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Abstract 
The increased amount of traffic combined with higher traffic loads leads to many existing bridges needing 

strengthening in the future to ensure their expected lifespan. This means the bridge owners will be focusing 

more on strengthening projects and smart solutions will be crucial for preserving a healthy bridge stock. 

When strengthening existing non-composite bridges (with steel girder and concrete deck) one potential 

method is to achieve composite action by installing shear connectors. The post-installed shear connectors 

prevent slip between the steel girders and the concrete. The composite action will reduce bending stresses 

and deflection of the bridge, due to the increase in moment of inertia and relocation of the neutral axis.  

Different types of shear connectors can be used for achieving composite action and each type of connector 

has its own installation method. The biggest distinction between the methods is how the connectors gain 

access to the steel girder for installation and what technique is used when installing them. 

This thesis presents the theory behind composite action, the current methods used for achieving composite 

action on existing bridges and to what extent a bridge can be strengthened by composite action. The thesis 

also provides a status of the existing road bridge stock around the world. 

The four case studies examined in this thesis have used different post-installed shear connectors to manage 

different strengthening problems like weight restriction, fatigue life of shear connectors and a unique 

problem on the Pitsund Bridge where loud bangs appeared from the bridge when truck passed in the 

morning. For the case study on the Pitsund Bridge an interview was conducted that explains the entire 

procedure of the project, from the noise problem to how the installation of coiled spring pins was 

performed. 

The bridge over Lule River at Akkatsfallen consists of two steel girders and a concrete deck. This bridge 

is chosen as a real case study to determine to what extent a bridge can increase its capacity by achieving 

composite action. The calculations are performed in accordance with the Eurocodes on both non- and full-

composite action and the result is compared to the other case studies. 

 

Keywords: Shear connector, composite action, post-installed, strengthening, Pitsund Bridge, coiled spring 

pins 
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Sammanfattning 
 

Den ökande trafikmängden kombinerat med en allt högre trafiklast leder till att många befintliga broar 

behöver förstärkningsarbeten i framtiden för att säkerhetsställa den förväntade livslängden på 100 år. 

Detta betyder att broägare kommer att behöva fokusera mer på förstärkningsarbeten och hitta smarta 

lösningar, vilket blir avgörande för att bevara  befintligt brobestånd. 

Vid förstärkning av icke samverkansbroar (med stålbalkar och betongplatta) kan samverkan uppnås 

genom att installera skjuvförbindare. Skjuvförbindaren installeras i en existerande icke samverkansbro 

med syfte att förhindra glidning mellan betongplattan och stålbalken och därigenom skapa en sammansatt 

konstruktion. För den sammansatta konstruktionen kommer tröghetsmomentet och neutralaxeln att 

förändras vilket leder till en reducering av böjspänningar och nedböjningar i bron. 

För att uppnå samverkan hos broar kan olika typer av skjuvförbindare användas och varje typ har sin egen 

installationsmetod. 

Detta examensarbete presenterar begreppet samverkan, vilka nuvarande metoder som används för att 

skapa samverkan hos befintliga broar och i vilken omfattning samverkan kan göra en bro starkare. 

Uppsatsen ger också en statusrapport på det existerande brobeståndet runt om i världen. 

I examensarbetet undersöks fyra olika fältstudier där samverkan har skapats med olika skjuvförbindare 

för att hantera problem som bärighetrestriktioner, öka utmattningslivslängden hos befintliga 

skjuvförbindare och ett unikt problem hos Pitsundsbron där högljudda smällar uppkom när lastbilar 

passerade bron på morgonen. För fältstudien på Pitsundsbron genomfördes intervjuer som förklarade hela 

projektet, alltifrån varför ljudet uppkom till hur installationen av spiralbultarna utfördes. 

Bron över Luleå älv vid Akkatsfallen består av två stålbalkar och en betongplatta. Denna bro valdes som 

en fältstudie för att bestämma i vilken omfattning samverkan kan öka brons kapacitet. Beräkningarna är 

utförda i enlighet med Eurokoderna både för icke-samverkan och för full-samverkan hos bron, resultatet 

är sedan jämfört med de andra fältstudierna. 

Sökord: Skjuvförbindare, Samverkansbroar, förstärkningsarbete, Pitsundsbron, spiral bult 
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Nomenclature 
 

UPPER CASE LETTER 

𝐴𝑐  Area of the stiffener and adjacent parts (Chapter C.3). 

𝐴𝑐  Area of concrete (Chapter C.4) 

𝐴𝑐,𝑒𝑓𝑓,𝑙𝑜𝑐 Effective area of the stiffener and adjacent parts 

𝐴𝑐𝑜𝑚𝑝 Area of concrete deck and steel girder expressed in steel area 

𝐴𝑠𝑙  Area of the stiffener and adjacent parts. 

𝐴𝑠𝑙,𝑒𝑓𝑓 Effective area of the stiffener and adjacent parts 

𝐸  Modulus of elasticity 

𝐸𝑐  Modulus of elasticity for concrete 

𝐸𝑠  Modulus of elasticity of steel 

𝐹𝑐𝑐𝑘  Characteristic compressive strength for concrete 

𝐹𝑐𝑡𝑘  Characteristic tensile strength for concrete 

𝐼  Moment of inertia around neutral axis 

𝐼𝑐  Moment of inertia of the concrete deck with respect to one girder 

𝐼𝑐𝑜𝑚𝑝  Moment of inertia of the composite section 

𝐼𝑠𝑙  Moment of inertia of the stiffener and adjacent parts 

𝐼𝑒𝑓𝑓,𝑡𝑜𝑡 Effective moment of inertia for the girder with stiffener present 

𝐿  Length of the beam 

𝐿𝑏𝑟𝑖𝑑𝑔𝑒 Length of the bridge 

𝑀  Bending moment 

𝑀𝑅𝑑  Moment capacity 

𝑊𝑒𝑓𝑓  Effective second moment of area 
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LOWER CASE LETTER 

𝑎  Distance between the girders 

�̅�  Appropriate width 

𝑏𝑏𝑟𝑖𝑑𝑔𝑒 Width of concrete deck 

𝑏𝑐  Width of concrete deck with respect to shear lag effect 

𝑏𝑒𝑑𝑔𝑒  Width of edge web 

𝑏𝑓  Width of flange 

𝑏𝑔𝑖𝑟𝑑𝑒𝑟 Width of concrete deck for each girder 

𝑏𝑠𝑙  Width of stiffeners flange 

𝑏𝑠𝑢𝑝  Width of web closest to stiffener 

𝑐  Width or depth of a part of a cross-section  

𝑓𝑦  Yield strength for steel 

𝑒1  Centroid of stiffeners 

𝑒2  Centroid of columns 

ℎ  Height 

ℎ𝑐  Height of concrete deck 

ℎ𝑠𝑙    Height of stiffener web 

ℎ𝑤  Height of web 

ℎ𝑤1  Distance between upper flange and stiffener 

𝑖  Radius of gyration of the stiffener and adjacent parts 

𝑘𝜎  Plate buckling coefficient 

𝑡𝑓   Thickness flange 

𝑡𝑠𝑓   Thickness of stiffeners flange 

𝑡𝑤  Thickness of web 

𝑡𝑠𝑤   Thickness of stiffeners web 

𝑦   Perpendicular distance from the neutral axis 

𝑦𝑡𝑝,𝑠𝑙  Center of gravity of the stiffener and adjacent parts 

𝑦𝑡𝑝,𝑐  Center of gravity of the concrete deck 

𝑤   Distributed load 
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GREEK LETTERS 

𝛼  Portion of a part of a cross-section in compression 

𝛽𝐴,𝑐
𝑐   Effective width factor for elastic shear lag in column behavior 

𝛽𝐴,𝑐
𝑝

  Effective width factor for elastic shear lag in plate behavior 

𝛾𝑀0  Partial safety factor 

𝛿  Deflection 

𝛿𝑢𝑘  Characteristic slip capacity 

휀  Coefficient depending on 𝑓𝑦,𝑓 

𝜆𝑐  Non dimensional column slenderness 

�̅�𝑝  Non dimensional plate slenderness 

𝜈  Poisson’s ratio in elastic stage 

𝜉  Variable depending on 𝜎𝑐𝑟,𝑐 and 𝜎𝑐𝑟,𝑝 

𝜌  Reduction factor 

𝜌𝑐  Reduction factor obtained by interpolation between 𝜌𝑐 and 𝜒𝑐 

𝜎  Stress 

𝜎𝑏  Bending stress 

𝜎𝑐𝑟,𝑐  Elastic critical buckling stress of the column 

𝜎𝑐𝑟,𝑝  Elastic critical buckling stress of the plate  

𝜎𝑐𝑟,𝑠𝑙  Elastic critical buckling stress of the stiffener 

Φ  Value to determine the reduction factor 𝜒𝑐 

𝜒𝑐  Reduction factor for column buckling mode 

Ψ  Stress or strain ratio 

ABBREVIATIONS 

BRIME Bridge management in Europe 

DBLNB Double nut bolt 

DLR  Dockland light railway 

GVW  Gross vehicle weight 

HASAA Adhesive Anchor 

HTFGB High Tension friction grip bolt 

LHV  Large heavy vehicle 

ProLife Prolonging lifetime of old steel and steel-concrete bridges 

ULS  Ultimate limit state 
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1 Introduction 
1.1 Background 

Modern society is continuously evolving and traffic development is no exception where trucks are getting 

heavier and the traffic intensity is increasing. This puts the road networks under an immense burden that 

might require modifications of the present traffic system, an adjustment often proved to be challenging 

for bridges. 

Today many of the existing bridges are exceeding the originally designed traffic load and as a result the 

bridges are in need either of strengthening work or to be replaced. 

Replacing an old bridge is expensive, time-consuming and may be harmful for the environment. 

Strengthening bridges often involves closing or redirecting the traffic which causes disturbance in the 

traffic system, an option often not possible for the busy roads in Europe. Many problems can be avoided 

by using alternative strengthening methods that cause less disturbance of the traffic. For steel-concrete 

bridges without composite action, one of these methods is achieving composite action with post-installed 

shear connectors.  

Composite action is attained when the steel girders is fixed to the concrete deck with shear-connectors, 

which make the parts act together. This leads to reduced deflection and increased load capacity for the 

bridge. Many existing steel bridges are without any composite action between the steel girders and the 

concrete deck. For these bridges, post-installation of shear-connectors is a potential strengthening 

technique.  

One example of previous research within this area is the research performed by University of Texas at 

Austin (Kwon, et al., 2009). In their case study post-installed shear connectors proved to be effective for 

increasing the capacity on non-composite bridges. 

In the summer of 2016 Luleå University of Technology will perform field monitoring on the Pitsund 

Bridge that previously has been strengthened with coiled spring pins. This study is going to be part of a 

European strengthening project called ProLife (Prolonging Lifetime of old steel and steel-concrete 

bridges). 
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1.2 Objectives and Research Questions 

The main objective of this thesis is to perform a literature review of how to create composite action in 

existing structures, to study the effect it has on the bridges and to examine which methods that are used 

today for achieving composite action on existing non-composite bridges. 

The secondary objective of this thesis is to study how the road traffic development over the last 50 years 

have impacted bridges expected lifespan. 

 

Following research questions are being raised in this thesis: 

RQ1: How are the existing bridges affected by traffic development? 

RQ2: What is the state of the art for achieving composite action with post-installed shear connectors in 

existing bridges?  

RQ3: In which extent can a bridge structure be strengthened by creating composite action? 

1.3 Limitations 

This thesis focuses only on existing bridges with steel girders and a concrete deck. Therefore, no analysis 

is done for the advantages or disadvantage with shear connectors on new bridges.  

When investigating the traffic development over the last 65 years the focus is on road traffic, while the 

development in railway traffic is overlooked due to time restraints. However, achieving post-composite 

action would also be possible on railway bridges. 

For examining how the traffic loads have changed over the years, Gross vehicle weight was chosen as an 

indicator due to accessibility of data. Even though other factors, such as axle-loads, numbers of axles, and 

the length between two axles, will also affect bridges. 

1.4 Scientific Approach  

To achieve the objectives and answer the research questions raised in this thesis, following scientific 

approach was used. 

Step 1: Collect data of the development in road traffic over the last 65 years. 

Step 2: Study the theory behind composite action and shear connectors.  

Step 3: Gather information about the current state of the art and practice concerning composite bridges 

with shear connectors. 

Step 4: Perform interviews with the key personnel for the strengthening project of the Pitsund Bridge. 

Step 5: Perform calculations that show the effect of creating composite action in an existing bridge. 

Step 6: The results from previous steps are summarized to answer research questions and suggestions are 

made for future research. 
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1.5 Structure of the Thesis 

Chapter 1: Gives an introduction to the subject, background, objectives, research questions and 

limitations. This chapter also describes how the thesis is composed and the methodology used. 

Chapter 2: Provides an overview of the current status of existing road bridges, traffic development and 

information of which parameters that will affect a bridge expected lifetime. 

Chapter 3: Present the theoretical framework for composite action and shear connectors.  

Chapter 4: Gives a state of the art overview for research done in the field of composite action and methods 

used when post-installing shear connectors. 

Chapter 5: Presents the case study of the Pitsund Bridge and the interviews done with the key personnel 

involved in the strengthening project.  

Chapter 6: Show examples of the possible effects from achieving composite action. Based on the bridge 

calculated in Appendix C.  

Chapter 7: Presents conclusions from the thesis and answers the research questions. Future research areas 

are also suggested.   
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1.6 Methodology 

The work with the thesis started with the author’s participation on the international workshop for 

strengthening of steel/composite bridges in Stockholm the 28th of September 2015. This was the starting 

workshop for a European R&D project called ProLife where the purpose is to perform research on 

different methods to strengthen existing bridges. One of the methods that are studied within the project is 

strengthening with post-installed coiled spring pins. 

1.6.1 Literature Review 

After the workshop the author investigated aspects that could affect a bridge’s expected lifespan. The 

current bridge stock in Europe was also studied, in order to examine if there existed a potential demand 

for strengthening methods. This was done with a narrative review which summarized different secondary 

data around bridges and traffic. The review generated qualitative research data which would be the 

foundation in the analysis.  

The theoretical framework for composite action and its effects is presented to provide a scientific research 

base for calculations and the theoretical assumptions done in the thesis. Theory from this framework also 

clarifies the shear connector’s role in composite action.    

To identify the vital procedures and results from the installation of shear connectors, several peer reviewed 

case studies was examined using a qualitative approach.  

1.6.2 Interviews 

No published research existed from the strengthening project on Pitsund Bridge. In order to find out more 

about the project, the author decided to interview persons involved in the project. To capture the whole 

project, the author decided to interview three key persons in the project with different areas of expertise.  

The chosen persons were following: 

 The bridge manager who needed a solution on the noise problem. 

 The structural engineer who came up with the hypothesis and suggested the strengthening method 

with coiled spring pins. 

 The contractor who was in charge of installation of coiled spring pins 

The author used a qualitative approach interview with narrative research to gather data regarding the 

interviewees experiences from the project. The questions asked were built around first letting the author 

formulate a topic to the interviewees and then allowing them talk about their experiences. The author only 

guided the interviewees with open questions relevant to the topic. Each interview was recorded to provide 

a higher reliability when transcribing the interviews. 

1.6.3 Calculations 

Calculations were divided into two subchapters first a theoretical calculation and second a calculation of 

an existing bridge. The theoretical calculation uses fundamental structural mechanics to prove the basis 

of composite action, by using two identical beams one with non-compoiste action and one with full-

composite action. This proves how deflection and stresses are changed by creating composite action.  

Today, assessment of existing bridges are often done according to national documents and guidelines. 

However, to be able to compare the conclusions on an European level, Eurocode was chosen as the design 

standard in the calculation in this thesis of an existing bridge. The reason for using Eurocode is the fact 

that this thesis is a part of the European R&D-project ProLife and Eurocodes are the standard documents 

for the design of new structures in Europe. 
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2 Status of Existing Road Bridges 
In this chapter an overview is given on the current status of existing road bridges with respect to 

development of three parameters under the last decades. The parameters studied are following: 

demographic age of bridges, traffic frequency and maximum allowed truck weight. 

2.1 Demographic Age on Bridges Around the World. 

2.1.1 Sweden 

In Sweden, Trafikverket are responsible for over 15 800 road- and 3 600 railway bridges while the regional 

counties in manage over additional 6 600 bridges (Olofsson, 2010). 

 

Figure 2.1 Number of roadway bridges and year of construction in Sweden. (Olofsson, 2010). 

Under 1950-1984 approximately 8 500 Road bridges were constructed, seen in Figure 2.1, which stands 

for half of the current road bridge stock in Sweden. This also means 50% of the bridges today in Sweden 

are between 30-65 years. 

. 
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2.1.2 Europe 

In 1998-1999 a bridge inventory was conducted around Europe in a project called BRIME (bridge 

management in Europe). A total of 80 723 roadway bridges were surveyed from six countries in Europe 

the countries involved in the project were France, Germany, Norway, Slovenia, Spain and UK. The data 

collected from the surveys were later summarized into a table and a graph which are displayed in Table 

2.1 and Figure 2.2. 

Country France Germany Norway Slovenia Spain England 

Number 21549 34824 9163 1761 3911[1] 9515 

Area [1000m2] 7878 24349 2300 660 N/a 5708 

Table 2.1. Bridges surveyed in each country. (Pantura, 2011)  

1) Number of bridges recorded until 1996. 

 

 

Figure 2.2 General age profile of roadway bridges for countries involved in BRIME project. (Pantura, 2011) 

Figure 2.2 illustrates that over 57% bridges where over 20 years old when the survey was conducted. Or 

in other words 46 012 bridges were built before 1980.  

2.1.3 The Remaining parts of the world 

In Japan major infrastructure projects were constructed between the years 1950-1970. This implies that 

many of the existing bridges have today been in service for more than 50 years. The number is rapidly 

increasing and it is estimated that by the year 2021 more than 50 000 bridges will be over 50 years old 

and still in use. 

In the USA there exist over 190 000 steel bridges of which 40 000 are classified as structurally deficient 

and 35 000 stated as functionally obsolete. (Zhang, et al., 2012).  About 10% of all bridges in US are seen 

as structurally deficient for more detailed values for each state in US see Appendix D -. 

Structurally deficient means the bridge is either weight restricted, closed, in need of rehabilitation or 

waiting for maintenance. 
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2.2 Gross Vehicle Weight (GVW)  

Gross vehicle weight is the maximum weight allowed for vehicles driving on roads and can be used as an 

indication to see if the loads have increased on bridges during the last decades.  

The fatigue damage on bridges with respect to loads is nonlinear and an increase of only 15% of gross 

vehicle weight may result in double fatigue damage for the bridge and reducing its lifetime by a factor of 

2(assuming a detail for which m=5).  (Labry & Jacob, 2012) 

2.2.1 Sweden 

Figure 2.3 illustrate how the maximum allowed vehicle weight have increased in Sweden from 15 tons in 

1950 to the standard today with 64 tons, an increase with a factor of 4,2 times since 1950.The latest Gross 

Vehicle Weight increase on Swedish road network was done in 2015. (Transportstyrelsen, 2015) 

 

 

Figure 2.3.Data over allowed loads in Sweden. (Öberg, 2001) 

Trafikverket investigated the implication of increasing truck weight to 74 tons on the National roadway 

network in a report from 2014. The report concluded that it is mainly the European routes (E4, E6, E10, 

E 18, E 20) and parts of the national road system where an increase to 74 ton vehicles would be socio-

economical profitable. Two-thirds of Swedish road freight travels on the suggested roads and it is 

estimated that in order to create a consistent 74 ton road network around 100 bridges would need 

modifications or strengthening work. (Malm, 2014) 
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2.2.2 Europe 

In Finland the maximum weight limit for heavy trucks was increased from 60 to 76 tons in October 2013. 

Before implementing the new standard, Finish Road administration had conducted a quick inventory of 

the national roadway network. The inventory resulted in an increase of weight restricted bridges in Finland 

from 144 to 520 bridges. To put into context Finland’s national road network currently consist of 14 500 

Bridges.  (Mustonen, 2014) 

Finland have doubled its maximum GVW on the roads in the last 35 years, from 38 tons in 1980 to the 

current value of 76 tons. As a result of the last change from 60 tons to 76 tons the restricted bridges in the 

country increased with a factor of 3,6. 

For Finland and Sweden, the forest industry is an important market and these countries have therefore 

kept increasing the GVW to satisfy their demand (Löfroth & Svensson, 2015). However, the rest of Europe 

is taking a more conservative approach to GVW and in 41 countries in Europe the GVW is between 40-

50 tons. (Forum, International Transport, 2015) 

This have created a visible gap between European and Nordic countries maximum GVW which can be 

seen in Figure 2.4. 

 

Figure 2.4 Gross Vehicle Weight (GVW) development in Europe. (Lumsden, 2004) 
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Today there are several ongoing tests around Europe see Figure 2.5 with countries testing if their road 

network can handle an increase to 60 tons. The following countries have conducted tests on parts of their 

road network: Belgium, Denmark, Netherlands and Germany. So far the general conclusion is that 

introducing mega trucks would be beneficial for EU but the investment for strengthening bridges and 

roads will be expensive. (Christidis & Leduc, 2009) 

 

 

Figure 2.5. Mega trucks in Europe (Katsarova, 2014). 

In Germany the Ministry of Transport estimates that preparing the federal road network for LHVs (Large 

Heavy Vehicles) with bridge rehabilitation and replacements would cost between 4-8 billion euros, where 

the primary cost is on bridge structures (Steer, et al., 2013). 

A study on LHV impact was also conducted in Switzerland estimating the investment on the national road 

network to somewhere between 144-450 million euros, of which roughly 30-60 % are costs for bridges. 

(Rapp, 2011). The investment cost of infrastructure improvements, for allowing LHVs, varies 

significantly between the European countries and therefore an assessment of each individual road network 

would be necessary  (Steer, et al., 2013). 
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2.3 Traffic Volume 

An increase of traffic volume and truck weight will result in an acceleration of the ongoing deterioration 

of existing bridges. If the traffic and volume acceleration is faster than originally predicted strengthening 

work could be required in order to ensure an acceptable level of safety for the bridges. (Ye, et al., 2014) 

Over the last decades, the total number of vehicles has steadily increased in Sweden, which can be seen 

in Figure 2.6. In 1953 there existed around 500 000 cars compared to 4 500 000 cars in 2013, this is a 9 

times increase over just the last 60 years. 

 

Figure 2.6. Number of vehicles in Sweden 1923-2015. (BIL Sweden, 2016) 

With larger traffic volumes on the road networks, bridges will be subjected to a higher frequency of load 

cycles. According to Palmgren-Miner’s rule, for each load cycle an incremental amount of damage occurs 

on the structure. This damage is cumulative and will continue to accumulate until a fatigue failure appears. 

(Rao & Talukdar, 2003) 

In UK the vehicles have increased from 5 million in 1950 to over 30 million in 2005 a 6 times increase 

over 55 years which is presented in Figure 2.7. During the same timespan the length of UK’s road network 

have not increased, which results in a higher load cycle frequency on existing bridges. 

 

 

Figure 2.7. Vehicles licensed in UK compared to the length of road network. (Department for Transport, 2005) 
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3 Composite Action 
In this chapter the theories for composite action and shear connectors are explained. An example is also 

given of how composite action reduces bending stresses and deflections in a beam. 

3.1 Introduction to Composite Action  

Steel and concrete composite action is achieved when a steel element and a concrete element are combined 

so that the two former individual elements act together as one cohesive component, which is stronger and 

stiffer than the individual parts (Oehlers & Bradford, 1995). 

As a result of the different material behavior, composite action is often chosen for concrete and steel 

bridges. 

Concrete is strong in compression but cracks easily under tensile forces, meanwhile steel is good in tension 

but when being subjected to compression local- or global buckling may arise. This phenomenon needs to 

be considered when designing steel girders and leads often to a lower compression resistance for the steel 

plates. However, by connecting the two materials in a bridge to act as one component where the concrete 

deck resist compressive forces and steel girders resist tensile forces, the bridge becomes a more effective 

structure. (Nakamura, et al., 2002) 

 

Bridges with concrete deck and steel girders can be classified into three different categories of composite 

action depending on the magnitude of the slip is between connected parts when a load is applied. These 

three categories (non-composite, full-composite and partial-composite) will show dissimilarities in the 

bridge behavior, since stresses and deflections varies between the different categories. 

Few steel-concrete multi beam bridges built before 1950 used mechanical shear connectors in order to 

achieve composite action. This gives a nonlinear behavior for the strain- and deflection curves of bridges 

under large loads (Koskie, 2008). Similar result was found in a study performed by the National Bridge 

Inventory where it was determined that approximate two out of five bridges in Texas are of the type steel 

girders with a concrete slab where many older bridges are non-composite (Kwon, et al., 2007).  
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3.1.1 Non-Composite Action 

 

 

Figure 3.1 Non-composite action where the slip is visible at sides (Kwon, et al., 2007). 

When there is no connection between the elements to prevent slip, the elements will act as two independent 

beams with the neutral axis being in the center of gravity for each part. This means that the total bending 

strength of a structure can be calculated as the sum of each part’s bending strength. How the stress 

distribution looks for a non-composite action beam can be seen in Fel! Hittar inte referenskälla. where 

the two components have their own neutral axis.  

 

 
Figure 3.2 Endslip on non-composite beam with strain- and stress distribution (University of Ljubljana, 2016). 
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3.1.2 Full-Composite Action 

 

Figure 3.3 Full composite action with no slip between the two elements (Kwon, et al., 2007). 

Full composite action is when a total interaction between the elements is achieved as a result of the shear 

connectors preventing slip to arise in the interface between the elements, see Figure 3.3. This allows the 

two elements to act together with a common neutral axis and a linear strain distribution that is illustrated 

in Figure 3.4. Full composite action requires that the mechanical shear connectors are strong enough to 

withstand any type of failure or slip of the dowel i.e. the steel girders or concrete goes to failure first.  

 

Figure 3.4 No endslip on full-composite beam with strain- and stress distribution (University of Ljubljana, 2016). 

When designing a composite beam or bridge an assumption is made that full interaction or full composite 

action is achieved. However, even under the smallest loads a slip will emerge in the structure and changing 

the behavior of the bridge by giving it partial-composite action characteristics. The best way to understand 

how this slip impact the structure is by using an elastic theory analysis. This analysis will generate a 

differential equation that needs to be solved for each type of loading, making the calculations too complex 

for design purposes (Johnson, 1994). 

Instead of using differential equations the analysis can be simplified by neglecting any potential slip 

between the two elements on calculations done for deflection, fatigue and bending. This requires the shear 

connection to be stiff enough in order to negligible any errors caused from slip in the elastic range of 

behavior (Johnson & Buckby, 1986). 
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3.1.3 Partial-Composite Action 

Partial Composite action on a girder is when the flexural strength will be decided by the mechanical shear 

connector’s strength instead of the concrete plastic limit state which is the deciding factor on full 

composite action (Kwon, et al., 2007).  

The neutral axis location for a partial composite beam will be somewhere between the neutral axis for a 

fully- and non-composite beam. But, knowing exactly the location of neutral axis depends on several 

parameters for the beam including the percentage of shear connector ratio chosen. A simplified view of 

the stresses on a partial composite beam can be seen in Figure 3.5. 

 

Figure 3.5. End slip on partial-composite beam with strain- and stress distribution (University of Ljubljana, 2016). 

Currently no design codes exist in Eurocode or the American AASHTO for using partial-composite action 

in bridges so a bridge using shear connectors must either be designed as non-composite- or fully 

composite.  

When retrofitting a bridge, the installation of post-installed shear connectors is likely to be more expensive 

and time consuming compared to installing welded studs on a new construction. For this reason, it might 

be preferable to use partial composite action in retrofitting projects in order to achieve a desired level of 

strengthening with a minimum number of post-installed shear connectors. (Kwon, et al., 2007). 
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3.2 Properties of Mechanical Shear Connectors 

3.2.1  Mechanical Shear Connectors Purpose 

Since bridges with steel girders and concrete deck only touch each other along a common surface, a 

mechanical form of shear connection is needed. In response of achieving composite action the mechanical 

shear connectors will be affected by forces trying to separate the connected steel and concrete component. 

The primarily forces responsible for this behavior are flexural-and shear forces which causes high tensile 

stresses in the steel failure zone (Oehlers & Bradford, 1995). 

Eurocode states following explanation on shear connectors. 

“An interconnection between the concrete and steel components of a composite 

member that has sufficient strength and stiffness to enable the two components to be 

designed as parts of a single structural member.” (Eurocode, 2009) 

 

There exist various types of shear connectors as seen in Figure 3.6, but the shear connectors purpose is 

the same, which is to be an interconnection between the concrete and steel components.  

 

 

 

 

 

 

 

 

 

Figure 3.6. Different types of mechanical shear connectors (Oehlers & Bradford, 1995).  

3.2.2 Flexural load 

 
Figure 3.7 Stresses during flexural load. 

When a composite bridge is under flexural load the structure will be subjected to bending causing a slip 

along the common surface of the steel- and concrete elements due to longitudinal shear. This shear stress 

seen in Figure 3.7 must be resisted by shear connectors in order to achieve composite action. (Kwon, et 

al., 2007) 
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3.2.3 Slip of Shear Connectors 

 

Figure 3.8. Slip of a headed shear stud. (Couchman, 2015) 

The behavior of mechanical shear connectors during high stresses can be divided into two categories based 

on their slip characteristics, brittle- or ductile. For Brittle connectors the loading capacity quickly 

decreases after the peak capacity has been reached. While ductile connectors are able to maintain their 

load capacity over large displacements. This behavior will have an effect on how the shear force is 

redistributed from weaker to stronger connectors in a composite structure. (Oehlers & Bradford, 1995) 

For brittle connectors the load distribution between connectors is crucial since the connectors are not able 

to utilize plastic behavior to redistribute the shear forces between the connectors during high stresses. This 

means that the individual brittle connector must be designed to withstand high peak shear forces. (Bärtschi, 

2005) 

Ductile connectors are connectors with sufficient deformation capacity to achieve plastic behavior during 

peak shear forces and therefore allows the shear connectors to slip and redistribute the forces between 

them. (Lebert & Hirt, 2013) 

In Eurocode it states that shear connectors may be taken as ductile if the characteristic slip capacity 𝛿𝑢𝑘  is 

at least 6mm (Eurocode, 2009). If a connector is classified as ductile this allows the spacing of connectors 

to be uniformly along the steel girder simplifying the design and construction (Hicks, 2008). For shear 

connectors types of other types than headed studs the critical slip may be evaluated from standard pushout-

test given in Annex B2. of EN 1994-1-1 to classify their ductility and also strength. 
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3.2.4 Uplifting force on Shear Connectors 

For bridge decks some load situations may result in vertical separation forces between the concrete deck 

and the steel girders. These uplifting forces need to be resisted by the shear connectors. (Johnson & 

Buckby, 1986) 

Meaning the shear connectors must be designed to withstand both longitudinal shear forces and uplifting 

tensile forces.  

Eurocode states following design criteria for shear connectors regarding uplifting forces. 

“To prevent separation of the slab, shear connectors should be designed to 

resist a nominal ultimate tensile force, perpendicular to the plane of the steel 

flange, of at least 0.1 times the design ultimate shear resistance of the 

connectors 𝑃𝑅𝑑. If necessary, they should be supplemented by anchoring 

devices. “ (Eurocode, 2009) 

However, in most calculations the uplifting force can be neglected since the force is so small compared to 

the other deciding factor, which is the longitudinal shear force (Johnson, 1994). Provided that the 

connectors have some favorable shape to help resist the uplift, otherwise both forces need to be checked 

in design (Johnson, 1994). Furthermore, other factors like friction, dead-loads, traffic-loads and curvature 

of the composite beam may assist in withstanding these uplifting forces (Collin, 2016). 

If the shear connectors are in accordance with 6.6.5.7 in Eurocode, they can be assumed to provide 

sufficient resistance to uplift unless the connectors are being subjected to direct tension. The uplifting 

force is assumed to be resisted by the underside of the head for headed shear studs. (Eurocode, 2009) 

3.2.5 Fatigue 

Fatigue is a phenomenon in a material subjected to cyclic loads, far below the maximum allowed load in 

ULS, which might initiate cracks which propagate and ultimately lead to failure. For bridges this occurs 

when millions of vehicles are passing over a bridge during its lifetime. Therefore, it is important to ensure 

that the strength of a bridge is maintained over the bridge entire design life and not just at the start.  

(Oehlers & Bradford, 1995) 
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3.3 Theoretical Calculation 

By using elementary beam theory, the theoretical difference in bending stress and deflection can be 

calculated between a fully-composite and a non-composite beam with the same properties.  

The only modification on the beams will come from achieving composite action which results in a change 

of the moment of inertia and the maximum distance to neutral axis as previously presented. 

 
Figure 3.9 Elementary beam. 

Assume a load w acting on a beam like in Figure 3.10 this causes the beam to deform and bending stresses 

to arise. The bending stress varies linear along the vertical axis and is a specific type of normal stress 

containing both tension- and compression stresses.  

 

Figure 3.10 Bending stresses 

The maximum bending stress 𝜎𝑏 for a beam like the one in Figure 3.10 can be calculated as. 

𝜎𝑏 =
𝑀𝑦

𝐼
 

𝜎𝑏  Bending stress 

𝑦   Perpendicular distance from the neutral axis 

𝐼  Moment of inertia around neutral axis 

 

 (4.1) 

 

 

 

 

The deflection of the beam in Figure 3.9 will depend on the moment of inertia, assuming the same material 

properties in all parts. This means that when the moment of inertia increases the beam also becomes stiffer 

thus reducing the deflection in the beam. This section describes the difference in the deflection and 

stresses, when changing from a non-composite to a full composite beam. 

Since the beam in Figure 3.9 is simply supported with a uniformly distributed load 𝑤 the maximum 

deflection 𝛿 will occur at mid-span and can therefore be calculated with elementary cases, deflection is 

set to be positive downwards. 

𝛿 =
5𝑤𝐿4

384𝐸𝐼
  (4.2) 
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3.3.1 Non-Composite Action. 

 

Figure 3.11 Non-composite beam with uniformly distributed load. 

In Figure 3.11 there are two beams without composite action and in Chapter 3.1.1 it was stated that the 

total bending strength of a non-composite beam can be calculated as the sum of each independent beam.  

This gives the moment of inertia for the two independent beams in Figure 3.11 to be. 

𝐼 = 2 ∗
𝑏ℎ3

12
 

The maximum distance to neutral axis for one independent beam is. 

𝑦𝑚𝑎𝑥 =
ℎ

2
 

The maximum moment occurs at midpoint and can be calculated using elementary cases. 

𝑀𝑚𝑎𝑥 =
𝑤𝐿2

8
 

Now the total bending stress can be calculated for the beam with Eq. (4.1). 

𝜎𝑏,𝑛𝑜𝑛−𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =
𝑀𝑚𝑎𝑥𝑦𝑚𝑎𝑥

𝐼
=

𝑤𝐿2

8
∗

ℎ

2
∗

12

2𝑏ℎ3
=  

3𝑤𝐿2

8𝑏ℎ2
  

The maximum deflection for the non-composite beam in Figure 3.11 is calculated with Eq. (4.2) 

𝛿𝑛𝑜𝑛−𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒,𝑚𝑎𝑥 =
5𝑤𝐿4

384𝐸𝐼
=

12 ∗ 5𝑞𝐿4

2 ∗ 384𝐸𝑏ℎ3
=

5𝑞𝐿4

64𝐸𝑏ℎ3
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3.3.2 Full-Composite Action 

 

Figure 3.12. Full-composite beam with uniformly distributed load. 

In Figure 3.12 the previous two independent beams are now assumed to be fully connected and like it was 

stated in Chapter 3.1.2 this permits the two connected beams to be viewed as a joined beam with a common 

neutral axis.  

With the beams being fully connected the height of the combined beam is 2ℎ which gives a new moment 

of inertia and distance to neutral axis. 

The new moment of inertia will be. 

𝐼 =
𝑏(2ℎ)3

12
=

2𝑏ℎ3

3
 

New distance to neutral axis is. 

𝑦𝑚𝑎𝑥 =
2ℎ

2
= ℎ 

The maximum moment still occurs at midpoint and can be calculated with elementary cases. 

𝑀𝑚𝑎𝑥 =
𝑤𝐿2

8
 

The maximum bending stress of the composite beam in Figure 3.12 is calculated with Eq. (4.1). 

𝜎𝑏 𝑓𝑢𝑙𝑙−𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒,𝑚𝑎𝑥 =
𝑀𝑚𝑎𝑥𝑦𝑚𝑎𝑥

𝐼
=

𝑤𝐿2

8
∗ ℎ ∗

3

2𝑏ℎ3
=

3𝑤𝐿2

16𝑏ℎ2
 

The maximum deflection for the composite beam in Figure 3.11 is calculated with Eq. (4.2). 

𝛿𝑓𝑢𝑙𝑙−𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒,𝑚𝑎𝑥 =
5𝑞𝐿4

384𝐸𝐼
=

3 ∗ 5𝑤𝐿4

2 ∗ 384𝐸𝑏ℎ3
=

5𝑤𝐿4

256𝐸𝑏ℎ3
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3.3.3 Comparison non- and full-composite action 

The theoretical calculation resulted in following values for non- and full-composite action.  

 Non-Composite Action 

Bending stress. 

 𝜎𝑏 𝑛𝑜𝑛−𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒,𝑚𝑎𝑥 =
3𝑤𝐿2

8𝑏ℎ2
 

Deflection. 

𝛿𝑛𝑜𝑛−𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒,𝑚𝑎𝑥 =
5𝑤𝐿4

64𝐸𝑏ℎ3
 

 Full-Composite Action 

Bending stress. 

𝜎𝑏 𝑓𝑢𝑙𝑙−𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒,𝑚𝑎𝑥

3𝑤𝐿2

16𝑏ℎ2
 

Deflection. 

𝛿𝑓𝑢𝑙𝑙−𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒,𝑚𝑎𝑥 =
5𝑤𝐿4

256𝐸𝑏ℎ3
 

The maximum bending stress in the fully-composite beam was half of the maximum bending stress in the 

non-composite beam which can be seen in Figure 3.13. This means thatr the full-composite beam will be 

affected by half the compressive- and tensile stresses compared to a non-composite beam. Also deflections 

of the fully-composite beam are only a fourth of the deflection of the non-composite beam.  

 

Figure 3.13 Bending stress variation along the vertical axis. 

Reduction in both bending stress and deflection is derived solely from achieving composite action. The 

reason is that the moment of inertia for the fully-composite beam is four times higher compared to the 

non-composite beam. This indicates the potential benefits with achieving composite action on bridges, 

even though the relationship between the parameters for the parts varies a lot between different structures. 
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4   Post-Installed Shear Connectors 
This chapter presents a state of the art overview for the current research done in the field of composite 

action and methods used for some post-installing shear connectors.  

4.1 Some Post-Installed Shear connectors 

Several different methods are viable for post-installing shear connectors onto existing bridges. Four 

different methods are studied in this thesis and are described in this chapter.  

4.1.1 Welded Headed Studs  

Welded headed studs are cylindrical and able to withstand horizontal forces from all directions and also 

vertical tensile forces due to its head, which is a requirement for shear connectors according to Eurocode 

see Chapter 3.2.4.  

The studs are the most common mechanical connector used today in new constructions. The main reason 

is the simplicity of installing shear connectors onto girders at site or in a workshop, as displayed in Figure 

4.1.  But for post-installations on existing bridges it can be rather difficult and time consuming to uncover 

the girders without damaging important reinforcement in the concrete deck.  

 

Figure 4.1. Welded headed studs mounted onto a girder (Sinoars, 2016). 

In Norway a technique involving water blasting were used on a strengthening project with the aim to 

achieve post-composite action on a bridge built in 1969. The reason for using water blasting were to safely 

remove the concrete in order to uncover the steel girder without damaging the reinforcement. How the 

girder looks after water blasting can be seen in Figure 4.2 . (Collin, et al., 2015)  

 

Figure 4.2.  Headed studs welded to the steel girder after water blasting. (Collin, et al., 2015) 
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The disadvantage with post-installed welded studs it that the method is time consuming and require that 

the traffic is restricted while working.  A possible way to improve the method and to reduce the traffic 

disturbance would be installing the shear connectors on one girder at the time and keep the lanes near the 

other girder/girders open for traffic. However, this is not possible for all bridges and therefore each bridge 

must be evaluated individually. 

The installation procedure of the post installed welded shear studs, with the method used in Norway, 

involves following steps: 

1. Removal of pavement and water proofing membrane. 

2. Remove the concrete by using water blasting to expose the steel girders. 

3. Weld the headed studs onto steel girders. 

4. Pour concrete to fill the gap. 

5. Re-install waterproofing and pavement 
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4.1.2 Bolted Shear Connectors 

Bolted connectors are similar to welded shear connectors but utilize friction instead of welds to transfer 

the stresses into steel girder. Likewise welded connectors, the pavement and waterproofing membrane 

must be removed in order to drill into the concrete deck.  

However, to tighten the bolted connectors and create friction, access from both sides of concrete deck is 

required. Therefore, welded connectors might be preferred in some cases when the available space 

underneath concrete deck is limited. 

One advantage with bolted connectors is the option of changing concrete decks straightforward and fast 

by simply removing the nuts. However, this technique will most likely not be used for post-installation of 

shear connectors with purpose of creating composite action, but rather be an asset on new prefab 

constructions. 

There exist various types of bolted connectors some and can be seen in Figure 4.3. However, for the most 

bolted connectors the installation procedure is quite similar. 

 
Figure 4.3. Various kinds of bolted connectors. (Veljkovic, et al., 2013) 

General procedure for installing bolted connection used by (Kwon, et al., 2009). 

1. Removal of pavement and water proofing membrane. 

2. Drilling of concrete from the top side of slab, the hole needs a sufficient diameter to fit the head 

of the bolt. 

3. A second smaller hole is drilled trough the steel top flange from top side of the slab using the 

same hole as in previous step. 

4. The bolt, nut and washer and is put into place and tightened with a torque wrench. 

5. Grout is poured in order to fill the gap of the concrete slab. 

 
Figure 4.4. Concrete slab seen from above after drilling for bolted connectors. (Kwon, et al., 2009) 
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4.1.3 Coiled Spring Pins 

 

 

 

 

 

 

 

Figure 4.5. Side view of a coiled spring pin. (Collin, et al., 2015) 

Coiled spring pins are cylindrical steel coils relying on a force fit during installation in order for the pins 

to stay in place. The advantage with these pins is the possibility to install the shear connectors from 

underneath the bridge without using grouting or adhesive, this enables installations to be performed while 

the bridge is still operational for traffic. (Craig, et al., 2001) 

Coiled spring pins have no favorable shape to help resist the uplifting tensile force, therefore a verification 

is needed to check if it fulfills the Eurocodes design criteria or if any anchoring devices should be installed. 

 In the case studies coiled spring pins have proven to be useful in different kind of strengthening projects. 

For fatigue problems of original shear connectors coiled spring pins can be installed between the 

connectors to relive stresses. They have also been successfully in creating create composite action on a 

non-composite bridge like Pitsund Bridge.  

Installation procedure is following. 

1. Drilling through the steel flange and into the concrete deck from underneath. 

2. Applying lubricant and corrosion protection into the hole. 

3. Press the spring pins into place by using a hydraulic jack. 

 
Figure 4.6. Hydraulic jack used for inserting spiral pins into the bridge. (Collin, et al., 2015) 
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4.1.4 Adhesive Anchor 

The adhesive anchor used in the case studies consisted of a threaded rod, nut and an adhesive compound, 

the method is very similar to coiled spring pins but relies on adhesive forces to create the connection to 

the concrete. Adhesive anchor can also be installed from underneath the bridge and will therefore cause 

little traffic disturbance during installation. When installing adhesive anchor, it is crucial to ensure the 

adhesive remains in the hole the entire cuing time and not leak out which could lower the strength.  

One disadvantage with adhesive anchors is the lower fatigue strength compared to bolted or welded shear 

connectors. Therefore, more adhesive anchors need to be installed on girders compared to the other types 

of shear connectors in this thesis. (Kwon, et al., 2009) 

Installation of the adhesive anchor consisted of the following steps: 

1. Drilling through the steel top flange and partly into the concrete deck from underneath. 

2. Adhesive is injected into the hole and afterwards the threaded rod is inserted in a twisting motion. 

3. After curing time, the nut and washer is installed with a torque wrench. 

 
Figure 4.7. Injecting the adhesive from below. (Kwon, et al., 2007) 
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4.1.5 Difference between the Methods 

Friction bolts and Welded headed studs both requires access from the top of the bridge deck during 

installation. The difference between these connectors is how they transfer shear forces. When bolted 

connectors are tightened the bolts creates friction between concrete deck and steel girder. However, 

welded headed studs rely on a welded connection with steel the girder to transfer forces. Before installation 

of welded and bolted shear connectors, pavement, waterproofing membrane and concrete must be 

removed from the surface to expose the steel girder, which causes disturbance of the traffic. A possible 

way to reduce the traffic disturbance on duo- or multi steel girder bridges would be to allow traffic on one 

lane while the installation of shear connectors is conducted on the other lanes. 

Adhesive anchors and coiled spring pins can both be installed from underneath the bridge without causing 

unnecessary disturbance of traffic. After the anchor has been placed into position an adhesive is used 

which creates adhesive forces that transfer the forces. Coiled spring pin utilized a tight fit between the 

hole and pin to transfer the stresses and therefore it is crucial with drilling. The disadvantages with 

adhesive anchor is a larger number of connectors needs to be installed because of the lower fatigue strength 

compared to the other connector types. 
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4.2 Case Studies 

4.2.1 Bridge over Lytles Creek Kentucky USA 

 

Figure 4.8. Bridge over Lytles Creek. (Peiris & Harik, 2011) 

In Kentucky (USA) a strengthening project was performed, on a 6,7 m long single spanned bridge with 

concrete deck and five steel girders, by using post-installed adhesive shear connectors. First the theoretical 

number of shear connectors to fully achieve composite action were calculated to 42 connectors per girder. 

For the field testing it was decided that partial composite action would be tested by using 30 studs per 

girder, which should provide a shear connector ratio of 71% compared to a fully composite girder. (Peiris 

& Harik, 2011) 

 

Figure 4.9. Installation of shear connectors. (Peiris & Harik, 2011) 

The installation of post-installed shear connectors was performed by following procedure. First the 

concrete deck was scanned with a ground penetrating radar to determine the placement of top and bottom 

reinforcement to prevent any damage on the bars during the drilling phase. After drilling an acrylic 

adhesive was injected into the hole before the shear connectors was inserted into the hole with a twisting 

motion. When the adhesive had cured the final step of installation was to tighten the nut and washer with 

a torque wrench. (Peiris & Harik, 2011) 
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Results from field testing showed the maximum load were 11.4 ton prior to strengthening work. After the 

installation of adhesive connectors, the maximum inventory load had increased to 26.8 ton thus resulting 

in a 135% increase of the bridge loading capacity. Also the deflection at mid-span decreased by 

approximately 19% despite the rear axle weight used for field testing after strengthening work was roughly 

11% greater. This proves that the bridge had become stiffer from the installation of shear connectors. 

(Peiris & Harik, 2011) 

 
Figure 4.10. Deflection parallel to the traffic direction and up to mid-span. (Peiris & Harik, 2011) 

 
Figure 4.11. Deflection at mid-span perpendicular to the traffic direction. (Peiris & Harik, 2011) 
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4.2.2 Hondo Bridge Case Study by University of Texas at Austin 

 

Figure 4.12. Case Study Bridge near Hondo, Texas. (Kwon, et al., 2009) 

In 2009 a three span bridge near Hondo, (Texas) was used for a case study of post strengthening by using 

different shear connectors, see Figure 4.12. The bridge was built in 1950 and consists of four steel girders 

and a non-composite concrete deck. (Kwon, et al., 2009) 

It was decided that each span would be strengthened with different types of post-installed shear 

connectors. The chosen shear connectors were the following: double nut bolt (DBLNB), high-tension 

friction grip bolt (HTFGB) and an Adhesive Anchor called HASAA. In order to achieve full composite 

action a total of 56 shear connecters would be needed for each girder. For the field test it was decided to 

use partial composite action with 50 % shear connection ratio resulting in 28 shear connectors on each 

girder. After checking the fatigue strength for all three connectors a choice was made to use 52 HASAA 

connectors instead of 28, in order to satisfy the conservative fatigue requirement of the HASAA 

connectors. (Kwon, et al., 2009) 

 

Figure 4.13. Double-nut bolt connector (DBLNB). (Kwon, et al., 2009) 
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Figure 4.14. High-tension friction grip bolt connector (HTFGB). (Kwon, et al., 2009)  

 

Figure 4.15. Adhesive anchor (HASAA). (Kwon, et al., 2009) 

When installing the DBLNB and HTFGB access from both the top and bottom side of the concrete deck 

were needed in order to drill and tighten the bolts. However, during the installation of HASAA connectors 

no drilling was needed from the topside of the concrete deck, which implies that the entire strengthening 

work could be performed from underneath the bridge. (Kwon, et al., 2009) 

The advantage with HASAA is that the traffic disturbance will be minimal when compared against other 

shear connectors like DBLNB and HTFGB which both requires drilling from top of the concrete deck and 

therefore disrupt the traffic. At the same time more HASAA connectors needs to be installed due to the 

conservative approach taken for fatigue. (Kwon, et al., 2009) 

 

Figure 4.16. Drilling to install HASAA, two types of drills were needed one for concrete and one for steel. (Kwon, et al., 2009) 
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Experiences gathered from installation of the connectors were following. In general, the time to install a 

shear connector was significantly greater than anticipated. One of the reason for this was hitting the 

reinforcement bars during drilling trough the slab from underneath. The author said this could be avoided 

by locating the reinforcement prior to installation by using original bridge drawings, pilot holes or rebar 

locators. Also some problems with getting the hole perpendicular to the top side of steel flange due to top 

flange being slanted can be avoided by using shims. (Kwon, et al., 2009) 

For the field test two dump trucks, seen in Figure 4.17, were filled with gravel and used for the two tests 

(before and after strengthening) with five different truck positions in each test. 

 

Figure 4.17. Picture of dump truck used for load test. (Kwon, et al., 2009) 

The loading tests were only done for the span with HASAA connectors, reason for this was the chosen 

span gave best access for placement of strain gages and displacement transducers. Previous tests had also 

shown that the three connectors gave similar results under static loading and therefore it was decided that 

testing one span would be sufficient. (Kwon, et al., 2009) 

Results from the tests showed a load capacity increase of 65 percent, as a result of the post-installed shear 

connectors. Deflections were also significantly lower. One clear indication of the composite action was 

the shift of the position of the neutral axis for the bridge, which can be seen in Figure 4.18. Proving the 

bridge had become stiffer from the strengthening work. (Kwon, et al., 2009) 

 

Figure 4.18. Change of neutral axis before and after installation of shear connectors. (Kwon, et al., 2009) 
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4.2.3 London Dockland Light Railway at Canary Wharf  

 

Figure 4.19. Canary Wharf before and after investments in the area. (Places over Time, 2016) 

The Dockland Light Railway (DLR) to Canary Wharf was completed in 1987. In 1986, during the 

construction of DLR a massive four billion British pound investment was announced for Canary Wharf. 

This proposal came unexpected and would result in over 50 000 new potential workers in the area, forcing 

a reconsideration of the public transportation need of Canary Wharf. (Mitchell, 2003) 

After the decision to develop Canary Wharf was made, it became clear the weight and frequency of the 

trains would anticipate a large increase.  This increase of traffic would result in significant reduction of 

the expected fatigue life of the bridge, in some details as much as 75 %. Therefore, strengthening measures 

to be done in order to fulfill the originally designed lifespan of 120 years. (Pritchard, 1995) 

The Dockland Light Railway already utilized composite action with its 19 mm welded studs. These studs 

were the component that could cause a potential fatigue problem in the future. To reduce the load acting 

on each individual stud and thereby increase the railways fatigue life it was decided that additional 

connectors would be installed between the welded studs. (Pritchard, 1995) 

The chosen shear connectors were coiled spring pins. One of the reasons behind this choice was that the 

pins could be installed from underneath the deck without grouting, gluing or welding resulting in no 

interruption of the traffic. Later, the installation of the pins was performed successfully without any 

interruption of the train services. (Pritchard, 1995) 

The installation of pins was performed successfully without any interruption of the train services 

(Pritchard, 1995).  

This technique of installing coiled spring pins to increase the fatigue life for railway bridges with 

composite action, have also proven to be successful on a multi-span composite box girder rapid-transit 

guideway in British Columbia, Canada and also for a DLR project in Chelsea River Bridge (Collin, et al., 

2015), (Buckby, et al., 1997) 

4.2.4 Pitsund Bridge 

Coiled spring pins have also been used for achieving composite action on an existing non-composite 

bridge which was the case for the Pitsund Bridge. The Pitsund Bridge had a unique problem with loud 

bangs appearing in winter mornings when heavy timber trucks passed the bridge. The noises were a result 

from a sudden slip between the steel and the concrete. To make the bridge silent it was decided to create 

composite action by post-installation of shear connectors. 

No published information was available on this strengthening project and therefore interviews have been 

performed. These interviews are presented in Chapter Fel! Hittar inte referenskälla..  
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5 Pitsund Bridge 
This Chapter is built upon three interviews with key persons involved in the project with installing coiled 

spring pins onto the Pitsund Bridge.  

5.1 Introduction 

The Pitsund Bridge in Figure 5.1 was built in 1984 and is a 399-meter multi-span bridge. The bridge 

contains of seven spans, with three different types of steel-concrete shear connection. 

 

Figure 5.1 View of the Pitsund Bridge (Mattias Varedian, 2014) 

Originally the bridge existed of one span with installed shear studs, one movable steel span with two leaf 

and five spans without any shear connectors. Under 2005-2006 it was decided to install 1200 coiled spring 

pins on three of the spans without shear connectors to stop the loud bangs from disturbing the residents 

by creating composite action. In Figure 5.2 the distribution of the three different types of steel-concrete 

interaction is presented.  

 

 

Figure 5.2 Shear connection sectors for the Pitsund Bridge (Robert Hällmark, 2016). 
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5.2 Background  

The following chapter is based on an interview with Per Andersson a Bridge Manager at Piteå county. 

For questions see Appendix A - Interviews Questionnaire Per Andersson 

In 2003 Per Andersson, at that time bridge manager at the Swedish Road Administration received a 

complaint letter from a spokesman who represented the residents living near the Pitsund Bridge. In the 

complaint the spokesman wrote that he was disturbed by loud bangs coming from the bridge and that the 

phenomenon usually occurred in early spring and late autumn. The bridge was silent at night, with the 

first sound appearing during morning hours when heavy timber trucks passed the Pitsund Bridge. 

However, the spokesman also stated that the sound could appear at evenings when heavy busses passed 

the bridge. 

In order to find out more Per contacted the spokesmen who had written this noise compliment. According 

to the spokesman he first noticed the sound phenomenon after the construction of the Pitsund Bridge was 

finalized. To investigate the problem further Per visited the residents house one morning and witnessed 

the loud noises himself, 

“The sound was more like loud bangs similar to gunshots” 

 - Per Andersson 

These bangs were later measured up to 72-105 decibel and Per started a project to reduce the sound for 

the residents.  

To reduce sound levels at the resident’s house, 3-glass windows were installed, however the problem still 

remained. Therefore, an investigation would be conducted to examine the origin of these bangs. Following 

objects were investigated on the bridge: Safety rails, Inspection Bridge, cracks in the steel structure, 

movement from the timber trucks.  

After the investigated objects above were dismissed as origin of the bangs it became clear that the problem 

had to arise from the slip between the steel girders and the concrete deck. Per therefore contacted Peter 

Collin, a Structural Engineer at Ramböll and Professor at LTU. 
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5.3 Finding a Method 

The following chapter is based on an interview with Peter Collin a structural engineer at Ramböll and 

Professor at LTU. For questions see Appendix A – Interviews Questionnaire Peter Collin.  

5.3.1 Hypothesis 

When looking after a suitable method Peter Collin used the following guidelines. 

When looking after a suitable method Peter Collin used the following guidelines. 

Step 1. Find a working hypothesis that can explain the bangs. 

Step 2. Find methods which would solve the noise problem without unnecessary disturbance to traffic. 

Step 3. Pick the best method suited for Pitsund Bridge. 

Peter had never seen a similar problem before on a bridge and found the problem interesting. The 

hypothesis he presented was following.  

 “When the temperature reach below zero degree Celsius at night, the water starts to 

freeze and creates unintentional composite action between the steel girder and the 

concrete deck. Later in the morning when first heavy trucks pass the Pitsund Bridge, 

the composite action bond from ice breaks which results in a loud bang. This sound is 

then amplified by the bridge steel webs which act as loudspeakers.”  

– Peter Collin 

An argument that supports this hypothesis is that Pitsund’s Twin Bridge in Gothenburg has not 

experienced similar phenomenon. According to Per the main difference between these two bridges are the 

temperature and the traffic. For the bridge in Gothenburg the traffic remains constant which may prevent 

the ice to create a composite bond. 

After the hypothesis was presented a discussion started with Trafikverket regarding if the hypothesis were 

true, and which method that could solve this problem. The first method looked into was welding shear 

connectors onto the girders. However, this method would require removal of the concrete, removal of 

waterproofing membrane, installation of shear connectors and grouting. This would result in long 

disturbances of the traffic. Other methods investigated were injected bolts, friction bolts and expansion 

anchors. Then a college talked about Roger Johnson who had installed coiled spring pins on a bridge 

without any traffic disturbance.  

Peter found the coiled spring pin method interesting for the Pitsund Bridge and started a thorough 

investigation of the method.  
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5.3.2 Pushout Tests  

The method with post-installation of coiled spring pins had previously been used for fatigue-and static 

strengthening but never to create composite action on an existing non-composite bridge which was the 

case for the Pitsund bridge.  

The only published tests, known to Peter with coiled spring pins on bridges were performed by Roger 

Johnson and Peter found the results reasonable. But to be fully convinced, Peter suggested that further 

testing would be needed to ensure that the method would work for the Pitsund Bridge. The conducted 

laboratory test consisted of 1 static and 1 fatigue test with coiled spring pins and also 1 static testing for 

injected bolts. The later concept was not chosen for strengthening. The results were positive with the 

coiled spring pins performing better than expected in both static and fatigue. However, Peter also 

emphasizes that the sample testing was small.  

A problematic detail for the pushout tests was the absence of heads on the coiled spring pins. This meant 

that the pins could not fulfill the Eurocode statement of 10% resistance in uplifting force or the allowed 

standardized Eurocode pushout test of shear connectors to be used. 

Peter also expressed a concern regarding his own and Roger Johnson pushout tests. The setup of pushout 

tests can be seen in Figure 5.3 or Appendix B - Drawings, and consisted of two steel plates with concrete 

in the middle which was joined by coiled spring pins. In both tests two horizontal steel plates were 

connected to the steel flanges resulting in a bi-axial stress state which might increase the capacity in the 

tests compared to a real case scenario.  

“This is something that should be taken into consideration and analyzed further in our ongoing 
project Prolife by using simulation, laboratory tests and real case studies” 

 – Peter Collin 

  
Figure 5.3 Pushout tests at LTU (Peter Collin). 

5.3.3 Designing the Layout of Coils. 

To determine the number of coiled spring pins needed for achieving fully composite action, the maximum 

shear flow for the bridge was first calculated using current traffic data and drawings. Then a conservative 

design value was chosen for the shear resistance of the coiled spring pins using data collected in the 

laboratory tests. The data showed a fair agreement with earlier tests reported by (Buckby, et al., 1997). 

With the maximum shear flow for Pitsund Bridge and design values for coiled spring pins the number of 

coiled spring pins needed to achieve full composite action could be calculated. The distribution of all 1200 

coiled spring pins on the Pitsund Bridge can be seen in Appendix B - Drawings. 
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According to Per the residents disturbed from the sound lived on one side of the bridge and therefore it 

was decided that only three spans of the five non-composite spans would need installation of coiled spring 

pins.  

5.4 Installation of Coiled Spring Pins 

The following chapter is based on an interview with Göran Magnusson a contractor at Normek. For 

questionnaire see Appendix A – Interviews Questionnaire Göran Magnusson.  

Göran Magnusson, a contractor at Normek was contacted for the installation of the coiled spring pins. His 

first assignment in the project was to manufacture the specimens later used in the laboratory tests.  

Before the installation on Pitsund Bridge began, Göran designed a support structure to simplify the 

installation of coiled spring pins. On the support structure either a magnetic drill or a hydraulic jack could 

be mounted, which would ensure vertical drilling holes and smooth insertion of the pins. 

“The reason we selected a support structure was due to the limited width of the flanges which 
made it nearly impossible to attach any equipment to the flanges”  

– Göran Magnusson 

In order to reach the bridge flanges a boom lift was chosen with a capacity to carry two people, equipment 

and the support structure see Figure 5.4. The boom lift could reach about 30 installations spots without 

being moved, which also was the maximum number of pins that they were able to install each day.  

 

Figure 5.4 Boom lift used during installation. 

The drilling machine used was modified for a lower RPM (1500) in order to reduce damage both on the 

drill and the hole. The drilling phase itself consisted of two steps. When drilling through the steel flange, 

a steel core drill with a diameter of 20,2 mm was chosen.  For drilling into the concrete deck a diamond 

core drill was used with a diameter of 20,15 mm. According to Göran the drilling margins were small 

since the diameter had to be between 19,85-20,2 mm in order to ensure a tight fit of the coiled spring pins.  
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When the drilling was completed, the holes were cleaned with compressed air and the newly drilled steel 

flange received a protective coating against corrosion. This coating consisted of a mix between Isotrol and 

Isoguard to provide both penetrating- and surface treatment of the steel flange. The coating had a drying 

time of 24 hours, which implied that the pins were inserted when the coating was still wet and had some 

lubrication effect.  

The final step of installation was to insert the coiled spring pins by using a hydraulic jack. The hydraulic 

jack was powered by an air compressor standing on the bridge. According to Göran the reason he chose 

air compressor instead of an electric compressor was because of safety precautions for using cooling water.   

The type of coiled spring pins used in the project was CLDP 20x160 HWT with a coating of electroplated 

zinc, see Figure 5.5. For detailed information about the coiled spring pin properties see (Spirol, 2016) . 

  

Figure 5.5. Coiled spring pin, electroplated with zinc (Peter Collin). 

The installation of coiled spring pins stopped in the late autumn 2005 due to bad weather conditions and 

it was decided to continue the project in the spring 2006. The main reason behind this decision was that 

the cooling water used during the drilling process kept freezing and instead of using glycol with its 

negative environmental effects, the project was put on hold.  
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5.5 Result of the Project 

This chapter is based on the result of the project according to the interviewees. For questions see Appendix 

A. 

5.5.1 Göran Magnusson 

The method worked and allowed traffic to continue over the Pitsund Bridge, while installing the coiled 

spring pins. The only major interruptions experienced were when heavy special vehicles transporting wind 

turbines needed to pass. However, this did not disturb the work to a greater extent states Göran. 

When looking at the economical aspect it was a very profitable method. In the autumn a total number of 

442 coiled spring pins was bought, and 209 of those were installed. This resulted in an average installation 

cost of 1000 SEK per pin and 5% profit margin. Meanwhile in the spring when the workers were familiar 

with the method, the average installation cost per pin was around 607 SEK with a 15% profit margin.  

5.5.2 Per Andersson 

Inspections are scheduled each sixth year and so far no upcoming problems have been seen for the coiled 

spring pins. The only maintenance work so far is refurbishing the paint on the steel flanges. 

The mission was to make the bridge silent and we succeeded, it felt good taking the residents problem 

serious. The spokesman was also pleased with the result and said to me that the people involved in the 

project should receive a commendation for their great work. 

5.5.3 Peter Collin 

Peter offered to do an assessment of the Pitsunds Bridge with regard to the potential load capacity increase 

from the coiled spring pins. However, Trafikverket declined and did not find it necessary at the time. 
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5.6 Experience from the Project 

This chapter is based on the interviewees’ personal experiences from the project. For questions see 

Appendix A -. 

5.6.1 Göran Magnusson 

I experienced no problem with the purchase of the coiled spring pins. However, it did require planning, 

since the manufacturer required 3 months for producing and shipping the pins. 

Depending on how you access the steel flange it will affect the traffic disturbance differently. If you need 

a boom lift on the bridge it may reduce traffic to one lane compared to a boom lift operating on land which 

does not disturb the traffic. 

 It took a few weeks for the workers to acclimate with the method and equipment but after that I think the 

project went smoothly. 

The support structure used in this project could have been improved a lot by using aluminum instead of 

steel to reduce the weight and therefore making the structure easier to handle. However, it is the size of 

the job that will be the deciding factor when determining how much time you can spend on developing 

the tools, emphasize Göran.  

I did not experience any problem with the reinforcement during drilling, a reason for this was the core 

drill could cut right through the reinforcement. If we would have used a hammer drill instead I can imagine 

the reinforcement may cause problems. The biggest issue we had during drilling was to realize when the 

drill passed the steel flange, if the steel core drill continued into the concrete, the drill quickly became 

dull. This contributed to the fact that far more drills, than we originally expected were needed. 

Fredrik an employee at Normek who performed the drilling on Pitsund Bridge believes it would have been 

hard to avoid cutting of the reinforcement bars. 

“The reinforcement bars is often close to each other which meant that we are bound to hit it 

occasionally. Also I think it’s going to be difficult to exactly pinpoint where the reinforcement bars are 

before we have drilled through the steel flange”  

– Fredrik Holmström employee at Normek 

An improvement of this method, that Fredrik would like to see in the future, is that the design of the pins 

is after standardized drill dimensions and not vice versa. The reason for this is that special dimensions like 

Ø20,2 mm drills are often more expansive and have longer shipping time compared to standard sizes. It 

is also a time consuming task to calibrate each drill in order to ensure the right dimension. Sometimes you 

are forced to lathe the drill, which has a negative impact on the durability.   
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5.6.2 Per Andersson 

The only purpose with this project was to make the bridge silent and we had no intentions to strengthen 

the bridge, even if we understood quite early that the method would increase the bridge load capacity.   

“I did receive some critique that the project was time-consuming and some people argued if it would 

have been a smarter choice to buy out the resident instead. But I think my work as bridge manager is to 

solve the problem and not to pay people to move away from it. Also when using a new method like this, 

you cannot demand tight deadlines and must be willing to take a chance which in hindsight was the right 

decision.” 

– Per Andersson 

5.6.3  Peter Collin 

There were no difficulties working with the method despite the lack of material. We trusted the data in 

Roger Johnson’s tests and our own tests. There were no given codes, or norms, but that is often expected 

when you work with new methods. 

Whenever you are using a new method, I find it necessary that you fully understand the principle of the 

method even if it is a time consuming task. In this project we managed to find a suitable solution to the 

problem quite fast but when buying consults to similar problems the client need to be patient and not 

always choose the cheapest option. 

This was the first time I used the method but I did not find the method time consuming and its always 

exciting to be part of a new method which is not common as a consult. Finding a new solution to a new 

problem with a noisy bridge was really exciting and a reward in itself.  
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5.7 Future of the Method 

This chapter is based on how the interviewees’ thoughts regarding the future of the method and what they 

think can be improved until next project. For questions see Appendix A. 

5.7.1 Göran Magnusson 

I am very pleased with the method and believe it will be a good strengthening technique. Therefore, I am 

surprised that we at Normek have not yet received any requests for installing coiled spring pins on other 

bridges. Since the method would be adaptable on most of the todays existing bridges currently without 

any composite action. 

5.7.2 Per Andersson 

The method could be used to achieve composite action on existing non-composite bridges since many old 

concrete bridges in Sweden are currently without composite action.  I especially think the method may be 

useful when you need local strengthening on a bridge, but for larger strengthening projects it might be 

better to look on how you can post-install welded shear connectors. 

5.7.3 Peter Collin 

I would like to investigate partial composite action in the future as a strengthening technique. The reason 

for this is that the first percentages, when achieving composite action, are more effective than the later 

percentages, since the neutral axis have already moved towards the concrete deck.  

I am convinced that this method could be used for strengthening bridges in the future with respect to static- 

and/or fatigue strengthening. The upper steel flange would benefit most from composite action but also 

lower steel flange would benefit to some degree. The Norwegian Public Road Administration estimated 

that there are around 1500 existing non-composite steel bridges with concrete deck in Norway alone. 

Therefore, the potential market for using this method as a strengthening technique could be huge. 

We will investigate the method further in a European projected called Prolife (Prolonging Lifetime of old 

steel and steel-concrete bridges) with a PhD student named Robert Hällmark. In this project more 

extensive laboratory tests, on coiled spring pins, will be performed and a field test will also be conducted 

on the Pitsund Bridge during the summer 2016, both for the strengthened and non-strengthened parts of 

the bridge.  
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5.8 Final Words from the Interviewees 

 

“The project was a great success and I will mostly remember the “thank you call” I received from the 

resident. I found it exciting to try the new method and field test it which is also one of the benefits to 

work as a bridge manager.”  

– Per Andersson 

 

“I am pleased with the result and that we managed to do something about the problem. There are many 

un-thought thoughts and I hope that in the future our European R&D-project may be an entry to a new 

research area which I would not have found without this project”  

– Peter Collin 

 

“I remember how satisfied we were at Normek with both the execution and the result of the project, not 

just economically but also from a technical point of view. The procedure with involving us early with 

the manufacturing of the specimens allowed us the time to develop a good functioning method for the 

Pitsund Bridge.” 

 – Göran Magnusson 
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6 Effects of Achieving Composite Action on 

an Existing Bridge 
In this chapter calculations are performed with Eurocode on the bridge over Lule River at Akkatsfallen. 

The chapter present results from Appendix C - where the bridge was calculated with non-and full-

composite action. 

6.1 Introduction  

 

Figure 6.1 Bridge over Lule River at Akkatsfallen. 

The bridge over Lule River at Akkatsfallen was built in 1983 and is a 76 m long single-span bridge with 

a concrete deck and two steel girders. Currently the bridge utilizes no composite action between the girders 

and the concrete deck, but might be a potential candidate for a strengthening project in the future. 
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6.2 Non-Composite Action 

For detailed calculations of non-composite action see Appendix. C.3.5 

On a non-composite bridge, the steel and concrete may be seen as individual components, as previous 

stated in Chapter 3.1.1. Therefore, the steel girder alone will be the deciding component, for the global 

load capacity, in the non-composite calculations.  

For plates with longitudinal stiffeners, the effective area from local buckling of subpanels between the 

stiffeners and the effective area from global buckling should be accounted for. The effective section area 

is determined with a reduction factor in accordance with Eurocode 1993-1-5 Chapter 4.4. 

This reduction factor reduces the thickness of stiffener and web affected by the interaction between plate 

and column buckling. 

𝜌𝑐 = 0,897 

With reduction factor the effective steel girder will resemble Figure 6.2. 

 

Figure 6.2 Illustration of effective steel girder dimensions. 
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The effective center of gravity, moment of inertia and moment capacity of flanges are calculated for the 

effective section in Figure 6.2. 

The effective center of gravity from the lower edge of bottom flange. 

Effective 

 Center of gravity 

Section 1 

[mm] 

Section 2 

[mm] 

Section 3 

[mm] 

𝒚𝒕𝒑,𝒕𝒐𝒕 1990 1994 1989 

Table 6.1 Effective center of gravity for all sections in non-composite action. 

Effective moment of inertia. 

Effective 

 Moment of inertia 

Section 1 

[mm4] 

Section 2 

[mm4] 

Section 3 

[mm4] 

𝑰𝒆𝒇𝒇,𝒕𝒐𝒕 4,55 ∗ 1011 4,31 ∗ 1011 5,06 ∗ 1011 

Table 6.2 Effective moment of inertia for all sections in non-composite action. 

The moment of capacity for flanges in non-composite action is calculated with the tables above and is 

displayed in Table 6.3 . 

Effective 

Moment of flanges 

Section 1 

[MNm] 

Section 2 

[MNm] 

Section 3 

[MNm] 

𝑴𝑹𝒅,𝒕𝒐𝒑 𝒇𝒍𝒂𝒏𝒈𝒆 80 76,8 89,9 

𝑴𝑹𝒅,𝒃𝒐𝒕 𝒇𝒍𝒂𝒏𝒈𝒆 77,5 73,4 86,3 

Table 6.3 Moment capacity of flanges for all sections in non-composite action. 
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6.3 Full-Composite Action 

For detailed calculations see Appendix. C.4 

In a Composite bridge, the steel and the concrete are treated as two components with a rigid shear 

connection in between, see Chapter 3.1.2, which means that the steel girder and the concrete deck will 

work together to withstand the loads. The concrete component will often be in fully compression while 

the steel girder takes the tensile stresses and the positive effect from achieving full-composite action will 

be calculated in this chapter. 

6.3.1 Concrete Cross-Section 

First the effect of shear lag is taken into consideration to determine the maximum effective width of the 

concrete deck for each girder. 

The maximum width for the concrete deck per girder with respect to shear lag effect is. 

𝑏𝑐 =  3445 𝑚𝑚 

The area, center of gravity and moment of inertia for the concrete deck with respect to one girder is 

calculated. 

𝐴𝑐 = 778 570 𝑚𝑚2 

𝑦𝑡𝑝,𝑐 = 113 𝑚𝑚 

𝐼𝑐 = 3,314 ∗ 108𝑚𝑚4 

6.3.2 Composite Cross-Section 

With composite action the bridge is built up by two linear elastic materials (steel, concrete) to simplify 

the calculations the concrete deck is converted into an equivalent steel section. 

𝐴𝑐𝑜𝑚𝑝 = 311890   𝑚𝑚2   
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This creates a new center of gravity for the whole section with respect to both steel girder and concrete 

deck. The center of gravity is calculated from lower edge of the bottom flange and is seen in Table 6.4. 

Composite 

 Center of gravity 

Section 1 

[mm] 

Section 2 

[mm] 

Section 3 

[mm] 

𝒚𝒄𝒐𝒎𝒑 𝒕𝒑,𝒕𝒐𝒕 2759 2812 2757 

Table 6.4 Composite center of gravity for all sections in full-composite action. 

The composite moment of inertia. 

Composite 

 Moment of inertia 

Section 1 

[mm4] 

Section 2 

[mm4] 

Section 3 

[mm4] 

𝑰𝒄𝒐𝒎𝒑,𝒕𝒐𝒕 7,56 ∗ 1011 7,19 ∗ 1011 8,08 ∗ 1011 

Table 6.5 Composite moment of inertia for all sections in full-composite action. 

The moment of capacity for flanges in full-composite action is calculated with the tables above and is 

displayed in Table 6.3 . 

Composite 

Moment of flanges 

Section 1 

[MNm] 

Section 2 

[MNm] 

Section 3 

[MNm] 

𝑴𝑹𝒅,𝒄𝒐𝒎𝒑,𝒕𝒐𝒑 𝒇𝒍𝒂𝒏𝒈𝒆 227,00 226,78 242,21 

𝑴𝑹𝒅,𝒄𝒐𝒎𝒑,𝒃𝒐𝒕 𝒇𝒍𝒂𝒏𝒈𝒆 92,62 86,45 98,19 

Table 6.6 Moment capacity of flanges for all sections in non-composite action. 
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6.4 Comparison Non- and Full-Composite Action 

6.4.1 Position of center of gravity 

The distance to the neutral axis is calculated from the lower edge of bottom flange to the center of gravity 

of the bridge.   

The distance to the bridge neutral axis on a non-composite bridge is the same as the center of gravity for 

the steel girder.  

For a bridge with full-composite action, the steel girder and concrete deck work together with a combined 

center of gravity. The distance to the neutral axis is therefore the same as the center of gravity for the 

composite bridge. 

Comparison 

Center of gravity 

Section 1 

[mm] 

Section 2 

[mm] 

Section 3 

[mm] 

𝒚𝒕𝒑,𝒏𝒐𝒏−𝒄𝒐𝒎𝒑𝒐𝒔𝒊𝒕𝒆 𝒂𝒄𝒕𝒊𝒐𝒏 1990 1993 1989 

𝒚𝒕𝒑,𝒇𝒖𝒍𝒍−𝒄𝒐𝒎𝒑𝒐𝒔𝒊𝒕𝒆 𝒂𝒄𝒕𝒊𝒐𝒏 2759 2812 2757 

Difference +769 +819 +768 

Table 6.7 Change in Neutral axis after achieving composite action. 

In all sections the neutral axis has moved up towards the upper flange. This change in neutral axis can be 

seen in Table 6.7. 

Depending on section the neutral axis moved 768-819 mm closer to the concrete deck when composite 

action was achieved. This shift of neutral axis will affect the stress relation in the bridge and result in that 

the concrete only take compressive stresses which is a good effect. 

6.4.2   Increase of moment of inertia 

The difference in moment of inertia.  

Comparison 

moment of inertia 

Section 1 

[mm4] 

Section 2 

[mm4] 

Section 3 

[mm4] 

𝑰𝒆𝒇𝒇,𝒕𝒐𝒕 4,55 ∗ 1011 4,31 ∗ 1011 5,06 ∗ 1011 

𝑰𝒄𝒐𝒎𝒑,𝒕𝒐𝒕 7,56 ∗ 1011 7,19 ∗ 1011 8,08 ∗ 1011 

Difference +66% +67% +60% 

Table 6.8 Change in the moment of inertia. 

As seen in Table 6.8 Change in the moment of inertia. 

 the moment of inertia increased quite similar for all section with an increase between 60-67%. 
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6.4.3 Difference in moment capacity of flanges 

The difference in moment capacity for flanges when full composite is achieved can be seen in Table 6.9. 

Comparison 

moment of flanges 

Section 1 

[MNm] 

Section 2 

[MNm] 

Section 3 

[MNm] 

𝑴𝑹𝒅,𝒃𝒐𝒕 𝒇𝒍𝒂𝒏𝒈𝒆 77,5 73,4 86,3 

𝑴𝑹𝒅,𝒄𝒐𝒎𝒑,𝒃𝒐𝒕 𝒇𝒍𝒂𝒏𝒈𝒆 92,62 86,45 98,19 

Difference +19% +17% +14% 

𝑴𝑹𝒅,𝒕𝒐𝒑 𝒇𝒍𝒂𝒏𝒈𝒆 80 76,8 89,9 

𝑴𝑹𝒅,𝒄𝒐𝒎𝒑,𝒕𝒐𝒑 𝒇𝒍𝒂𝒏𝒈𝒆 227,00 226,78 242,21 

Difference +181% +195% +170% 

Table 6.9 Change in moment capacity of flanges. 

The moment capacity is increased for every section in both bottom- and top flanges when achieving 

composite action. But the increase in top flange is much larger compared to bottom flange. 

The reason behind this large increase of the moment capacity in top flanges is connected to the fact that 

the neutral axis moved upwards when achieving composite action.  

As seen in all the sections the moment of inertia has increased around 60% meaning the bridge has indeed 

become stiffer and deflections should therefore be lower with full-composite action according to Chapter 

3.3.3. In Chapter 3.3.3 it is also proven that an increase of moment of inertia will reduce the bending stress 

this goes in line with Table 6.8 where the section with most increase in moment of inertia also increases 

the most in moment capacity for flanges. 
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7 Discussion and Conclusions 
This chapter summarizes the conclusions of this thesis. This chapter also contains a brief discussion and 

suggestions for future research in the area is provided. 

7.1 Conclusions 

Clearly strengthening existing bridges with post-installed shear connectors will be a viable method in the 

future to achieve composite action. However, deciding which shear connectors should be installed is 

difficult and requires several factors to be taken into consideration in order to find suitable methods for a 

bridge. To examine the potential of the method some strategic issues were formulated in the research 

questions seen in Chapter 1.2 and the thesis conclusions related to these questions are summarized in this 

section. 

RQ1: How are the existing bridges affected by traffic development? 

Since 1950 there have been an enormous increase of vehicles compared to the expansion of new road 

networks. This have resulted in higher traffic frequency on bridges and affect old bridges the most due to 

the cumulative nature of cyclic traffic loads. At the same time the world is experiencing an ageing bridge 

stock with Japan, Sweden and Europe currently having more than fifty percentages of their bridges 35 

years or older.  

With the statements above along with the large gross vehicle weight increases since 1950 and possibly 

more in the future, it is difficult to estimate to how much strengthening work would be needed to increase 

the existing bridges lifespan to fulfill the demands of the bridge owners. 

Therefore, with the world required to focus more on strengthening- and repair projects in the future, 

finding good and economical methods like post-strengthening with shear connectors will be crucial. If the 

bridge owners neglect essential bridge strengthening projects, it may put them on a path similar to USA 

where nearly ten percentages of all existing bridges today are deemed structurally deficient.  

RQ2: What is the state of the art for achieving composite action with post-installing shear 

connectors in existing bridges?  

The research and practice on achieving composite action with post-installation of shear connectors is fairly 

limited, but the few case studies on bridges published are summarized in Chapter 4.2.  

The thesis presents how post-installed shear connectors has been used as a solution for three different 

kinds of problems; 

 For the bridges at Hondo and Lytles Creek, strengthening was used as a method to increase the 

bridges loading capacity. 

 The purpose at Dockland Light Railway was to increase the fatigue life of existing shear 

connectors, by post-installing coiled spring pins between the existing connectors.  

 At the non-composite Pitsund Bridge a unique problem existed with loud bangs emerging from 

slip between steel girders and concrete deck. In order to make the bridge silent coiled spring 

connectors were installed.  

From these case studies it is clear that achieving composite action will increase the capacity, fatigue life 

and lower deflection, using various types of shear connectors.  
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In Chapter 4 an overview of the most used shear connectors and their unique installation method was 

presented. The biggest distinctions between the methods is how the devices are connected to the steel 

girders for installation and to the concrete. Therefore, when deciding what type of shear connector should 

be used some crucial aspects must be taken into consideration. 

First the traffic situation and the bridge importance to road network must be analyzed. If the traffic 

frequency on bridge is high and installation of shear connectors will interference with traffic flow to a 

greater extent. Therefore, methods that cause no disturbance like coiled spring pins or adhesive connectors 

might be a good choice but requires more shear connectors installed due to lower fatigue strength. 

However, if a major reparation is scheduled near the time of strengthening project or the traffic flow is 

acceptable with only one lane open during installation, welded headed studs or even bolted connectors 

would be preferred due to its advantages described in Chapter 0.  

One last important aspect seen in Chapter 5.4  is how the form and accessibility of the steel girder affect 

the installation method and which equipment can be used. Therefore, thorough visible inspection of the 

bridge and drawings is needed before choosing which method used for achieving composite action. 

RQ:3 In which extent can a bridge structure be strengthened by creating composite action? 

From the theoretical calculation in Chapter 3.3, Case studies from Chapter 4.2 and calculation on bridge 

at Akkatsfallen in Chapter 6 it can be concluded creating composite action increases the capacity to 

various extent. 

One decisive factor for how much a bridge can be strengthened by composite action is the ratio between 

the concrete deck and steel girder. As the size of the steel girder increases relative to the size of the concrete 

deck the benefits with composite action declines. This is because the percentage of steel area added from 

concrete deck to the top flange when composite action is achieved will be lower when the steel girder 

increases in size relative to the concrete deck. 

Generally, the steel girder size increases when spans are getting longer to deal with increasing bending 

stresses while thickness of the concrete deck remains the same during different lengths. Therefore, bridges 

with short span should theoretical benefit more from composite action then bridges with long span. 

Currently there have been no case studies to prove this statement for post-installed shear connectors but 

the statement is semi supported by two bridges that used same shear connectors for achieving partial 

composite action, the Hondo bridge (70%) and Lytles Creek (50%) seen in Chapter 4.2. Both methods 

used adhesive anchors to achieve composite action and similar concrete thickness but the increase was 

much higher for Lytles Creek even if the extra 20% composite action is taken into consideration. 

When determining to what extent a bridge can increase its capacity, the effects from composite action on 

the bridge over Akkatsfallen in Chapter 6 decreased stresses from traffic in the top flange with a factor up 

to 1/1,95. Meanwhile the moment capacity of the bridge increase by 15%. However, due to the values 

being theoretical calculated and only for one type of bridges there is not enough information to generally 

present to what extent bridge structures can be strengthened. 
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7.2 Suggestions for Further Research 

Since the subject with post-installed shear connectors is quite uncharted it would be interesting if someone 

in the future performed a finite element analysis for different parameters like shear connector type, ratio 

of concrete deck to steel girder, and the span length. The result of how these different parameters impact 

a bridge could then be summarized into a helping guideline, with purpose to streamline the decision of 

shear connectors for bridge designers during strengthening work. 

Another interesting subject with great potential is partial-composite action where a desired degree of 

composite action is achieved in order to meet the required level of strengthening work needed for the 

bridge. This would decrease the excessive numbers of shear connectors installed and therefore reducing 

installation time. However, the topic seems complex and would most likely require a lot of testing to find 

a good relation between the percentage of composite action achieved and the expected capacity gained on 

the bridge. 
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  Interviews 
A.1 Questionnaire Per Andersson 

A.1.1 Behov 

Vad var anledningen till att arbetet utfördes på Pitsundsbron? 

Hur reagerade de boende i närheten? 

Kollade ni på andra lösningar förutom förstärkning med spiralbultar? 

Vad var det som till slut avgjorde att valet föll på förstärkning av den befintliga bron? 

Varför valde ni att inte förstärka hela bron? 

Hade du hört om talas om förstärkningsmetoden eller någon liknande metod innan? 

A.1.1 Utförandet  

Hur upplevde du metoden var att arbeta med tanke på följande aspekter? 

 Installation 

 Driftstörningar i trafiken 

 Tidsåtgång 

 Utrustning 

 Ekonomi 

Gick installationen som planerat enligt dig eller hände något oförutsett? 

Vad upplevde du var den mest tidskrävande processen med arbetet och hur tror du det kan förbättras i 

framtiden? 

Skulle du kunna tänka dig använda förstärkningsmetoden vid framtida arbeten där spiralbult kan vara ett 

alternativ. 

Vet du om det finns andra broar som kan använda metoden för att klara av den ökande vägtrafiken? 

A.1.2 Effekter av förstärkningsarbetet 

Nu när du tittar tillbaka är du nöjd med hur projektet utfördes och med metoden? 

Hur upplevde du samarbetet med LTU? 

Blev problemet löst av metoden? 

Vilka framtida problem tror du det kan finnas hos sprialbultarna i bron? 

Har bron inspekterats efter förstärkning? 

Vad såg man med avseende på förstärkningen?  

Har korrossionsskyddet fungerat? 

Är boende nöjda med åtgärden? 

Är du nöjd med åtgärden? 

Vad kommer du minnas mest med projektet? 
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A.2 Questionnaire Peter Collin 

A.2.1 Behov 

Vad var anledningen till att arbetet utfördes på Pitsundsbron? 

Vilka är dina tankar kring fenomenet och vad tror du var orsaken bakom det? 

Som konstruktör har du sett ett liknande problem förut på någon bro? 

Kollade ni på andra lösningar förutom användandet av spiralbultar? 

Vad var det som till slut avgjorde att valet föll på förstärkning av den befintliga bron? 

Var hade du hört talats om metoden? 

Kollade ni på liknande förstärkningsarbeten som utförts tidigare, inför förstärkningsarbetet? 

Vilka teoretiska beräkningar utfördes för att bestämma antalet spiralbultar och gjorde ni någon beräkning 

på den potentiella kapacitetsökningen för bron? 

Hur valde ni att arbeta med projektet då metoden inte har använts tidigare i Sverige? 

A.2.2 Utförandet  

Hur upplevde du metoden med spiralbultar var att arbeta med tanke på följande aspekter? 

 Tillgängligt material av metoden 

 Tidsåtgång 

 Beräkningsmässigt 

 Nuvarande normer och standarder 

Gick arbetet med metoden som planerat enligt dig eller hände något oförutsett? 

Hur tycker du det fungerade med experiment ifrån provkropp till riktig bro? 

Vad upplevde du var den mest tidskrävande processen som konstruktör med metoden och hur tror du den 

kan förbättras i framtiden? 

Vet du om det finns andra broar idag som kan använda metoden för att klara av den ökande vägtrafiken? 

Skulle du kunna tänka dig använda förstärkningsmetoden vid framtida arbeten där spiralbult kan vara ett 

alternativ. 

A.2.3 Effekter av förstärkningsarbetet 

Kommer ni göra några framtida projekt på bron och metoden? 

Nu när du tittar tillbaka är du nöjd med hur projektet utfördes och med metoden? 

Tycker du problemet blev löst av metoden? 

Är du nöjd med åtgärden? 

Vad kommer du minnas mest med projektet? 
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A.4 Questionnaire Göran Magnusson 

A.4.1 Behov 

Vad var anledningen till att arbetet utfördes på Pitsundsbron? 

Hur reagerade de boende i närheten? 

Kollade ni på andra lösningar förutom förstärkning med spiralbultar? 

Vad var det som till slut avgjorde att valet föll på förstärkning av den befintliga bron? 

Varför valde ni att inte förstärka hela bron? 

Hade du hört om talas om förstärkningsmetoden eller någon liknande metod innan? 

A.4.2 Utförandet  

Hur upplevde du metoden var att arbeta med tanke på följande aspekter? 

 Installation 

 Driftstörningar i trafiken 

 Tidsåtgång 

 Utrustning 

 Ekonomi 

Gick installationen som planerat enligt dig eller hände något oförutsett? 

Vad upplevde du var den mest tidskrävande processen med arbetet och hur tror du det kan förbättras i 

framtiden? 

Skulle du kunna tänka dig använda förstärkningsmetoden vid framtida arbeten där spiralbult kan vara ett 

alternativ. 

Vet du om det finns andra broar som kan använda metoden för att klara av den ökande vägtrafiken? 

A.4.3 Effekter av förstärkningsarbetet 

Nu när du tittar tillbaka är du nöjd med hur projektet utfördes och med metoden? 

Hur upplevde du samarbetet med LTU? 

Blev problemet löst av metoden? 

Vilka framtida problem tror du det kan finnas hos sprialbultarna i bron? 

Har bron inspekterats efter förstärkning? 

Vad såg man med avseende på förstärkningen?  

Har korrossionsskyddet fungerat? 

Är boende nöjda med åtgärden? 

Är du nöjd med åtgärden? 

Vad kommer du minnas mest med projektet? 
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Appendix B -  Drawings 
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B.1 The Pitsund Bridge  
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B.2 Bridge over Lule river at Atakkfallen  
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Appendix C - Calculations 
C.1 Steel girder properties  

C.1.1 Steel girder cross-sections 

 

Figure 0.1 Steel girder descriptions. 

 

 

 

 

 

 

Units  Section 1 Section 2 Section 3 

𝑏𝑓 [mm]  900 900 1100 

𝑡𝑓 [mm]  50 50 50 
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ℎ𝑤 [mm]  3800 3800 3800 

ℎ𝑤1 [mm]  760 760 760 

𝑡𝑤 [mm]  25 20 20 

𝑏𝑠𝑙 [mm]  350 350 350 

ℎ𝑠𝑙  [mm]  120 120 120 

𝑡𝑠𝑓 [mm]  16 16 16 

𝑡𝑠𝑤 [mm]  10,5 10,5 10,5 

Table 0.1 Values for each girder section. 

 

C.1.2 Material properties steel 

The drawings give steel properties in accordance with an old Swedish standard. In Table 0.2 the codes are 

translated into Eurocode standard. 

 Previous Swedish Code Eurocode 

Flange section 1 2134 S355 J2 

Flange section 2 2134 S355 J2 

Flange section 3 2134 S355 J2 

Web section 1 2133 S355 J2 

Web section 2 2132 S355 J2 

Web section 3 2132 S355 J2 

Stiffener 1312 S275 

Table 0.2 Eurocode translation of the Swedish codes on each girder section. 
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C.2 Classification of cross-section class 

C.2.1 Reduction of yield strength 

Reduction of the yield strength with regard to thickness is done according to Eurocode SSEN 10 025-2. 

Flange thickness is 50 mm which gives the following yield strength reduction on S355. 

𝑓𝑦,𝑓 = 335 𝑀𝑃𝑎 

The web thickness is between 20-25 mm which gives the following yield strength reduction on S355. 

𝑓𝑦,𝑤 = 345 𝑀𝑃𝑎 

The stiffeners thickness is 16 mm or lower thus no reduction is needed for the S275. 

𝑓𝑦,𝑠𝑙 = 275 𝑀𝑃𝑎 

C.2.2 Flanges 

The upper flange is an outstand part subjected to compression thus the first column in table 5.2 in Eurocode 

EN 1993-1-1:2005 is used.   

The affected width cross-section for the flange is calculated accordingly. 

𝑐 =
(𝑏𝑓 − 𝑡𝑤)

2
  (C.1) 

Strain coefficient depending on the flange yield strength from Eurocode EN 1993-1-1:2005 table 5.2.  

휀 = √
235

𝑓𝑦,𝑓
  (C.2) 

The cross-section class of the flange can now be classified with EN 1993-1-1:2005 table 5.2. 

𝑐
𝑡𝑓

⁄

휀
  (C.3) 

With values from Table 0.1 the flanges are classified as cross-section class 3. 

C.2.3 Web 

The web is an internal part subjected to both bending and compression thus giving the third column in 

table 5.2 Eurocode 1993-1-1. 

First the cross section class is checked without taking the stiffener into consideration. 

The I-girder is symmetrical which results in following values. 

𝛼 = 0,5 

Ψ = −1   

The affected height cross-section for the web is calculated accordingly. 

𝑐 = ℎ𝑤  (C.4) 

Strain coefficient depending on the web yield strength from Eurocode EN 1993-1-1:2005 table 5.2.  

휀 = √
235

𝑓𝑦,𝑤
  (C.5) 

The web is checked for cross-section class 1 or 2 with Eurocode EN 1993-1-1:2005 table 5.2.  
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(𝑐
𝑡𝑤

⁄ ) ∗ 𝛼

휀
  (C.6) 

This criterion is not fulfilled and therefor the web must be checked for cross section class 3 or 4 with 

Eurocode EN 1993-1-1:2005 table 5.2.  

𝑐
𝑡𝑤

⁄

(휀 ∗ (1 − Ψ) ∗ √−Ψ)
  (C.7) 

With the values from Table 0.1 all webs are classified as cross-section class 4 without taking the stiffener 

into consideration. 

C.2.4 Stiffener 

Before the stiffener can be taken into consideration for calculations on the girders cross-section class the 

stiffeners individual cross-section class must first be determined. 

The stiffeners flange is an outstand part subjected to compression thus the first column in table 5.2 in 

Eurocode EN 1993-1-1:2005 is used. 

The affected width cross-section for the stiffeners flange is calculated accordingly. 

𝑐 = ℎ𝑠𝑙 − 𝑡𝑠𝑤 

 
 (C.8) 

Strain coefficient depending on the stiffener yield strength from Eurocode EN 1993-1-1:2005 table 5.2.  

휀 = √
235

𝑓𝑦,𝑠𝑙
  (C.9) 

The cross-section class of the stiffeners flange can now be classified with EN 1993-1-1:2005 table 5.2. 

𝑐
𝑡𝑠𝑓

⁄

휀
  (C.10) 

With values from Table 0.1 the stiffeners flange is classified as cross-section class 1. 

The web of the stiffener is subjected to a uniform internal compression. 

The affected height cross-section for the stiffeners web is calculated accordingly. 

𝑐 = 𝑏𝑠𝑙 − 𝑡𝑠𝑓  (C.11) 

The cross-section class of the stiffeners web can now be classified with EN 1993-1-1:2005 table 5.2. 

𝑐
𝑡𝑠𝑓

⁄

휀
  (C.12) 

With values from Table 0.1 the stiffeners web is classified as cross-section class 2. 

C.2.5 Summary Cross-Section Classification 

Cross-section class Section 1 Section 2 Section 3 

Stiffener flange 1 1 1 

Stiffener web 2 2 2 

Flange 3 3 3 

Web* 4 4 4 

Table 0.3 Summary cross-section class 

*The web is in class 4 when stiffener is not taken into consideration but in order to utilize more of the 

girder a calculation with the stiffener present is performed in following chapter. 



 

78 

C.3 Non-composite action  

On a non-composite bridge, the steel and concrete may be seen as individual components, as previous 

stated in Chapter 3.1.1.This means that the steel girder will be the deciding component on non-composite 

calculations, since the girder must withstand all global actions caused by both dead loads and live loads. 

This means that calculations are only needed for the steel girder when determining the bridge global 

moment capacity. 

C.3.1 Calculation of the cross-section with a stiffener. 

The web was classified as cross-section class 4 in chapter C.2 therefore an effective length of the web 

must be calculated in order to avoid buckling behavior. 

Calculation of the effective length of a web with a stiffener is done by assuming the web is divided into 

two subpanels on each side of the stiffener. The effective length of each subpanel is calculated by using 

Chapter 4.4 in Eurocode 1993-1-5. 

The stress distribution for the subpanels will resemble Figure 0.2. 

 

Figure 0.2. Dimensions and stress relation for the compressive zone of the steel girder. 
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C.3.1.1 Web Lower subpanel 

 

Figure 0.3. Lower subpanel. 

The stress relation for the webs lower subpanel is a triangle and is seen in Figure 0.3 this relation result in 

following stress values. 

𝜎1 = 0,6 

𝜎2 = 0 

Length for the appropriate depth of lower subpanel is following. 

�̅� = 𝑏1 = 1129,5 𝑚𝑚  (C.13) 

The effective lengths of subpanel are calculated with equations from the second row of table 4.1 in 

Eurocode EN 1993-1-5. 

The effective length of the lower subpanel. 

 𝑏𝑒𝑓𝑓 = 𝜌�̅�  (C.14) 

The effective length of support for the lower subpanel. 

𝑏1,𝑠𝑢𝑝 =
2

5 − Ψ
 𝑏𝑒𝑓𝑓  (C.15) 

The effective length of edge for the lower subpanel. 

𝑏1,𝑒𝑑𝑔𝑒 = 𝑏𝑒𝑓𝑓 − 𝑏1,𝑠𝑢𝑝  (C.16) 

 

Reduction factor for plate buckling using Eurocode EN 1993-1-5 Eq. (4.2). 

𝜌 =
𝜆𝑝
̅̅ ̅ − 0,055(3 + Ψ)

𝜆𝑝
̅̅ ̅2 ≤ 1,0  (C.17) 

Non dimensional slenderness of the web is determined using Eurocode EN 1993-1-5 Chapter 4.4. 

𝜆𝑝
̅̅ ̅ =

�̅�
𝑡𝑤

⁄

28,4휀√𝑘𝜎

 

 

 (C.18) 

Strain ratio of the lower subpanel is following according to Eurocode EN 1993-1-5 table 4.1. 
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Ψ =
𝜎2

𝜎1
  (C.19) 

The plate buckling coefficient is determined using Eurocode 1993-1-5 table 4.1.  

𝑘𝜎 = 7,81 

The reduction for plate buckling is following. 

𝜌 = 1,0 

This result in following lengths of the lower subpanel. 

𝑏1,𝑒𝑓𝑓 = 1129,5 𝑚𝑚 

𝑏1,𝑒𝑑𝑔𝑒 = 677,5 𝑚𝑚 

𝑏1,𝑠𝑢𝑝 = 452 𝑚𝑚 

C.3.1.2 Upper subpanel 

 

Figure 0.4 Upper subpanel 

Top subpanel has a stress distribution of a trapezoid with and is seen in Figure 0.4 this relation will result 

in following stress values. 

𝜎1 = 1 

𝜎2 = 0,6 

Length for the appropriate depth of upper subpanel is following. 

�̅� = 𝑏2 = 760 𝑚𝑚  (C.20) 

Same equations are used as in Chapter C.3.1.1 with exception on the buckling factor seen below.  

𝑘𝜎 =
8,2

(1,05 + Ψ)
 

 

 (C.21) 

The reduction for plate buckling is following. 

𝜌 = 1,0 

This result in following lengths of the upper subpanel. 

𝑏2,𝑒𝑓𝑓 = 760 𝑚𝑚 

𝑏2,𝑒𝑑𝑔𝑒 = 345,5 𝑚𝑚 

𝑏2,𝑠𝑢𝑝𝑝𝑜𝑟𝑡 = 414,5 𝑚𝑚 
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C.3.1.3 Summary length for the web subpanels 

No reduction on the web length is needed with regard to buckling when a stiffener is present and therefor 

the web can utilize its full length with following dimensions. 

𝑏1,𝑒𝑑𝑔𝑒 = 677,5 𝑚𝑚 

𝑏1,𝑠𝑢𝑝𝑝𝑜𝑟𝑡 = 452 𝑚𝑚 

𝑏2,𝑒𝑑𝑔𝑒 = 345,5 𝑚𝑚 

𝑏2,𝑠𝑢𝑝𝑝𝑜𝑟𝑡 = 414,5 𝑚𝑚 

C.3.1.4 Centre of gravity and moment of inertia 

The Moment of inertia with a stiffener present can now be calculated using geometry and the guidelines 

for one stiffener in compression zone explained in Eurocode 1993-1-5.5 A.2 

Area of the stiffener and its adjacent parts. 

𝐴𝑠𝑙 = (𝑏1,𝑠𝑢𝑝 + 𝑏2,𝑠𝑢𝑝 + 𝑡𝑠𝑤) ∗ 𝑡𝑤 + ℎ𝑠𝑙 ∗ 𝑡𝑠𝑓 + 𝑏𝑠𝑙 ∗ 𝑡𝑠𝑤 − 𝑡𝑠𝑓 ∗ 𝑡𝑠𝑤 

 
 (C.22) 

Centre of gravity of the stiffener and its adjacent parts. 

𝑦𝑡𝑝,𝑠𝑙 =
(ℎ𝑠𝑙 − 𝑡𝑠𝑤) ∗ 𝑡𝑠𝑓 ∗ (

𝑡𝑤
2 + 𝑏𝑠𝑙 −

𝑡𝑠𝑓

2 ) + 𝑏𝑠𝑙 ∗ 𝑡𝑠𝑤 (
𝑡𝑤
2 +

𝑏𝑠𝑙
2 )

𝐴𝑠𝑙
 

 (C.23) 

Moment of inertia of the stiffener and its adjacent parts. 

𝐼𝑠𝑙 =
(𝑏1,𝑠𝑢𝑝 + 𝑏2,𝑠𝑢𝑝 + 𝑡𝑠𝑤) ∗ 𝑡𝑤

3

12
+

(ℎ𝑠𝑙 − 𝑡𝑠𝑤) ∗ 𝑡𝑠𝑓
3

12
+

𝑡𝑠𝑤 ∗ 𝑏𝑠𝑙
3

12

+ ((𝑏1,𝑠𝑢𝑝 + 𝑏2,𝑠𝑢𝑝 + 𝑡𝑠𝑤) ∗ 𝑡𝑤 ∗ 𝑦𝑡𝑝,𝑠𝑙
2)

+ ((ℎ𝑠𝑙 − 𝑡𝑠𝑤) ∗ 𝑡𝑠𝑓 (𝑏𝑠𝑙 +
𝑡𝑤

2
+ −

𝑡𝑠𝑓

2
− 𝑦𝑡𝑝,𝑠𝑙)

2

)

+ (𝑡𝑠𝑤 ∗ 𝑏𝑠𝑙 ∗ (
𝑡𝑤

2
+

𝑏𝑠𝑙

2
− 𝑦𝑡𝑝,𝑠𝑙)

2

) 

 

 (C.24) 

The equations result in following values for the stiffener. 

𝐴𝑠𝑙 = 27 352 𝑚𝑚2 

𝑦𝑡𝑝,𝑠𝑙 = 47,9 𝑚𝑚 

𝐼𝑠𝑙 =  325 313 092 𝑚𝑚4 

C.3.2 Plate type behavior 

In the case of a stiffened plate with one longitudinal stiffener located in the compression zone the elastic 

critical buckling stress of the stiffener can be calculated as following. 

Modulus of elasticity of steel. 

𝐸𝑠 = 210 𝐺𝑃𝑎 

Poisson’s ratio in elastic stage. 

𝜈 = 0,3 
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Gross area of the compression zone of the stiffener and adjacent parts. 

𝐴𝑐 = 27 352 𝑚𝑚2 

Since there was no reduction on the webs length the effective area of the stiffener and adjacent parts is 

following. 

𝐴𝑐,𝑒𝑓𝑓,𝑙𝑜𝑐 = 27 352 𝑚𝑚2 

Calculations are done with Eurocode 1993-1-5 Appendix A.2.2. 

𝑎𝑐 = 4,33√
𝐼𝑠𝑙 ∗ 𝑏1

2 ∗ 𝑏2
2

𝑡𝑤
3 ∗ ℎ𝑤

4

  (C.25) 

𝑎𝑐 = 10052,05 

Elastic critical buckling stress of stiffener equation is selected by the criteria 𝑎 ≤ 𝑎𝑐 in Eurocode 1993-1-

5 Appendix A.2.2. 

𝜎𝑐𝑟,𝑠𝑙 =
𝜋2𝐸𝑠𝐼𝑠𝑙

𝐴𝑠𝑙𝑎2
+

𝐸𝑠𝑡3𝑏𝑎2

4𝜋2(1 − 𝜈2)𝐴𝑠𝑙𝑏1
2 ∗ 𝑏2

2  (C.26) 

𝜎𝑐𝑟,𝑠𝑙 = 1579 𝑀𝑃𝑎  

Maximum elastic critical buckling stress of plate occur at the edge of the panel where the maximum 

compression stress occurs according to Eurocode 1993-1-5 Appendix A.1 Note 2.  

𝑏𝑐 Is determined from 1993-1-5 Figure A.1. 

𝜎𝑐𝑟,𝑝 = 𝜎𝑐𝑟,𝑠𝑙 ∗
𝑏𝑐

(𝑏𝑐 − 𝑏1)
  (C.27) 

𝜎𝑐𝑟,𝑝 = 2631,67 𝑀𝑃𝑎  

Effective width factor with regard to elastic shear lag according to Eurocode 1993-1-5 eq. (4.7). 

𝛽𝐴,𝑐
𝑝

=
𝐴𝑐,𝑒𝑓𝑓,𝑙𝑜𝑐

𝐴𝑐
  (C.28) 

𝛽𝐴,𝑐 = 1 

The relative plate slenderness of the equivalent plate according to Eurocode 1993-1-5 eq. (4.7). 

𝜆𝑝
̅̅ ̅ = √

𝛽𝐴,𝑐𝑓𝑦,𝑤𝑒𝑏

𝜎𝑐𝑟,𝑐𝑝
  (C.29) 

𝜆𝑝
̅̅ ̅ = 0,365 

The reduction factor for plate buckling behavior is with following criteria according to Eurocode 1993-1-

5 Chapter 4.4 (2). 

𝜌 = 1,0      𝑖𝑓        𝜆𝑝
̅̅ ̅ ≤ 0,673 

 
 (C.30) 

The reduction factor for buckling behavior with the stiffener present is following. 

𝜌 = 1,0       
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C.3.3 Column type buckling behavior  

The elastic critical column buckling stress of a stiffed plate should be taken as the buckling stress with the 

supports along the longitudinal edges removed. 

C.3.3.1 Critical column buckling stress. 

Elastic critical column buckling stress for a stiffened column is calculated with Eurocode 1993-1-6 eq. 

(4.9). 

𝜎𝑐𝑟,𝑠𝑙 =
𝜋2𝐸𝑠𝐼𝑠𝑙

𝐴𝑠𝑙𝑎2
  (C.31) 

𝜎𝑐𝑟,𝑠𝑙 = 1540,68 𝑀𝑃𝑎 

The maximum critical column buckling stress will occur at the panel edge with highest compressive stress 

according to Eurocode 1993-1-5 Chapter 4.5.3 Note. 

𝜎𝑐𝑟,𝑐 = 𝜎𝑐𝑟,𝑠𝑙 ∗
𝑏𝑐

(𝑏𝑐 − 𝑏1)
 

𝜎𝑐𝑟,𝑐 = 2567,8 𝑀𝑃𝑎 

C.3.3.2 Column slenderness. 

The effective width factor for elastic shear lag in column behavior is determined using Eurocode 1993-1-

5 chapter 4.5.3. 

𝛽𝐴,𝑐 =
𝐴𝑠𝑙,𝑒𝑓𝑓

𝐴𝑠𝑙
  (C.32) 

𝛽𝐴,𝑐 = 1 

The relative column slenderness of stiffened plate is calculated with Eurocode 1993-1-5 eq. (4.11). 

𝜆𝑐 = √
𝛽𝐴,𝑐𝑓𝑦,𝑤

𝜎𝑐𝑟,𝑐
  (C.33) 

𝜆𝑐 = 0,365 

C.3.3.3 Buckling resistance of members 

Reduction factor for the relevant buckling mode is calculated using Eurocode 1993-1-1 chapter 6.3.1.2 

with following two equations. 

𝜒𝑐 =
1

Φ + √Φ2 − 𝜆𝑐
̅̅̅2

 
 (C.34) 

And. 

Φ = 0,5 (1 + 𝛼𝑒(𝜆𝑐
̅̅̅ − 0,2) + 𝜆𝑐

̅̅̅2
) 

 
 (C.35) 

But first the imperfection factor for a stiffened plate is calculated with Eurocode 1993-1-5 eq. (4.12) 

𝛼𝑒 = 𝛼 +
0,09

𝑖/𝑒
  (C.36) 

The stiffener is categorized as an open section stiffener which result in the following imperfection value 

according to Eurocode 1993-1-5 chapter 4.5.3. 

𝛼 = 0,49 
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The radius of gyrations is determined with Eurocode 1993-1-5 chapter 4.5.3. 

𝑖 = √
𝐼𝑠𝑙

𝐴𝑠𝑙
  (C.37) 

𝑖 = 109,06 𝑚𝑚 

The largest distance from the centroid of plating and the one sided stiffener to the neutral axis needs to be 

determined this is illustrated in Eurocode 1993-1-5 figure A.1. 

𝑒 = max (𝑒1, 𝑒2)  (C.38) 

 

The centroid of columns has already been calculated as under the name center of gravity for stiffener and 

adjacent plates. 

𝑒2 = 𝑦𝑡𝑝,𝑠𝑙 

To determine the centroid of stiffener, basic center of gravity calculations is performed using values the 

drawing in Figure 0.2 and Eurocode 1993-1-5 appendix A.2. The equation derived is presented below. 

𝑒1 =
𝑏𝑠𝑙𝑡𝑠𝑤

𝑏𝑠𝑙
2 + (ℎ𝑠𝑙 − 𝑡𝑠𝑤) ∗ 𝑡𝑠𝑓 ∗ (𝑏𝑠𝑙 −

𝑡𝑠𝑓

2 )

(𝑏𝑠𝑙𝑡𝑠𝑤 + (ℎ𝑠𝑓 − 𝑡𝑠𝑤) ∗ 𝑡𝑠𝑓)
+

𝑡𝑤

2
− 𝑒2  (C.39) 

𝑒1 = 193,51 𝑚𝑚 

The maximum centroid distance is therefore centroid of stiffener. 

𝑒 = 193,51 𝑚𝑚 

This gives the following imperfection for the stiffened plate. 

𝛼𝑒 = 0,65 

The value for reduction factor of column buckling mode is following. 

 Φ = 0,62 

𝜒𝑐 = 0,892 

C.3.3.4 Interaction between plate and column buckling 

The final reduction factor is calculated with Eurocode 1993-1-5 eq. (4.13). 

𝜌𝑐 = (𝜌 − 𝜒𝑐)𝜉(2 − 𝜉) + 𝜒𝑐  (C.40) 

Where. 

𝜉 =
𝜎𝑝,𝑐

𝜎𝑐𝑟,𝑐
− 1  (C.41) 

𝜉 = 0,0249 

The final reduction factor is. 

𝜌𝑐 = 0,897 

C.3.3.5 Stiffened plate elements with longitudinal stiffeners 

The effective area of stiffened plate in compression zone is calculated with chapter 4.5.1 eq. (4.5) 

Eurocode 1993-1-5. 
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𝐴𝑐,𝑒𝑓𝑓=𝜌𝑐  𝐴𝑐,𝑒𝑓𝑓,𝑙𝑜𝑐 + ∑ 𝑏𝑒𝑑𝑔𝑒,𝑒𝑓𝑓𝑡𝑤  (C.42) 

Where. 

𝐴𝑐,𝑒𝑓𝑓=𝜌𝑐  𝐴𝑐,𝑒𝑓𝑓,𝑙𝑜𝑐 + ∑ 𝑏𝑒𝑑𝑔𝑒,𝑒𝑓𝑓𝑡𝑤 

∑ 𝑏𝑒𝑑𝑔𝑒,𝑒𝑓𝑓𝑡𝑤 = (𝑏1,𝑒𝑑𝑔𝑒,𝑒𝑓𝑓 + 𝑏2,𝑒𝑑𝑔𝑒,𝑒𝑓𝑓)𝑡𝑤 

There no reduction on the web length was needed which resulted in following.  

𝑏1,𝑒𝑑𝑔𝑒 = 𝑏1,𝑒𝑑𝑔𝑒,𝑒𝑓𝑓 = 677,5 𝑚𝑚 

𝑏1,𝑒𝑑𝑔𝑒 = 𝑏2,𝑒𝑑𝑔𝑒,𝑒𝑓𝑓 = 345,5 𝑚𝑚 

The total effective area of the stiffened plate in compression zone is therefore following. 

𝐴𝑐,𝑒𝑓𝑓=50110 𝑚𝑚2 
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C.3.4 Reduced moment of inertia 

With the final reduction done as in C.3.3, the girder will resemble Figure 0.5. 

 

Figure 0.5 Effective steel girder divided for calculation. 
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The effective Area of each individual part in Figure 0.5 is calculated as following. 

𝐴1 = 𝑡𝑓𝑏𝑓 = 45 000 𝑚𝑚2 

𝐴2 = 𝑡𝑤𝑏𝑒𝑑𝑔𝑒,2 = 8 637  𝑚𝑚2 

𝐴3 = (𝜌𝑡𝑤)𝑏𝑠𝑢𝑝,2 = 10 124  𝑚𝑚2 

𝐴4 = (𝜌𝑡𝑠𝑤)𝑏𝑠𝑙 = 3 293  𝑚𝑚2 

𝐴5 = (𝜌𝑡𝑠𝑓)(ℎ𝑠𝑙 − 𝑡𝑠𝑤) = 1 585  𝑚𝑚2 

𝐴6 = (𝜌𝑡𝑤)𝑏𝑠𝑢𝑝,1 = 15 175  𝑚𝑚2 

𝐴7 = 𝑡𝑤(ℎ𝑤 − 𝑏𝑒𝑑𝑔𝑒,2 − 𝑏𝑠𝑢𝑝,2 − 𝑡𝑠𝑤 − 𝑏𝑠𝑢𝑝,1) = 64 438  𝑚𝑚2 

𝐴8 = 𝑡𝑓𝑏𝑓 = 45 000  𝑚𝑚2 

Center of gravity of each individual part is calculated as following. 

𝑦𝑡𝑝,1 =
𝑡𝑓

2
= 25 𝑚𝑚 

𝑦𝑡𝑝,2 = 𝑡𝑓 +
𝑏𝑒𝑑𝑔𝑒,2

2
= 222,75 𝑚𝑚 

𝑦𝑡𝑝,3 = 𝑡𝑓 + 𝑏𝑒𝑑𝑔𝑒,2 +
𝑏𝑠𝑢𝑝,2

2
= 621,5 𝑚𝑚 

𝑦𝑡𝑝,4 = 𝑡𝑓 + 𝑏𝑒𝑑𝑔𝑒,2 + 𝑏𝑠𝑢𝑝,2 +
𝑡𝑠𝑤

2
= 852,75 𝑚𝑚 

𝑦𝑡𝑝,5 = 𝑡𝑓 + 𝑏𝑒𝑑𝑔𝑒,2 + 𝑏𝑠𝑢𝑝,2 +
ℎ𝑠𝑙

2
= 907,5 𝑚𝑚 

𝑦𝑡𝑝,6 = 𝑡𝑓 + 𝑏𝑒𝑑𝑔𝑒,2 + 𝑏𝑠𝑢𝑝,2 + 𝑡𝑠𝑤 +
𝑏𝑠𝑢𝑝,1

2
= 1065,25 𝑚𝑚 

𝑦𝑡𝑝,7 = 𝑡𝑓 + 𝑏𝑒𝑑𝑔𝑒,2 + 𝑏𝑠𝑢𝑝,2 + 𝑡𝑠𝑤 + 𝑏𝑠𝑢𝑝,1 +
(

ℎ𝑤
2⁄ + 𝑏𝑒𝑑𝑔𝑒,1)

2
= 2561,25 𝑚𝑚 

𝑦𝑡𝑝,8 = 𝑡𝑓 + ℎ𝑤 +
𝑡𝑓

2
= 3875 𝑚𝑚 

The center of gravity of the entire girder is calculated with the following equation. 

𝑦𝑡𝑝,𝑡𝑜𝑡 =
∑ 𝐴𝑖 ∗ 𝑦𝑡𝑝,𝑖

∑ 𝐴𝑖
  (C.43) 

𝑦𝑡𝑝,𝑡𝑜𝑡1910,3 𝑚𝑚 

To calculate the moment of inertia the parallel axis theorem is used on each individual part. 

𝐼𝑖 =
𝑏𝑖ℎ𝑖

3

12
+ 𝐴𝑖 (𝑦𝑡𝑝,𝑖 − 𝑦𝑡𝑜𝑡)

2
  (C.44) 

The result of each individual moment of inertia is presented below. 
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𝐼𝑒𝑓𝑓,1 =
𝑏𝑓𝑡𝑓

3

12
+ 𝐴1(𝑦𝑡𝑝,1 − 𝑦𝑡𝑝,𝑡𝑜𝑡)

2
= 1,5996 ∗ 1011 𝑚𝑚4 

𝐼𝑒𝑓𝑓,2 =
𝑡𝑤𝑏𝑒𝑑𝑔𝑒,2

3

12
+ 𝐴2(𝑦𝑡𝑝,2 − 𝑦𝑡𝑝,𝑡𝑜𝑡)

2
= 2,4684 ∗ 1010 𝑚𝑚4 

𝐼𝑒𝑓𝑓,3 =
(𝜌𝑡𝑤)𝑏𝑠𝑢𝑝,2

3

12
+ 𝐴3(𝑦𝑡𝑝,3 − 𝑦𝑡𝑝,𝑡𝑜𝑡)

2
= 1,6949 ∗ 1010 𝑚𝑚4 

𝐼𝑒𝑓𝑓,4 =
(𝑏𝑠𝑙)(𝜌𝑡𝑠𝑤)3

12
+ 𝐴4(𝑦𝑡𝑝,4 − 𝑦𝑡𝑝,𝑡𝑜𝑡)

2
= 3,6824 ∗ 109 𝑚𝑚4 

𝐼𝑒𝑓𝑓,5 =
(𝜌𝑡𝑠𝑓)(ℎ𝑠𝑙 − 𝑡𝑠𝑤)3

12
+ 𝐴5(𝑦𝑡𝑝,5 − 𝑦𝑡𝑝,𝑡𝑜𝑡)

2
= 1,5963 ∗ 109 𝑚𝑚4 

𝐼𝑒𝑓𝑓,6 =
(𝜌𝑡𝑤)𝑏𝑠𝑢𝑝,1

3

12
+ 𝐴6(𝑦𝑡𝑝,6 − 𝑦𝑡𝑝,𝑡𝑜𝑡)

2
= 1,1009 ∗ 1010 𝑚𝑚4 

𝐼𝑒𝑓𝑓,7 =
𝑡𝑤 (𝑏𝑒𝑑𝑔𝑒,1 +

ℎ𝑤
2⁄ )

3

12
+ 𝐴7(𝑦𝑡𝑝,7 − 𝑦𝑡𝑝,𝑡𝑜𝑡)

2
= 6,2979 ∗ 1010 𝑚𝑚4 

𝐼𝑒𝑓𝑓,8 =
𝑏𝑓𝑡𝑓

3

12
+ 𝐴8(𝑦𝑡𝑝,8 − 𝑦𝑡𝑝,𝑡𝑜𝑡)

2
= 1,7371 ∗ 1011 𝑚𝑚4 

The total effective moment of inertia of the girder is calculated with following equation. 

𝐼𝑒𝑓𝑓,𝑡𝑜𝑡 = ∑ 𝐼𝑖  (C.45) 

The effective moment of inertia of the girder is. 

𝐼𝑒𝑓𝑓,𝑡𝑜𝑡 = 4,54566 ∗ 1011  𝑚𝑚4  
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C.3.5 Effective section modulus. 

Eurocode 1993-1-5 Chapter 4.5.1 note (10) states the following. 

“the effective section modulus 𝑊𝑒𝑓𝑓 should be taken as the second moment of area of the effective cross 

section divided by the distance from its centroid to the mid depth of the flange plate.”  

This result in the effective second moment of area for bottom flange. 

𝑊𝑒𝑓𝑓,𝑏𝑜𝑡 𝑓𝑙𝑎𝑛𝑔𝑒 =
𝐼𝑒𝑓𝑓,𝑡𝑜𝑡

( 2𝑡𝑓 + ℎ𝑤 − 𝑦𝑡𝑝,𝑡𝑜𝑡 +
𝑡𝑓

2
⁄ )

  (C.46) 

And the effective second moment of area for top flange. 

𝑊𝑒𝑓𝑓,𝑡𝑜𝑝 𝑓𝑙𝑎𝑛𝑔𝑒 =
𝐼𝑒𝑓𝑓,𝑡𝑜𝑡

( 𝑦𝑡𝑝,𝑡𝑜𝑡 −
𝑡𝑓

2
⁄ )

  (C.47) 

The effective second moment of area is following.  

𝑊𝑒𝑓𝑓,𝑏𝑜𝑡 𝑓𝑙𝑎𝑛𝑔𝑒 = 2,256 ∗ 108 𝑚𝑚3 

𝑊𝑒𝑓𝑓,𝑡𝑜𝑝 𝑓𝑙𝑎𝑛𝑔𝑒 = 2,411 ∗ 108 𝑚𝑚3 
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C.3.6 Moment Capacity non-composite action 

Now the moment of the moment capacity in flanges is calculated as. 

𝑀𝑅𝑑,𝑏𝑜𝑡 𝑓𝑙𝑎𝑛𝑔𝑒 =
𝑓𝑦,𝑓𝑙𝑎𝑛𝑔𝑒

𝛾𝑀0
𝑊𝑒𝑓𝑓,𝑓𝑙𝑎𝑛𝑔𝑒  (C.48) 

With following partial factor for steel. 

𝛾𝑀0 = 1,0. 

The moment capacity for the flanges in section 1 is. 

𝑀𝑅𝑑,𝑏𝑜𝑡 𝑓𝑙𝑎𝑛𝑔𝑒 = 77,5 𝑀𝑁𝑚 

𝑀𝑅𝑑,𝑡𝑜𝑝 𝑓𝑙𝑎𝑛𝑔𝑒 = 80 𝑀𝑁𝑚 

The moment capacity for the flanges in section 2 is. 

𝑀𝑅𝑑,𝑏𝑜𝑡 𝑓𝑙𝑎𝑛𝑔𝑒 = 73,4 𝑀𝑁𝑚 

𝑀𝑅𝑑,𝑡𝑜𝑝 𝑓𝑙𝑎𝑛𝑔𝑒 = 76,8 𝑀𝑁𝑚 

The moment capacity for the flanges in section 3 is. 

𝑀𝑅𝑑,𝑏𝑜𝑡 𝑓𝑙𝑎𝑛𝑔𝑒 = 86,3 𝑀𝑁𝑚 

𝑀𝑅𝑑,𝑡𝑜𝑝 𝑓𝑙𝑎𝑛𝑔𝑒 = 89,9 𝑀𝑁𝑚 
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C.4 Composite action 

On a Composite bridge, the steel and concrete is seen as a cohesive joined component and the theoretical 

meaning of this can be seen in Chapter 3.1.2. In short it means the steel girder and the concrete deck will 

work together to withstand loads. The concrete component will solely be in compression while the steel 

girder takes the tensile stresses and the positive effect will be calculated in this chapter. 

C.4.1 Concrete cross-section 

First the effect of shear lag is taken into consideration to determine the maximum effective width of 

concrete deck for each girder. 

Length of bridge acquired are acquired from Appendix B - Drawings. 

𝐿𝑏𝑟𝑖𝑑𝑔𝑒 = 75 𝑚 

Total width of concrete deck. 

𝑏𝑏𝑟𝑖𝑑𝑔𝑒 = 6890 𝑚𝑚 

Width of concrete deck for each girder. 

𝑏𝑔𝑖𝑟𝑑𝑒𝑟 =
𝑏𝑏𝑟𝑖𝑑𝑔𝑒

2
  (C.49) 

𝑏𝑔𝑖𝑟𝑑𝑒𝑟 = 3445 𝑚𝑚 

The concrete width for a single span with respect to shear lag effect is according to Eurocode 1994-2:2005 

chapter 5.4.1.2 note (5). 

𝑏𝑐 = min (
𝐿𝑏𝑟𝑖𝑑𝑔𝑒

8
, 𝑏𝑔𝑖𝑟𝑑𝑒𝑟)  (C.50) 

The maximum width for concrete deck per girder with respect to shear lag effect is therefore 

𝑏𝑐 =  3445 𝑚𝑚 

The height of concrete deck is acquired from Appendix B - Drawings. 

The maximum height of concrete deck is. 

ℎ𝑐,ℎ𝑖𝑔ℎ = 270 𝑚𝑚 

The lowest height of concrete deck is. 

ℎ𝑐,𝑙𝑜𝑤 = 183 𝑚𝑚 

This gives the average height of concrete slab as following. 

ℎ𝑐,𝑎𝑣𝑔 = 226 𝑚𝑚 

The concrete area for each girder can now be calculated. 

𝐴𝑐 = ℎ𝑐,𝑎𝑣𝑔 ∗ 𝑏𝑐  (C.51) 

𝐴𝑐 = 778 570 𝑚𝑚2 

Centre of gravity of the concrete deck is. 

𝑦𝑡𝑝,𝑐 =
ℎ𝑐,𝑎𝑣𝑔

2
  (C.52) 

𝑦𝑡𝑝,𝑐 = 113 𝑚𝑚 
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The moment of inertia of the concrete deck with respect to one girder is following. 

𝐼𝑐 =
𝑏𝑐ℎ𝑐,𝑎𝑣𝑔

12

3

  (C.53) 

Which result in following moment of inertia for the concrete deck with respect to one girder. 

𝐼𝑐 = 3,314 ∗ 108𝑚𝑚4 

C.4.2 Steel girder properties 

The steel girder properties from Chapter C.3. 

𝐴𝑠 = 193 251  𝑚𝑚2 

𝑦𝑡𝑝,𝑠 = 1989,7 𝑚𝑚 

𝐼𝑠 = 4,546 ∗ 1011𝑚𝑚4 

𝐸𝑠 = 210 000 𝑀𝑃𝑎 

C.4.3 Concrete deck properties 

Concrete cross-section properties from Chapter C.4.1. 

𝐴𝑐 = 778 570 𝑚𝑚2 

𝑦𝑡𝑝,𝑐 = 113 𝑚𝑚 

𝐼𝑐 = 3,314 ∗ 108𝑚𝑚4 

The concrete properties are acquired Appendix B - Drawings. in the drawings are an old Swedish code 

called K40, no equivalent concrete class exists in Eurocode but the concrete values can be seen in Table 

0.4. 

Units K40 

𝐹𝑐𝑐𝑘 [𝑀𝑃𝑎] 28,5 

𝐹𝑐𝑡𝑘 [𝑀𝑃𝑎] 1,95 

𝐸𝑐  [𝑀𝑃𝑎] 32 000 

Table 0.4 Material properties of concrete K40. 

 

C.4.4 Composite section properties 

Relation between the steel- and concrete elastic modulus is calculated as following. 

𝛼 =
𝐸𝑠

𝐸𝑐
  (C.54) 

𝛼 = 6,56 

The composite area of the concrete deck and steel girder expressed in terms of steel area can now be 

determined. 

𝐴𝑐𝑜𝑚𝑝 = 𝐴𝑠 +
𝐴𝑐

𝛼
  (C.55) 

𝐴𝑐𝑜𝑚𝑝 = 311890   𝑚𝑚2   

The center of gravity for the concrete deck to the steel bottom steel flange is. 

𝑦𝑡𝑝,𝑐,𝑐𝑜𝑚𝑝 = 𝑦𝑡𝑝,𝑐 + ℎ𝑤 + 2𝑡𝑓  (C.56) 
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𝑦𝑡𝑝,𝑐,𝑐𝑜𝑚𝑝 = 4013 𝑚𝑚 

The composite center of gravity for the whole section with respect to both steel girder and concrete deck 

is following. 

𝑦𝑡𝑝,𝑐𝑜𝑚𝑝 =
𝐴𝑠𝑦𝑡𝑝,𝑠 + (

𝐴𝑐
𝛼⁄ ) 𝑦𝑡𝑝,𝑐,𝑐𝑜𝑚𝑝

𝐴𝑐𝑜𝑚𝑝
  (C.57) 

𝑦𝑡𝑝,𝑐𝑜𝑚𝑝 = 2759 𝑚𝑚 

Moment of inertia for the composite section can now be calculated. 

𝐼𝑐𝑜𝑚𝑝 = 𝐼𝑠 + 𝐼𝑐 + 𝐴𝑠(𝑦𝑡𝑝,𝑠 − 𝑦𝑡𝑝,𝑐𝑜𝑚𝑝)
2

+ (
𝐴𝑐

𝛼⁄ ) (𝑦𝑡𝑝,𝑐,𝑐𝑜𝑚𝑝 − 𝑦𝑡𝑝,𝑐𝑜𝑚𝑝)
2
  (C.58) 

𝐼𝑐𝑜𝑚𝑝 = 7,56 ∗ 1011𝑚𝑚4 

The composite section parameters are therefore the following. 

𝛼 = 6,56 

𝐴𝑐𝑜𝑚𝑝 = 311890   𝑚𝑚2   

𝑌𝑡𝑝,𝑐𝑜𝑚𝑝 = 2759 𝑚𝑚 

𝐼𝑐𝑜𝑚𝑝 = 7,56 ∗ 1011𝑚𝑚4 

C.4.5 Moment capacity full-composite action 

The moment capacity of the flanges with composite action in section 1 can now be calculated with. 

𝑀𝑅𝑑,𝑏𝑜𝑡 𝑓𝑙𝑎𝑛𝑔𝑒 =
𝐼𝑐𝑜𝑚𝑝𝑓𝑦

𝑌𝑡𝑝,𝑐𝑜𝑚𝑝 −
𝑡𝑓

2
⁄

  (C.59) 

And. 

𝑀𝑅𝑑,𝑡𝑜𝑝 𝑓𝑙𝑎𝑛𝑔𝑒 =
𝐼𝑐𝑜𝑚𝑝𝑓𝑦

(ℎ𝑤 + 2𝑡𝑓 + ℎ𝑐,𝑎𝑣𝑔 − 𝑌𝑡𝑝,𝑐𝑜𝑚𝑝 −
𝑡𝑓

2
⁄ − ℎ𝑐,𝑎𝑣𝑔) 

  (C.60) 

Which result in the following capacity for flanges in section 1 with composite action. 

𝑀𝑅𝑑,𝑏𝑜𝑡 𝑓𝑙𝑎𝑛𝑔𝑒 = 92,62 𝑀𝑁𝑚 

𝑀𝑅𝑑,𝑡𝑜𝑝 𝑓𝑙𝑎𝑛𝑔𝑒 = 227 𝑀𝑁𝑚 

Section 2 capacity of flanges with composite action is. 

𝑀𝑅𝑑,𝑏𝑜𝑡 𝑓𝑙𝑎𝑛𝑔𝑒 = 86,45 𝑀𝑁𝑚 

𝑀𝑅𝑑,𝑡𝑜𝑝 𝑓𝑙𝑎𝑛𝑔𝑒 = 226,78 𝑀𝑁𝑚 

Section 3 capacity of flanges with composite action is. 

𝑀𝑅𝑑,𝑏𝑜𝑡 𝑓𝑙𝑎𝑛𝑔𝑒 =  98,19 𝑀𝑁𝑚 

𝑀𝑅𝑑,𝑡𝑜𝑝 𝑓𝑙𝑎𝑛𝑔𝑒 = 242,21 𝑀𝑁𝑚  
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C.5 Comparison between non- and full composite action. 

C.5.1 Position of neutral axis 

The distance to the neutral axis is calculated form the lower edge of bottom flange to the center of gravity 

for the whole bridge.  

For a non-composite action bridge there exists two center of gravities, one for the steel girder and one for 

the concrete deck. Therefore, the distance to the bridge neutral axis on a non-composite bridge is the same 

as the center of gravity of the steel girder.  

On the other side a bridge with full-composite action, the steel girder and the concrete slab work together 

with a sole combined center of gravity. Which means the distance to the neutral axis is the same as the 

center of gravity for the composite bridge. 

C.5.1.1 Section 1. 

Distance to neutral axis from lower edge of bottom flange is following for section 1. 

Non-composite action. 

𝑌𝑡𝑝,𝑛𝑜𝑛−𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒,𝑠𝑒𝑐𝑡𝑖𝑜𝑛 1 = 1990 𝑚𝑚 

Full-composite action. 

𝑌𝑡𝑝,𝑓𝑢𝑙𝑙−𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒,𝑠𝑒𝑐𝑡𝑖𝑜𝑛 1 = 2759 𝑚𝑚 

By achieving composite action, the neutral axis has moved about 769 mm upwards on the steel girder in 

section 1. 

C.5.1.2 Section 2. 

Distance to neutral axis from lower edge of bottom flange is following for section 2. 

Non-composite action. 

𝑌𝑡𝑝,𝑛𝑜𝑛−𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒,𝑠𝑒𝑐𝑡𝑖𝑜𝑛 2 = 1993 𝑚𝑚 

Full-composite action. 

𝑌𝑡𝑝,𝑓𝑢𝑙𝑙−𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒,𝑠𝑒𝑐𝑡𝑖𝑜𝑛 2 = 2812 𝑚𝑚 

By achieving composite action, the neutral axis has moved about 819 mm upwards on the steel girder in 

section 2. 

C.5.1.3 Section 3. 

Distance to neutral axis from lower edge of bottom flange is following for section 3. 

Non-composite action. 

𝑌𝑡𝑝,𝑛𝑜𝑛−𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒,𝑠𝑒𝑐𝑡𝑖𝑜𝑛 3 = 1989 𝑚𝑚 

Full-composite action. 

𝑌𝑡𝑝,𝑓𝑢𝑙𝑙−𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒,𝑠𝑒𝑐𝑡𝑖𝑜𝑛 2. = 2757 𝑚𝑚 

By achieving composite action, the neutral axis has moved about 768 mm upwards on the steel girder in 

section 2. 
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C.5.1.4 Summary 

The neutral axis has moved between 768-819 mm closer to the concrete deck when achieving composite 

action. 

The cause behind this behavior is that when the bridge has fully achieved composite action the concrete 

slab only takes compressive stresses. Which the slab is really affective on due to its large equivalent steel 

area that is roughly 60% of the entire steel girder meaning the slab significantly increases the total steel 

area of the top flange.  
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C.5.2 Moment capacity 

C.5.2.1 Section 1. 

Moment capacity for the bottom flange in section 1 was following. 

With non-composite action. 

𝑀𝑅𝑑,𝑏𝑜𝑡 𝑓𝑙𝑎𝑛𝑔𝑒 1 = 77,5 𝑀𝑁𝑚 

With full-composite action. 

𝑀𝑅𝑑,𝑏𝑜𝑡 𝑓𝑙𝑎𝑛𝑔𝑒 1 = 92,62 𝑀𝑁𝑚 

Resulting in an increase of 19 % for the moment capacity in bottom flange when achieving composite 

action. 

 

Moment capacity for the top flange in section 1 was following. 

No composite action. 

𝑀𝑅𝑑,𝑡𝑜𝑝 𝑓𝑙𝑎𝑛𝑔𝑒 1 = 80,77 𝑀𝑁𝑚 

Full composite action. 

𝑀𝑅𝑑,𝑡𝑜𝑝 𝑓𝑙𝑎𝑛𝑔𝑒 1 = 227 𝑀𝑁𝑚 

Resulting in an increase of 181 % for the moment capacity in the top flange when achieving composite 

action. 

C.5.2.2 Section 2. 

Moment capacity for the bottom flange in section 2 was following. 

With non-composite action. 

𝑀𝑅𝑑,𝑏𝑜𝑡 𝑓𝑙𝑎𝑛𝑔𝑒 2 = 73,38 𝑀𝑁𝑚 

With full-composite action. 

𝑀𝑅𝑑,𝑏𝑜𝑡 𝑓𝑙𝑎𝑛𝑔𝑒 2 = 86,45 𝑀𝑁𝑚 

Resulting in an increase of 17 % for the moment capacity in bottom flange when achieving composite 

action. 

 

Moment capacity for top flange in section 2 was following. 

No composite action. 

𝑀𝑅𝑑,𝑡𝑜𝑝 𝑓𝑙𝑎𝑛𝑔𝑒 2 = 76,78 𝑀𝑁𝑚 

Full composite action. 

𝑀𝑅𝑑,𝑡𝑜𝑝 𝑓𝑙𝑎𝑛𝑔𝑒 2 = 226,79 𝑀𝑁𝑚 

Resulting in an increase of 195 % for the moment capacity in the top flange when achieving composite 

action. 
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C.5.2.3 Section 3. 

Moment capacity for the bottom flange in section 3 was following. 

With non-composite action. 

𝑀𝑅𝑑,𝑏𝑜𝑡 𝑓𝑙𝑎𝑛𝑔𝑒 3 = 86,32 𝑀𝑁𝑚 

With full-composite action. 

𝑀𝑅𝑑,𝑏𝑜𝑡 𝑓𝑙𝑎𝑛𝑔𝑒 3 = 98,18 𝑀𝑁𝑚 

Resulting in an increase of 14 % for the moment capacity in bottom flange when achieving composite 

action. 

 

Moment capacity for top flange in section 3 was following. 

No composite action. 

𝑀𝑅𝑑,𝑡𝑜𝑝 𝑓𝑙𝑎𝑛𝑔𝑒 3 = 89,90 𝑀𝑁𝑚 

Full composite action. 

𝑀𝑅𝑑,𝑡𝑜𝑝 𝑓𝑙𝑎𝑛𝑔𝑒 3 = 242,21 𝑀𝑁𝑚 

Resulting in an increase of 170 % for the moment capacity in the bottom flange when achieving composite 

action. 

C.5.2.4 Summary 

In the bottom flange the capacity increased between 14-19 % with achieving composite action. 

For the top flange the capacity increased around 170-195 % when achieving full composite action in the 

bridge. 

The total moment capacity of the bridge increased between 14-19% due to the critical component after 

achieving composite action will be lower flange. However, a reduction of the stresses induced from traffic 

could be used up to a factor of 1/ 1,95 if composite action is achieved.    

The reason behind this large increase of capacity for bottom flanges is because the neutral axis moved 

upwards when achieving composite action thus giving more steel area in tension. And the cause why top 

flange capacity increases, is due to the concrete slab is now contributes as an equivalent steel area from 

which greatly increases the steel area of top flanges and thus making the structure stiffer. 
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Appendix D - Miscellaneous 
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D.1 USA State Bridge Rankings Structurally Deficient  
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2016 Annual Bridge Report 
 

 

Source: U. S. Department of Transportation Federal Highway Administration National Bridge Inventory, 2015 data 

2015 

Rank

2014 

Rank

2013 

Rank
State

Number of 

Bridges

Structurally 

Deficient 

Bridges

% of 

total

2015 

Rank

2014 

Rank

2013 

Rank
State

Number of 

Bridges

Structurally 

Deficient 

Bridges

% of 

total

1 2 2 Iowa 24,242 5,025 20.7% 1 1 2 Rhode Island 766 178 23.2%

2 1 1 Pennsylvania 22,783 4,783 21.0% 2 2 1 Pennsylvania 22,783 4,783 21.0%

3 3 3 Oklahoma 23,049 3,776 16.4% 3 3 3 Iowa 24,242 5,025 20.7%

4 4 4 Missouri 24,398 3,222 13.2% 4 4 4 South Dakota 5,866 1,156 19.7%

5 5 6 Nebraska 15,341 2,474 16.1% 5 5 5 Oklahoma 23,049 3,776 16.4%

6 7 7 Kansas 25,047 2,303 9.2% 6 6 6 Nebraska 15,341 2,474 16.1%

7 9 9 Illinois 26,674 2,244 8.4% 7 7 7 North Dakota 4,401 692 15.7%

8 8 10 Mississippi 17,057 2,184 12.8% 8 12 14 West Virginia 7,215 1,092 15.1%

9 10 8 North Carolina 18,124 2,085 11.5% 9 8 8 Maine 2,431 361 14.8%

10 6 5 California 25,318 2,009 7.9% 10 9 11 Louisiana 13,012 1,838 14.1%

11 12 12 New York 17,461 1,990 11.4% 11 10 12 Missouri 24,398 3,222 13.2%

12 11 11 Ohio 27,104 1,893 7.0% 12 13 13 Mississippi 17,057 2,184 12.8%

13 14 14 Louisiana 13,012 1,838 14.1% 13 14 9 New Hampshire 2,470 312 12.6%

14 13 13 Indiana 19,145 1,717 9.0% 14 11 10 Wyoming 3,085 370 12.0%

15 15 15 Alabama 16,095 1,353 8.4% 15 16 18 Michigan 11,086 1,299 11.7%

16 16 16 Michigan 11,086 1,299 11.7% 16 15 16 North Carolina 18,124 2,085 11.5%

17 17 20 Wisconsin 14,134 1,282 9.1% 17 17 17 New York 17,461 1,990 11.4%

18 18 18 Kentucky 14,261 1,183 8.3% 18 18 19 South Carolina 9,344 1,004 10.7%

19 19 19 South Dakota 5,866 1,156 19.7% 19 20 20 Alaska 1,493 148 9.9%

20 24 25 West Virginia 7,215 1,092 15.1% 20 22 23 Kansas 25,047 2,303 9.2%

21 21 21 Virginia 13,884 1,063 7.7% 21 28 33 Wisconsin 14,134 1,282 9.1%

22 22 22 Tennessee 20,106 1,026 5.1% 22 19 22 Indiana 19,145 1,717 9.0%

23 20 17 Texas 53,209 1,008 1.9% 23 26 27 Massachusetts 5,167 461 8.9%

24 23 24 South Carolina 9,344 1,004 10.7% 24 23 26 New Jersey 6,686 596 8.9%

25 25 26 Arkansas 12,853 845 6.6% 25 24 25 Idaho 4,369 385 8.8%

26 26 23 Minnesota 13,301 810 6.1% 26 25 24 Connecticut 4,225 357 8.4%

27 27 27 Georgia 14,790 729 4.9% 27 30 32 Illinois 26,674 2,244 8.4%

28 28 28 North Dakota 4,401 692 15.7% 28 27 30 Alabama 16,095 1,353 8.4%

29 29 29 New Jersey 6,686 596 8.9% 29 29 29 Kentucky 14,261 1,183 8.3%

30 30 30 Colorado 8,624 521 6.0% 30 21 21 California 25,318 2,009 7.9%

31 31 31 Massachusetts 5,167 461 8.9% 31 33 38 Montana 5,243 411 7.8%

32 32 33 Oregon 8,037 417 5.2% 32 31 31 Virginia 13,884 1,063 7.7%

33 35 36 Montana 5,243 411 7.8% 33 32 35 Ohio 27,104 1,893 7.0%

34 34 35 Idaho 4,369 385 8.8% 34 34 28 Vermont 2,749 190 6.9%

35 36 37 Washington 8,158 385 4.7% 35 35 37 New Mexico 3,960 267 6.7%

36 33 32 Wyoming 3,085 370 12.0% 36 36 39 Arkansas 12,853 845 6.6%

37 38 38 Maine 2,431 361 14.8% 37 37 36 Minnesota 13,301 810 6.1%

38 37 34 Connecticut 4,225 357 8.4% 38 38 42 Colorado 8,624 521 6.0%

39 39 39 New Hampshire 2,470 312 12.6% 39 39 41 Maryland 5,313 306 5.8%

40 40 40 Maryland 5,313 306 5.8% 40 40 40 Delaware 875 48 5.5%

41 41 41 New Mexico 3,960 267 6.7% 41 44 15 Hawaii 1,142 60 5.3%

42 43 42 Florida 12,198 251 2.1% 42 42 45 Oregon 8,037 417 5.2%

43 42 44 Arizona 8,056 246 3.1% 43 43 43 Tennessee 20,106 1,026 5.1%

44 44 43 Vermont 2,749 190 6.9% 44 45 44 Georgia 14,790 729 4.9%

45 45 45 Rhode Island 766 178 23.2% 45 46 46 Washington 8,158 385 4.7%

46 46 47 Alaska 1,493 148 9.9% 46 41 34 District of Columbia 254 10 3.9%

47 47 48 Utah 3,019 95 3.1% 47 47 47 Utah 3,019 95 3.1%

48 48 46 Hawaii 1,142 60 5.3% 48 48 48 Arizona 8,056 246 3.1%

49 49 49 Delaware 875 48 5.5% 49 50 50 Florida 12,198 251 2.1%

50 50 50 Nevada 1,919 35 1.8% 50 49 49 Texas 53,209 1,008 1.9%

51 51 51 District of Columbia 254 10 3.9% 51 51 51 Nevada 1,919 35 1.8%

TOTAL 609,539 58,495 9.6% TOTAL 609,539 58,495 9.6%

2015 structurally deficient bridges, ranked by total number of deficient 

bridges

2015 structurally deficient bridges, ranked by deficient bridges as % of 

inventory
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