 
or cyclist crossing the bridge. The bridge deck itself is stabilized by multiplex plates connected to the 
bridge girders. This way the bridge deck will form one stiff unit.  
The maximum deformation of the bridge is 22.1 mm in the z-direction caused by variable and permanent 
loading. 37.6 mm is the maximum occurring maximum deformation in the y-direction. This is caused by 
wind loading. 
The deformation, however, is not governing for the beam and arch dimensions. The stresses are 
governing in this case. The needed dimension for the arch is 680 x 580mm. The height of the arch is 
needed to coop with the compression forces and deformation in the z-direction caused by the variable 
and permanent loading. To make sure the arch is stable in the y-direction the width of the arch is needed 
to be 580 mm. The width of the arch is a result of the decision not to connect the two arches with a wind 
brace above the bridge deck. Both arched needs to be stable by themselves. Scia engineer will execute 
a stability check this stability check can also be calculated with the formula’s given in section 4.6. The 
arch can be observed as a beam containing four buckling supports at the river banks and two by the 
bridge deck in the y-direction. In the z-direction, there are no buckling supports. In the z-direction, 
buckling is less likely to happen due to the fact that more energy is needed. Section 4.7.2. will discuss 
the stability of the arch.The bridge deck limits the arch to move in the y-direction freely. For the z-
direction, there are two supports. The wind load deforms the arch out of plane. This gives an additional 
moment due to the loading. The deformation caused by wind loading is 37.6 mm at the top of the arch. 
This gives an additional bending moment of 5.96kNm out of plane. Taking the buckling supports into 
account, the arch will buckle in between the bridge deck supports. The buckling length for buckling out 
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of plane equals the arch length in-between the bridge deck supports. The buckling length for in-plane 
buckling equals half the arch length. These buckling lengths do need to be reduced depending on the 
stiffness of the arch connection. The exact buckling length will be discussed and calculated in section 
4.7.2. The arch dimension is 660x580mm. The height of 680 mm is needed to coop with the bending 
stresses. The width of 560mm is needed to coop with the stresses in the y-direction due to wind loading. 
The maximum axial force occurs between the ground support and the connection with the bridge deck. 
This is 453.94kN. The axial force between the bridge deck supports is 370kN.  
 
4.7.2. Arch stability 

 
The stability calculation is done by Scia Engineer. The following section will describe the calculations 
Scia has made to prove the arch stability. The buckling mode buckling resistance and the stability check 
will be explained. The arch dimensions have been optimized for an efficient material use. This will result 
in a unity check close to 1.  
 
For buckling of the arch, two buckling forms are possible. Buckling in-plane and buckling out of plane. It 
depends on the arch shape and buckling supports which of the two will be the first buckling mode. The 
arch has the following buckling supports: in the z-direction the supports at the riverbank and no other 
buckling supports are present. The bridge deck will, however, give some buckling resistance but will not 
function as a support. For simplicity reasons this support will be neglected for the hand calculation. In the 
y-direction the arch is supported at riverbank supports and, supported by the bridge deck. This bridge 
deck will limit movement in y-direction but not completely. For simplicity reasons for the hand calculation 
full support in the y-direction is assumed for this connection.  This results in the following buckling lengths:  
Buckling length in the z-direction is 0.5*arch length= 28551.2 mm. Section 4.6. has proven that taking 0.5 
times the arch length gives a good indication for the buckling resistance of the arch. The buckling length 
for the y-direction is taken as 0.5 times the arch length in-between the bridge deck supports. This results 
in an effective buckling length of 9724.1 mm. The reduction factor of 0.5 for the buckling length is based 
on a fully clamped connection at the bridge deck. Since the arch continues and will deform around the 
bridge deck, this is partly true. Checking the buckling length with Scia engineer will prove if this is true. 
At section 4.6. it was proven to be a close assumption. Formula 34 shows the critical buckling force for 
in-plane buckling. Formula 35 shows the buckling resistance for buckling out of plane. According to these 
formulas the first buckling mode will be buckling in plane. The lowest force is needed to make the arch 
buckle.  

, 	 	 	
∗ ∗ ∗ ∗

.
4497.9	       (34) 

, 	 	 	 	
∗ ∗ ∗ ∗

.
	10640.7	       (35) 

 
Figure 124 shows the first buckling mode of the arch according to Scia engineer. Buckling in-plane is 
also governing according to Scia engineer. The buckling factor is 12.28 this means that the axial force 
can be multiplied with 12.28 to reach the critical buckling force. This equals a critical buckling force of 
4543.6 kN. This is in the same order of magnitude as seen at the hand calculation.  
 

 
Figure 124 first buckling mode 

The conclusion from the buckling analysis is that buckling is not the governing failure mechanism. The 
axial force is too low to let the arch buckle. The second-order bending stresses can be calculated by 
using the n/(n-1) factor. In this case 12.28 / (12.28-1) equals 1.09. This means the second-order bending 
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stress is 9% higher than the first-order bending stress. The second-order bending moment stress is 
10.2*10.9=11.1 MPa. This value will be used for the unity check for the arch stability.  

Buckling of the arch is not governing as proven with the previous calculation. The stability of the arch 
depends on the axial compressive stresses and the bending moment due to loading the arch in the 
middle. The compressive stress equals 0.97 MPa, and the first-order bending moment stress equals 
10.2 MPa. The second-order bending moment stress equals 11.1 MPa. These values can be filled in 
the unity check 36 the reduction factors have been calculated the same way as seen in section 4.6. The 
unity check gives a value of 0.99. For this case also the bending stresses in combination with the 
compressive stresses where governing. The stability of the arch can be improved by adding more 
material to reduce the stresses. This way a more stable arch can be realized. Another solution to 
increase the arch stability is to change the shape of the arch. As described before a shorter arch results 
in a lower bending moment.  

,

∗ ,

,

, ∗ , ,

.

∗ .

.

. ∗ .
0.99      (36) 

 

By taking the square of the bending moment part in the unity check this will be reduced it can be said 
that the structure also needs to fulfill a unity check without reduction factors and thus without the bending 
moment part squared. This results in the unity check which can be seen in formula 37 this unity check 
is thus not decisive. Because the axial forces are not that high. When high axial forces are present in 
the structure this unity check can become decisive.  
 

,

,

,

, ,

.

.

.

.
0.84        (37) 
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4.7.3. Small span bridge details  

 
Figure 125 shows the connection between the bridge deck and the 
foundation. See appendix G for the detail on scale. For this detail, a few 
things are essential. First of all, the timber needs room to be able to move. 
This is done by using slotted holes. This gives the beam freedom to move 
parallel with the bridge deck. Secondly, the timber must be protected against 
water. This is done by raising the beam of the ground. A steel support is used 
to prevent the beam from touching the ground (concrete). The beam is 
placed on a steel plate. To prevent water from coming between the steel 
plate and the timber, the steel plate is sunk into the timber see figure 126. It 
is widely known that wood can transfer compression forces better that 
tension forces. For that reason, the support is designed in such a way there 
are mostly only compression forces. The timber is placed on a steel plate to 
enlarge the support area. The timber beam is loaded in compression 
perpendicular to the grain. This is an unfavorable loading direction. For the 
horizontal forces, the beam is placed against a steel plate to transfer the 
horizontal forces to the foundation. This way the bolts and the internal steel 
plate will only keep the bridge deck in place for any movements possibly 
caused by wind loading. The timber beam cannot be placed against the 
concrete foundation. A small gap is needed for the materials to have some 
room for movement, also to prevent building difficulties some margins are 
needed. To seal the connection with the timber and concrete, a rubber 

sealant is used. This rubber sealant can shrink and expand together with the other materials and prevent 
water from reaching the timber to steel connection. Figure 126 also shows the forces which need to be 
transferred by the connection. The upward force is caused by wind load acting on the bridge deck. 
Because the timber structure is relative light wind can cause a resulting upward force. The force down 
is caused by the dead load and variable loading on the bridge deck. These forces are the maximum 
occurring forces caused by one of the load combinations. The compression force down of 54 kN will be 
taken by the steel plate underneath as told before. The steel plate has a surface of 230 x 400 mm. The 
maximum compression resistance can be calculated with the following formula. The width of the beam 
is 400 mm, and a length of 230 mm of the steel plate gives the beam enough support without the risk 
for the beam to fall off the support. 
 

	 ; ; ∗ ; ;           (38) 
                                   
	 ; ; 0.9 ∗ .

.
1.66 / ²         (39) 

  
fc;90;d = Design value for compression strength perpendicular to the grain   [ N/mm²] 
kmod = Modification factor 0,9 for short load duration     [-] 
fc;90;k = Characteristic value for compression strength perpendicular to the grain [N/mm²] 
γm = Safety factor for glued laminated timber 1.25     [-] 

Figure 126 Support bridge 
deck beam 

23kN 

54kN 

Figure 125 Detail connection bridge deck beam foundation 
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The total surface area of the steel plate is 92000 mm². This gives a total compression resistance of 
152.7 kN. This is more than the maximum occurring force of 54 kN. This force needs to be taken by the 
bolted connection with the internal steel plate. First, the strength of one bolt is calculated after that the 
effective number of bolts will be determined before the final connection strength can be calculated. 
The strength per bolt is calculated using the following formulas 40,41 and 42 the minimum value for Fv,Rk 
(bolt resistance) needs to be calculated.  
 

, , ∗ ∗    , 2.3 ∗ 400 ∗ 24	 22080     (40) 
 

, , ∗ ∗ 	 2
∗ ,

, ∗ ∗	
1 , 2.3 ∗ 400 ∗ 24 ∗ 2 ∗

. ∗ ∗
1 12279N (41) 

 
, 2.3 ∗ , ∗ , ∗   , 2.3 ∗ 	√930594 ∗ 2.3 ∗ 24 16484 	  (42) 

 
Fv,Rk = Characteristic strength for each shear plane and each connection element   [N] 
fh,k = Characteristic stake resistance from wooden element    [N/mm²]s 
t  = Thickness of wooden element       [mm] 
d  = Diameter of connection element      [mm] 
My,Rk = Yield moment of connection element      [Nmm] 
 
The lowest value equals 12.28 kN per connection element per bolt. The total value for two bolts with two 
shear planes underneath each other will be 51.2 kN. The design strength can be calculated with formula 
42. 
 

,
, 0.9 ∗ 	 .

.
36.86	         (42) 

 
This resistance is higher than the maximum occurring force of 23 kN. This means that the connection 
will provide sufficient strength.  
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The next important connection can be observed in figure 127 This detail shows the connection with the 
arch and the foundation. This is a more complicated foundation detail. Three different elements will 
come together on one foundation block. The following elements will come together: the arch, one wind 
brace, and a column supporting the bridge deck. Half of the foundation is made under an angle the 
same angle as the slope of the river bank. This way the compression forces can be transferred in a 
straight line from the arch into the foundation to the ground. Since there is no knowledge about the 
ground conditions, no calculations or conclusions will be drawn for the foundation blocks. The 
assumption is made that the ground is infinitely stiff so that a block foundation will be sufficient. Figure 
127 shows the connection from two sides. The left side mainly shows the connection with the arch and 
the foundation. The right side mainly shows the connection between the column and wind braces with 
the foundation.  
 

The forces which need to be transferred through the connection are pointed out in figure 127. On the 
left-hand side, the connection forces from the arch and on the right-hand side the forces caused by the 
wind brace. The forces acting on the column will be discussed and used for calculations in the next 
detail. The support for the arch and column looks like the support observed in the previous detail. The 
timber is raised from the ground to prevent water accumulation at the timber. The column and the arch 
are placed on a steel support which is connected to the concrete with poured in anchors. The steel plate 
where the column and arch rest on is sunk into the timber with 15mm to prevent water from reaching 
the connection. The arch and column are connected with the use of an internal steel plate. The wind 
braces are bolted to a steel plate connected to the concrete foundation. The highest force in the arch is 
454 kN.  This force is caused by the variable and dead load on the bridge deck transferred through the 
arch into the foundation through a steel connection piece. The arch rests on a steel plate parallel to the 
grain of the arch. Due to the curvature of the arch, the angle of the support underneath the arch is slightly 
different from the slope of the river bank. The steel plate transfers the forces parallel to the grain. The 
maximum resistance can be calculated with formula 43.  The total surface of the steel plate is 670 x 400 
= 268000mm². Each mm² can take 13.68 N that means that the support has a resistance of 3666.2 kN. 
This is more than the 454 kN acting on the support.   
 

; ; ∗ ; ; 0.9 ∗
.

13.68	 /        (43) 
 
The 75kN upwards is caused by wind load. The weight of the bridge is not enough to keep the bridge 
on the ground with heavy winds. This force will be taken by the bolts and the internal steel plate. The 
same formulas will be used to check the connection strength as used in the previous detail. The main 
difference is that the load, in this case, will be parallel to the grain instead of perpendicular to the gain. 
That increases the resistance of the connection significantly.  
 

, , ∗ ∗    , 19 ∗ 460 ∗ 16	 139840    (44) 
 

, , ∗ ∗ 	 2
∗ ,

, ∗ ∗	
1 , 19 ∗ 460 ∗ 16 ∗ 2 ∗

∗ ∗
1 69965N (45) 

454kN 

75kN 

49kN 

79kN 

Figure 127 Detail connection foundation arch, column, and wind braces 
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, 2.3 ∗ , ∗ , ∗   , 19 ∗ 	√324282 ∗ 19 ∗ 16 188648 	  (46) 

 
The lowest value equals 69965N the effective number of bolts in one line can be calculated with formula 
47. 

2 . 1.62         (47) 
 
Neff = Effective number of bolts      [-] 
N = Number of used bolts        [-] 
Keff = Given in Eurocode 5 depends on the distance in between holes [-] 
 

, ∗ 2 ∗ 2 ∗ 2 ∗ , 1.62 ∗ 2 ∗ 2 ∗ 2 ∗ 69965 906.7     (48) 

,
, 0.9 ∗ .

.
652.8         (49) 

The resistance is higher than the maximum occurring force. This bolt group will also be loaded in another 
direction (the 49kN shear force). This load will result in a force perpendicular to the grain and is caused 
by the fact that the arch will try to deform. When the arch will rotate at the supports, a shear force will 
occur to prevent the rotation. The same formulas are used again to calculate the resistance of these 
bolts. 

, , ∗ ∗    , 2.3 ∗ 460 ∗ 16	 16928     (50) 
 

, , ∗ ∗ 	 2
∗ ,

, ∗ ∗	
1 , 2.3 ∗ 460 ∗ 16 ∗ 2

∗

. ∗ ∗
1 7988.8N (51) 

 
, 2.3 ∗ , ∗ , ∗   , 2.3 ∗ 	√324282 ∗ 2.3 ∗ 16 7945.4 	  (52) 

 
, ∗ 2 ∗ 2 ∗ 2 ∗ , 1.62 ∗ 2 ∗ 2 ∗ 2 ∗ 7988.8 103.5      (53) 

 
,

, 0.9 ∗ .

.
74.5          (54) 

The resistance is higher than the maximum occurring force of 49kN. 
The wind braces are connected to a steel plate bolted to the concrete foundation. The connection is 
made with one steel bolt.  

The next detail shows the connection with the column. 
It is the same foundation block but from a different 
angle. This angle shows the column in more detail. The 
column foot is a steel support which protects the 
column against moisture. The column is connected to 
the steel foot with the use of a slotted steel plate. The 
column is mainly loaded in compression and not in 
bending; only compression forces need to be 
transferred. The function of the steel plate is to prevent 
the column from moving upward a bolted connection is 
used in this case. Two M16 bolts will be sufficient for 
this force. The timber column is loaded parallel to the 
grain, which gives the connection a very high 
resistance. See figure 128 for the detail. The forces 
transferred by the column are mostly compression 
forces. The top and bottom of the column are modeled 
as a hinge. The force downwards will be taken by a 
plate underneath the column. The load is parallel to the 

grain, and the column dimension is 300 x 300mm. The support plate has a dimension of 280 x 280 mm 
78400mm² as calculated in formula 43 the compression resistance per mm² equals 13.68N. This results 
in a total resistance of 1072.5kN, which is sufficient for the present forces. After that, buckling of the 
column needs to be checked. This is done with formula 55  

	 	
∗ ∗ ∗ ∗

1060        (55) 

Fcrit = Critical buckling load  [N] 
lbuc = Buckling length  [mm] 
The buckling resistance is also sufficient for the columns.   

176kN 

55kN 

Figure 128 Detail connection column foundation 



Poplar as main structural material for a bicycle / pedestrian bridge‐structure. 

 
 

112 
 

The next important detail is the connection with the column and the bridge deck beam. This detail can 
be observed in figure 129 For this connection, a steel H-shaped element is used. This steel element 
connects the two parts. This way, only one connection piece needs to be made to connect all the 
elements. The most significant risk of this steel connection element is moisture accumulation between 
the steel and the timber. This is prevented by the overhang of the bridge deck. This overhang prevents 
rain to reach the steel connection element.  

  
 
 
 
 
 

 
 
 
 
 
 
 

 
The forces down into the column are transferred by compression. The compression area on the column 
is parallel to the grain and has the same surface area as for the column foot. This part does not need to 
be checked. The compression at the bridge deck beam, however, is perpendicular to the grain. The 
maximum compression resistance perpendicular to the grain was calculated with formula 39 and is 1.66 
MPa. The surface area of the steel plate is 300 x 400 mm  120000mm² the maximum resistance of 
the connection is 199.2kN. The resistance is higher than the 176kN transferred by the connection. The 
tensile stresses are caused by an upwards wind loading. This results in a load of 67 kN upwards. This 
load will mainly be taken by the wind brace. This is because there is no mechanical connection between 
the steel H-element and the column. This is done to prevent tensile stresses in the timber. The wind 
brace will keep the bridge deck in place. The wind brace is placed as close to the bridge deck as possible 
and as close to the centerline of the column to prevent eccentricities. The bridge deck will be stiffened 
by the bridge deck plates.  Formula 56 and 57 shows the strength of the mechanical connection between 
the steel H-element and the column. One bolt is used to prevent the bridge deck from moving upward. 
Since the timber will be loaded parallel to the grain one bolt will probably be sufficient.  
 

, 0.5 ∗ 	 , ∗ ∗ 0.5 ∗ 19 ∗ 300 ∗ 30 85500       (56) 
, 1.15 2 ∗ , ∗ , ∗ 1.15 ∗ √2 ∗ 1662365 ∗ 19 ∗ 300 158312    (57) 

 
The lowest value needs to be taken; this is the characteristic strength per connection element per shear 
plane. This connection has two shear planes; for that reason, the value can be multiplied by two. The 
characteristic connection strength is 171000N. The design value can be calculated with formula 56 and 
57 is much higher than the 67kN working in this direction. One bolt is enough to secure the beam on its 
place.  
The ideal place for the connection of the wind brace would be above the column and at the height of the 
bridge deck. The reason for this is that the horizontal forces need to be transferred to the column, and 
the vertical forces will be transferred to the bridge deck plates. These plates make the bridge deck a stiff 
beam. Ideally, the column will not be loaded with bending forces; this will not be the case if the wind 
brace is placed above the column. In the beam above the column, a piece of 290 x 400 mm and a depth 
of 100mm. This gives the wind brace enough place to connect it to the beam. The wind brace is 
connected to a steel plate which divides the compression forces to the timber beam. The dimension of 
the bridge deck beam was not decisive for this location. This makes it possible to take out a piece to 
connect the wind brace to the beam. By connecting the wind brace underneath the bridge deck, no 
moisture will be able to reach the connection. This way, the connection will also be out of sight for any 
pedestrians crossing the bridge. The decision could be made to make the cover of the connection in 
such a way that it can easily be opened for maintenance. There is no need to connect the bridge deck 

176kN 

67kN 

Figure 129 Detail connection column bridge deck beam 

79kN 



Poplar as main structural material for a bicycle / pedestrian bridge‐structure. 

 
 

113 
 

to the steel H-element. The wind brace will prevent the bridge deck from moving upwards. Indirectly the 
wind brace is also connected to the steel H-element by the hole it runs through. The Steel H-element is 
connected to the column, and the lips on the side of the beam prevent the beams from shifting off the 
support.  
 
The following detail shows the connection between the arch and the bridge deck beam. The main 
challenge of this connection was not to load the arch eccentrically. This is done by placing the bridge 
deck on a steel beam connected to the arch. The beam transfers the load to the arch. The steel beam 
is connected in the middle of the arch, which prevents an eccentric load introduction in the arch. The 
maximum occurring force downwards of 140kN will be transferred by compression on the support piece 
through the steel beam towards the arch which is connected with the steel beam with an M42 steel bar. 
The steel beam used is a box girder. The end of the profile is cut under an angle to make it easier to 

fasten the bolt connecting it with the arch. Another possible solution to prevent eccentrically loading of 
the arch is to let the arch and beam interfere with each other in the same plane. The difficulty of this 
solution is the adaptations which need to be made to the arch for supporting the bridge deck beam. One 
option is too bound timber pieces with an adhesive or mechanical fastener. Another option is to take out 
a piece of the arch to create a flat area for supporting the bridge deck beam. The main advantage of the 
solution which can be observed in the detail figure 130 is that the bridge deck beam is a continuous 
beam. This gives a better moment distribution in the beam, and thus a slenderer beam can be used. 
The needed dimension of the steel box girder is 300*200*16mm. This dimension is needed to coop with 
the shear and bending forces. The connection between the steel box girder and the arch is made with 
an M42 steel bar as told before. This steel bar is connected with on the top side of the arch with a steel 
block. This steel block is shaped with the same curvature as the arch on the bottom side and a small 
curvature on the top side to prevent water on top of the steel element. At the next detail, this steel 
element can be observed better and will be explained in more detail.  
The bridge deck beam is placed on a higher support to prevent any moisture running over the steel 
beam encountering the timber beam. The bridge deck beam is also connected with a steel bar. The 
steel bar is needed to prevent the bridge from moving upwards due to wind loading. The steel bar is 
bolted to the steel beam running underneath the bridge deck and bolted on a steel plate on top of them. 
To coop with the 140kN downwards, a surface area of 300 x 300mm is needed. The design value for 
the compression resistance perpendicular to the grain is 1.66N/mm² (see formula 39). This gives a 
resistance of 149.4kN with the given surface area.  
The balustrade for the bridge is also directly connected to the bridge deck beam. On the side, two steel 
bars are used to bolt the balustrade on. The distance in between these bolts is critical. When they are 
placed too close together, the forces will become very high. On the other side of the bridge deck beam, 
the bridge deck girders are mounted. They are placed in a steel shoe. A reinforced connection is used 
for every fifth girder. This reinforced connection is needed to coop with the torsional forces caused by 
loading the balustrade. These torsional forces will be taken by the girders. To lower the costs and make 
the construction easier, the decision is made not to reinforce all the girder connections.  Water will not 
be a risk for this connection due to the protection from the bridge deck itself. The girders need to be 
dimensioned for a load of a gritter. According to Scia engineer, a girder of 400 x 130 mm is needed. The 
maximum occurring bending moment is 32.6kNm; the maximum occurring shear force is 31.1kN. With 

61kN 

140kN 
Figure 130 Detail connection bridge deck beam with arch 
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formulas 58 and 59 show the calculation of the maximum bending and shear stresses. These stresses 
are within the stated limits for C20 classification.  
 

	 ∗ . ∗ ∗

∗ ∗
9.4 / ²        (58) 

 
	
∗

∗
	

∗ ∗ ∗

∗ ∗ ∗
0.90 / ²        (59) 

 
σ =Bending stress    [N/mm²] 
M =Maximal occurring bending moment [Nmm] 
Z =Distance top to middle line  [mm] 
I =Second moment of area  [mm4] 
τ =Shear stress    [N/mm²] 
S =First moment of area   [mm³] 
b =Width at center line   [mm] 
 
The bridge deck girder is placed on a steel support as told before. The main advantage of this support 
is that the compression forces can be transferred by compression and not through a set of bolts. The 
maximum force down is 39kN. The design value for compression perpendicular to the grain is 
1.66N/mm². The available surface is 200 x 130mm. This gives a maximum resistance of 43.2kN. The 
maximum force upwards is 5kN. This small force will be taken by the two bolts placed in slotted holes 
to prevent stresses due to shrinking and swelling of the timber. Two M20 bolts are sufficient for this 
connection. This is the connection which is not designed for torsional forces a simple shoe with two bolts 
will be sufficient for this connection.  

Figure 131 shows the same connection as observed in figure 130 This is the side view of the connection 
between the bridge deck and the arch. The steel bar for connection the bridge deck with the arch can 
be seen. Also, the steel elements used to hang the bridge deck on the arch can be seen. Due to the 
curvature of the arch, the force in the steel bar has to be dissolved to calculate the compression 
perpendicular to the grain and the force parallel with the arch. Goniometry will be used to calculate these 
forces. The force introduced of 140 kN is caused by the variable and dead load on the bridge deck.  The 
angle between the steel bar and the arch is 25 degrees. See figure 131 for the resulting forces. The 
force perpendicular to the grain will be taken by arch. This force results in a compression force 
perpendicular to the grain. The needed surface area is 277 x 277mm. The force parallel to the arch will 
be taken by the steel bar. This bar will be loaded with a shear force; the shear stress in the steel bar is 
42.6N/mm². Another possibility to create a flat surface to connect the steel bar to the arch was by taking 
out a piece of the arch. The main disadvantage of that would be the local stresses in the timber. A 
challenge for this solution would be moisture due to condensation underneath the steel element. This 
moisture can be transferred by small groves underneath the steel element. This way, ventilation of the 
connection is possible. These groves have to be taken into account when the surface area for 
compression perpendicular to the grain will be calculated.  The bridge balustrade is drawn as wooden 
columns every meter with steel wire in between. Steel wire is used to give it a more transparent look. 

127kN 

59kN 

140 kN 

Figure 131 Side view detail connection bridge deck beam and arch 
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When wood was used instead of steel wire, it would have a more closed look. Another advantage of a 
thinner, more transparent material is that the wind load on the bridge will be less.   

 
 
 

  
 

Figure 132 shows the connection between the bridge deck and the arch in the middle of the bridge. The 
same principle is used as observed in the previous detail. A steel beam to support the bridge deck 
connected to the arch. The steel box girder is used for the same reason as told before to minimalize the 
eccentricity in the arch. The main difference is the height between the arch and the box girder. The 
distance between the box girder and the arch is 2300mm. An M42 steel bar is strong enough to take the 
tension forces. Wind also introduces a compression force of 76 kN. For that reason, the M42 bar is 
welded to a steel tube which will take the buckling forces. A steel tube with a diameter of 114mm and a 
wall thickness of 5.6mm is used. Formula 60 shows the maximum buckling resistance of the steel tube.   
 

	 	 ∗ ∗ 100.4          (60) 

 
The top of the arch is protected against moisture with sheeting material. The sheeting material protects 
the structure from degradation due to moisture and, is placed under an angle so water will run off 
smoothly.  The connection on top of the arch is a bit easier than the connection halfway the arch. The 
arch is flat on the top so a simple steel plate can be used to distribute out the compression forces into 
the timber. A force of 164kN needs to be transferred to the arch. A surface area of 315 x 315mm is 
needed for the steel plate. The protection layer on top of the arch is placed under a small angle to make 
it easier for any moisture to run off the arch.  
 
One more important calculation which needs to be done for a curved timber beam is the tensile forces 
perpendicular to the grain due to the curvature of the beam. Due to the curvature resulting forces 

164kN 

76kN 

Figure 132 Detail connection bridge deck beam arch middle 
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perpendicular to the grain occurs. This could result in a beam with a crack in the middle of the beam 
(smiling beam). This is calculated with the following formulas.  
 

, , ∗
∗ ,

∗
0.0076 ∗ ∗

∗
0.033 / ²      (61) 

 
0 0.25 ∗ 0 0.0076     (62) 

0.2 ∗ 	 tan 0.2 ∗ tan 0 0        (63) 
0.25 1.5 tan 2.6 tan 0.25       (64) 
2.1 tan 4 tan 0        (65) 

 
, , 	 ∗ 	 ∗ 	 , ,          (66) 
, , 	1 ∗ 	1.4 ∗ 	0.36          (67) 

0.033 	0.50           (68) 
 
σt,90,d = Tension stress perpendicular to the grain [N/mm²] 
Map,d = Maximum moment in top section of arch  [Nmm] 
b = Width of the arch    [mm] 
hap = Height of arch in top section   [mm] 
Kvol = Volume factor     [-] 
Kdis = Factor for spreading stresses in top section [-] 
r = Arch radius     [mm] 
 
The tensile stress perpendicular to the grain is much lower than the maximum resistance. There is no 
risk of cracking for the beam. Figure 133 shows the final 3D view of the bridge design.  

 
Figure 133 3D impression of small span bridge design 
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4.8. Design large span bridge 

 
As told in paragraph 11.2. the most suitable arch line was arch 7. A relatively high and short arch. This 
arch line results in the design observed in figure 135. The details and calculations for the large span 
bridge are mostly the same as for the small span bridge. The main differences are the higher forces and 
the larger dimensions for the elements. For that reason, the details for the large span design can be 
observed in appendix H. Scia engineer has been used again to determine the deformation, stresses, 
and stability of the bridge. The two main differences between the two designs are, of course, the length 
and the height of the arch. The arch line for this bridge differs very much compared to the small span 
design. The height of the arch has one advantage and one challenge. The advantage is that the axial 
forces can be transferred to the canal banks easier. The arch will be loaded in more pure compression, 
and less bending will occur. The challenge is the stability of the arch. Wind loading will introduce a higher 
bending moment out of plane which makes the arch more unstable. Figure 134 shows the side view of 
the bridge the height of the arch can be observed very well. The height of the arch makes the bridge 
more transparent. The top of the arch has a height of 5600 mm above the bridge deck. Compared to 
the small span bridge, the top of the arch will not be on or close to eye height. The formulas to calculate 
the details for the large span bridge are the same as for the small span bridge. The only differences are 
the dimensions of the elements and thus the values used in the formulas.  
 

 
Figure 134 Side view large span bridge 

The structural model used has the same simplifications as told in section 11.3.1. Figure 135 shows the 
3D model of the large span bridge. The main visual advantage of the high arch is that the visibility on 
the bridge over the water will be better. The arch will not interfere with the view of the water. This is an 
architectural argument which can be taken into account when deciding which span is most suitable for 
the location.  
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Figure 135 3D impression large span bridge  
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4.9. Suitable poplar for bridge design 

 
The outcome from the laboratory research is that both the Koster and the Robusta can be used for the 
bridge construction. Both materials shall be acetylated when they will be used for an outdoor structure. 
For that reason, the strength class C20 is used for the Robusta and C16 for the Koster. The bridge 
designs above are based on C20. This is done because the output from the laboratory research was 
not known at the time the design was made. This means that the calculations for the bridge design do 
not need any adjustment when the modified Robusta is used. However, when the modified Koster is 
used, the calculations need to be made again with the right properties. This is not done for this research 
and design process, but what is interesting to know is the difference in wood use for the bridge when 
the Koster will be used. To get to know the beam dimensions when C16 is used for the calculations, the 
Scia engineer model is altered. The beam dimensions are changed until the unity check for the bridge 
is satisfied. This gives a relatively simple output for the estimated timber use when the bridge is made 
using the Koster. Table 26 shows the difference in timber used for the two sub-species. The timber use 
is expressed in m³. Only the main structural elements, the arches, bridge deck beams, and, the girders 
are taken into account. This way, a quick insight into the timber use can be extracted from Scia engineer.  
 
Table 26 Difference in the amount of needed timber between designs 

Design Timber species Strength class  Amount of used timber [m³] 
Short span Robusta C20 54.45 
Short span Koster C16 60.34 
Large span Robusta C20 125.30 
Large span Koster C16 139.05 

 
It would be interesting if the Koster can be used without a massive increase in the amount of timber. As 
told in section 2.3. the Koster grows faster than the Robusta. Another advantage of the Koster is the 
availability in the region. The Koster is a sub-species which has more availability compared to the 
Robusta. These arguments could be used in favor of the Koster. The main advantage of the Robusta is 
its strength. If a slender structure is required, the Robusta is more suitable. In this case, the bridge 
design for the Beatrix canal. The Koster could be a good sub-species to use as the primary structural 
material. Table 26 shows that when the short span bridge is made with the Koster instead of the Robusta 
10.82% more timber is needed. For the large span bridge, 10.97% extra timber is needed when the 
bridge is made with the Koster instead of the Robusta. What can be observed that the large span 
structure requires much more timber compared to the short span bridge. For every meter for the short 
span bridge, 1.26m³ timber is needed, for the large span 2.27m³ timber is needed for every meter. This 
is an increase of 80.16% in timber use per meter. The short span would be the best consideration for 
taking the timber use into account. Less timber use results in a lower environmental impact and lower 
material costs. 
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5. CONCLUSION 
It can be concluded that the Robusta was and is most suitable for structural purposes. After the 
modification process, the mechanical properties have improved slightly, but visual grading has to be 
taken into account. However, the number of knots and other defects have a smaller impact on the 
mechanical properties for the Robusta compared to the Koster. 
 
The Koster is also suitable for structural purposes. However, the mechanical properties are not as good 
as the Robusta’s. The main advantage of the Koster is the availability at this time and the growth speed. 
The modification process does improve the mechanical properties of the Koster significantly, which was 
not expected on forehand. Note that defects like knots do have a significant impact on the structural 
strength of the beam. For the Koster, it is advised to use only high quality visually graded timber. If this 
will be done strength class C16 can be used for the modified Koster.  
 
The Ellert does not look very promising for further research. Maybe if a more extensive series will be 
tested, a more positive outcome will be achieved, but according to this little research, it is not desired to 
use the Ellert for structural purposes.  
 
The durability of the timber will be increased by the modification process (acetylation). However, the 
pseudo heartwood needs to be tested if it is possible to modify. More tests are still needed to adjust the 
modification process for an optimal result. The modified beams for this research have shown that the 
modification process is not optimal for the pseudo heartwood. These parts of the timber where not fully 
modified.  
 
Poplar does look very promising to use for a bridge structure as main structural material. Which is 
advantageous because it is a local product. When it will be used for this project, it can be proven at large 
scale that poplar is a promising structural material.  
 

6. FURTHER RESEARCH 
 
This research did not cover every possible subject there is to know about poplar in general and not 
about acetylated timber. The strength class allocation has been based on the density, modulus of 
elasticity, and the bending strength. There are more strength class properties which are interesting to 
investigate. Especially the compression and tensile strength perpendicular and parallel to the grain. The 
comparison between acetylated and not acetylated timber is interesting to see. The results from this 
research have shown that the compression strength from acetylated timber will increase. Further 
research will point out how much the increase in compressive strength will be. The change in tensile 
strength will also become clear after further research. Before realizing the Bridge, the compression 
strength would be very interesting to know. The forces in the arch are mostly transferred due to 
compression.  
 
Also, as told before the residual stresses inside the timber beams due to the drying process would be 
interesting to know. By knowing these stresses, curved beams and ruptures due to the drying process 
can be minimalized.  
 
Other properties after the acetylation process also need to be investigated; for example, the fire 
resistance, durability, and the reaction with other materials are essential aspects to know. It could be 
possible that the acetic acid reacts with other used materials. It is known that the acid will react with 
steel. For that reason, stainless steel will be used for the connection elements in the bridge.  
The acetylation process itself also needs some adjustments for a good consistence in the process. The 
possibility to acetylate the heartwood also needs some more research. More and thinner boards should 
be used to optimize the process before the acetylation process is suitable for these thicker boards.  
 
Further research also needs to point out that the advised glue types will work for laminating poplar. The 
bond strength needs to be investigated. Also, the influence of moisture needs to be considered for the 
bond strength.  
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Appendix A: Dimensions, weight, density and moisture content at begin and end of beam. 
Height and width are average values measured over three points The density is density with the 
mentioned moisture content.  
Table 1 Koster before acetylation 

Test specimen length [mm] height [mm] width [mm] weight [kg] moisture content [%] Density [kg/m³] 
K1 2849 140.3 44.9 7.10 13.2 / 13.9 395 
K2 2850 140.3 45.0 7.00 11.2 / 12.0 389 
K3 2850 137.8 45.1 7.45 13.1 / 14.3 421 
K4 2850 140.1 45.0 7.00 10.4 / 11.9 390 
K5 2850 139.5 45.0 7.70 12.7 / 12.7 430 
K6 2850 140.0 45.0 6.70 14.2 / 14.1 373 
K7 2850 140.3 45.1 6.70 14.2 / 14.1 372 
K8 2850 140.0 45.1 7.50 12.5 / 14.1 417 
K9 2850 140.4 45.0 7.70 13.7 / 12.9 428 
K10 2849 140.2 45.0 7.00 11.8 / 13.1 389 
K11 2850 140.0 45.0 6.30 12.4 / 17.3 351 
K12 2849 140.4 45.1 7.40 10.7 / 11.8 410 
K13 2850 140.3 45.0 7.40 13.5 / 14.8 411 
K14 2850 139.5 45.0 7.55 12.9 / 14.8 422 
K15 2850 140.5 45.5 7.25 12.7 / 12.6 398 
K16 2850 139.6 45.0 7.35 12.9 / 13.8 411 
K17 2849 139.9 45.1 7.50 18.8 / 30.0 417 
K18 2850 139.6 44.9 6.85 12.4 / 13.1 383 
K19 2850 139.2 45.0 7.00 15.0 / 16.4 392 
K20 2850 140.4 45.0 6.60 11.5 / 13.7 367 
K21 2850 139.6 45.1 7.60 10.9 / 12.5 424 
K22 2849 140.8 45.0 7.35 10.9 / 13.2 407 
K23 2849 140.1 45.1 6.75 19.6 / 18.5 375 
K24 2850 139.4 45.1 7.55 19.3 / 49.0 421 
K25 2850 139.5 45.0 7.55 14.9 / 28.5 422 
K26 2850 140.8 45.6 6.70 13.9 / 15.6 366 
K27 2850 140.2 45.0 7.35 12.3 / 13.1 409 
K28 2849 140.0 45.0 7.30 16.6 / 16.1 407 
K29 2851 139.7 45.1 7.30 10.7 / 12.6 407 
K30 2851 139.5 45.2 7.70 18.4 / 18.8 428 
K31 2850 140.0 45.4 7.35 18.1 / 21.8 406 
K32 2851 140.5 45.2 7.55 14.5 / 15.8 417 
K33 2849 140.1 45.1 6.95 21.2 / 20.5 386 
K34 2850 140.5 45.1 8.10 14.0 / 17.7 449 
K35 2849 139.4 45.3 7.50 15.6 / 18.6 417 
K36 2850 139.6 45.5 7.50 24.6 / 21.9 414 
K37 2850 140.9 45.3 7.25 10.7 / 12.0 399 
K38 2850 140.7 45.0 6.90 15.3 / 18.1 382 
K39 2850 139.8 45.4 7.70 16.5 / 30.0 426 
K40 2850 140.6 45.2 7.30 14.2 / 12.4 403 
K41 2851 140.6 45.2 7.50 15.2 / 15.5 414 
K42 2850 140.5 45.3 7.55 22.9 / 39.2 416 
K43 2849 140.6 45.2 7.50 12.8 / 14.5 414 
K44 2849 139.5 44.8 7.00 15.6 / 14.7 393 
K45 2849 139.8 44.4 7.10 15.2 / 23.6 401 
K46 2848 140.1 45.0 7.25 13.3 / 11.7 403 
K47 2850 137.6 45.1 7.55 13.1 / 13.4 427 
K48 2850 139.6 45.2 6.70 14.3 / 16.1 373 
K49 2850 141.3 45.0 8.05 10.7 / 13.1 444 
K50 2850 139.7 45.1 7.00 21.1 / 12.4 390 
K51 2850 139.8 45.1 7.50 13.8 / 12.1 417 
        
Average 2849.8 140.0 45.1 7.27  404 
Stdev 0.6 0.7 0.2 0.37  21 
Maximum 2851 141.3 45.6 8.10  449 
Minimum 2848 137.6 44.4 6.30  351 

 



 

Table 2 Robusta before acetylation 

Test specimen length [mm] height [mm] width [mm] weight [kg] 
moisture content 
[%] density [kg/m³] 

R1 2849 139.3 44.9 8.20 13.3 / 13.8 460 
R2 2850 140.0 45.1 7.60 13.2 / 15.2 422 
R3 2850 139.0 45.0 8.60 11.8 / 15.0 482 
R4 2849 140.6 44.8 8.55 13.8 / 15.3 476 
R5 2850 140.1 45.1 8.05 14.5 / 15.1 447 
R6 2850 139.9 45.0 8.00 15.6 / 17.2 446 
R7 2850 140.1 45.2 8.50 17.8 / 18.2 471 
R8 2849 140.0 45.3 8.60 15.3 / 14.7 476 
R9 2850 139.7 45.3 8.05 18.8 / 38.3 446 
R10 2850 140.1 45.1 8.40 18.7 / 35.9 466 
R11 2850 140.3 45.2 7.65 19.0 / 23.4 423 
R12 2850 140.5 45.3 8.20 14.7 / 13.8 452 
R13 2849 139.9 45.4 8.10 16.2 / 16.3 447 
R14 2849 140.3 45.0 7.30 19.8 / 20.3 406 
R15 2849 140.6 45.2 7.85 14.9 / 16.8 433 
R16 2850 141.0 45.5 9.30 13.8 / 19.5 509 
R17 2850 139.9 45.6 8.15 35.6 / 47.8 448 
R18 2849 140.5 44.3 7.45 14.3 / 21.6 420 
R19 2850 140.2 45.2 7.60 13.6 / 13.9 421 
R20 2849 140.6 45.2 9.45 58.5 / 28.2 522 
R21 2850 140.6 45.4 8.80 14.5 / 19.3 484 
R22 2851 140.4 45.3 7.55 20.6 / 15.7 417 
R23 2850 141.2 45.4 8.00 13.1 / 13.1 438 
R24 2850 140.7 45.3 9.40 20.8 / 19.9 517 
R25 2850 140.4 45.0 8.85 13.9 / 15.9 491 
R26 2850 140.3 45.3 9.45 21.0 / 21.3 522 
R27 2850 140.5 45.4 8.70 18.7 / 16.1 479 
R28 2850 139.9 45.2 9.35 31.5 / 27.2 519 
R29 2850 140.4 45.1 8.25 14.8 / 15.6 457 
R30 2850 140.4 45.1 8.05 15.7 / 14.7 446 
R31 2850 139.6 45.1 8.65 23.7 / 15.6 482 
R32 2850 140.3 45.1 8.85 15.0 / 15.7 491 
R33 2850 140.0 45.2 7.65 16.8 / 18.1 424 
R34 2850 140.3 45.2 9.05 17.0 / 14.1 501 
R35 2850 140.3 45.5 8.40 23.7 / 38.1 462 
R36 2850 140.3 45.0 7.75 15.1 / 14.7 431 
R37 2850 140.5 45.1 7.85 16.1 / 15.8 435 
R38 2850 140.3 45.0 8.85 17.5 / 15.4 492 
R39 2850 140.0 45.3 8.75 18.6 / 18.3 484 
R40 2850 140.5 45.3 9.30 18.7 / 20.1 513 
R41 2850 139.9 45.1 8.15 14.2 / 13.1 453 
R42 2850 140.6 45.2 7.45 19.9 / 27.0 411 
R43 2850 140.5 45.1 7.65 12.8 / 16.3 424 
R44 2850 139.6 45.0 9.10 14.1 / 16.5 508 
R45 2850 140.0 44.8 7.60 17.2 / 16.1 425 
R46 2850 139.6 45.3 8.00 25.0 / 36.1 444 
R47 2850 140.3 45.0 7.55 13.7 / 16.5 420 
R48 2850 139.7 44.3 9.45 17.0 / 16.8 536 
R49 2850 141.6 45.2 7.55 13.4 / 17.2 414 
R50 2850 140.6 45.1 7.80 13.3 / 13.1 432 
R51 2850 140.0 44.6 9.25 16.5 / 15.7 520 
R52 2850 139.8 44.9 7.60 13.2 / 12.5 425 
        
Average 2849.9 140.2 45.1 8.31  461 
Stdev 0.4 0.4 0.2 0.64  36 
Maximum 2851 141.6 45.6 9.45  536 
Minimum 2849 139 44.3 7.3  406 

 



Table 3 acetylated test specimen Koster  

Test specimen Length [mm] height [mm] width [mm] weight [kg] density [kg/m³] 
K1 2850 139.9 44.6 7.75 416 
K2 2848 141.7 45.5 7.60 414 
K3 2840 141.9 45.5 8.15 444 
K4 2844 144.2 45.7 7.65 408 
K5 2849 142.1 45.3 8.50 463 
K6 2849 142.0 45.5 8.30 451 
K7 2850 142.0 45.2 7.25 397 
K8 2841 141.6 45.8 7.80 424 
K9 2849 141.9 45.9 8.20 442 
K10 2848 142.5 45.9 7.70 413 
K12 2849 143.0 45.4 8.25 446 
K13 2849 140.4 45.5 8.00 439 
K14 2848 140.2 45.5 8.10 446 
K15 2843 142.9 46.0 8.10 434 
K16 2848 142.5 45.6 8.20 443 
K18 2847 141.5 45.7 7.35 400 
K19 2847 139.9 45.5 7.55 417 
K20 2844 143.5 46.2 7.40 392 
K21 2848 143.4 45.5 8.45 455 
K22 2849 143.8 45.3 8.15 439 
K25 2845 139.6 45.5 7.75 429 
K26 2850 141.9 46.2 7.15 383 
K27 2845 142.4 45.3 8.15 444 
K29 2840 141.7 45.7 7.85 427 
K30 2850 138.6 45.5 8.00 445 
K32 2849 141.7 45.7 8.10 439 
K33 2849 140.8 45.6 7.15 391 
K34 2849 142.3 45.2 8.85 482 
K35 2849 140.4 45.5 8.05 443 
K36 2840 138.5 45.1 7.50 423 
K37 2849 143.4 45.8 8.00 428 
K39 2844 140.7 45.4 8.10 446 
K40 2849 143.0 45.9 7.95 425 
K41 2849 142.5 45.5 8.05 435 
K43 2849 142.3 45.2 8.20 447 
K46 2850 142.9 45.5 8.05 435 
K47 2848 142.0 45.4 8.30 452 
K49 2849 143.1 45.1 8.95 487 
K50 2844 141.7 45.5 7.75 423 
K51 2849 142.7 45.5 8.40 454 
       
Mean 2847 141.9 45.5 7.97 433 
St. dev. 2.99 1.3 0.27 0.40 22 
Max. 2850 144.2 46.2 8.95 487 
Min. 2840 138.5 45.1 7.15 383 

 



Table 4 Koster reference beams before four-point bending test.  

Test specimen length [mm] height [mm] width [mm] weight [kg] 
moisture content 
[%] density [kg/m³] 

K11 2840 142.7 46.0 6.25 11.6 / 12.8 335 
K17 2849 140.0 45.1 7.05 14.0 / 14.4 392 
K23 2849 140.2 44.9 6.35 12.0 / 12.4 354 
K24 2850 139.9 45.2 6.75 13.5 / 14.3 375 
K28 2849 139.7 44.9 7.15 12.6 / 12.7 400 
K31 2850 140.2 45.2 7.10 13.5 / 14.6 393 
K38 2850 139.8 44.9 6.80 14.1 / 11.9 380 
K42 2850 140.2 45.2 6.85 14.9 / 14.5 379 
K44 2849 139.8 44.7 6.90 12.8 / 13.0 387 
K45 2849 140.0 44.6 6.95 12.8 / 14.6 390 
K48 2850 139.8 45.1 6.60 11.6 / 12.7 367 
        
Mean 2850 140.0 45.0 6.85  378 
Stdev. 0.5 0.2 0.2 0.23  18 
Max. 2850 140.2 45.2 7.15  400 
Min. 2849 139.7 44.6 6.35  335 

 



Table 5 Acetylated test specimen Robusta 

Test specimen Length [mm] Height [mm] width [mm] Weight [kg] Density [kg/m³] 
R1 2841 140.8 45.7 8.90 487 
R2 2849 142.7 45.9 8.30 444 
R3 2849 142.4 45.3 9.40 511 
R4 2843 142.7 45.4 9.30 505 
R5 2848 140.8 45.5 8.85 485 
R6 2849 142.8 46.3 9.00 478 
R7 2848 140.8 45.6 9.30 509 
R8 2847 142.1 45.6 9.40 510 
R12 2850 143.4 45.2 9.20 498 
R13 2850 142.4 45.7 9.00 485 
R14 2851 142.8 45.9 8.60 461 
R16 2849 141.3 45.2 10.05 552 
R19 2850 142.6 45.9 8.30 445 
R21 2838 141.4 45.2 9.40 518 
R22 2848 141.1 45.4 8.10 444 
R23 2849 143.1 45.5 8.85 477 
R24 2847 140.3 45.5 10.05 552 
R25 2849 143.2 45.4 9.75 526 
R26 2849 140.4 45.8 10.20 557 
R27 2847 141.0 45.7 9.55 520 
R29 2848 141.7 45.2 8.95 491 
R30 2845 141.8 45.5 8.60 469 
R31 2848 141.0 46.1 9.40 508 
R32 2849 143.5 45.6 9.75 523 
R33 2846 140.8 45.5 8.15 447 
R34 2849 143.3 45.6 10.10 542 
R36 2847 139.1 45.5 8.45 469 
R37 2850 142.2 45.9 8.55 460 
R39 2847 140.1 45.3 9.35 517 
R40 2848 140.2 45.7 9.80 537 
R41 2846 143.5 45.1 9.00 489 
R43 2845 142.2 45.8 8.35 451 
R44 2848 141.8 45.4 9.90 540 
R45 2850 141.1 45.9 8.30 450 
R47 2846 141.5 45.5 8.15 445 
R48 2847 142.2 45.0 10.35 569 
R49 2845 141.0 45.9 8.15 443 
R50 2848 143.0 45.7 8.70 468 
R51 2849 140.3 45.4 10.10 557 
R52 2850 143.1 45.7 8.45 454 
       
Mean 2848 141.8 45.6 9.10 495 
Stdev. 3 1.1 0.3 0.66 38 
Max. 2851 143.5 46.3 10.35 569 
Min. 2838 139.1 45.0 8.10 443 

 



Table 6 Robusta reference beams before four-point bending test.  

Test specimen Length [mm] Height [mm] width [mm] weight [kg] 
Moisture content 
[%] Density [kg/m³] 

R9 2850 139.9 45.0 7.95 13.2 / 14.4 443 
R10 2850 140.0 45.0 8.15 13.0 / 13.9 454 
R11 2850 140.2 45.0 7.35 12.5 / 12.7 409 
R14 2849 140.2 45.1 7.10 11.9 / 12.1 394 
R17 2850 140.2 45.1 7.70 14.4 / 14.3 427 
R18 2849 140.3 44.5 7.20 12.1 / 12.1 405 
R20 2849 140.3 45.0 8.95 14.2 / 11.6 498 
R28 2850 140.0 45.1 8.90 13.3 / 13.0 494 
R35 2850 139.9 45.0 7.95 12.2 / 12.9 444 
R38 2850 139.4 44.9 8.70 11.0 / 11.2 487 
R42 2850 140.0 45.0 7.10 12.3 / 12.2 396 
R46 2850 139.9 44.6 7.65 13.2 / 13.5 430 
        
Mean 2850 140.0 44.9 7.89  440 
Stdev. 0.43 0.2 0.2 0.64  36 
Max. 2850 140.3 45.1 8.95  498 
Min. 2849 139.4 44.5 7.10  394 

 



Table 7 Ellert test specimen 

Test specimen Length [mm] Height [mm] Width [mm] Weight [kg] 
Moisture content 
[%] Density [kg/m³] 

E1 2850 140.1 45.1 6.60 12.0 / 11.3 366 
E2 2850 136.9 44.7 6.75 12.7 / 9.4 387 
E3 2850 138.1 45.0 6.40 14.0 / 11.8 362 
E4 2850 140.0 45.3 6.60 13.1 / 12.6 365 
E5 2850 140.0 45.0 6.20 12.4 / 13.8 345 
E6 2849 139.7 44.9 6.50 13.1 / 12.7 364 
E7 2850 139.7 45.1 6.85 13.1 / 12.9 382 
E8 2850 140.2 45.2 7.00 12.8 / 12.8 388 
E9 2850 140.1 45.0 6.45 13.1 / 13.1 359 
E10 2850 139.7 45.1 6.55 12.4 / 13.1 365 
E11 2850 140.0 45.0 6.25 10.8 / 12.4 348 
E12 2850 139.8 45.1 6.20 12.4 / 11.7 345 
E13 2850 140.1 45.0 6.80 12.1 / 10.1 378 
        
Mean 2849.9 139.6 45.0 6.55  366 
St. dev. 0.3 0.9 0.1 0.24  14 
Max. 2850 140.2 45.3 7.00  388 
Min.  2849 136.9 44.7 6.20  345 

 



Appendix B Visual grading test specimen 

Table 1 visual grading Koster according EN-5461-1999 
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[mm³] [-] [mm] [-] [-] [-] [-] [%] [-] [mm] [mm²] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] 
K1  0.120 19.90 Extern N/A N/A N/A N/A N/A   1      3 9 6 0 
K2  0.013 22.20 Extern N/A N/A N/A N/A N/A       1/4 62/37 1 5 3 0 
K3  0.080 19.45 Extern N/A N/A N/A N/A N/A       1 38 10 16 3 0 
K4  0.147 20.20 Extern N/A N/A N/A N/A N/A         2 0 0 0 
K5  0.053 22.63 Extern N/A N/A N/A N/A N/A         1 1 0 0 
K6  0.080 12.13 Intern More Side Yes 0.85 Stuck         2 2 2 2 
K7  0.013 22.21 Extern Less Side No 0.12 Stuck     1 58   0 6 0 0 
K8  0.150 16.67 Extern N/A N/A N/A N/A N/A       1 29 3 4 0 0 
K9  0.080 15.86 Extern More Middle No 0.54 Stuck         2 6 1 0 
K10  0.107 21.97 Extern N/A N/A N/A N/A N/A   1  2 51   9 2 3 0 
K11  0.087 19.84 Intern More Middle No 0.28 Stuck 1  1 126     0 0 0 0 
K12  0.140 20.39 Extern N/A N/A N/A N/A N/A    34 3 152   6 6 0 0 
K13  0.033 14.17 Extern Less Side No 0.2 Stuck         1 5 2 0 
K14  0.007 15.38 Extern N/A N/A N/A N/A N/A         2 0 0 0 
K15  0.053 14.35 Extern N/A N/A N/A N/A N/A     1 46   0 1 3 0 
K16  0.053 16.51 Extern N/A N/A N/A N/A N/A         0 0 0 0 
K17  0.053 15.38 Intern Less Side Yes 0.14 Stuck         3 5 0 0 
K18  0.087 18.23 Extern N/A N/A N/A N/A N/A    260   1 40 0 10 0 0 
K19  0.027 14.81 Extern Less Side Yes 0.55 Stuck    103     2 0 5 0 
K20  0.087 20.98 Extern Less Side Yes 0.3 Stuck   1      3 2 5 0 
K21  0.013 12.92 Extern Less Side Yes 0.5 Stuck         1 0 3 0 
K22  0.067 13.50 Extern N/A N/A N/A N/A N/A         0 0 5 0 
K23  0.053 17.85 Intern Less Middle No 0.11 Stuck    133     0 0 0 0 
K24  0.033 21.26 Intern More Middle Yes 0.16 Lose 1   50     5 0 10 0 
K25  0.003 13.29 Extern More Side Yes 1.02 Stuck         6 12 6 0 
K26  0.080 17.48 Extern N/A N/A N/A N/A N/A   1  2/2 153/65   2 7 0 0 
K27  0.030 19.30 Extern N/A N/A N/A N/A N/A         8 7 2 0 
K28  0.053 11.03 Extern Less Middle Yes 0.24 Stuck         2 2 6 0 
K29  0.093 19.00 Extern N/A N/A N/A N/A N/A       1 35 3 12 0 0 
K30  0.047 16.26 Extern More Side Yes 0.97 Stuck    109     0 23 7 0 
K31  0.053 14.98 Intern More Side No 0.21 Stuck 1   720     3 0 3 0 
K32  0.147 9.93 Extern More Middle No 0.81 Stuck    326     2 5 0 0 
K33  0.000 19.47 Intern Less Side Yes 0.2 Stuck   1      2 0 0 0 
K34  0.127 10.82 Extern Less Side Yes 0.53 Stuck         0 1 0 0 
K35  0.040 19.12 Extern Less Side Yes 0.86 Stuck         2 7 5 0 
K36  0.020 16.67 Extern Less Middle No 0.87 Stuck     12 280   1 12 0 0 
K37  0.127 18.45 Extern N/A N/A N/A N/A N/A       1 36 3 2 0 0 
K38  0.040 21.54 Extern More Middle YES 0.28 Lose         0 2 3 0 



K39  0.053 11.51 Extern More Side Yes 0.74 Stuck       1 60 0 17 3 0 
K40  0.187 13.25 Extern N/A N/A N/A N/A N/A         0 3 5 0 
K41  0.067 15.89 Extern More Side No 0.22 Stuck         3 2 1 0 
K42  0.060 15.12 Extern More Side No 0.39 Stuck    130     3 2 9 0 
K43  0.193 8.63 Extern N/A N/A N/A N/A N/A         1 0 0 0 
K44  0.060 1780 Intern More Side Yes 0.24 Stuck         2 2 6 0 
K45  0.467 15.60 Intern More Side No 0.20 Stuck         2 0 5 0 
K46  0.060 17.05 Extern N/A N/A N/A N/A N/A         0 5 0 0 
K47  0.087 15.65 Extern N/A N/A N/A N/A N/A         2 17 0 0 
K48  0.040 17..21 Intern More Middle Yes 0.22 Lose         3 3 0 0 
K49  0.080 13.27 Extern Less Side Yes 0.3 Stuck         2 0 3 0 
K50  0.120 14.32 Extern N/A N/A N/A N/A N/A    153 3 130   6 13 7 0 
K51  0.013 13.00 Extern Less Side No 0.37 Stuck         0 2 3 0 
 



Table 2 Visual grading Robusta according EN-5461-1999 
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[mm³] [-] [mm] [-] [-] [-] [-] [%] [-] [mm] [mm²] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] 
R1  0.053 8.59 Extern N/A N/A N/A N/A N/A    76 2/2 131/94 1/2 58/51 2 11 6 0 
R2  0.067 7.48 Extern N/A N/A N/A N/A N/A         2 3 5 0 
R3  0.053 15.43 Extern N/A N/A N/A N/A N/A         0 0 2 0 
R4  0.067 6.04 Extern N/A N/A N/A N/A N/A     11 328 1 23 11 8 0 0 
R5  0.040 10.68 Extern N/A N/A N/A N/A N/A         2 4 4 0 
R6  0.067 7.39 Intern More Side No 30 Stuck         0 3 0 0 
R7  0.033 10.53 Extern N/A N/A N/A N/A N/A       1 34 0 2 3 0 
R8  0.100 9.92 Intern More Side Yes 63 Stuck    75     1 0 3 0 
R9  0.047 13.38 Intern More Side No 12 Stuck 1  3 160   1 5 5 7 1 0 
R10  0.020 6.06 Extern Less Side Yes 22 Stuck         1 0 0 0 
R11  0.053 13.94 Intern More Middle No 28 Lose 1   225     0 0 8 0 
R12  0.047 10.73 Extern More Side No 39 Stuck   1    1 37 1 2 3 0 
R13  0.047 7.35 Extern More Middle No 29 Stuck   1      0 0 7 0 
R14  0.069 8.68 Extern Less Side Yes 21 Stuck    107   1 45 0 1 0 0 
R15  0.080 16.13 Extern Less Side Yes 11 Lose         1 4 0 0 
R16  0.087 7.98 Extern Less Side No 50 Stuck          3 3 3 0 
R17  0.047 15.04 Intern More Middle Yes 23 Stuck 1        1 3 5 0 
R18  0.073 13.39 Extern Less Middle No 14 Stuck    122     1 0 5 0 
R19  0.040 12.06 Intern Less Side Yes 18 Stuck   1      2 0 0 0 
R20  0.067 6.26 Extern Less Side Yes 58 Lose         0 0 3 0 
R21  0.067 7.33 Extern N/A N/A N/A N/A N/A     4 150   5 5 5 0 
R22  0.020 6.27 Extern More Side No 15 Stuck       1 39 1 3 2 0 
R23  0.047 20.00 Extern N/A N/A N/A N/A N/A   1      7 7 0 0 
R24  0.047 5.26 Extern Less Side No 15 Stuck         0 2 0 0 
R25  0.120 5.17 Extern Less Side Yes 19 Stuck       1 61 3 0 0 0 
R26  0.080 5.39 Extern Less middle No 52 Stuck         2 0 7 0 
R27  0.067 5.41 Extern N/A N/A N/A N/A N/A         7 5 0 0 
R28  0.047 4.76 Intern Less Side No 51 Lose         5 0 0 0 
R29  0.047 4.10 Extern N/A N/A N/A N/A N/A     1 80   2 2 2 0 
R30  0.040 16.90 Extern N/A N/A N/A N/A N/A   1    1 63 2 11 8 0 
R31  0.113 11.86 Intern More Middle No 56 Stuck 1  1 130   1 40 1 2 3 0 
R32  0.067 6.73 Extern Less Side Yes 26 Stuck   1    1 36 0 0 2 0 
R33  0.047 18.13 Extern Less Side No 39 Stuck       1 27 0 7 3 0 
R34  0.133 6.83 Intern Less Middle No 65 Lose       1 21 1 9 0 0 
R35  0.013 4.68 Extern Less middle Yes 22 Lose 1        1 0 3 0 
R36  0.027 13.00 Extern Less Side Yes 32 Stuck   1      2 24 1 0 
R37  0.120 5.00 Extern N/A N/A N/A N/A N/A         0 3 4 0 
R38  0.200 6.61 Extern Less Middle No 52 Lose         2 1 2 0 
R39  0.107 5.55 Extern N/A N/A N/A N/A N/A   1 304 1/4 58/178 1 68 6 8 0 0 
R40  0.007 5.72 Extern Less Middle Yes 28 Stuck         1 0 6 0 
R41  0.100 3.58 Extern N/A N/A N/A N/A N/A   1 68 3 147 1 51 2 12 0 0 
R42  0.047 12.17 Intern More Side Yes 27 Stuck 1        4 3 5 0 
R43  0.930 5.48 Extern Less Side No 10 Stuck   1 42     0 14 0 0 
R44  0.280 4.77 Extern Less Side Yes 34 Stuck         0 6 3 0 



R45  0.020 9.45 Extern Less side No 18 Stuck   1      0 3 2 0 
R46  0.027 12.31 Intern More side No 41 Stuck 1        6 3 4 0 
R47  0.047 9.32 Intern Less side No 15 Stuck   1      2 7 5 0 
R48  0.053 6.70 Extern More middle No 60 Lose   1      4 0 0 0 
R49  0.047 8.71 Extern Less Side Yes 15 Stuck       1 28 2 8 3 0 
R50  0.067 5.51 Extern N/A N/A N/A N/A N/A   1      0 2 1 0 
R51  0.067 4.35 Extern Less Side Yes 16 Stuck    106 1 45   3 3 4 0 
R52  0.053 6.22 Extern Less Side Yes 10 Stuck         1 0 0 0 
 



Table 3: Visual grading Ellert according EN-5461-1999 
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specimen 

Insect 
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[mm³] [-] [mm] [-] [-] [-] [-] [%] [-] [mm] [mm²] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] 
E1  0.047 16.82 Extern Less Middle No 8 Stuck         0 1 0 0 
E2  0.080 14.29 Extern Less Middle No 11 Stuck   1    1 48 0 3 0 0 
E3  0.053 20.05 Extern Less Middle Yes 25 Lose         3 1 2 0 
E4  0.100 13.55 Intern More Side No 25 Lose 1  1    1 45 0 0 0 0 
E5  0.153 11.59 Extern More Middle Yes 38 Lose       1 54 0 0 0 0 
E6  0.013 14.49 Extern Less Middle Yes 8 Lose   1    1 43 0 0 0 0 
E7  0.033 18.72 Extern Less Middle No 10 Stuck         0 0 0 0 
E8  0.047 12.11 Extern Less Middle No 10 Stuck         3 4 2 0 
E9  0.040 21.13 Extern Less Side No 10 Stuck   1      6 4 2 0 
E10  0.147 12.95 Extern More Side No 21 Stuck         0 0 2 0 
E11  0.060 17.27 Intern More Side Yes 47 Lose   1    1 15 4 0 0 0 
E12  0.053 15.47 Intern More Side Yes 38 Stuck       1 89 7 3 3 0 
E13  0.040 10.88 Extern Less Side Yes 26 Stuck   1    1 45 1 0 0 0 
 



Appendix C: Results MTG test and E modulus test  

Table 1: MOE results Koster before acetylation 

Test 
specimen 

dynamic MOE 
softwood [MPa] Classification dynamic MOE 

hardwood [MPa] Classification MOE test value 
[MPa] Classification 

K1 8088 C16 8771 C16 7714 C14 
K2 8088 C16 8771 C16 8539 C16 
K3 9325 C18 9895 C20 9344 C18 
K4 7907 C14 8680 C16 7627 C14 
K5 8292 C16 8956 C16 9257 C18 
K6 8602 C16 9050 C18 9607 C20 
K7 7222 C14 7985 C14 7129 C14 
K8 8497 C16 9143 C18 8514 C16 
K9 8896 C16 9602 C20 9769 C20 
K10 8602 C16 9238 C18 8745 C16 
K11 6246 Rejected 7098 C14 5936 Rejected 
K12 9109 C18 9602 C20 9668 C20 
K13 9853 C20 10375 C22 10457 C22 
K14 8190 C16 8864 C16 8670 C16 
K15 8497 C16 9143 C18 8924 C16 
K16 8497 C16 9238 C18 9108 C18 
K17 8292 C16 9050 C18 9080 C18 
K18 8190 C16 9050 C18 8272 C16 
K19 9653 C20 10193 C22 9740 C20 
K20 7222 C14 7916 C14 6591 Rejected 
K21 9109 C18 9699 C20 10108 C22 
K22 8602 C16 9238 C18 9163 C18 
K23 5809 Rejected 6779 Rejected 5719 Rejected 
K24 5656 Rejected 6624 Rejected 6192 Rejected 
K25 8497 C16 8956 C16 9088 C18 
K26 7610 C14 8427 C16 7397 C14 
K27 9434 C18 9994 C20 10072 C22 
K28 7319 C14 7916 C14 7516 C14 
K29 8602 C16 9332 C18 8735 C16 
K30 7907 C14 8517 C16 9015 C18 
K31 7907 C14 8517 C16 8359 C16 
K32 8394 C16 9050 C18 9167 C18 
K33 6335 Rejected 7244 C14 6971 Rejected 
K34 8602 C16 9332 C18 10059 C22 
K35 8706 C16 9332 C18 9616 C20 
K36 7987 C14 8771 C16 8752 C16 
K37 8790 C16 9409 C18 9249 C18 
K38 6588 Rejected 7326 C14 6480 Rejected 
K39 8896 C16 9602 C20 10050 C22 
K40 7807 C14 8517 C16 8117 C16 
K41 8394 C16 9050 C20 9313 C18 
K42 7708 C14 8427 C16 8761 C16 
K43 9002 C18 9797 C20 9631 C20 
K44 7708 C14 8517 C16 7920 C14 
K45 7807 C14 8607 C16 7582 C14 
K46 8088 C16 8771 C16 8749 C16 
K47 8497 C16 9050 C18 9615 C20 
K48 6864 Rejected 7576 C14 6549 Rejected 
K49 8706 C16 9409 C18 9901 C20 
K50 9543 C20 10093 C22 9262 C18 
K51 9325 C20 9895 C20 10452 C22 
        
Average 8186 C16 8870 C16 8632  
Stdev 931  851  1207  
Maximum 9853  10375  10457  
Minimum 5656  6624  5719  

 



Table 2: MOE results Robusta before acetylation  

Test 
specimen 

dynamic MOE 
softwood [MPa] classification dynamic MOE 

hardwood [MPa] classification MOE test value 
[MPa] Classification 

R1 13117 C35 13340 C35 11893 C27 
R2 11024 C24 11439 C24 10031 C22 
R3 11649 C27 11886 C27 12232 C30 
R4 13257 C35 13340 C35 12440 C30 
R5 13117 C35 13340 C35 12045 C30 
R6 10642 C22 11092 C24 10859 C22 
R7 11781 C27 12126 C30 11814 C27 
R8 10392 C22 10661 C22 10035 C22 
R9 7279 C14 8036 C16 6704 Rejected 
R10 10896 C22 11207 C24 10371 C22 
R11 7489 C14 8227 C16 7082 C14 
R12 11339 C24 11886 C27 11174 C24 
R13 10011 C22 10661 C22 10058 C22 
R14 9087 C18 9809 C20 7918 C14 
R15 10980 C22 11439 C24 10041 C22 
R16 10853 C22 11207 C24 11961 C22 
R17 6963 Rejected 7657 C14 6813 Rejected 
R18 8744 C16 9367 C18 7719 C14 
R19 11236 C24 11632 C27 10009 C22 
R20 8407 C16 10630 C22 9213 C18 
R21 11730 C27 12200 C30 11429 C24 
R22 8858 C16 9471 C18 8257 C16 
R23 12777 C30 13031 C35 11762 C27 
R24 11236 C24 11514 C27 12419 C30 
R25 11730 C27 12200 C30 12863 C30 
R26 10478 C22 10718 C22 12241 C30 
R27 12127 C30 12441 C30 12251 C30 
R28 10853 C22 11170 C24 11257 C24 
R29 12640 C30 12783 C30 12039 C30 
R30 11236 C24 11632 C27 10130 C22 
R31 10011 C22 10718 C22 10956 C22 
R32 12261 C30 12562 C30 13269 C35 
R33 8744 C16 9471 C18 8207 C16 
R34 9891 C20 10299 C22 11007 C24 
R35 10478 C22 10942 C22 10014 C22 
R36 11236 C24 11632 C27 10111 C22 
R37 10980 C22 11283 C24 9985 C20 
R38 10134 C22 10630 C22 10927 C22 
R39 12777 C30 13031 C35 12230 C30 
R40 11994 C27 12320 C30 12161 C30 
R41 12777 C30 13031 C35 12662 C30 
R42 8098 C16 8781 C16 7360 C14 
R43 10728 C22 11170 C24 9928 C20 
R44 11107 C24 11725 C27 12111 C30 
R45 9204 C18 9785 C20 8636 C16 
R46 7064 C14 7842 C14 6872 Rejected 
R47 8631 C16 9265 C18 8184 C16 
R48 10478 C22 10830 C22 11319 C24 
R49 8858 C16 9471 C18 7975 C14 
R50 12261 C30 12562 C30 11653 C27 
R51 11599 C27 11725 C27 11271 C24 
R52 10728 C22 10942 C22 11067 C24 
        
Average 10615 C22 11080 C24 10442 C22 
Stdev 1624  1445  1791  
Maximum 13257  13340  13269  
minimum 6963  7657  6704  

 



 

Table 3: Results Koster after acetylation  

Test 
specimen 

dynamic MOE 
softwood [MPa] 

Classification dynamic MOE 
hardwood [MPa] 

Classification MOE test value 
[MPa] 

Classification 

K1 9094 C18 9584 C20 8258 C16 
K2 8672 C16 9302 C18 8407 C16 
K3 9434 C18 9994 C20 9221 C18 
K4 8761 C16 9383 C18 7187 C14 
K5 8871 C16 9483 C18 9408 C18 
K6 8982 C16 9584 C20 9276 C18 
K7 7921 C14 8620 C16 7446 C14 
K8 9549 C20 10098 C22 8338 C16 
K9 9549 C20 10098 C22 9383 C18 
K10 9094 C18 9787 C20 8954 C16 
K12 9320 C18 9890 C20 9757 C20 
K13 10467 C22 10933 C22 11112 C24 
K14 8871 C16 9483 C18 9099 C18 
K15 8563 C16 9203 C18 9051 C18 
K16 9094 C18 9686 C20 9126 C18 
K18 8982 C16 9584 C20 8169 C16 
K19 10467 C22 10933 C22 9555 C20 
K20 7529 C14 8264 C16 6371 Rejected 
K21 9549 C20 10098 C22 9949 C20 
K22 9094 C18 9686 C20 9386 C18 
K25 9874 C20 10288 C22 9191 C18 
K26 8347 C16 9006 C18 7607 C14 
K27 9874 C20 10394 C22 10403 C22 
K29 8982 C16 9584 C20 8522 C16 
K30 8672 C16 9104 C18 9109 C18 
K32 8982 C16 9584 C20 1 1 

K33 7427 C14 8450 C16 6877 Rejected 
K34 9094 C18 9686 C20 9933 C20 
K35 9549 C20 10098 C22 9614 C20 
K36 9434 C18 9994 C20 9184 C18 
K37 9549 C20 10098 C22 9324 C18 
K39 9641 C20 10182 C22 10373 C22 
K40 8347 C16 9006 C18 8709 C16 
K41 9094 C18 9686 C20 9252 C18 
K43 9641 C20 10288 C22 10183 C22 
K46 8563 C16 9203 C18 8623 C16 
K47 8871 C16 9483 C18 9163 C18 
K49 8563 C16 9787 C20 9751 C20 
K50 9549 C20 10098 C22 9557 C20 
K51 9641 C20 10182 C22 10173 C22 
        
Mean 9089 C18 9700 C20 9051 C18 
St. dev. 645  568  978  
Max. 10467  10933  11112  
Min. 7427  8264  6371  

 

 

1  Due to failure of the measurement equipment these values could not be obtained.  



Table 4: MOE results Robusta after acetylation 

Test 
specimen 

dynamic MOE 
softwood [MPa] 

Classification dynamic MOE 
hardwood [MPa] 

Classification MOE test value 
[MPa] 

Classification 

R1 10038 C22 10653 C22 12453 C30 
R2 11899 C27 12233 C30 10366 C22 
R3 10280 C22 10763 C22 12326 C30 
R4 10650 C22 11098 C24 11985 C27 
R5 11899 C27 12233 C30 12527 C30 
R6 12136 C30 12448 C30 10574 C22 
R7 9705 C18 10132 C22 12054 C30 
R8 11024 C24 11439 C24 10281 C22 
R12 9705 C20 10240 C22 11159 C24 
R13 10280 C22 10763 C22 10429 C22 
R14 9236 C18 9815 C20 10464 C22 
R16 10525 C22 10874 C22 13438 C35 
R19 10159 C22 10653 C22 10574 C22 
R21 10774 C22 11211 C24 12251 C30 
R22 11252 C24 11646 C27 8940 C16 
R23 8803 C16 9421 C18 12334 C30 
R24 11899 C27 12233 C30 13362 C35 
R25 11125 C24 11530 C27 12961 C30 
R26 10899 C22 11325 C24 12627 C30 
R27 9942 C20 10348 C22 12838 C30 
R29 11380 C24 11646 C27 12699 C30 
R30 12136 C30 12352 C30 11162 C24 
R31 10899 C22 11325 C24 10890 C22 
R32 9823 C20 10348 C22 13135 C35 
R33 11252 C24 11646 C27 8855 C16 
R34 8803 C16 9523 C20 10783 C22 
R36 9469 C18 10026 C22 11396 C24 
R37 10650 C22 11098 C24 10733 C22 
R39 10525 C22 10985 C22 12364 C30 
R40 12030 C30 12352 C30 13408 C35 
R41 11638 C27 11997 C27 12283 C30 
R43 11638 C27 11879 C27 10153 C22 
R44 10159 C24 10653 C22 11760 C27 
R45 10774 C22 10985 C22 9011 C18 
R47 9121 C18 9710 C20 8672 C16 
R48 8803 C16 9421 C18 10928 C22 
R49 9705 C20 10240 C22 8820 C16 
R50 8691 C16 9319 C18 11530 C27 
R51 11380 C24 11762 C27 12418 C30 
R52 10899 C22 11325 C24 10423 C22 
        
Mean 10550 C22 10991 C22 11384 C24 
Stdev. 997  895  1351  
Max. 12136  12448  13438  
Min. 8691  9319  8672  

 



Table 5 MOE results Ellert 

Test 
specimen 

dynamic MOE 
softwood [MPa] 

Clssification dynamic MOE 
hardwood [MPa] 

Classification MOE test value 
[MPa] 

Classification 

E1 8127 C16 9591 C20 8561 C16 
E2 8824 C16 10292 C22 10235 C22 
E3 7796 C14 9259 C18 7954 C14 
E4 7334 C14 8794 C16 8585 C16 
E5 6903 Rejected 8361 C16 6859 Rejected 
E6 8449 C16 9914 C20 8767 C16 
E7 8824 C16 10292 C22 9809 C20 
E8 9331 C18 10801 C22 10087 C22 
E9 8645 C16 10012 C22 8676 C16 
E10 7872 C14 9335 C18 8091 C16 
E11 7425 C14 9335 C18 7479 C14 
E12 8062 C16 9526 C20 7718 C14 
E13 8724 C16 10192 C22 9532 C20 
        
Mean 8178 C16 9670 C20 8643 C16 
St. dev. 674.50  645  999  
Max. 9331  10801  10235  
Min.  6903  8361  6859  

 



Appendix D: Bending strength results  

Table 1: bending strength Koster acetylated  

Test specimen Bending strength [MPa] 
K1 47.31 
K2 55.30 
K3 50.15 
K4 51.20 
K5 71.15 
K6 49.39 
K7 25.58 
K8 46.75 
K9 38.49 
K10 59.18 
K12 67.81 
K13 54.10 
K14 60.47 
K15 59.49 
K16 65.38 
K18 40.86 
K19 63.04 
K20 45.90 
K21 47.79 
K22 63.40 
K25 38.75 
K26 51.78 
K27 68.57 
K29 55.83 
K30 26.01 
K32  1 

K33 44.39 
K34 14.17 
K35 49.49 
K36 22.86 
K37 37.19 
K39 39.46 
K40 52.81 
K41 37.91 
K43 62.01 
K46 51.33 
K47 38.63 
K49 56.97 
K50 50.04 
K51 62.60 
    
Mean 49.37 
St. dev. 12.97 
Max. 71.15 
Min. 14.17 

 

 

 

1 Due to failure of the measuring equipment no proper measurement could be done.   



Table 2: bending strength Koster not acetylated 

Test specimen Bending strength [MPa] 
K11  1 

K17 43.95 
K23 34.47 
K24 33.31 
K28 47.71 
K31 30.69 
K38 42.47 
K42 39.54 
K44 21.95 
K45 19.74 
K48 40.52 
    
Mean 35.44 
Stdev. 8.78 
Max. 47.71 
Min. 19.74 

 

1 Due to a mistake made during the test the test value was unreliable, and thus not used.  



Table 3: bending strength Robusta acetylated 

Test specimen Bending strength [MPa] 
R1 67.65 
R2 31.15 
R3 97.07 
R4 57.10 
R5 71.60 
R6 34.41 
R7 72.55 
R8 29.80 
R12 47.08 
R13 54.06 
R14 58.32 
R16 21.67 
R19 66.53 
R21 64.16 
R22 32.72 
R23 69.42 
R24 63.18 
R25 53.35 
R26 57.69 
R27 72.10 
R29 72.21 
R30 45.49 
R31 47.06 
R32 63.73 
R33 37.17 
R34 34.69 
R36 47.84 
R37 52.40 
R39 59.42 
R40 34.09 
R41 61.19 
R43 54.46 
R44 26.64 
R45 54.65 
R47 51.63 
R48 26.76 
R49 50.30 
R50 62.43 
R51 54.04 
R52 41.89 
    
Mean 52.37 
Stdev. 15.98 
Max. 97.07 
Min. 21.67 

 



Table 4: bending strength Robusta not acetylated 

Test specimen Bending strength [MPa] 
R9 45.16 

R10 56.45 
R11 29.79 
R14 46.62 
R17 45.75 
R18 39.98 
R20  1 
R28 59.77 
R35 51.6 
R38 53.63 
R42 29.42 
R46 39.52 
    
Mean 45.24 
Stdev. 9.53 
Max. 59.77 
Min. 29.42 

 

 

1 Test specimen fails already at the MOE test. Due to that no bending strength test could be done. A 
knot in the middle of the beam in the tensile zone weakened the beam.  



Table 4: bending strength Ellert 

Test specimen Bending strength [MPa] 
E1 43.66 
E2 51.17 
E3 38.32 
E4 19.18 
E5 12.77 
E6 39.86 
E7 38.99 
E8 53.11 
E9 45.15 
E10 46.87 
E11 38.42 
E12 31.10 
E13 49.14 
    
Mean 39.06 
St. dev. 11.49 
Max. 53.11 
Min.  12.77 

 



Appendix E Results four-point bending test per specimen 

 



Information per specimen modifi ed Robusta

The following test specimen numbers can be fi nd:

R1
R2
R3
R4
R5
R6
R7
R8
R12
R13
R14
R16
R19
R21
R22
R23
R24
R25
R26
R27
R29
R30
R31
R32
R33
R34
R36
R37
R39
R40
R41
R43
R44
R45
R47
R48
R49
R50
R51
R52
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Measure point 1 (10%)
Measure point 2 (40%)
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R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

Test specimen: R1

: 11943 MPa
:  65.58 MPaS

: 2.4323 kN 5.904 mm 
: 9.7290 kN 23.18 mm
: 24.322 kN 64.26 mm
: 0.9999
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Force  Displacement 

Test specimen: R2

: 2849 mm
: 142.7 mm
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: 1.1555 kN 3.299 mm 
: 4.6210 kN 12.76 mm
: 11.554 kN 31.78 mm
: 0.9997

: 10366 MPa
: 31.15  MPa
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Force  Displacement 

Test specimen: R3

: 12326 MPa
: 97.07 MPa

: 3.5382 kN 8.207 mm
: 14.152 kN 33.03 mm
: 35.382 kN 107.3 mm
: 1

: 2849 mm
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Force  Displacement 

Test specimen: R4

: 11985 MPa
: 57.10 MPa

: 2.0947 kN 5.182 mm
: 8.3789 kN 20.17 mm
: 20.947 kN 52.95 mm
: 1
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:
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Global modulus of elasticity
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:
:

Force  Displacement 

Test specimen: R5

: 12527 MPa
: 71.60 MPa

: 2.5628 kN 5.877 mm
: 10.251 kN 24.05 mm
: 25.629 kN 65.90 mm
: 1

: 2848 mm
: 140.8 mm
: 45.5 mm
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Measure point 2 (40%)
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R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

Test specimen: R6

: 10574 MPa
: 34.41 MPa

: 1.2891 kN 3.208 mm
: 5.1562 kN 13.44 mm
: 22.891 kN 34.04 mm
: 0.9999

: 2849 mm
: 142.8 mm
: 46.3 mm
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:
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:
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:
:

Force  Displacement 

Test specimen: R7

: 12054 MPa
: 72.55 MPa

: 2.6025 kN 6.556 mm
: 10.410 kN 25.69 mm
: 26.025 kN 69.73 mm
: 0.9999

: 2848 mm
: 140.8 mm
: 45.6 mm
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Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

Test specimen: R8
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: 2847 mm
: 142.1 mm
: 45.6 mm

: 10281 MPa
: 29.80 MPa

: 1.0889 kN 2.930 mm
: 4.3554 kN 12.08 mm
: 10.889 kN 29.99 mm
: 0.9998



Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

Test specimen: R12

: 11159 MPa
: 47.08 MPa

: 1.7365 kN 4.229 mm
: 6.9458 kN 17.45 mm
: 17.365 kN 43.61 mm
: 0.9998

: 2850 mm
: 143.4  mm
: 45.2 mm
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Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

Test specimen: R13

: 10429 MPa
: 54.06 MPa

: 1.9879 kN 5.589 mm
: 7.9517 kN 21.92 mm
: 19.879 kN 57.17 mm
: 1

: 2850 mm
: 142.4 mm
: 45.7 mm
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Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

Test specimen: R15

: 10464 MPa
: 58.32 MPa

: 2.1661 kN 5.949 mm
: 8.6646 kN 23.48 mm
: 21.661 kN 65.19 mm
: 0.9999

: 2851 mm
: 142.8 mm
: 45.9 mm
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Remark: Jump in graph becasue of small failure in the tensile zone.



Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

Test specimen: R16

: 13438 MPa
: 27.24 MPa

: 0.9753 kN 2.208 mm
: 3.9014 kN 8.635 mm
: 9.7534 kN 21.67 mm
: 0.9997

: 2849 mm
: 141.3 mm
: 45.2 mm
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Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

Test specimen: R19

: 10574 MPa
: 66.53 MPa

: 2.4640 kN 6.885 mm
: 9.8560 kN 26.69 mm
: 24.640 kN 75.86 mm
: 0.9999

: 2850 mm
: 142.6 mm
: 45.9 mm
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Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 12251 MPa
: 64.16 MPa

: 2.3010 kN 5.470 mm
: 9.2041 kN 22.07 mm
: 23.010 kN 60.51 mm
: 0.9999

: 2838 mm
: 141.4 mm
: 45.2 mm

Test specimen: R21
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Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 8940 MPa
: 32.72 MPa

: 1.1737 kN 3.768 mm
: 4.6948 kN 15.39 mm
: 11.737 kN 39.09 mm
: 0.9999

: 2848 mm
: 141.1 mm
: 45.4 mm

Test specimen: R22
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Remark: Jump in graph becasue of small failure in the tensile zone.



Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 12334 MPa
: 69.42 MPa

: 2.5665 kN 6.152 mm
: 10.266 kN 23.82 mm
: 25.665 kN 64.23 mm
: 0.9999

: 2849 mm
: 143.1 mm
: 45.5 mm

Test specimen: R23
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Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 13362 MPa
: 63.18 MPa

: 2.2455 kN 5.223 mm
: 8.9819 kN 20.30 mm
: 22.455 kN 51.52 mm
: 0.9999

: 2847 mm
: 140.3 mm
: 45.5 mm

Test specimen: R24
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Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 12961 MPa
: 53.35 MPa

: 1.9708 kN 4.460 mm
: 7.8833 kN 17.37 mm
: 19.708 kN 43.45 mm
: 0.9998

: 2849 mm
: 143.2 mm
: 45.4 mm

Test specimen: R25
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Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 12627 MPa
: 57.69 MPa

: 2.0667 kN 4.874 mm
: 8.2666 kN 19.43 mm
: 20.667 kN 55.74 mm
: 0.9999

: 2849 mm
: 140.4 mm
: 45.8 mm

Test specimen: R26
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Remark: Jump in graph becasue of small failure in the tensile zone. After that measurement with the laser casued 
fl uctuations in the graph due to wood splinters.



Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 12838 MPa
: 72.10 MPa

: 2.5995 kN 5.993 mm
: 10.398 kN 23.83 mm
: 25.995 kN 64.69 mm
: 1

: 2847 mm
: 141.0 mm
: 45.7 mm

Test specimen: R27

0

5

10

15

20

25

30

35

0 10 20 30 40 50 60 70 80 90 100 110

Fo
rc

e 
[k

N]

Displacement [mm] 

Force displacement middle



Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 12699 MPa
: 72.21 MPa

: 2.6007 kN 6.213 mm
: 10.403 kN 24.20 mm
: 26.007 kN 68.86 mm
: 0.9999

: 2848 mm
: 141.7 mm
: 45.2 mm 

Test specimen: R29
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Remark: Jump in graph becasue of small failure in the tensile zone



Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 11162 MPa
: 45.49 MPa

: 1.6516 kN 4.484 mm
: 6.6064 kN 17.37 mm
: 16.516 kN 46.04 mm
: 0.9999

: 2845 mm
: 141.8 mm
: 45.5 mm

Test specimen: R30
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Remark: Jump in graph becasue of small failure in the tensile zone



Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

:10890 MPa
: 47.06 MPa

: 1.7114 kN 4.894 mm
: 6.8457 kN 18.62 mm
: 17.114 kN 47.01 mm
: 0.9999

: 2848 mm
: 141.0 mm
: 46.1 mm

Test specimen: R31
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Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 13135 MPa
: 63.73 MPa

: 2.3749 kN 5.287 mm
: 9.4995 kN 20.49 mm
: 23.749 kN 51.46 mm
: 1

: 2849 mm
: 143.5 mm
: 45.6 mm

Test specimen: R32
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Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 8855 MPa
: 37.17 MPa

: 1.3306 kN 4.487 mm
: 5.3223 kN 17.84 mm
: 13.306 kN 44.79 mm
: 0.9999

: 2846 mm
: 140.8 mm
: 45.5 mm

Test specimen: R33
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Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 10783 MPa
: 34.69 MPa

: 1.2891 kN 3.558 mm
: 5.1562 kN 13.65 mm
: 12.891 kN 34.69 mm
: 0.9992

: 2849 mm
: 143.3 mm
: 45.6 mm

Test specimen: R34
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Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 11396 MPa
: 47.84 MPa

: 1.6711 kN 4.480 mm
: 6.6846 kN 17.96 mm
: 16.711 kN  46.80 mm
: 0.9998

: 2847 mm
: 139.1 mm
: 45.5 mm

Test specimen: R36
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Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 10733 MPa
: 52.40 MPa

: 1.9299 kN 5.369 mm
: 7.7197 kN 20.77 mm
: 19.299 kN 53.69 mm
: 0.9999

: 2850 mm
: 142.2 mm
: 45.9 mm

Test specimen: R37
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Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 12364 MPa
: 59.42 MPa

: 2.0966 kN 5.243 mm
: 8.3862 kN 20.59 mm
: 20.966 kN 53.87 mm
: 0.9999

: 2847 mm
: 140.1 mm
: 45.3 mm

Test specimen: R39
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Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 13408 MPa
: 34.09 MPa

: 1.2152 kN 2.764 mm
: 4.8608 kN 10.88 mm 
: 12.152 kN 28.03
: 0.9998

: 2848 mm
: 140.2 mm
: 45.7 mm

Test specimen: R40
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Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 12283 MPa
: 61.19 MPa

: 2.2553 kN 5.423 mm
: 9.0210 kN 21.03 mm
: 22.553 kN 56.06 mm
: 0.9999

: 2846 mm
: 143.5 mm
: 45.1 mm

Test specimen: R41
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Remark: Jump in graph becasue of small failure in the tensile zone



Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 10153 MPa
: 54.46 MPa

: 2.0013 kN 5.684 mm
: 8.0054 kN 22.61 mm
: 20.013kN 62.51 mm
:

: 2845 mm
: 142.2 mm
: 45.8 mm
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Test specimen: R43

Remark: Jump in graph becasue of small failure in the tensile zone



Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 11760 MPa
: 26.64 MPa

: 0.9650 kN 2.208 mm
: 3.8599 kN 9.371 mm
: 9.6497 kN 22.99 mm
: 0.9997

: 2848 mm
: 141.8 mm
: 45.4 mm

Test specimen: R44
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Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 9011 MPa
: 54.65 MPa

: 1.9818 kN 6.342 mm
: 7.9272 kN 25.59 mm
: 19.818 kN 69.89 mm
: 0.9999

Force  Displacement 

: 2850 mm
: 141.1 mm
: 45.9 mm

Test specimen: R45
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Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 8672 MPa
: 51.63 MPa

: 1.8665 kN 6.318 mm
: 7.4658 kN 25.17 mm
: 18665 kN 67.50 mm
: 1

: 2846 mm
: 141.5 mm
: 45.5 mm

Test specimen: R47
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Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 10928 MPa
: 26.76 MPa

: 0.9662 kN 2.506 mm
: 3.8648 kN 10.23 mm
: 9.6619 kN 29.13 mm
: 0.9999

: 2847 mm
: 142.2 mm
: 45.0 mm

Test specimen: R48
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Remark: Jump in graph becasue of small failure in the tensile zone



Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 8820 MPa
: 50.30 MPa

: 1.8213 kN 5.823 mm
: 7.2852 kN 23.94 mm
: 18.213 kN 75.90 mm
: 1

: 2845 mm
: 141.0 mm
: 45.9 mm

Test specimen: R49
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Remark: Jump in graph becasue of small failure in the tensile zone



Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 11530  MPa
: 62.43 MPa

: 2.3151 kN 5.653 mm
: 9.2602 kN 22.66 mm
: 23.151 kN 70.21 mm
: 1

: 2848 mm
: 143.0 mm
: 45.7 mm

Test specimen: R50
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Remark: Jump in graph becasue of small failure in the tensile zone



Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 12418 MPa
: 54.04 MPa

: 1.9165 kN 4.592 mm
: 7.6660 kN 18.47 mm
: 19.165 kN 50.51 mm
: 0.9999

: 2849 mm
: 140.3 mm
: 45.4 mm

Test specimen: R51
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Test specimen:

Length
Average height 
Average width

:
:
:

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

:
:
:
:

Global modulus of elasticity
Bending strength

:
:

Force  Displacement 

: 10423 MPa
: 41.89 MPa

: 1.5558 kN 4.305 mm
: 6.2232 kN 16.92 mm
: 15.558 kN 42.79 mm
: 0.9886
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: 2850 mm
: 143.1 mm
: 45.7 mm

Test specimen: R52



Information per specimen unmodifi ed Robusta

The following test specimen numbers can be fi nd:

R9
R10
R11
R14
R17
R18
R28
R35
R38
R42
R46



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 7077 MPa
: 45.16 MPa

: 1.5784 kN 6.359 mm
: 6.3135 kN 26.75 mm
: 15.784 kN 111.3 mm
: 0.9993
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: 2850 mm
: 139.9 mm
: 45.0 mm

Test specimen: R9



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 10947 MPa
: 56.45 MPa

: 1.9757 kN 5.572 mm
: 7.9028 kN 22.04 mm
: 19.757 kN 85.32 mm
: 0.9999
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Displacement [mm] 

Force displacement middle

: 2850 mm
: 140.0 mm
: 45.0 mm

Test specimen: R10



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 7632 MPa
: 29.79 MPa

: 1.0455 kN 4.022 mm
: 4.1812 kN 16.48 mm
: 10.455 kN 49.26 mm
: 0.9999
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Force displacement middle

: 2850 mm
: 140.2 mm
: 45.0 mm

Test specimen: R11



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 8302 MPa
: 46.62 MPa

: 1.6400 kN 5.674 mm
: 6.5600 kN 23.59 mm
: 16.400 kN 107.6 mm
: 0.9999

: 2849 mm
: 140.2 mm
: 45.1 mm

Test specimen: R14
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Force displacement middle



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 7177 MPa
: 45.75 MPa

: 1.6095 kN 6.671 mm
: 6.4380 kN 27.01 mm
: 16.095 kN 117.8 mm
: 0.9997

: 2850 mm
: 140.2 mm
: 45.1 mm
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Force displacement middle

Test specimen: R17



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 8052 MPa
: 39.98 MPa

: 1.3898 kN 5.189 mm
: 5.5581 kN 21.02 mm
: 13.898 kN 66.68 mm
: 0.9999

: 2849 mm
: 140.3 mm
: 44.5 mm
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Force displacement middle

Test specimen: R18



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 12193 MPa
: 59.77 MPa

: 2.0966 kN 5.101 mm
: 8.3862 kN 20.76 mm
: 20.966 kN 83.67 mm
: 1

: 2850 mm
: 140.0 mm
: 45.1 mm
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Force displacement middle

Test specimen: R28



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 10885 MPa
: 51.60 MPa

: 1.8036 kN 5.053 mm
: 7.2144 kN 20.21 mm
: 18.036 kN 67.40 mm
: 0.9999

: 2850 mm
: 139.9 mm
: 45.0 mm
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Force displacement middle

Test specimen: R35



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 11855 MPa
: 53.63 MPa 

: 1.8567 kN 4.853 mm
: 7.4268 kN 19.35 mm
: 18.567 kN 64.63 mm
: 0.9999
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Force displacement middle

: 2850 mm
: 139.4 mm
: 44.9 mm

Test specimen: R38



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 7901 MPa
: 29.42 MPa

: 1.0297 kN 3.873 mm
: 4.1186 kN 15.77 mm
: 10.297 kN 43.61 mm
: 0.9999

0

5

10

15

20

25

30

35

0 10 20 30 40 50 60 70 80 90 100 110

Fo
rc

e 
[k

N]

Displacement [mm] 

Force displacement middle

: 2850 mm
: 140.0 mm
: 45.0 mm

Test specimen: R42



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 7653 MPa
: 39.52 MPa

: 1.3690 kN 5.386 mm
: 5.4761 kN 21.89 mm
: 13.690 kN 106.0 mm
: 0.9999

: 2850 mm
: 139.9 mm
: 44.6 mm

Test specimen: R46
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Information per specimen modifi ed Koster

The following test specimen numbers can be fi nd:

K1
K2
K3
K4
K5
K6
K7
K8
K9
K10
K12
K13
K14
K15
K16
K18
K19
K20
K21
K22
K25
K26
K27
K29
K30
K33
K34
K35
K36
K37
K39
K40
K41
K43
K46
K47
K49
K51
K51



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 8258 MPa
: 47.31 MPa

: 1.6388 kN 6.396 mm
: 6.5551 kN 24.71 mm
: 16.388 kN 70.75 mm
: 0.9999

: 2850 mm
: 139.9 mm
: 44.6 mm
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Force displacement middle

Test specimen: K1



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 8407 MPa
: 55.30 MPa

: 2.0050 kN 7.237 mm
: 8.0200 kN 28.05 mm
: 20.005 kN 80.01 mm
: 0.9999

: 2848 mm
: 141.7 mm
: 45.5 mm

Test specimen: K2
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Remark: Jump in graph becasue of small failure in the tensile zone



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 9221 MPa
: 50.15 MPa

: 1.8231 kN 5.996 mm
: 7.2925 kN 23.18 mm
: 18.231 kN 63.97 mm
: 1
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Force displacement middle

: 2848 mm
: 141.9 mm
: 45.5 mm

Test specimen: K3



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 7187 MPa
: 51.20 MPa

: 1.9305 kN 7.383 mm
: 7.7222 kN 29.61 mm
: 19.305 kN 100.8 mm
: 0.9999
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Force displacement middle

: 2844 mm
: 144.2 mm
: 45.7 mm

Test specimen: K4

Remark: Jump in graph becasue of small failure in the tensile zone



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 9408 MPa
: 71.15 MPa

: 2.6056 kN 8.132 mm
: 10.422 kN 32.01 mm
: 26.056 kN 94.44 mm
: 0.9999
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Force displacement middle

: 2844 mm
: 142.1 mm
: 45.7 mm

Test specimen: K5



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 9276 MPa
: 49.39 MPa

: 1.7981 kN 5.762 mm
: 7.1924 kN 22.58 mm
: 17.981 kN 56.81 mm
: 0.9999

: 2849 mm
: 142.0 mm
: 45.5 mm

Test specimen: K6
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Force displacement middle



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 7446 MPa
: 25.58 MPa

: 0.9253 kN 3.456 mm
: 3.7011 kN 14.31 mm
: 9.2529 kN 41.25 mm
:0.9998
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Force displacement middle

: 2850 mm
: 142.0 mm
: 45.2 mm

Test specimen: K7

Remark: Jump in graph becasue of small failure in the tensile zone



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 8338 MPa
: 46.75 MPa

: 1.7035 kN 6.132 mm
: 6.8140 kN 23.88 mm
: 17.035 kN 65.13 mm
: 0.9999
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Force displacement middle

: 2841 mm
: 141.6 mm
: 45.8 mm

Test specimen: K8



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 9383 MPa
: 38.49 Mpa

: 1.4117 kN 4.711 mm
: 5.6470 kN 17.68 mm
: 14.117 kN 43.14 mm
: 0.9999
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Force displacement middle

: 2849 mm
: 141.9 mm
: 45.9 mm

Test specimen: K9



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 8954 MPa
: 59.18 MPa

: 2.1887 kN 7.091 mm
: 8.7549 kN 27.91 mm
: 21.887 kN 80.26 mm
: 0.9999
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Force displacement middle

: 2848 mm
: 142.5 mm
: 45.9 mm

Test specimen: K10



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 9757 MPa
: 67.81 MPa

: 2.4982 kN 7.234 mm
: 9.9927 kN 29.06 mm
: 24.982 kN 90.39 mm
: 1
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Force displacement middle

: 2849 mm
: 143.0 mm
: 45.4 mm

Test specimen: K12

Remark: Jump in graph becasue of small failure in the tensile zone



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 11112 MPa
: 54.10 MPa

: 1.9257 kN 5.148 mm
: 7.7026 kN 20.70 mm
: 19.257 kN 53.07 mm 
: 1
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Force displacement middle

: 2849 mm
: 140.4 mm
: 45.5 mm

Test specimen: K13



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 9099 MPa
: 60.47 MPa

: 2.1460 kN 7.102 mm
: 8.5840 kN 28.30 mm
: 21.460 kN 79.48 mm
: 0.9998
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Force displacement middle

: 2848 mm
: 140.2 mm
: 45.5 mm

Test specimen: K14



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 9051 MPa 
: 59.49 MPa

: 2.2174 kN 7.034 mm
: 8.8694 kN 27.69 mm
: 22.174 kN 79.28 mm
: 1
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Force displacement middle

: 2843 mm
: 142.9 mm
: 46.0 mm

Test specimen: K15



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 9126 MPa
: 65.38 MPa

: 2.4023 kN 7.675 mm
: 9.6094 kN 30.24 mm
: 24.023 kN 84.96 mm
: 0.9999
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Force displacement middle

: 2848 mm
: 142.5 mm
: 45.6 mm

Test specimen: K16



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 8169 MPa
: 40.86 MPa

: 1.4838 kN 5.375 mm
: 5.9350 kN 21.22 mm
: 14.838 kN 54.09 mm
: 0.9999
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Force displacement middle

: 2848 mm
: 141.5 mm
: 45.7 mm

Test specimen: K18



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 9555 MPa
: 63.04 MPa

: 2.2278 kN 6.871 mm
: 8.9111 kN 27.96 mm
: 22.278 kN 74.08 mm
: 0.9998

0

5

10

15

20

25

30

35

0 10 20 30 40 50 60 70 80 90 100 110

Fo
rc

e 
[k

N]

Deformation [mm]

Force displacement middle

: 2847 mm
: 139.9 mm
: 45.5 mm

Test specimen: K19



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 6371 MPa
: 45.90 MPa

: 1.7328 kN 7.732 mm
: 6.9312 kN 30.30 mm
: 17.328 kN 92.16 mm
: 0.9999
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Force displacement middle

: 2844 mm 
: 143.5 mm
: 46.2 mm

Test specimen: K20

Remark: Jump in graph becasue of small failure in the tensile zone



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 9949 MPa
: 47.79 MPa

: 1.7743 kN 4.979 mm
: 7.0972 kN 20.03 mm
: 17.743 kN 51.00 mm
: 0.9999
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Force displacement middle

: 2848 mm
: 143.4 mm
: 45.5 mm

Test specimen: K21



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

: 9386 MPa
: 63.40 MPa

: 2.3566 kN 7.075 mm
: 9.4263 kN 28.20 mm
: 23.566 kN 81.28 mm
: 0.9998

Force  Displacement 
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Force displacement middle

: 2849 mm
: 143.8 mm
: 45.3 mm

Test specimen: K22



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 9191 MPa
: 38.75 MPa

: 1.3635 kN 4.717 mm
: 5.4541 kN 18.22 mm
: 13.635 kN 45.29 mm
: 0.9999
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Force displacement middle

: 2849 mm
: 139.6 mm
: 45.5 mm

Test specimen: K25



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 7607 MPa
: 51.78 MPa

: 1.9116 kN 7.410 mm
: 7.6465 kN 28.93 mm
: 19.116 kN 83.94 mm
: 0.9999
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Force displacement middle

: 2850 mm
: 141.9 mm
: 46.2 mm

Test specimen: K26



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 10403 MPa
:  68.57 MPa

: 2.4994 kN 7.061 mm
: 9.9976 kN 27.83 mm
: 24.994 kN 87.44 mm
: 0.9999
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Force displacement middle

: 2845 mm
: 142.4 mm
: 45.3 mm 

Test specimen: K27

Remark: Jump in graph becasue of small failure in the tensile zone



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 8522 MPa
: 55.83 MPa

: 2.0331 kN 7.170 mm
: 8.1323 kN 27.90 mm
: 20.331 kN 82.72 mm
: 0.9999
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Force displacement middle

: 2840 mm
: 141.7 mm
: 45.7 mm

Test specimen: K29



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 9109 MPa
: 26.01 MPa

: 0.9021 kN 3.083 mm
: 3.6084 kN 12.28 mm
: 9.0210 kN 31.62 mm
: 0.9999
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Force displacement middle

: 2850 mm
: 138.6 mm
: 45.5 mm

Test specimen: K30



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

: 6877 MPa
: 44.39 MPa

: 1.5924 kN 6.766 mm
: 6.3696 kN 27.29 mm
: 15.924 kN 74.56 mm
: 0.9998

Force  Displacement 
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Force displacement middle

: 2849 mm
: 140.8 mm
: 45.6 mm

Test specimen: K33



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 9933 MPa
: 14.17 MPa

: 0.5143 kN 1.397 mm
: 2.0581 kN 5.894 mm
: 5.1453 kN 14.54 mm
: 0.9995

0

5

10

15

20

25

30

35

0 10 20 30 40 50 60 70 80 90 100 110

Fo
rc

e 
[k

N]

Deformation [mm]

Force displacement middle

: 2849 mm
: 142.3 mm
: 45.2 mm

Test specimen: K34 



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 10035 MPa
:  49.49 MPa

: 1.7615 kN 5.965 mm 
: 7.0459 kN 21.68 mm
: 17.615 kN 56.98 mm
: 0.9998
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Force displacement middle

:  2849 mm
: 140.4 mm
: 45.5 mm

Test specimen: K35

Remark: Jump in graph becasue of small failure in the tensile zone



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 9184 MPa
: 22.86 MPa

: 0.7849 kN 2.561 mm
: 3.1396 kN 10.58 mm
: 7.8491 kN 26.99 mm
: 0.9996
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Force displacement middle

: 2840 mm
: 138.5 mm
: 45.1 mm

Test specimen: K36



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 9324 MPa
: 37.19 MPa

: 1.3898 kN 4.389 mm
: 5.5591 kN 16.89 mm
: 13.898 kN 44.98 mm
: 0.9998
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Force displacement middle

: 2849 mm
: 143.4 mm
: 45.8 mm

Test specimen: K37

Remark: Jump in graph becasue of small failure in the tensile zone



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 10373 MPa
: 39.46 MPa

: 1.4075 kN 4.375 mm
: 5.6299 kN 16.48 mm
: 14.075 kN 41.49 mm
: 0.9998
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Force displacement middle

: 2844 mm
: 140.7 mm
: 45.4 mm

Test specimen: K39



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 8709 MPa
: 52.81 MPa

: 1.9672 kN 6.454 mm
: 7.8687 kN 25.50 mm
: 19.672 kN 67.46 mm
: 0.9998
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Force displacement middle

: 2849 mm
: 143.0 mm
: 45.9 mm

Test specimen: K40



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 9252 MPa
: 37.91 MPa

: 1.4020 kN 4.124 mm
: 5.6079 kN 17.03 mm
: 14.020 kN 42.41 mm
: 0.9999
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Force displacement middle

: 2849 mm
: 142.5 mm
: 45.9 mm

Test specimen: K41



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 10183 MPa
: 62.01 MPa

: 2.2522 kN 6.413 mm
: 9.0088 kN 25.62 mm
: 22.522 kN 69.51 mm
: 0.9998
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Force displacement middle

: 2849 mm
: 142.3 mm
: 45.2 mm

Test specimen: K43



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 8623 MPa
: 51.33 MPa

: 1.8927 kN 6.250 mm
: 7.5708 kN 24.96 mm
: 18.927 kN 66.81 mm
: 0.9997

: 2850 mm
: 142.9 mm
: 45.5 mm
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Force displacement middle

Test specimen: K46



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 9163 MPa
: 38.63 MPa

: 1.4032 kN 4.341 mm
: 5.6128 kN 17.66 mm
: 14.032 kN 44.73 mm
: 0.9999
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Force displacement middle

: 2848 mm
: 142.0 mm
: 45.4 mm

Test specimen: K47



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 9751 MPa
: 56.97 MPa

: 2.0880 kN 5.989 mm
: 8.3520 kN 24.33 mm
: 20.880 kN 68.30 mm
: 0.9999
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Force displacement middle

: 2849 mm
: 143.1 mm
: 45.1 mm

Test specimen: K49



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 9557 MPa
: 50.04 MPa

: 1.8140 kN 5.392 mm
: 7.2559 kN 21.96 mm
: 18.140 kN 87.32 mm
: 1
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Force displacement middle

: 2844 mm
: 141.7 mm
: 45.5 mm

Test specimen: K50

Remark: Jump in graph becasue of small failure in the tensile zone



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 10173 MPa
: 62.60 MPa

: 2.3016 kN 6.389 mm
: 9.2066 kN 25.75 mm
: 23.016 kN 67.39 mm
: 1
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Force displacement middle

: 2849 mm
: 142.7 mm
: 45.5 mm

Test specimen: K51



Information per specimen unmodifi ed Koster

The following test specimen numbers can be fi nd:

K17
K23
K24
K28
K31
K38
K42
K44
K45
K48



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 8114 MPa
: 43.95  MPa

: 1.8494 kN 5.725 mm
: 7.3975 kN 23.03 mm
: 18.494 kN 116.1 mm
: 1
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Force displacement middle

: 2849 mm
: 140.0 mm
: 45.1 mm

Test specimen: K17



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 5973 MPa
: 34.47 MPa

: 1.2073 kN 6.016 mm
: 4.8291 kN 24.43 mm
: 12.073 kN 106.8 mm
: 0.9997
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Force displacement middle

: 2849 mm
: 140.2 mm
: 44.9 mm

Test specimen: K23



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 6644 MPa
: 33.31 MPa

: 1.1694 kN 5.301 mm
: 4.6777 kN 21.33 mm
: 11.694 kN 61.89 mm
: 0.9997
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Force displacement middle

: 2850 mm
: 139.9 mm
: 45.2 mm

Test specimen: K24



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 7659 MPa
: 47.71 MPa

: 1.6589 kN 6.623 mm
: 6.6358 kN 26.55 mm
: 16.589 kN 121.9 mm
: 0.9998

: 2849 mm
: 139.7 mm
: 44.9 mm
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Force displacement middle

Test specimen: K28



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 8661 MPa
: 30.69 MPa

: 1.0822 kN 3.761 mm
: 4.3286 kN 15.07 mm
: 10.822 kN 39.17 mm
: 0.9999
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Force displacement middle

: 2850 mm
: 140.2 mm
: 45.2 mm

Test specimen: K31



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 6660 MPa
: 42.47 MPa

: 1.4789 kN 6.786 mm
: 5.9155 kN 27.18 mm
: 14.789 kN 100.6 mm
: 0.9997
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Force displacement middle

: 2850 mm
: 139.8 mm
: 44.9 mm

Test specimen: K38

Remark: Jump in graph becasue of small failure in the tensile zone



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 9261 MPa
: 39.54 MPa

: 1.3940 kN 4.572 mm
: 5.5762 kN 18.19 mm
: 13.940 kN 51.66 mm
: 0.9999
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Force displacement middle

: 2850 mm
: 140.2 mm
: 45.2 mm

Test specimen: K42



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

: 8604 MPa
: 21.95 MPa

: 0.7611 kN 2.628 mm
: 3.0444 kN 10.79 mm
: 7.6111 kN 30.12 mm
:0.9998

Force  Displacement 
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Force displacement middle

: 2849 mm
: 139.8 mm
: 44.7 mm

Test specimen: K44



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 7973 MPa
: 19.74 MPa

: 0.6848 kN 2.594 mm
: 2.7392 kN 10.50 mm
: 6.8481 kN 29.55 mm
: 0.9998
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Force displacement middle

: 2849 mm 
: 140.0 mm
: 44.6 mm 

Test specimen: K45



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 6549 MPa
: 40.52 MPa

: 1.4172 kN 6.461 mm
: 5.6690 kN 26.25 mm
: 14.172 kN 132.1 mm
: 0.9997
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Force displacement middle

: 2850 mm
: 139.8 mm
: 45.1 mm

Test specimen: K48



Information per specimen unmodifi ed Ellert

The following test specimen numbers can be fi nd:

E1
E2
E3
E4
E5
E6
E7
E8
E9
E10
E11
E12
E13



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 8561 MPa
: 43.66 MPa

: 1.5338 kN 5.406 mm
: 6.1352 kN 21.67 mm
: 15.338 kN 82.33 mm
: 0.9998
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Force displacement middle

: 2850 mm
: 140.1 mm
: 45.1 mm

Test specimen: E1

Remark: Jump in graph becasue of small failure in the tensile zone



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 10235 MPa
: 51.17 MPa

: 1.7011 kN 5.545 mm
: 6.8042 kN 21.80 mm
: 17.011 kN 78.62 mm
: 0.9999
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Force displacement middle

: 2850 mm
: 136.9 mm
: 44.7 mm

Test specimen: E2

Remark: Jump in graph becasue of small failure in the tensile zone



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 7954 MPa
: 38.32 MPa

: 1.3049 kN 5.274 mm
: 5.2197 kN 20.83 mm
: 13.049 kN 73.63 mm
: 0.9999
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Force displacement middle

: 2850 mm
: 138.1 mm
: 45.0 mm

Test specimen: E3



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 8585 MPa
: 19.18 MPa

: 0.6757 kN 2.327 mm
: 2.7026 kN 9.460 mm
: 6.7566 kN 26.82 mm
: 0.9997
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Force displacement middle

: 2850 mm
: 140.0 mm
: 45.3 mm

Test specimen: E4

Remark: Jump in graph becasue of small failure in the tensile zone



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 6859 MPa
: 12.77 MPa

: 0.4468 kN 2.055 mm
: 1.7871 kN 8.000 mm
: 4.4678 kN 20.05 mm
: 0.9994

: 2850 mm
: 140.0 mm
: 45.0 mm
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Force displacement middle

Test specimen: E5



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 8767 MPa
: 39.86 MPa

: 1.3861 kN 4.829 mm 
: 5.5444 kN 19.38 mm
: 13.861 kN 59.65 mm
: 0.9999
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Force displacement middle

: 2850 mm
: 139.7 mm
: 44.9 mm

Test specimen: E6



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 9809 MPa
: 38.99 MPa

: 1.3617 kN 4.070 mm
: 5.4468 kN 16.79 mm
: 13.617 kN 47.52 mm
: 0.9999

0

5

10

15

20

25

30

35

0 10 20 30 40 50 60 70 80 90 100 110

Fo
rc

e 
[k

N]

Deformation [mm]

Force displacement middle

: 2850 mm
: 139.7 mm
: 45.1 mm

Test specimen: E7



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 10087 MPa
: 53.11 MPa

: 1.8640 kN 5.365 mm
: 7.4560 kN 22.16 mm
: 18.640 kN 93.54 mm 
: 1
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Force displacement middle

: 2850 mm
: 140.2 mm
: 45.0 mm

Test specimen: E8



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 8679 MPa
: 45.15 MPa

: 1.5856 kN 5.199 mm
: 6.3306 kN 21.81 mm
: 15.826 kN 76.65 mm
: 0.9999

: 2850 mm
: 140.1 mm
: 45.0 mm
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Force displacement middle

Test specimen: E9



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 8091 MPa
: 46.87 MPa

: 1.6370 kN 6.111 mm
: 6.5478 kN 24.65 mm
: 16.370 kN 101.5 mm
: 0.9999
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Force displacement middle

: 2850 mm
: 139.7 mm
: 45.1 mm

Test specimen: E10



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 7479 MPa
: 38.42 MPa

: 1.3446 kN 5.213 mm
: 5.3784 kN 21.62 mm
: 13.446 kN 72.65 mm
: 0.9998
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Force displacement middle

: 2850 mm
: 140.0 mm
: 45.0 mm

Test specimen: E11



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

: 7718 MPa
: 31.10 MPa

: 1.0877 kN 4.375 mm
: 4.3506 kN 17.26 mm
: 10.877 kN 50.54 mm
: 0.9998

Force  Displacement 
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Force displacement middle

: 2850 mm
: 139.8 mm
: 45.1 mm

Test specimen: E12



Length
Average height 
Average width

Measure point 1 (10%)
Measure point 2 (40%)
Maximum
R² on trajectory 10% until 40%

Global modulus of elasticity
Bending strength

Force  Displacement 

: 9532 MPa
: 49.14 MPa

: 1.7224 kN 5.744 mm
: 6.8896 kN 21.93 mm
: 17.224 kN 73.22 mm
: 0.9999

0

5

10

15

20

25

30

35

0 10 20 30 40 50 60 70 80 90 100 110

Fo
rc

e 
[k

N]

Displacement [mm] 

Force displacement middle

: 2850 mm
: 140.1 mm
: 45.0 mm

Test specimen: E13



Appendix F: Normal probability plot from bending strength results 

Normal probability plot Koster acetylated 

 

 

Normal probability plot Koster not acetylated 

 

 



Normal probability plot Robusta acetylated 

 

 

Normal probability plot Robusta not acetylated 

 

Normal probability plot Ellert 

 



Appendix G Small span bridge drawings 

















Appendix H Large span bridge drawings 
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