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Abstract 

The advances made in the field of prestressed concrete have widened the freedom in building 

structures. This allows achieving high loading capacity with the adaption of longer spans and smaller 

cross-section dimensions. Post-tensioning technique of prestressing is the most adopted method by 

the industry due to many advantages.  

 

Fiber reinforcement improves the material properties of the concrete through increased general 

tenacity, reduction of crack widths, and a well-documented increase of shear capacity. (Kanstad, et al., 

2020) However, fiber-reinforced concrete is rarely used in load-bearing structures due to lack of 

experience and guidelines. Its use may increase as the Norwegian Concrete Association's recently 

published publication no. 38 ‘’Fiber-reinforced concrete in load-bearing structures’’ (NB38) provides 

guidance in the use of fiber concrete.  

 

Post tensioning reinforcement combined with fiber reinforced high strength concrete is the foundation 

on which a walkway bridge for this thesis is designed as a study case. It is designed after NB38 

combined with the newest draft of EN1992-1-1 with Annex L for fiber reinforcement. The draft of the 

standard is used for experimental reasons and with interest in looking at future design principles. The 

thesis examines the potential of designing structural elements with small cross-sections that leads to 

aesthetically pleasing structures with opportunity to decrease material use and the use of extra 

reinforcement. 

 

The standards have a required minimum amount of reinforcement for constructions where a collapse 

can lead to loss of human life or cause large social costs. It is concluded that over half the volume of 

concrete used for the bridge elements does not need more reinforcement than the minimum, and thus 

a great deal of reinforcement steel is saved. This leads to significant economic and environmental 

benefits and points to the advantages of fiber reinforced and prestressed concrete.  

 

The structural design of the bridge is based on similar bridges such as (Lopez, et al., 2015) and (di 

Prisco, et al., 2022) that both are interesting projects with the implementation of a post-tensioned 

fiber reinforced concrete. Bridges like these are implementing ultra-high strength concrete, with 

strengths up to 𝑓𝑐𝑘 = 150 𝑀𝑃𝑎. However, with the prerequisites of the thesis to be NB38 in 

combination with the Eurocode draft, the concrete strength has been reduced to an appropriate value 

of 𝑓𝑐𝑘 = 100 𝑀𝑃𝑎 to be eligible with formulas from this literature.  
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PART I – THEORY 

1 Fiber reinforced concrete 

Concrete is a material with high compressive strength, while the tensile strength is low. After cracking, 

an unreinforced concrete has no tensile strength, and therefore reinforcement must be used. The fiber 

reinforcement works in principle in the same way as traditional reinforcement, where it connects the 

concrete across the cracks and transmits the tensile stresses. How much stress that can be transmitted 

will vary with fiber type and dosage amount. (Kanstad, et al., 2020) 

The use of fiber as a replacement for ordinary slack reinforcement in concrete structures is very 

relevant due to increasing requirements for rational design, as well as health, safety and environment-

conditions for steel binders and lack of manpower. Fiber reinforcement in cast-in-place concrete 

structures is today mainly limited to steel fiber reinforcement in floors on ground as well as in 

shotcrete. It can however also be used in a wide range of construction parts. (Kanstad, et al., 2020) 

 

1.1 What is fiber reinforced concrete? 

Fiber reinforced concrete is a concrete that contains a fibrous material which increases its structural 

integrity. The fibers are uniformly distributed through the concrete and is randomly oriented. There 

are several different types of fibers, ranging from steel fibers, glass fibers, synthetic fibers and natural 

fibers. With different types of fibers, the properties both in soft and hardened state of the concrete is 

affected. Changes in the characteristics are due to varying concretes, fiber materials, geometries, 

distribution, orientation and density. (Mishra, 2022) Figure 1 illustrates a close-up of a steel fiber 

reinforced concrete after and before drying. The dried concrete is purposefully broken in half to clearly 

illustrate the fibers and how they connect the concrete. 

 

Figure 1 – Steel fiber in concrete (Mahajan, 2022) 
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1 Fiber reinforced concrete 

Extensive research and development in recent years has provided new insight into problems and 

opportunities related to the use of fiber as reinforcement in concrete structures. Suitable material 

types have been developed, there have been performed laboratory and field experiments, as well as 

theoretical analyzes and practical experiences with non-traditional fiber-reinforced construction 

elements. For example, fiber reinforcement in combination with self-compacting concrete has in 

practice been shown to give a load-bearing capacity far higher than corresponding structural elements 

in ordinary vibrated concrete. (Kanstad, et al., 2020) 

Construction parts that are reinforced with fibers is less expensive than hand-tied rebar, while still 

increasing the tensile strength. The shape, dimension and length of the fibers are important. A thin 

and short fiber for example, will only be effective the first hours after pouring the concrete and reduces 

the cracking while the concrete is stills drying and stiffening, but will not increase the concrete tensile 

strength. (Mishra, 2022) This is due to the size not having enough fastening area in the concrete to be 

sufficiently reducing cracks after drying.  

The technology behind fiber reinforced concrete has reached a level where the solution can be used 

beyond the more traditional areas of shotcrete and flooring. Practice, experiments, and theory indicate 

that fiber reinforced structures with and without ordinary bar reinforcement can provide acceptable 

safety of load-bearing structures if the fiber is distributed and oriented as provided. An important 

factor regarding fiber reinforced concrete is that elements induced by moment and/or axial force with 

no apparent traditional reinforcement has significantly poorer strength and ductility against these 

forces. The guidance therefore presupposes that all construction parts where there is a danger of life 

in the event of a collapse, or where there is a risk of falling, shall be supplemented with bar 

reinforcement or prestressing reinforcement that can transmit the tensile forces from bending and 

axial forces. (Kanstad, et al., 2020) 

All structural elements in this thesis are designed with this in mind, always implementing a minimum 

traditional reinforcement. In some elements it is also strictly needed for load bearing capacities.  

 

1.2 Steel fiber 

Steel fiber reinforcement is supplied in different shapes and sizes. Some variations of the different 

types are illustrated in figure 2. The fibers can for example be straight, bow shaped, toothed, or 

profiled and come both with and without end hooks. The most common cross section for the steel 

fibers is the circular cross section. Steel fibers can have different diameters, where it normally varies 

in a range from 0.2 mm to 1 mm. The length also varies, from 10 mm to 60 mm.  
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1 Fiber reinforced concrete 

For a different behavior in relation to the concrete, the steel fibers can have different surface types.  

The surfaces vary from smooth, rough or surface-treated for increased adhesion or corrosion 

protection. (Löfgren, 2005)  

Steel fibers are most often made of high-strength steel with relatively high tensile strength and 

modulus of elasticity. The tensile strength varies from 200 to 2600 MPa, and the modulus of elasticity 

ranges from 195 to 210 GPa. The elongation at break is typically 0.5-5%. (Löfgren, 2005) 

 

Figure 2 – Different types of steel fiber shapes (Tameemi & Lequesne, 2015) 

 

1.2.1 Compressive strength 

Steel fibers does not greatly enhance the static compressive strength of concrete, where the strength 

can be increased from between 0% to 25%. Structural members that also contains traditional 

reinforcement, does not have their compressive strength significantly affected by the steel fibers. The 

steel fibers will however substantially increase the post-cracking ductility, and the energy absorption 

of the material. (Chanh, 2005) 

This is shown graphically in the compressive stress-strain curves in figure 3. 
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1 Fiber reinforced concrete 

 

Figure 3 – Stress-strain curves in compression for steel fiber reinforced concrete (Chanh, 2005) 

 

1.2.2 Tensile strength 

When fibers are used in the concrete mixture, the alignment of each fiber is significant. When the 

fibers are aligned in the direction of the tensile stress, they may bring a very large increase in direct 

tensile strength. However, for more randomly distributed fibers, the increase in strength is less 

noticeable. This increase can for randomly distributed fibers be as little as 0% and, in some instances, 

up to perhaps 60%. With steel fibers aligned with the tensile stresses, this value can be as high as 133%. 

The alignment of the fibers where needed can however not be assured to be the case in normal 

methods of fiber reinforcing of concrete. (Chanh, 2005)  

Investigations have also indicated intermediate values, as shown in figure 4.  

 

Figure 4 – Influence of fiber content on tensile strength (Chanh, 2005) 
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1 Fiber reinforced concrete 

1.2.3 Flexural strength 

The steel fiber reinforcement has a significant better effect on the flexural strength than either the 

compressive or the tensile strength. Increases of more than 100% have been reported, where the 

strength is more sensitive to the type of fiber solution. This means that the increasing flexural strength 

is very much dependent on the fiber volume and the aspect ratio of the fibers, where a higher aspect 

ratio leads to greater increase in strength. (Chanh, 2005) 

 

Figure 5 – Effect of aspect ratio and weight of fibers on flexural strength in concrete (Chanh, 2005) 

 

Figure 5 illustrates how the increased values for WL/D causes an increase in the flexural strength of 

the concrete. 

 W is the weight percentage of fibers 

 L/D is the aspect ratio of fibers 

With values of WL/D above 600, the characteristics of the mix can be unsatisfactory.  

 

1.3 Practical conditions  

A fiber reinforced concrete will have several factors that affects the strength after cracking. There is 

identified decisive factors for the quality of the end product in the PhD of (Døssland, 2008). These 

factors are varying form the casting process, the concrete mix, the geometry of the element, and the 

size of the element as well as obstacles such as rebars.  
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1 Fiber reinforced concrete 

Experiments have shown that when casting a fiber reinforced concrete, the fibers tend to lie 

perpendicular to the casting direction, and the vibration of the concrete affects both the orientation 

and distribution. If the choice of fiber type combined with a poor proportioning of the fiber amount is 

the case, then the result may be an inhomogeneous concrete with ‘’fiber balls’’, where it is an 

accumulation of fibers in the same place. It should not be longer breaks during the casting, so that the 

layer formation and continuity is not disrupted. Fiber reinforced concrete is normally implemented in 

combination with normal rebars, but these can lead to a fiber accumulation and uneven fiber 

distribution which should be considered. (Kanstad, et al., 2020)  

During casting, the steel fibers tend to orient themselves parallel to the formwork. This provides a two-

dimensional orientation for fibers in plates and walls, and will be directly corresponding to the 

thickness and length of the plate. Parallel fiber orientations will be beneficial in terms of bending 

moment capacity of thin plate elements. (Døssland, 2008) 

In common for these factors is that careful planning is important when making fiber reinforcement 

concrete structures. 

  

1.4 Fiber reinforcement behavior  

Concrete is naturally a brittle material, and application of loads to concrete structures will lead to the 

formation of cracks. Fiber reinforcement mixes with the concrete solution and forms a composite 

material between the concrete and the fibers. This creates a continuous reinforcing net in the concrete 

that can absorb stresses in all directions where cracks may occur. In this way, the load-bearing capacity 

and robustness of the concrete is increased, and it will have a more ductile behavior. (Löfgren, 2005) 

Depending on the shape and strength of the fiber, the following fracture mechanisms may occur during 

the formation of cracks (Døssland, 2008) (Löfgren, 2005): 

• Tension fracture in fibers. Fiber with good adhesion conditions will have a plastic break before 

tearing. 

• Loss of adhesion between fiber and matrix. As the fiber-reinforced concrete is applied to loads, 

the fibers will absorb more and more tensile stress in critical cracks. Depending on the type of 

fiber used, loss of adhesion may occur, and the carrier may be torn out. 

• Crushing or peeling of the matrix. Large local stresses can occur in the concrete around the 

fiber if it crosses the crack at an angle or has end hooks. 

• Plastic deformation of the fiber ends. For fibers with end hooks or other anchoring, critical 

tensile stresses can tear out the fiber by plastic deformation of the ends.  
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1 Fiber reinforced concrete 

 

Figure 6 – Fracture mechanics during cracking (Löfgren, 2005) 

 

 

Figure 7 – Stress and crack width diagram showing the increasing of crack widths until failure (Muttoni, 2007) 

 

1.5 Self-compacting concrete 

Self-compacting concrete can be defined as a concrete with super-plasticizing additives in a fresh 

concrete that flows under its own weight and does not need vibration. This leads to good flow 

properties and consolidation of the concrete. It is used in the construction where it is hard to use 

vibrators for consolidation of concrete. Vibration of concrete is undesirable when using fiber 

reinforcement. (Neenu, 2022) (Kanstad, et al., 2020) This type of concrete with good flow properties 

will lead to reduced working hours and improved working conditions during casting. In general, it will 

also lead to a good homogeneity of the material and a distribution of the concrete that provides better 

quality and durability. The surface may also be generally finer after curing. If there is difficult geometry 

that is casted, this type of concrete will have an advantage. A disadvantage is the increased price of 

this concrete. (Löfgren, 2005) 
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1 Fiber reinforced concrete 

 

Figure 8 – Different concrete mixtures for ordinary concrete and self-compacting concrete (Neenu, 2022) 
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2 Post-tensioning 

2 Post-tensioning 

‘’The engineering-best friend of developers, architects, engineers and contractors – post tensioning 

enables the construction and refurbishment of concrete structures; improving structural performance 

while also reducing construction time, costs, materials and environmental impact.’’ (Freyysinet, 2017) 

 

Figure 9 – Example of post-tension cables on a construction project (Daily Engineering, 2021) 

 

Figure 9 illustrates a post-tensioning cable layout in casting a large concrete slab. Cables are laid in 

each direction combined with traditional reinforcement, with different spacing to provide necessary 

strength where it is needed. The curved layout indicates where there is needed downforce or an 

uplifting force to counteract external loads, where the uplift is usually needed in spans while 

downforce is applied over supports in mid span. 

 

2.1 What is post-tensioning? 

Post-tensioning is a method of reinforcing concrete where high-strength steel tendons are positioned 

in ducts or sleeves before the concrete is placed. Once the concrete has gained strength, tension is 

then applied, pulling the tendons and anchoring them against the outer edges of the concrete, before 

service loads are applied. (Freyysinet, 2017) Most precast and prestressed concrete is actually pre-

tensioned, where the steel is pulled before the concrete is poured. Post-tensioned concrete can thus 

still be classified as prestressed. (Palmer, 2015)  

For prestressed concrete structures as opposed to traditional reinforced structures, concrete with 

higher strength is used.  
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2 Post-tensioning 

This is due to large local anchoring forces as well as the concrete generally being subjected to a greater 

deal of compressive stresses due to the prestressing reinforcement. Common strength class values are 

C35-C55, where the chosen concrete of C100 for this thesis is well over the strength requirements. 

 

Figure 10 shows the principle of how one form of post-tensioning works, where the force from the 

tension-cable counteracts cracking and deflection from external loads on the concrete. The left figure 

is an exaggeration of the cracking process without post-tensioned cables, showing the advantages of 

the post-tensioning on the right. 

  

 

Figure 10 – The principle of post-tensioning in a two-span frame structure (PTI Certification, 2006)  

 

Adding a post-tensioned solution to concrete, combines the reinforcing tension action with the usual 

advantages of compression in concrete. Additional benefits are obtained when the post-tensioned 

reinforcement is installed in a curved profile as shown in the right on figure 10. In multiple span 

constructions, the cables would typically be elevated in a high point over the middle supports, and 

have a low point in the sagging span. The optimal efficiency is obtained in this way, because the post-

tensioned reinforcement is located in the tension zones, the concrete is being compressed, and the 

post-tensioned reinforcement creates an uplift force in the spans where it is needed the most. (PTI 

Certification, 2006)  

 

2.2 Applications and advantages 

There can be post-tensioning applications in almost all phases of a construction project. In building 

construction, post-tensioning allows longer spans, thinner slabs, fewer beams and more slender, 

dramatic elements. This is mainly because the prestressed reinforcement has a beneficial effect on the 

deflection in serviceability limit state, by counteracting the deformation caused by external loads. 

(Civil, 2019) 
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2 Post-tensioning 

The thinner elements made possible by these solutions also means that less concrete is required. In 

addition, it leads to a lower overall building height for the same floor-to-floor height. Post-tensioning 

can thus allow a significant reduction in building weight versus a conventional concrete building with 

the same number of floors. (Civil, 2019) When reducing the weight of the concrete building, the total 

load going down in the foundation is greatly reduced, and can be a major advantage in seismic areas.  

Another advantage of a post-tensioning solution is that beams and slabs can be continuous. This means 

that a single beam or slab strip can run continuously from one end of the building to the other. 

Structurally, this is much more efficient than having a beam that just goes from one column to the 

next. Post-tensioning is also the favorable system for structures like parking garages. This is because it 

allows a high degree of flexibility in the column layout, span lengths and ramp configurations.  

 

In areas where there are expansive clays or soils with poor bearing, slabs that are post tensioned can 

reduce problems with cracking and differential settlement. A slab will shrink as the concrete cures 

(hardens). In slabs on ground, the friction between the slab and the ground acts to resist this shrinkage 

and results in what are commonly referred to as shrinkage cracks. By using post-tensioned cables to 

compress the concrete, the formation of visible shrinkage cracks can be greatly reduced or even 

eliminated as shown in figure 11. Post-tensioning is used in this way in millions of square feet of 

warehouse floors, sport courts, housing and specialized paving applications. (PTI Certification, 2006) 

 

Figure 11 – Example of post-tensioning application (BBR VT INTERNATIONAL LTD, 2022) 
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2 Post-tensioning 

The pressure that arises in the concrete that follows from the prestressing reinforcement limits 

cracking and crack widths, which is favorable in terms of density, durability and flexural stiffness. The 

compressive stresses will also have a positive effect on the shear capacity, which will increase 

depending on the compressive stresses in the concrete. 

Post-tensioning and prestressed reinforcement are very effective for bridge structures. It allows them 

to be built with very demanding geometry requirements, including complex curves, variable elevation, 

and significant grade changes. It also allows longer span in bridges without the use of intermediate 

supports. This is the case in the bridge design for this thesis. This minimizes the impact on the 

environment and avoids disruptions to traffic below the bridge on eventual roads or walkways. It 

allows for slender single-span bridge structures. (Civil, 2019)  

 

2.3 Mechanical properties of cables  

In order to achieve the greatest possible prestressing of the structure, i.e. minimize the tensile stresses 

of the concrete in the serviceability limit state, it is necessary to use steel with high strength. Normally, 

the tension steel used for prestressed cables have a higher tensile strength than traditional 

reinforcement. This is to reduce the stress less of long-term effects such as shrinkage and creep in the 

concrete as well as relaxation in the tensioned prestressed steel. (Sørensen, 2013) 

For the tension cables, the characteristic strength the steel has acquired at 0.1% inelastic strain is 

defined and is usually referred to as the ‘’0.1% limit’’ fp0.1k. Figure 12 presents an idealized working 

diagram for prestressed steel, and is the background for dimensioning prestressed steel in the ultimate 

limit state.  
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2 Post-tensioning 

 

Figure 12 – Stress-strain diagram for post-tensioning cables (Sørensen, 2013)  

For post tensioned constructions, the tensioning cables are made in the form of threads with a 

diameter of 4-5mm. These threads have a characteristic strength between 1500 – 1800 MPa and a 

modulus of elasticity of 195 GPa. These tensioned threads are then spun together into tensioning 

cables, which usually consist of seven tensioning threads. The tensioning cables can be normal or 

compact, as shown in figure 13. The compact cables have a predictably larger steel area for a given 

diameter, and will therefore be able to absorb greater forces per diameter unit. (Sørensen, 2013) 

 

 

Figure 13 – Illustration of normal and compact tensioning cables (SIA Building & Steel, 2022) 

The protective layer of the post-tensioned cables in either ducts or sheaths, provides a corrosion 

protection. Some cables are unprotected and casted directly in contact with the concrete. A cable in a 

duct that contains several prestressing steel strands is commonly called a multistrand tendon, and a 

cable with only a single prestressing steel strand is usually covered in a plastic sheathing and is referred 

to as a mono-strand tendon.   
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2 Post-tensioning 

 

Figure 14 – Illustration of anchorage point and an unbonded cable (PTI Certification, 2006) 

 

2.4 Bonded and unbonded prestressed cables 

The sheathing or ducts are normally filled with coating around the prestressed steel that provides 

another level of corrosion protection as shown in figures 14 and 15. The coating can be a formulated 

type of grease, or a specially designed type of grout. The difference between grease and grout is the 

bonding of the steel tendons. When using grease, the steel inside is permanently free to move relative 

to the sheath or duct around it, and is referred to as an unbonded tendon. When the grout is used, the 

steel is permanently bonded to the sheathing or duct and is thus a bonded tendon. (PTI Certification, 

2006) 

 

Figure 15 – Example of multiple cables in a duct and a single coated cable (Olsen & Arntsen, 2021) 

 

In general, bonding will provide a greater bending moment capacity, as well as lead to a more favorable 

crack distribution. In terms of safety, you are also not dependent on the end anchors as you are for 

the unbonded prestressing reinforcement, as there is adhesion between the reinforcement and the 

concrete. Unbonded cables on the other hand, is easier and faster to perform as one avoids the 

injection work, and is therefore a more economical solution. The grease is resistant to fire, and the low 

friction due to the grease also leads to a less efficient loss of tension in the reinforcement.  
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2 Post-tensioning 

In the case of unbonded cables, it is also possible to replace damaged prestressing reinforcement. 

(Sørensen, 2013) 

 

2.5 Anchoring and anchoring forces 

When using the prestressing reinforcement, one is dependent on anchoring to hold the reinforcement 

in place as it is clamped, and for prestressed structures without injection, it is the anchoring that 

transmits the compressive stress to the concrete. A distinction is made between active anchoring, 

passive anchoring, and intermediate anchoring. (Spennteknikk, 2011) Active and passive anchoring 

must ensure power transmission from the reinforcement to the concrete, and is mounted on the end 

formwork of the concrete. Passive anchoring retains the prestressing reinforcement in the hardened 

concrete, while active anchoring makes it possible to prestress the reinforcement by resistance.  

 

Examples of anchoring solutions are shown in figure 16, where the prestressing reinforcement is fixed 

with a locking wedge at the passive end. This locking wedge is secured in place by means of a spring-

loaded end cover. In the active part, the cable is tensioned by a hydraulic jack, and the locking wedge 

is pressed into the anchor head which ensures the fastening. In cases where elements are cast in 

several stages, intermediate anchoring can be used in the casting joint to reduce friction loss. 

(Spennteknikk, 2011) It is also common to have gap tensile reinforcement behind the anchor plate to 

avoid peeling due to large, concentrated forces. 

 

Figure 16 – Anchorage with locking wedge (Spennteknikk, 2011) 

 

While anchoring the prestressed reinforcement the concrete will be subjected to concentrated forces. 

If the execution of the tensioning is done correctly, there will always be axial compressive forces. 

Depending on the eccentricity of the anchorage and the angle of the force, vertical forces and bending 

moments may also occur at the anchorage point. Figure 17 illustrates the end anchoring and the 

anchoring forces of prestressed concrete, where the left part is the anchorage force, and the right part 

is the equivalent occurring forces.  
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2 Post-tensioning 

 

Figure 17 – Anchorage forces simplifications (Sørensen, 2013) 

 

Since the length of the prestressing reinforcement is often large in relation to the height of the 

concrete cross section, the angle of inclination will often be small and the statically equivalent 

anchoring forces can be simplified as: 

      𝑃ℎ = 𝑃 ∙ cos 𝜃 ≈ 𝑃 

      𝑃𝑣 = 𝑃 ∙ sin 𝜃 ≈ 𝑃 ∙ 𝜃 

𝑀𝑝 = 𝑃 ∙ cos 𝜃 ∙ 𝑒 ≈ 𝑃 ∙ 𝑒 

 

2.6 Load balancing 

The prestressing reinforcement profile is decisive for the mechanical operation of the concrete, and in 

cases where the prestressing cables are curved, an evenly distributed transverse force will occur. This 

force effect is called equivalent forces, and the magnitude depends on the tensile force, the slope and 

the length of the prestressing reinforcement. Utilizing the equivalent forces to directly counteract self-

load and payload is called load balancing. (Sørensen, 2013) 

Figure 18 illustrates an arbitrary profile of prestressed concrete layout, and the layout can in general 

be defined by the following function: 

𝑦 = 𝑓(𝑥) 

The cables can be laid with curvature as described in chapter 2.1. When the angle of curvature is small, 

the slope of the curve can be defined as: 

𝜃(𝑥) ≈ tan 𝜃(𝑥) =
𝑑𝑦

𝑑𝑥
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Equilibrium on the y-axis can be defined as approximately: 

𝑞(𝑥) ∙ 𝑑𝑥 ≈ 𝑃 ∙ 𝑑𝜃 

Now, the equivalent loads in the y-direction can be defined as: 

𝑞(𝑥) = 𝑃 ∙
𝑑𝜃

𝑑𝑥
= 𝑃 ∙

𝑑2𝑦

𝑑𝑥2
 

 

 

Figure 18 – Arbitrary profile of a prestressed cable (Sørensen, 2013)  

 

The equation for equivalent load in y-direction generally applies to all curved prestressed 

reinforcement profiles. In cases where the prestressing reinforcement profile is straight, i.e., no 

curvature, one can show from the equation that no distributed transverse forces arise from the 

prestressing reinforcement. This is because a linear reinforcement profile (𝑦 = 𝑎𝑥 + 𝑏) will give 

𝑞(𝑥) = 0.  

For any buckling points, as shown in figure 19, the force situation must be treated separately. A 

concentrated load will arise from the prestressing reinforcement at such points, which depends on the 

angular change of the prestressing reinforcement profile as well as the prestressing force. 

The concentrated load in the point of buckling is given as: 

𝐾 = 𝑃 ∙ sin 𝜃 

While small angles give the simplified expression:  

𝐾 = 𝑃 ∙ 𝜃 
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2 Post-tensioning 

Where 

 𝑃 is the prestressed force 

 𝜃 is the total angle of the change in direction, 𝜃𝐴 + 𝜃𝐵, from figure 19 

 

 

Figure 19 – Forces in buckling points for straight prestressed cables (Sørensen, 2013) 

 

2.7 Hyperstatic moments 

For simple structures that are statically determined and prestressed, there is moments from the 

prestressing tensile forces. These forces can be multiplied with the eccentricity of the prestressed 

reinforcement with respect to the concrete element, and create forced moments. This can not always 

be assumed, as for static indeterminate structures where the deformations will be retained by the 

bearings. (Sørensen, 2013) The hyperstatic moments are given as: 

𝑀𝑝 = 𝑀0 + 𝑀1 

Where 

 𝑀0 is the primary moment given by the eccentricity multiplied by the prestressed force 

 𝑀1 is the coercive moment due to retention forces from bearings  

 

2.8 Loss of prestressed forces  

While implementing prestressed reinforcement, there are several reasons for the tension force to not 

continuously stay at the same level as during jacking of the cables. The forces will be somewhat 

reduced in relation to the state of tension during jacking. This is called loss of prestressed forces, and 

it is distinguished between immediate and time-dependent losses. For post-tensioned structures, it is 

mainly a difference in loss of strain and time-dependent losses that causes a loss of tension force in 

the cables. (Sørensen, 2013)   
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2 Post-tensioning 

2.8.1 Loss of strain 

It is several reasons for a loss in strain difference to occur. It can happen when there is little to no 

adhesion between the prestressed steel and the concrete, and is also a consequence of losses while 

locking, friction loss and also a loss due to difference in temperature. The prestressed cables are usually 

anchored by using wedge locks, and during the jacking of the cables, there will be possibilities for a slip 

before the steel is locked in place at the active end. This is what is defined as losses while locking, and 

the magnitude of the slip is normally in the order of a few millimeters. (Sørensen, 2013) (Spennteknikk, 

2011) This is illustrated in figure 20 where the lack of adhesion between the concrete and the steel 

creates a slip.  

 

 

Figure 20 – Illustration of anchorage slip and strain accumulation (W. H. Pan, 2017) 

 

When the prestressed reinforcement layout is with a curvature, a pressure will arise from the 

prestressed cables towards the duct in which it lays. This leads to frictional forces in the interface 

between them and contributes to the loss of strain difference between the concrete and the 

prestressing reinforcement. This is referred to as friction loss and depends on the coefficient of friction 

between the steel and the duct. This type of friction loss will be small at the active anchoring end and 

increase during the length of the cable. It should be ensured that the coefficient of friction is as small 

as possible, and to not have more curvature in the cables than needed. Jacking from both ends with 

great force and subsequent slacking of the cables will also result in lower friction losses. (Sørensen, 

2013) 
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Reinforcement with significantly lower friction loss can be simple unbonded prestressed cables with 

grease mass.  

 

2.8.2 Loss due to elastic deformation of concrete 

Deformation of the concrete during tensioning leads to a reduction of the prestressed force. When the 

prestressing cables are tensioned successively, the prestressing of the individual unit will lead to 

further deformation in the concrete and thus a loss of prestressing force for already prestressed and 

adjacent cables. The first prestressing reinforcement unit thus suffers the greatest tension force loss, 

while the last unit suffers zero losses. (Sørensen, 2013)  

 

2.8.3 Time-dependent losses 

Both shrinkage and creep are long-term effects that cause the deformation in the concrete to increase 

beyond the instantaneous deformation during the tensioning. Further deformation of the concrete 

leads to a reduction in strain in the prestressing steel. Furthermore, prestressing steel subjected to 

constant strain will for a long time be subjected to a stress drop, called relaxation, which further 

reduces the tensile force. (Meierhofer, 2018) 

 

Figure 21 – Illustration of creep and relaxation stress loss in post-tensioned cable (Meierhofer, 2018) 
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3 Materials 

PART II - REGULATIONS AND DESIGN BASIS 

3 Materials 

The structural design of the footbridge is based on a similar bridge in Alicante made with ultra-high-

performance concrete. That bridge is designed by a team of engineers based in Valencia and has a very 

innovative material solution with the English terminology; Ultra-High-Performance Fiber-Reinforced 

Concrete (UHPFRC). (Lopez, et al., 2015) By using this type of structural material together with 

prestressed reinforcement and traditional reinforcement, they made a long span of 43m possible with 

very slim dimensions and little material used. The superior properties of this concrete compared to 

conventional concrete allows for several beneficial factors: 

- Reduction of concrete sections and consequent weight reduction of structural elements 

between 60-75% 

- Decrease in the need for lifting equipment in addition to savings in substructures 

- Elimination of shear reinforcement and geometric minimums, with considerable savings in the 

rebar manufacturing process 

- Reduction of the minimum coatings and greater slenderness of solutions 

- Greater use of prestressing and streamlining of the prefabrication processes 

(Lopez, et al., 2015) 

The bridge design of this study case is made of several different parts of concrete elements. All 

elements are made with self-compressing fiber reinforced concrete, and some crucial elements are 

also reinforced with prestressed reinforcement. All elements have a varying amount of traditional 

reinforcement, some only needing the minimum, while other elements are subdued to larger amounts 

of shear and tension and will subsequently need extra reinforcement.  

In designing the bridge, the implementation of this concrete is done out of interest to learn and 

experiment with such a solution. The possibilities of design in the world of civil engineering can be 

positively affected by becoming more proficient with this composite concrete.  
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3 Materials 

3.1 Concrete 

The thesis is based on the Ultra-High-Performance Fiber-Reinforced Concrete (UHPFRC). The UHPFRC 

is an innovative and expensive material with a great compression stress capacity of more than 150 

MPa. It has a high ductility, which is conferred by steel fibers, and a high flowability due to powder 

materials and high range water reducer in its mix. The high prize of this material can be justified by the 

development of new structural systems which take fully advantage of the material properties. That is 

only possible by understanding its mechanical behavior and by adapting its design to more efficient 

cross-sections and details.  

Precast and prestressed applications represent the greatest potential for UHPFRC since a high quality 

control can be developed and prestressing can be made after casting to improve tension capacity. 

(Angel Lopez, et al., 2012) 

With this type of concrete it is a huge range of possibilities in civil engineering that could not be 

imagined using traditional reinforced or prestressed concrete. It is the first in the world of its kind. 

Because of this, there has been discussions on the allowance of formulas from the new draft of 

EN1992-1-1 being used for this type of concrete, as the standard only covers concretes up to 𝑓𝑐𝑘 =

100 𝑀𝑃𝑎. The concretes strength is therefore kept at this value for the sake of the thesis. Table 1 

displays the concrete properties. 

 

Table 1 – Concrete properties 
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3.2 Passive reinforcement 

In this thesis it is chosen a traditional B500NC reinforcement to be used. All values are retrieved from 

EN1992-1-1. Table 2 presents the reinforcement material properties. 

 

Table 2 – Passive reinforcement properties 

 

3.3 Prestressed reinforcement 

The prestressed cables in this thesis are chosen to be Y1860S7 cables to satisfy the structural 

analysis. All values are retrieved from EN1992-1-1. Table 3 presents the prestressed reinforcement 

properties. 

 

Table 3 – Prestressed reinforcement properties 
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3.4 Fiber reinforcement 

The fiber reinforcement chosen for the design of the bridge in this thesis is inspired by (Lopez, et al., 

2015), and will have an amount of approximately 78 kg/m3  fibers in the concrete. Lengths of fibers 

should be between 40-60mm according to NB38. Table 4 presents the fiber reinforcement properties. 

 

Table 4 – Fiber reinforcement properties 
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4 Loads 

4 Loads  

The design loads are determined from Eurocode 1: Actions on structures (EC1) and consists of self-

weight of concrete, pedestrian traffic, and wind load, and are verified by the Norwegian Public Road 

Administrations handbook for bridge design. The combination of these loads and the design criteria is 

determined from Eurocode 0: Basis of structural design (EC0). Design basis for fiber reinforced concrete 

structures is according to NB38: Fiber-reinforced concrete in load bearing structures and Eurocode 2: 

Design of concrete structures Annex L.  

 

4.1 Wind load 

The wind load is determined in the 4th part of EC1 (NS-EN 1991-1-4). It is necessary to find the local 

reference wind speed, determine the roughness factor, and calculate both the basis wind speed and 

the turbulence intensity. It will then be possible to determine the acting wind load on the structure. 

The bridge is to be placed in Bergen, and the load is calculated in attachment F.  

The peak wind velocity pressure acting on a structure is given by the equation: 

𝑞𝑝(𝑧) = [1 + 2 ∙ 𝑘𝑝 ∙ 𝐼𝑣(𝑧)] ∙ 0,5 ∙ 𝜌 ∙ 𝑣𝑚(𝑧)2 

Where 

 𝑘𝑝  is the peak factor which is set to 3,5 

𝜌 is the density of the air dependent on altitude, temperature and barometric 

pressure which can be expected in an area with powerful wind gust. Normally 

set to the value of 1.25 kg/m3 

𝐼𝑣(𝑧)  is the air turbulence intensity dependent on the height  

𝑣𝑚(𝑧)  is the local mean wind velocity dependent on the height  

 

4.1.1 Local mean wind velocity 

The wind velocity at a certain height z is given by the basis wind speed multiplied by two factors. These 

factors are the terrain roughness factor and a factor for the terrain shape. The wind velocity is given 

by the equation: 

𝑣𝑚(𝑧) = 𝑐𝑟(𝑧) ∙ 𝑐0(𝑧) ∙ 𝑣𝑏 
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Where 

 𝑐𝑟(𝑧)  is the terrain roughness factor. 

 𝑐0(𝑧)  is the terrain shape factor given in NA.4.3.3(901.1) 

 𝑣𝑏  is the basis wind speed  

 

Terrain roughness factor 

Equation 4.4 in NS-EN 1991-1-4, 4.3.2 defines the roughness factor as one of the following: 

𝑐𝑟(𝑧) = 𝑘𝑟 ∙ ln (
𝑧

𝑧0
) for 𝑧𝑚𝑖𝑛 ≤ 𝑧 ≤ 𝑧𝑚𝑎𝑥  

𝑐𝑟(𝑧) = 𝑐𝑟(𝑧𝑚𝑖𝑛) for 𝑧 ≤ 𝑧𝑚𝑖𝑛 

Where the different terrain categories are given in table 5 The values for the parameters 𝑘𝑟, 𝑧0 and 

𝑧𝑚𝑖𝑛 are given in table NA.4.1 in EC1 where 𝑧𝑚𝑎𝑥 is set to 200m. 

 

Table 5 – Terrain categories 

For the purpose of the thesis, the terrain category III will be used.  

 

Basis wind speed 

The basis wind speed is given in the Norwegian standard by equation NA.4.1: 

𝑣𝑏 = 𝑐𝑑𝑖𝑟 ∙ 𝑐𝑠𝑒𝑎𝑠𝑜𝑛 ∙ 𝑐𝑎𝑙𝑡 ∙ 𝑐𝑝𝑟𝑜𝑏 ∙ 𝑣𝑏,0 

Where the different factors can all be conservatively set to the value of 1,0.  
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Turbulence intensity 

Turbulence intensity is defined as the ratio of standard deviation of fluctuating wind velocity to the 

mean wind speed, and it represents the intensity of wind velocity fluctuation (K.Kimura, 2016). It is 

given by the following formula from NS-EN 1991-1-4: 

𝐼𝑣(𝑧) =
𝐾𝐼

𝑐0(𝑧) ∙ 𝑙𝑛 (
𝑧
𝑧0

)
 

Where 

𝐾𝐼 is the turbulence factor. Can be set to 1,0 if nothing else is given in 

NA.4.3.3(901.3.2) or NA.4.3.3(901.4) 

 

4.1.2 Wind actions on bridges 

The following figure is displaying how the coordinate system is used in the Eurocode. 

 

Figure 22 – Directions for wind actions on bridges (Norwegian standard, 2009) 

 

When calculating the total wind force it is needed to divide it into three components; the horizontal 

force in the x direction (𝐹𝑤,𝑥), the horizontal force in the y direction (𝐹𝑤,𝑦), and the vertical force in the 

z-direction (𝐹𝑤,𝑧). EC1 instructs how to calculate these: 

𝐹𝑤,𝑥 =
1

2
∙ 𝜌 ∙ 𝑣𝑏

2 ∙ 𝐶 ∙ 𝑑𝑡𝑜𝑡 

𝐹𝑤,𝑧 = 𝑞𝑝(𝑧) ∙ 𝑐𝑓,𝑧 ∙ 𝑏 

𝐹𝑤,𝑦 = 0,25 ∙ 𝐹𝑤,𝑥 
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Where 

 𝐶                           𝐶𝑒 ∙ 𝐶𝑓,𝑥 

 𝐶𝑒                       
𝑞𝑝(𝑧)

𝑞𝑏
=

𝑞𝑝(𝑧)

0,5∙𝜌∙𝑣𝑏
2 

 𝑑𝑡𝑜𝑡  is the depth of the cross section given in EC1 table 8.1 

 𝑏  is the width of cross section 

 𝑐𝑓,𝑥  is the force factor in the x direction. Given in figure 8.3 in EC1-4 

 𝑐𝑓,𝑧  is the force factor in the z direction. Recommended value is ±0,9 

 

Wind actions happening at the same time as traffic loading is normally neglected when designing for 

vehicle loads, but is here thought to be acting simultaneously as the pedestrian traffic. The Norwegian 

Public Roads Administration recommends a lower maximum wind velocity to be acting on a bridge 

structure at the same time as traffic loading, but this will be conservatively neglected.  

 

4.2 Traffic load 

The structure in question is a pedestrian walkway bridge, and the induced loading will accordingly be 

based on pedestrian traffic. The worst case of this type of loading is a uniform movement of the 

pedestrians, which will induce a dynamic amplification of the surface load. This load is set according to 

NS-EN 1991-2 as: 

𝑞𝑡,𝑘 = 5,0 𝑘𝑁
𝑚2⁄  

It is the dynamic loading that induces the vibration of the bridge with a known frequency. A common 

rule of thumb when dimensioning for vibrations from walking, running and the like is that the 

resonance frequency of the deck should be higher than twice the maximum of the load frequency. For 

pedestrian traffic, this means a frequency higher than 5.2 Hz.  

 

4.3 Characteristic loads 

It is mainly four loads that are included in the calculations: Deadload, live traffic load, wind load and 

prestressing. For bridges, the snow load is assumed to not act simultaneously as the traffic load and is 

therefore neglected.  
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The characteristic value of the deadload is found by using the density of reinforced concrete as 

indicated in EC1-1-1 table A.1. The values are assumed to be the same for fiber reinforced concrete. 

The surface load of the deck is then: 

𝑔𝑘 = 𝑡 ∙ 𝜌𝑐 = 𝑡 ∙ 25 𝑘𝑁
𝑚3⁄  

The live traffic load is based on pedestrian traffic. The worst case of this type of loading is a uniform 

movement of the pedestrians, which will induce a dynamic amplification of the surface load. This load 

is set according to NS-EN 1991-2 as: 

𝑞𝑡,𝑘 = 5,0 𝑘𝑁
𝑚2⁄  

The wind load is defined in chapter 4.1 and calculated in attachment F, and will have the 

characteristic values: 

𝐹𝑤,𝑥 = 1,88 𝑘𝑁
𝑚⁄  

𝐹𝑤,𝑦 = 0,47 𝑘𝑁
𝑚⁄  

𝐹𝑤,𝑧 = 1,48 𝑘𝑁
𝑚⁄  
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5 Design criteria 

5 Design criteria 

5.1 Ultimate limit state (ULS) 

In general, the ultimate limit state should be considered according to EC0 for strength, stability, fatigue 

and geotechnical loading. In this thesis it is only the strength criteria that is controlled, where it is 

defined in EC0 as; Fractures or excessive deformations in the structure or parts of the structure, 

including foundations, piles, basement walls and the like, where the firmness of the building materials 

is important. Consideration of the ultimate limit state is done according to EC0 6.4.3.2(3) equation 

6.10a and 6.10b: 

∑ 𝛾𝐺,𝑗

𝑗≥1

𝐺𝑘,𝑗 + 𝛾𝑝𝑃 + 𝛾𝑄,1𝜓0,1 ∙ 𝑄𝑘,1 + ∑ 𝛾𝑄𝑖𝜓0,𝑖 ∙ 𝑄𝑘,𝑖

𝑖>1

 

∑ 𝜉𝑗

𝑗≥1

𝛾𝐺,𝑗𝐺𝑘,𝑗 + 𝛾𝑝𝑃 + 𝛾𝑄,1 ∙ 𝑄𝑘,1 + ∑ 𝛾𝑄𝑖𝜓0,𝑖 ∙ 𝑄𝑘,𝑖

𝑖>1

 

Where 

P  is the prestress force 

G  is the deadload 

Q  is a variable load 

𝛾  is the partial factor that considers the uncertainties of the loads 

- 1,35/1,20 for permanent unfavorable loads 

- 1,00 for irreversible unfavorable deformation loads (ex. creep) 

- 1,60 for unfavorable wind loads 

- 1,2 for unfavorable temperature loads (neglected) 

- 1,5 for other unfavorable variable loads  

𝜉  = 0,89 and is a reduction-factor for the deadload according to EC0 NA.A2.4(B) 

𝜓0 is a combination factor for variable effect of live loads. Set to 0,7 for bridges. 

This is due to the unlikeliness for all loads to act simultaneously.  

Where the post-tensioning cables will be designed to counteract parts of this load.  

For bridges, the global equilibrium and stability (EQU) is important. This condition is independent of 

material strength or the capacity of the structure. Exceeding this capacity can lead to instantaneous 

collapse of the entire structure. This check is important in the construction phase of a bridge.  
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5 Design criteria 

The designed bridge for this thesis is a single span construction with focus only on the construction 

methods FRC and post-tensioning, and is assumed to be in sufficient global equilibrium for its entirety. 

Load combinations are implemented from the Eurocode as the following: 

 

Table 6 – Load combinations (Standard Norge, 2016) 

Where the unfavorable combination factors are the ones used in the design load combination. 

 

5.2 Serviceability limit state (SLS) 

In the serviceability limit state, it must be checked that the construction meets the requirements 

associated with its use and purpose. According to EC0 6.5.3, it must be demonstrated that a 

characteristic combination, a permanent combination, and a quasi-permanent combination are 

satisfied. In NB38, it must be checked that bending moments can be supported by traditional slack or 

prestressing reinforcement without contribution from the fiber reinforcement. This applies to fiber 

reinforced structures where a collapse can lead to loss of human life or cause large social costs. In this 

check, the characteristic load combination is to be used, and all load and material factors are set equal 

to 1,0.  

 

Characteristic load combination is given in EC0 6.5.3 equation (6.14a) as: 

∑ 𝐺𝑘,𝑗 + 𝑃 + 𝑄𝑘,1 + ∑ 𝜓0,𝑖 ∙ 𝑄𝑘,𝑖

𝑖≥1𝑗≥1

 

5.2.1 Time dependent effects 

Concrete that is loaded will, like other materials, be subjected to stretching.  
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5 Design criteria 

What distinguishes concrete from other materials is that concrete will continue to stretch beyond the 

instantaneous stretching. This strain is called creep. While shrinkage causes contraction in the concrete 

and as caused by drying of the concrete, creep can be either contraction or expansion in the concrete. 

If the concrete experiences tensile stresses, creep will lead to expansion in the concrete, and 

conversely if the concrete is subjected to compressive stresses. The creep number is a coefficient that 

takes into account the creep in the concrete. 

This is included as time dependent loads in FEM-Design for serviceability limit state, and included in 

calculations for second order degree biaxial bending and axial compression of slender elements. Creep 

contribution is done according to EN1992-1-1 7.4.2. Shrinkage as a load is reviewed in chapter 10.1.7. 

 

5.2.2 Crack widths  

For the calculation of crack widths in the concrete, there is much to be earned from the contribution 

of fibers. Fibers works very well at both crack spacing and crack widths in the concrete together with 

conventional reinforcement, and even moderate amounts of fiber can limit the extent of cracking to a 

relatively large extent so that the concrete will be virtually free of visible cracks at the serviceability 

limit state. (Kanstad, et al., 2020) 

 

Crack width calculation  

Requirements for crack widths for the various exposure classes given in NS-EN 1992-1-1 Table 

NA.7.1N applies. In combination with traditional bar reinforcement, the crack width 𝑤𝑘 on the 

concrete surface can be calculated in a similar way as in NS-EN 1992-1-1 with correction for the fibers 

contribution. In general: 

𝑤𝑘 = 𝑠𝑟,𝑚𝑎𝑥,𝑐𝑎𝑙(휀𝑠𝑚 − 휀𝑐𝑚) 

Where 

𝑠𝑟,𝑚𝑎𝑥,𝑐𝑎𝑙 is the distance between cracks in a stabilized cracking pattern, or the largest 

force attack length in the area close to the first generated crack 

휀𝑠𝑚  is the middle strain in the traditional reinforcement including losses 

휀𝑐𝑚 = 𝜎𝑠𝑟/𝐸𝑠  is the middle strain in the concrete between cracks equal to 휀𝑠𝑚 
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5 Design criteria 

The strain difference 휀𝑠𝑚 − 휀𝑐𝑚 is calculated by: 

휀𝑠𝑚 − 휀𝑐𝑚 = 𝑚𝑎𝑥 (
𝜎𝑠 − 𝜎𝑠𝑟

𝐸𝑠
;    0,6

𝜎𝑠

𝐸𝑠
) 

Where  𝜎𝑠 is the strain in the longitudinal reinforcement, and 𝜎𝑠𝑟 is given by: 

𝜎𝑠𝑟 = 𝑘𝑡 ∙
𝑓𝑐𝑡𝑚

𝜌𝑐,𝑒𝑓
∙ (1 +

𝐸𝑠

𝐸𝑐𝑚
𝜌𝑐,𝑒𝑓) 

Where 

𝑘𝑡 is a factor dependent on the duration of the load, and is set to 0,6 for short term 

loading and 0,4 for long term 

𝑓𝑐𝑡𝑚 is the middle uniaxial tensile strength of the concrete (NS-EN 1992-1-1 Tab. 3.1) 

𝐸𝑠 is the modulus of elasticity of reinforcement steel set to 210 000 MPa 

𝐸𝑐𝑚 is the concretes middle modulus of elasticity set to 45 000 MPa in this thesis 

𝜌𝑐,𝑒𝑓 =
𝐴𝑠

𝐴𝑐,𝑒𝑓𝑓
⁄   and is the ratio of reinforcement in the effective tension area of the 

concrete 

The effective tension area of the concrete, 𝐴𝑐,𝑒𝑓𝑓, is given by: 

𝐴𝑐,𝑒𝑓𝑓 = 𝑏 ∙ ℎ𝑐,𝑒𝑓𝑓 

Where 

 b is the width of the cross section 

 ℎ𝑐,𝑒𝑓𝑓 is the effective height of concrete in tension, and calculated by: 

ℎ𝑐,𝑒𝑓𝑓 = min (𝑐 + 5 ∙ Ø𝑠, 10 ∙ Ø𝑠,  3,5 ∙ 𝑐) 

Where Ø𝑠 would be changed with Ø𝑝 for the largest diameter.  

While calculating the stresses in the reinforcement, the effect of the fibers should be considered. 

This can be done by using a lamella method. A simplified solution is chosen for this thesis.   

(Kanstad, et al., 2020) (Standard, 2021) 
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5 Design criteria 

The largest distance between cracks is given by: 

𝑠𝑟,𝑚𝑎𝑥,𝑐𝑎𝑙 = (2𝑐 + 0,35 𝑘𝑏 ∙
Ø

𝜌𝑐,𝑒𝑓
) ∙ (1 −

𝑓𝐹𝑡𝑠,𝑒𝑓

𝑓𝑐𝑡𝑚
) 

Where 

 c  is the concrete cover  

𝑘𝑏 is a coefficient similar to 𝑘1 in EN1992-1-1 that takes into account the 

fastening properties to the reinforcement. This value is equal to 0,8 for good 

fastening and 1,6 for smooth surface bars 

Ø  diameter of reinforcement bars 

𝑓𝐹𝑡𝑠,𝑒𝑓 is the uniaxial residual tensile strength for serviceability limit state specified 

with 𝑘0 = 1,0  for parts induced by bending moment 

 

Crack width limit  

The limit for crack widths are given in the following table from EN1992-1-1 Table 9.2(NDP) where it is 

verifications for stress and crack width limits for a structural elements durability. 

 

Table 7 – Verifications, stress and crack width limits for durability (Standard, 2021) 
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5 Design criteria 

The first row of limits applies to reinforced members and prestressed members with unbonded or 

bonded tendons. For a quasi-permanent combination of actions in structural elements with exposure 

class XC2-XC4, XD1-XD3 or XS1-XS3, the following formula is used to calculate the crack width limit: 

𝑤𝑙𝑖𝑚,𝑐𝑎𝑙 = 0,3 𝑚𝑚 ∙ 𝑘𝑠𝑢𝑟𝑓 

Where the factor 𝑘𝑠𝑢𝑟𝑓 considers the difference between an increased crack width at the member 

surface and the required mean crack width in according to durability performance of the minimum 

cover. The factor is given by: 

1,0 ≤ 𝑘𝑠𝑢𝑟𝑓 =
𝑐𝑎𝑐𝑡

10 𝑚𝑚 + 𝑐𝑚𝑖𝑛,𝑑𝑢𝑟
≤ 1,5 

Where 

 𝑐𝑎𝑐𝑡  is the specified actual cover 

 𝑐𝑚𝑖𝑛,𝑑𝑢𝑟 is the minimum cover due to design lifetime  

 

Including prestressed reinforcement 

In order to include the prestressed reinforcement in controlling the crack width formation, EN1992-1-

1 9.2.2 (5) is applied. The ratio of reinforcement in the effective tension area of the concrete is adjusted 

to include the prestressed reinforcement. This is done by calculating the adjusted ratio of bond 

strength considering the different diameters of prestressing and traditional reinforcing steel:  

𝜉1 = 𝜉 ∙
Ø𝑠

Ø𝑝
 

Where 

𝜉 is the ratio of bond strength between traditional and prestressed reinforcement. 

Suggested values given in table 10.1 from EN1992-1-1 and set to 0,6.  

Ø𝑠 is the diameter of the traditional reinforcement bars 

Ø𝑝 is the diameter of the prestressed reinforcement cables 
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5 Design criteria 

The adjusted ratio of steel and concrete tension area is then: 

𝜌𝑐,𝑒𝑓 =
𝐴𝑠,𝑒𝑓𝑓 + 𝜉1 ∙ 𝑛𝑝 ∙ 𝐴𝑝

𝐴𝑐,𝑒𝑓𝑓
 

Where 

 𝐴𝑠,𝑒𝑓𝑓  is the effective traditional reinforcement area  

 𝑛𝑝  is the number of prestressed cables in an element 

 𝐴𝑝  is the area of a single prestressed cable 

 𝐴𝑐,𝑒𝑓𝑓  is given in chapter for crack width calculation 

 

The working tensile stresses are now divided by all working reinforcement, instead of only the 

traditional reinforcement as done in normal crack width calculation.  
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6 Prestressed reinforcement 

6 Prestressed reinforcement 

6.1 Prestressed force 

The greatest jacking force at the active end during jacking is according to EC:2004 5.10.2.1 given as: 

𝑃𝑚𝑎𝑥 = 𝐴𝑝 ∙ 𝜎𝑝,𝑚𝑎𝑥 

Or when the jacking force can be measured with an accuracy of ±5% of the final prestressed force, 

there can be included an extra jacking force. The maximum jacking force could then be increased to: 

𝑃𝑚𝑎𝑥 = 𝑘3 ∙ 𝐴𝑝 ∙ 𝑓𝑝0,1𝑘 

Where 

 𝐴𝑝  is the cross-section area of the prestressed cable 

𝜎𝑝,𝑚𝑎𝑥 is the largest stress applied to the prestressed cable  

= min (𝑘1 ∙ 𝑓𝑝𝑘;    𝑘2 ∙ 𝑓𝑝0,1𝑘) 

𝑓𝑝𝑘  is the characteristic tensile strength of the prestressed cable 

𝑓𝑝0,1𝑘  is the characteristic ‘’0,1% limit’’ of the prestressed cable 

 

The values for 𝑘1, 𝑘2 and 𝑘3 is found in the national annex, with the respective values of 0.8, 0.9 and 

0.95. In general, there are no major differences for procedure with prestressed force between 

EC2:2020 and EC2:2004.  

 

6.2 Additional stress for unbonded prestressed reinforcement 

For post-tensioned constructions with un-injected cables, there is no adhesion between the concrete 

and the prestressed reinforcement. It should therefore be considered that the deformation of the 

entire structural part will result in an increase in stress. The additional stress is thus dependent on the 

length difference in the prestressed cable, and the tension is distributed evenly over the entire length 

of the cable, not considering the local effects from frictional forces. Given that the cables are in 

constant tension, the additional stress can according to EC2:2004 NA.5.10.8 be defined as: 

∆𝜎𝑝,𝑈𝐿𝑆 = 100 𝑀𝑃𝑎 
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6 Prestressed reinforcement 

This is a simplification, and a more accurate value for the additional stress can be found by integrating 

the concretes strain along the prestressed cable, 휀𝑐, so that the difference in length is given as: 

∆𝐿 = ∫∆휀𝑐(𝑥, 𝑒(𝑥))𝑑𝑥
𝐿

 

Thus, the additional stress is given as: 

∆𝜎𝑝,𝑈𝐿𝑆 = ∆휀𝑝𝐸𝑝 =
∆𝐿

𝐿
𝐸𝑝 

 

6.3 Effective strain  

When jacking the cables there is an initial strain difference, 휀𝑝0, in the prestressed reinforcement that 

is given as: 

휀𝑝0 =
𝜎𝑝,𝑚𝑎𝑥

𝐸𝑝
 

Where 

 𝐸𝑝  is the modulus of elasticity in the prestressed reinforcement 

 

The initial strain difference will be reduced as a result of the tension force loss. By considering the loss 

of the reinforcements strain, the effective strain difference can be used for calculation in both 

serviceability limit state and ultimate limit state. The effective strain difference is given as: 

휀′𝑝0 = 휀𝑝0 − ∆휀𝑙𝑜𝑠𝑠 

Where ∆휀𝑙𝑜𝑠𝑠 is the reduction of the strain due to friction, locking, creep, receding concrete and 

relaxation.  

 

6.4 Prestressed reinforcement for moment capacity 

The prestressing reinforcement can be regarded as an internal resistance or an external load while 

calculating the moment capacity in ultimate limit state. While computing the tension state of the 

prestressed reinforcement, it is normal to calculate the jacking force as an external load. After 

tensioning, the reinforcement will be in the tensile zone and it is regarded as an internal resistance.  
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6 Prestressed reinforcement 

Taking into account the deformation of the entire structure during the ultimate limit state, the 

prestressing force is given as: 

𝑆𝑝 = 𝐴𝑝(휀′
𝑝0 ∙ 𝐸𝑝 + ∆𝜎𝑝,𝑈𝐿𝑆) ∙

1

𝛾𝑠
 

Where 

 𝐴𝑝  is the total area of prestressed reinforcement 

 휀′𝑝0  is the effective strain difference 

 𝐸𝑝  the modulus of elasticity for prestressed strands 

 ∆𝜎𝑝,𝑈𝐿𝑆  is the additional stress because of deformations  

(Kanstad, et al., 2020) (Standard, 2021) 
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7 Fiber reinforcement 

7 Fiber reinforcement 

While dimensioning fiber reinforced concrete, the residual tensile strength is an important factor. This 

is the tensile strength of the cross section after cracking in fiber reinforced concrete. The magnitude 

of the residual tensile strength depends on the volume proportion of fibers, the type of fibers used, 

the concrete quality and the orientation of the fibers.  

The residual flexural tensile strength of the fiber concrete can be determined by several different 

standardized tests depending on which regulations are followed. The recommendations according to 

the Norwegian Concrete Association publication no.38 [NB38], the Annex L of the EN1992-1-1 draft, 

as well as (Lopez, et al., 2015) and (di Prisco, et al., 2022) are consulted for the assessment of fiber 

reinforcement. 

 

7.1 Calculating the residual strength 

A way of determining the residual bending tensile strength of the fiber concrete, is with the Norwegian 

3-point method. This is done by a standardized beam test where the bending moments for four 

predetermined crack widths, also called CMOD (crack mouth opening displacement), is examined. This 

is done assuming a linear stress distribution over the cross-sectional height (resistance moment for 

cross-section of linear elastic material). This does not correspond to the actual stress distribution after 

cracking, therefore this material parameter is often characterized as a fictitious strength and is not 

used directly in dimensioning. (Kanstad, et al., 2020) 

Figure 23 displays the test setup with the beam dimension and load situation. The beam length can 

vary by 550𝑚𝑚 ≤ 𝐿 ≤ 700𝑚𝑚.  The four specified crack widths examined in the standardized test 

are 0.5mm, 1.5mm, 2.5mm and 3.5mm, where the cracks are measured at the lower edge in the middle 

of the beam. This will be the area most afflicted by cracks.  

 

Figure 23 – Test setup of 3-point method (Kanstad, et al., 2020)  
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7 Fiber reinforcement 

Figure 24 illustrates a typical relationship between applied load and crack width at different fiber 

dosages. This test is described in more detail in NS-EN 14651, and is best suited for concrete with a 

maximum aggregate size of 34 mm, as well as a fiber length of no more than 60 mm.  

By assuming a linear stress distribution over the cross-section height, it is possible to measure the 

residual strength as: 

𝑓𝑅,𝑖 =
6𝑀𝑅𝑖

𝑏ℎ𝑠𝑝
2  

Where 

𝑀𝑅𝑖 is the moment caused by deflection for the testing of specified crack widths (CMOD) 

and is equal to 𝐹𝑅𝑖 ∙
𝐿

4
 

 Where 𝐹𝑅𝑖 is the loading during specified crack widths 

ℎ𝑠𝑝 is the height from the top of the element to the start of the crack. Shown in figure 23 

 

 

Figure 24 – Force and crack width for different fiber dosages (Kanstad, et al., 2020) 

 

Characteristic values in the 0,05 quantile for residual strength is after recommendations from NB38 

given as: 

𝑓𝑅𝑘,𝑖 = 𝑓𝑅,𝑖 − 𝑘 ∙ 𝑠 
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7 Fiber reinforcement 

Where 

 s is the standard deviation of the test series 

 k equal to 1.7 if the test is carried out according to NS-EN1465 and NB38 

 

Residual strength of fiber reinforced concrete could also be determined from the German more 

detailed method according to DafStb. It is however chosen based on NB38.  

 

7.2 Classification [EN1992-1-1 ANNEX L & NB38] 

In the publication NB38 and annex L of the EN1992-1-1 standard, a fiber-reinforced concrete is 

characterized by a residual strength class and a ductility class. Characteristic residual flexural tensile 

strength, fR.1k, is given for a 0.5mm crack width and indicates the residual strength class of the fiber 

concrete. The ductility class is determined by residual flexural tensile strength for a 2.5mm crack width, 

fR.3k. Table 8 shows an overview of current residual strength classes together with ductility classes, 

where the ductility to the fiber concrete increases from class a to e. With this system, a concrete 

identified as R4.0d will have a residual strength class 4.0 and a ductility class c.  

 

Table 8 – Residual strength classes for SFRC (Standard, 2021) 

 

The characteristic residual flexural tensile strength will in general depend on the steel fiber content, 

and figure 25 shows an example of determining the fiber content required to achieve a specific residual 

flexural tensile strength. This is done by interpolating between documented test results. The 

advantage of this classification is that design engineers can operate according to residual strength 

classes when designing, and in that way describe and communicate more easily with the concrete 

supplier in that the fiber dosage does not need to be known in advance.   
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7 Fiber reinforcement 

 

Figure 25 – Residual strength for different concretes and steel fiber contents (Kanstad, et al., 2020) 

According to (Lopez, et al., 2015) it was found that to achieve a high enough residual strength of 8 

N/mm2 in the high strength concrete, a steel fiber content of 78 kg/m3 was needed. In the example in 

the figure above, it is shown that to achieve a residual strength of 4 N/mm2, a steel fiber content of 38 

kg/m3  is necessary. (Kanstad, et al., 2020) 

NB38 4.1 only allows the use of up to 60% of the average residual strength, fR,1m and fR,3m to not achieve 

too favorable results in the beam tests. This is due to a smaller predictability in the distribution of 

strength in the concrete while fiber reinforced. The value of the mean strength is assumed to be 

known, and the calculated residual flexural tensile strengths are thus: 

𝑓𝑅,1𝑘𝑑𝑒𝑠 = min (𝑓𝑅,1𝑘,   0.6 ∙ 𝑓𝑅,1𝑚) 

𝑓𝑅,3𝑘𝑑𝑒𝑠 = min (𝑓𝑅,3𝑘,   0.6 ∙ 𝑓𝑅,3𝑚) 

When determining the fiber reinforced concretes residual strength for bending, fR,1k and fR,3k is 

calculated based on the assumption of a linear stress distribution during bending moment. This may 

not correspond to the real behavior of the cross section, which leads to an inaccuracy in calculations 

and thus making the residual strength not eligible for direct calculation. While dimensioning in ultimate 

or serviceability limit state, an ideal plastic stress distribution is used with a conversion factor for both 

states to conservatively normalize these values. (Kanstad, et al., 2020) (Standard, 2021) 

The uniaxial residual tensile strengths are according to NB38 (4-2a) and (4-2b) given as: 

Serviceability limit state                            𝑓𝐹𝑡𝑠𝑘 = 0.45 𝑓𝑅,1𝑘𝑑𝑒𝑠 

Ultimate limit state                                    𝑓𝐹𝑡𝑢𝑘 = 0.37 𝑓𝑅,3𝑘𝑑𝑒𝑠 



 

44 
 

7 Fiber reinforcement 

To take into account the orientation of the fibers in the concrete, there is introduced a factor k0. When 

multiplying this factor with the residual strength, you get the effective residual strength.  

The factor k0 is often set equal to 1.0 or 0.5 depending on the construction part. For horizontal 

construction elements such as flat slabs, the value is set to 1.0, while for vertical elements such as walls 

and columns, the value is set to 0.5. The effective residual tensile strengths are thus determined from 

NB38 (4-3a) and (4-3b) as:   

𝑓𝐹𝑡𝑠,𝑒𝑓 = 𝑘0 ∙ 𝑓𝐹𝑡𝑠𝑘 

𝑓𝐹𝑡𝑢,𝑒𝑓 = 𝑘0 ∙ 𝑓𝐹𝑡𝑢𝑘 

According to NB38 5.8, this factor can be set equal to 1.2 for slim plate elements. This increase in 

effective residual strength can only be introduced if the following criteria is held: 

𝑡/𝑙𝑓 < 3.5 

Where 𝑡 and 𝑙𝑓 are respectively the thickness and the length of the fiber elements. 

The dimensioning strength of the fibers in the concrete is then according to NB38 (4-4) and EN1992-

1-1 L.5.5.1 (2): 

𝑓𝐹𝑡𝑢𝑑 =
𝑓𝐹𝑡𝑢,𝑒𝑓

𝛾𝑓
 

Where the material factor for fiber 𝛾𝑓 is the same as for concrete and set to the value of 1.5.  
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8 Capacities in structural analysis 

8 Capacities in structural analysis 

All capacities in this chapter are calculated according to chapter 5.1: Design criteria for ultimate limit 

state except chapter 8.3 which is according to the serviceability limit state for long term effects. 

8.1 Bending moment and axial force 

By using fiber-reinforced concrete (FRC), parts of the concrete cross section can take tensile forces 

after cracking. The tensile zone can be characterized in a simplified manner by a uniform stress 

distribution with stress corresponding to the dimensioning residual tensile strength, 𝑓𝐹𝑡𝑢𝑑. 

Capacity for bending moment and axial force can be determined by assuming that the plane cross 

section remains plane after deformation, and that the pressure zone of the FRC and the stress and 

strain of the conventional reinforcement tensile properties are as given in NS-EN 1992-1-1 sections 

3.1.7 and 3.2.7. For cross-sections exposed to pure tension, the strains in the FRC must be less than 

3/h‰ (cross-sectional height h in meter). Correspondingly, the tensile stresses shall be limited to 

3/h‰ in the tensile edge for cross-section subjected to bending. (Kanstad, et al., 2020) 

If the axial equilibrium results in the maximum tensile stress exceeding 3/h‰, it is sufficient to set the 

compressive stress equal to 𝜖𝑐𝑢3 and the maximum tensile stress equal to 3/h‰. 

Alternatively, for example, lamella methods based on the principles given above can be used. 

 

8.2 Moment capacity of fiber and prestressed reinforced elements 

The moment capacity shall be determined based on the following principles from NB38: 

1. It must be demonstrated that the structural part carries the dimensioning load with 

cooperation between bar reinforcement and steel fiber reinforcement. 

2. The working diagram of the conventional reinforcement is assumed to follow the guidelines 

in EC2 point 3.2.7. 

3. The pressure zone of the concrete shall be characterized by the provisions given in NS-EN 

1992-1-1 section 3.1.7. 

4. The tensile capacity of the FRC can be included as shown in figure 26, with constant stress 

above the stretch zone height. 
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8 Capacities in structural analysis 

 

Figure 26 – Stress and strain distribution for a general rectangular cross-section with fiber, passive and prestressed 

reinforcement (Olsen & Arntsen, 2021) 

When calculating the capacity, the pressure zone height shall be determined by means of axial 

equilibrium: 

𝑇𝑐 = 𝑆𝑓 + 𝑆𝑎 + 𝑆𝑝 

Where 

 𝑇𝑐 is the compression resultant force 

 𝑆𝑎 is the tension resultant force form the traditional reinforcement 

 𝑆𝑝 is the tension resultant force from the prestressed reinforcement  

 

The height of the compression zone is given by the following formula 

𝛼𝑑 =
ℎ𝑏𝑓𝐹𝑡𝑢𝑑 + 𝐴𝑠𝑓𝑦𝑑 + 𝑆𝑝

0,8𝑏𝑓𝑐𝑑 + 𝑏𝑓𝐹𝑡𝑢𝑑
 

The moment capacity can then be determined by balancing the pressure resultant point of attack as:  

𝑀𝑅𝑑 = 𝑆𝑓(0,5ℎ + 0,1𝛼𝑑) + 𝑆𝑎(𝑑𝑠 − 0,4𝛼𝑑) + 𝑆𝑝(𝑑𝑝 − 0,4𝛼𝑑) 

 

According to NB38, for constructions with a risk of collapse which can lead to a large social impact and 

economic expense or loss of human life, the bending moments and axial forces in characteristic 

combination can be supported by the traditional reinforcement or the prestressing reinforcement 

without the contribution from fiber reinforcement. For this control, all load and material factors can 

be set equal to 1,0. This control is in addition to the usual controls in the ultimate limit state.  
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For the bridge deck and the bottom tensioned chords the moment capacity is considered as ordinary 

one way slabs. The width of the tension and compression zones are simplified calculated as half the 

span. Where it is present prestressed reinforcement, the moment capacity is given as: 

𝑀𝑅𝑑 = 𝑀𝑅𝑑,𝑓𝑖𝑏𝑒𝑟 + 𝑀𝑅𝑑,𝑡𝑟𝑎𝑑 + 𝑀𝑅𝑑,𝑝𝑟𝑒 

Where the contribution from the traditional reinforcement, 𝑀𝑅𝑑,𝑡𝑟𝑎𝑑, is normally determined by the 

amount of minimum reinforcement. There can in some cases be necessary with more than the 

minimum amount, like in the support walls. The effect of the fiber reinforcement on the moment 

capacity is included according to the guidelines from NB38, where the fiber reinforcement has a 

constant stress distribution in the tension zone.  

Because of the elements being statically indeterminate, the dimensioning residual strength of the fiber 

reinforcement can be multiplied by a factor for volume effect, 𝐾𝐺, according to NB38. The factor is 

dependent on the area of the tension zone of the cross-section, where the tension zone is dependent 

on the assumed value of volume effect. In this way, determining the value of 𝐾𝐺 turns into an iterative 

process. The area of the tension zone for one way slabs is very large, and the maximum beneficial 

volume effect is achieved. The volume effect could then be put as: 

𝐾𝐺 = 1,0 + 0,5 ∙ 𝐴𝑐𝑡 ≤ 𝐾𝐺,𝑚𝑎𝑥 = 1,5 

Where 𝐴𝑐𝑡 is the area of the tension zone (in m2). 

 

8.3 Bi-axial moment combined with axial force 

For some elements that are induced by a great compression force while also being twisted in both 

directions, it is necessary for a comprehensive check on the biaxial capacity. At first there is analyzed 

if the structural member is a slender compressive chord, where the following criteria must be satisfied: 

𝜆𝑛 =
𝜆 ∙ √

𝑛
1 + 2 ∙ 𝑤

𝐴𝜑
≤ 𝜆𝑙𝑖𝑚,𝑠𝑖𝑚𝑝𝑙 =

10,8

√𝑛
 

 

Where 

 𝜆 is the slenderness ratio for each direction, 

𝜆 =
𝐿𝑐𝑟

√𝐼
𝐴
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 𝑛 is the axial utilization of the cross section, 

𝑛 =
𝑁𝐸𝑑

𝑓𝑐𝑑 ∙ 𝐴
 

 𝑤 is the mechanical reinforcement ratio for each direction, 

𝑤 =
𝐴𝑠,𝑒𝑓𝑓 ∙ 𝑓𝑦𝑑

𝑓𝑐𝑑 ∙ 𝐴
 

 𝐴𝜑 is a factor for reduced area because of creep, with 𝜑 being the creep factor: 

𝐴𝜑 =
1,25

(1 + 0,2 ∙ 𝜑)
 

This criterion is not satisfied for the longitudinal top bar of the bridge, nor the lateral trusses on each 

side. Thus, it is necessary to check for biaxial moment and axial force capacities for both axes.  

 

Figure 27 – Second order moments for slender columns (Standard, 2021) 

Figure 27 b) shows the second order moments for slender columns that is included in the calculation 

of these elements. The second order bending moments are found by multiplying the design axial 

compression with the eccentricities on both axes. The eccentricities are found with the following 

formula: 

𝑒2 =
1

𝑟
∙

𝐿𝑐𝑟
2

𝐶
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Where 

 r is the nominal curvature for each axis,  

𝑟 =
𝑟0

𝑘𝑟 ∙ 𝑘𝜑
 

 𝑟0 is the base value for curvature, 

𝑟0 =
0,45 ∙ 𝑑

휀𝑦𝑑
 

 𝑘𝑟 is a coefficient depending on the axial load 

 𝑘𝜑 is a coefficient accounting for creep 

 𝐿𝑐𝑟 is the critical buckling length 

 C is a factor depending on the total curvature distribution and is equal to π2 

 

This eccentricity is then multiplied by the dimensioning axial load in serviceability limit state. In both 

cases of this calculation the eccentricity moment is a great deal larger than the already induced 

bending moments, pointing to the importance of considering second order moments. The total 

inflicted moment about each axis is then the bending moment with the added eccentricity moment.  

Total bending moment capacity for each axis is defined as: 

𝑀𝑅𝑑 = 𝑚 ∙ 𝑓𝑐𝑑 ∙ 𝐴 ∙ ℎ 

Where 

 m is the moment utilization from the moment and axial force relation curve diagram 

 

 

Further, the axial utilization later used for computing the combination factor, is given by: 

𝑢 =
𝑁𝐸𝑑

𝐴𝑠,𝑒𝑓𝑓 ∙ 𝑓𝑦𝑑 + (𝐴 − 𝐴𝑠,𝑒𝑓𝑓) ∙ 𝑓𝑐𝑑
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Combination factor for combining biaxial moments: 

𝑎 = 1 +
1,5 − 1

0,7 − 0,1
∙ 𝑢 

 

Utilization of bi-axial moment capacity, without including fiber reinforcement: 

(
𝑀𝑡𝑜𝑡,𝑦

𝑀𝑅𝑑,𝑦
)

𝑎

+ (
𝑀𝑡𝑜𝑡,𝑧

𝑀𝑅𝑑,𝑧
)

𝑎

 

 

With the calculation of the moment capacity for second order moments being mostly based of the 

traditional reinforcement needed in the elements, the fiber reinforcements contribution was not 

needed for satisfying capacities.  

The top compressive chord is dependent on its critical buckling length not reaching higher values. This 

can be done by having sufficient stiffness in the lateral truss and the transverse deck beams together 

with the deck itself. Figure 28 presents this very case from (Angel Lopez, et al., 2012), where the first 

buckling mode is the desirable one.  

 

Figure 28 – Transverse truss plane buckling mode (Angel Lopez, et al., 2012) 

8.4 Shear force capacity 

It has been thoroughly documented in experimental trials that steel fiber provides increased capacity 

against shear fractures, while it has not been documented that synthetic fibers have a similar effect. 
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Furthermore, the rules for shear capacity applies to beams, rods, plates, and shells where the ratio of 

span to cross-sectional height is at least 3 for two-sided constructions and 1.5 for cantilevered parts. 

There are numerous methods and models used for calculating shear capacity of fiber reinforced 

concrete elements. Most of these are based on results from various beam test series with conventional 

flexural tensile reinforcement in the lower edge of the beam. The main longitudinal traditional 

reinforcement. (Kanstad, et al., 2020) 

The shear force is calculated using stresses, for ease of use. The dimensioning shear stress is given by: 

𝜏𝐸𝑑 =
𝑉𝐸𝑑

𝑏𝑤 ∙ 𝑧
 

Where 

 𝑉𝐸𝑑 is the dimensioning shear force acting on the member 

 𝑏𝑤 is the cross sections minimum web width 

 𝑧 is the internal moment arm  

 

While calculating the shear force capacity, it is possible to include shear force reinforcement or not. 

This is in turn the difference between the two shear force capacities; 𝜏𝑅𝑑𝑐,𝐹 and 𝜏𝑅𝑑𝑠,𝐹, where if 𝜏𝑅𝑑𝑐,𝐹 

is greater than 𝜏𝐸𝑑 then there is no need for shear force reinforcement.  

 

8.4.1 Elements with no dimensioning necessity for shear force reinforcement 

 The shear capacity is calculated from two factors: 

𝜏𝑅𝑑𝑐 The concretes shear force capacity, included contribution from longitudinal   

reinforcement 

𝑓𝐹𝑡𝑢𝑑  The fiber reinforced concretes dimensioning residual strength as indicated 

earlier. Provided that k0 = 1,0. 

 

The concretes shear force capacity is never assumed to be less than the minimum value of: 

𝜏𝑅𝑑𝑐,𝑚𝑖𝑛 =
10

𝛾𝑐
√

𝑓𝑐𝑘

𝑓𝑦𝑑
∙

𝑑𝑑𝑔

𝑑
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Where 𝑑𝑑𝑔 is a value to take care of any unevenness in the shear fracture zone. This value is set to the 

diameter of the longitudinal reinforcement + 𝐷𝑙𝑜𝑤𝑒𝑟 ≤ 40 for concrete with 𝑓𝑐𝑘 < 60 𝑀𝑃𝑎. 

 

For concrete with  𝑓𝑐𝑘 > 60 𝑀𝑃𝑎 the value is set to the diameter + 𝐷𝑙𝑜𝑤𝑒𝑟 (
60

𝑓𝑐𝑘
)

2
.  

The value for 𝐷𝑙𝑜𝑤𝑒𝑟 is the minimum allowable value of 𝐷𝑚𝑎𝑥, and is here defined as 20.  

d is the value of the effective cross-sectional height. 

(Kanstad, et al., 2020) 

 

The shear force capacity of the fiber reinforced concrete element is determined as: 

𝜏𝑅𝑑,𝑐𝐹 = 𝜂 ∙ 𝜏𝑅𝑑,𝑐 + 𝑓𝐹𝑡𝑢𝑑 > 𝜂 ∙ 𝜏𝑅𝑑,𝑐,𝑚𝑖𝑛 + 𝑓𝐹𝑡𝑢𝑑 

Where 

 𝜏𝑅𝑑,𝑐 =
0,6

𝛾𝑐
(100 ∙ 𝜌𝑙 ∙ 𝑓𝑐𝑘 ∙

𝑑𝑑𝑔

𝑑
)

1/3

,        𝜌𝑙 =
𝐴𝑠,𝑒𝑓𝑓

𝑏∙𝑑
 

 

 𝜂 = max (
1

1+0,43𝑓𝐹𝑡𝑢𝑑
2,85 ;    0,4) 

 

8.4.2 Elements with dimensioning necessity for shear force reinforcement 

The shear capacity is calculated from two factors: 

𝜏𝑅𝑑,𝑠 The capacity of the implemented shear force reinforcement 

𝑓𝐹𝑡𝑢𝑑  The fiber reinforced concretes dimensioning residual strength as indicated 

earlier. Provided that k0 = 1,0. 

 

The total shear force capacity for shear reinforced fiber concrete is calculated as: 

𝜏𝑅𝑑,𝑠𝐹 = 0,75 ∙ 𝜏𝑅𝑑,𝑠 + 𝑓
𝐹𝑡𝑢𝑑

 

Where 

 𝜏𝑅𝑑,𝑠 =
𝐴𝑠𝑣

𝑠
∙

𝑧

𝑏𝑑
∙ 𝑓

𝑦𝑑
  (Assumed a crack angle of 45°) 
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The factor of 0,75 is introduced to reduce the contribution of the shear reinforcement. This is due to 

the fiber reinforced concrete reaching maximum utilization by lesser deformations than a fully strained 

shear reinforcement. The internal moment arm z can simplified be put to 0,9d. (Kanstad, et al., 2020) 

 

8.4.3 Shear connection 

In the design of the bridge, there is longitudinal beams which goes through the whole length of the 

bridge and connects the transverse smaller beams that carries the bridge walkway deck. These 

longitudinal beams are cast inside the lateral diagonal truss, in such a way that the downwards forces 

are transmitted as tension and compression in the truss elements. There is not a significant shear force 

interface between these elements. However, the transverse beams will need to be cast with shear 

force reinforcement connecting them to the longitudinal beam and lateral truss. This reinforcement is 

needed due to the forces coming from the walkway deck that is transmitted throughout the transverse 

beam pattern. These beams are however spaced close and the forces in each are not great. 

The design value of the interface shear force is given as: 

𝜏𝐸𝑑 =
𝑉𝐸𝑑

𝐴𝑖
 

Where 

 𝑉𝐸𝑑 is the dimensioning shear force acting on the interface 

 𝐴𝑖  is the area of the interface. Here, area of transverse deck beam cross section (120x150) 

The formula for shear force capacity in the interface can be solved for the necessary ratio of 

reinforcement in the cross section, which is then given as: 

𝜌𝑖 =
𝜏𝐸𝑑 − 𝐶𝑣1 ∙

√𝑓𝑐𝑘

𝛾𝑐

𝑓𝑦𝑑(𝜇𝑣 ∙ sin(𝛼) + cos(𝛼))
 

Where 

 𝐶𝑣1  and  𝜇𝑣  are factors dependent on the roughness of the surface (EN1992-1-1 Table 8.1) 

 

The present reinforcement in the transverse beams can be anchored in the perpendicular concrete 

elements and create a satisfactory shear force reinforcement for the induced shear force in ultimate 

limit state according to EN1992-1-1 8.2.6. 
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9 Minimum reinforcement 

There are several reasons to lay minimum reinforcement in structures, and according to EC2:2020 

12.2 a minimum reinforcement shall be added to: 

a) Ensure distributed cracking and to handle forces from restrained deformations where not 

considered explicitly in the design 

b) Ensure sufficient deformation capacity to contribute to structural robustness by allowing 

alternative load paths 

c) Avoid failures due to unpredicted cracking 

d) Ensure applicability of design models 

e) Ensure constructability 

The area of minimum reinforcement can include prestressed and ordinary reinforcement when 

bonded to the concrete.  

 

9.1 Minimum reinforcement for fiber reinforced structures [NB38] 

Depending on the load and type of construction, fiber reinforcement can be used in a combination 

with traditional reinforcement. This is done to achieve sufficient ductility in a load-bearing structure. 

The amount of reinforcement must be large enough for it to be a crack-distributing effect (fastening), 

so that the cracked cross-section is stronger than the non-cracked section. If a solution with only fiber 

reinforced concrete is used, a high dosage of fibers is required, often higher than the wanted volume 

percentage of steel fiber. With such high amounts of fiber, it becomes both difficult to cast and 

expensive, and is thus not commonly the most used solution. NB38 recommends all structures to have 

a minimum amount of traditional reinforcement, which is a very good solution especially with 

requirements for small crack widths. The steel fibers take over some of the tension in the traditional 

reinforcement, which gives less reinforcement strain and thus smaller crack widths. (Kanstad, et al., 

2020) 

The requirement for minimum reinforcement for slabs is based on the same principle as for beams, 

only that it applies to both x and y directions. For cross-sections only subjected to bending, the main 

reinforcement and continuous minimum reinforcement shall correspond to: 

𝐴𝑠,𝑚𝑖𝑛 ∙ 𝑓𝑦𝑘 = 0,26 ∙ (𝑓𝑐𝑡𝑚 − 2,15 ∙ 𝑓𝐹𝑡𝑢,𝑒𝑓) ∙ 𝑏𝑡 ∙ 𝑑 > 0,13 ∙ 𝑓𝑐𝑡𝑚 ∙ 𝑏𝑡 ∙ 𝑑 
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In order to include shear reinforcement in the shear force capacity, this must have a cross-sectional 

are referred to in the plane of the plate at least equal to [mm2/ mm2]: 

𝜌𝑤,𝑚𝑖𝑛 = (0,1√𝑓𝑐𝑘 − 0,3𝑓𝐹𝑡𝑢,𝑒𝑓
)/𝑓𝑦𝑘 

The distance between the reinforcement bars shall not be greater than eight times the cross-

sectional thickness and not over 1,2m.  

 

9.2 Minimum reinforcement according to NS-EN1992-1-1:2004 

In the Norwegian national annex NA9.2.1.1(1), the smallest area of reinforcement should not be less 

than: 

𝐴𝑠,𝑚𝑖𝑛 = 𝑚𝑎𝑥 {
0,26 ∙

𝑓𝑐𝑡𝑚

𝑓𝑦𝑘
∙ 𝑏𝑡 ∙ 𝑑

0,0013 ∙ 𝑏𝑡 ∙ 𝑑

 

Where 𝑏𝑡 is the width of the zone in tension. 

 

9.3 Reinforcement rules for prestressed reinforcement 

The rules of minimum reinforcement in the previous points are applied to the prestressed members 

as well, implementing a distributed traditional reinforcement.  
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PART III – GEOMETRY AND ANALYSIS 

10 Analysis 

10.1 FEM-Design 

For computing load cases on the construction, FEM-Design is used. FEM-Design is an advanced and 

intuitive 3D structural design and analysis software. It supports all aspects of structural engineering 

through 3D modelling, design and finite element analysis of concrete, steel, timber, composite, 

masonry and foundation structures, according to the Eurocode. The quick and easy nature of FEM-

Design makes it ideal for all types of construction tasks from single element design to global stability 

analysis of large structures and makes it a good practical tool for structural engineers. FEM-Design will 

also be able to include the post-tensioning cables. (StruSoft, 2019) 

 

10.1.1 Bridge calculation model 

The bridge design in this thesis includes a total span of 35m with max height of 2m and lowest height 

at 1.4m. The total width is 2.62m with a free walkway width of 2.38m. It is composed by several 

different structural elements. The structure is computed in FEM-Design as shown in the following 

figure. 

 

 

 

 

 

 

Figure 29 – Computational model from FEM-Design 
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An important aspect of the structural design is the elevation of the walkway deck. This is done to create 

horizontal stiffness in the bridge and reduce buckling lengths of the lateral truss as they are connected 

to the bridge deck. The lateral trusses are made with variable heights, ranging from 2.0m at the middle 

span down to 1.49m close to the supports. To de-load the lateral trusses close to the support, it is 

implemented support shear walls that extends diagonally into the bridge span by 4.5m on each side. 

These form the support system of the bridge, where it is assumed that the placement of the bridge 

ensures the forces from the supports to be taken by the ground around it.  

The walkable bridge deck never goes below a 1.0m distance from the top compressive chord, to always 

assure a proper height of the handrail. The lateral trusses are connected at their lower part by a 

horizontal X-shaped truss. Both the lateral and the horizontal trusses have been lightened seeking a 

balance between the aesthetic component and the efficiency of the material.  

The diagonals, both compressed and tensioned, that form the lateral trusses, have a rectangular 

section of 120x150mm. They are all reinforced with 4xØ20 bars.  

The tensioned chords of the bottom part have a height of 150mm and a width of 600mm, each housing 

a total of 18 post tensioning cables of type Y1860S7. These chords form part of the lower X-shaped 

truss that connects both lateral trusses. The diagonals in the lower truss all have a section of 

100x150mm. The diagonals are shown in green in figure 30, where the bridge is seen from below. 

 

Figure 30 – FEM-Design model seen from below 

The deck has a minimum clear width for pedestrian traffic of 2.38m. Along each lateral truss, there is 

longitudinal beams with a cross-section of 120x150mm that marks the layout of the bridge deck. 

Connecting these beams, is a series of transverse beams with cross-section 120x150mm. These are 

located at the intersection of the longitudinal beams with the diagonals of the lateral truss, and in 

between. The transverse ribs do in no case exceed a distance of 2.3m. These are shown in figure 31, 

where the bridge is seen from above. 

 

Figure 31 – FEM-Design model seen from above 
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The structure of longitudinal beams and transverse beams generates frames on which the 2,5 cm thick 

slab rests on in continuity, which constitutes the walkable surface of the deck. The longitudinal and 

transverse beams not only supports the slab, but also provides the necessary torsional rigidity to the 

structural assembly and reduces the buckling length of the lateral diagonals. 

 

10.1.2 Elements 

The bridge design is done with a goal of making elements with similar dimensions. This is to ensure an 

easier building and design process and economic benefits. All elements are designed in their own 

Mathcad notes attached to the thesis, with load situations retrieved from FEM-Design. No simplified 

load calculations have been done, and all induced loads are from the program. The main elements for 

withstanding loads and stabilizing the bridge are the top longitudinal bars and the lateral trusses. These 

elements are induced by the most axial forces in compression and tension. The support walls are also 

subdued to a great deal of compression and tension. The bottom strips are the only elements that have 

prestressed reinforcement, and the moment capacity is calculated using prestressed and traditional 

reinforcement together with fiber reinforcement. 

The bridge is composed of the following elements in table 9 which are all visualized in the chapter 

10.1.1 and attached as pictures to each calculation in the annex.  

 

Table 9 – All elements cross-sections and lengths 
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10.1.3 Prestressed reinforcement 

The prestressed reinforcement is in the form of 18 strands of Y1860S7 cables in each strip, which are 

chosen to be injected for better fastening and better crack width properties. The cables are laid inside 

the chords and work the full length of the span with no sudden curvatures due to for example columns 

in mid span.  

 

Figure 32 – Automatic post-tensioning cable profile from FEM-Design 

 

This figure illustrates the prestressed reinforcement profile that FEM-Design automatically will use for 

the cables inside the 35m long element. They will have a very small curvature due to the low height of 

the elements and be close to straight cables, but as they are in a great number, the produced uplift 

force is of significant magnitude. This prestressed reinforcement profile is easily implemented on site, 

and will have no problems of anchorage on either side due to adjoining structures. The eccentricities 

of the prestressed cables are mainly due to necessary cover and the traditional reinforcement size.  

 

 

Figure 33 – FEM-Design automatic generated manufacturing drawing for production 
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10.1.4 Design of geometry 

The design drawing for the bridge is made in Revit 2022 and presented in annex K. Revit is a complete 

BIM tool delivered by Autodesk for the construction industry, used by both architects and engineers. 

The program has many possibilities with precise 3D modelling, early phase design, visualization, 

engineering, analysis, fabrication, and construction. (focus, 2022) The design drawing includes the 

bridge cross section at start and middle of the span, as well as full side profile and a table of concrete 

volumes.  

The drawings are characterized by a lack of time and skill, and will therefore miss an illustration of the 

reinforcement and a complete level of detail for a design of this type.  

 

10.1.5 Implementation of loads 

All loads are manually implemented to FEM-Design, and the following table presents the different load 

cases active in the analysis. 

 

Table 10 – Load cases in FEM-Design 

The post tensioning, the shrinkage and the self-weight of the materials are the only permanent load 

cases. Shrinkage is conservatively considered in the FEM analysis, even though the concrete data for 

such calculations would not be entirely correct due to the special case of ultra-high-performance 

concrete used in this thesis and the data related to shrinkage not being implemented in FEM-Design. 

Temperature loads are not included in this analysis. 

 

PTC T0 and PTC T8 

The prestressed cables equivalent loads are shown in the following figures, displaying how the forces 

will work against the induced loads on the bridge along the span. Both long and short term cable effects 

are considered, with T0 being short term and T8 being long term.  
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Figure 34 – Equivalent cable force FEM-Design 

 

Pedestrian traffic load 

The pedestrian traffic load is elevated to match the shape of the walkable surface of the bridge deck. 

 

Figure 35 – Illustration of pedestrian traffic load as a uniform area load in FEM-Design 

 

Wind load 

 

Figure 36 – Illustration of wind load as a uniform distributed load from three directions in FEM-Design 

The wind load is a combination of three surface loads, putting pressure along all axes. The bridge being 

assumed to not be built in a great elevation will significantly reduce the values of the loads.  
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To ensure the whole load is being applied to the structural elements, the cover function in FEM-Design 

is used to appropriately distribute the surface loads. 

10.1.6 Load combinations 

The following table retrieved from FEM-Design presents the two load combination used in this analysis. 

 

Table 11 – Load combinations in FEM-Design (Ultimate limit state and Serviceability limit state) 

Load combination ULS is used to compute all the sagging and hogging moments, together with axial 

and shear force in all elements. Reaction forces for both supports are also computed with this 

combination. SLS combination is used to compute the forces necessary for long term eccentricity 

moments in slender elements and crack formations throughout the structure. The whole bridge is 

calculated as a fixed one-way span structure, with no significant torsional moments.  

 

10.1.7 Shrinkage in FEM-Design 

When including the shrinkage effect in FEM-Design, it must be applied in combination with traditional 

reinforcement. The program adds the effect as an invisible load, computed from the formulas below. 

 

Figure 37 – Shrinkage effect on surface reinforcement bars in one direction (StruSoft, 2018) 
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Figure 37 illustrates the effect of the shrinkage for a surface reinforcement bars in one direction. 

Figure shows for reinforcement in x-direction but is also valid in other bar directions. The specific 

normal force causing the given shrinkage value in the concrete section is given by: 

𝑁𝑥 = 𝐸𝑐 ∙ 𝐴𝑐 ∙ 휀𝑐𝑠 [𝑘𝑁 𝑚⁄ ] 

Where 

 𝐸𝑐 is the modulus of elasticity for the concrete (45 GPa) 

 𝐴𝑐 is the net area of concrete. Reinforcement area subtracted 

 휀𝑐𝑠 is the strain in the section given in ‰  

 

The position change of the center of gravity considering reinforcement bars are given as: 

𝑧𝑠 =
𝑛 ∙ 𝑆𝑠

𝐴𝑐 + 𝑛 ∙ 𝐴𝑠
 

Where 

 𝑛 = 𝐸𝑠 𝐸𝑐⁄   and 𝐸𝑠 is the modulus of elasticity for steel (210 GPa) 

 𝑆𝑠 is the statical moment of x-direction bars around the y axis 

 𝐴𝑠 is the area of reinforcement steel 

 

The change in center of gravity will cause an eccentricity induced moment about the y axis because 

of the normal force 𝑁𝑥, and is given as: 

𝑀𝑦 = 𝑁𝑥 ∙ 𝑧𝑠 

 

The specific rotation (curvature) from 𝑀𝑦 for a 1 meter wide section is given as: 

𝜅𝑦 =
𝑀𝑦

𝐸𝑐 ∙ 𝐼𝑦
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Where 

𝐼𝑦 = 𝐼𝑐,𝑦 + 𝑛 ∙ 𝐼𝑠,𝑦 − 𝑧𝑠
2(𝐴𝑐 + 𝑛 ∙ 𝐴𝑠) 

Here, 𝐼𝑐,𝑦 and 𝐼𝑠,𝑦 are the moments of inertia for both the concrete section and the 

reinforcement steel.  

 

10.1.8 Load results from FEM-Design 

The following figures are displaying load results from the structural model in FEM-Design. It is an 

overview of each type of force, and not in detail for each element due to complexity of diagrams. 

Diagrams for all elements would be superficial as there are many neglectable load results. All forces 

from all attached calculations are also not included here due to the abundance of figures this would 

present. This chapter is for visualization and verification purposes.  

 

Moment 

Large peaks at support wall moments due to an increased size of diagrams to show all elements 

contribution.

 

Figure 38 – Moment diagram for bars retrieved from FEM-Design 

 

Axial force 

 

Figure 39 – Axial force diagram for bars retrieved from FEM-Design 
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Shear force 

 

Figure 40 – Shear force diagram for bars retrieved from FEM-Design 
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11 Reinforcement design 

All structural elements are made with the same fiber reinforced concrete, and all structural elements 

are following the NB38 equation for minimum reinforcement shown in chapter 9.1 of this thesis. For 

some elements subdued to a great deal of tension, own formulas for minimum reinforcement applies. 

There is no special cases of punching reinforcement or extra shear reinforcement being needed, except 

for the interface between the transverse beams along the deck slab and the longitudinal deck beams 

along the span. In that situation it was confirmed that an extended anchoring of the reinforcement 

bars in the transverse beams would serve as enough shear reinforcement for the connection forces. 

All bar elements have the same size stirrups with the same center distance for a simplified construction 

on site and to ensure the minimum reinforcement necessary to enclose the longitudinal reinforcement 

bars.  

The following table presents the passive reinforcement chosen for all elements: 

 

Table 12 – Passive reinforcement in all structural elements 

 

For the walkway deck slab and the support walls, the chosen reinforcement is laid in all directions. This 

is a simplified way of reassuring the minimum reinforcement in all directions, and a smaller crack width 

formation. By doing so, all induced forces are also accounted for.  

The amount of reinforcement is low in general, with some elements needing further reinforcement. 

This leads to a high standardization of the construction process with similar reinforcement bars being 

used in several elements.  
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11.1 Prestressed reinforcement 

For concrete parts with both prestressing and traditional reinforcement, the placement of the 

reinforcement can be complicated. This is especially true for parts over columns where there is very 

concentrated reinforcement, which is not the case here. While designing and planning, it is important 

to keep in mind possible complications during the construction phase and how to avoid it. The selected 

prestressing reinforcement system as shown in figure 41, leads to a simple design without 

complications or braiding of reinforcement. The prestressed cables are laid in bundles of three, for 

easier distribution and spacing. The figure presents the solution in the middle of the bridge span. 

During installation, the traditional reinforcement is first laid at the bottom of the cross-section, before 

the concentrated tension ropes are placed above it. After the tensioning cables have been placed, 

traditional reinforcement can be placed in excess in both directions if needed.  

 

Figure 41 – Prestressed reinforced bottom chord element cross-section 

 

11.1.1 Effective heights 

The effective heights of the prestressed cables and traditional reinforcement in the middle span are 

given by: 

𝑑𝑝 = 𝑡 − 𝑐 − Ø𝑠 −
Ø𝑝

2
 

𝑑𝑠 = 𝑡 − 𝑐 −
Ø𝑠

2
 

Where 

 𝑡 is the thickness of the chord 

 𝑐 is the concrete cover 

 Ø𝑠 is the diameter of the traditional reinforcement bars 

 Ø𝑝 is the diameter of the prestressed cables 
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These heights are then used to calculate each reinforcements contribution to the total moment 

capacity.  

 

11.1.2 Anchorage stress distribution 

The forces from the prestressed cables are assumed to spread at an angle of around 45 degrees 

inwards in the flat concrete chord, which is a good approximation of the distribution. (Almeida, 2022) 

The assumed load distribution for the selected prestressing reinforcement system is presented in 

figure 42, where the grey striped area is the area without compression. 

 

Figure 42 – Anchorage stress distribution, grey areas have no stress 

 

This is only a representation of the effect with two points of force application. In the real post 

tensioned part there would be six points like this across the 600mm width. Since there is a great 

number of cables acting on a relatively small element, there will only be very small zones that would 

not receive compressive stress. The size of the zones will depend on the center distance of the post 

tensioning cables. It is assumed that the cables are distributed in such a way that the pressure is 

obtained along the entire edge.   

 

11.1.3 Prestressing force 

The clamping force in the prestressed reinforcement will be reduced somewhat in relation to the 

measured jacking force during the clamping due to different types of clamping force loss. A 

comprehensive calculation of these losses is omitted in this thesis, and it is instead assumed a total 

stress loss of about 15%. Based on the prestressed reinforcement properties from table 3, the total 

prestressing force in each cable is given as: 

𝑆𝑝 =
𝐴𝑝

𝛾𝑠
∙ (휀′

𝑝0 ∙ 𝐸𝑝) =
150 𝑚𝑚2

1,15
∙ (0,85 ∙ 7,631 ∙ 10−3 ∙ 195000

𝑁

𝑚𝑚2
) = 165,0 𝑘𝑁 
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Where all factors are explained in earlier prestressing chapter. For calculation of the moment 

capacities, an additional stress will be included with a simplified value from EN1992-1-1, 

 ∆𝜎𝑝,𝑈𝐿𝑆 = 100 𝑀𝑃𝑎. The prestressed force in each cable is then: 

𝑆𝑝 =
150 𝑚𝑚2

1,15
∙ (0,85 ∙ 7,631 ∙ 10−3 ∙ 195000 + 100

𝑁

𝑚𝑚2
) = 178,0 𝑘𝑁 
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PART IV – RESULTS  

12 Capacity ratios  

The following table presents the different capacity ratios of all structural elements. The empty fields 

are due to either neglectable load cases or no load case at all. All calculations are shown in annexes A 

to J. Crack width utilization is the current crack width divided by the maximum allowed crack width of 

the element.  

 

Table 13 – Capacity ratios in percentage for all elements and load types 

 

As seen in the table, the three elements with the highest utilization are the top longitudinal bars, the 

lateral trusses, and the support walls. This is predictable as they are the main bearing structure of the 

bridge. The post-tensioned strips will have a significant level of utilization of the tensile strength and 

shear capacity. These high utilizations would only be possible with the implementation of the high 

strength fiber reinforced concrete combined with normal traditional reinforcement and prestressed 

reinforcement. A similar bridge design with such slim dimensions would be impossible to execute with 

normal concrete. A general high level of utilizations, points to an effective bridge design that uses the 

full capacity of the different elements, with some elements having the possibility for an even slimmer 

design, such as the walkway deck. Some elements are induced to lesser loads, and will have a more 

relevant role to support other structures rather than being fully load bearing and utilized themselves. 

Elements such as the transverse deck beams does not in itself carry a great deal of loads, and is 

therefore predictably not highly utilized in the different categories.  
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These beams are however a significant bearing structure for the walkway deck slab, being the reason 

for the slabs internal spans to never exceed 2,3m. The walkway deck slab is thus not highly utilized, 

and both element types are examples of elements that with further work can be designed with the use 

of less concrete and/or reinforcement.  

It is confirmed that with a lower strength 𝑓𝑐𝑘 = 100 𝑀𝑃𝑎 concrete to correspond to EN1992-1-1, the 

bridge is still sufficiently designed for the induced loads, crack widths and total deflections according 

to the Norwegian public road administration handbook for bridge design.   
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13 Requirement of extra reinforcement 

The fiber reinforced concrete has a significant strength on its own, and it is interesting to examine just 

how big its influence is on the different capacities. The following table illustrates which elements are 

in need of additional reinforcement on top of the minimum reinforcement according to NB38. As the 

steel fibers contribute to a great shear force capacity, it is predictable that none of the elements need 

extra shear reinforcement. The high strength concrete used produces a superior compression force 

capacity, and because of this, none of the elements need extra reinforcement for the pure axial 

compression force. However, the first two elements are both affected by a biaxial moment combined 

with long-term axial force eccentricity. These elements are thus in need of extra reinforcement, as the 

fiber reinforcement does not have enough strength to support forces of this magnitude. The other 

elements in need of extra reinforcement are the support walls and the post-tensioned strips. This 

correlates with the high utilizations of these elements.  

 

Table 14 – Overview of elements where Yes in red is elements in need of extra reinforcement  

 

What this table illustrates very clearly is the advantages of a fiber reinforced concrete solution.  

The economic benefits from not needing extra traditional reinforcement in most of the elements is 

significant. The high price of reinforcement steel compared to the fiber reinforcement makes it a 

favorable economic solution.   
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14 Deflection 

According to (Statens Vegvesen, 2015), the limit for maximum deflection of bridges should be:  

𝛿𝑚𝑎𝑥 ≤
𝐿𝑠𝑝𝑎𝑛

350
 

 

For this single span bridge the maximum allowed deflection would be: 

𝛿𝑚𝑎𝑥 ≤
35000 𝑚𝑚

350
= 100 𝑚𝑚 

 

Figure 43 shows the deflection of the bridge in millimeters from FEM-Design in serviceability limit 

state. 

 

 

Figure 43 – Illustration of bridge deflection for the whole length retrieved from FEM-Design 

 

The bridge is below the limit for deflections, due to its effective structural system. Combined with the 

prestressed reinforcement stiffening the structure from the bottom chords, the result is a total 

deflection of 22.8 mm in serviceability limit state.  

Long-span prestressed concrete bridges can suffer from excessive deflection during their service lives. 

Shrinkage can cause non-uniform strains in the concrete, which is caused by an uneven moisture 

distribution. This can induce significant additional deflections in the bridge, especially when combined 

with creep and cracking. Design practices of today will usually overlook these factors, and it is few 

proposed approaches to consider them as they are complex and computationally expensive. 

 

The results from (Birhane, et al., 2020) shows that the non-uniform shrinkage effect is more significant 

in medium- to long-span bridges, and that the cracking of concrete will also reduce the stiffness and 

thereby increase the long-term deflection of the bridge. This is found to be more severe in combination 

with creep and shrinkage.  
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Long-term deflections would reasonably agree with the measured data, and be increased. (Birhane, et 

al., 2020) In this thesis the shrinkage is introduced as an external invisible load in FEM-Design, and 

defined in chapter 10.1.7. 
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15 Vibrations 

There are multiple criteria for assessment of a structures oscillation and frequency. Normally, it is 

divided between stresses of structures and human sensitivity. The former point is based on the 

strength and safety of the structures and can be checked in terms of calculation and dimensioning. 

With regard to human sensitivity, the usability of the structures is affected. There are criteria for 

comfort for a constructions condition of use. If these are not met, the building may be impaired. If the 

fluctuations are noticeably large, questions of safety are often raised by users. Requirements for 

structural stresses due to dynamic stresses and vibrations are usually specified in the construction 

standards. Constructive stresses are often related to deformations and stresses. Checking fatigue 

conditions is an example of this. (Betongelementforeningen, 2005) 

Requirements for limiting deflections in construction standards may indirectly include avoiding 

undesired oscillation sensitivity. Vibration requirements are normally stated in the form of acceptance 

limits with regard to accelerations and speeds, depending on frequency. The requirements may vary 

for different types of constructions and their area of use. To avoid unwanted oscillations and vibrations 

in a structure or in a building, it is assumed that the designer has knowledge of when such phenomena 

occur. In the case of a walkway bridge mainly oscillated by traffic load by foot, the resonance frequency 

of the deck should be higher than twice the maximum of the load frequency. For pedestrian traffic, 

this means a frequency higher than 5.2 Hz. (Betongelementforeningen, 2005) 

The following table shows the eigenfrequencies of the bridge structure, retrieved from FEM-Design.   

 

Table 15 – Eigenfrequencies from mode 1-5 retrieved from FEM-Design 

 

The first vibration shape has a frequency of 5.555 Hz and will be over the limit for risk of resonance 

from pedestrian traffic. The rows for mx’, my’ and mz’ are showing the percentage of total mass that 

is moving with each vibration shape. This is not assessed here. 

For some constructions it may be relevant and necessary to introduce damping measures.  
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The most important parameters to avoid unwanted oscillations are the frequency ratio between the 

natural design frequency and the load frequency. The natural frequency of the structure is influenced 

by the rigidity and mass of the structure. The choice of the constructions span, flexural stiffness and 

mass is strongly influencing the swing properties, together with external factors. Structural damping is 

often relatively small, but the possibility of installing damping measures can reduce the oscillations to 

a satisfactory level. (Betongelementforeningen, 2005) 

This type of damping measures will not be needed in this construction as the stiffness of the structure 

across the span creates a rigid structure with oscillations inducing frequency over the required amount 

of hertz.   
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16 Conclusion 

16 Conclusion 

In this thesis it has been studied the possibilities of designing a bridge with slim dimensions and a low 

requirement of reinforcement, with the use of fiber reinforced concrete in combination with 

prestressed reinforcement. This can be due to economic and aesthetic reasons, as well as for easier 

and cheaper construction. The structural design of the footbridge is based on a similar bridge with 

characteristic concrete strength 𝑓𝑐𝑘 = 150 𝑀𝑃𝑎. However, the concrete strength has been reduced 

to a value of 𝑓𝑐𝑘 = 100 𝑀𝑃𝑎.  The utilizations and required reinforcement of chapters 12 and 13 points 

to the successful design of the bridge with small concrete dimensions and with the smallest amount of 

reinforcement necessary. A draft version of the new EN1992-1-1 has been consulted for the design 

parameters, and when complete will become a more reliable design standard to implement in projects. 

 

A solution of fiber reinforced concrete in combination with prestressed reinforcement is effective and 

secures the proper strength and durability of the bridge structure. Fiber reinforcement can be a 

sought-after solution as complicated and time-consuming execution of large amounts of shear 

reinforcement is avoided. The use of reinforced concrete can thus result in reduced costs related to 

iron bonding, which is desirable due to expensive labor. The new guidelines in NB38 form the basis for 

increased experience and further development of regulations for fiber concrete in load-bearing 

structures. Increased experience, research and demand for fiber concrete with a higher steel content 

can make the construction solution with post-tensioning and fiber reinforcement highly sought after 

in the coming years.  

 

Suggestions for further work: 

- Dynamic analysis for earthquake dimensioning 

- Further design of elements to maximize utilizations and minimize cross-sections 

- Bridge design with other solutions and materials to compare 

- Curved bridge deck instead of straight deck, analyzed in programs such as SAP2000 or Diana  

- Examine the manufacturing and construction process of the bridge 

- Perform a real lab test for different composites of fiber and prestressed reinforcement 
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PART V – APPENDIX  

A – Design of Lateral Truss Element 

 

A.1 Bar geometry and concrete data 
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A – Design of Lateral Truss Element 

A.2 Fiber reinforcement [Valid for all structural elements]  
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A – Design of Lateral Truss Element 

A.3 Passive reinforcement and minimum reinforcement 
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A – Design of Lateral Truss Element 

A.4 Loads (FEM-Design) 
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A – Design of Lateral Truss Element 

A.5 Check if slender compressive chord  
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A – Design of Lateral Truss Element 
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A – Design of Lateral Truss Element 
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A – Design of Lateral Truss Element 
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A – Design of Lateral Truss Element 
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A – Design of Lateral Truss Element 

A.5.1 Bi-axial moment utilization ratio 
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A – Design of Lateral Truss Element 

A.6 Tension force utilization ratio  
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A – Design of Lateral Truss Element 

A.7 Control for shear force with fiber reinforcement [NB38] 
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A – Design of Lateral Truss Element 

A.8 Control for cracking in SLS  
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A – Design of Lateral Truss Element 
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B – Design of Longitudinal Top Bar 

B – Design of Longitudinal Top Bar 

 

B.1 Bar geometry and concrete data 
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B – Design of Longitudinal Top Bar 

B.2 Fiber reinforcement 

See attachment A.2.  

B.3 Passive reinforcement and minimum reinforcement  
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B – Design of Longitudinal Top Bar 

B.4 Loads (FEM-Design) 
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B – Design of Longitudinal Top Bar 

B.5 Verification of stability for axial loads 
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B – Design of Longitudinal Top Bar 
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B – Design of Longitudinal Top Bar 
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B – Design of Longitudinal Top Bar 
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B – Design of Longitudinal Top Bar 

B.5.1 Bi-axial combination utilization 
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B – Design of Longitudinal Top Bar 

B.6 Control for shear with fiber reinforcement 
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B – Design of Longitudinal Top Bar 

B.7 Control for cracking in SLS 
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B – Design of Longitudinal Top Bar 
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C – Design of Bottom Horizontal Truss 

C – Design of Bottom Horizontal Truss 

 

C.1 Bar geometry and concrete data 
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C – Design of Bottom Horizontal Truss 

C.2 Fiber reinforcement 

See attachment A.2. 

C.3 Passive reinforcement and minimum reinforcement 
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C – Design of Bottom Horizontal Truss 

C.4 Loads (FEM-Design) and slender compressive chord check 
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C – Design of Bottom Horizontal Truss 

C.4.1 Slenderness ratio limit 
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C – Design of Bottom Horizontal Truss 

C.5 Buckling without 2nd order bending (weak axis) 
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C – Design of Bottom Horizontal Truss 

C.6 Tension force utilization  
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C – Design of Bottom Horizontal Truss 

C.7 Control for cracking in SLS 
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C – Design of Bottom Horizontal Truss 
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D – Design of Bridge Walkway Deck 

D – Design of Bridge Walkway Deck 

 

D.1 Slab geometry and concrete data 
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D – Design of Bridge Walkway Deck 

D.2 Fiber reinforcement 

See attachment A.2. 

 

D.3 Passive reinforcement and minimum reinforcement 
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D – Design of Bridge Walkway Deck 

D.4 Loads in ULS (FEM-Design) 
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D – Design of Bridge Walkway Deck 

D.5 Loads in SLS (FEM-Design) 
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D – Design of Bridge Walkway Deck 

D.6 Moment capacity for y-axis 
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D – Design of Bridge Walkway Deck 

D.7 Moment capacity for x-axis 
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D – Design of Bridge Walkway Deck 

D.8 Axial force capacity x direction 
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D – Design of Bridge Walkway Deck 

D.9 Axial force capacity y direction  
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D – Design of Bridge Walkway Deck 

D.10 Shear force capacity 
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D – Design of Bridge Walkway Deck 

D.11 Control for cracking in SLS 
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D – Design of Bridge Walkway Deck 
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E – Design of Longitudinal Bridge Deck Bar 

E – Design of Longitudinal Bridge Deck Bar 

 

E.1 Bar geometry and concrete data 
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E – Design of Longitudinal Bridge Deck Bar 

E.2 Fiber reinforcement 

See attachment A.2. 

E.3 Passive reinforcement and minimum reinforcement 
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E – Design of Longitudinal Bridge Deck Bar 

E.4 Loads (FEM-Design) 
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E – Design of Longitudinal Bridge Deck Bar 

E.5 Shear force capacity 
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E – Design of Longitudinal Bridge Deck Bar 

E.6 Control for cracking in SLS 

 

 

 

 



 

130 
 

E – Design of Longitudinal Bridge Deck Bar 
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E – Design of Longitudinal Bridge Deck Bar 

E.7 Moment capacity weak axis 
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E – Design of Longitudinal Bridge Deck Bar 

E.8 Tension force utilization 
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F – Wind Load 

F – Wind Load  

F.1 Bridge geometry 

 

 

F.2 Calculation 
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F – Wind Load 
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F – Wind Load 

F.3 Wind forces 
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G – Design of Post-tensioned Chords 

G – Design of Post-tensioned Chords 

 

G.1 Chord geometry and concrete data 
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G – Design of Post-tensioned Chords 

G.2 Fiber reinforcement 

See attachment A.2  

G.3 Prestressed reinforcement 
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G – Design of Post-tensioned Chords 

G.4 Passive reinforcement and minimum reinforcement 
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G – Design of Post-tensioned Chords 

G.5 Loads (FEM-Design) 

G.5.1 Ultimate limit state 

 

 

 

 

 

 

 



 

140 
 

G – Design of Post-tensioned Chords 

G.5.2 Serviceability limit state 
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G – Design of Post-tensioned Chords 

G.6 Reinforcement forces 

G.6.1 Prestressed reinforcement 

 

G.6.2 Traditional reinforcement 

 

 

G.6.3 Spacing of prestressed reinforcement bars 
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G – Design of Post-tensioned Chords 

G.7 Moment capacity 
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G – Design of Post-tensioned Chords 
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G – Design of Post-tensioned Chords 

G.8 Shear force capacity 
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G – Design of Post-tensioned Chords 

G.9 Tension force utilization 

 

G.10 Compression utilization 
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G – Design of Post-tensioned Chords 

G.11 Control for cracking in SLS 
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G – Design of Post-tensioned Chords 
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H – Design of Interface Shear Connection 

H – Design of Interface Shear Connection 
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H – Design of Interface Shear Connection 
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I – Design of Support Walls 

I – Design of Support Walls 

 

I.1 Wall geometry and concrete data 
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I – Design of Support Walls 

I.2 Fiber reinforcement 

See attachment A.2. 

I.3 Passive reinforcement and minimum reinforcement 
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I – Design of Support Walls 

I.4 Loads (FEM-Design) 

I.4.1 Ultimate limit state 
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I – Design of Support Walls 

I.4.2 Serviceability limit state 
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I – Design of Support Walls 

I.5 Moment capacity about y axis (strong axis) 
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I – Design of Support Walls 

I.6 Moment capacity about x axis (weak axis)  
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I – Design of Support Walls 

I.7 Axial force capacity in x direction 
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I – Design of Support Walls 

I.8 Axial force capacity in y direction  
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I – Design of Support Walls 

I.9 Shear force capacity 
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I – Design of Support Walls 

I.10 Control for cracking in SLS 

 

 

 

 



 

160 
 

I – Design of Support Walls 
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J – Design of Transverse Deck Beams 

J – Design of Transverse Deck Beams 

 

J.1 Bar geometry and concrete data 
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J – Design of Transverse Deck Beams 

J.2 Fiber reinforcement 

See attachment A.2. 

J.3 Passive reinforcement and minimum reinforcement  
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J – Design of Transverse Deck Beams 

J.4 Loads (FEM-Design) 

J.4.1 Ultimate limit state 

 

 

 

J.4.2 Serviceability limit state 
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J – Design of Transverse Deck Beams 

J.5 Shear force capacity 
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J – Design of Transverse Deck Beams 

J.6 Moment capacity 
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J – Design of Transverse Deck Beams 

J.7 Control for cracking in SLS 
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J – Design of Transverse Deck Beams 
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J – Design of Transverse Deck Beams 

J.8 Tension force utilization  
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K – Bridge design Revit drawings 

K – Bridge design Revit drawings 
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K – Bridge design Revit drawings 

 

 

 


