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Abstract  

The Bio-based composite bridge is a 3TU project which aims to design and realize a 14m span 

pedestrian bridge made from fibre-reinforced polymers (FRP) and which is introduced in part 1 of this 

paper. Part 2 will focus on various studies about bio-based materials, which are suitable for structural 

applications: this includes bio-based resins, bio-based fibres, bio-based core materials as well as bio-

based coatings. In order to understand the mechanical behaviour of different material combinations 

various tests (tension, compression, bending as well as moisture absorption) are carried out. In 

addition different production processes are evaluated to find the optimal technique for the selected 

design and material choices. 

Keywords: structural design, bridge design, fibre-reinforced polymers, FRP, bio-composites, monocoque 

structures, shell structures, structural optimization. 

1. Introduction 

The Bio-based composite pedestrian bridge is a 3TU research and design project in which the partners 

as mentioned in the affiliation have closely cooperated in realizing a pedestrian bridge over the river 

Dommel in Eindhoven, Netherlands. The bridge will be installed in October 2016. Production is 

foreseen in September 2016.  The aim of the project is to investigate the possibilities, weaknesses   

and strengths for bio-based composite materials in loadbearing structural applications and to show a 

proof of concept. The application of bio-based materials in the built environment is an extremely 

promising approach towards achieving a more circular economy and a sustainable environment, which 

is one of the Dutch National Science Agenda’s themes: “Energy and raw materials: Circular 

economy”. Recent developments have shown that bio-based materials can provide a useful approach 

for recyclable objects. Until now fully bio-based primary structural elements have not been used and 

their applications have been limited to experiments with facade components. So far building industry 

clients are generally hesitant to put new technologies into practice without proof of concepts and 

therefor this pedestrian bridge is a big step forward. The project aims to open options for recyclable 

design solution for footbridges, that for example can be used in natural preservation areas and other 

(protected) environments. There is an increasing pressure on natural (protected) environments to be 

opened to the public because of increasing numbers of recreational users. In conventional bridge-

design a pre-set Design Life is used. Often these bridges are given a protection system to prevent early 

deterioration. Materials used in these bridges and their protective materials can be harmful to their 

environment. By designing a bio-based footbridge the project aims to explore options for less harmful 

solutions. 
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2. Bridge Design and optimization 

 

The design brief for the Bio-based Composite pedestrian bridge was to design a bridge with a span of 

approximately 14 m over the local river “Dommel” at the Eindhoven University campus of TU/e. In 

successive design workshops representatives with different expertise worked closely together to 

generate different design directions. Material and production experts cooperated with structural and 

architectural designers. For more detail on the design process is referred to part1: Biobased Composite 

Pedestrian Bridge –Part 1: Design and Optimization. Figure 1 shows an impression of the final design. 

  

 

 

 

 

 

 

 

 

 

Figure 1: Impression of the final design of the Bio-based composite bridge at its location 

The challenges and restrictions regarding the bridge production process were influential in the design 

process. Different molding techniques are available for Fiber Reinforced Polymers, FRP’s, providing 

generally a large form freedom. Some of the molding techniques were considered but regarded as too 

experimental (for example textile molds), other molds were rejected for economical reasons. 

Especially when a mold becomes more complex in shape (for example double curved surfaces) the 

economic feasibility depends on larger series of products. Given the fact that this bridge design 

referred to a single bridge, the preference was to keep the molding as simple as possible. In the final 

design it was chosen to use the vacuum intrusion production technique around a more complexly 

shaped internal foam filling. A single curved contra shape provided the (upside down casted) 

curvature in the bridge deck. Figure 2 shows the principle of a mold section. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: Section of the curved bridge deck mold with the openings for the resin runners 

 

The main bridge beam member evolves from a rectangular box sections of (width x height) 1200x300 

mm at the sides towards a near triangular section in the middle of 1200x950 mm. Configurations with 

Unidirectional , Woven (two-directional) and Non-Woven fibers were compared. The aim was to use 
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the rather low-cost Non- Woven fibers were possible and Woven and or Unidirectional fibers were 

most effective and needed (see also the paper no. 1 dealing with design and optimization). The result 

of these calculations gave the fiber configuration and thickness as shown in figure 3. 

 

    

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: Optimization of the fiber configuration along the edge of bridge beam section. 

3. Bio Based Composite materials and their properties 

3.1 Choice of Fibres and resins 

At the start of the research project many different combinations of resins and fibres that are known 

from literature [1] were considered and the results of a previous market study [2] were used. The 

choice of fibers however was quickly narrowed down to Flax and/ or Hemp because of the aim to use 

as much locally produced and locally (commercial) available fibers as possible. Flax and Hemp are 

both grown and harvested in the Netherlands. With regard to the choice of resin the aim was to use a 

resin with a 100%, or else as high as possible, bio-based content. An epoxy based resin had preference 

over a polyester resin because of better micro-moisture properties and also had preference because of 

local polyester production restrictions. Furthermore, the number of possible resins was reduced 

considerably, taken into account their commercial availability. Some resins turned out to be made 

available only if ordered in very large quantities, for example 10 tons or more, others are on the other 

hand almost experimental and are not yet commercially available in the quantities needed for the 

bridge design (about 1,5 Tons). The main important selection criteria (besides availability) for the 

remaining resins were those properties that are most influential with regard to the vacuum injection 

technique. These properties are: viscosity, gel-time, hardening temperature and exothermal peak 

temperature. The first two properties directly influence the molding injection plan (distances of 

injection to vacuum points), the latter (exothermal peak temperature) is of importance with regard of 

the use of the intended internal foam in relation to the maximum thickness of a single vacuum 

injection cycle. The aim for the internal foam in the bridge section was to use the bio-based PLA 

foam, also known as polylactide. This is an aliphatic thermoplastic polyester produced from renewable 

resources and is compostable when freely exposed to the environment.  This PLA foam has a melting 

temperature of about 80 Celsius. The exothermal peak of the resins however can be easily be above 

135 Celsius. Based on the expertise of the project partner NPSP bv, the Sicomin Greenpoxy has been 

chosen as the resin. Production tests where a layer of insulating cork is used between the PLA foam 

and the composite layers to keep temperature in the PLA sufficiently low have been performed, 

showing that a layered approach is feasible. The thickness of the first composite layer is limited to 5 

mm and thus, in combination with the use of an insulating cork layer the temperature of the external 

peak is reduced sufficiently to prevent melting of the foam. Figure 3 shows a result sample of a 

production test with thickness of the composite increasing from 5 and 7 mm to 42 mm. On the left the 

thickness of the foam is clearly reduced due to melting. 
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Figure 3: Test sample showing melting of PLA foam due to reaction peak temperature  

3.2 Bio-based Composite Structural Material Properties. 

To obtain more insight in the structural material properties a number of tests have been performed. 

Several tests, for example influence of moisture content on strength and stiffness are still ongoing at 

Eindhoven University of Technology: TU/e. 

 

Strength 

To investigate the influence of the different fibers on the structural behavior of the bridge, different 

fiber configurations have been tested. Figure 4 shows the different types of fibres. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4: Different types of fibres, from left to right: Non-Woven; Woven, Bi-directional and (2x) Uni-

directional.   
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In table 1 an overview is given of which fibers together with the Greenpoxy resin have been tested. 

 
Table 1: Fibers used in the test 

Materials  Name  
Resin Greenpoxy 56  
Fibres Flax Fibers Woven, two-directional  
 Flax Fibers Uni-directional (UD) (suppliers Scabro & Lineo) 

 Hamp Fibers Non-woven 

 

From these materials a number of test samples with a thickness of 4 mm were produced using the 

vacuum injection technique. On top of this also hybrid samples of 10 mm thickness were produced, 

combining 2 mm woven fibres to each side of a core of 6 mm non-woven fibres. Table 2 shows that 

for each configuration there were 7 compression and 7 tension samples. 

 
Table 2: Number of samples tested per configuration 

 UD – 
lineo 

UD - 
Scabro 

Weefsel Non-woven Hybride 

Thickness sample 4mm 4mm 4mm 4mm 10 mm 

number of Compression test // fibre 7  7  7  7  7  

number of Tension test  // fibre 7  7  7  7  7  

 

Both the tension and the compression test were carried out in accordance to ISO 527 for the 
tension and ISO 604 for the compression tests. This resulted in samples of 250 mm length and 
25 mm width for the tension tests and 10 mm length and 20 mm width of the compression tests.  
 

3.3 Test results  

Figure 5 shows a resulting stress strain diagram for the tension test on sample no.5 with uni-
directional fibres. 
 
 
 

 

 

 

 

 

 

Figure 5: Resulting stress-strain diagram for a Uni-directional fibre sample test 

In table 3 the resulting stresses and strength for the different fibres configurations are given. 
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Table 3: Results per configuration and resulting values for the characteristic strength.  

Material  Average Strength 
(MPa) 

Standard deviation 
(Mpa) 

Strength 
Characteristic 
Value (MPa) 

UD – Lineo tension 202,0 12,6 181,3 

 compression -78,6 6,9 -67,3 

UD - Scabro tension 129,3 7,7 116,5 

 compression -104,1 4,4 -96,8 

Woven Bi-direct. tension 63,9 0,5 63,0 

 compression -73,5 2,1 -70,0 

Non - woven tension 36,1 3,4 30,5 

 compression -71,8 5,3 -63,0 

Hybride tension 47,5 2,9 42,8 

 compression -77,3 4,9 -69,2 

 

Young’s Modulus. 

Because the deformations on these first tests were not measured on the sample itself but taken form 

the machine displacements, the calculated values for the E-modulus have a limited accuracy and may 

be on the low side due to some  possible slip of the samples in the clamping beak of the testing 

machine. For example the second part of the graph shown in figure 5 for example, and calculating the 

E-modulus from as E = (175-50 MPa) / (0,04-0,02) = 6250 MPa. This value is in the same range as the 

product information in table 4 but still considerably lower than the expected 10.500 MPa for Woven 

fibres.   

Table 4 Summary of Structural Product data from N5010 Nabasco  

 Tensile Strength 

(MPa) 

Young’s Modulus 

(MPa) 

Non-woven  45 6.200 

Woven, Bi-directional 69 10.500 

Uni-directional 244 21.600 

 

Further tests with more accurate deformations and strain measurements on the sample itself are 

ongoing.  

3.4 Influence of moisture content  

At writing this paper tests are being performed investigating the influence of moisture content on the 

tensile strength and E-modulus. These tests are being performed in accordance to ASTM D 

5229/5229M-14. Here samples are being submersed in water and then tested after different periods of 

submersion. In the tests, oven dry samples are compared to samples with other moisture content. 

Figure 6 shows fives oven dry samples (left) and five samples with 7,5 % moisture content. It can be 

seen that because of some plasticity effects the failure lines change. 
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Figure 6: Left: A oven dry samples after tension test, Right: Idem with 7,5% moisture content 

The graphs in figure 7 and 8 show the results of the first test. Figure 7 shows the change in tensile 

strength after different periods of submersion (oven dry to 1, 2, and 3 days of submersion). The 

average strength seems to increase a bit, but statistical tests show that this is not significantly so far 

(further testing is ongoing).  

 

 

 

 

 

 

 

 

 

Figure 7: Tensile Strength for oven-dry sample and samples after submersion (24/48/96 hrs.) 

The strain however increases with longer submersion and higher water content compared to dry 

samples as can be seen in the graph of figure 8. 

 

 

 

 

 

 

 

 

 

Figure 8: Strain for oven-dry sample (left) and samples after submersion (24/48/96 hrs.) 

At this time no final conclusions can be drawn other than that the strains seem to increase with 

increased water content and protection of the composite against outside water is required.  
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4. Production Process  

General description 

The walking surface of the structure is a low arc with a radius of approximately 50m with a maximum 

6
o
 slope angle (See also figure 2). An important element of the deck is also the filleted edges of the 

geometry that add into smoothening the sharp edges especially at the areas where the cross-section 

becomes into a pointy trapezoid. This rounded edge effect is a result of high pressure force applied 

evenly on a thick laminate of dry fibre plies that are wrapped around the geometry. During resin 

injection the plies are pressed under a flexible vacuum bag and at the same time are getting 

impregnated with the resin. 

The bridge is built up out of a shaped lightweight core out of PLA-foam as supplied by Synprodo in 

the Netherlands. In the core inserts are applied. The inserts are needed to mount different elements like 

the railing to the bridge. The PLA foam core and the inserts are covered by a thin layer of cork core 

material is two different qualities of natural fibre mats are used. Where the highest strength and 

stiffnes is needed a woven Flax (linen) is applied and on the lower loaded surfaces non-woven flax 

and hemp mats are used. This whole element is vacuum injected with a bio-based epoxy resin by 

Sicomin (77,5% Greenpoxy 56 resin, 22,5% 4770 hardener) with one of the highest levels of bio-

based content currently available in the market. To prevent moisture to get into the structure, a paint 

coating is used (type to be determined).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 Left: Laser cut PLA foam core elements ; Right: Installing handrail element to 1:1 Mock Up 

The complete package is supported by a simple ramp shaped mold to support the vacuumed package 

Figure no 2 shows already a section of this ramp-shaped mold with the opening for connecting the 

resin runners. The railing of the bridge is injected separately and shaped into organic shapes by laser 

cutting the full laminate parts of the composite laminate. The laminate consists of a non-woven 

laminate of 20 mm and a cork core of 25 mm.    
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Figure 10 Left: Injected handrail elements to be cut out. Right: Injected bridge beam 1:1 Mockup (upside down) 

on the ramp mold  

Preliminary findings 

At this point different production samples and a full scale (1:1) mockup of a 2 m piece of the bridge 

have been produced. The 2 m part is taken from the middle where the composite bridge beam has its 

largest height.  From the production samples it can be concluded that distances of injection up to about 

500 mm distance within 1 hour are possible. The gel time of the resin is 120 minutes. Full curing is 

reached after 24 hours. Another important finding was that the exothermal peak is quite high, causing 

the laminate to become very hot. As discussed previously temperatures can reach up to 300 Celsius 

depending on the type of hardener used, on the thickness of the laminate and on the ambient 

temperature. Because the PLA foam cannot resist this high exothermal peak temperature it will melt. 

The capture gas in the foam is released causing a decrease in the quality of the laminate. Also the core 

will deform which is not acceptable since this will deform the bridge. Figure 3 shows the melting of 

the PLA foam due to the higher peak temperatures especially at higher thicknesses than 7 mm of the 

composites in one single vacuum-injection cycle. 

Based on these findings the production plan is adapted to overcome the high external peak 

temperature. The three most important measures are: 

1. A thicker layer of isolating cork around the PLA foam core will be used, isolating the foam 

from high temperatures. 

2. The major tensile zone in the bottom of the bridge will be injected separately and will be 

integrated in the foam core of the main funnel of the bridge as an insert, thus injecting smaller 

thickness in the combination with the PLA foam thus reducing the temperature. 

3. The deck, ie walking surface of the bridge will be injected in two steps. The 20 mm laminate 

will be injected as a 5 mm laminate and  in the second step, after curing of te first step, a 15 

mm laminate. Recent test indicate that also the bridge deck could be partly injected separately, 

following the same approach as the tensile zone (point 2). 

5. Conclusions 

This paper has described some of the test results and properties as well as the production aspects of the 

chosen composite combination of resin and different fibres as well as the internal PLA-foam. Based 

on the test results so far it now seems very feasible to produce the optimized bridge design (see also 

part 1 of this paper) for the 14 m Bio-based Composite pedestrian bridge and feasible to meet the 

structural requirements in terms of material strength and stiffness. The production of thicker layers of 
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laminate still poses problems due to high external peak temperatures but the proposed adaptions in the 

production process as discussed in this paper however can overcome this drawback.  

Further research will be needed on the behavior of the bridge over time. Research will be done on the 

degradation mechanisms of the bio-based composite material in relation to its structural material 

properties, and also monitoring of the bridge is foreseen in which deflections, temperature and 

moisture content is measured during a significantly long period of the bridge’s service life.   
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