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Abstract 

The degradation of bridge edge beam systems in Sweden entailed the study of new alternative 
designs, which may become more optimal from a life-cycle perspective than the current 
typical solution used (concrete integrated). Subsequently, a U-shaped steel edge beam 
proposed by the consulting engineering group Ramböll was considered by the Swedish 
Transport Administration for its use in a real bridge project. This thesis follows the 
implementation of this alternative in a bridge project. 

The goals of the thesis are to study the development of the U-shaped steel edge beam solution 
in the case study, and to identify the key factors behind it. The case study consists of a road 
frame bridge where a heavily damaged bridge edge beam system is going to be replaced. 

For the structural design of the solution, a static linear analysis of a vehicle collision has been 
carried out with the help of Finite Element Modelling and current codes. The report shows the 
modelling of the design solution throughout different development phases in the project. The 
commercial software used has been LUSAS. 

As an outcome of the project, four models have been designed and analysed, two of them 
developed by the author as proposed solutions. The factors behind the different changes in the 
design have been identified as: (1) structural resistance, (2) constructability and (3) the use of 
stainless steel. Moreover, the connection between the steel edge beam and the concrete slab 
has been the main critical part for the structural resistance. Finally, the current preliminary 
model at the moment this thesis is written, which was proposed in the project meetings, meets 
the requirements from a structural point of view. 

Keywords: steel edge beam, collision analysis, edge beam development, bridge edge beam 
system, finite element modeling. 
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Notations 

Roman upper case letters 

A = Gross cross-sectional area 

Aeff= Effective area 

As = Stress area of the bolts, as the shear plane cuts through unthreaded bolt shank is the gross 
area 

Ashear = Area necessary for carry the shear 

E = Modulus of elasticity (MPa) 

Ec = Eccentricity 

Fd = Design Load for the collision analysis 

Ft,Ed =Tension force in the design 

Fv,Ed =Shear force in the design 

Iy.eff = Second area moment of inertia of the effective area in the y-axis 

Iz.eff = Second area moment of inertia of the effective area in the z-axis 

Lcr = Buckling length 

Md = Design moment 

My,Ed = Maximum design value of the first order bending moment along the beam in the y-
axis 

Mz,Ed = Maximum design value of the first order bending moment along the beam in the z-
axis 

Wel = Elastic section modulus 

Wpl = Plastic section modulus 

 

Roman lower case letters 

b = Wide of the plate 

fctd = Design value of concrete tensile strength 

fck = Characteristic strength of concrete 
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fu = Ultimate strength 

fuk = Ultimate strength in plastic analysis 

fuk,el = Ultimate strength in elastic analysis 

fy= Yield strength  

h = Height between load and base of vertical post 

lside = Length side of the square cross section of the vertical post 

t = Thickness of the plate 

tb =Thickness box Model 2 

tbp = Thickness bottom reinforcement plate Model 3 

tc =Thickness rest of the beam Model 2 and Model 3 

ttp = Thickness top reinforcement plate Model 3 

tsp = Thickness side reinforcement plate Model 3 

ts =Thickness stiffeners Model 3 

tu =Thickness U-shaped edge beam Model 1 

 

Greek lower case letters 

 = Diameter of anchorage bolt 

γM1 = Partial coefficient for global instability 

γM2 = Partial coefficient for global instability. 

σcr = Critical buckling stress 

σsd = Design stress in the bar 
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1  
 
Introduction 

1.1 General background 

The bridge edge beam system (BEBS) is group of (bridge) members within the superstructure 
in concrete and composite bridges. The BEBS is situated in the most external part of the 
bridge, in both verges of the concrete deck slab, and its main parts are the edge beam and the 
parapet system (Figure 1).  

 

Figure 1: Parapet system and edge beam 
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Many bridges in Sweden have suffered a large degradation in their BEBS. Among all the 
degradation agents, the harsh weather conditions in Sweden and the traffic environment are 
the most important ones. Thus, in 2001 a study (Racutanu, 2001) was conducted, where, the 
inspection remarks from 353 bridges in different parts of Sweden were collected and assessed. 
The results showed that the BEBSs were 34% from all the inspection remarks, where the edge 
beams and the parapets had a share of 21% and 13% respectively (Figure 2).This problem 
entails a high cost due to the reparations and replacements. BEBS may constitute up to 60 % 
in bridge maintenance costs. In addition, user and society costs due to the disturbances caused 
should be taken into account. 

 

Figure 2: Percentage distribution of 3747 damage remarks on structural members from 353 (Racutanu, 2001) 

Due to the large amount of damaged edge beams in Sweden, and the incurred high costs, in 
2012 “Trafikverket” (the Swedish Transport Administration) requested KTH to research the 
possibility of the development of new solutions alternative to the existing one in Sweden that 
could result optimal for the society. For this reason, a project called “Optimala 
Kantbalkssystem” (Optimal Bridge Edge Beam Systems”) was created coordinated by KTH. 
A working and a reference group of bridge experts called “Kantbalksgruppen” (Edge beam 
Group) was created. Besides, a doctoral project was also started and two master students 
cooperated in the work. 

In the published report “Optimala Kantbalkssystem” (Petterson & Sundquist, 2014) 22 
alternatives for BEBS were presented and grouped into four types: Concrete integrated, 
Without edge beam, Steel edge beam and Prefabricated concrete edge beam. A Life Cycle 
Cost Analysis (LCCA) was performed in order to economically evaluate if these design 
solution proposals could become more optimal in comparison to the existing solution 
(concrete integrated) and thus, to be considered for use in a real bridge project. Finally, 
“Trafikverket” decided to implement the steel edge beam type solution, and within this type, 
the U-shaped steel edge beam, which was proposed by Ramböll. This solution was initially 
designed for BEBS replacements.  
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A frame bridge over a railway track in Mellösa (120 km. southwest of Stockholm) was 
chosen. This bridge has a concrete integrated edge beam, which is heavily damaged and needs 
to be replaced. Therefore, it is a good candidate for using the U-shaped steel solution. The 
Mellösa is a frame bridge instead of a bridge with a cantilever concrete slab; therefore. The 
bridge belongs to “Trafikverket” and the project is being developed by the consulting 
company Ramböll. Svevia will carry out the construction, and KTH provides advice during 
the design phase .Thus the Master Thesis contributes to the KTH advice in the project 
supplying the results obtained in a collision analysis. 

1.2 Aim and scope 

The aim of the thesis is to contribute to the research concerning the development of a new 
BEBS design solution that may become better for the society, as means of reducing the total 
life cycle cost. In order to achieve that aim, the goals of the thesis are to study the 
development of the U-shaped edge beam solution in the case study (Mellösa Bridge) and to 
identify the key factors behind it. Thus, the different objectives are: 

 To address the most important factors in the product development and implementation 
of a new technical solution in a real project. 

 To build a finite element model to carry out the collision analysis, from the first sketch 
of the solution to the different designs developed during the project. 

 To identify the critical parts in the design solution concerning the verification of the 
structural resistance requirements for the collision analysis during the different phases 
of the development. 

 To learn about the stress behaviour of the U-shape steel edge beam performing testing 
with the variation of the main dimensions, and based on those testing, to propose 
improvements in the design.  

 To verify whether the different designs meet the structural resistance requirements, 
with the help of Finite Element Modelling (FEM) and hand calculation. 

 To extrapolate the behaviour of the U-shaped steel edge beam in the case study to 
another bridges with different features. 

The scope of the thesis is: 

 Road Frame Bridge, in this case detailed solution for the Mellösa Bridge. 

 BEBS replacement in an existing bridge. Therefore, the new construction of a bridge 
is not contemplated.  
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1.3 Methodology 

In order to carry out the thesis the methodology followed has had three main different parts. 
The first one has been the literature research about edge beam, the BEBS problematic, and the 
background of the project “Optimala Kantbalkssystem”. This thesis is a part of the last step in 
a long path of the product development of new BEBS solutions. Hence, an adequate 
knowledge of the previous stages, the theory of collision analysis, the current codes and the 
calculations used in similar cases have been essential during the thesis. 

The second part of the methodology has been FEM in the commercial software LUSAS. 
Thus, FE modelling has been the main tool in order to realize a collision analysis in the U-
shaped steel edge beam solution and to develop the solution. The sketch solution proposed by 
“Kantbalksgruppen” has been modelled, and the stress field has been studied as starting point 
in the solution development. From this point forward, the model has two purposes: (1) to try 
different dimension features in order to obtain lower stresses in the critical parts, and (2) to 
check the consequences of the different changes proposed in the group project meetings. 

The third part of the methodology has been the performance of hand calculations. In many 
cases, the FEM software cannot do the verification demanded in the codes, so the model has 
been used as a tool for extracting loads and stress, in order to carry out the calculations stated 
in the codes. Moreover, alternative hand calculations has been used as a double check with 
the FEM results. 

Finally, as complement to the other parts in the methodology, several meetings have taken 
place during the thesis. Every two months, consultants from Trafikverket, Ramböll, Svevia 
and KTH met. There, all the issues related constructability, material and structural resistance 
were treated. In addition, during the thesis there have been personal meeting Three with 
Ramböll engineers, three with KTH experts, and the periodic supervision of José Javier 
Veganzones. The time line of the meeting is the following: 

 Group meeting number 1, 15th January, Trafikverket, Stockholm.  
 Meeting with Costin Pacoste, 23rd January, KTH, Stockholm (collision analysis). 
 Personal meeting with Ramböll engineers, 27th January, Ramböll, Stockholm (thesis 

proposal). 
 Meeting with John Leander, 13th February, KTH, Stockholm (FEM issues). 
 Meeting with John Leander, 5th March, KTH, Stockholm (FEM issues). 
 Group meeting number 2, 10th March, Ramböll, Stockholm (progress feedback). 
 Personal meeting with Ramböll engineers, 8th April, Ramböll, Stockholm (calculation 

discussion). 
 Group meeting number 3, 23rd April, Ramböll, Stockholm (progress feedback). 
 Meeting with Bert Norlin, 25th May, KTH, Stockholm (steel hand calculations). 
 Personal meeting with Ramböll engineers, 28th May, Ramböll, Stockholm (calculation 

discussion). 
 Group meeting number 4, 4th June, Ramböll, Stockholm (final presentation feedback). 
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1.4 Assumption and limitations 

The collision study has been performed for a static and linear analysis. These assumptions 
entail that the behaviour of the collision, which is a dynamic phenomenon, has been 
simplified to a static load. In addition, the steel, which has plastic behaviour before the 
failure, has been simplified to elastic behaviour. 

During the development of the solution, several variables have been involved dimensions in 
the model and load cases). Some of them have been tested in order to learn about the 
behaviour of the beam and improve it, but selected variables considered relevant have been 
subjected to study for each developed design model. 

Moreover, FEM has some limitations itself, as the real exact behaviour of the edge beam and 
the railing is not represented. However, it gives an adequate approximation to verify and 
validate the results in a safe approach. As means of time efficiency in the modelling process 
and in computational energy, certain simplifications regarding the design geometry have been 
carried out. These ones are carefully chosen and checked through a quality assurance so that it 
does not lead to wrong results. 
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2  
 
Bridge edge beam system 

2.1 Definition 

Bridge edge beam system (BEBS) is group of (bridge) members within the superstructure in 
concrete and composite bridges. The BEBS is situated in the most external part of the bridge, 
in both verges of the concrete deck slab, and its main parts are the edge beam and the parapet 
system. The main function of the edge beam is to provide a safe place for attaching the 
railings. Furthermore, the edge beam is the border part of the deck, so it must provide a 
support to the pavement, and collect the water from the deck runoff (Petterson & Sundquist, 
2014). 

Nowadays it is known that that edge beam may be an important element for the stiffening of 
the deck slab, and for the distribution of the loads along the deck slab. Notwithstanding that, 
there are many types of edge beams, and everyone has its own characteristics. 

According to Fasheyi (2013) the BEBS has the following components: 

Main components 

 Edge beam 
 Railings system 

Secondary components 

 Lamp posts 
 Walkway and the preceding railings and a curb system 
 Cable, hanger and post tension anchorages 
 Drainage system 
 Fencing system 

  

Chapter 
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2.2 Types of Bridge Edge Beam System  

In order to solve the different issues that the BEBS propose, there are several different types 
or proposals. Every type has different features, so the BEBS chosen depends on the bridge 
characteristics. Thereby “Optimala Kantbalkssystem” (Petterson & Sundquist, 2014) proposes 
22 different solutions of BEBS grouped in 4 types. Moreover, they divide the BEBS 
following three main criteria: 

According to de-watering or drainage criteria  

 Elevated edge beam (Förhöjd kantbalk) 
 Low edge beam (Icke förhöjd kantbalk) 

According to design 

 Integrated edge beam (Integrerad kantbalk) 
 Not-integrated edge beam (Ej integrerad kantbalk, ”brokappa”) 

According to material 

 Concrete edge beam 
 Steel edge beam 

De-watering system, material, and design criteria are the main ways of classifying the BEBS, 
but there are other criteria as for example the railing system. 

2.2.1 According to de-watering or drainage criteria 

Water is one of the main issues in the civil engineering. Besides causing the degradation of 
the material, water may cause aquaplaning in the vehicles, so must be evacuated from the road 
track. Thereby, there are two methods for evacuating the water, using low edge beam or using 
elevated edge beam with a drainage system (Figure 3).  

 

Figure 3: Elevated edge beam (left) and Low edge beam (right) 
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Low edge beam lets the runoff water flows out the deck plate. This method is less used 
because the fact of giving freedom to water usually entails more detriment than the possible 
benefits. Moreover, in some cases to let drop anything from the bridge is not allowed. The 
main benefit of this kind of beam are the simply construction. Thus, to avoid the drainage 
system (grates, drains, inlet chambers, pipes, etc.), decreases the initial construction cost. In 
the other hand, the possible disadvantages of this design are the contamination of the 
surroundings of the bridge due to the de-icing salts and other hazardous products contained in 
the water. Furthermore, that salted water flows over the edge beam, which favours the 
corrosion damage and other degradation factors in the edge beams. 

Elevated edge beam collects the runoff water thought the inlet chamber and leads the water 
away. This entails more control above the degradation of the edge beam, but requires a careful 
design, and higher initial cost. 

2.2.2 According to design 

In the integrated edge beam type, the edge beam belongs to the deck slab (Figure 4). Thus, 
the BEBS may be considered as the outermost part within the slab. This design enables the 
distribution of concentrated loads along the longitudinal direction in the deck slab, which 
allows a thinner cross section and a material saving. This type of BEBS has been typically 
used in Sweden.  

The not-integrated edge beam or “Brokappa” is a type of BEBS traditionally not used in 
Sweden, but widely utilized in many countries around the World for example Germany 
(Kelindeman, 2014). BEBS covers the corner of the deck slab, and usually has an extra 
parapet besides the railings (Figure 4). In this type of BEBS, the edge beam may be poured 
and cast in-situ after the deck, or to use a prefabricated element.  

This BEBS is easier to repair than the integrated edge beam, and less sensitive to the vehicle 
collision. In the other hand, more reinforcement for the deck slab is required, which means an 
increase in the total costs of the bridge.  

 

Figure 4: Integrates edge beam system (left), and Not-integrated edge beam system (right) 
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2.2.3 According to the material 

Traditionally the edge beams has been made only by reinforcement concrete, however is not 
the only possibility. The steel is lighter than the concrete; therefore, this involves less death 
weight to the deck slab. The installation and replacement of this type of edge beam is faster 
than the concrete ones. Within the steel edge beam, there is the possibility of used stainless 
steel, which solves the problems related with corrosion and degradation of the edge beam, 
although entails a higher initial cost than the normal steel. 

2.2.4 According to railing/barrier system 

Railings system is a main part inside the BEBS. The railings have as a main purpose to 
prevent the falling from the bridge of a vehicle in an accident, or the falling of a pedestrian 
whether the bridge has a pedestrian track. 

The different types of railings are defined below (Fasheyi, 2013): 

Steel barrier edge beam 

 Post coupled to the edge beams using bolts and nuts 
 Post grouted into a recess 

Concrete barrier edge beam 

 Integrated concrete edge beam 
 Prefabricated concrete edge beam 

Steel concrete combined edge beam 

Railings or steel barriers can be installed in two ways, depending on how the posts are 
anchored. Railing anchored to the edge beam by bolts and nuts, or grouting the railing’s post 
into a recess. The bolts or the recess are installed before casting and pouring the concrete in 
both cases. This last method may be only used in new bridges. Whilst the bolts and nuts 
method can be used in new and old bridges as well, because to drill the bolts in the hardened 
concrete is possible. 

The concrete barriers are a different way to focus the prevention of vehicles falling. These 
barriers are more rigid that the steel railings. This stiffness entails a higher resistance in the 
parapet but at the same time may increase the damage of the people inside the vehicle. These 
barriers may be prefabricated or casted and poured with the deck slab.  
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2.3 The project “Optimala Kantbalkssystem” 

In 2012, Trafikverket requested KTH to research edge beams. For this reason, the 
“Kantbalksgruppen”, and the project “Optimala Kantbalkssystem” (Petterson & Sundquist, 
2014) was created. Kantbalksgruppen was formed by a working group (Arbetsgrupp), a 
reference group (Referensgrupp), 1 PhD student, and two Master thesis.  

The result of that researching are written in the report “Optimala Kantbalkssystem” (Petterson 
& Sundquist, 2014) . As an outcome of the project, 22 alternatives for BEBS were proposed, 
and grouped into four types: 

 Type I: Concrete integrated  
 Type II: Without edge beam  
 Type III: Steel edge beam  
 Type IV: Prefabricated concrete edge beam 

Type I follows the same concept of integrated criteria. Type IV is not exactly not-integrated. 
The edge beam is poured first, later it is settled, and the concrete slab is poured as well. Thus, 
the joint is only temporal during the construction. Two examples of these types are depicted 
in the Figure 5. The design dimensions in the examples are very similar. Type I is integrated 
i.e. does not have construction joint, and the type IV is prefabricated and attached to the slab 
later. 

 

Figure 5: Representative examples of BEBS type I (left), and type IV (right). 

The type II and type III have not been used in Sweden before. The type II (without edge 
beam) has as a purpose to distribute the functions of the edge beam in other elements within 
the bridge, and in this way to avoid it.   
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The three main functions of the edge beam is to provide a safe place for attaching the railings, 
to collect and the water from the deck runoff and to provide a support to the pavement. Thus, 
the vertical posts of the railing system are attached directly in the lateral part of the slab and 
an L-steel profile is installed in order to provide a pavement support and to collect the 
rainwater (Figure 6). 

 

Figure 6: BEBS type II 

The type III is made of steel. As is explained before, steel is has not been used in the edge 
beams in the past. Moreover, supposes a different approach to the traditional types because is 
lighter than the concrete. Steel may be stainless, which supposes more resistance to 
degradation than the concrete. One example of the type III is the U-shaped steel edge beam 
proposed by Ramböll (Figure 7). 

2.3.1 U-shaped steel edge beam 

U-shaped steel edge beam is alternative number 24 from the “Optimala Kantbalkssystem” 
(Petterson & Sundquist, 2014). As is depicted in the sketch (Figure 7), the edge beam has a 
U-shaped profile, which is anchored to the deck slab thought anchorage bolts. The railing 
system is attached to the edge beam through footplates and those footplates are joined to the 
top part of the beam by bolts. The dimensions of the U-shaped section has 450 mm width and 
530 mm height. The free face is covered by a plate, which represents a non-structural part in 
the solution. In addition, the upper flange has an inclination in order to lead the water flows 
out the beam.   
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Other main features of the solution are the height of the beam from the pavement, which is 
100 mm, or the anchorage bolt dimensions which are φ24 and 1000 mm length. Moreover, 
the edge beam is split in prefabricated elements of 3.6 m, and each prefabricated element is 
attached to the concrete slab by two anchorage bolts. 

The main drawback of this type of BEBS is the possible corrosion and deterioration in the 
connections between the steel and concrete. The lateral part of the beam is designed for 
guiding the rainwater runoff. So, even with the plastic isolation layer, water may introduce 
between the lateral part of the beam and the concrete. Besides this lateral part, the gap 
between the different prefabricated elements is a problematic point for the deterioration issue. 
This problematic can be solved using stainless steel. The stainless steel is more expensive, 
therefore to know which is better for the society would be required a LCCA. 

 

Figure 7: BEBS type III. U-shaped steel edge beam 
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2.4 Types of safety barriers (railing system)  

The safety barriers or railing system is a main part within the BEBS. As is explained before 
the main purpose of the railing system is to prevent the falling from the bridge of a vehicle in 
a collision. Thus is the EN 1317-2:2010 are exposed the standard classes and the impact test 
acceptance criteria. There are several acceptance criteria, but the mainly used is the 
“Containment Level” (Table 1). For Light vehicles are designed the class N1 and N2. For 
heavy vehicles are designed the class H1, H2, H3 and H4 (Figure 8).  

According to the containment level criterion, the different classes are: 

Table 1: Safety barriers classes according the containment level. 

Containment Class 

Temporary T1, T2 and T3 

Normal N1, N2 and H1 

High H2, H3 and H4a 

Very High H4b 

 

 

Figure 8: Safety barrier class H2 (left), and class H3 (right) 
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2.5 Problematic with BEBS 

Harsh weather conditions in Sweden adversely affects to the durability of BEBS. Therefore, 
during their service lives, Swedish bridges usually suffer a considerable deterioration in the 
BEBS, which entails maintenance actions. This deterioration consists mainly in the concrete 
degradation in the edge beam and steel corrosion of the reinforcement and railings. The 
concrete degradation is a process that starts with the concrete cracking. These cracks may 
have many causes, although usually they are the result of a combination. According to Duran 
(2014) the main causes are: 

 Plastic shrinkage and Thermal contraction (during construction phase) 
 Bending loads  and Drying shrinkage (during the service life) 

With the cracks created, the concrete is exposed to intrusion of harmful agents like CO2, 

Chloride or water (freeze–thaw). Those harmful agents enlarge the cracks and trigger the 
access of more amount harmful agents. When the cracks are enough deep, the reinforcement 
steel becomes exposed as well. The corrosion of the steel and its expansion produces stresses 
in the concrete. This process finally supposes the spalling and scaling of the concrete, and  the 
loss of its resistant features. 

Therefore, the harsh weather conditions affect to the deterioration in the following way. 
During the construction, the plastic shrinkage and thermal contraction are aggravated with the 
low temperature. When the first cracks are created, the ice and show in the road entails the use 
of salts, and consequently the chloride intrusion in the cracks. In addition, the water enters in 
the cracks and freeze. This produce a volume increase i.e. stresses in the concrete. The ice 
turns into water with the use de-icing salts, and leads space for more water. The harsh 
conditions enable that the freeze-thaw process repeats many times during the winter. 

Another possible cause of the degradation is the design. Now, it is known that the edge beam 
has an important role in the bridge carrying capacity, but this is double-edged sword. Edge 
beam increases the rigidity and strength to the bridge, but at the same time, needs a proper 
design as the rest of the cross section. If the design is not right, the edge will suffer an 
overstress and the subsequent fissures. Thus, the use of less reinforcement as the required, 
may still occur in the modern bridges (Ansnaes & Hesham, 2012). 
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2.5.1 Common countermeasures 

Some countermeasures may minimize the deterioration of BEBS. The first way in order to 
minimize the deterioration is to research and develop a proper design for the BEBS. For that 
reason “Trafikverket” requested KTH for researching about BEBS. In civil engineering, to 
solve a problem in the design phase entails a large saving of money, in comparison to do it 
later. 
A proper design may involve less cracking, and dimensions that inhibit the intrusion of 
harmful agents. Moreover, the design may focus in measures for neutralizing the actions of 
harmful agents. In this way is possible to use resistant materials like waterproof concrete and 
stainless steel, or for example the cathodic protection of the reinforcement. Cathodic 
protection consists of using a more active metal in order to corrode it instead of the steel. The 
use of resistant materials supposes a higher initial cost but a lower maintenance cost. 

During the service life of the bridge, the maintenance can be divided in preventive and 
corrective maintenance. Preventive maintenance involves periodic actions, which slow the 
deterioration, and corrective maintenance involves actions after the deterioration. According 
to Kelindeman (2014), the most common preventive maintenance actions are the following: 

 Bridge cleaning or washing (including edge beam) 
 Impregnation 
 Clearing the drainage system from congestions 
 Crack sealing 

Thus, the corrective maintenance actions are divided in: 

 Repairs. 
 Replacement  
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3  
 
Collision analysis 

3.1 Current regulations  

The analysis performed is a static. Therefore the definition of the loads or actions is 
important, because they are going to represent the vehicle collision. The Eurocode defines this 
load and its features, even though there are also other ways to represent it which are discussed 
later in the next section.  

The Eurocode EN 1991-2 states that:  

4.7.3.3 Collision forces on vehicle restraint systems 

(1) For structural design, horizontal and vertical forces transferred to the 
bridge deck by vehicle restraint systems should be taken into account.  

NOTE 1. The National Annex may define and select classes of collision forces 
and associated conditions of application. In the following, 4 recommended 
classes of values for the transferred horizontal force are given:  

 Table 4.9 (n) – Recommended classes for the horizontal 
force transferred by vehicle restraint systems 

Recommended classes Horizontal force (kN) 

A 100 

B 200 

C 400 

D 600 
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The horizontal force, acting transversely, may be applied 100 mm below the top 
of the selected vehicle restraint system or 1,0 m above the level of the 
carriageway or footway, whichever is the lower, and on a line 0,5 m long. 

NOTE 2 The values of the horizontal forces given for the classes A to D derive 
from measurements during collision tests on real vehicle restraint systems used 
for bridges. There is no direct correlation between these values and 
performance classes of vehicle restraint systems. The proposed values depend 
rather on the stiffness of the connection between the vehicle restraint system and 
the kerb or the part of the bridge to which it is connected. A very strong 
connection leads to the horizontal force given for class D. The lowest horizontal 
force derives from measurements for a vehicle restraint system with a weak 
connection. Such systems are frequently used for a steel vehicle restraint 
systems according to a performance class H2 according to EN 1317-2. A very 
weak connection may lead to the horizontal force given for class A.  

NOTE:3 The vertical force acting simultaneously with the horizontal collision 
force may be defined in the National Annex. The recommended values may be 
taken equal to 0,75αQ1Qlk. The calculations taking account of horizontal and 
vertical forces may be replaced, when possible, by detailing measures (for 
example, design of reinforcement).  

(2) The structure supporting the vehicle parapet should be designed to sustain 
locally an accidental road effect corresponding to at least 1,25 times the 
characteristic local resistance of vehicle parapet (e.g. resistance of the 
connection of the parapet to the structure) and need not be combined with any 
other variable load. 

NOTE This design load effect may be defined in the National Annex. The value 
given in this clause (1,25) is a recommended minimum value. 

Swedish Traffic Environment Authority (TRVFS 2011:12 kap.6 10§ and 11§) states that: 

Nationella parametrar till 4.7.3.3(1) 

10 § Råd: 

För skyddsanordningar av stålräcke som uppfyller kapacitetsklass H2 bör klass 
B tillämpas. För skyddsanordningar av betong bör klass D tillämpas. 

För övriga skyddsanordningar kan byggherren ange klass för aktuellt projekt. 
(VVFS 2006:61) 

Nationella parametrar till 4.7.3.3(2) 

11 § Värdet ska sättas till 2,0. (VVFS 2006:61) 
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The translation of those two paragraphs is: 

National parameters for 4.7.3.3 (1) 

10 § Advice: 

For the protection of steel railings that meet the capacity level H2 should be 
class B apply. For protection of concrete should be Class D applied. 

For other safety devices can the developer specify the class for the project. 
(VVFS 2006: 61) 

National parameters for 4.7.3.3 (2) 

11 § The value should be set to 2.0. (VVFS 2006: 61) 

3.2 Load Definition 

3.2.1 Load case 1: Eurocode 

According to EN 1991-2 Eurocode, a concentrated load must be applied in the vertical post at 
the height of 1 m from the pavement or 10 cm from the top of the railing, depending on which 
one is the worst case. The value of that load is related with the strength of the vertical post. 
Whether the vertical post breaks easily the load should be class A i.e. 100 kN, and whether 
the vertical post is very resistant before the failure, the load should be class D (600 kN). The 
resistance of the vertical post and railings is related with the capacity class of the BEBS. In 
the study case railing class is H2. This class is very common and for that reason Eurocode has 
a specific recommendation for it. Eurocode recommends in TRVFS 2011:12 kap.6 10§, that 
railing class H2 should consider a force class B i.e. 200 kN. For that reason Fd=200 kN should 
be one of the load cases chosen. 

The other load case following the Eurocode is 100 kN. Even though the Eurocode states that 
for H2 the force should be 200 kN, in the memos (“minnesanteckningar”) of the project 
meetings carried out by “Kantbalksgruppen”, is stated that: “The resistance capacity of the 
attachment of the parapet system in the bridge deck should be much higher than the one of the 
railing post so that parts of the railing can be easily replaced in case of collision”  
(Kantbalksgruppen [Edge Beam Group], 2015). For that reason, if a weak connection is 
required in the project, 100 kN is included in the load cases used in the model. Thus, there are 
two loads (Fd), in the load case 1, 200 kN and 100 kN. Both are applied in the vertical post, 
1m from the pavement because it is the worst case in this design (Figure 9). 
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Figure 9: Load case 1. Fd = 100 kN and Fd=200 kN 

3.2.2 Load case 2: Vertical post failure  

According to Eurocode EN 1991-2, the forces depend on the strength of the connection 
between the edge beam and the parapet system, but there is not a method for valuing that 
strength. Moreover, the two alternative load values to be used for the analysis (100 and 200 
kN) differ considerably, as twice as much. Due to those reasons, and in order to apply a 
precise load which is related with the resistance of the connection, an alternative method was 
carried out for obtaining the collision load.  

In the collision, the vehicle impacts in the parapet system i.e. in the railings or in the vertical 
post. Then, that load is transferred from the vertical post to the footplates and subsequently to 
the beam. In the instant which the connection between the edge beam and the parapet system 
is broken off, the edge beam does not receive more stresses. Thus in this case the results show 
that the weak point in the connection is the base of the vertical post. Therefore, the load which 
breaks the vertical post will be the limit load transferred to the edge beam. 

Besides the recommended loads, the Eurocode states that the capacity of the elements which 
transfer the load to the edge beam should be duplicated. The reason for this increase is to 
considerer the bending of the elements before the total failure.  

  



3.2. LOAD DEFINITION 

 21 

In the case study the steel for the vertical post and footplates is “S 235 JRG2”, so its yield 
strength is 235 MPa. But for carrying out the calculations the ultimate strength is required 
and, to consider whether hardening or not. With hardening the ultimate strength is 360 MPa, 
without hardening the ultimate strength is 235 MPa (Figure 10). 

 

Figure 10: Steel behaviour with and without hardening 

Therefore the goal of these load cases is to obtain a load which reaches 2 times 235 MPa or 
360 MPa in the base of the vertical post. For obtaining the load there are two types of 
methods.  

Load case 2.1: Iteration model  

This load case consists of applying one test load in the model and to extract the stresses in 
base of the vertical post. If the stresses are lower than the desired, in the next iteration is 
applied a higher load. This process is repeated until two times the ultimate strength is reached 
in the vertical post. This method can seem tedious and long, but it usually needs only one 
iteration because the relation between load and stresses is lineal. So, to calculate the necessary 
load with only one previous example is possible (Equation 1). The relationship is linear, but 
not perfectly linear. In some cases a second iteration is needed because the results are slightly 
different from wanted. 

 [1] 

Where: 

F= Load applied 

σ	= sought stresses 

The sought stresses are not 470 MPa or 720 MPa (two times 235 and 360). The sought 
stresses are 705 MPa for the steel without hardening and 1080 MPa with hardening. This is 
due to the fact that the model carries out an elastic lineal analysis. For that reason the model 
uses the elastic section modulus Wel for calculating the stresses. However, for obtaining the 
ultimate strength is used the plastic section modulus Wpl. Therefore, the load which reaches 
1080 MPa in the model would reach 720 MPa in the real life. The section moduli for a square 
profile (vertical post) are:  
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4
 [2] 

6
 [3] 

The relation between the moment and the section modulus is: 

,  [4] 

Where: 

Wpl = Plastic section modulus 

Wel = Elastic section modulus 

lside = length side of the square cross section of the vertical post 

fuk = ultimate strength in plastic analysis 

fuk,el = ultimate strength in elastic analysis 

,
4

6

6
4

1.5  
[5] 

The prior formulas show that the relation between elastic and plastic ultimate strength is 1.5, 
i.e. 470 MPa turns into 705 MPa, and 720 MPa turns into 1080 MPa. 

Load case 2.2: Hand back calculation 

The other way for achieve the ultimate strength stress in the base of the vertical load is to 
perform a hand back calculation. In order to carry out these hand calculations some 
modification are required, because the whole model with the railings and vertical posts is a 
convolute hiperstatic structure. Thus, the model was simplified only leaving the prefabricated 
element with one vertical post. The calculations consist on the following. As the stresses and 
the section of the vertical post are known, to calculate the moment which reaches that stress is 
possible.  

4
 

[6] 

Where:  

Md = Design moment 
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Once the moment is calculated, to obtain the design load (Fd) which creates that moment is 
possible. In this case the height chosen for the load is 550 mm from the pavement instead of 
1000 mm. The reason is that 550 mm is a worse case scenario than the 1 m case, because it 
gives back a higher design load (Fd). The height necessary for calculating the moment is not 
the height of the load from the pavement, is the height between the base of the vertical post 
and the load (Figure 11). 

 

Figure 11: Load cases 2.1 and 2.2 

[7] 

Where:  

h = height between load and base of vertical post (Figure 12) 
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Figure 12: Load calculation 

3.3 Resistance verification 

3.3.1 Footplate bolts 

The footplate bolts have as function to join the footplates with the edge beam. There are 4 
bolts each footplate, so each prefabricated element there are 8 bolts. The collision force 
causes in the footplate a moment and a horizontal force. Due to those loads, the bolts are 
subjected to three possible failures, 1) tension failure, 2) flexural failure and 3) shear failure. 
The following calculations are used for the data extracted from the FEM. Since the bolts are 
modelled as beam elements, the tensile loads and the moments in the two axes can be 
extracted. 
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Shear Stress 

In the footplate the bolts can fail by shear due to the horizontal force. Those shear stresses 
generated by the horizontal load try to slit the bolt in the surface perpendicular to the axis of 
the bolt (Figure 13). 

 

Figure 13: Shear resistance in a bolt (Norlin, 2014) 

,  [8] 

Where: 

As= Stress area of the bolts, as the shear plane cuts through unthreaded bolt shank is the gross 
area 

αv = 0.6  

Tensile stress 

The moment load affects to the bolts in two different ways. The first one is the tension that 
creates the moment, and that tries to stretch the bolts. The footplates have 4 bolts and the 
moment compresses two of them and creates tensile stresses in the other two. This kind of 
tension is very common in bolt connections (Figure 14).  
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Figure 14: Tension resistance in two bolts with two thick plates (Norlin, 2014) 

,  [9] 

Where: 

k2 =0.9 for normal bolts (Table 3.4 EN 1993-1-8.) 

γM2 =1.20 Resistance of bolts (Table 2.1 EN 1993-1-8.) 

As = Stress area of the bolts, which can be calculated for a diameter that is d-0.94p, where p is 
the thread pitch 

Flexural moment  

The second way in which the moment affects to the bolts is flexion. Flexion usually is not a 
problem in bolted connection; however it does in the case study. The bolts connect two plates, 
the footplate and top plate of edge beam, but those plates are not in contact. Thus, between 
footplates and edge beam there is a gap where the bolt is stressed like a beam due to a 
moment. Each bolt is equivalent to a beam with the length the distance between nuts, and a 
circular profile 24 (threaded diameter = 24-0.94p). Shear stresses are taken into account in 
this calculation. The central part of the circular profile will carry the shear stresses (Figure 
15).For that reason that area is avoided, and the flexural resistance is performed for the rest of 
the circular profile. 
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Figure 15: Circular profile. White area represents the area avoided in the calculations 

,  [10] 

Where: 

Ashear=Area necessary for carry the shear 

Fv,Ed =Shear force in the design 

The effective area used in the beam calculation is 

 [11] 

0.94
4

 
[12] 

Where:	

 θ= Angle depicted in Figure 15 

After the reduction, the formula used with the remaining area is the beam flexion check in 
elastic behavior: 

, 	
	 	

,

,

,

,
,  [13] 

Where:	

Ft,Ed =Tension force in the design 

My,Ed	= The maximum design value of the first order bending moment along the beam in the y-
axis 

Mz,Ed	= The maximum design value of the first order bending moment along the beam in the z-
axis  
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Iy.eff = Second area moment of inertia of the effective area in the y-axis 

Iz.eff = Second area moment of inertia of the effective area in the z-axis 

The calculations used for the beam flexion are conservative because plastic behaviour is not 
considered. However, the consideration of perfect plastic behaviour may be unsafe.	

3.3.2 Anchorage bolt 

Each prefabricated element has two anchorage bolts, which connect the beam with the 
concrete slab. These bolts can only fail due to tension because there is no load which causes 
shear stress. The pull over load will try to stretch the bolt, and the formulas for tension are the 
same as in the footplate bolts. 

The anchorage connection may also fail due to the tension generated in the concrete by pull 
over load. That tension could crush the concrete, so the anchorage bolts would break away 
from the concrete slab. The hole of the anchorage bolts is filled with a new concrete. Thus, 
the connection between old and new concrete, and the connection between new concrete and 
the anchorage bolt should be verified. The calculation guidelines for this resistance are in EN 
1992-1.  

Ultimate bond stress (8.4.2 EN 1992-1) 

2.25  [14] 

Where: 

fctd = design value of concrete tensile strength 

	 , , 0.7 0.3 /
 [15] 

η1 = coefficient related to the quality of the bond and position of the bar during concreting. In the 
case study 1.0 due to “good” conditions Figure 8.2  

η2 = coefficient related with the bar diameter. η2 = 1.0 for Φ≤ 32 mm 

Basic anchorage length (8.4.3 EN 1992-1) 

φ
4  [16] 

Where: 

σsd	= the design stress in the bar 

φ = diameter of the hole or diameter of the anchorage bolt. This depend on what fails early if 
the old concrete or the new concrete 
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3.3.3 Railing 

The chosen railings are marked with “CE”. This entails the fulfillment of the current 
regulations (TRVK Bro 11 “Trafikverkets tekniska krav Bro”). Therefore, is considered that 
the railings meet the requirements from a structural point of view. 

3.3.4 Deck slab 

Concrete slab is under tension stresses in the connection with the anchorage, and compression 
stresses in the bottom. The tension failure in the anchorage connection is explained in the 
prior paragraph. The failure check due to compression stresses entails that the stresses must 
be lower than the characteristic strength (fck). In order to check those stresses, the reaction 
forces in the model are extracted and applied in a concrete slab. This model performs a linear 
analysis. 

3.3.5 U-shaped steel edge beam 

The U-shaped edge beam is made of three different plates (Figure 16). Inside those plates 
there are two critical parts which obtain high stresses. The anchorage connection in the side 
plate of the beam, and the bolt connections in the top plate of the beam. For checking those 
parts, the method used has been to extract the Von Mises stresses from FEM and to compare 
them with the yield strength (440 MPa)  

 

Figure 16: U-shaped steel edge beam profile 
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3.3.6 Stiffeners  

In the stiffeners to extract the Von Mises stresses from the model is also possible, but in this 
case the limit is not 440 MPa. The stiffeners are sensitive to buckling. For a more accurate 
calculation, a FEM with dynamic analysis with an eigenvector and eigenvalues study would 
be required. Those calculations have not been performed in the thesis, therefore some hand 
calculation has been used, but some simplifications have been considered. The stiffeners are 
plates connected in 3 of its 4 borders. In this way the hand calculation performed depend on 
the boundary conditions for those 3 borders. In the calculations it is considered pinned 
condition for all the faces, i.e. the results obtained are in the safe side. Moreover the load is 
considered in both sides of the plate, when in the reality is only in the top side, generating a 
triangular stress shape. Those simplifications cause conservative results. This means that if 
the stresses are lower than the limit with those conditions, the plate will not buckle, but if the 
stresses are over the limit, a further detailed analysis would be needed. 

Plate buckling 

The critical elastic buckling states according to Rees (2009) is: 

,  [17] 

Where: 

η1 = coefficient related with the boundary conditions (Figure 105) 

 σcr	= critical buckling stress 

3 1 
 

[18] 

Where: 

E = modulus of elasticity (MPa) 

 = Poisson´s ratio 

 t = thickness of the plate 

 b = wide of the plate 

Column buckling (L-profile) 

An option can be to place a ending in an L-profile. In this case it is possible to simplify the 
calculation to a column with an L-profile, and two pinned supports.  
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The first step is to calculate the critical buckling load Ncr (EN 1993 1-1 :2003). 

 
[19] 

Where:  

I = second area moment of inertia 

Lcr = buckling length, which is fictitious length. For a beam with two pinned supports Lcr = 1.0L 
and for two pinned supports.  

Second step is to calculate the slenderness parameter λ (EN 1993 1-1:2003 6.3.1.1 Buckling 
curves). 

	  
[20] 

Where: 

A	 fy = axial resistance NRk of the gross cross-section when column buckling is not taken into 
account. 

Next step is to calculate the reduction factor χ (EN 1993 1-1:2003 6.3.1.1 Buckling curves). 

χ
1

√ λ
 [21] 

Where the help parameter Φ	is:	

0.5	 1 λ 0.2 λ  [22] 

Where: 

α = the imperfection parameter, whose value is given by Table 6.1 EN 1993-1-1 

With the reduction factor the buckling resistance is: 

,  
[23] 

 

Where: 

 A = gross cross-sectional area 

 γM1 = partial coefficient for global instability, γM1 = 1.0 
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4  
 
Case study and design solutions 

In 2012 the “Kantbalksgruppen”, and the project “Optimala Kantbalkssystem” were created”, 
which decided to implement a steel edge beam solution instead the current typical solution 
used (concrete integrated). Within the steel edge beam solution, it was selected a U-shaped 
solution proposed by Ramböll. Thus, a bridge situated in Mellosä was chosen in order to 
implement this solution. Therefore, the Master thesis studies a real project, where are 
involved KTH, Trafikverket, Ramböll and Svevia. Trafikverket, is the owner of the bridge, 
Ramböll is responsible for the design of the project, Svevia for the construction, and KTH 
provides technical advice. 

The U-shaped steel edge beam belongs to type III in the “Optimala Kantbalkssystem”, and it 
is further explained in the Chapter 2.3.1 as the example within this type of BEBS. This 
solution was initially designed for a replacement, but can be used also in new bridges. 
Moreover the initial idea for the solution and the sketch proposed were for beam bridges with 
a cantilever concrete slab, but the study case is a frame bridge.  

4.1 Bridge description 

The bridge, which needs the BEBS replacement, is the bridge number 4-306-1. It is located in 
the road 687 over the railway T.G.O.J. (Trafikaktiebolaget Grängesberg - Oxelösunds 
Järnvägar) between Mellösa station and Hällerforsnäs (Södermanlands län) (Figure 17). The 
bride was built in 1955, and is a frame bridge with two simple tracks over it (Figures 18 and 
20). The main features are 6.85 m wide (without edge beam), and 21.6 m length (Figure 19). 
The average daily traffic is 1500 vehicles/day, which is a high vehicle density compared with 
the surrounded roads.  

Chapter 
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Figure 17: Mellösa bridge location 

 

Figure 18: Picture of the two tracks in the bridge 
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Figure 19: Drawings of the plan view of the bridge 4-306-1 

The BEBS of the bridge is type I (concrete integrated), the most common solution used in 
Sweden (Figure 5). Due to the harsh climate of Sweden the BEBS has suffered a significant 
deterioration. The concrete in the edge beam has been stripped and the steel reinforcement is 
visible (Figure 20 and Figure 21).  
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Figure 20: Lateral view of the bridge (Frame structure) 

 

Figure 21: Edge beam (heavily damaged) of Mellösa bridge 
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4.1.1 BEBS 

As mentioned before, the BEBS is concrete integrated, and the barrier system is class H2 with 
a W-profile and a top railing. This type of railing is standard and used in many Swedish 
bridges. In the Figure 22 the dimensions of the BEBS are depicted. In dashed line is depicted 
the old edge beam. In solid line the replacement with the typical method for concrete 
integrated edge beam replacement, and the position of the cut off.  

 

Figure 22: Drawings of the BEBS (concrete integrated) 
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4.2 Installation  

The “Kantbalksgruppen” defines 4 main types of BEBS. Their main examples has been 
described before (Chapter 2.3), and 2 of them are involved in this case study. The bridge 
currently has a BEBS type I made of concrete and is going to be replaced by a type III. The 
replacement is going to be carried out in the following steps: 

1. To cut off the old edge beam. This cut will not be completely vertical, but it will have 
some inclination. 

2. To drill in the concrete slab 40 and 1 m length holes. Before the installation of the 
steel edge beam, the cut surface will be treated with an isolated product.  

3. To set the edge beam in its position, and then to proceed with anchorage bolts 
installation.  

4. To fill the holes with the 30 anchorage bolts and high-resistance class concrete.  
5. When the beam is completely fixed and the concrete hard, to set the footplates, 

vertical post and railing.  

The U profile is reinforced with transversal stiffeners, and in the sketch solution, the free face 
is covered late, in order to avoid the effect of the harsh weather, and for aesthetical issues. In 
the case study is going to be used stainless steel, which means that maybe this cover will not 
be use. In the Figure 23 the sketch for a replacement in a cantilever profile bridge is depicted. 
The edge beam is split in several prefabricated elements, which are not connected between 
them. They are not connected in order to ease the replacement, if one of them would need it.  

 

Figure 23: Replacement of an old existing edge beam in a cantilever bridge (grey) for a new U-shaped Steel 
edge beam with the anchorage bolts (green) with a cover plate (blue), the railing post and footplates (pink). 
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4.3 Design of the BEBS 

The BEBS is going to be the U-shaped steel edge beam; however, the dimensions proposed in 
the sketch have to be adapted to the Mellösa Bridge. During the performance of the thesis, the 
design was developed in order to adjust the solution to the Mellösa Bridge but the design 
process was not finalized at the end of the thesis, hence the final dimensions of the beam were 
unknown. Thus, In the paragraphs below the different steps during the development of the 
design are explained. This development has been influenced by three main factors, structural 
resistance, constructability issues and material (Figure 24) Before the Model 1, the U-shaped 
edge beam was model with the sketch dimensions. The goal of this model was to learn about 
the beam behaviour and its critical parts, and how to obtain lower stresses in those critical 
parts. This model is called Model 0 and its results are in the Appendix A. 

 

Figure 24: Factors behind the design development 

4.3.1 Model 1: Basic design 

Model 1 was the first step in the development of the U-shaped solution. Thus, this basic 
design was the result of the knowledge gained about the structural behaviour from the Model 
0. The dimensions match the ones proposed in the discussion of constructability aspects from 
the meetings. 

The edge beam is split in 3600 mm prefabricated elements. These beams have a U-shaped 
profile in the longitudinal direction, and 4 transversal stiffeners. The U-shaped profile has a 
web with 500 mm height, and two flanges of 280 mm wide and 20 mm inclination. The top 
flange has the inclination upwards, and the bottom flange downwards. The reason for the web 
dimension is related with the old concentre edge. The old edge beam has also 500 mm, and 
so, with the same height the new beam will cover the cut surface in the concrete slab. The 
width is smaller than the height because, the top and bottom flanges suffer lower stresses than 
the web, and it represents a saving in the steel. Finally, the inclination of the flanges is 
designed in order to drain the rainwater (Figure 25).  
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Figure 25: Model 1: Basic design. Lateral view of the U-shaped beam without stiffeners 

Each prefabricated element is connected with the concrete slab by 2 anchorage bolts. These 
anchorage bolts are located under each vertical post and have 1000 mm length and 30. In 
every anchorage connection, there is attached a square washer of 80x80 mm and 10 mm 
thickness. The 4 stiffeners are distributed in each side of the anchorage bolts in a distance of 
100 mm i.e. between stiffeners there is a distance of 200 mm. The distance between the 
borders of the prefabricated element and the anchorage bolts are 900 mm, and between the 2 
anchorage bolts is 1800 mm. Over each anchorage bolt, in the top flange of the beam, there 
are 4 bolts which connect the top part of the beam with a footplate. 
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Figure 26: Top railing (left), tubular railing (middle) and W-profile railing (right) 

 

Figure 27: Drawings of the U-shaped steel edge beam in Mellösa Bridge 

Those footplates are square plates of 210x210 mm with 25 mm of thickness. Within the 
footplate, the 4 bolts are centred located in the four corners of an imaginary 120x120 mm 
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square. From each footplate is attached a vertical post with a square profile of 55x55 mm2, 
and all the vertical posts are connected by 3 railings. The first one is a W-profile railing 
situated 550 mm from the pavement, the second one is a tubular railing situated 950 mm from 
the pavement (Figure 27). The last railing is a top railing with the shape depicted in the 
Figure 26, and is located at the top of the vertical post in a distance of 1200 mm from the 
pavement. The steel used in the vertical post and footplates is S 235 JRG2, and the steel used 
in the U-shaped beam is S 450. 

4.3.2 Model 2: Steel optimization designs 

With the results of Model 1 (Chapter 6.2.1), and with the decision of using stainless steel, 
which means more expensive material, it was decided to reduce the amount of steel used in 
the U-shaped beam. Thus, the basic design has the same thickness in every parts of the edge 
beam, but not every parts of the beam receive the same stresses, so it is a waste of steel to use 
the same thickness. For that reason, the 2 designs followed use the same profile as in the basic 
design but different thicknesses. 

Model 2.1: Different thickness design 

Along the beam, the zones with highest stress are those close to the connections i.e. the 
anchorage bolts, the footplate bolts and the borders of the stiffeners (Chapter 6.2). For that 
reason it would be optimum to use an amount of steel directly related with the supported 
stresses. Thus, the thickness had a continuous variation along the whole beam, and every part 
of the beam would have the same stresses. Manufacturing that kind of beam would be very 
convolute and expensive. Hence, it is better to use a discrete variation of the thickness, which 
implies using different constant thickness in different plates, but not a variable thickness in 
the same plate. The geometrical changes are suitable points where to change the thickness, 
thus in one side of the geometrical change, there is one thickness and the other side a different 
one. In the U-shaped profile beam, the geometrical change that involves the stiffeners is 
adequate for this purpose, because the highest stresses are between stiffeners. Therefore in 
this design is used a thick thickness between stiffeners, and a thin thickness outside the 
stiffeners (Figure 28).   



4.3. DESIGN OF THE BEBS 

 43 

 

Figure 28: Model 2.1: Different thickness design. Thicker thickness (green) in parts between stiffeners and 
thinner thickness (red) in the rest 

The amount of steel saved is significant because the parts with the thick thickness represent a 
small percentage of the whole beam (16.5%). However, this design has also some drawbacks, 
the welding of the different parts is more expensive than in the basic design, and this cost is 
even higher with stainless steel. 

Model 2.2:“The box” 

The parts formed by the stiffeners and the plates between them are called “boxes” in the 
thesis. This design instead of using a thinner thickness and thicker thickness, to delete the 
parts outside the boxes, thus, the prefabricated element turns into two boxes (Figure 29). This 
design is similar to the solution number 3 without edge beam, proposed in the project 
“Optimala Kantbalkssystem” (Petterson & Sundquist, 2014). 
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Figure 29: Model 2.2: “The box”. Boxes and footplates (green), bolts, verticals post and railings (pink). The line 
represents the W-profile railing 

This case uses less amount of steel than the previous one but has some practical aspect to be 
solved. The edge beam has as function to guide the water runoff, and to provide support to the 
pavement border. Those functions are performed by the side part of the beam in the other 
designs, therefore is a requisite to find new elements which solve the problem. Moreover this 
case is a replacement, so the beam has an extra function, and it is to cover the cut surface in 
the concrete. One possible solution for this is to keep a similar plate to the side part of the 
beam. This plate would not be a structural part in the beam; therefore it could be very thin. 
However thickness should meet the requirements for the paving forces and a possible wheel 
impact. In this case, the proposed installation would follow the next steps. First to set the 
plate, this plate would cover the cut off surface and would serve as guide for the pavement 
and rainwater, and secondly to attach the boxes, which would receive the stresses of the 
collision.  

Another solution could be an L-shaped steel guide over the concrete slab (Figure 30). This 
solution is better for new bridges than for replacement, because the new bridges have not the 
cut off surface, which is a problem not solved with the L-shaped guide. An extra problem, of 
this is that the L-shaped guide can be damaged for the snowplow, which would imply a 
regular replacement. 
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Figure 30: Solution number 3 proposed in “Optimala Kantbalkssystem” (Petterson & Sundquist, 2014) 

4.3.3 Model 3: Reinforcement plates 

Model 3.1: Two reinforcement plates 

The main idea behind this design is the same as in the Model 2; to use more amount of steel in 
the zones with more stresses, but with a different approach. In this case, the design consists of 
a thin U-shaped beam where there are attached reinforcement plates in the critical zones. The 
anchorage zone in the side part of the U-shaped beam and the footplate zone in the top part of 
the U-shaped beam. The side reinforcement plate is 200x200 mm, and is attached in the 
stiffeners. The top reinforcement plate 200x240 mm, is attached in the stiffeners in is 200 mm 
side, and in the other side leaves 20 mm until the side part and 20 mm until the border of the 
beam. The wide of the top part is 280 mm, so the distribution is 20 mm free, plus 240 mm 
with plate, plus 20 mm free again (Figure 31). This design has a peculiarity in the stiffeners 
that have not the other design, the stiffeners end in an L-profile of 50mm, which are oriented 
out of the “box”. Finally this design evolved to the next one (Model 3.2). This model 
represents the preliminary design of the solution at the moment this thesis is written. 
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Figure 31: Model 3.1: Two reinforcement plates. Lateral view of the U-shaped beam without stiffeners 

Model 3.2: Three reinforcement plates. 

The design has 3 reinforcement plates instead of 2. The new reinforcement plate is at the 
bottom part of the beam. The main dimensions of the beam are different; the total height is 
600 mm, (100 mm more than the last solution). The top is 20 mm wider i.e. 300 mm, and the 
bottom is only 100 mm (Figure 32). These new dimensions involve that the profile of the 
stiffeners has an inclination, similar to the solution number 3 proposed in the “Optimala 
Kantbalkssystem”. The thickness in the rest of the edge beam can be very thin, because all the 
structural resistance is supported by the 3 reinforcement plates and the stiffeners, similarly to 
the box solution model 2.2. 
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Figure 32: Model 3.2: Three reinforcement plates. Lateral view of the U-shaped beam without and with 
stiffeners 
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5  
 
Finite Element Model 

5.1 General geometry 

In the case study the U-shaped edge beam is split in several prefabricated elements with 3600 
mm length. The model represents one of those prefabricated elements, and the load that would 
suffer whether a vehicle collision would happen. Besides this, the model represents its 
connection with the concrete slab, and its connections with the parapet system. The former is 
modeled with two small volume elements which represents the end part of the anchorage 
bolts. Moreover the latter is carried out through two vertical post attached in the footplates. 
The parapet system is represented by 9 rows of 3 railings fixed in their borders and 8 vertical 
posts. 2 of the 8 vertical posts are attached to the footplates, and the other 6 are fixed in its 
base border. Moreover the footplates are connected with the top part of the U-shaped beam by 
4 bolts per footplate. Figure 33 depicts the whole model, and the Figure 34 illustrates only 
the central part.  

 

Figure 33: Frontal view of the whole model 
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Figure 34: Frontal view of the central part of the model 

Figure 34 shows the model used for load cases 1 (Eurocode load case) and 2.1 (iteration 
model load case), where the entire parapet system is represented (Chapter 3.2.1). The model 
for load case 2.2 (Hand back calculation load case) is simplified to the extent that only one of 
the vertical post is represented for each prefabricated element (Figure 35). 

 

Figure 35: Model for load case 2.2 (simplified model) 

5.2 BEBS elements 

5.2.1 U-Shaped Edge Beam 

The U-shaped edge beam has 3 surfaces: top plate, side plate and bottom plate (Figure 36) 
The geometry of those surfaces are 500 mm height for the side plate, 280 mm wide for top 
and bottom plate, and an inclination of 20 mm upwards for the top and downwards for the 
bottom. The 3 surfaces have a length of 3600 mm and are modeled as a net of small surface 
elements of 20x20 mm2.  
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Figure 36: U-shaped edge beam profile 

The model for the last design has different dimensions, which have been modeled in FEM as 
well, but the model still has the same net. The height is 600 mm, the top plate has 300 mm 
wide and the bottom only 100 mm. The top and bottom has the same inclination as in the 
other model, but the side plate has a new 1:20 inclination. 

Therefore, some parts of the BEBS which match with the net 20x20 mm2 can be directly 
modeled. Those which do not match need some geometry and mesh adjustments. Thus for 
example the stiffeners match because their distance from the anchorage is 100 mm (5 times 
20 mm). The anchorage bolt matches also with this net because it is modeled like a 40x40 
mm2 profile i.e. it coincides with 4 squares in the net. However, this match is not always 
possible. An example of it is the connection between the footplate bolts, which is explained 
later. 

Each surface element is modeled as a thick shell, with quadrilateral element shape and 
quadratic interpolation order (element name QTS8 Quadrilateral Thick Shell with 8 nodes). 
However not every surface has the same mesh or the same thickness. The main used mesh is 
regular 2 division mesh which split the 20x20 mm2 geometry net, which creates a mesh net 
with regular square elements of 10 mm (Figure 37). It could be the only mesh used if there 
were no connections, but the connections need a denser net. Therefore the elements close to 
that connection have an intermediate mesh, in order to obtain a gentle variation. 
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Figure 37: Surface mesh screen in LUSAS 

Top plate connection with bolts 

To model a bolt two points are needed, because they are modeled as lines. Thus, the 
connection bolt-top plate is a connection line-surface. This kind of connection creates peak 
stresses; therefore it is recommendable to model 4 squares around those connections for being 
able to avoid them when the stresses are extracted. For that reason the perfect case for this 
connection is when the bolts position coincides with the center of a square in the net, because 
it is easy to split that square in 4, and to model the connection. The problem is that in this 
case, the bolts position does not match the center of the squares net. Thus, 9 squares are 
deleted in order to model the new geometry. Those 9 squares are the square where the bolt 
position is, and the 8 adjacent squares. Thus, the new geometry has four 10x10 mm2 squares 
around the protection point, and the space surrounded these 4 squares is split in 4 parts as is 
depicted in the Figure 38.  

These 4 parts are not equal, and cannot be divided with regular mesh (Figure 38). The 
squares bolted in black in the picture are regular, and the mesh in the big ones is 4 regular 
division and in the small ones 2 regular divisions. So the mesh size is 5 mm in both cases. The 
rest of the elements have an irregular element size mesh with 5 mm size. The reason of using 
different type of mesh is to force the most regular mesh possible in the irregular elements. 
The bolted squares are fixed with regular mesh, thus they guide to the irregular because they 
have the same borders. Moreover, in order to obtain a soft change between 5mm and 10mm 
mesh, the squares which surround this zone have irregular element size mesh 7.5mm size. 
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Figure 38: Mesh in connection between one bolt and the top plate 

Anchorage connection 

Anchorage connection is depicted in the Figure 39, and it has volume elements (stress 
structural type, name “HX20” Hexahedral with 20 nodes and quadratic interpolation) as core. 
These volume elements are 20x20x40 mm3, and in their borders they match with the 20x20 
mm2 surfaces net. There are two rows of volume elements i.e. the total length is 80 mm. The 
distribution of the elements is: surface, 2 volume element and surface. These surfaces have a 
regular 4 division mesh and the volume elements regular 4 division as well. Moreover the 
outer surface has it middle point fixed in the 3 rotation and in x-axis and z-axis translation, 
but with a spring support of 183.578 kN/mm in the y-axis (Appendix A.4).  

 

Figure 39: Anchorage connection modelled with a volume element (blue) and spring support (green). 
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Stiffeners 

The 4 stiffeners are modeled as 4 surfaces without the 20x20 mm2 net. They are perpendicular 
to the 3 surfaces in the U-shaped profile, situated 180 mm from the two anchorages in both 
sides. Therefore the geometry of the stiffeners is made by 20 mm lines in the 3 faces 
connected with the U-shaped beam, and only one line in its fourth face. So, all those lines 
define a surface element. This surface element is the same type as in the other surfaces QTS8 
(Quadrilateral Thick Shell with 8 nodes), and the mesh is irregular element size mesh with 10 
mm size. The goal of that mesh is to match with the line elements in the border the 3 faces, 
which have a regular mesh of 10 mm. The model 3.1 (Chapter 4.3.3) has an L-profile of 50 
mm at the end of the stiffeners. This L-profile is modeled with surfaces with the same features 
as the rest of the stiffeners. These surfaces are created from the lines bolted in the Figure 40. 

 

Figure 40: Stiffeners with a L-profile end 

5.2.2 Footplates 

Footplates are located over the top plate, connected to it by bolts. The geometry net used in 
the footplates is 27.5x27.5 mm2 .The reason for those dimensions is the profile of the vertical 
post. The vertical post has a square profile 55x55 mm2, which is attached in the middle of the 
each footplate. Thus, in the footplate net, the vertical post represents the 4 squares in the 
centre of the footplate (Figure 41). The total net is 8x8 squares, but this net has 4 exceptions 
depicted as with squares in the Figure 41. The white squares with the red point in the middle 
represent the connection with the bolts, thus these squares are each split into 4 regular 
squares, and the red point is the common corner between them. The vertical projections of 
those red points are the bolts connection with the top plate, as is explained before. 
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Figure 41: Mesh in the a footplate without the squares in contact with the bolts 

Footplates are modeled as a surface “QTS8”, and are connected to the bolts (beams) and to 
the vertical post. The base of the vertical post is modeled as a volume of 55x55 mm2 profile. 
The volume elements, which form the base of the vertical post, are cubes of 27.5 mm size, 
and they have a mesh of 8 divisions in the 3 axes (Figure 42). This mesh triggers that the 
surfaces in contact have also 8 divisions regular mesh. Thus, to obtain the same size mesh in 
the whole footplates, the rest of the surface has 8 divisions mesh as well. The only exception 
is the squares connected to the bolts, which 4 divisions regular mesh because their size is half 
of it. 

 

Figure 42: Lateral view of the base of a vertical post (left) and a footplate (right) 
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5.2.3 Parapet system 

Railings, vertical posts and bolts are the only parts of BEBS modelled as beams (element 
name BMI31, 3D thick beam, with 3 nodes plus and extra node used for defining the local 
plane XY). For defining one beam two geometry points, a profile section, and a mesh are 
necessary. In the Figure 43 are depicted whole parapet system, and their geometry points. 
The only mesh type used for beam elements in the model is “element length”, and the 
interpolation order is quadratic (Figure 44). The railings and vertical post have an element 
size mesh of 20 mm, and every part has its own profile section. There are three profile 
sections for the railings (top, middle and W) and one profile section for the vertical post 
(Figure 26). The profiles require both the correct shape and an eccentricity in y-axis and x-
axis. If it is not used that eccentricity the line follows the centroid of the profile i.e. the 
railings would cut across the vertical posts. As is explained before, the parapet system has 12 
supports. Those supports are completely fixed supports in the 3 translations, and in the 3 
rotations (Figure 43). 

 

Figure 43: Frontal view of the whole parapet system. Beams (pink) and supports (green) 

 

 

Figure 44: Line mesh screen in LUSAS 
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5.2.4 Bolts 

Bolts are the other part modeled as beams “BMI31”. The features for these beams are the 
same as for the railing and vertical post (Figure 44), but with a 5 mm size for the mesh 
elements. The profile is circular with 24 mm diameter (in the study case they are 24). The 
bolts connect the top plate with the footplates; therefore the bolts (beam elements) are in 
contact with one surface in the top and another in the bottom. Every beam is defined by two 
points, thus for every bolts is necessary one point in the footplate and another in the top plate. 
As explained before, those points are in the common corner of 4 squares. The squares size in 
the top plate is 10 mm (20 divided by 2), and in the footplates 13.75 mm (27.5 divided by 2). 
When the results are extracted, those squares are not included in the footplates or top plate, 
so, they belong to the “bolts group” (Figure 45). They are not included in the footplates and 
top plate due to the connection between beam and surface generates a peak stress point. Thus, 
to delete those squares in the extraction it is method for avoiding the peak stress points.  

 

Figure 45: Four bolts (pink) with the surfaces in contact with them (green) 
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5.3 Connections 

The model has 4 different types of connection, two in the U-shaped edge beam, and two in the 
footplates. The U-shaped edge beam is connected to the anchorage in the side plate, and 
connected to the footplate bolts in the top plate (Figure 46). The two connections in the 
footplates are: footplates with bolts and footplate with the vertical post. The bolts involve two 
connections between beam and surface. They are explained before in the bolts paragraph. 

 

Figure 46: Connection with the footplate bolts and anchorage bolt 

The other two connections involve volume elements. The volume elements have no rotation; 
this means that if one beam is directly connected with a volume element, the rotation of the 
beam was not transmitted to the volume, and the load is not transmitted either. This issue was 
studied and it is explained in detail in the Appendix A.6.  

Thus the solution for this issue is to model a surface element between the volume and the 
beam. The surfaces have rotation, i.e. can transfer it between beam and volume. The thickness 
for this surface element must be the same as the surface in the other border of the volume 
element, so in the case of the vertical post, the thickness necessary is the thickness of the 
footplates. The connection between the anchorage and the side plate is the other connection 
with volume elements, and it is explained more in detail in the paragraph 5.2.1. 
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5.4 Supports 

The model has 4 parts with supports. The first part is the parapet system, which has 12 
completely fixed points. The second part with supports is the anchorage. The anchorage has a 
point fixed in the 3 rotations and in x-axis and z-axis translation, but with a spring support of 
183.578 kN/mm in the y-axis (further information about the spring in the Appendix A.4). The 
third site with supports is the bottom part of the side plate, where one row of 20 mm in 
supported with surface spring support in the y-axis. This support is only in the y-axis, with a 
value of 25 N/mm3, and it represents the contact with the concrete. Finally the last support 
part is the left side of the side plate. This support is in the x-axis, and it is theoretically not 
necessary because the load is only in the y-axis, so the reaction in the x-axis should be zero. 
In practice there is a small reaction, and this support represents the friction reaction between 
the side plate and the concrete. Moreover this supports have a computational goal, because if 
the freedoms in the model are limited, the calculations performed by model become easier. 

5.5 Loads 

There are two kinds of loads applied in the model, a body force for the self-weight in the z-
axis applied to every element, and the collision load. The collision load is a concentrated load 
in the y-axis with a negative value. In the load cases 1 and 2.1, which need the whole model 
(Chapter 3.2), the load is applied in the right vertical post between the middle railing and the 
top railing. The beam which represents this part of the vertical post is 250 mm long, because 
the middle railing is located 950 mm from the pavement and the top railing 1200 mm. In 
order to obtain a point where the load can be applied, the beam is split in two beams of 50 
mm and 200 mm (Figure 47). In the simplified model, the railings are deleted, and the load is 
applied 550 mm from the pavement, in the point where was the connection between W-profile 
railing and right vertical post.  

 

Figure 47: Sketch of the load in vertical post between top and tubular railing 



CHAPTER 5. FINITE ELEMENT MODEL  

 60

5.6 Material 

Every element in the model in modeled with the same material Steel EU Structural EN 1993-
1-1:2005 (Table 2). 

Table 2: Material properties 

Steel EU Structural EN 1993-1-1:2005  

Young’s modulus (MPa) 210 x 103

Poisson’s ratio 0.3 

Density (t/mm3) 7.849 x 10-9  

5.7 Thickness  

The U-shaped beam has 5 different designs: Model 1(the basic design) and the 4 steel 
optimization designs (Chapter 4.3). In the 5 designs, the footplates have the same thickness 
(25 mm), but the thickness in the U-shaped beam changes. In the Model 1 the thickness in the 
whole U-shaped beam (side, top, and bottom) and stiffeners, is the same, except in the 
washers, where the thickness is 10 mm thicker. The washers are in the anchorage and in the 
connections with the footplates bolts in the top plate (Figure 48). The shape of those washers 
is 80x80 mm2 in the anchorage (4x4 squares) and 60x60 mm2 in the top plate (3x3 squares). 
In order to model these washer the thickness properties, the value is 10 mm higher and the 
eccentricity is 5mm (Figure 48). 

 

Figure 48: Lateral view of the U-shaped beam and the thickness screen in LUSAS 
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In the Model 2.1 (different thickness design), the only variation from the Model 1 is that the 
parts between “boxes” have a different thickness value and eccentricity. This eccentricity is 
the necessary in order to have a straight surface in the internal part of the beam; the part in 
contact with the concrete. In the Model 2.2 (“box” design) the surfaces between boxes are 
deleted, so it is not necessary to apply any thickness features there. 

Finally in the Model 3 in order to model the reinforcement plates design, the method used, is 
the same as used in the washers. Thus for example in the Model 3.1 (two plates) a 200x200 
mm2 surface in the side plate, and 200x240 mm2 in the top plate it is used a different 
thickness features. The thickness value of those surfaces changes in the different testing, but 
in order to obtain a straight surface in the internal part of the beam, the eccentricity is: 

2
 

[24] 

Where: 

 Ec = Eccentricity 

 t = Plate thickness  
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5.8 Quality assurance 

A quality control is vital when working with FEM. Thus, to check if the model is well 
performed is required in order to validate the results. 

5.8.1 Comparison with hand calculations 

Hand calculations are usually carried out for dimensioning the edge beams, thus similar 
calculations as the calculations used for Ramböll engineers, have been performed, in order to 
compare them with the FEM results. Those calculations are more conservative than the FEM, 
therefore the results stresses from the model must be lower than the results obtained from the 
hand calculations. The stress field of the top plate and side plate were studied. The conclusion 
obtained was that the parts between stiffeners behave as plates with pinned supports in the 
connection with stiffeners (Chapter 6.2.5). The top plate behaves as 200x100 mm2 pinned in 
two faces, and the side plate 200x200 mm2 pined in two faces. Thereby, the calculation steps 
are (Appendix A.14): 

 Moment in the base of the vertical post 

 Forces in the footplates bolts 

 Stress in the top plate. Top plate simplified as a pinned beam of 200 mm length and 
two concentrated load in the bolts position. Width 100 mm 

 Pull over load in the anchorage 

 Stress in the side plate. Side plate simplified as a pinned beam of 200 mm length and 
one concentrated load in the middle span. Width 200 mm 

5.8.2 Convergence analysis 

When the model is carried out, to choose the type of element and the size of the mesh is 
required. Therefore, the mesh entails a limitation in the calculation, and to check if that mesh 
is dense enough to obtain proper results is necessary. This limitation can happen also with the 
elements. “Thin shell” elements follow the Kirchoff-Love plate theory. Thus thickness of the 
plate does not change during a deformation and the lines normal to plate remain normal after 
the deformation However, “thick shell” element follow Mindlin–Reissner plate theory, which 
takes into account shear deformations through the-thickness of a plate. Mindlin–Reissner 
theory is an extension of Kirchoff-Love, and “thick shell” elements more accurate than “thin 
plate”. Thereby, as the used elements have been “thick shell” the author understands that 
convergence analysis for type elements is not required. 
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5.8.3 Peak stresses points 

Linear analysis has been used in the models. This entails peak stresses at some points, 
because the linear analysis does not distribute them. For that reason to deal with those peak 
stress points is necessary in order to obtain proper results. Several methods have been used 
depending on the case. The first case with the peak stresses is the connections between beams 
and surfaces. In the model those connections are only in the bolts. Thus, an area similar to the 
profile of the bolts has been avoided around the bolts. This area avoiding is able to solve the 
problem of the peak stresses and represent the hole of the bolts in the surfaces as well. 

Other peak stresses that appear in the model are in the connection between volume and 
surface. This connection happens in the base of the vertical post, and the peak stresses are 
mainly in the 4 corners. In order to learn about the behavior of this connection the study 
presented in the Appendix A.6 was performed. This study shows that the volume elements 
close to the connection have higher values than the real ones. The stress should have a linear 
shape related with the distance from the load, but they have much higher value in the 
connection although they are approaching to the theoretical line with the distance. Thus, the 
solution proposed was to carry out a linear interpolation in a zone where there were no 
distortions. 

Finally the last case where peak stresses appear is the geometry changes in the borders of the 
reinforcement plates. The peak stresses in this case may be interpreted in the following 
manner. The stresses value in a non-linear analysis is 1.5 times lower than in a linear analysis. 
The reason is the difference between plastic section modulus (Wpl) and elastic section 
modulus (Wel) (Chapter 3.2.2). Moreover, even if that value is exceeded and one point 
reaches the yield strength (fy), the surrounded points will carry more stresses and will reach 
the ultimate strength (fu) before the failure. Following these criteria the author discusses in the 
next chapter which models would meet the structural resistance in a non-linear analysis. 
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6  
 
Results 

6.1 Hand calculations 

The verifications demanded in the codes, are performed using hand calculations. Thus the 
process followed has been: 

 To model the different designs in FEM 
 To extract loads and stress from FEM 
 To perform hand calculations with the data extracted (Appendix B). 
 To interpret and discuss the results obtained 

6.1.1 Footplate bolts 

The hand calculations prove that for the 24 and class 8.8 footplate bolts the check for tensile 
and shear combination is not fulfilled (over 1.0), which results in a. In this case the worst load 
case has been used (load case 1 and 200 kN). Due to this result, to increase the diameter class 
would be advisable. The two possible combinations are 27 and 10.9 or 28 and class 8.8 
(Table 3). Moreover, the check for flexural resistance gives also results over the limit 
(ultimate strength), so it would necessary 27 and class 10.9 or 28 and class 8.8.In this case 
the best solution in order to avoid this problem is to close the footplates to the top plate i.e. to 
reduce the in the calculations. 

Table 3: Footplate bolts results 

 24 and class 8.8 27 and class 10.9 28 and class 8.8

Combination 
Tensile and Shear (1 
is the limit) 

1.386>1.0 0.976<1.0 0.994<1.0

Flexural stresses 
(MPa) 

1262>800 774<1000 729<800

Chapter 
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6.1.2 Anchorage 

In the anchorage, the limit load that can be applied before the anchorage pulls over the 
concrete slab, has been obtained. This limit is set for failure in the adhesion between the new 
concrete and the old concrete, or between the anchorage bolt and the new concrete. The limit 
load is 536.7 kN for the adhesion between the anchorage bolt and the new concrete, and 486.9 
kN between old and new concrete. Therefore, the limit load that can be applied in the 
anchorage is 486.9 kN (Table 4). 

Table 4: Anchorage bolt results 

 Adhesion between old and 
new concrete

Adhesion between new 
concrete and anchorage bolt

Limit load applied in the 
anchorage (kN) 

536.7 486.9

6.1.3 Stiffeners 

In the stiffeners, the plate buckling has been calculated for plates with 3 faces pinned as 
boundary conditions and thickness of 25 mm or 12 mm. The critical buckling stresses in those 
cases are 1091 MPa with 25 mm and 251 MPa with 12 mm. Also it has been calculated the 
thickness which has as critical buckling stress 440 MPa, and the result is 15.9 mm. 

In the case of stiffeners with an L-profile and 9 mm (Model 3.1), the plate buckling resistance 
has been calculated that for a plate with 4 faces pinned. The column buckling considering an 
L profile for the column has been calculated as well. In both cases, the results are positive. In 
the column, the axial resistance is over the load generated by the moment (125 kN). In the 
plate buckling, the critical buckling stress is 756 MPa. 

In conclusion, the stiffeners with 25 mm or 9 mm fulfil the structural because the critical 
stresses are over yield strength i.e. the limit is set for 440 MPa. In the case with 12 mm, the 
critical buckling is 251 MPa i.e. in the models with that thickness the limit is 251 MPa in the 
stiffeners.  

The hand calculations performed are conservative; therefore, even if the stresses would be 
over 251MPa, further dynamic calculation would be necessary, in order to figure out the real 
buckling resistance. Furthermore, in case of stresses over 251 MPa, a possible solution would 
be to increase the thickness until 16 mm, because that entails a limit over the yield strength 
(Table 5).  
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Table 5: Stiffeners results 

 25 mm 12 mm 9 mm L-profile

Plate buckling 
resistance (MPa) 

1091>440 251<440 756>440

Column buckling 
resistance (kN) 

- - 418>125

6.2 Design models 

This section shows the results extracted from the different models. The most critical parts are 
listed below: 

 Side plate 
 Top plate 
 Stiffeners 
 Footplates 
 Vertical post (the vertical post where was applied the load) 
 Anchorage 1 
 Anchorage 2 (located under the post where the load is applied)  

The highest stresses are in the connections or in the parts with a pronounced geometry 
change. The typical field for those stresses are explained and depicted in the followed 
paragraphs, and later the maximum values are exposed in tables. The reason is that the stress 
field is similar in each load case and thickness studied, therefore only the values for maximum 
stresses are required. However, in some cases like the Model 3.1 and 3.2 the stress field 
changes, and the new field is depicted as well. 

In the side plate, the maximum stresses are located around the right anchorage, and usually 
distributed in the washer area, as it is depicted in the Figure 49. This part usually has the 
highest value in the whole U-shaped edge beam.  

 

Figure 49: Stress contour (Von Mises) in the side plate 
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The maximum stresses in the top plate are in the areas surrounded by the bolts. In the 
connection between each bolt (beam) and the top plate (surface) there is a peak stress point. In 
order to avoid those peak points, a square 20x20 mm2 is removed to avoid peak stress point 
(Chapter 5.2). The chosen size is one square in the net (20x20 mm2) because the bolts are 
24 (Figure 50).  

 

Figure 50: Stress contour (Von Mises) in the top plate 

In the stiffeners the critical stresses are usually located in the upper part, in the connection 
with the top plate, between the bolt zone and the end of top plate (Figure 51). In the 
footplates there are two kinds of connections, one with the bolts and one with the vertical 
post. The maximum stresses are always in the connection with the vertical post. Moreover the 
stresses shape in this connection is very distributed along the connection area (Figure 51).  

 

Figure 51: Stress contour (Von Mises) in the left stiffeners and right footplate 

Finally the last critical part is the base of the right vertical post. High peak stresses take place 
in the 4 corners of this volume part (connection with the footplate). A study of volume 
behavior was performed in order to extract the right stresses in this part (Appendix A.6). The 
method necessary for extracting the real stress is the following. The base of the vertical post is 
modeled with 4 rows of volume elements, and volume number 1 has the peak points in the 
corners and volume number 4 a peak point in the connection with the beam (Figure 52). The 
two first rows have anomalous stress due to the are close to the peak stresses points 
(connection with the footplate).So they are removed from the extraction, and the middle part 
of the forth row is removed as well. The maximum stresses in the elements 3 and 4 are 
extracted, and their difference is added two times to the maximum stresses in the element 3. 
With this method, the stresses in the element number 1 are obtained through a linear 
regression.  
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Figure 52: Sketch of the volume elements in the base of the vertical post 

In order to obtain the stresses the limit values (resistance) in the different pars are needed. The 
limit stresses in side plate and top plate is 440 MPa (the yield resistance of the steel S450). 
For the anchorages the limit is 487 kN (Table 4), this value is obtained through hand 
calculation. The footplates and vertical post are made of S235. As is explained in the Chapter 
3.1, this resistance should be multiplied by 2. The analysis performed is elastic, so the stresses 
in the model over the yielding resistance are 1.5 times higher than the real ones. For S235 is 
possible to consider two different ultimate resistances 235 MPa or 360 MPa, depending on 
hardening consideration. In summary the limit stresses are 705 MPa (without hardening) or 
1080 MPa (with hardening). The limit stresses in the stiffeners depends on the thickness used 
because the buckling resistance is directly related with it. Therefore in each model the limit 
stresses are different. For stiffeners with 25 mm thickness (Model 1 and 2), and 9 mm L-
profile (Model 3.1) this limit is over yield strength (Table 5). Thus the limit is 440 MPa. For 
Model 3.2 the limit is 251 MPa. 

6.2.1 Model: 1 Basic Design 

6 different load cases and 4 different thicknesses tu (Figure 53) have been tried with Model 1. 
The load cases can be ranked from more conservative to less conservative. In the 4 load cases 
which use the whole model (load cases 1 and 2.1): 

 Load case 1 200 kN,  
 Load case 2.1 360 MPa (1080) 
 Load case 2.1 235 MPa (705)  
 Load case 1 100 kN 

This means that whether a design resists conservative load case it will resist the case less 
conservative as well i.e. to perform all the load cases for all the thickness designs is not 
needed.  



CHAPTER 6. RESULTS  

 70

 

Figure 53: U-profile of the Model 1 with thickness (tu) 

Table 6: Load Case 1- 200 kN, for tu=25mm 

Load Case 1- 200kN tu=25mm

Side plate (MPa) 457

Top plate (MPa) 181

Stiffeners (MPa) 213

Footplates (MPa) 1060

Vertical post (MPa) 1294

Anchorage 1 (kN) 230

Anchorage 2 (kN) 373
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Table 7: Load Case 2.1- 360 MPa, for tu=25mm Fd=167kN and for tu=20mm Fd=170kN 

Load Case 2.1 -360 
MPa 

tu=25mm tu=20mm

Side plate (MPa) 382 518

Top plate (MPa) 151 210

Stiffeners (MPa) 178 243

Footplates (MPa) 885 885

Vertical post (MPa) 1080 1081

Anchorage 1 (kN) 192 190

Anchorage 2 (kN) 312 320

 

In load case 1-200kN the thickness 25 mm is close to meet the structural requirements (Table 
6) In the load case 2.1-360 MPa, the stresses in the base of the vertical post must be 1080. 
Therefore the load applied is different for each thickness design, although it is similar (167 
kN and 170 kN). In this load case 25 mm thickness fulfills the requirements from a structural 
point of view, but 20 mm does not. It has 518 MPa in the side plate (Table 7). 

Table 8: Load Case 2.1- 235 MPa, for tu=20mm Fd=111kN and for tu=15mm Fd=114kN 

Load Case 2.1- 235 
MPa 

tu=20mm tu=15mm

Side plate (MPa) 339 569

Top plate (MPa) 138 275

Stiffeners (MPa) 159 255

Footplates (MPa) 576 577

Vertical post (MPa) 706 704

Anchorage 1 (kN) 126 125

Anchorage 2 (kN) 210 213
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Table 9: Load Case 1 100 kN, for tu=15mm 

Load Case 1- 200kN tu=25mm

Side plate (MPa) 498 

Top plate (MPa) 241 

Stiffeners (MPa) 223 

Footplates (MPa) 505

Vertical post (MPa) 616

Anchorage 1 (kN) 109

Anchorage 2 (kN) 186

 

The results show that 20 mm thickness resists with load case 2.1 235 MPa, but 15 mm 
thickness does not resist with 235 MPa either 100 kN.(Table 8 and Table 9).With the 
simplified model, load case 2.2 is used for 360 MPa and 235 MPa. The loads which creates 
those stresses are 77 kN and 50.1 kN (Chapter 3.2.2). 

Table 10: Load Case 2.2- 360 MPa, for tu=25mm and for tu=20mm  

Load Case 2.2- 360 
MPa 

tu=25mm tu=20mm

Side plate (MPa) 407 568

Top plate (MPa) 166 228

Stiffeners (MPa) 226 297

Footplates (MPa) 868 868

Vertical post (MPa) 1079 1079

Anchorage 1 (kN) 45 31

Anchorage 2 (kN) 316 332
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Table 11: Load Case 2.2- 235 MPa, for tu=20mm and for tu=15mm 

Load Case 2.2 -235 
MPa 

tu=20mm tu=15mm

Side plate (MPa) 369 771

Top plate(MPa) 149 297

Stiffeners(MPa) 193 282

Footplates(MPa) 565 565

Vertical post(MPa) 703 703

Anchorage 1 (kN) 21 14

Anchorage 2 (kN) 216 224

 

In the load case 2.2, the design with a thickness (tu) of 25 mm fulfils the requirements in both 
cases (360 MPa and 235 MPa), 20 mm only in the 235 MPa and 15 mm does not fulfil in any 
case (Table 10 and Table 11). A summary with the results is shown in Table 12. With those 
results, it is possible to conclude that a thickness between 25 and 20 mm in the critical part is 
required. For the rest of the edge beam a different value of the thickness may be used to save 
steel. 

Table 12: Summary of the thickness study 

Load cases 25 mm 20 mm 15 mm 9 mm 

1-200 kN Almost OK Not OK Not OK  Not OK 

2.1-360 MPa  OK Not OK Not OK Not OK 

2.1-235 MPa  OK OK Not OK Not OK 

1-100 kN OK OK Not OK Not OK  

2.2-360 MPa  OK Not OK Not OK Not OK 

2.2-235 MPa  OK OK Not OK Not OK 
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6.2.2 Model 2  

In this model the 6 load case has not been used as in the Model 1. In the two designs that have 
this model (2.1 “different thickness” and 2.2 “boxes”) the load case tried is 2.1-360 MPa 
(1080). The reason is that this load has been considered the most appropriated due to is more 
accurate than loads case.1- 200 kN and at the same time is conservative (Chapter 3.2). In 
Model 2 there are two different thicknesses, one thickness in the box (tb) and one thickness in 
the rest of the beam (tc) (Figure 54).  

 

Figure 54: Model 2 thickness in the box tb (green) thickness in the rest tc (red) 

In the Model 2.1, the stress field inside of the “boxes” is similar to the one of the Model 1, but 
immediately outside the boxes, occur new types of high stresses due to the change in the 
geometry. These new problematic parts are in the bottom part of the side plate as is depicted 
in the Figure 55, and the bottom plate. Thus the stresses for tc= 4 mm are 464 MPa, which is 
close to the limit, and for tc=5 mm were 350 MPa. Therefore the necessary thickness in this 
part (tc) is between 4 and 5 mm. In the boxes the necessary thickness (tb) is 25 mm, and the 
behavior is similar than in the Model 1 with the whole beam tu=25 mm, but in this case the 
steel saving is 64.5 % (Table 13). 
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Figure 55: Model 2.1 tc= 4 mm, tb = 25 mm Stress contour (Von Mises) in the side plate 

Table 13: Load Case 2.1- 360 MPa, for Model 1 tu=25mm Fd=167kN and for Model 2.1 tb=25mm, tc=5mm 
Fd=170kN 

Load Case 2.1- 360 
MPa 

Model 1 tu=25mm Model 2.1 tb=25mm 
and tc=5mm  

Variation (%)

Side plate (MPa) 382 410 7.33

Top plate (MPa) 151 160 5.96

Stiffeners (MPa) 178 204 14.61

Footplates (MPa) 885 888 0.34

Vertical post (MPa) 1080 1079 -0.09

Anchorage 1 (kN) 192 183 -4.69

Anchorage 2 (kN) 312 317 1.60

Steel (m3) 0.1059 0.0376 -64.49

 

For the Model 2.2 the results show that 30 mm thickness (tb) is necessary (Table 14). In this 
case is noteworthy to realize that the load (Fd) has been increased until 183 kN in order to 
obtain 1080 MPa in the base of the vertical post, and in model 2.1 the load is 170 kN. In this 
case, the steel saving is 80%. However, it would be required to add the cost of the L-profile or 
the amount of steel that represents the other parts in the beam (Chapter 4.3.2). 
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Table 14: Load Case 2.1- 360 MPa, for Model 1 tu=25mm Fd=167kN and for Model 2.2 tb=30mm, Fd=183 kN 

Load Case 2.1- 360 
MPa 

Model 1 tu=25mm Model 2.2 tb=30mm 
and tc=0mm  

Variation (%)

Side plate (MPa) 382 371 -2.88

Top plate (MPa) 151 127 -15.89

Stiffeners (MPa) 178 152 -14.61

Footplates (MPa) 885 909 +2.71

Vertical post (MPa) 1080 1085 +0.46

Anchorage 1 (kN) 192 180 -6.25

Anchorage 2 (kN) 312 317 +1.60

Steel (m3) 0.1059 0.0215 -79.70

6.2.3 Model 3  

Model 3 has a large difference in the geometry compared with the other models. Model 3.1 
and 3.2 have a thin U-shaped edge beam, and in the critical parts reinforcement plates are 
used. Thus, in these models, to check the reinforcement plates is necessary and also the 
boundaries of them, where the geometry changes from thick to thin. The load case used in 
those models is 2.2-360 MPa, what implies to use the simplified model with only one vertical 
post and a load of 77 kN. The reason of using this load case is to be able to compare the 
results with the hand calculation results performed by Ramböll engineers. 

Model 3.1 (2 reinforcement plates) 

In this model, Ramböll engineers proposed tc =4 mm for the U-shaped beam, ts =9 mm for the 
stiffeners and ttp =tsp =25 mm thickness in the two reinforcement plates of 200x200 mm 
(Figure 56). Those dimensions were tested in the model, but they gave high stresses. The 
results showed that with tc =4 mm, the bottom part of the side plate had 820 MPa (Figure 57). 
Those stresses were outside of the side reinforcement plate, what means that the critical area 
resided in the 4 mm thickness. Thus, in a non-linear analysis, considering that the stress 
would be 1.5 times lowers i.e. 547 MPa and that the ultimate strength for S450 is 550 MPa, 
thus the resistance requirements would probably be fulfilled, but not in linear analysis. 
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Figure 56: Model 3.1 top plate thickness (ttp), side plate thickness (tsp), and U-shaped beam thickness (tc) 

 

Figure 57: Model 3.1 tc =4 mm, tsp =25 mm Stresses contour (Von Mises) in the side plate (bottom face) 

The thicknesses tc =5 mm and tc =6 mm were tried instead of 4 mm. The results with 5 mm 
were over 440 MPa (555 MPa), but not with 6 mm where the stresses were 424 MPa. Besides 
the stresses in the bottom part of the side plate, were checked the stresses inside of the side 
reinforcement plate. With tc =6 mm in the beam and tsp =25 mm in the plate, they were 442 
MPa (Figure 58). For that reason it was performed the same model but with tsp =30 mm in the 
reinforcement plate, and the results were 333 MPa. 

The maximum stresses in the bottom part (tc =6 mm) are obtained in the top face of the 
surface i.e. the face which is in contact with the concrete. On the contrary the maximum 
stresses in the reinforcement plate are obtained checking the top face (Figure 57), for that 
reason in the Figure 58 the bottom part has not red color.  
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Figure 58: Model 3.1 tc =6 mm, tsp =25 mm Stresses contour (Von Mises) in the side plate (top face). 

The other critical part in this design was the top reinforcement plate and its surrounding areas. 
This zone usually has lower stresses than the side plate. For that reason the thickness ttp is 20 
mm instead of the 30 mm in the side plate. The results confirmed that 20 mm thickness was 
enough because the maximum stresses arose outside the top reinforcement plate, in the 
geometrical discontinuity i.e. the exterior boundaries of the plate. Thus, in the top plate the 
two problematic parts were: 1) boundary side of the reinforcement plate, which is close to the 
side plate, and 2) opposite boundary, where the top plate is in the contact with the left 
stiffener (Figure 59). In this second part the main resistance problematic arose in the 
stiffener, because even with similar stresses, the stiffener is a more sensitive part due to the 
plate buckling. 
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Figure 59: Model 3.1 Stress contour (Von Mises) top plate (left) and stiffeners (right) 

Thus, in the part between the side plate and the reinforcement plate, where there was a gap of 
40 mm took place high stresses (530 MPa). The solution for that was to increase the 
dimension of the plate (or reduce the dimension of the gap). The minimum dimension for the 
gap which gave stresses lower than 440 MPa was 20 mm, but high stresses still arose there 
(405 MPa). In the opposite boundary side, the solution was similar, to increase 20 mm the 
reinforcement plate. So, in this case the 20 mm increase changed the stresses from 402 MPa 
to 237 MPa. Thus, in conclusion, the top reinforcement plate should be of a thickness of at at 
least 240 mm. Moreover, in order to avoid high stresses, to cover the whole top plate would 
be recommended. With the whole top plate covered, the stresses were 322 MPa in the top 
plate and 237 MPa in the stiffeners (Table 15). 

Table 15: Different dimensions for the top reinforcement plate and the stresses obtained 

Gap distance 40mm and 40 
nm 

20 mm and 40 
nm 

20 mm and 
20 nm 

 No gap  

Top plate (MPa) 535  409  409 322  

Stiffeners (MPa) 426  402  237 237  
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The results presented do not include the L-profile end in the stiffeners. With the L-profiles, 
the stresses in the side plate and top plate were slightly lower than without it, but in the 
stiffeners took place some peak stresses in the contact with the top plate (Figure 60). Without 
gap in the top reinforcement plate, that the maximum stresses were 476 MPa and with a 20 
mm gap were 512 MPa. In both cases those stresses were very concentrated and whether it 
was checked the opposite face of the surface, the maximum was only 213 MPa with a gentle 
distribution (Figure 60). Thus, in a non-linear analysis that peak stresses point would probably 
distributed and the stiffeners would fulfil the structural requirement. 

 

Figure 60: Model 3.1 Contour stresses in the stiffeners. Peak stresses point in the top face (left), gentle 
distribution in the bottom face (right) 

Finally, the case in which the side reinforcement plates were not attached to the stiffeners was 
studied. The results were 1063 MPa with 10 mm gap and 1731 MPa with a 20 mm gap 
between side plate and stiffeners, which means that is required to attach them in order to fulfil 
the requirements.  
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Model 3.2 (3 reinforcement plates) 

In this design, the thicknesses proposed by Ramböll are 25 mm in the 3 reinforcement plates 
(ttp, tsp, and tbp) and ts =12 mm in the stiffeners (Figure 61). Moreover the rest of the beam 
thickness is only tc=3 mm. The reason for this is that the assumption of no stress transmission 
between the structural parts (3 reinforcement plates and stiffeners) and the 3 mm parts has 
been adopted. Thus, the idea was to create a similar model than the “boxes” in the Model 2, 
but with the 3 reinforcement plates and the stiffeners instead of the whole “box”. 

 

Figure 61: Model 3.2 thickness in the reinforcement plates (ttp, tsp, and tbp), U-shaped beam (tc), and stiffeners (ts) 

The results from this model show that the stresses in the anchorage connection and in the 
connection with the footplate bolts are lower than the limit. The only problems are located in 
the 4 corners of the side reinforcement plate (in contact with the stiffeners) where take place 
peak stresses points. The value of those peak stresses points is 650 MPa (which is not over fu 
in non-linear analysis), and they are very concentrated which means that in non-linear 
analysis the structural requirements would probably be fulfilled (Figure 62). In the stiffeners 
the high peak stresses point take place as well, but in the rest area the stress are not over the 
limit (251 MPa, Table 5), therefore the conclusion is the same as for the reinforcement plates 
(Figure 63). 
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Figure 62: Model 3.2 without stress transmission (3 mm not modelled) Stress contour (Von Mises) .Side 
reinforcement plate (up), and bottom reinforcement plate (down) 

 

Figure 63: Model 3.2 Stress contour (Von Mises). Stiffeners.  
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Apart from the model only with the plates and the stiffeners, the case were no stress 
transmission is assumed and the parts in between in the edge beam have a thickness of 3 mm 
has been modelled. In this case, there are high stresses in the 3 mm part, just outside the 
reinforcement plates. Those high stresses are expected because in the Model 2 they arose as 
well, and this triggered that the thickness in the thin part was 4-5 mm, but in this case those 
stresses are higher than in the model 2. Thus, for 3 mm they are 1094 MPa in the bottom part 
of the side plate and 914 MPa in the bottom plate (Figure 64).  

 

Figure 64: Model 3.2 with stress transmission (3 mm modelled).Stress contour (Von Mises) .Side plate (up), and 
bottom plate (down) 

Those stresses are probably too high even for a non-linear analysis. For that reason, a 
thickness of 5 and 6 mm were tried. With this change, the stresses are lower, but they are still 
over the limit. Thus, it should be noted that the high stresses arise in the bottom face in both 
surfaces, which means the contact with the concrete and the lower face. If the top face with 3 
mm is checked, the stresses are 838 MPa in the side plate and 686 MPa in bottom plate, but 
for 5 mm and 6 mm the stresses are under the limit, and well distributed in both cases (Table 
16).  
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Table 16: Model 3.2 with stress transmission and different U-shaped beam thickness (tc) 

 tc=3mm tc=5mm tc=6mm

Side plate (MPa) 1094 596 496

Bottom plate (MPa) 914 589 496

6.2.4 Convergence Analysis 

The convergence analysis has been carried out in the most critical part of the design, the 
anchorage connection. The mesh used in this connection is 5mm size. Thus, 2.5mm, 10mm 
and 20 mm size have been tested in order to value the difference between them. This part of 
the side plate is situated belong the stiffeners. The distance between stiffeners in 200 mm 
Thus, the results show stresses from 0 mm to 200 mm. The anchorage connection (80-120 
mm) and the borders of the washer (60 mm and 140 mm) are the critical points (Figure 65). 
In anchorage, the stresses are similar in the four size mesh cases. Nevertheless, 20 mm 
(Figure 66) and 10 mm (Figure 67) returns slightly lower stresses. For that reason the other 2 
mesh are better. In the borders of the washer, three is a change in the geometry. 5mm return 
higher stresses than 2.5 and could be creating a peak point stresses (Figure 68). Although 2.5 
mm seems more realistic, 5 mm is more conservative, therefore is the chosen one. Finally, the 
authors understands that 2.5mm, 5mm and 10 mm cases are very similar and enough accurate 
so, could be used in the model.  

 

Figure 65: Anchorage connection vertical view 
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Figure 66: Comparison between 5mm and 20 mm size mesh. Vertical axis, stresses (MPa) and horizontal axis, 
distance from the left stiffener (mm) 

 

Figure 67: Comparison between 5mm and 10 mm size mesh. Vertical axis, stresses (MPa) and horizontal axis, 
distance from the left stiffener (mm) 
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Figure 68: Comparison between 5mm and 2.5 mm size mesh. Vertical axis, stresses (MPa) and horizontal axis, 
distance from the left stiffener (mm) 

 

Figure 69: Comparison between 2.5 mm, 5mm, 10mm and 20mm size mesh. Vertical axis, stresses (MPa) and 
horizontal axis, distance from the left stiffener (mm) 
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6.2.5 Comparison with FEM  

The behaviour of a plate was studied in order to compare it with the results obtained in the 
model. The reaction extracted from the anchorage was applied in a plate 500x200 mm2 and 
different boundary conditions were tested. Finally, the behaviour of a the plate with a pinned 
support in the lateral faces (stiffeners), was the closest to the model (Figure 70). 

 

Figure 70: Stresses in the model (left), stresses in a plate pinned in the lateral faces (right). 

The result extracted from the model (Load case 2.2-360 MPa, Fd=77 kN, Model 1, tu=25 mm) 
are compared with the results obtained with hand calculation. 

Table 17: Comparison between model and hand calculation 

 Model Hand calculation

Anchorage reaction (kN) 365 367

Side plate stresses (MPa) 306 351

Top plate stresses (MPa) 146 244

 

It should be notice that the stress field of the Figure 70, are the tensile stresses, and do not 
correspond with the stresses in Table 17, that are Von Mises. Moreover, the thickness used in 
the model has been 35 mm for all the plate and in the real model is, 35mm in the washer and 
25 in the rest. Finally, the hand calculations are conservative, because have been performed 
for a beam instead of a plate.  
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6.2.6 Deck slab 

The reaction in the bottom Figure 71 has been extracted and applied in a model of the 
concrete slab. The force applied has been distributed in a height of 20 mm. The result show 
stresses of 65 MPa (Figure 72), Thereby over the characteristic strength (fck 45	MPa). Thus 
Non-linear material analysis would be required in order to know if the concrete meets the 
structural resistance requirements. 

 

Figure 71: Reaction in the bottom. Vertical axis, reaction in the contact with the concrete (kN) and horizontal 
axis, distance from the left stiffener (mm) 
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Figure 72: Compressive stresses in the concrete slab due to the compression loads. The picture represents a 
portion of concrete 300 mm wide (horizontal axis) 
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7  
 
Conclusions 

7.1 General conclusions 

The aim of the thesis is to contribute to the research concerning the development of a new 
BEBS design solution that may become better for the society, as means of reducing the total 
life cycle cost. In this case, this works follow the implementation of a new Steel BEBS in 
bridge project in Mellösa where the existing damaged edge beam is planned to be replaced 
Thus, the biggest changes have been triggered by factors not only related with the structural 
resistance, but the chosen material or constructability issues as well (Figure 73). With a 
general perspective of the solution development, it is convenient to be aware that the design 
may change significantly. Hence, to apprehend knowledge about the structural behaviour is 
very important to lead to a design that meets the structural requirements. The reason is that the 
knowledge about the model behaviour allows applying more easily changes due to 
constructability or material issues. Often to learn about the structural behaviour and to design 
a suitable solution are together, but when the design enters in the details, they split from each 
other. 

 

Figure 73: Three factor involved in the solution development  

Chapter 
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Each model has meant a new step in the solution development. Model 0 (initial sketch) served 
to identify the critical parts in the beam and to learn about the solution behaviour. The 
structural resistance issues learned in the model 0, and the constructability issues that 
involved the implementation of the solution in the Mellösa Bridge, caused the creation of 
Model 1. In this model, the effect of the different load cases and the use of different 
thicknesses were studied. 

Afterwards, the choice of using stainless steel motivated the material saving. Thus, model 2 
and model 3.1 were created. Model 2 was the design proposed by the thesis author based on 
the results obtained in the model 1, and model 3.1 was proposed by Ramböll engineers. Both 
models follow the same concept, to use thick thickness in the critical parts (parts between 
stiffeners) and to use thinner thickness in the rest of the U-shaped edge beam. Finally, 
structural resistance and constructability issues triggered a new change in the model, creating 
model 3.2. Figure 74 illustrates the design model evolution from its initial sketch to the 
solution at the moment of the of the completion of the thesis. 

 

Figure 74: Evolution of the U-shaped Steel edge beam solution 

The knowledge gathered during the thesis has served to identify the critical parts in the design 
solution, and the ways to improve the structural resistance, in order to fulfil the structural 
requirements there. Generally, the maximum stress in the beam became from the anchorage 
connection. Thus, the four main ways to obtain lower stresses are: 

 To increase the thickness in that zone. It is the most effective way for increase the 
structural resistance, and does not represent a significant increase in the amount of 
steel. 

 To reduce the distance between stiffeners. There is a minimum distance between 
stiffeners; this distance is set by the footplate bolts and the gap necessary for screwing 
them. 

 To rise the position of the anchorage connection. The part below the anchorage bolt 
resist the moment load caused by the vehicle collision, therefore to rise the position 
implies increase the resistance part. In the case study, this position was set by the 
minimum distance between the anchorage and the top of the concrete slab, necessary 
in order to protect the reinforcement in the top part of the concrete slab. 
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 To increase the height of the beam. If the anchorage position is the same but the height 
of the beam increases, the relative position of the anchorage regarding the beam rises. 

Other critical parts are the connection between footplates and top plate, and the stiffeners. In 
the top plates, the value of the stresses is always lower than in the anchorage, and they usually 
do not represent a problem for the structural resistance. Although stiffeners do not suffer high 
stresses, they are sensitive to the thickness reduction because has a double effect: (1) increases 
the stresses and (2) increase the plate buckling resistance. 

Finally, in the Models 2 and 3, the bottom parts generate high stresses in the boundaries of 
thicknesses changes (geometry changes). The chosen solution here is to increase the thickness 
of the thin parts, for raising their structural resistance. 

Out of the different designs proposed during the development, it may be concluded that every 
design fulfils the requirements from a structural point of view. The only requirement is to use 
the necessary thickness; therefore, every design entails an amount of steel. That amount of 
steel used in every design affects directly the final cost, but it is not the only factor. 
Constructability issues affect also considerably to the cost. Therefore, a LCCA in cooperation 
with a structural optimization analysis would help to investigate which solution better. 

Another critical factor in the design of the BEBS is the election of the railing class. The use of 
a thick railing involves a better distribution of the collision load along the edge beam which 
makes the maximum stresses are lower. On the contrary, the use of a thick vertical post entails 
increasing the maximum stresses in the edge beam. In the collision analysis, the limit load 
transmitted from the vertical post to the edge beam is set for the resistance of the vertical post. 
Thus, if the vertical post is more resistant the load transmitted to the edge beam will be 
higher. Therefore, the Eurocode demands the use of higher loads with higher railings classes. 

The development of the beam has been focused on the case study, i.e. a frame bridge and a 
replacement, but it is possible to extrapolate some behaviour for different cases. A frame 
bridge entails a thicker concrete slab than a bridge with a cantilever concrete slab. Thus, the 
distribution of shear stresses that entails the use of the edge beam is more important in a 
cantilever concrete slab (Vaz Rodrigues, 2007). Therefore, the effect of removing the old 
edge beam has not been studied in the thesis and should be taken into consideration in the 
cantilever concrete slab.  

Due to the moment generated by the collision, the compression part is at the bottom of the 
beam. A thicker slab supposes larger contact area between the edge beam and the concrete, 
which entails more surface for resisting the moment created in the collision. In a cantilever 
concrete slab, this surface is reduced witch supposed higher stress in the anchorage. 

Finally, the solution may be used in new construction, and could better than for a replacement 
because the election of stainless steel means longer life-span i.e. an advantage for new 
constructions. 
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7.2 Further recommended studies 

In order to continue with the development of the solution, the recommended studies proposed 
by the author are the following: 

 Non-linear analysis for the material behaviour: Non-linear analysis implies lower 
values for the stresses due to the section modulus used. Non-linear analysis also 
entails the distribution of peak stresses points in the model. Thus, with the results and 
conclusion extracted from the thesis would be interesting to carry out a non-linear 
analysis. 

 To study the adhesion between anchorage bolt and concrete slab. The pull over load 
resistance in the anchorage bolts has been checked following the Eurocode. The 
anchorage bolt is a key piece in the U-shaped edge beam solution, so a further study of 
the crack pattern and the use of non-linear boundary conditions and non-linear 
material in FEM would add interesting information. 

 To study a wheel impact in the edge beam between the vertical posts. In the thesis, 
only a collision in the vertical post has been considered. If there is a collision in the 
railings, instead of in the vertical post, the railings could bend and there is the 
possibility that the wheel of the vehicle collides the edge beam. 

 Implementation of the solution in a bridge with a cantilever slab, and study of the 
effect of removing the old edge beam. A cantilever slab has different features than a 
frame bridge. For that reason with the results of the thesis, it is only possible to make 
some suppositions about the behaviour of the solution in a cantilever slab. 

 To perform a dynamic analysis and to model a vehicle dynamic collision. Despite 
being the method proposed by the Eurocode, static analysis entails a simplification of 
the reality. Thus, to perform a dynamic analysis would provide more accurate results 
about a vehicle collision. 
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A  
 
Process in the design 

A.1 Pre-model 

Before using LUSAS software, time for maturing the idea about the model was necessary. To 
build a model consists of transforming the reality, which is done by infinitely complex details, 
in something with simple elements. Thereby, some simplification or assumptions are needed, 
but the model still should behave in a similar way as the reality does. In this previous phase, it 
was decided that the model was going to consist of only one U-shaped beam (3600 mm). This 
was due to the whole edge beam is split in several prefabricated elements, which are not 
connected between them. Therefore, if one of them suffers a collision, it should resist the load 
alone. In addition, the model had a concrete part, some vertical post and railings. The concrete 
part was a bit wider than the beam, and was designed as volume element. The U-shaped beam 
was made by 3 surfaces, and the footplates over the bolts were modelled also as surfaces. 
Bolts, vertical posts, and railings were modelled as 3D beams. The type of elements was thick 
shell for surfaces and 3D thick beam for beams. 

After that, the only pending issue was the connection between the concrete part and edge 
beam. If the edge beam had been designed from the same lines as the concrete, both parts 
would have been joined and they would have shared stresses. That case did not represent the 
reality. The reality was that concrete and beam were connected though two anchorage bolts, 
and the rest of the beam was only in contact with the concrete. Thus, for that reason the idea 
was to model them with a distance (30 mm, Figure 75.). Afterward to join the concrete and 
edge beam with a constrain equations. Thus, the anchorage connection, and the contact 
(between concrete and beam) were represented by those constrains equations. The distance 
(30mm) did not represent anything in the reality; it was not the distance due to the isolation 
layer or another possible layer. The distance was only a tool for solving the problem, and it 
could have been 1 mm or less. 
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Figure 75: Sketch of the 30 mm gap 

Thus, the first idea for the anchorage connection was to use a rigid displacement (geometry 
constraint) between one point in the concrete and one point in the edge beam. This was going 
to create a very high-concentrated stresses in that point, so the second idea was to use a tied 
mesh between surfaces. Therefore, 20x20 mm2 surfaces were connected though tied mesh. 
Besides the connection in the anchorage, the concrete and the beam were in contact. For 
representing that contact, another tied mesh was used between the bottom line of the edge 
beam and the line in the concrete. Both lines had the same coordinates in z-axis (Figure 75). 

 

A.2 First prototype model (Model 0.1) 

After the previous phase, and with those ideas in mind, the first prototype model was 
performed. The geometrical distribution of the beam was the follow one: 3 anchorage bolts, 
1183 mm between them, and 591.6 mm until the border of the beam. The 3 vertical posts 
were over the 3 anchorage bolts and there were 3 railings. The distribution of the railings was 
in this way: from the top part of the edge beam (top plate), were pierced 4 bolts of 100m. The 
four bolts were established in the corner of a 150x150 mm2 square. The footplates were 
located in the top part of the bolts. From each the footplate was pierced one vertical post. In 
the vertical posts were attached 3 rows of railings: first railing was 270 mm from the plates, 
the second railing was another 270 mm from the first railing, and finally the top railing 460 
mm above (Figure 76). 
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Figure 76: Frontal view of the first prototype model 

The concrete slab was represented by a cuboid with a length of 4732 mm, a high of 520 mm 
(the thickness of the bridge in the middle span), and a width of 1000 mm. The 8 corners were 
fixed in all freedoms and the slab was modeling for obtaining 3 small squares (20x20 mm2) in 
the anchorage point (Figure 77). Moreover, the slab was modelled for obtaining a line at the 
same high of the bottom edge beam. That line is bolted in black in Figure 77. 

 

Figure 77: Frontal view of the concrete slab in the first prototype model 

The width of the slab (y-axis) was divided in 3 rows sweeping the front face. The distances 
between rows was 100 mm, 300 mm and finally 600 mm. This distribution of the volume 
generated later many warnings in the model running. Those warnings was due to the ratio 
between the 3 dimensions of the volume was very high. 

The edge beam was modelled from one of the 3 anchorage squares (this detail will have great 
importance later). This square was copied 30 mm in the y-axis from the concrete element. 
From that copy, the rest of the beam was swept, for obtaining the other two squares in front of 
the concrete ones (Figure 78). Two stiffeners plates were modelled 165 mm away from the 
squares (Figure 79). The stiffeners are bolted in black in the Figure 78. 
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Figure 78: Frontal view of the side plate in the first prototype model 

 

Figure 79: Perspective view of the beam in the first prototype model, without the top plate 

Finally from the top plate were modelled the bolts sweeping 12 points (4 per anchorage). 
Those 12 points generated 3 square plates of 150x150 mm2 (Figure 80). From the centre 
point of these plates were swept the vertical post in three rows, 270 mm, 270 mm and 460 
mm. Those rows were used for defining the railings. In the top part of the middle vertical post 
was applied a concentrated load of 200 kN, which represented the collision of a vehicle 
(Chapter 3.2.1). In addition, the entire model had a body load as a self-weight. 

 

Figure 80: Vertical view of the top plate in the first prototype model 

After running the model, the Von Mises stresses in the side part of the edge beam (side plate) 
were extremely high (1321 MPa the maximum), and the stress field had some suspicious lines 
with lower stresses (Figure 81). 
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Figure 81: Stress contour of the side plate (Von Mises) 

With these results, the main issues for solving were: 1) to figure out why appeared those lines, 
and 2) to obtain a way of decreasing the stresses. For the lines, a new mesh surface was used. 
The former mesh was a regular division of 4 in x-axis and 4 in y-axis of every surface. This 
created a denser mesh in some part of the beam due to they had different surface sizes. Later, 
a mesh of 20 mm size was applied for whole beam. Therefore, it had the same mesh size in 
every part, although there were different surface sizes. This did not change much the shape of 
the stresses. In addition, for decreasing the stresses, the thickness of the shell elements was 
duplicated from 10 mm to 20 mm. The results of the changes were 1180 MPa (Figure 82). 

 

Figure 82: Stress contour of the side plate (Von Mises) 

The proposal solutions were not very satisfactory. Further, the idea of using 3 anchorage was 
discarded. The distance between vertical post should be 1800 mm because is a standard 
distance. Therefore, the distance between the anchorage bolts should change, because the 
anchorage bolts must be behind of the vertical post, in order to get a better distribution of the 
load and lower stresses. For those reasons, a new model was carried out. 

A.3 Second prototype model (Model 0.2) 

This model had as main feature that the shell elements was design as 20x20 mm2 surfaces. 
Thus, the surfaces were everyone made of a 20x20 mm2 net. In addition, the connection 
between the edge beam and the concrete changed. In the concrete, it kept being a 20x20 mm2 
square but in the edge beam was a 40x40 mm2 square. This was due to the 20x20 mm2 in the 
concrete represented the anchorage bolt and the 40x40 mm2 in the beam represented the head 
of the anchorage bolt. This change should reduce the stresses, because of this distributed more 
the forces. The second main change was the number of anchorages, 2 instead of 3. They were 
900 mm from the borders of the beam, and 1800 mm between them. Further, the railing part 
was increased; two more vertical posts were added out of the beam, and the railing extended 
1800 mm further in both sides of the beam. The borders points of the railings and vertical 
posts were fixed completely (8 points, 6 for railings and 2 for posts). The 200 kN load was 
applied in the top of the right vertical post, so the model was not symmetric anymore (Figure 
83). 
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Figure 83: Frontal view of the second prototype model 

The first problem with this model came when the bottom part of the edge beam had to be 
connected with the concrete. The connection was again line-line tied mesh. In this model, 
there were a line every 20 mm (180 lines) in the edge beam, and few longer lines in the 
concrete. To connect many small lines to a big line was not reasonable. However, to split the 
concrete in 180 parts and connect one by one all of them was very time consuming. Further, 
this would convert the model in a heavier one, what was a bad idea due to the model was 
already very heavy with the new kind of surfaces. Thus, the solution was to split the concrete 
every 16 cm and to connect 8 lines in the edge beam with 1 line in the concrete. This was 
better than the previous case but not a perfect solution. 

At the same time appeared another issue related with the concrete. The model did not allow 
extracting the pull out load that the anchorage bolt received. This load is very important for 
doing later hand calculation. Moreover, the model still gave warnings because of the ratio 
between the dimensions. Due to all these issues and due to the model did not plot big stress in 
the concrete, the model was change in order to avoid the concrete. 

As the concrete was deleted from the model, to define new boundary conditions, which 
represented the concrete influence, was necessary. The bottom line of the edge beam was 
pinned in the y-axis, and the anchorage connection was designed as a double layer of 
constrains equations. The square in the beam (40x40 mm2) was connected with a surface 
square of 20x20 mm2 though tied mesh of surfaces. Both surfaces were split in 4, i.e. they 
were 4 tied mesh connections. The second square (which had 9 points) was joined with a 
point by rigid displacement. That point had no mass and was completely fixed (Figure 84). 
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Figure 84: Double constrain equation 

For this situation of the model, the Von Mises stresses in the side plate had a maximum of 
1278 MPa and they had the stress field depicted in the Figure 85 

 

Figure 85: Stress contour of the side plate (Von Mises) 

The stresses were still very high, and the shape had the suspicious lines. The 20x20 mm2 net 
seemed that did not help in solving the shape problem. From this point forward, many 
proposals were tried in order to reduce the stresses in the anchorage connection (side plate). 
First proposal was the simplest one, to try a thicker shell. Instead of a 20 mm thickness, 30 
mm thickness was used in all surfaces, except in an 80x80 mm2 square around the anchorage. 
This 80x80 mm2 square represented the washers and had a thickness of 40 mm. This change 
decreased the stresses to the half, but it was a too high thickness, so to try with new changes 
was still necessary. 

A second proposal was to change the tied mesh connection in the beam from 40x40 to 80x80 
mm2. This change decreased the stresses in the connection but increased them just outside the 
80x80 square. Despite of this, the maximum stresses decreased until 938 MPa (Figure 86). 
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Figure 86: Stress contour of the side plate (Von Mises) 

In the collision, the anchorage could displace out, which would decrease the stresses. 
According to this hypothesis, the model was more rigid than the reality. Therefore, the 
stresses were higher than the real ones. In order to represent this phenomenon, the rigid 
displacement was changed by a specified constrain (displacement control), which allowed the 
displacement of 10 mm in the y-axis. This proposal gave a maximum stresses of 2425 MPa, 
so did not reach its goal. 

The concentrated 200 kN load was distributed in 400 mm along the top railing, which gave 
back a little higher stresses, but it was a more realistic assumption. Moreover, several 
different meshes were used in order to solve the line shape issue. The result was same shape, 
although narrower lines and stresses a bit higher. This change in the stresses implied that a 
convergence analysis was necessary.  

After some failures, the biggest decline of stresses came with a change in the railings. The 
previous railings had a shape that was not the real one, only the vertical post had the real one. 
Thus, the 2 medium railings were replaced by one W-profile railing. This replacement 
involved no changes in the stresses. However, the change of the top railing reduced the 
stresses from 1278 MPa to 762 MPa. A square solid section was changed to the profile 
depicted in the Figure 87.  

 

 

Figure 87: Old top railing profile (left) and New top railing profile (right). 
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In this point, the model was very unstable, every change tried in the model gave back fatal 
error in the running, even if it was been trying before. In addition, the stresses were still very 
high. With the combination of the thicker surface, the 80x80 mm2 connection and the new 
profile the stresses were 453 MPa. For these reasons, a meeting with an expert in FEM was 
requested. 

A.4 Meeting and Bar model (Model 0.3) 

The meeting was very productive, and gave to the model new ideas. First one and more 
important, constrain equations should be used as less as possible, because they increase much 
the difficulty of calculations. After deleting constrain equations, the model became stable and 
did not give error. In order to delete the constrain equations the anchorage connection was 
modelled with a bar, which started in a point of the side plate and finished in a support. 
Another idea from the meeting was to use spring connections, in the bottom part of the edge 
beam and in the support of the bars. These springs tried to solve the issue about the difference 
of rigidity between the model and the reality. Before, to use displacement control equation 
was tried in order to solve it, but without success. Lastly, a support in x-axis was suggested 
for the lateral part of the beam. The beam should not move in that direction and the support 
would make easier the calculations, because the bars had not rotation restrictions. Besides, in 
the reality the contact between the beam and concrete generates a friction force in x-axis. 

Then, the “Bar model” was carried out. It had two bars of 32mm diameter and made of steel. 
It should be noticed that the utilization of a long bar without infinity stiffness is like using a 
spring support with a constant “K”: 

 [25] 

Where: 

E = Young's modulus  

S = surface  

L = length. 

Further, the model had a spring support in the end of the bar that represents a volume of 
concrete of 160x160 mm2 (S) and 1000 mm length (L), so K=640 x 103 kN/m. In addition, a 
surface spring support of 25 x 106 kN/m3 in the bottom part of the beam (20 mm). The spring 
in the bottom, represented concrete Young's modulus. The result for this model was depicted 
in the Figure 88. 
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Figure 88: Stress contour of the side plate (Von Mises) 

The problem with the instability was solved, but the shape of the stresses and the high stresses 
in the anchorage continued. In addition, there was a new issue, the value of the spring 
constant “K”.  

The cause for the suspicious lines in the shape was discovered. The lines appeared because 
the surfaces had different orientation. It was due to they had been sweeping from one point 
(from the left anchorage). Thereby, a new constant direction was applied to all the surfaces. 
Besides, a triangular 20 mm and quadratic interpolation mesh was used for the thick shell. 
The reason of this mesh change was that existed the doubt about if the mesh was enough 
dense for capture the highest stresses. 

The application of the new surface orientation showed that there was a very high 
concentration of stresses in the anchorage points; which was hidden in the other models. This 
was due to the bar was connected only with a point in the surface. Thus, a volume element 
was designed between the beam and the bar, in order to solve it. In this way the 80 first mm of 
the bar were changed for a 40x40x80 mm3 volume (Figure 89). The 40x40 mm2 meant a 
surface of 1600 mm2 the double as the =32mm bolt, but it was less than the surface of the 
bolt head, which actually was the surface in contact with the beam. 

 

Figure 89: Anchorage bolt modelled as bar (pink) and volume (blue) 

The resultant stresses of changing the surface orientation, using volume connection and 
increasing the thickness from 30 mm to 40 mm in the connections and from 20 mm to 25mm 
in the rest of the beam are depicted in the Figure 90. The stresses were lower due to the 
volume connection and the shape more reasonable due to the surface orientation. Besides, the 
increasing of the thickness was useful for decreasing the stresses in the anchorage. 
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Finally, a study with different “K” was performed, and the results shows that it could change 
the stresses completely. However, it should be realistic. For that reason, a conservative value 
was chosen. The case with the bar and a spring support (to represent the concrete), was 
conservative because the spring coefficient was high. However, it considered the elasticity 
behaviour two times, the bar and the spring. Thefore, the bar was deleted and, the spring 
support change the constant value (K =183578 kN/m). This value represents the elastic 

behaviour of the bar i.e. . 

 

Figure 90: Stress contour of the side plate (Von Mises) 
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A.5 Load and Moment (back calculation) 

Every model until this point was based on a concreted horizontal force of 200 kN, which was 
the method suggested in the Eurocode. In this point, in order to decrease the stresses, the 
Eurocode and other calculation methods were deeper studied (Chapter 3.2). Thus, the load 
case 1-100 kN, and load case 2.2 (vertical post failure) were used since this point (Figure 91). 

 

Figure 91: Load height sketch 
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In order to applied the load case 2.2 (hand back calculation), the method followed was: 1) to 
delete the railing components and 2) to apply the horizontal load and moment in the top plate 
of the beam .In the points where load or moment were applied, the stresses were extremely 
high, generating point with peak stresses(Figure 92). To solve this issue, the zone close to 
that point had to be ignored in the extraction of the results. To apply distributed loads and 
distributed moments was tried to fix the issue. The load could be applied in a surface (kN/m2), 
but not the moments. The moments could only be distributed in a line (kN*m/m). Therefore, 
this was not a fully solution. 

 

Figure 92: Peak point stresses created by a punctual moment (left) and a line distributed moment (right) 

Instead of this direct application, the vertical post (only the post, no railings) was modelled 
again and applied a concentrated load (Figure 93). This load generated a moment in the base 
of the post. The horizontal load was transferred through the post as well. Thus, the edge beam 
had the load and the moment sought (Chapter 3.2.2). 

 

Figure 93: Model with only one vertical post (simplified) 
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A.6 With and without railing (Model 0.4) 

In this point, it was considered that the model was good enough for extracting the stress 
results and analysing them. Thus, the model was going to have 4 different alternatives, 100 
kN and 200 kN (load case 1) for the model with railings, and 61 kN (235 MPa) and 94 kN 
(360 MPa) for the model without the railings (load case 2.2). It should be noticed that 61 kN 
and 94 kN are different to the loads applied in the models described in the Chapter 4.3. The 
reason are the dimensions of the design i.e. the height of footplates from the pavement. 

The only issue that needed solution was the punctual stresses in the footplate due to the 
surface-beam connection. In order to solve this, the lower part of the vertical post was 
modelled as a volume element, and the rest part of the vertical post as a beam. Moreover, the 
bolts were modelled as volume elements. The mesh in the footplates was reduced to the half 
on the altars of making the model more accurate (Figure 94). 

 

Figure 94: Top plate and footplate (green), bolts and base of the post (blue), vertical post (pink) 

After these changes, the model gave back much lower stresses, not only in the footplate, in 
the whole model. To figure out the reason of this stresses decrease was necessary. Further, to 
value if this decrease was due to an improvement in the model or due to a mistake. The 
volume part was deleted and to model again as a beam. The stresses turned into something 
similar as the old model. Therefore, the issue was clearly related with the volume element, but 
to understand the reason was convolute. Furthermore, in the simplified model, there was no 
difference between modelling vertical post as volume or as beam.  
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Finally, the difference between the two models was found. In the railing model case, the load 
was applied in the beam, and the beam was connected with the volume. In the second case the 
load was directly applied in volume, due to the whole vertical post (until 550 mm from the 
pavement) was modelled as volume. 

This model case was changed. Only 110 mm were made as volume, and the rest of the 
vertical post was modelled as a beam. With this change, everything was clarified. The stresses 
were very low, and the deformation of the beam was infinite i.e it was completely horizontal 
(Figure 95). In the railing case this did not occur because, the vertical post was connected to 
railing and the railings had fixed borders. 

 

Figure 95: Deformation (grey) of the vertical post (pink)  

This deformation meant that the connection between the beam and the volume did not work 
properly. Volume elements have no rotation, so the rotation of the beam was not transferred 
to the volume. In order to solve it, to model a surface in the top face of the volume, which 
transfers the rotation, was necessary. Thus, the vertical post was made by surface, volume, 
surface, and beam. The only problem was to figure out which thickness should have the 
surface, because the thickness changed completely the stresses. After several testing, it was 
concluded that a correct thickness was the same thickness as in the footplate. This conclusion 
was obtained because that thickness gave the same stresses as if the vertical post was 
modelled only by volume elements. 

Everything was ready for the extraction and analysis of the data. Unfortunately, maximum 
stresses inside of the volume elements were too high and clearly concentrated in the four 
corners (Figure 96). 
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Figure 96: Base of the vertical post (volume) with peak point stresses in the corners 

The model seemed had no mistakes in those points, so an expert in FEM was consulted again. 
According him, the problem could be due to two reasons or possibilities. 1) The connection 
between surface and volume could not work properly because the volume was only linked to 
the surface in the 4 corners. So, a constrain equation should be necessary. 2) Everything was 
right, but even if the model was perfect, the software could obtain some stresses that did not 
correspond to the reality. In this case, the stresses distant from the connection were the real 
ones, and the stresses close to the connection not. Thus, to figure out which part of the volume 
was the boundary between the right and wrong values would be necessary. 

An alternative model with a simply cantilever beam was performed in order to study the 
behaviour of the beam in the connection (volume- surface). The results obtained in this model 
were compared with hand calculations of that beam. The conclusion was that, the volume 
worked not properly close to the connection with the surface. However, away from the 
connection it followed the theoretical shape for the stresses. Thus, to figure out where it 
worked properly was necessary, and then to interpolate the stresses for obtaining the real 
stresses in the contact with the surface.  

Furthermore, the bolts were model again as beams for solving the problem with punctual 
stresses in volume. In the connection between beam and surface, the areas that would occupy 
the bolts, were avoided from the surface when the stresses were extracted. This is another 
method for solving the concentration of stresses in some punctual points. (Figure 97). 
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Figure 97: Stress contour in the top plate, without the bolts areas (white) 

With the volume problem solved, the stresses for the 4 alternatives of load cases were 
extracted. The results are showed in the Table 18. The table format and the method to 
interpret the results are explained in Chapter 6.2.  

Table 18: With and without railing model results 

 100 kN 200 kN 61 kN (235 
MPa)  

94 kN (360 
MPa) 

Side plate (MPa) 199 384 235  362 

Top plate (MPa) 205 410 255  394 

Stiffeners (MPa) 93 186 133  206 

Footplates (MPa) 479 960 540  832 

Vertical post (MPa) 646 1294 718  1106 

Anchorage 1 (kN) 107 203 50  71 

Anchorage 2 (kN) 176 341 203  307 
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A.7 2nd Group project meeting (Model 0.5) 

The day 10th March, a meeting in Ramböll was performance with the engineers involved in 
the project. During the meeting, some changes in dimension related with constructability 
issues where exposed. All the dimensions used in the model before this meeting were based 
on the solution sketch (Figure 7), or based on the judgment of the author aided by the 
different tests performed with the software. The dimensions proposed in the meeting were 
similar to the model. However, to change the different dimension in the model was necessary.  

In this point there were two alternatives, to use the old model or to start a new one. To start a 
new model since the beginning was decided. The reason for that was to delete the 20x20 mm2 
net of the last model, which was a problem if the dimension were not multiple of 20 mm. 
Besides, there were some details like the inclination of the top and bottom flanges that were 
not model in the past and were going to be modeled in the new one. Thus, this alternative was 
tried but it did not obtain successful results. To solve the peaks of stresses that were formed in 
the corners of the square elements was not possible. This model had big surfaces and inside 
those surface small surfaces were inlaid in the zones with connections. Thus, in the corners of 
those small surface appeared peak stresses, because there were many mesh elements 
converging in the corners. For solving that, a denser mesh was required, and this became 
heavier the model. Thus, the 20x20 mm2 was used again, but with the new dimensions 

The dimensions of the new model were: 400 mm for the flanges of the U (before 440), 460 
mm for the side of the U (before 520). The position of the anchorage at a distance of 300 mm 
from the top of the U, when before was 280 mm (Figure 98). It does not seem a big change, 
but in the previous designs was 280 mm with a 520 mm section, so the relation between 
anchorage distance and beam height changed appreciably. Besides, the flanges had an 
inclination of 5% (20 mm).  

 

Figure 98: Beam profile after second project meeting  
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The railing part was changed as well. The top railing and W-profile railing were kept at 1200 
mm and 550 mm from the pavement. As the height of the beam and its position regarding the 
pavement changed, the height of the railing changed as well a few centimeters. The biggest 
change in the railing part, was due to the addition of another railing between the top railing 
and W-profile railing. The new railing had a tubular section (Figure 26), and was installed at 
a height of 950 mm. A priori, the addition of this new railing was going to decrease the 
stresses in the anchorage part, because it would distribute better the load along the beam. This 
supposition gained weight if it was taken into account that in the previous models the use of a 
thickener railing had reduced considerably the stresses. However, this stresses reduction was 
not really significant (Table 20). 

With the new dimensions in the model, data was extracted and analyzed. One of the main 
issues commented in the meeting was the thickness of the beam. The designers of the beam 
wanted the beam as thin as possible, because it meant less steel and less expended money. 
Moreover, the use of stainless steel was being considered, which required the saving in the 
steel. The designers proposed a beam with a thickness between 6 and 9 mm and steel S450, 
i.e. the steel yield resistance was 440 MPa. For the previous model thickness of 25 mm was 
used in every part of the beam except 40 mm in the washers, i.e. 40 mm meant 25 mm of the 
beam plus 15 mm of the washer. Then, the first step was to study the new dimensions in the 
model, load case 1-200 kN. Moreover, a thickness of 25 mm (40 in washers) and later a 
thickness of 9 mm (18 in washers).  

Table 19: Results with 200 kN load for 25 mm and 9 mm thickness. 

200 kN Load 25mm (40) 9mm(18)

Side plate (MPa) 542 1960

Top plate (MPa) 305 827

Stiffeners (MPa) 192 524

Footplates (MPa) 871 871

Vertical post (MPa) 1182 1182

Anchorage 1 (kN) 245 142

Anchorage 2 (kN) 363 467
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With 25 mm the stress were too high, and higher than in the old model for the same thickness 
(Table 19). Thus, some changes were required, either in the design or in the load (200 kN is 
the most conservative case). In order to know which changes could improve the stresses in the 
beam, several testing were tried. To undo the new features of the model was first step, due to 
before the model had lower stresses. Thus, the first test was to delete the tubular railing. The 
goal of this test was to value numerically how affected this railing to the stresses in the beam. 
The railing had a positive impact for reducing the stresses (Table 20), but it was not huge 
impact, around 5-6%. This change was a positive change, so there were other new dimensions 
that increased the stresses. 

Table 20: Model with and without tubular railing 

200 kN Load With tubular railing Without tubular 
railing

Variation (%)

Side plate (MPa) 542 574 +5.90

Top plate (MPa) 305 324 +6.23

Stiffeners (MPa) 192 203 +5.73

Footplates (MPa) 871 920 +5.63

Vertical post (MPa) 1182 1249 +5.67

Anchorage 1 (kN) 245 251 +2.45

Anchorage 2 (kN) 363 384 +5.79

  

Next test consisted of changing the position of the anchorage. The new position of the 
anchorage (lower than before), was one of the main suspects for the increase in the stresses. 
For that reason, to raise the anchorage position 60 mm was tried. In this new position, the 
anchorage was 90 mm from the top of the concrete slab. This distance maybe was 
insufficient, because it must be a minimum distance between the top reinforcement in the 
slab, and the anchorage. However, it was only a test for knowing the effect of the change, and 
for being able to use it for future beam designs. Later researching showed that the distance 
minimum must be 80 mm from the top of the concrete slab and the anchorage bolt (Figure 
101). In addition, the thickness of the pavement and the radius of the anchorage bolt must be 
taken into consideration. Therefore 90 mm was not a reasonable distance.  

  



A.7. 2ND GROUP PROJECT MEETING (MODEL 0.5) 

 117 

Table 21: Variation of the anchorage position 

200 kN Load 150 mm from deck 90 mm from deck Variation (%)

Side plate (MPa) 579 449 -22.45

Top plate (MPa) 489 525 +7.36

Stiffeners (MPa) 201 187 -6.97

Footplates (MPa) 896 954 +6.47

Vertical post (MPa) 1210 1267 +4.71

Anchorage 1 (kN) 256 195 -23.83

Anchorage 2 (kN) 378 320 -15.34

 

With the raise of the anchorage position, there was a substantial improvement in the side 
plate, in the stiffeners and in the anchorages (Table 21). The side plate and anchorage 2 were 
usually the more critical points, and the reduction was around 23%. In the top plate, footplates 
and vertical post the stresses increased around 6 %. However, it should be noticed that high 
stresses in footplates and vertical post are not a drawback in load cases 2.1 and 2.2. Although 
the change of the anchorage position seemed an improvement in the design, it was not 
implemented. Before, the results were going to be shown to Ramböll engineers.  

200 kN load was the most conservative load case, therefore load case 1-100 kN load was 
applied in order to see the results with less conservative load cases. The load was applied for a 
beam of 25 mm with 40 mm in washers, a beam of 9 mm with 13 mm in stiffeners and 
washers, and 15 mm with 20 mm in stiffeners and washers (Table 22): 

Table 22: 100 kN with 25 mm, 9 mm and 15 mm thickness. 

100kN Load 25mm (40) 9mm (13) 15mm (20)

Side plate (MPa) 274 847 543

Top plate(MPa) 152 336  220

Stiffeners (MPa) 97 259  151

Footplates (MPa) 435 436 435

Vertical post (MPa) 590 591 592

Anchorage 1 (kN) 126 85 101

Anchorage 2 (kN) 185 227 202
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The stresses with 100 kN were lower because the load was the half as before. For the first 
time, one case in this new model fulfilled the structural requirements. The other two beam 
thicknesses did not meet the requirements, but the 25 mm case also was distant from the limit. 
Therefore, something between 25 and 15 mm would be the optimum solution with 100 kN. 

As with 100 kN seemed that was possible to obtain positive results, the next test was also 
performed with 100 kN. This test consisted of using different thickness in the parts of the 
beam which were more stressed, than in the rest. The goal of this was to reduce the amount of 
steel and to approximate to the amount of 6-9 mm thickness proposed in the meeting. For that 
reason, in the part of the beam between stiffeners (stiffeners included) were used a thickness 
of 25 mm and in the rest 9 mm (Figure 99).This part of the beam between stiffeners is called 
“the box” henceforth. The results were very promising, and the reduction of the steel 44% 
(Table 23). 

 

Figure 99: Model with 9 mm thickness (red) and 25 mm (green) 

Table 23: Model with 25 mm in the “boxes” and 9 mm in the rest. 

100kN Load 25mm (40) 25mm boxes and 9 
mm rest

Variation (%)

Side plate (MPa) 274 288 +5.11

Top plate (MPa) 152 161 +5.92

Stiffeners (MPa) 97 128 +31.96

Footplates (MPa) 435 429 -1.38

Vertical post (MPa) 590 584 -1.02

Anchorage 1 (kN) 126 118 -6.35

Anchorage 2 (kN) 185 185 0.00

Steel m3 0.1326 0.0746 -43.74
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With this test, it became known that the rest of the beam, that was not the boxes, did not help 
with the load resistance. Furthermore, those parts increased the weight of the beam therefore, 
increased the loads. For that reason, to delete the edge beam, and to keep only the boxes was 
tried (Figure 100). 

 

Figure 100: Model with only the "boxes" 

Table 24: Model with only the “boxes” load case 1-100kN. 

100kN Load 25mm (40) Only box 25mm  Variation (%)

Side plate (MPa) 274 291 +6.20

Top plate (MPa) 152 151 -0.66

Stiffeners (MPa) 97 125 +28.87

Footplates (MPa) 435 402 -7.59

Vertical post (MPa) 590 532 -9.83

Anchorage 1 (kN) 126 104 -17.46

Anchorage 2 (kN) 185 182 -1.62

Steel m3 0.1326 0.04188 -68.42

 

In general, the results were very satisfactory (Table 24), the stresses were lower and the 
amount of steel was reduced 70 %. In Chapter 4.3.2 are explained the constructability 
consequences of using this design. As the results were so promising, load case1- 200 kN was 
also tried. The results were similar to the normal case (Table 25), but it did not fulfil the 
requirements.  
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Table 25: Model with only the “boxes” load case 1-200kN 

200 kN Load 25mm (40) Only box 25mm (40)  Variation (%)

Side plate (MPa) 579 612 +5.70

Top plate (MPa) 489 473 -3.27

Stiffeners (MPa) 201 261 +29.85

Footplates (MPa) 896 834 -6.92

Vertical post (MPa) 1210 1100 -9.09

Anchorage 1 (kN) 256 214 -16.41

Anchorage 2 (kN) 378 375 -0.79

Steel m3 0.1326 0.04188 -68.42

 

Eurocode states that the load must be applied at a height of 1 m from the pavement or 10 cm 
from the top railing, the worst case. In previous models, it was tried which case was worst, 
but here was checked again (Table 26). Moreover, the load was always applied directly in the 
vertical post. The reason was that to be applied over one of the anchorage was the worst 
scenario. Thus, the load was applied in the railing between the two vertical posts, in order to 
calculate the difference (Table 27).  

Table 26: Load 1 m from the pavement and 10 cm from top railing 

200 kN Load 1 m from pavement

25mm (40)

10 cm from top railing 

 25mm (40) 

Variation (%)

Side plate (MPa) 579 552 -4.66

Top plate (MPa) 489 493 +0.82

Stiffeners (MPa) 201 193 -3.98

Footplates (MPa) 896 928 +3.57

Vertical post (MPa) 1210 1262 +4.30

Anchorage 1 (kN) 256 264 +3.13

Anchorage 2 (kN) 378 364 -3.70
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Table 27: Load applied in the vertical post and in the railing between the posts 

200 kN Load In the vertical post

25mm (40)

Between the posts

 25mm (40)

Variation (%)

Side plate (MPa) 579 590 +1.90

Top plate (MPa) 489 486 -0.61

Stiffeners (MPa) 201 187 -6.97

Footplates (MPa) 896 822 -8.26

Vertical post (MPa) 1210 1168 -3.47

Anchorage 1 (kN) 256 360 +40.63

Anchorage 2 (kN) 378 361 -4.50

 

In the case of the load 10 cm from the top railing, some stresses were lower and other higher. 
Nevertheless, in the most critical parts (side plate and anchorage 2) the stresses were lower. 
For the case of the load applied between the vertical posts, the results were different as the 
expected. The stresses were very similar to the stresses whit the load applied in the vertical 
post. A priori, the load between vertical posts should have been less harmful for the beam, but 
was only slightly better. This meant that the place where the collision took place was not very 
relevant. 

In other to obtain a beam design that fulfilled the requirement, more load cases were tried. A 
equally distribution of the load in a number of vertical post can be assumed. Thus, the railing 
part was deleted and the load divided by the number of vertical post considered. In the test, a 
load of 50 kN (4 vertical post) was applied at a height of 1 m from pavement (Table 28). The 
stresses were higher than expected and this load case was discarded. 

Another testing was related with the distance between the stiffeners. In the sketch and pictures 
provided by the engineers this distance was not included. In the previous models, the distance 
used was 180 mm from the anchorage (360 mm total). The goal of the stiffeners is to avoid a 
possible bending of the top plate due to the moment generated by the collision. As that 
moment is transferring by the bolts (connected in the footplates and top plate), the stiffeners 
work better when they are set close to the bolts. The problem of setting the stiffeners too close 
from the bolts is, that may appear shear stresses in the top plate zone between the bolts and 
the stiffener. However, the results showed that, those high stresses did not appear (or they 
were not high enough), and the stresses in the side plate and top plate were more favourable 
with closer stiffeners (Table 29 and Table 30). In the rest of the beam, the stresses increased 
lightly, but in general the results were better bringing close the stiffeners  
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Table 28: Load equally distributed in 4 vertical post. Thickness 25 mm (40 mm in washers) 

50 kN Load Only one vertical post

Side plate (MPa) 492

Top plate (MPa) 619

Stiffeners (MPa) 261

Footplates (MPa) 1155

Vertical post (MPa) 1500

Anchorage 1 (kN) 90

Anchorage 2 (kN) 303

 

Table 29: Distance between stiffeners 360 mm and 280 mm Thickness 25 mm (40 mm in washers) 

200 kN Load 360 mm stiffeners 280 mm stiffeners Variation (%)

Side plate (MPa) 579 499 -13.82

Top plate (MPa) 489 411 -15.95

Stiffeners (MPa) 201 210 +4.48

Footplates (MPa) 896 911 +1.67

Vertical post (MPa) 1210 1225 +1.24

Anchorage 1 (kN) 256 259 +1.17

Anchorage 2 (kN) 378 389 +2.91
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Table 30: Distance between stiffeners 280 mm and 200 mm. Thickness 25 mm (40 mm in washers) 

200 kN Load 280 mm stiffeners 200 mm stiffeners Variation (%)

Side plate (MPa) 499 423 -15.23

Top plate  (MPa) 411 316 -23.11

Stiffeners (MPa) 210 211 +0.48

Footplates (MPa) 911 926 +1.65

Vertical post (MPa) 1225 1246 +1.71

Anchorage 1 (kN) 259 263 +1.54

Anchorage 2 (kN) 389 399 +2.57

A.8 1st Personal meeting in Ramböll  

In 8th April, a personal meeting was performance in Ramböll. The goal of the meeting was to 
show the results obtained in the model, and to receive some feedback from the design 
engineers. Again, basic dimensions of the model were changed. The height of the beam 
turned into 500 mm (460 mm in the previous model). The reason of this dimension was that 
the old concrete edge beam had 500 mm and the new one had to cover the cut surface left by 
the last edge beam. In addition, the width of the beam was changed to 270 mm (400 mm in 
the previous model). The stresses in top part of the beam were mainly focused in the bolts 
borders and the rest of the top plate was not working structurally. Hence, this change could 
save steel and keep the structural integrity of the beam. The change of the bottom plate was 
even clearer, because that part of the beam never suffered high stresses (Figure 101). 
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Figure 101: Lateral view of the U-shaped edge beam and the pavement 

The results obtained from the previous testing showed that to reduce the distance between 
stiffeners was a big improvement in order to reduce stresses in the anchorage part (Table 29 
and Table 30). Therefore, to bring them as close as possible was decided. The new distance 
was 200 mm between them (360mm in the previous model). This distance was considered the 
limit because, the stiffeners should keep a constructability distance with the bolts in the top 
plate. The testing performed in the previous model, displayed more interesting information, 
useful for improvements in the model. Another of those improvements was to raise the 
position of the anchorage bolts. As higher was the position of the anchorage, lower were the 
stresses. In this way, in the meeting the limit minimum distance was proposed. This distance 
was 100 mm from the top of the beam to the pavement, plus 100 mm of pavement, plus at 
least 80 mm from the top of the concrete slab to the top of the anchorage bolt. According with 
the second group meeting, 80 mm was the minimum distance for not damaging the steel 
reinforcement in the concrete slab. Thus, the total distance was 280 mm plus the radius of the 
anchorage (15 mm). Finally, to 300 mm was used because the hole in the anchorage is bigger 
than the bolt diameter (Figure 101). 

Those dimension changes were added to a mesh refinement. In the previous model, many 
parts were meshed with triangular and size mesh. This kind of mesh fixes better with irregular 
shapes, because the software has more freedom when splits the elements. However, this 
produces peak stresses in the corners because, many mesh elements match there. Thus, the 
final mesh used, is explained in Chapter 5. With all those changes, the new model gave the 
following results: 
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Table 31: Model after first personal meeting. 

200 kN 25 mm (40) 25 mm(35)

Side plate (MPa) 405 422

Top plate (MPa) 152 150

Stiffeners (MPa) 185 193

Footplates (MPa) 927 924

Vertical post (MPa) 1234 1229

Anchorage 1 (kN) 207 209

Anchorage 2 (kN) 346 347

 

There were used two different thicknesses for the washers (Table 31), 15 mm in the first and 
10 mm in the second one. From this point forward, every model has the same thickness for 
the washers, 10 mm. The reason for this modification was that the amount of steel that 
represent the washers was not sizeable. Therefore, to study other parameters was more 
relevant. 

This new model was again the basis for carrying out different testing. Those testing served for 
understanding better the beam behaviour. One of the issues discussed during the meeting was 
that, maybe the model was not transferring correctly the punctual load stated in the Eurocode. 
For that reason, the designs with the load case 1-200 kN did not fulfil the requirements. In this 
way, to use spring supports instead of completely fixed supports was recommended. Finally, 
this method was replaced for another with an easier implementation. The new method 
consisted of adding more railings and vertical posts. Before, the model had 4 vertical posts 
and 5 sections of railings. Thus, to add more post and section in both sides was tried. First one 
row, and later two rows in both sides (Figure 102). 

 

Figure 102: Frontal view of the model with two more rows of railings 
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Table 32: Model with more railing rows  

200 kN Old model (4 posts) 1 more row 2 more rows

Side plate (MPa) 422 455 457

Top plate (MPa) 150 180 181

Stiffeners (MPa) 193 211 213

Footplates (MPa) 924 1043 1060

Vertical post (MPa) 1229 1386 1408

Anchorage 1 (kN) 209 228 230

Anchorage 2 (kN) 347 371 373

 

With the results (Table 32), it could be appreciated that the old amount of railing were not 
enough, and that there was a significant alteration compared with adding one more railing 
row. The difference between to add one or two rows was insignificant. Therefore, the model 
with two more rows was accurate enough, and it represented the behaviour of the whole 
railing structure in the bridge. For that reason, the model used from here forward was the 
model with two more rounds of vertical posts and railings. 

In this point, the next step was to study again the load case for vertical post failure (Chapter 
3.2.2). During the meeting, this load case was evaluated and considered as the main option for 
the design calculations. Thus, in order to increase the precision in this load case, to review the 
technique for extracting the stresses in the vertical post was considered. If the goal was to 
obtain in the vertical post the failure stresses, the maximum precision possible was required in 
the volume. Thus, the volume study (Appendix A.6) was developed and improved. The 
conclusion of this review was that, the calculation process needed one more volume element 
for being completely accurate. Before, the stresses were calculated extracting the maximum 
stresses in element number 2 and number 3 (lowest element was number 1 and top was 
number 4). Later, their difference was added to the maximum stresses in the number 2 
(Figure 103). This lineal regression had the aim of avoiding the peak stresses in the 
connection between surface and volume. 
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Figure 103: Base of the vertical post modelled with 4 volume elements (blue) 

In this way, before it was considered that the element number 1 had those peak stress 
problems, and the element number 2 was correct, but it was not true. Element number 2 had 
still values bit higher than the real ones. Therefore, the new method avoided the element 
number 2. The method consisted of obtaining the difference between the element number 3 
and number 4 and adding twice that difference to the maximum stresses in the number 3. 
However, there was a problem; element number 4 had also a peak in the connection with the 
beam. To model an extra volume element (5 elements), gave memory problems in the 
software. Thus, the solution was to take element number 3 and the half of the element number 
4. The difference was the same, and 5 elements were not necessary. 

With the new method, the stresses in the vertical post were 8.10% lower than with the old one 
(Table 33). Actually, the stresses were in both cases the same; it only changed how to read 
them. A proof of the accuracy of this new method is that in load case 2.2 (Chapter 3.2.2), the 
stresses are 1080 MPa i.e. the same as the stresses calculated by hand calculation (Table 10). 
These changes were the last improvement in the development of the “Model 1: Basic design” 
(Chapter 4.3). From this design the “Model 2.1: Different thickness” and “Model 2.2: The 
box” were created with the thickness optimization (Figure 99, and Figure 100)  
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Table 33: Results with the new method for reading stresses 

200 kN 25mm(35) old 25mm(35) new Variation (%)

Side plate (MPa) 457 457 0

Top plate (MPa) 181 181 0

Stiffeners (MPa) 213 213 0

Footplates (MPa) 1060 1060 0

Vertical post (MPa) 1408 1294 -8.10

Anchorage 1 (kN) 230 230 0

Anchorage 2 (kN) 373 373 0

A.9 3rd Group project meeting  

On 23th April, the group project had the third meeting. For that meeting the goal of the thesis 
was to present the testing, the new changes in the model, and the different option for saving 
steel. Two of these options were the Model 2.1 and 2.2. Besides, another case with a 
reinforcement plate attached in the anchorage part was presented (Figure 104). The reason for 
using that reinforcement plate was that the side plate is the most critical part in the beam. The 
plate was 200x200 mm2 and 20 mm thickness. Thus, the plate design was applied to the 
15mm and 9 mm thickness cases (Table 34). 

 

Figure 104: Reinforcement plate in the side of the beam  
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Table 34: Model with a side reinforcement plate. 

170 kN 15mm 9mm

Side plate (MPa) 275 395

Top plate (MPa) 443 1471

Stiffeners (MPa) 322 708

Footplates (MPa) 887 846

Vertical post (MPa) 1071 1005

Anchorage 1 (kN) 180 173

Anchorage 2 (kN) 318 307

 

Table 35: Model with reinforcement plate and without reinforcement plate. 

360 MPa case 25mm 20mm 15mm 9mm 

Without OK Not OK Not OK Not OK 

With  OK OK Almost OK Not OK 

 

The results showed a big different between the design with the plate and without the 
reinforcement plate. With the plate, the 15 mm beam fulfilled the requirement in the 
anchorage, although with limit stresses in top plate (Table 34). In the 9 mm beam, there were 
stresses over the limit in stiffeners and top plate. Therefore, 9 mm did not fulfil the 
requirements even with the plate. This design gained importance during and after the meeting, 
because the Ramböll engineers presented the Model 3.1 (Chapter 4.3.3). This model uses 
reinforcement plates as well. Thus, first Model 3.1 were studied after the meeting. Later 
Model 3.2 was proposed in the second personal meeting with Ramböll. Both model designs 
and their results are explained in the report. 
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B  
 
Hand calculations 

B.1 Footplate bolts 

 

Appendix 
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B.2 Anchorage bolts 
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B.3 Stiffeners (plate buckling) 
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Figure 105: Boundary conditions in stiffeners calculation 
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B.4 Stiffeners (column buckling) 

 

 

Figure 106: Buckling length for a two pinned column 
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Figure 107: L-profile features 
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B.5 Comparison hand calculation 

 

 

 

Figure 108: Distance between base of vertical post and load 
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