
MASTER THESIS 
TITLE OF REPORT 

Finite Element Analysis and field investigation of a deteriorated RC 

bridge: A case study of Øvre Kvamme bridge 

 

 

DATE 

25.05.2023 

PAGES / ATTACHMENTS 

147 / 11 

AUTHOR(S) 

Mjahed Babawat  

Per Henrik Ellefsen 

SUPERVISOR(S) 

Mahdi Kioumarsi 

Amirhosein Shabani 
 

 

IN COLLABORATION WITH 

Vestland County Municipality 

CONTACT PERSON 

Øyvind Sætra 

 
  

SUMMARY / SYNOPSIS 

Øvre Kvamme concrete bridge is approaching the end of its design life due to significant 

deterioration. To address this, a collaboration with the Vestland County Municipality was 

established to rehabilitate and strengthen the reinforced concrete bridge. Subsequently, A 

comprehensive field investigation using Non-Destructive Tests (NDT) and Structural Health 

Monitoring (SHM) instruments was performed. The collected data from the field investigation 

was processed with a wide range of softwares, including Operational Modal Analysis (OMA) 

and Building Information Modeling (BIM) techniques. The final assessment was utilized and 

implemented into Finite Element Analysis (FEA) in Abaqus to examine the proposed 

strengthening methods, including Carbon Fiber Reinforced Polymers (CFRP) and Ultra-High 

Performance Fiber-Reinforced Concrete (UHPFRC) retrofitting. 

 

KEYWORDS 

Condition Assessment 

Finite Element Analysis 

Model updating 

Rehabilitation 

 ACCESSIBILITY: OPEN 

 

OsloMet – Oslo Metropolitan University 

 

Department of Built Environment 

Section of Civil Engineering 

 

Master Program in Structural Engineering & Building Technology 



II 

 

Foreword 

This master's thesis has been written as the final part of the two-year master’s program in 

Structural Engineering & Building Technology Program at Oslo Metropolitan University. The 

thesis was written during the Spring semester of 2023 and constituted 30 credits per student. Its 

topic and scope were established in collaboration with OsloMet and Vestland County 

Municipality. 

This thesis offers a thorough study on the Øvre Kvamme bridge, providing insight into its 

condition as well as challenges associated with ageing concrete bridges in Nordic environments 

and increasing traffic load. Furthermore, rehabilitation techniques used to extend its lifespan 

are discussed. 

We would like to extend our profound thanks to Mahdi Kioumarsi and Amirhosein Shabani for 

their commitment and guidance throughout this thesis. Additionally, we would like to express 

our thanks to Øyvind Sætra from Vestland County Municipality who assisted with planning an 

excursion to Øvre Kvamme bridge as well as providing vital information regarding this thesis. 

Finally, Dr. Farhood Shahidi for his professional consultation with finite element modeling in 

Abaqus and ETABS. 

We wish for this thesis to serve as an invaluable reference for engineers, researchers, and 

professionals working in bridge maintenance and rehabilitation. By drawing attention to the 

unique challenges that concrete bridges in demanding environments face, we hope to raise 

awareness and encourage proactive measures when designing future infrastructure. A 

comprehensive field investigation coupled with advanced techniques and software provides a 

basis for assessing aging reinforced concrete bridges' as well as devising effective repair and 

strengthening methods.  

 

Oslo Metropolitan University, 25.05.2023 

 

___________________________________________________________________________ 

Mjahed Babawat        Per Henrik Ellefsen  



III 

 

Abstract 

A significant number of concrete bridges in Norway are currently approaching the end of their 

anticipated design life due to deterioration and poor condition. Over the years, these bridges 

have been subjected to various environmental factors, heavy traffic loads, and limited 

maintenance, leading to significant wear and structural degradation. The Øvre Kvamme bridge 

situated in Lærdal municipality, is an aged reinforced concrete structure that has experienced 

significant deterioration. 

In response to this, the Vestland County Municipality has initiated a collaboration to assess the 

bridge and explore rehabilitation options aimed at improving its mechanical strength and 

durability. To effectively adress these challenges, a comprehensive field investigation was 

conducted, emplying various Non-Destructive Testing (NDT) and Structural Health Monitoring 

(SHM) instruments. The extracted results was processed with a comprehensive condition 

assessment of the bridge, and through a wide range of softwares with the help of Building 

Information Modeling (BIM). Subsequently, the findings are complemented by structural 

analysis using Operational Modal Analysis (OMA), Finite Element Modeling (FEM) and 

Nonlinear Finite Element Analysis (NFEA) to analyze and assess the behavior of Øvre 

Kvamme bridge with and without retrofitting. 

The results from the field investigation on the bridge revealed significant deterioration mainly 

due to corroded reinforcement likely from carbonation. The severe detected degradation is 

impacting its serviceability and load-bearing capacity, necessitating urgent repair and 

strengthening. Adhering to standard and regulations, measures such as removing damaged 

concrete, addressing corrosion, and ensuring strong material bonds are crucial for rehabilitation 

of the bridge.  

An feasable finite element model was developed to replicate the behavior of the bridge, and 

various configurations of two strengthening materials were tested using FEM software Abaqus. 

The objective was to assess their impact on the flexural behavior of the bridge and determine 

the most effective approach to enhance its load-bearing capacity and durability. The use of 

Carbon Fiber Reinforced Polmyers (CFRP) and Ultra-High Performance Fiber-Reinforced 

Concrete (UHPFRC) was found effective in achieving this. Specifically, the simulations 

demonstrated that UHPFRC performed superior under realistic traffic loads, whereas 

retrofitting with CFRP provided the greatest flexural resistance at a much higher loads. 
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Sammendrag 

Et betydelig antall betongbroer i Norge nærmer seg nå slutten av sin forventede levetid på grunn 

av dårlig forfatning. Gjennom tidene har disse broene blitt påvirket av ulike miljøfaktorer, tung 

trafikkbelastning og begrenset vedlikehold, noe som har ført til betydelig slitasje og strukturell 

nedbrytning. Øvre Kvamme bro lokalisert i Lærdal kommune, er en gammel armert 

betongkonstruksjon som har opplevd betydelig degradering over tid.  

Som svar på dette, har Vestland fylkeskommune engasjert et samarbeid med mål om å evaluere 

broens tilstand og utforske rehabiliteringsmuligheter for å forbedre dens bæreevne og 

holdbarhet. For å effektivt håndtere disse utfordringene ble det gjennomført en omfattende 

feltundersøkelse av broen ved hjelp av ulike ikke-destruktive tester (NDT)- og strukturelle 

helseovervåkingsinstrumenter (SHM)-. Resultatene fra undersøkelsene ble behandlet for en 

grundig tilstandsvurdering av broen og ved bruk av ulike programvareverktøy som 

bygningsinformasjonsmodellering (BIM). Deretter ble funnene supplert med 

konstruksjonsanalyser ved hjelp av operativ modalanalyse (OMA), endelig elementmodellering 

og ikke-lineær endelig elementanalyse for å analysere og vurdere oppførselen til Øvre Kvamme 

broen både med og uten forsterkning. 

Resultatene fra feltundersøkelsen av broen avdekket betydelig degradering, hovedsakelig på 

grunn av korrosjon av armeringsjern, mest sannsynlig fra karbonisering. Den alvorlige 

degraderingen som ble påvist, påvirker broens bruk og bæreevne, og det er derfor nødvendig 

med umiddelbar reparasjon og forsterkning. I tråd med standarder og forskrifter er tiltak som 

fjerning av skadet betong, behandling av korrosjon og sikring av sterke 

materialesammensetninger avgjørende for rehabiliteringen av broen. 

Det ble utviklet en håndterlig endelig elementmodell for å så nøyaktig som mulig gjenskape 

broens oppførsel. Flere konfigurasjoner av to ulike forsterkningsmaterialer ble testet i FEM-

programvaren Abaqus for å vurdere deres innvirkning på broens oppførsel under bøyning, og 

for å identifisere den mest effektive metoden for å styrke broens bæreevne og holdbarhet. 

Bruken av karbonfiberarmerte polymer og høyfast fiberarmert betong viste seg å være effektive 

metoder for å oppnå dette målet. Resultatene viste at høyfast fiberarmert betong var bedre i 

under trafikkbelastning, mens forsterkning med karbonfiberarmerte polymer ga størst 

bøyemotstand ved en mye høyere vertikal belastning og forskyvning.  
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1 Introduction 

The infrastructure of transportation is critical for all societies, and bridges play a vital role in 

connecting communities and enabling movement of goods and people. However, a large sum 

of the existing infrastructure, especially concrete bridges in Norway and the world are reaching 

the end of their expected design life, primarily because many of these bridges were constructed 

after World War II [1-2]. As of today, numerous concrete bridges in Norway have exceeded 60 

years of age, and the majority of the older concrete bridges were not built to meet the newer 

standards for a design life of 100 years. Additionally, the construction quality of these bridges 

did not comply with the present-day strict standard requirements to shield itself from the harsh 

Nordic environment and the heavy traffic loads, leading to a greater risk of degradation. 

Consequently, the awareness and interest in repairing, maintaining, and strengthening concrete 

bridges has been increasing annually to ensure safe operation and prolong the service life in a 

safe and eco-friendly manner [3-4]. 

According to Brutus, a classified bridge management tool-system by Norwegian Public Road 

Administration (NPRA), reports that there are nearly 17,000 registered bridges in Norway, 

where approximately 13,700 are identified as concrete bridges. Each year, between 15,000 and 

18,000 bridge inspections are meant to conducted12 and in 2019, the NPRA identified 271 

bridges that were in urgent need of strengthening and maintenance3. Furthermore, Brutus has 

documented roughly 5,600 bridges with load capacity damage. The main cause of degradation 

of concrete bridges are due to increased traffic load, harsh environmental conditions, aging 

infrastructure, insufficient project design and lack of maintenance and repair [5]. Hence, 

performing a comprehensive field investigation and a structural analysis of these bridges will 

allow specialists to identify the specific areas that require attention, so the repair process can be 

as targeted and effective as possible. This is essential to keep Norway’s bridges in optimal 

condition, benefitting both the public and the environment. Figure 1 visually represents two 

groups of identified bridges in Norway: a) bridges with severe damage, and b) bridges that have 

not been inspected, as displayed by VG4 in 2017 

 
1 https://www.nrk.no/nordland/betongbruer-far-forlenget-levetid-og-sparer-staten-for-milliarder-1.15743249  
2 https://bil24.no/i-ar-sjekkes-17-000-norske-bruer/   
3 https://www.nrk.no/nyheter/vedlikehold-av-broer-1.14455266  
4 https://www.vg.no/spesial/2017/de-forsomte-broene/kart/index-eng.php#skade  

https://www.nrk.no/nordland/betongbruer-far-forlenget-levetid-og-sparer-staten-for-milliarder-1.15743249
https://bil24.no/i-ar-sjekkes-17-000-norske-bruer/
https://www.nrk.no/nyheter/vedlikehold-av-broer-1.14455266
https://www.vg.no/spesial/2017/de-forsomte-broene/kart/index-eng.php#skade
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      a)                                                                 b)  

Figure 1: a) Severe damage bridges; b) lack of required bridge inspections5 

An aged, Reinforced Concrete (RC) bridge – Øvre Kvamme, located in Lærdal municipality, 

has been in service for many years and has experienced significant deterioration. The ongoing 

deterioration has brought the bridge closer to the end of its expected lifespan. As a response, 

the Vestland County Municipality has initiated a collaborative effort to analyze the structure’s 

condition and evaluate potential maintenance options to improve its mechanical strength and 

durability. To accomplish this, a comprehensive examination of the bridge’s structure will be 

conducted. This will involve the use of numerical simulation analyses, as well as a condition 

assessment of the bridge that will be carried out to identify the extent of the deterioration and 

any structural vulnerabilities that require attention. Figure 2 below shows the Øvre Kvamme 

bridge during the inspection conducted in November 2022.  

 

Figure 2: Øvre Kvamme bridge in Lærdal at time of inspection 

 
5 https://www.vg.no/spesial/2017/de-forsomte-broene/kart/index-eng.php#inspeksjon  

https://www.vg.no/spesial/2017/de-forsomte-broene/kart/index-eng.php#inspeksjon
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1.1 Background 

RC bridges have been an important component of transportation infrastructure for over a 

century. When engineers first introduced reinforced concrete in the early 1900s, it quickly 

gained popularity in the industry. This allowed design of structures capable of supporting higher 

loads and spanning larger distances than traditional masonry or timber bridges [6]. The 

durability, resistance to fire, and low maintenance properties of RC bridges made them the ideal 

choice of bridge constructions [6].  

During the early stages of reinforced concrete bridge construction, the knowledge of concrete 

behavior and its long-term durability was not yet fully developed. Thus, many bridges built had 

deficiencies in design, materials, and construction. Over time it was showcased that despite the 

reputation for high durability properties, reinforced concrete was susceptible to degradation. 

This is due to concrete being a porous material, making it highly vulnerable to the harmful 

effects of water and freeze-thaw cycles. These factors contribute to the formation of cracks, 

spalling, and corrosion among other things.  

Corrosion is a chemical reaction that develops when steel is exposed to oxygen and water, 

which results in the formation of rust. Due to the larger volume of the reaction product 

compared to its initial state, the concrete undergoes cracking and spalling. Corrosion is 

considered to be the main cause of deterioration of reinforced concrete structures, as it heavily 

weakens the structural integrity of the structure [4]. Even though there are other types of damage 

mechanisms, corrosion stands out as the primary cause of concrete failure that has a significant 

impact on the service life. Consequently, comprehending corrosion becomes crucial since it 

ultimately renders bridges unsafe. The most common causes of bridge failure and collapse are 

due to design and construction defects, corrosion, design and supervision errors, accidental 

overloading, and shocks, and lack of maintenance or inspection [7]. 

In recent years, there has been an increased interest in rehabilitation and strengthening of 

deteriorated concrete bridges. This involves the use of many different methods, products, and 

techniques such as patching, overlays, epoxies, and other protective coatings to better assist the 

structures. Additionally, advancements in technology have led to the development of innovative 

Maintenance, Repair and Strengthening (MRS) methods such as, Non-Destructive Tests 

(NDT), Structural Health Monitoring (SHM), structural adhesive systems or the use of 

composite materials as a repair and strengthening method. Using composite materials as a 
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strengthening technique has proven excellent results, providing a longer service life and a 

higher load-bearing capacity for the structure [8]. 

Over the years, a number of numerical analysis methods have been developed to solve diverse 

problems. Among these methods, the Finite Element Method (FEM) has been widely employed 

to solve partial differential equations and determine approximate solutions [9]. Its origins can 

be traced back to the 1940s, where it was initially used to address complex elasticity and 

structural problems. Today, it stands as the mathematical foundation of modern Finite Element 

Analysis (FEA). By the use of FEM, engineering design in various industries, such as 

automotive, aviation, marine, as well as the construction industry, has been significantly 

revolutionized [10]. FEA is a powerful method that allows the analysis of structural behavior 

in clear details under different loads and conditions. It involves diving a complex geometry into 

much smaller and more simple elements, and then applying complex mathematical equations 

to each element to calculate its realistic behavior. By combining the results from all of the 

elements, the overall behavior of the structural system can be assessed. It is very important to 

note that the results from FEAs are only as strong as the quality of the input. Hence, it is very 

important to ensure that inputs such as material properties, boundary conditions, contact 

definitions, units, and other variables are all consistent, connected and correspond with the 

highest possible accuracy to the real problem. 

 

1.2 Objectives 

The main objective of this thesis is to introduce a methodological framework for analyzing the 

structural behavior of Øvre Kvamme RC bridge under current operational conditions and 

propose the optimum strengthening methodology. To further support the primary objective, the 

following additional secondary objectives will also be undertaken to: 

- Conduct a comprehensive systematic literature review on the topic of interest, 

emphasizing the structural performance evaluation of RC bridges. 

- Perform a field investigation of the Øvre Kvamme RC bridge with the assistance of 

multiple NDTs and SHM techniques, in order to identify any existing damage or 

deterioration and evaluate the current condition of the bridge, specifically focusing 

on areas of deterioration and assessing the level of impact on the structural integrity 

of the bridge. 
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- Propose the most suitable repair and reinforcement techniques for the bridge, 

emphasizing the use of composite materials as a strengthening method, and analyze 

their effectiveness using FEA and other advanced techniques. 

 

1.3 Research significance 

The research significance of this thesis is manifold. Not only will it address the knowledge 

gaps, safety, and structural integrity of the existing bridge but it will also function as a potential 

proposition to Vestland County Municipality and NPRA for a solution to the on-going 

conditions on the deteriorated existing RC bridge. It will address and provide a solution to its 

durability and structural issues but also strengthen the sustainability of the project. Additionally, 

the thesis can be beneficial for future structural analyses, field investigation, and preliminary 

assessment of other similar existing structures in comparable Nordic environment. The findings 

of this thesis can be used to inform future MRS strategies for similar bridges, potentially saving 

municipalities and governments significant costs in the long term. Furthermore, this thesis can 

serve as a valuable resource for researchers and professionals in the field of civil engineering, 

especially those interested in bridge safety, durability, and sustainability. 

 

1.4 Scope & limitations 

The scope of this thesis consists of performing a condition assessment and FEM-analyses on an 

existing RC bridge to simulate the behavior of the structure under different loads and conditions 

before, and after applying the proposed repairs and strengthening techniques. This will be 

supported by a thorough literature review and a field investigation of the bridge. The scope of 

this thesis is constrained by its high level of intricacy and given time frame. As a result, in order 

to complete the research in the specific time frame, several presumptions and limitations will 

be presented: 

- The thesis will be limited to only one bridge in a specific geographic region, and thus 

the proposed solutions of repair and maintenance methods may not be generalizable to 

all other types of bridges or regions with similar or different conditions or 

characteristics.  

- The thesis will not include a detailed analysis of the environmental impact of the repair 

and strengthening process, and thus the long-term performance of the proposed 
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techniques and methods of repair may not take all environmental and maintenance 

factors into account. 

- The thesis is limited to the availability and quality of technical and design 

documentations as well as data regarding the case study, such as material properties, 

material models, boundary conditions, loads, geometrical and rebar measurements. 

- The thesis will be limited to numerical models and simulations from software.  

- The thesis will be constrained by the accessibility to efficient instruments and software 

required to collect and provide high-quality data for the numerical simulations and 

analyses. 

- This thesis will be restricted to only non-destructive testing, which could influence the 

accuracy of the conducted structural health assessment and its proposal for rehabilitation 

techniques. 

 

1.5 Thesis structure 

The structure of this thesis contains a total of 9 chapters and 4 appendices. The following 

sections will provide a short insight into the organization of each chapter: 

Chapter 1. Introduction: The first chapter will introduce the thesis topic, background, 

objectives, research significance, scope, and limitations of the thesis as well as research 

questions.  

Chapter 2. Literature review: The second chapter will include an overview of the 

process behind discovering the existing research reviewed, the search process and a 

systematic review with a showcase of general trends, keywords, and publications by 

year and country. Additionally, a summary of some key findings will be presented. 

Chapter 3. Research methodology: The third chapter will describe the methods used 

in this thesis to achieve its mentioned objectives, including field investigation, 

numerical simulation, and analyses.  

Chapter 4. Field investigation of Øvre Kvamme bridge: The fourth chapter 

introduces the case study that represents the basis of this thesis and provides an in-depth 

insight into the current condition and health of the bridge as it stands today, with a close 

look at its condition and properties. Additionally, non-destructive testing and structural 

health monitoring instruments were utilized to get a more comprehensive bridge 

assessment. 
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Chapter 5. Modeling of Øvre Kvamme bridge: The fifth chapter includes an overview 

of the creation of the FEM model and an experimental insight on updating the FE-model 

to match its up-to-date condition and the health of the bridge. 

Chapter 6. Finite element analyses: The sixth chapter will include all the Finite 

element analyses performed on the Øvre Kvamme bridge as it stands in its current 

condition with the final updated model of the FEM-model. 

Chapter 7. Rehabilitation and strengthening proposal for Øvre Kvamme bridge: 

The seventh chapter will include a proposal for strengthening methods with the 

introduction, background, and mechanical properties of the selected composite material 

chosen as a strengthening measure. Additionally, it will discuss standard practices for 

maintaining and repairing concrete structures. The retrofitting process of these 

strengthening methods will undergo finite element analyses to assess the behavior of the 

bridge after retrofitting. 

Chapter 8. Results & discussions: In this chapter the results from the field 

investigation, numerical simulations and analysis are presented. Additionally, it will 

present summarized discussions and results related to the findings from the previous 

chapters. 

Chapter 9. Conclusion: The ninth chapter. This chapter will summarize the main 

findings of the thesis, answer the objectives of this study, and provide recommendation 

for future work on the topic. 

Appendix A: Concrete damage plasticity parameters for concrete, supports, and ultra-

high performance fiber-reinforced concrete.  

Appendix B: Brutus document – Design drawing of the Øvre Kvamme bridge 

Appendix C: Brutus document – Rebar bending schedule of mid-span, Øvre Kvamme 

bridge 

Appendix D: A comprehensive literature review  
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2 Literature review 

This chapter will provide an overview of the approach used for the systematic literature review, 

a bibliometric analysis, as well as a summary of the results and findings obtained from the 

collected literature. 

2.1 Search strategy 

The main objective of conducting a systematic literature review is to establish a solid 

framework and get a more comprehensive understanding of the existing research on the topic 

of interest [11]. The idea is to systematically map out the collected information and identify 

knowledge gaps, keywords, and trends in the relevant studies that address the objectives of this 

thesis [11]. To accomplish this, multiple sources were chosen for the collection of literature, 

including a search engine and an academic database. In this thesis, the documents were 

collected using Oria as the academic search engine, Web of Science6 and Scopus7 as the selected 

databases. These were chosen due to their large and diverse collection of sources and libraries 

in the same field of interest as the thesis. Furthermore, using these source tools allowed for the 

retrieval of high-quality and relevant documents from trusted sources.  

The search process involved a combination of multiple search techniques to strengthen the 

search string to collect the relevant documents. This includes a specific set of keywords, 

truncations, phrase searching, and a set of boolean operators to enhance the search string criteria 

and improve the relevance of the results. See Table 1 below for an overview of the search 

techniques used to enhance the search string. 

Table 1: Overview of used search techniques in the search string 

Search techniques  Description 

Keywords  Specific words or phrases which is relevant to the 

studies. 

Truncations  Visualized as an asterisk symbol * to replace the 

rest of the word with other meanings to broaden the 

search. 

Phrase searching  Visualized as quotation marks to make the search 

result in exact or very identical fields.  

Boolean operators  (AND, OR and NOT) words that are used to refine 

the search. 

 
6https://clarivate.com/products/scientific-and-academic-research/research-discovery-and-workflow- 

solutions/webofscience-platform/  
7 https://www.scopus.com/  

https://clarivate.com/products/scientific-and-academic-research/research-discovery-and-workflow-%20solutions/webofscience-platform/
https://clarivate.com/products/scientific-and-academic-research/research-discovery-and-workflow-%20solutions/webofscience-platform/
https://www.scopus.com/
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The complete search string criteria consisted of three distinct methods: a search only within the 

article title, a search within all fields, and an exclusion search. The keywords used only for the 

article title were “Reinforc* Concrete bridg*” and “RC bridg*”. The all-fields search utilized 

the following keywords: (1) Repair*; (2) Strength*; (3) Rebuild*; (4) Reconstruct*; (5) Fix*; 

(6) Reinforc*; (7) FEM*; (8) Finite Element* and (9) Finite*. The selected search string was 

carefully designed to only retrieve specific area of interest studies related to the thesis objectives 

while excluding any irrelevant or unrelated material. And lastly, it was important for the search 

string to exclude everything related to seismic studies, as it provided a vast diverse collection 

of irrelevant studies to the main objectives and motive of the thesis.  

Once the initial search was completed, a large number of academic documents were retrieved. 

More specifically, 40 documents were returned from Oria, 78 from Web of Science, and 188 

from Scopus, resulting in 306 academic papers. While the initial search was broad and 

comprehensive, it was necessary to further refine the search results to narrow it down even 

further. To accomplish this, a set of filters were applied to the search engine post-initial search 

results. The filters were selected to further assist in eliminating the less relevant academic 

papers and focusing more on specific subject areas.  

The first applied filter was Publication date, which restricted the results to papers published 

within a specific timeframe (From the year 2000 to 2022). The second applied filter was based 

on Language (Norwegian & English), and the last filter applied was Subject area (Engineering 

& Building technology) to better assist the field relevance of the search results. Due to this, 82 

articles were eliminated, leaving 224 relevant academic documents for data review. Although 

this still represented a considerable number of articles, due to time constraints and impending 

deadlines, only a total of 40 academic papers were manually selected from the databases and 

recommendations from supervisors for a full manual review, while still conducting a 

bibliometric analysis of the 224 documents. These 40 documents were selected by title and 

abstract relevance to create a strong enough foundation for the objectives of the thesis. It is also 

worth mentioning that some of the academic papers that appeared in the search results after 

applying filters, may be duplicates. As they could be provided by more than one of the used 

databases.
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Identifications of collected literatures 

Figure 3 below displays a Preferred Reporting Items for Systematic Reviews and Meta-

Analyses (PRISMA) flow diagram which provides a graphical presentation of the search 

process utilized in this thesis. The diagram follows a standardized format outlined by PRISMA 

guidelines [12].  
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Figure 3: PRSIMA flow diagram of collected literatures – Retrieved from [12] 
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2.2 Bibliometric analysis 

A bibliometric analysis of the search string post filtering is important to the thesis as it will 

provide valuable insights into the current state of research in this field. A total of 224 documents 

were analyzed post-filtering from Oria, Web of Science, and Scopus. Figure 4 below displays 

the total number of documents published from 2000 to 2022 in filtered languages. The x-axis 

represents the years, and the y-axis represents the number of documents published. The chart 

indicates that attention and interest in the field had a slow start in the earlier years but 

significantly accelerated in 2016 and beyond. The number of documents published peaked in 

2021, with a total of 31 released, followed by a slight decline in the subsequent year.  

 

Figure 4: Total published documents from 2000-2022 based on the search string 

Figure 5 showcases the number of documents published by the top 15 countries from the year 

2000 to 2022, in addition to filtered language. The bar graph ranks the countries on the x-axis 

from the highest on the left to the lowest on the right, and the number of documents published 

on the y-axis. The data presented in Figure 5 highlights China and USA as the dominant players 

in this field by a large margin, with Canada as next in line. The data also reveals interesting 

patterns, such as the potential growth in non-English speaking countries like China, Japan, and 

Italy. This suggests that there may be opportunities for international collaboration and 

expansion in this field. 
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Figure 5: Total documents published by country based on the search string 

In order to efficiently map out the network of trends and keywords found in the retrieved 

documents, VOSviewer software was utilized [13]. The frequency of the keywords in the 

documents was set to a minimum of 10 times in order to appear as a relevant keyword. See 

Figure 6 below for a generated visualization map of the keywords most frequently used.  

 

Figure 6: Frequency of keywords created in VOSviewer [13] 
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The size of the bubbles corresponds to the frequency of the word’s occurrence in the documents. 

The larger the bubble, the more the word is repeated in the documents, and the lines between 

the bubbles illustrate the level of connectivity between the keywords. The thicker the lines, the 

stronger the connection. It is also important to note that the closer the bubbles are to each other, 

the more related they are to each other. Furthermore, Figure 6 identifies six main research topics 

represented by different colors, Finite Element Method (green), Corrosion (blue), Loads (cyan), 

Deterioration (red), Cracks (yellow), and Finite Element Analysis (purple) with “Concrete 

bridges” in the center of these crucial topics. This confirms that the search string used for the 

systematic literature review was appropriate for the objectives and motives of the thesis. 

Figure 7 below indicates the trending research topics based on the time of publication. Yellow 

color presents more recent studies while dark purple indicates older studies. Figure 7 highlights 

a notable trend in research that indicates an increasing focus on numerical simulation and 

analysis, along with concrete bridge maintenance. It is also important to highlight that the 

absence of links between some of the keywords in the network map indicates a potential 

knowledge gap and an opportunity for future investigation. 

 

Figure 7: Network of trends created in VOSviewer [13] 
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2.3 Research findings 

Following a careful selection process of 40 academic literature sources, the subsequent phase 

involved a detailed manual review of each source, as part of a systematic review. An efficient 

review system was established using Microsoft Excel spreadsheet to better organize and 

summarize the information obtained. All the handpicked literatures from the sources will be 

listed in an external Excel file, where the review will be conducted, see Appendix D. By using 

Excel as an overview of the papers, it was easy to sort and filter the data according to specific 

criteria quickly. This allowed for a more efficient analysis of the papers and identifications of 

common themes and trends in the industry, but also a reliable foundation and a general 

understanding of the subject. The full manual review process will include the following: 

- The identification of the literature (DOI, Title, Authors, Publication date, the country 

the research was performed from, and the type of research) 

- Software used for simulation or FEM-analyses 

- A simplified research question of the literature 

- A summary of the method and research methodology used in the paper 

- Results and findings that will be relevant to this thesis’s objectives 

- A conclusion of what was concluded with relevance to this thesis’s objectives 

It is important to note that in some of the cells in the Manual Review Excel file, there are only  

“ – “ written inside. This is due to the information not being relevant to this thesis or its non-

existent. These hand-selected documents underwent a full manual review and were used as the 

basis for the objectives of this thesis. Some of the relevant findings and research of these studies 

are summarized in the following sub-sections.  

2.3.1 Condition assessment of RC bridges 

Conducting a systematic condition assessment can provide significant advantages for the health 

of bridges, such as efficiently reducing repair costs and increasing the service life of reinforced 

concrete structures. Proper evaluation and inspection of deterioration, along with an appropriate 

repair, maintenance, and strengthening plan, can greatly prevent bridge collapse. Each of these 

factors plays a critical role in ensuring the success and long-term durability of an RC structure 

[3-5]. Various types of assessments were conducted using similar or different methods and 

techniques to achieve satisfactory results in the studies.  
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In an attempt to identify common patterns of deteriorations among RC bridges, Yavuz et al. [5] 

conducted a study utilizing a combination of visual inspection and Non-Destructive Tests 

(NDT). The researchers investigated in detail 104 concrete bridges in Albania and evaluated 

the condition of each one using a rating system ranging from 1 to 5. A rating of 1 indicated “No 

Risk”, while the rating of 5 indicated “Very High Risk”. At the end of the study, Yavuz et al. 

[5] revealed that the investigated bridges were in very poor condition due to traffic loads, lack 

of maintenance, and lack of proper design, among other factors. Thus, Yavuz et al. 

recommended to utilizing various NDT methods such as visual inspections, cover meters, 

vibration instruments, rebound hammer tests, half-cell potentiometer test, carbonation tests, and 

the use of digital image processing for a more comprehensive and precise assessment during 

field investigation [5]. A maintenance plan schedule was highly advisable by Yavuz et al. [5] 

and it is crucial to effectively address the challenges posed by deteriorated concrete bridges and 

ensure that the structure remains safe and healthy. 

In a study by Mohammed et al. [4], traditional approaches in condition assessment of RC 

bridges were explored. The study identified two methods of condition assessment: Destructive 

Tests (DT) and Non-Destructive Tests. While DTs such as coring tests are highly effective in 

detecting chemical attacks like carbonization, they are often problematic due to their potential 

to damage the bridge, their time-consuming nature, and their high cost. Thus, the study 

suggested a greater reliance on NDTs, which offer more benefits but require interpretation. The 

researchers investigated six NDT instruments in more detail, assessing their capabilities and 

limitations, and concluded that Ground Penetrating Radar as the most effective option. 

Mohammed et al. [4] also noted that the current practices indicate visual inspection as the most 

commonly employed method for condition assessment as it is very effective to detect surface 

defects. This approach is often performed with a simple NDT tool like hammer sounding or 

chain dragging to identify defects such as delamination. However, visual inspection has 

received criticism for relying heavily on the expertise and knowledge of the investigator [4]. 

Tarek & Moncef [3] investigated current practices of condition assessment of RC bridges in 

North America and its research challenges. The researchers classified the current practices into 

five main categories, visual inspection, load testing, non-destructive evaluation, SHM, and 

finite element modeling. Each practice is described in detail with its advantages, limitations, 

and application. However, it is important to note the value of integrating the extracted data from 

SHM and NDTs to FEM to improve the accuracy of the condition assessment greatly. All in 

all, Tarek & Moncef [3] recommended caution before using any of these practices, as a cost-
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benefit analysis should be carried out first to determine its value in both the short- and long-

term. Additionally, the authors highlighted the importance of integrating the enormous amount 

of information and knowledge that has already been produced in the bridge condition 

assessment field into a data-stored system, which could be used anytime by various participants 

in the field for quality management and structural assessment purposes. 

Giovanna et al. [14] investigated the condition of a four-span RC bridge through analytical 

results with field observations and dynamic testing before, and after strengthening with the 

application of Carbon Fiber Reinforced Polymers (CFRP). The researchers initiated a vibration-

based assessment by installing sensors on the bridge and recording the frequencies in different 

locations. These frequencies were further used in model updating of the FE-model to obtain a 

more realistic behavior of the current state of the bridge for a thorough analysis. The application 

of CFRP on the bridge resulted in higher frequencies, and the change in the frequency before 

and post application of CFRP indicates increased structural stiffness. Giovanna et al. [14] later 

concludes that dynamic-based assessment procedures are a powerful technique to calibrate and 

optimize the design of these strengthening interventions [14]. 

Gunawan & Narciso [15] assessed the condition of a deteriorated bridge located in Brunei 

Darussalam. The main aim of the study was to evaluate the current state of the bridge and 

identify the reasons behind the deterioration of its concrete. Gunawan & Narciso [15] performed 

a field investigation with a combination of destructive tests and non-destructive tests. This 

consisted of Visual Inspection, Acoustic Impact testing, Ferroscan Pachometer survey, 

Rebound Hammer testing, Ultrasonic Pulse Velocity, measurements in concrete dimensions, 

and a collection of concrete core and concrete powder samples [15]. Through destructive tests 

it was revealed that carbonation was one of the leading causes of concrete degradation in the 

bridge. The columns of the bridge were found to be in the most severe condition, and it was 

determined that carbonation-induced corrosion in the reinforcement was the primary reason for 

the deterioration. 

2.3.2 Numerical simulation and analyses of RC bridges 

Using finite element modeling and analyses enables the evaluation of the structural system 

performance and behavior without the need for physical instruments, making it a very cost-

effective approach. Additionally, collecting data from field instruments for bridge inspection 

can be used for model updating in the numerical simulations to further calibrate the finite 

element model for more precise and accurate results as discussed by Tarek & Moncef [3].  
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When performing a numerical simulation and analysis, several systems and factors must be 

considered. These may include the bond between concrete and steel, the impact of deterioration, 

chemical defects, material properties, mesh configurations, non-linear models, and other related 

variables.  

A study performed by Mohammad & Mohsen [16], was conducted to investigate how 

reinforcement parameters affect the punching shear strength of bridge slabs made of concrete 

reinforced with FRP and laterally restrained. The bridge was modelled in FEA software Abaqus 

with an 8-noded hexahedral element, reduced integration (C3D8R), mesh sensitivity of 25mm, 

and with the application of Concrete Damaged Plasticity (CDP) model for the Non-Linear 

Finite Element Analysis (NFEA). It was assumed to be a perfect bond between concrete and all 

other materials included in the bridge. Mohammad & Mohsen [16] later revealed through 

numerical simulation and analysis that the spacing between bars has more impact on punching 

shear strength compared to the bar area. Additionally, the researchers found that enhancing the 

transverse reinforcement will greatly improve the serviceability of the bridge slab. It would be 

noted, however, that the longitudinal reinforcement had minimal impact on the serviceability 

of the structure.   

Arto et al. [17] developed a 3D non-linear FE-model of a reinforced concrete bridge and loaded 

it to failure. The bridge was monitored and strengthened with FRP on the bottom of the deck to 

improve its bending capacity. The 3D model was created using Abaqus software, assuming a 

perfect bond between the composite material, steel, and concrete. The measurements were 

extracted from the monitoring instruments and implemented in Abaqus to further calibrate the 

model. The FE-model of the concrete bridge was modelled with solid elements of type C3D8R, 

while the reinforcement was modelled as wires of type 2-node linear 3D truss element. The 

supports were modelled using the shell element of type S4R. Overall, the model consisted of 

152,460 elements, and the application of CDP-model for the NFEA was used. It was revealed 

by Arto et al. [17] that the maximum load it could tolerate was a mid-span load of 11.7 MN, 

and the additional load from the failure condition was carried by the FRP bars which enhanced 

the bond stress between the epoxy adhesive and the surrounding concrete. A bond failure was 

also observed and caused by a combined action of shear, torsion and bending. It was discovered 

that the developed 3D NFEA-model can accurately predict the behavior of the bridge as the 

load increases, up to the point of bond failure [17]. 
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Micheal et al. [18] researched investigating a reliable methodology for structural analyzing RC 

bridge decks and thus performed FEA in the software Abaqus. The RC deck was modelled with 

shell and rebar elements of type S4R, the steel girders were modelled with beam elements, and 

a total of 5,211 elements were created from the whole FE-model. This resulted in 40,000 total 

degrees of freedom. The overall results from the FEM analysis performed by Micheal et al. [18] 

revealed that the FEA software Abaqus provided a very precise and accurate measurement of 

its behavior during loading. The software successfully simulated the interaction between 

concrete and steel, applied loads, and, most significantly, predicted the realistic structure 

behavior of the bridge that would otherwise not be typically obtained through experimentations. 

Abaqus was able to predict deflections, strains, and stresses while minimizing unnecessary 

complexities [18].  

Sujata [19] initiated an investigation on performing nonlinear finite element analysis in Abaqus 

on a bridge approach slab. Sujata employed a smeared crack model to represent the nonlinear 

behavior of the FE-model. The entire concrete bridge approach slab was modelled, resulting in 

600 elements of type S4R and reduced integration, while the reinforcements were modelled 

using the rebar layer option. Sujata established that Abaqus is more than suitable for performing 

nonlinear finite element analyses of reinforced concrete structures to predict the structural 

behavior, specifically, the stress and strain behavior and defects. Additionally, tension 

stiffening must be employed to model the interaction behavior of concrete and steel after the 

cracking stage more accurately [19]. In the study, a value of 20εcr was appropriate and used for 

tension stiffening of the finite element model.  

2.3.3 Repairing and strengthening methods of RC bridges 

The exposure of concrete bridge slabs to harsh environmental and mechanical conditions 

requires the development of innovative techniques to enhance their durability and augment their 

load-bearing capacity [8, 20-23]. Most of the severe degradation on concrete bridges comes 

from corrosion of reinforcement. Recently, the trend for extension of life cycle, repair, and 

strengthening have shifted towards utilizing composite materials as the preferred choice of 

rehabilitation and reinforcement with retrofitting.  

In a study conducted by Masoud et al. [21], the behavior of corrosion-damaged reinforced 

concrete beams with and without CFRP retrofit was investigated. Masoud et al. [21] performed 

a numerical simulation of the concrete structure in Abaqus [24], utilizing the concrete damage 

plasticity to predict the nonlinear behavior of the beam. The model was created using solid 



19 

 

elements and the rebars were modelled using wire elements. The corroded rebars, however, 

were modelled with spring element for the bond between concrete and corroded steel. The 

composite material CFRP was installed on the beam in three different retrofit cases and two 

different levels of corrosion: 

- Case A: CFRP strips along the bottom of the beam, at 20% and 40% corrosion level 

- Case B: CFRP strips along the bottom of the beam and three vertical CFRP plates on 

both sides for shear strengthening (c/c 150mm), at 20% and 40% corrosion level 

- Case C: CFRP strips along the bottom of the beam and three CFRP plates installed for 

shear strengthening at an angle of 45° (c/c 150mm), at 20% and 40% corrosion level 

According to Masoud et al. [21], the structure's moment capacity may be reduced by corrosion, 

resulting in the development of concentrated crack patterns. Furthermore, CFRP was identified 

as an effective technique to retrofit corrosion-damaged RC-structures as it greatly enhances the 

capacity of the structure element. However, the researchers cautioned against excessive use of 

the composite material and recommended a maximum limit of 40% capacity gain. Based on the 

results from the finite element analysis, Case B was the most beneficial, as it yielded the highest 

moment capacity values. 

An investigation conducted by Ayesha et al. [22] explored the overall properties of FRP 

concrete strengthening. The study aimed to provide an up-to-date overview of the use of FRP 

in strengthening RC structures, focusing on their performance, failure modes, modeling, 

challenges, and opportunities. The most common failure modes were found to be debonding for 

side-wrap and u-wrap strengthened systems and rupture of the FRP for full-wrapping systems. 

The researchers suggested that further research is needed to establish design guidelines for 

strengthening RC structures using FRPs under different loading conditions. Additionally, the 

use of FRP in strengthening RC structures will increase with the development of new techniques 

that reduces brittleness, energy consumption, carbon emissions, and initial costs. Ayesha et al. 

[22] have pointed out that while numerous studies have been conducted on FRP strengthening, 

they have mostly focused on short-term performance under specific conditions. The long-term 

behavior and performance of FRP strengthening under extreme conditions have not been widely 

investigated.  

An investigation conducted by Ayesha et al. [22] explored the overall properties of FRP 

concrete strengthening. The study aimed to provide an up-to-date overview of the use of FRP 

in strengthening RC structures, with a focus on their performance, failure modes, modeling, 
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challenges, and opportunities. The most common failure modes were found to be debonding for 

side-wrap and u-wrap strengthened systems, and rupture of the FRP for full-wrapping systems. 

The researchers suggested that further research is needed to establish design guidelines for 

strengthening RC structures using FRPs under different loading conditions. Additionally, the 

use of FRP in strengthening RC structures will increase with the development of new techniques 

that reduce brittleness, energy consumption, carbon emissions, and initial costs. Ayesha et al. 

[22] have pointed out that while numerous studies have been conducted on FRP strengthening, 

they have mostly focused on short-term performance under specific conditions. The long-term 

behavior and performance of FRP strengthening under extreme conditions have not been widely 

investigated.  

Fahmy et al. [23] explored the structural properties of applying carbon fiber-reinforced polymer 

sheets on RC bridge slabs through an analytical study. A finite element model in a FEA software 

called ANSYS was developed and four application cases of CFRP sheets were analyzed. The 

study revealed that CFRP strengthening can enable many structures to meet today’s standard 

requirements while being cost-effective compared to conventional methods. The researchers 

observed a significant increase in the ultimate load capacity of the structure (43.2% for 3 sheets 

with 100 mm width and 54.8% for three sheets with 200 mm width) [23]. Moreover, Fahmy et 

al. [23] discussed that even better capacity could be achieved by using more comprehensive 

sheets, closer sheet spacing, and positioning along the longitudinal axis of the slab.  

Research conducted by Nicholas & Hira [25] reports on experimental investigations of the 

performance of two CFRP-based repair and strengthening schemes on severely damaged 40% 

scale model flat slab bridges, which represent a large class of multi-span RC flat slab bridges 

in Australia that are over 60 years old. Both static and dynamic tests were conducted, and the 

researchers found out that both CFRP-based strengthening systems are viable remedial 

strengthening strategies for flat slab bridge deck applications. However, the ultimate 

performance of both schemes was somewhat brittle. The dynamic testing technique used in the 

study can be valuable for condition monitoring applications by calibrating FEA models of 

bridge structures.  

Hsuan-Teh et al. [8] performed a non-linear finite element analysis on various methods of FRP 

strengthening on a reinforced concrete beam. The method included FRP application methods 

on a long, and short beam length, as well as low and high reinforcement ratios. The beam was 

modelled in Abaqus using 8-node solid elements, the FRP was modelled using shell elements, 



21 

 

and it was assumed perfect bonding between the concrete and the composite material. 

According to the study, it was found that incorporating FRP on the underside of the concrete 

yielded a higher stiffness value for the beam compared to the sides. The length of the beam with 

a high reinforcement ratio did not affect the impact of FRP on the bottom. However, the 

research also showed that the combination of high reinforcement ratio and FRP applied on the 

underside of the beam resulted in more cracks in the central region as opposed to the beam with 

a low reinforcement ratio. But the beams with a low reinforcement ratio and FRP applied at the 

bottom of the beam resulted in more cracks at the support region [8]. Hsuan-Teh et al. [8] 

concluded that correct appliance of FRP-reinforcing on the bottom of the structure element will 

result in higher ultimate strength values. 

Malena et al. [20] explored the use of Ultra-High Performance Fiber-Reinforced Concrete 

(UHPFRC) as a composite material for repairing and strengthening the reinforced concrete deck 

slabs in bridges. The researchers applied an additional layer of UHPFRC to the concrete bridge 

deck and conducted both experimental and analytical studies to investigate the behavior of the 

structure under various types of loads and identify failure modes. The experimental tests 

including bending, punching, and cantilever tests, as well as the analytical approach revealed 

that UHPFRC composite material significantly improved the structure’s load-bearing capacity 

and enhanced the durability of the bridge deck. This was also confirmed by Lionel & Philippe 

[26] in similar research. The researchers, Lionel & Philippe [26] investigated on various 

application cases of the composite material UHPFRC on different RC bridges. Their research 

and the study conducted by Malena et al. [20] concluded that UHPFRC possesses effective 

traits such as waterproof membranes and extending the life cycle at a limited cost. Furthermore, 

adding reinforcement to the UHPFRC layer can further enhance the flexural and shear strength 

of the structure. 

 

2.4 Standards and regulations  

Before conducting any type of work or research on Øvre Kvamme, it is critical to understand 

the regulation and requirements of the Norwegian government as it is the foundation of the 

following work process in the thesis. Following these laws, guidelines, and standards 

guarantees that the proposed solutions, techniques, and FEM analyses are based on the most 

up-to-date technical information. This ensures that the results of the thesis are relevant and 

applicable to a real-world scenario of condition assessment, structural analyses, repairing 
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techniques, and maintaining concrete bridges in Norway. The following sub-sections will 

present a description of each relevant code and standard.  

2.4.1 Eurocode 2 and handbooks 

Eurocode 2 (EC2) [27] is a European standard series for the design of concrete structures and 

was first published in 1992. It has been revised several times to ensure the information it 

provides stays up to date on the newest developments in research findings and changes in 

construction practices.  

Handbooks from the NPRA are a series of technical manuals and guidelines that provides 

relevant information and details regarding the design, construction, and maintenance of roads 

and bridges in Norway. These handbooks are regularly updated to the latest advances in 

technology and practices in road and bridge engineering. See Table 2 below for a summarized 

overview of relevant papers from each series:  

Table 2: Overview of relevant Eurocodes and Handbooks 

Identification  Description 

NS-EN 1992-1-

1: Eurocode 2 

[28] Design of concrete structures - Part 1-1: General rules and rules for 

buildings 

NS-EN 1992-2: 

Eurocode 2 

[29] Design of concrete structures - Part 2: Bridges 

Handbook N400 [30] Bridge design 

Handbook V412 [31] Load-bearing capacity classification of bridges, loads 

Handbook V413 [32] Load-bearing capacity classification of bridges, materials 

Handbook N-441 [33] Bridge inspection 

 

2.4.2 ISO 16311 series 

International Organization for Standardization (ISO) 16311 is a series of standards that provides 

guidelines for assessment, repairment, and strengthening of concrete structures. This code 

series of standards covers different aspects of the systematic process of condition assessment 

and MRS in-depth, including:  

1. ISO 16311-1: defines the general principles and a framework for the assessment, repair, 

and strengthening of concrete and masonry structures [34]. 
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2. ISO 16311-2: provides guidance on the selection of appropriate repair and strengthening 

methods and materials [35]. 

3. ISO 16311-3: provides guidance on the assessment of the structural safety of concrete 

and masonry structures [36]. 

4. ISO 16311-4: provides guidance on the design and execution of the repair and 

strengthening of concrete and masonry structures [37].  
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3 Research methodology 

This chapter presents the methods used in this thesis to achieve the research objectives and 

serves as a foundation coupled with the literature review for the subsequent chapters. It employs 

a mixed-methods research design and a case study approach to efficiently reach the thesis aims, 

but also the conducted literature review implements a framework for the thesis. The following 

sub-chapters will provide a more comprehensive understanding of how the research will be 

conducted in detail and what methods were used to collect, calibrate, and analyze the data. 

Figure 8 below displays a flow chart for a systematic insight on the performed methodologies 

in this thesis: 

        

Figure 8: Methodology process of this thesis 
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3.1 Systematic review 

Chapter 2's literature review was conducted as the primary work and laid the foundation for 

further research in this thesis. The review employed a systematic approach, a thorough manual 

review, and a bibliometric analysis of the collected documents. This comprehensive approach 

provided essential information for the thesis objectives, furnishing a complete perspective on 

the critical aspects. The review provided a comprehensive understanding of the condition 

assessment methods, repair and strengthening methods, as well as numerical simulation and 

analyses, presenting relevant findings on each of these topics. See Chapter 2 for a more detailed 

overview. 

 

3.2 Field investigation 

A field investigation on Øvre Kvamme holds significant importance in this thesis for multiple 

reasons. By performing a visual inspection, and conducting tests with NDT instruments, the 

current state of the concrete bridge can be more accurately assessed. This information can then 

be further analyzed and evaluated for the level of maintenance and strengthening procedures 

required for the bridge. See Chapter 4 for a more detailed description and a conducted field 

investigation on the bridge.  

Additionally, structural health monitoring will be utilized in the field investigation to gather 

data for both numerical simulation and model updating. This will involve various techniques, 

such as using OMAway sensors and a laser scanning system such as LiDAR (Light Detection 

and Ranging), to obtain precise data on the behavior and performance of the structure. The data 

collected will then be utilized for model updating, which involves adjusting the structural model 

parameters to better represent the actual behavior of the system. By refining the numerical 

simulations in this way, the system's structural response can be improved [3]. 

 

3.3 Numerical simulation 

Conducting a numerical simulation and analysis is a highly important tool for an in-depth 

investigation and structural examination of the case study. This is highly beneficial for 

modeling and studying complex systems, such as the behavior of the bridge in various loads 

and conditions, which would normally be very difficult to observe directly. This thesis will 

include performing a numerical simulation and analysis utilizing the FEM software Abaqus. 
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Initially, a point cloud from the data gathered during the field investigation will be generated. 

Following, it will be transferred to Revit for modeling, and finally, it will be imported to 

Abaqus. Subsequently, the model will be calibrated through the application of the model 

updating method with results extracted from the OMAway sensors and other potential NDT’s 

instruments used in the field investigation. See Chapter 5 for a more detailed description and a 

performed numerical bridge simulation. 

 

3.4 Software 

Several software tools will be utilized in the data calibration and analysis phase of the thesis. 

The following is an overview of each used software tool, their features, and why they were 

chosen.  

3.4.1 Proceq software 

Proceq is a company specializing in developing Non-Destructive Testing (NDT) instruments 

and software. Proceq software is designed to be user-friendly, real-time data collecting of its 

NDT instrument, mapping, and allows for generating custom reports with the software’s built-

in reporting tool. The collected data can be exported into Excel for further analysis [38].  

The Proceq software of relevance are: 

- ProfometerLink: This software is used to analyze data collected by the Proceq 

Profometer instrument, Profometer 650 AI [39]. 

- HammerLink: A software used for analyzing the test results obtained from Schmidt 

Hammer [40]. 

- ResipodLink: This software is used for real-time data analysis of the electrical 

resistivity readings provided by Proceq Resipod instrument [41]. 

3.4.2 Leica Cyclone 

Cyclone REGISTER 360 is a laser scanning registration computer software developed by Leica 

which allows users to register, merge, and align multiple 3D point cloud scans. The scans are 

captured with the Leica Cyclone FIELD 360 mobile application and integrated into a unified 

coordinate system. The mobile application facilitates use in situ, providing the ability to review 

captured scans and ensure it is correct. Both software include tools such as registering and 

georeferencing scans, filtering and editing the data, and then exporting the finished calibrated 

data for use to other software [42]. 
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Leica Cyclone software will be utilized to capture, merge, align, and generate the point cloud 

of the reinforced concrete bridge. Subsequently, the point cloud data will be exported to a .rcp 

file for further processing in Autodesk Revit. 

3.4.3 Autodesk Revit 

Autodesk Revit is a powerful Building Information Modeling (BIM) software tool that is widely 

used by engineers, architects, and construction professionals in the building industry. It serves 

as a comprehensive tool for planning, developing, and managing building and infrastructure 

projects. Revit offers a vast collection of simple and efficient architectural, MEP, and 

construction design tools. It allows users to create highly detailed 3D models of buildings and 

other structures and generate professional 2D drawings and documentation [43]. 

Revit will be used to develop a 3D model based on the point cloud generated from the laser 

scanning software, Cyclone REGISTER 360. This includes incorporating the coordinates of the 

concrete slabs and supports, ensuring accurate dimensional modeling of Øvre Kvamme bridge 

in its current state. 

3.4.4 Abaqus 

Abaqus is a versatile, user-friendly, and powerful finite element analysis software that allows 

users to simulate and analyze the behavior of a wide range of materials and complex structures. 

The software is also incredibly useful for studying linear and nonlinear response of structures 

subjected to static and dynamic loading. Additionally, the Abaqus/CAE (Computer-Aided-

Engineering) software tool, which will benefit in this thesis, further provides a more 

comprehensive set of tools for creating, editing, and analyzing constructions. Tools such as 

mesh generation, geometrical creation, loads and boundary conditions [19, 44-45]. 

The geometric properties modelled in Revit will be imported into Abaqus as an ACIS file in 

the .sat format for further detailing of model parameters, loads, boundary conditions and mesh 

generation.  

3.4.5 UnquakeOMAway 

UnquakeOMAway, developed by Unquake, is a specialized software designed for Operational 

Modal Analyses (OMA) to monitor the vibrations of construction elements and structures. The 

software provides immediate results from each installed sensor, obtaining data in triaxial 

dimensions, x-, y- and z-axis. The data can be used to assess the structure’s condition and the 

geographical location of each installed sensor. The obtained data can be utilized to conduct 

further analysis and model updating using its simple tools [46]. The results from the software 
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will be important in the model updating process in Abaqus, allowing adjustments of the stiffness 

in the model to align with the actual behavior of the bridge. 

 

3.5 Numerical analysis 

After the initial numerical simulation of the bridge, the model is updated with the relevant data 

acquired from the field investigation to ensure higher accuracy and reflect the current state of 

the bridge. This is followed by different structural analyses using the finite element software 

Abaqus. 

 

3.6 Proposal for strengthening method 

Upon completion of the comprehensive condition assessment, which involves field 

investigation and structural analyses, the results will be evaluated. Afterward, a proposal is 

presented, outlining appropriate strengthening and repair methods for the concrete bridge. The 

proposal considers the relevant guidelines provided in ISO 16311 Part 3 [36] and 4 [37]. The 

comprehensive approach used in the analysis ensures that the proposal is tailored to address the 

specific needs of the bridge. 

 

 

  



29 

 

4 Field investigation of Øvre Kvamme bridge 

It was desirable to select an existing bridge in Norway that exhibited poor condition and 

required repair and strengthening. In order to identify a fitting choice, a collaboration was 

established with an internal supervisor and an external supervisor from Vestland County 

Municipality. The selection process involved a thorough evaluation of several potential bridges, 

considering their structural integrity, age, and condition. After thorough consideration, Øvre 

Kvamme, a short three-span reinforced concrete bridge, was considered an appropriate option 

for the thesis. 

With Handbook V441 [33], ISO 16311 Part 1 [34], and Part 2 [35] standards as a foundation 

for this chapter, a field investigation of Øvre Kvamme can be conducted in a professional 

manner. A reverse engineering process was necessary since the structure under investigation 

already exists. This entails employing non-destructive testing tools to examine the bridge and 

gather information about its characteristics, material properties, and design. Hence, a systematic 

approach is essential, encompassing data collection, processing, analysis, and interpretation 

stages. This approach is necessary because of the limited information available and the lack of 

detailed documentation about the entire bridge. 

When carrying out a field investigation, it is crucial to have an assessment plan prepared 

beforehand [34]. The assessment plan will outline the procedures and methodologies that will 

be employed to gather and evaluate data. The assessment plan will serve as a blueprint for the 

entire field investigation and will ensure that the investigation is organized and structured. 

According to ISO 16311-1 [34], the assessment category is classified as an initial assessment. 

Furthermore, for this thesis, a preliminary level of assessment was selected, as defined by ISO 

16311-1 [34] and more in detail by ISO 16311-2 [35], with the addition of structural analysis. 

This decision was influenced by several factors, including time constraints, resource 

availability, and the limitation of not being able to use destructive tests, which made a detailed 

level of assessment impractical. 

A field investigation was performed on Øvre Kvamme on November 9th, 2022, with the 

assistance of various non-destructive test instruments. During the field investigation, adherence 

to established safety protocols was ensured by incorporating the use of reflex vests and a 

blinking object to alert both passing vehicles and pedestrians for caution of on-going work on 

the concrete bridge. The excursion and implementation were conducted alongside bridge 

manager Øyvind Sætra from Vestland County Municipality and according to inspection 
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regulations from NPRA. Despite good initial weather conditions, it eventually changed into 

heavy rain and strong winds, impeding the successful administration of non-destructive testing 

tools, particularly the OMA sensors. Given the inconveniences it entailed, in the field 

investigation, it is crucial to acknowledge the possible influence this has on the reliability of 

the results. It is imperative to take these considerations into account to ensure accurate 

assessment. 

It's worth mentioning that even though core sampling is a reliable technique for evaluating the 

state and degradation of bridge structures, conducting destructive tests was prohibited, as stated 

earlier. This decision was probably due to a variety of factors, including safety concerns, 

budgetary limitations, and the possibility of significant harm to the bridge's integrity. The 

limitation imposed by the prohibition of destructive testing methods highlights the importance 

of carefully considering the available non-destructive testing methods and interpreting the 

results obtained from such tests with caution. While non-destructive testing is undoubtedly 

valuable, the results are often less comprehensive than through destructive testing [4].  

The instruments employed for the field investigation were borrowed from OsloMet University 

and consisted of a rebound hammer, 3D laser scanner, OMA-sensors, Covermeter, and concrete 

resistivity meter. Figure 9 below illustrates a flow chart that outlines the systematic approach 

for the assessment plan of the field investigation, incorporating the methods and instruments 

used.  
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Figure 9: Assessment plan for Øvre Kvamme bridge 

Each investigation method will be described in detail in the following sub-chapters, along with 

its advantages, limitations, and results from the field investigation. 

 

4.1 Project description – Øvre Kvamme bridge 

The selected concrete bridge, Øvre Kvamme , is located in Borgund within Lærdal Municipality 

and was built in 1927. As of 2023, the bridge is 96 years old and is located on fylkesvei 630, 

connecting Lærdal in the west with Borlaug in the east. The road is relatively quiet, with an 

annual average traffic volume of approximately 160 vehicles per day, as reported by Brutus. 

Formerly, this road was a European road – E16, which was rebuilt, and now runs parallel to 

fylkesvei 630. Despite the road experiencing low traffic, the bridge holds significant importance 

to the local community and residents. Figure 10 shows the location of the bridge in Norway.  
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Figure 10: Location of the concrete bridge in Lærdal from Google Maps 

The bridge is composed of three concrete slabs spanning approximately 6 meters, resulting in 

a total length of 18 meters. According to the initial technical drawings provided by Brutus 

(Appendix B), the bridge exhibits a width of 6.76 meters. It features a single carriageway 

measuring 6 meters, allowing for two-way traffic. The concrete slabs are 0.36 meters thick, 

with 0.52-meter-high parapets to ensure the safety of vehicles crossing the bridge. The four 

supports are built of dry stacked stone with a thin concrete cover coating. The height is 

approximately 2.6 meters measured from the seabed. However, an additional height has been 

accounted for to accommodate the foundation depth. Due to the bridge’s location on a sloping 

hill with freshwater flowing from the mountains, the supports vary in height. See Figure 2 for 

reference. 

It should be emphasized that the three concrete slabs display clear indications of cast-in-place 

concrete and have been reinforced with Ks 40 and St. 00 grade steel. The concrete quality has 

been specified as B300 in the rebar bending schedule document (Appendix C). In contemporary 

terms, this is equivalent to a concrete quality of B20, with a compressive strength (cylinder) of 

28 MPa. Table 3 provides an overview of the characteristic compressive strength history of 

concrete, retrieved from Handbook V413 [32].  
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Table 3: Evolution of concrete strength classifications – Retrieved from [32] 

Building 

year 

NS 427 

(1939) 

NS 427A 

(1962) 

NS 3473 

(1973-2003) 

NS 3473 

(2003-2010) 

NS-EN 1992-1-1 

(NA 3.1.2) 

Concrete 

quality 

Concrete 

quality 

Strength 

classes 

Strength 

classes 

fck 

(N/mm2) 

Strength 

classes 

fck 

(N/mm2) 

Before 

1920 

C- 

concrete 

B200 C15 B10 11,2 B12 12 

1920-

1945 

B- 

concrete 

B250 C20 B16 14,0 B16 16 

After 

1945 

A- 

concrete 

B300 

B350 

B400 

B450 

 

B600 

C25 

C30 

C35 

C40 

C45 

C55 

B20 

B25 

B28 

B32 

B35 

B45 

16,8 

20,3 

22,4 

25,2 

27,3 

34,3 

B20 

B25 

B28 

B32 

B35 

B45 

20 

25 

28 

32 

35 

45 

The bridge underwent rehabilitation around 50 years after its original construction in the 1970s. 

During this rehabilitation, the middle span of the bridge was strengthened, although the reason 

for this remains unknown. The available information on the rehabilitation is limited to drawings 

and a rebar bending schedule prepared at the time. Given the proximity of the strengthening to 

the age of the bridge, it can be inferred that the outer spans are likely the most crucial. For the 

dimensions of the bridge, refer to Figure 11 below, retrieved from a technical drawing in Brutus. 

Additional information on the dimensions and rebar bending schedule can be found in 

Appendix B and Appendix C.  

 

Figure 11: Dimensions of Øvre Kvamme bridge - Retrieved from Brutus 
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On September 16 and 17, 2021, BruKon AS conducted a special inspection of the Øvre 

Kvamme bridge, and an accompanying report with the findings from the inspection was made. 

[47]. The inspection revealed that the bridge was in very bad condition, and most of the severe 

degradation was found on the bottom surface of the concrete slabs. Corrosion and 

carbonatization were identified as the predominant issues affecting the three slabs. Based on 

the findings, a strong recommendation was made to reduce the bridge from two-way to one-

way centric driving [47]. This decision was based on the extensive damage observed, 

particularly on the sides of the slabs beneath the parapets. By implementing one-way centric 

driving, the most critical areas would be subjected to lower loads and stresses. It was concluded 

that the concrete bridge condition falls under the category of 3B – Major damage/deficiency, 

and measures need to be taken within 1-3 years [33]. 

  

4.2 Visual inspection 

An accurate assessment of a bridge's structural condition requires in situ investigations and 

information about its construction and operation history. Visual inspection is the most common 

and highly important technique used in such assessments which is invaluable and typically 

conducted early in the evaluation process [3]. Visual inspection typically involves closely 

examining the surface and internal features to identify any visible flaws, defects, or 

irregularities that could compromise safety, functionality, or aesthetics of a structure [3]. These 

tools are selected based on the type of structure or product being examined and the specific 

details that need to be evaluated [3]. Visual inspections are typically conducted with some 

simple tools like a hammer, ruler, and camera.  

A camera can be a useful tool for capturing images of the area of concern, allowing for analysis 

of any indications of degradation. Additionally, these images can be used for comparative 

purposes, to monitor any changes over time, or to assess the effectiveness of any repair work 

that has been carried out. The sounding hammer is another highly valuable tool, it is mostly 

utilized to tap on concrete surfaces to assess the condition of the underlying material. It is used 

to examine the density, strength, and consistency of the concrete element. The hammer’s impact 

generates vibrations that are perceptible to an experienced inspector, providing important 

details about the concrete’s quality and identifying potential defects that may require further 

examination. The measuring tool is another indispensable instrument for visual inspection. This 

tool is utilized to measure the width and length of cracks, as well as the thickness of the concrete 

cover. Such measurements are important in evaluating the extent of damage [48].  
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However, it is important to remember that performing visual inspections without the use of 

NDT and/or DTs has received considerable criticism for being unreliable [3-4]. The 

effectiveness of this method depends a lot on the expertise, experience, and quality of 

equipment utilized, all of which significantly impact the results. Table 4 summarizes the 

advantages and limitations of performing visual inspection. 

Table 4: Advantages and limitations of visual inspection 

Advantages Limitations 

- Cost-effective 

- Quick and efficient 

- Broad coverage 

- Limited accuracy & depth 

- Limited scope & accessibility 

- Human error 

As described in Sub-chapter 4.1, the bridge consists of three slabs and four supports, each 

assigned a letter and a number for easy orientation throughout the field investigation. Figure 12 

provides an orientation map that showcases the labeling system, with the supports designated 

as B1-B4 and the slabs denoted as A1-A3. This mapping is essential to identify the key types 

of deterioration and their corresponding locations throughout the investigation. 

 

Figure 12: Top-down view of the orientation map of Øvre Kvamme from Revit 

When performing a visual inspection of the Øvre Kvamme bridge, it was observed that the top 

surface of the bridge was in good condition, exhibiting a solid asphalt coating without any signs 

of damage, openings, or deterioration. It should be noted that the bridge is situated in a Nordic 

environment characterized by severe rain, snow, and wind, in addition to water flowing from 

the mountains beneath it. These factors could play a significant role in the observed 

deterioration during the visual investigation. With that being noted, many traces of 

efflorescence, moss, and small cracks were detected on the sides of the concrete bridge on the 

parapets. These findings are unlikely to result in a reduction of the bridge's structural load 

capacity or overall lifespan.  
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Upon inspecting the bridge, it was identified some efflorescence, especially on the bottom of 

the concrete slabs and on the supports, see Figure 13 for reference. Efflorescence on concrete 

is the result of lime-rich water penetrating through cracks, dissolving calcium hydroxide. Over 

time, this dissolved calcium hydroxide can form calcium carbonate, forming white or grey areas 

on the concrete surface. While efflorescence is a cosmetic issue, it may also indicate the 

presence of underlying problems of greater severity [49].  

 

Figure 13: Efflorescence & small cracks detected on supports  

Additionally, it was recorded that the concrete bridge exhibited considerable degradation 

beneath the bridge, with spalling and exposed corroded reinforcement bars being a prominent 

issue. The extent of the damage was particularly evident along the outer edges of the bridge 

structure and heavily concentrated on the underside of the bridge slabs. All three slabs showed 

significant signs of spalling, with the exposed reinforcement bars exhibiting noticeable 

corrosion. This corrosion could be a sign of long-term exposure to moisture and oxygen, which 

can lead to further deterioration of the steel reinforcement and ultimately compromise the 

structural integrity of the bridge. The corrosion of steel leads to the formation of rust, which 

occupies a larger volume than the original steel. As a result, the expansion causes tensile 

stresses within the concrete, eventually leading to further cracking, spalling, and delamination 

[50]. Figure 14 displays the different deterioration mechanisms of cracking, spalling and 

delamination. 
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Figure 14: Deterioration type due to reinforcement corrosion – Retrieved from [51] 

The spalling observed on the bridge structure indicates that the concrete has suffered significant 

deterioration mechanisms such as exposure to freeze-thaw cycles, chloride, or carbonation [52]. 

The absence of indications of freeze-thaw cycles and minimal evidence of chloride exposure 

suggest that carbonation is the most probable cause. Carbonation is the leading factor for 

reinforcement corrosion and, thus, spalling. The location of the spalling with exposed rebars, 

particularly along the edges and underneath the slabs, suggests that moisture and water 

infiltration have played a significant role in the deterioration of the concrete. When carbon 

dioxide from the air enters the concrete and reacts with calcium hydroxide, it results in 

carbonation, which produces carbonates [50]. This reaction decreases the pH of the pore 

solution to a point where the passive film on the steel becomes unstable [50]. The carbonation 

front penetrates the concrete gradually, and in well-made concrete, it may increase at a rate of 

up to 1.0 mm per year [50].  

Figure 15 displays some of the identified areas of spalling with exposed corroded rebars, as 

well as indication of small cracks in the surroundings of the spalling areas most likely developed 

by reinforcement corrosion.  
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Figure 15: Spalling with exposed rebars on the sides & bottom of the bridge slabs 

It was detected both uniform corrosion and pitting on the bridge. Furthermore, the notable 

corrosion observed beneath the concrete bridge slabs is likely to play a critical role in the 

progression of other detected deteriorations during the field investigation. Corrosion that occurs 

in reinforcing steel is the most dominant factor contributing to the deterioration of steel as it 

heavily weakens the structural integrity of concrete over time, both in structural load capacity 

and its durability [50]. Moreover, if the reinforcement is positioned with a small concrete cover, 

it can potentially result in early damage [5].  

Analyzing the cracks present in a reinforced concrete structure is vital to comprehending their 

behavior and identifying any potential defects. Special emphasis must be placed on examining 

structural cracks to ensure their proper evaluation [5]. The major cracks detected through visual 

inspection were identified as plastic shear cracks and longitudinal cracks. Figure 16 below 

displays some of the identified cracks, including plastic shear crack that was identified on 

abutments B1 and B4, with the addition of a longitudinal crack on the nearest slab. Furthermore, 

the identification of smaller cracks on Øvre Kvamme was also made, however, the longitudinal 

cracks that were parallel to the reinforcement and considered the largest and most critical were 

found on slabs A1 and A3. These cracks result from drying shrinkage, reinforcement corrosion, 

or structural overloading in this case. Figure 17 displays a critical longitudinal crack detected 

throughout the entire slab A3.  
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 Figure 16: Efflorescence, plastic shear & 

longitudinal crack detected on A1 and B1 

  

Figure 17: Longitudinal crack and 

spalling observed on slab A3 

During the visual inspection, the cracks detected in the structure were measured using a ruler. 

It was observed that there were cracks of various sizes, ranging from a few millimeters to the 

largest crack identified on slab A3, which was a combination of a longitudinal crack with 

exposed reinforcing rebar and spalling, as displayed in Figure 18. The width of it was 

approximately 60 millimeters. The identified longitudinal crack may have occurred as a 

consequence of reinforcement corrosion caused by carbonation. These forms of detected 

deterioration were likely happening simultaneously and were progressively expanding 

throughout slab A3.  

 

Figure 18: Longitudinal crack measured with exposing rebar 

The supports, particularly B1, B2 and B4, exhibited noticeable deterioration, with erosion being 

the most probable cause. The continuous exposure to running water and wind-borne particles 



40 

 

over time likely contributed to this erosion [50]. Figure 19 highlights the loss of the concrete 

layer on B2, potentially due to erosion.  

 

Figure 19: Potential erosion detected on 

support pier B2 

Figure 20: Delamination on the bottom of 

slab A2 on support pier B3 

It was observed that parts of concrete on slab A1 had separated, indicating delamination as 

shown in Figure 20. Delamination may be caused by air and running water becoming trapped 

beneath a prematurely closed or densified mortar surface, typically leading to the separation of 

some millimeter of the top layer of mortar from the underlying concrete [50] [51]. These voids 

create weakened areas just beneath the surface, which can lead to detachment during loading. 

Delamination of concrete can also be caused by factors such as freeze-thaw of trapped water, 

insufficient vibration during casting, improper troweling, excessive water-cement ratio, and 

excessive loading. The delamination was confirmed with the sounding technique by tapping on 

the structure with a heavy object on the concrete. The process includes striking its surface and 

the resulting sound is analyzed. The sound can give an indication of an ongoing deterioration; 

a solid concrete surface will produce a clear, ringing sound when struck, while a surface with 

spalling, delamination, or voids will produce a more hollow or flat sound [53].  

The visual inspection has revealed significant deteriorations that require further attention and 

examination. These deteriorations are crucial as they can greatly impact the overall performance 

and functionality of the concrete bridge. A mapping figure including the size and location was 

created and shown in Figure 21 to present the findings from the visual inspection. The findings 

depicted reveal that most of the severe damage primarily affects the bottom surface of the bridge 

slabs, except for erosion observed on the supports B1, B2, and B4. Furthermore, the figure 

illustrates multiple damaged and deteriorated areas across all spans, each exhibiting 

approximately the same degree of severity. 
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Figure 21: Mapping of detected deteriorated areas  

 

 

4.3 Non-destructive testing 

Conducting a comprehensive examination of existing infrastructure is a persistent challenge. 

As it is often impeded by several factors that can hinder the acquisition of accurate and realistic 

analyses. Overcoming challenges requires addressing factors such as geometry, uncertainties in 

material properties, unfamiliar construction techniques, and limited relevant information such 

as drawings. Non-destructive tests are a promising solution when the condition of a structure is 

unknown [3]. Various NDT tools are available for assessing the condition of concrete 

structures, with each tool’s effectiveness depending on the specific problem observed [3]. 

However, due to limited access and financial means, only five NDTs have been utilized as 

previously mentioned. Table 5 presents some of the advantages and limitations of conducting 

non-destructive tests [3]. 

Table 5: Advantages & limitations of NDTs 

Advantages Limitations 

- Effective & accurate 

condition assessment 

- Does not harm the 

structural integrity 

of the structure 

- Quick & easy to 

perform 

- The appliance of multiple NDT 

is often required to assess 

correctly 

- No “best” instrument to detect 

all types of deterioration 

- Trained personnel for data 

collection & analysis are 

required 
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4.3.1 Rebound hammer 

Ernst O. Schmidt developed the rebound hammer during the 1950s, and has since been refined 

and updated by Proceq SA [54]. This non-destructive testing method is classified as a 

miscellaneous method of non-destructive testing and is intended to evaluate the in situ 

compressive strength of concrete while preserving the structure's properties or aesthetics. The 

rebound hammer testing method utilizes the rebound of an elastic mass, where a plunger rod is 

pressed against a hardened concrete base, which triggers a spring mechanism to apply a specific 

level of impact energy. The responding rebound of the mass during the impact is measured and 

recorded as a rebound number. This rebound value depends on the quality of the concrete and 

provides a valuable indication of the compressive strength [54-55]. Figure 22 depicts the 

mentioned mechanism of the rebound hammer.  

 

Figure 22: Mechanism of rebound hammer - Retrieved from [56] 

While the rebound hammer tool is a highly reliable and robust non-destructive testing 

instrument, caution should be exercised when used. The results obtained from the instrument 

can be influenced by numerous factors [54]. Carbonation may be one of the main contributors 

to significant influence on the rebound hammer results. The carbonation of concrete causes the 

interior region of concrete to become harder than the surface region. As a result, there is a 

potential for overestimation of the concrete strength. This is because the hardening of the 

interior region is not detectable, resulting in higher strength readings when compared to non-

carbonated concrete [54-55]. Other important affecting factors include the concrete mix, 

concrete age, surface- and environmental conditions [54-55]. 
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The rebound hammer SilverSchmidt produced by 

Proceq was utilized on the Øvre Kvamme bridge, and a 

total of 12 compressive strength tests were recorded 

and collected in HammerLink software. For each 

obtained compressive strength value, ten impacts were 

performed, with each impact point spaced at least 25 

mm apart [15, 40]. The results obtained from these ten 

impacts were recorded, averaged, and displayed on the 

instrument. The recorded compressive strength values 

ranged from 34 MPa to 80 MPa.  The results obtained 

from the HammerLink software and chosen settings for 

the software and instrument can be seen in Figure 24 

[40]. 
 

Figure 23: Rebound hammer performed in situ 

   

Figure 24: Rebound hammer tests - Retrieved from HammerLink [40]  

The overall mean value of the 12 readings was registered as fck = 53.5 MPa, while the median 

value was fck = 50 MPa. The mean value was found to be identical to the measurements 

conducted in the special inspection by BruKon AS [47]. However, it should be noted that the 

lowest reading of 34 MPa was measured in two different locations, while the highest impact 

reading was recorded as 80 MPa. The results collected from the rebound hammer gives an 

indication that the Øvre Kvamme bridge was constructed with a higher concrete quality than 

anticipated, as it was documented to be of concrete class B20. The bridges remarkable ability 

to withstand the various stresses over these past 96 years is evident to its construction.  

However, it is important to acknowledge that the data obtained from the hammer test may have 

been compromised due to detected carbonation. Resulting in far less accurate measurements. 

The highest and lowest recorded compressive strength from the testing can be seen in Figure 

25. Despite these results, it needs to be emphasized that the moisture levels in the concrete slabs 
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due to heavy rain and strong winds could have significantly impacted the readings. 

Additionally, it is important to note that the concrete cover is small, and it’s crucial to do the 

measurements in areas without reinforcement bars directly above. Some of the measurements 

may have been impacted by this, as the spacing between the reinforcement was found to be 

very inconsistent, and thus challenging to determine the optimal locations for testing. 

  

Figure 25: Lowest and highest recorded compressive strength 

The rebound hammer was performed on four different locations per slab, each location is on 

the outer edges of the concrete slabs. These locations were carefully selected to represent the 

locations where the strength of the concrete is typically lower compared to the center of the 

slab. All the rebound hammer test results and locations are shown in Figure 26 and were 

performed in the numbered order.  

 

Figure 26: Mapping of performed rebound hammer tests – Developed in Revit 
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4.3.2 Covermeter 

The depth of the concrete cover is a crucial consideration in the design and construction of 

concrete structures, particularly for ensuring its minimum service life [57]. Alongside the 

quality of the concrete mix, the concrete cover plays a significant role in determining the 

duration before aggressive mechanisms such as chlorides and carbonation can penetrate the 

concrete and reach the steel reinforcement bars [57]. The recommendations for the concrete 

cover are provided by all the major standards series based on the environmental exposure class 

that the structure is subjected to. The two most frequently used NDT instruments to identify the 

existing concrete covers are the magnetic eddy current technique, which is also known as the 

covermeter, and ground penetrating radar [57]. In this thesis, the covermeter was used to obtain 

information about the reinforcement. 

The covermeter is an electromagnetic technique utilized to locate steel reinforcement, measure 

the rebar diameter, and determine the thickness of the concrete cover [39, 58]. It operates 

through the use of electromagnetic pulse induction technology, where the coils in the probe are 

periodically charged with current pulses to generate a magnetic field [39, 58]. As the magnetic 

field interacts with any electrically conductive material present in the concrete, such as the 

reinforcing steel bars, it generates eddy currents in the opposite direction, which produce a 

magnetic field. By analyzing the changes in the electromagnetic field, the instrument can 

determine the presence, diameter, spacing and concrete cover of the reinforcement bars  

[39, 58]. Figure 27 illustrates the concept of the covermeter testing method. 

                      

Figure 27: Covermeter mechanism - Retrieved from [39] 

However, the use of covermeter is limited when the reinforcement intersects with installed 

grids, anchors, and other metals, aggregates with magnetic properties are present in the 

concrete, and when the concrete cover is large [39]. Additionally, the covermeter is vulnerable 

to the influence of moisture level, temperature, oxygen content, and carbonation [39]. The pH 

level of the concrete decreases once the concrete structure carbonates, and as a result, it causes 
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a change in the magnetic properties of the reinforcing steel bars. Consequently, this alteration 

in magnetic properties can influence the precision of the covermeter readings. 

A Profometer 650 AI was used for the covermeter tests performed during the field investigation. 

The absence of reinforcement drawings of the entire bridge was found to be critical for the 

modeling purposes, making it crucial to perform a covermeter test. The only available 

reinforcement drawings are found in Appendix C and are obtained from Brutus. The 

reinforcement drawing includes a rebar bending schedule for the middle span from when it was 

supposedly reinforced in the 1970s. By conducting a covermeter test, a more accurate 

understanding of the structure and its composition can be obtained, improving the accuracy in 

the FEM software.  

Proceq manufactures Profometer 650 AI and consists of a touch screen device and a universal 

probe with a ruggedized scan cart connected to the touch screen device for registering the 

readings. The measurements are performed by dragging the device along a line perpendicular 

to the reinforcement to prevent overlapping results from the different reinforcement layers. 

Therefore, in most cases, inspection involves multiple line checks forming a network to ensure 

accurate measurements [58]. Additionally, the Profometer has a depth limitation of 

approximately 80 mm, making it suitable for mainly detecting the placement of steel 

reinforcement [58]. Given the low concrete cover in the bridge, this feature provided successful 

results.   

During the assessment of Øvre Kvamme bridge, the 

Profometer 650 AI was utilized to obtain readings on 

the concrete structure. The longitudinal reinforcement 

of two spans was examined specifically because these 

reinforcement bars were considered the most critical, 

displayed significant corrosion, and were located 

closest to the surface. The instrument was used in both 

the single-line mode and locating mode to detect the 

concrete cover depth and identify the reinforcement 

bars. The single-line mode was employed to assess the 

concrete cover depth and spacing along a single line, 

while the locating mode was utilized to locate and 

identify the diameter [39].  

 

Figure 28: Profometer performed in situ 
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Once the rebars were identified, they were marked on the bottom surface of the concrete slabs 

using chalk to provide a visual representation of the arrangement, as shown in Figure 28. This 

marking process facilitated the conduction of other potential non-destructive testing on the 

slabs. The measurements were only conducted on slabs A1 and A3 as the middle slab properties 

were already known from the drawings provided in Brutus. Furthermore, there was insufficient 

time to conduct a more extensive investigation. The results obtained from slab A1 and A3 were 

useful references to be compared with the existing drawings of slab A2. All of the readings 

were recorded on the Profometer device, and later imported to the ProfometerLink software for 

further analysis.  

The results obtained from slab A1 can be seen in Figure 29 with a total of 81 readings. The x-

axis showcases the bridge width measured with the scanning cart, and the y-axis illustrates the 

concrete cover depth. The lowest reading recorded was measured to be 16 mm, and the highest 

at 63 mm. Upon further analysis, it was determined that the concrete cover depth measured a 

mean value of 29.1 mm, nearly identical to the 30 mm described in the existing drawings. 

 

Figure 29: Detected cover depth on slab A1 from ProfometerLink [39]  

The results obtained from slab A3 were found to be quite similar to A1. Figure 30 presents the 

data collected from the Profometer, which was later exported from the ProfometerLink 

software. A total of 78 readings were measured, ranging from a minimum of 19 mm to a 

maximum of 66 mm, and these readings were similar to those recorded on slab A1. The mean 

value of the readings on slab A3 was found to be 28.1 mm, which is nearly consistent with the 

readings on slab A1. Thus, these results reveal that the side slabs has appriximately the same 

concrete cover as documented of the middle span. 
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Figure 30: Detected cover depth on slab A3 from ProfometerLink [39] 

Due to time constraints, measurements using locating mode on the Profometer were only 

conducted on slab A1 to determine the location and diameter of the rebars. It was assumed that 

slab A3 yielded the same results. The results, shown in Figure 31, include a total of 82 readings 

and a calculated mean value of 24.90 mm using the software. However, to simplify the 

presentation, the figure provides a concise representation of the results in Excel. The mean 

diameter value of 24.90 mm aligns pretty well with the bending schedule of 25 mm for the 

middle span, indicating that the reinforcement of the reinforcement arrangement is likely 

identical to slab A1 and A3. 

 

Figure 31: Locating mode data on slab A1 retrieved from ProfometerLink 

Despite obtaining consistent results for rebar diameter and concrete cover, the measurements 

of reinforcement spacing yielded contrasting findings. According to the drawings, a spacing of 

150 mm is specified. However, the actual measurements showed significant variation, ranging 

from a minimum of 66 mm to a maximum of 165 mm, with a mean value of 84 mm. This 

inconsistency was also observed in the measurements of concrete cover. Over a length of  

6.5 m, a total of 81 measurements were taken, suggesting that the spacing in the side spans are 

lower than specified in the drawings.  It is important to acknowledge that the results obtained 

from the Profometer tests may have been influenced by factors such as presence of other 
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metallic objects, improper and outdated calibration, surface conditions and the proficiency of 

the user.  However, despite the possibility for errors, the measured results from slab A1 and A3 

showed reasonable results of diameter and concrete cover when compared to existing 

information on the concrete and reinforcement arrangement of slab A2. The documented 

spacing is found to be considerably higher than the actual measurements obtained from two 

Profometer tests and measurements conducted with a ruler on visible reinforcement. These 

findings will enable a more accurate and correct model assembly in the finite element analyses.  

4.3.3 Electrical resistivity 

The electrical resistance of a material is a useful metric for a diverse range of applications, as 

it reflects the material's capacity to impede the movement of ions when subjected to an electric 

field [59]. Among the methods for testing electrical resistance is the Wenner method, which 

employs a four-probe approach. Originally developed by Wenner at the National Bureau of 

Standards in the 1910s to identify soil strata in geological fieldwork, this method has since been 

adapted for concrete applications over time [59]. The Wenner four-probe test for measuring the 

electrical resistivity of concrete involves the placement of four uniformly spaced electrodes on 

the material [59]. Corrosion occurs through the exchange of electrons and ions between metals 

and the solution, and the rate of this reaction depends on the variance in potential [59]. By 

employing four equally spaced linear electrodes in this technique, the surface electrical 

resistivity of the concrete can be measured, with the two outer electrodes applying the AC 

current and the inner probes recording the electrical potential [59]. Measuring the concrete’s 

resistance allows estimation of the speed at which this exchange occurs. Due to the better 

electrical conductivity of steel, measurement must be conducted in areas with no reinforcement 

[59]. Figure 32 displays the principles of electrical resistivity, more specifically on the product 

Resipod from Proceq, utilizing the Wenner method.  

 

Figure 32: Mechanism of the Resipod - Retrieved from [41] 
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To perform the Resipod, it is important to establish a solid connection between the NDT-

instrument and the concrete surface for accurate and dependable measurements. To ensure a 

reliable reading, it was recommended to dip the Resipod contacts into water multiple times 

before taking the measurement [41]. Additionally, it is advised to utilize a shallow container 

that can be pressed against the bottom to fill the reservoirs adequately. To obtain stable and 

accurate measurements, it is important to firmly press the Resipod down until the outer two 

rubber caps contacts the tested surface [41]. After successful completion of the measurement, 

a resistance value will be displayed, which can be categorized into four different groups. Table 

6 displays the resistivity measurement groups with a description of each range of value. 

Table 6: Estimation of potential corrosion [41] 

When ≥ 100 kΩcm Negligible risk of corrosion 

When = 50-100 kΩcm Low risk of corrosion 

When = 10-50 kΩcm Moderate risk of corrosion 

When ≤ 10 kΩcm High risk of corrosion 

Furthermore, when measuring electrical resistivity, the presence of rebars can disrupt the 

readings due to their superior current conductivity in comparison to the surrounding concrete. 

This issue is especially prominent when the covering depth is below 30 mm [41]. To minimize 

this effect, it's important to avoid placing the probe directly above the reinforcement bars or in 

parallel with them. The most suitable measurement orientation should be determined based on 

the spacing of the rebars relative to the probe spacing [41]. Figure 33 illustrates the most 

preferred orientation when measuring with the Resipod on reinforced concrete structures. The 

most optimal method involves placing it diagonally as seen to the left. However, if the 

reinforcement spacing is narrow, the optimal placement is parallel to the reinforcement, as 

depicted to the right.  

      

Figure 33: The optimal orientation of Resipod - Retrieved from [41] 
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Using a Proceq Resipod, measurements were 

conducted to assess the probability of corrosion and 

corrosion rate on areas without any visible signs of 

corrosion. The objective was to identify any potential 

ongoing corrosion in locations other than what has 

been identified. The presence of moisture on the 

concrete during the measurements may have 

influenced the results, as moist materials tend to be 

more conductive compared to dry ones. Figure 34 

shows the test carried out with Resipod on the Øvre 

Kvamme bridge during the inspection. To prevent 

placing the Resipod directly under the reinforcement 

bars, it was positioned between specific areas of the 

concrete marked with chalk from the Profometer tests.  

 

Figure 34: Concrete resistivity instrument 

performed in situ 

The recorded data collected on site were further analyzed with the ResipodLink software [41]. 

Given the limited time available, only ten readings were measured on the bridge, four on slab 

A1, three on slab A2, and three on slab A3. The measurements were taken on areas with no 

visible signs of corrosion to detect potential internal damage. Figure 35 presents the results 

obtained when importing the data to the ResipodLink software, and its calibrated settings.  

 

Figure 35: Resipod resistivity results – Retrieved from ResipodLink [41] 

Measurements were taken on the three different slabs: slab A3 (readings 1-4), slab A2 (readings 

5-7), and slab A1 (readings 8-10). The resistivity measurements were ranging a lot with the 

lowest recorded value of 27.1 kΩcm, and the highest value 201 kΩcm, both obtained from slab 

A3 as shown in Figure 36 below. The collected resistivity results indicate large discrepancies, 
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suggesting the presence of potential hidden corrosion beneath the concrete surface. This is 

particularly evident in results 2, 8 and 9, which show a moderate risk of corrosion according to 

Table 6. The findings highlight that slabs A1 and A3 are at highest risk of corrosion, as expected 

since the bridge's middle slab was reinforced in the 1970s. Furthermore, results 5 and 6 taken 

on the middle slab suggests a low risk of corrosion. 

   

Figure 36: Highest & lowest resistivity measured in situ 

However, it is important to note that electrical resistivity measurements can be significantly 

influenced by factors such as carbonation, concrete mix, temperature, and moisture levels  

[41, 59]. Consequently, it is essential to interpret the findings obtained from the Resipod with 

caution. The results are best interpreted in conjunction with other complementary test methods 

in order to obtain a comprehensive assessment of the bridge’s condition. A destructive test for 

carbonation, which assesses the penetration depth, is another method that can effectively be 

used in conjunction with concrete resistivity measurements.  

 

4.4 Structural health monitoring 

Structural health monitoring is a non-destructive testing method that traditionally employs one 

or multiple sensors installed on a structure to monitor and evaluate its response, with the aim 

of detecting any abnormal behavior and predicting potential deterioration. This technique is 

highly beneficial as it offers reliable insights into a structure's response, capacity, and expected 

lifespan, as well as enabling reverse engineering [3, 60]. Furthermore, employing LiDAR tools 

for 3D scanning and measurements of deteriorated existing structures is a valuable method for 

gathering data to increase the accuracy of modeling and structural analyses [60].  

In recent years, numerous SHM systems have been developed and utilized to enhance bridge 

maintenance strategies. The majority of these systems employ similar fundamental 

components, including sensor and laser scanning instrumentation for geometric calibrations, 
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and structural assessment through model analysis [3]. Table 7 displays some of the important 

advantages and limitations of conducting structural health monitoring on a concrete bridge.  

Table 7: Advantages and limitations of SHM applications [3, 60] 

Advantages Limitations 

- Accurate and precise 

measurements 

- Real-time bridge 

assessment 

- Reliable for both 

short-term and long-

term assessment 

- Costly and expensive to maintain 

- Wireless sensors rely on battery 

power 

- Data interpretation requires trained 

personnel for analysis 

- Weather conditions can heavily affect 

the instrument if it’s in the open field 

 

4.4.1 3D laser scanning 

In recent years, LiDAR systems has found several applications in health monitoring and damage 

detection of structures [3, 60]. The ability of laser scanning to create texture-mapped 3D point 

clouds makes it an effective tool for documenting quantitative information about the current 

conditions of bridges as well as its precise geometry [3, 60]. By capturing individual laser scans 

of a scene from various viewpoints, a complete 3D record of a damaged bridge can be created, 

making it a very valuable optical non-destructive testing method [3, 60]. LiDAR devices can 

be categorized into two main groups, stationary devices, also known as Terrestrial Laser 

Scanners (TLS), and mobile devices like drones, which are referred to as Mobile Laser Scanners 

(MLS) [60]. It is important to note, however, that TLS is limited in terms of accessibility, but 

it generally captures more detailed and precise point clouds than MLS, despite requiring more 

manual labor and time [60]. Figure 37 showcases the various applications of LiDAR systems 

and devices for structural health monitoring. 

 

Figure 37: Applications of LiDAR for SHM - Retrieved from [60] 
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In the field investigation, a terrestrial laser scanning device named BLK360 produced by Leica 

Geosystems, a manufacturer from Switzerland, was utilized [61]. The Leica BLK360 is a highly 

compact laser scanner that can collect two different types of image data. The HDR 13-

megapixel camera can generate colored point clouds and 360° panorama images at a rate of up 

to 680,000 points per second using its three cameras. It also features an infrared camera for 

thermographic imaging [62]. The scanner has a range of up to 60 m and offers high ranging 

accuracy, with measurements accurate to within 4 mm at a distance of 10 meters from the 

scanner, and 7 mm at a distance of 20 meters [63]. In addition, the scanner is relatively fast, 

with a measuring time from 40 seconds to a few minutes depending on desired quality and 

settings [63].  

The beneficial aspect of the device is its remotely controllable options via the Leica Cyclone 

FIELD 360 application that can be installed and utilized on phones or tablets. The app enables 

setups of real-time measurements to be registered directly in the field. The registered data from 

the phone or tablet are saved automatically in folders and can be accessed at any given point. 

This allows for point cloud preprocessing before going through the advanced options and 

calibrations on the computer software. Figure 39 shows the Leica BLK360 in action, conducting 

a 3D scanning of the Øvre Kvamme bridge.   

 

Figure 38: In situ 3D laser scan with Leica BLK360 

Because of the limited amount of daylight, careful planning was necessary for scanning the 

bridge on site. It was essential to ensure that overlapping surfaces between objects were 

captured accurately during the scans, as this would allow the software to establish necessary 

connections between the various captured surfaces. The scanning process was conducted 

systematically, and a total of 18 scans were captured to ensure a comprehensive and complete 

scan of the bridge. Following the scans, the resulting files were divided into three distinct 

projects, each containing scans associated with one of the bridge's spans.  
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The first project consisted of six captured scans, 

more specifically, three scans were carried out in 

the vicinity of the bridge of slab A1, whereas the 

other three were performed beneath the concrete 

bridge of the same slab. The second project 

entailed an equal capturing process, whereby six 

scans were conducted. In this project, three scans 

were performed beneath slab A2, while the other 

three were performed on the top of the bridge on 

the asphalt layer. Lastly, the third project included 

six scans on slab A3, with identical configuration 

as slab A1.  

 

Figure 39: 3D scanning performed in situ 

In order to merge and refine all of the captured scans, they were all saved within the mobile 

application, Leica Cyclone Field 360, and later intended to be exported into the Leica Cyclone 

Register 360 software. Further details on this process will be provided in Sub-chapter 5.1. 

4.4.2 OMAway sensors 

Six sensors with the use of OMA technology from Unquake [64] was provided by the OsloMet, 

and each one was assigned a number from 1 to 6 to systemize each configuration. 

Unfortunately, sensor number 2 was not working at all, resulting in installation of only five 

sensors on Øvre Kvamme bridge to measure the natural frequencies. The sensors consisted of 

an accelerometer and a datalogger, with the accelerometer connected to the data loggers to store 

the output data. Figure 40 below displays the OMAway sensors utilized in the field 

investigation. 

     
     a)                                                     b)                      

Figure 40: a) Datalogger; b) accelerometer - Retrieved from [64] 
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The datalogger has an integrated storage system via a microSD card and can utilize a GPS 

antenna to timestamp each reading in real-time. Furthermore, the accelerometer can measure 

the frequency of the structure in three different axes, X, Y, and Z, respectively. The 

accelerometer's orientation is shown on the face of the accelerometer as presented in Figure 40, 

b). It is important to note that the sensors had an issue with the readings of Z-axis, which meant 

only X- and Y-axis were fully operational. In order to measure the Z-axis, the accelerometers 

X- and Y-axes had to be reoriented. This involved positioning the X-axis to measure the Z-axis, 

while the Y-axis would either remain or be repositioned to measure the X-axis. To address this 

challenge, it was crucial to determine the orientation of the bridge prior to installing the sensors. 

A system was devised in collaboration with a PhD student from OsloMet to determine the 

optimal configurations for the best results.  

Additionally, to ensure higher quality and reliable data, it is recommended to install sensors for 

an extended period. However, due to constraints such as time, deadlines, and financial support, 

only one site visit was feasible. Consequently, two different configurations setups were 

deployed strategically in critical areas for four hours to gather the frequency data during that 

one trip. Figure 41 below showcases the location and orientation, as well as the global axis of 

the five installed sensors in both setups. 

 

a) 
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b) 

Figure 41: OMAway sensor installed - a) Setup 1; b) Setup 2 

Sensor 3 was installed as the reference sensor in order to compare and understand the data from 

the other sensors. Additionally, sensor 6 was unstable in the tests carried out before the trip, 

which posed a challenge in obtaining the necessary data. As a solution, sensor number 6 was 

intended to serve as a secondary reference to the other sensors. To guarantee the accuracy and 

reliability of the gathered data, two reference sensors were deliberately positioned on opposite 

sides of the mid-span in both setups. This arrangement allowed for backup in case of a 

malfunction, such as sensor 6 failing to collect any data.  

The accelerometers, with its powerful magnetic capabilities were installed on a steel plate and 

positioned correctly following the configurations consultet with supervisor. To ensure reliable 

results and a great bond between the steel plates and the asphalt, sticky tacks were attached to 

hold the accelormeter in place. This was done to prevent the accelormeters from dislodging of 

the asphalt during the data acquisition. The accelerormeters were then installed on specific 

locations on the bridge as presented in Figure 41. Additionally, it should adressed  that the 

sensors have a limited battery life, and to ensure continious operation for eight hours, power 

banks were employed. Figure 42 displays the sensors installed on each side of the bridge close 

to the parapets. 
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Figure 42: OMAway sensors installed on each side of the concrete bridge 

During the last hour of the first setup, it started raining heavily followed by strong winds. These 

weather conditions posed a significant risk to the sensors, as they could potentially compromise 

the reliability of the collected data and introduce unwanted noise in the data recordings. To 

address this, plastic bags were used to protect the sensors from the water. However, the 

effectiveness of this solution remains uncertain, and the possibility of the weather conditions 

impacting the results cannot be entirely ruled out. Although the data loggers and accelerometers 

were covered, the presence of significant amount of water may have affected the bond between 

the sticky tacks and the asphalt. Furthermore, due to damage and missing screws from previous 

use, the dataloggers and their corresponding cables were at a risk of being damaged by rain. It 

is important to consider the potential impact of these environmental factors in the analysis of 

the bridge. Chapter 5.4 explores the theoretical basis of the OMA technology and sensor 

measurements, providing a comprehensive examination of the results. 

 

4.5 Assessment of the field investigation 

After examining the available documents, conducting visual inspection, and utilizing a variety 

of non-destructive tests, it has become evident that the structure has undergone significant 

deterioration. Several forms of degradation have been observed on the concrete bridge, with 

corroded reinforcement being the primary cause and most critical factor. Both uniform 

corrosion and pitting were detected. Determining precisely what is causing the corrosion and 

its expansion without carrying out destructive testing is challenging. However, the investigation 

findings suggest that carbonation is the contributing factor, which was confirmed by the special 

inspection conducted by BruKon AS. Despite the initial good quality and design of the bridge, 

it has now reached 96 years of age, making such deterioration expected. The sides of the bridge 

have been most severely affected, resulting in a higher load-bearing capacity in the center of 

the slabs and the need for restrictions to centric one-way driving.  
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Despite the high moisture level in the concrete, challenging conditions during the 

investigations, and the carbonation degradation heavily affecting the results, it was revealed by 

SilverSchmidt rebound hammer that the obtained data displayed a higher concrete quality than 

what was documented in the original construction and designs records. Additionally, the 

compressive strength of the concrete had a very similar mean value in the investigation 

conducted by BruKon AS compared to the investigation conducted on November 9th, 2022. 

However, there was a significant difference in the highest recorded compressive strength. While 

the highest compressive strength recorded by BruKon AS was 64.5 MPa [47], the readings 

taken on November 9th, 2022, showed a substantially higher compressive strength of 80 MPa. 

This considerable difference and the high compressive strength values can strongly indicate the 

significant expansion of carbonation during the testing periods of both investigations, affecting 

the rebound hammer test more aggressively in the most recent investigation.  

The results obtained from the Profometer indicated that the reinforcement diameter and 

concrete cover depth are identical throughout the bridge. Thus, allowing the use of the existing 

documents for the middle span as a basis for modeling the whole bridge. It turned out to be 

large discrepancies between measured and the documented rebar spacing. Based on two 

profometer measurements conducted on the side spans, and the assessment of corroded 

reinforcement using a ruler, it is determined that a spacing of 85 mm will be used for the 

longitudinal reinforcement in subsequent work. Furthermore, the electrical resistivity testing 

results indicated potential active corrosion taking place inside the concrete slabs in areas that 

showed no visible signs of corrosion. This discovery is particularly concerning, as it may 

suggest that the corrosion could be more extensive than can be observed visually.  

A summary of the survey that was carried out through visual inspection and non-destructive 

testing tools is presented in Table 8 below. The table outlines the existing and potential defect 

and deteriorations identified.  
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Table 8: Survey of recorded conditions and possible deteriorations 

Deterioration type Description 

Efflorescence Identified areas exposed to efflorescence 

Spalling Identified the location of the spalling areas, depth, width, 

and condition of the spall 

Exposed steel Identified extend and condition of exposed steel 

Corrosion Identified symptoms leading to potential corrosion 

Crack/voids Identified type and width of crack/voids 

Delamination  Identified the areas of delamination and the depth of areas 

Erosion Identified the areas of potential erosion 

Carbonation Identified symptoms potentially caused by carbonation 

In summary, it can be concluded that the bridge is severely damaged, and undergoes significant 

deterioration, affecting both its serviceability and load-bearing capacity. This means that the 

bridge's remaining lifespan is diminishing rapidly, emphasizing the need for immediate repair, 

and strengthening to ensure future safety. Based on annex B.1 from ISO 16311-2 [35] and B.2 

[35], the structure can be defined as Condition level 3 – Severe deterioration and Consequence 

level 3 – Large consequences.  
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5 Modeling of Øvre Kvamme bridge 

This chapter presents the methodology used to develop a finite element model of Øvre Kvamme 

bridge, starting from the 3D laser scanning. The purpose of this methodology is to provide a 

clear and thorough explanation of the necessary steps undertaken to achieve the final model 

used in structural analyses. The following sub-chapters will provide a more detailed 

comprehension of the settings and choices made during the process for each software and 

technique used. Figure 43 illustrates a flow chart that outlines the methodology used to model 

the selected case study from start to finish.  

 

Figure 43: Modeling process of Øvre Kvamme bridge  

 

5.1 Documentation of 3D geometry of Øvre Kvamme bridge 

After completing the 3D scanning of the concrete bridge using the BLK360, the resulting 18 

scans were exported from the mobile app and imported into its software, Cyclone REGISTER 

360. This software allows for the merging and alignment of all scans to create a complete point 

cloud of the entire bridge. The alignment process in Cyclone REGISTER 360 requires precision 

and attention to detail. It involves selecting corresponding points in different scans and using 

them to create a common coordinate system between all scans. This process ensures that the 

final point cloud accurately represents the entire structure of the concrete bridge as it is today. 

In Figure 44 the properly merged and aligned  point cloud generated from Cyclone REGISTER 

360 software of all 18 scans can be seen.  
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Figure 44: Point cloud generated from all the scans 

Once all of the scans are properly aligned, the next step involves removing unwanted noise and 

elements from the point cloud. This includes elements such as trees, grass, stones, and other 

irrelevant objects captured during the scanning process which are not relevant to the model. 

This is performed so the final point cloud can be modelled in a BIM software to accurately 

represent the real dimensions of each structural element. The software provides various editing 

tools to remove these unwanted elements and leave only the concrete bridge in the point cloud. 

The final refined point cloud in Leica Cyclone Register 360 can be seen in Figure 45. 

 

Figure 45: Final point cloud model of Øvre Kvamme bridge 

The final refined point cloud is exported to a .rcp file format, which can be imported into Revit 

software for BIM-modeling. This step involves using the software's import function to bring in 

the point cloud data and create a 3D concrete bridge model.  
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In Revit, the model is refined and cleaned up by removing remaining noise and adding 

necessary details such as textures, materials, and structural element dimensions. This ensures 

that the final model accurately represents the real-world structure of the bridge and utilizing 

only the structural elements for the finite element modeling and analyses. Figure 46 shows the 

complete Revit model with a) pointcloud overlapping and b) the final Revit model, which will 

be used in FEM. 

 
a) 

 
b) 

Figure 46: a) Point cloud overlap with the Revit model; b) Final Revit model 

The BIM model accurately represents the generated point cloud as seen in Figure 46. However, 

the height of the supports in the point cloud appears to be too low, due to water reflection that 

interfered with the laser scanning. Laser scanning is highly vulnerable to reflections as it can 

heavily interfere with the points measured. To address this issue, the affected area of the point 

cloud, including the ground where there was running water, was removed for the sake of 

simplicity. It is worth noting that the geometry of the point cloud obtained differed from the 

technical drawings from the 1970s, such as the center span being 6 cm wider in reality. A cross-

sectional profile of the middle span was created and is presented in Figure 47.  
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Figure 47: Illustration of the concrete slab of Øvre Kvamme from Revit 

The figure illustrates the geometric measurements obtained from the 3D laser scan, represented 

in millimeters, along with the positioning of the rebars. Moreover, a floor plan has been created 

in Revit, which shows an overhead illustration of how the bridge is modelled. The floor plan is 

shown in Figure 48, incorporating all relevant measurements. 

 

Figure 48: Floor plan dimensions of Øvre Kvamme bridge from Revit 

Creating a finite element model of the bridge modeled Revit  involved importing the model into 

Abaqus. Although Abaqus accepts a number of file formats for importing parts, none of the 

default files available in Revit are compatible. Therefore, the Revit file of the bridge was 

exported as an ACIS SAT file. A ACIS SAT file contains three-dimensional geometry 

information about the project in a text format and can be read by various of softwares. To 

optimize the model, it was decided to import the model as individual parts, allowing for 

assignation of different properties to the slabs and supports. 

By default, Abaqus placed the imported parts at the origin of its datum coordinate system when 

instances were created. For the various components to lie correctly, they were rotated and 

translated as necessary. Figure 49 below shows the final model assembly in Abaqus after 
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importing and moving the various elements. The geometry in the Abaqus model is preserved 

during the import, remaining indistinguishable to the Revit model. 

 

Figure 49: Initial FEM-model of Øvre Kvamme imported in Abaqus 

It is important to acknowledge that Abaqus lacks a pre-established unit system. Consequently, 

the units utilized as input in the software will directly influence the output results. Therefore, it 

is crucial to select the appropriate units for each parameter and ensure that they remain 

consistent across the whole model. By maintaining consistency in the unit system through the 

simulations, it can be ensured that the results from finite element analyses will be reliable and 

eliminate the confusion of potentially unrealistic values. In this finite element model, the mm 

SI-unit system was chosen and utilized throughout the simulations. Table 9 displays the relevant 

mm SI-units used in Abaqus [65]. 

Table 9: Selected units in Abaqus 

Quantity  SI (mm) 

Length  mm 

Force  N 

Mass  tons 

Time  s 

Stress  MPa 

Energy  mJ 

Density  tons/mm3 
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5.2 Material behavior 

Performing a nonlinear analysis of structures is important since it enables a more accurate 

simulation of the structure's behavior under real-life loading conditions. Materials of the 

structures exhibit unique behavior in terms of their response to loads and stresses. This behavior 

includes the way in which the material deforms and reacts to external forces. When a material 

is subjected to stress, it can exhibit either linear behavior (elasticity) or nonlinear behavior 

(plasticity) [66]. The reversible and time-dependent deformation defines the linear behavior of 

a material. In other words, once the external force is removed, the material body will revert to 

its original configuration. At the same time, the irreversible and permanent deformation 

characterizes the nonlinear behavior of a material. This can be displayed in a simplified curve 

by illustrating the relationship between the force and displacement throughout load cycling. See 

Figure 50 for a review of the linear and nonlinear behavior concept.  

 

Figure 50: Linear and nonlinear behavior - Retrieved from [66] 

Abaqus divides the source of nonlinearity behavior in structural mechanics in three [24]:  

- Material nonlinearity: The material properties are functions of stress and strain.  

- Boundary nonlinearity: Both applied forces and contact behavior relationship. 

- Geometric nonlinearity: Large deformation and changes of the materials’ structure. 

It is important to note that these sources of nonlinearity may also occur in combination with 

each other. It is, therefore, crucial to make good considerations in FEM to provide realistic 

NFEA. Furthermore, every material exhibits a range of mechanical properties, such as yield 

strength, ultimate strength, and failure behavior, which govern the behavior during FEA. A 

thorough understanding of the material behavior of the structural system being analyzed can 

lead to a more comprehensive reading of the finite element analyses and their results. Before 

utilizing FEM modeling and analysis on Øvre Kvamme bridge, it is crucial to understand the 

behavior of concrete and steel.  
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5.2.1 Steel 

Steel is a ductile material and consists primarily of iron and carbon. Ductile materials are 

characterized by withstanding a considerable amount of plastic deformation before eventually 

failing. This is due to the ability of the material to undergo large plastic deformations without 

fracturing, which makes it a suitable choice for the construction industry when the applications 

require strength and high flexibility. Furthermore, steel responds very similarly to both tension 

and compression stresses. A typical stress-strain behavior of a ductile material is displayed in 

Figure 51. The figure exhibits an engineering stress-strain curve, showcased from O to E, as 

well as a true stress-strain curve, depicted from O to E’. Furthermore, the figure illustrates some 

of the most common terms used in describing material behavior, which will be valuable to know 

and understand when performing structural analyses and extracting results from FEA-software.  

 

Figure 51: Typical stress-strain relationship for ductile materials - Retrieved from [67] 

From point O to A, the ductile material experiences elastic deformation as stress and strain 

maintains an equilibrium until the proportional limit point. Beyond this point, the material's 

stress and strain are no longer proportional, and no longer follows Hooke's law. The limit of 

elastic deformation occurs at the highest point before yielding to plastic deformation, which is 

also known as the yield stress and can be observed at point B in Figure 51. Furthermore, the 

line between point B and C is referred to as perfect plasticity, indicating that the material can 

undergo irreversible deformation without an increase in stresses or loads. Furthermore, as the 

material is further deformed, it begins to harden and eventually reaches its maximum stress 

capacity. At this point, known as the ultimate stress, the material can no longer withstand higher 

stresses and starts necking in point D, before failure at point E.  

Additionally, the figure includes a curve that extends to a point E’, representing the true stress-

strain behavior. Unlike engineering stress-strain, the true stress-strain behavior accounts for the 
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changes in cross-sectional area during loading. As a result, the stresses continuously increase 

until failure. True stress-strain provides a more realistic depiction of how the material responds 

to deformations.  

 

5.2.2 Concrete 

Concrete is a brittle and non-homogenous composite material composed of cement, water, 

aggregates, and other potential additives. Brittle materials are defined by their ability to 

withstand mostly elastic deformations before failure at maximum load. The nonlinear behavior 

of the composite material combined with reinforcing steel has proven to be difficult to predict. 

Although concrete exhibits high compressive strength, it possesses limited tensile strength, 

which is why it is commonly reinforced with steel. 

Concrete exhibits elastic behavior up to around 30% of its compressive strength when subjected 

to pressure [68]. Beyond this, it undergoes permanent deformations before reaching its ultimate 

capacity. Additionally, once the concrete has reached its maximum stress, it loses its capacity 

before reaching failure. When subjected to tensile stress, concrete behaves differently than it 

does under compression. A linear relationship exists between stress and strain until the concrete 

reaches its maximum tensile strength, before cracking and losing all its capacity. The behavior 

of concrete is nonlinear under a wide range of loading conditions due to its complexity. Figure 

52 illustrates a typical stress-strain of concrete in both compression and tension.  

 

Figure 52: Typical stress-strain curve for concrete - Retrieved from [68] 

In order to accurately model reinforced concrete and account for its nonlinear response, it is 

crucial to understand the material's behavior in a nonlinear context. This includes factors such 

as concrete's ultimate strength in both tension and compression, plastic strains, ultimate strain, 
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as well as the interaction between the concrete and reinforcement. Masoud & Chunwel [69] 

described that modeling the behavior of reinforced concrete is challenging due to the significant 

obstacle of accurately capturing the observable behavior of the physical system through realistic 

material models [69]. Due to the intricate nature of the material's nonlinear response, a variety 

of material models have been developed to aid in predicting more realistic behavior in finite 

element modeling and analysis. Some of these models include Drucker-Prager, Mohr-Coulomb, 

and Concrete Damage Plasticity (CDP). The selected material model for this thesis will be 

described further in section 5.3.5. 

 

5.3 Finite element modeling 

The idea behind the finite element method is to discretize complex systems and structures, 

including those with nonlinear behavior and complex geometry. A finite element discretization 

procedure is used to simplify problems by dividing systems into a finite number of smaller 

elements. Unknown field variables are expressed within each elements using assumed 

approximate functions [9]. An important aspect of the finite element method is that it 

incorporates the concept of piecewise polynomial interpolation. As elements are connected 

together, the field quantity is interpolated across the entire structure bit by bit.  By summing up 

the stiffness contributions of each element, a stiffness matrix can be derived to describe the 

overall system [70].  

FEA has the advantage of being very versatile, as various problems, including complex 

geometries, can be solved effectively. It is also capable of dealing with irregular geometries, 

complex boundary conditions, and contact problems, which makes it well suited for a wide 

range of applications. In cases where hand calculations would be impossible or inefficient due 

to the complexity of the problem, FEA proves to be a valuable tool. It can also serve as a cost-

effective alternative to experimental testing. Even though finite element analysis is a powerful 

tool, it also poses a number of challenges. As the model approximates a real structure, inherent 

errors are likely. The results obtained in FEA relies on the assumptions that are taken during 

the modeling process, meaning that the validity of these assumptions directly affects the 

accuracy [70].   

ANSYS, ETABS, COMSOL, Abaqus and Diana are some examples of the many FEA 

software’s available. Software choice depends on the type of analysis, specific needs, and the 

individual’s preferences. It is also important to use software that you are familiar with, as these 
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are often complicated and time-consuming to learn. In this study, Abaqus /CAE was chosen as 

software for the modeling of Øvre Kvamme bridge. This decision was based on previous 

experience with the software, and its suitability for solving the problem. This software allows 

advanced analysis to be efficiently created, visualized, and diagnosed. Additionally, nonlinear 

analyses are available, which are necessary to obtain accurate results for structures such as 

reinforced concrete bridges.  

A complete analysis in Abaqus requires geometric definition, material description, boundary 

conditions, loading, mesh, and various settings to define the type of analysis to be performed 

[18]. The steps and choices made to finalize the Abaqus model are described below. 

5.3.1 Material properties 

The geometry of the concrete was imported to Abaqus in order to improve the accuracy of the 

simulations. The concrete sections of the bridge exhibit unsymmetrical geometries, with 

varying slab widths and significantly different lengths. There are a number of different types of 

elements available in the Abaqus library, and it is important to select the appropriate element 

type for the specific application. The various elements have distinct behaviors that depend on 

factors such as the degrees of freedom, number of nodes, integration, and formulation of the 

problem, which affects the results. Upon import into Abaqus, the various concrete parts were 

defined as three-dimensional deformable solid elements. Figure 53 illustrates the most common 

elements in the Abaqus library.  

 

Figure 53: Common element types in Abaqus [71] 

In Abaqus, it is essential to assign material properties to the imported parts of the bridge, which 

is defined in its own module. Initially, only the elastic material properties were necessary for 
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the preliminary analyses, such as the frequency analyses. The elastic properties that must be 

defined in Abaqus are density, Young’s modulus, and Poisson’s ratio.  

As mentioned in Sub-chapter 4.1, the concrete used in the bridge is equivalent to today’s B20 

class concrete. This concrete class possesses a characteristic cylinder compressive strength of 

20 MPa and tensile strength of 2.2 MPa, according to Eurocode 2 [28]. The Young’s modulus 

of concrete is calculated using the following formula: 

 𝐸𝑐𝑚 = 22 ∗ (
𝑓𝑐𝑚

10
)0,3 Eq(1) 

By solving this equation for class B20 concrete, a Young’s modulus of approximately 30 GPa 

is obtained, which was assumed for the initial model. As the bridge is so old, it is likely that 

phenomena such as creep have greatly reduced its strength. When concrete is subjected to 

sustained loading, it undergoes creep. This is a time-dependent deformation that occurs even 

under relatively low stresses. Depending on the concrete quality, temperature, and humidity, 

the creep coefficient can reach as high as 2 to 4 when the concrete age is set to infinity [72]. 

Since the model’s stiffness is unknown, this may have to be adjusted when the model is 

calibrated. As the documentation provided by the NPRA did not include specific information 

about the concrete density, a value of 2.4 tons/m3 was used in the model. According to EC 2 

[28], the Poisson’s ratio should be set to 0 in the case of cracked concrete, and 0.2 in the case 

of uncracked concrete [28]. Following the condition assessment of the bridge, 0.2 was deemed 

a reasonable value. In Abaqus it is also necessary to create sections that contain information 

about one or multiple parts. For the parts containing concrete, a solid homogeneous section was 

created, and the assigned elastic material properties are presented in Table 10.   

Table 10: Material properties of concrete 

Concrete parameters 

Density 2.4E-9 [tons/mm3] 

Young’s modulus 30 [GPa] 

Poisson’s ratio 0.2 

The supports of the three slabs are constructed using massive stones that are dry stacked on top 

of each other. A thin layer of concrete has been smeared on the outside of these stones, which 

has eroded in certain areas. Determining the specific types of stones used in the supports is 

challenging and requires expertise in a different field. However, the Geological Surveys of 

Norway have mapped the country’s bedrock, which provides valuable information. It is likely 
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that the stones were sourced locally, given the time the bridge was built. The bedrock 

surrounding the Øvre Kvamme bridge primarily consists of gabbro, gneiss, and granite [73]. 

The properties of natural stone can vary a lot depending on factors such as the type of stone, its 

origin, and geological history. It would be necessary to take core samples and conduct 

experimental tests in order to determine the exact material properties of the particular stones 

used in the bridge.  

Defining the overall stiffness of the supports is complicated, as the stones are loosely placed on 

top of each other. Although the material properties of stones are generally superior to concrete, 

the structure’s construction method implies that the stiffness is not very high. Natural stones 

exhibit a wide range of material properties, with a compressive strength ranging from 10 to 200 

MPa. Similarly, the tensile strength can vary from 1 to 5 MPa and is generally 10 to 20% of the 

compressive strength. When experimental data are not available, a recommended estimation of 

the Young’s modulus is 300-700*fc [74].  Initially, a Young’s modulus of 5 GPa was selected 

for the dry-stacked stone supports. The material properties of the supports are presented in 

Table 11. 

Table 11: Material properties of supports 

Support parameters 

Density 2.4E-9 [tons/mm3] 

Young’s modulus 5 [GPa] 

Poisson’s ratio 0,2 

The reinforcement bars are modelled as three-dimensional deformable wire parts in Abaqus. A 

wire element is sketched as a line and used to idealize a solid whose width and depth are small 

relative to its length [75]. Following the drawings, four different types of rebar had to be 

sketched. Among these are longitudinal and transverse reinforcement, stirrups at the slab ends 

and side edges, as well as stirrups in the parapets. Moreover, truss sections were created and 

assigned cross-sectional area and material properties. The reinforcement dimensions of the 

bridge are Ø12 and Ø25 according to the rebar bending schedules. The Ø25 dimension is used 

as longitudinal reinforcement at the bottom of the slabs, while Ø12 is used in the rest of the 

bridge. The Abaqus modeling incorporates a concrete cover of 30 and 40 mm, while the rebar 

spacing is between 85 and 300 mm depending on the type and direction of the rebar. A 

comprehensive description of the concrete covers and spacing employed in the Abaqus model 

can be seen in Table 12. 
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Table 12: Øvre Kvamme properties in Abaqus 

Concrete cover [mm] 

Slab, top 30 

Slab, bottom 40 

Slab, sides and ends 40 

Reinforcement spacing [mm] 

Longitudinal, bottom 85 

Transverse, bottom 200 

Longitudinal, top 300 

Transverse, top 300 

Stirrups, parapets 300 

Stirrups, slab sides 300 

Stirrups, slab ends 160 

A systematic approach was used to ensure that the reinforcement bars were placed within the 

concrete as precisely as possible. The modeling of the reinforcement was carried out in a 

piecewise manner, using translation and rotation functions to position the rebars relative to the 

datum coordinate system. After placing the outermost rebars, a linear pattern function in 

Abaqus was utilized to expedite the process. Figure 54 shows the arrangement of all 1,020 

reinforcement elements modelled within Abaqus. The reinforcement was modelled following 

the drawings provided by the NPRA and the results of the field investigation. 

 

Figure 54: Reinforcement rebars of Øvre Kvamme 

The reinforcing steel has been assigned a Young’s modulus of 200 GPa and poisson’s ratio of 

0.3 [23]. The density of steel is determined based on the guidelines provided in “V412 

Bæreevneklassifisering av bruer, laster” [76]. The stress-strain relationship of the 

reinforcement bars is assumed to be elastic-perfectly plastic with a yield stress of 400 N/mm2 
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[8, 32]. Table 13 presents the defined elastic material properties of the reinforcing steel in 

Abaqus. 

Table 13: Material properties of steel 

Steel parameters 

Density 7.7E-9 [Tons/mm3] 

Young’s modulus 200 [GPa] 

Poisson’s ratio 0.3 

The implementation of corrosion and bond-slip in reinforcement bars within Abaqus can be a 

complex and time-consuming process. One effective approach is to define springs that transfer 

tensile forces between nodes in steel and concrete. While this method is relatively 

straightforward in a 2D model with a limited number of nodes, it becomes impractical when 

dealing with a large number of nodes that require manual assignment of springs and properties 

[77]. To account for visible corrosion identified during visual inspections, a 15% cross-sectional 

loss has been incorporated in the regions where corrosion was observed [78].  

5.3.2 Load 

Loads play a critical role in the simulations and are key to obtaining accurate results from the 

analyses. To accurately capture the response of the bridge, loads such as traffic and wind must 

be considered in a finite element analysis. Abaqus has the option to specify a wide variety of 

loads, such as concentrated, line, distributed, pressure, and thermal loads. It is also feasible to 

combine loads in various manners to simulate complex loading scenarios. 

The self-weight of a structure is a type of permanent load that is characterized by the weight of 

the structure with all its permanent components. The bridge's self-weight is determined by the 

density of the various materials in the model. As previously stated, the density of the defined 

materials is 2.4, 2.4 and 7.7 tons/m3 for concrete, rock, and steel reinforcement, respectively. 

The load itself is defined within the load module by creating load and further gravity load. 

Gravitational acceleration is defined as 9,810 mm/s2 on the global y-axis with a downward-

directed vector. Abaqus calculates the self-weight of each element in the bridge by considering 

its density and volume. The self-weight of the entire bridge is then obtained by accumulating 

the self-weight contributions from all the elements.  

Vehicles mainly expose the bridges to vertical loads from vehicles' weight, but also cause 

horizontal forces due to breaking. These loads can be generated by both pedestrians, and 

vehicles of different sizes. Traffic loads are categorized into usage classes (Bk), axle loads and 
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total weights, special transport, motor tools and single transport [76]. Classification of bridges 

is based on the capacity of the weakest element, which in this case is the weakest slab. Today, 

Øvre Kvamme bridge is approved as Bk 10/60 and Sv 12/100 with centric one-way driving. 

This implies that a single vehicle can load the bridge with a maximum of 60 tons and 10 tons 

per axle for ordinary transport vehicles [76]. To evaluate the performance of the bridge, loads 

must be placed on the bridge following with the research project's purpose, which is to expand 

traffic lanes in both directions with Bk10/60 (ordinary usage), Sv 12/65 (motor tools) and Sv 

12/100 (special transport) [31]. 

In the case of bridges shorter than or equal to 10 meters, a standardized brake load of 180 kN 

should be used, and for bridges longer than or equal to 40 meters, 360 kN [31]. Using 

interpolation, it has been determined that the braking load on the Øvre Kvamme bridge is  

228 kN based on the length of the bridge, which is approximately 18 meters. Side loads are 

caused by skewed or asymmetrical braking or side impacts and act perpendicular to the 

longitudinal direction of the bridge. This load is equal to 25% of the brake load and is calculated 

to be 57 kN [76]. The various equivalent loads for class bk 10/60 are presented in Table 14 

below and are divided into three main categories: bogie load, vehicle load and truck load [76]. 

Table 14: Load properties 

Vertical loads 

Type of load Symbol Class Bk 10/60 

Bogie load A1  165 kN 

A2 120 kN 

Vehicle load A 80x5 kN 

Truck load A 63x9 kN 

P 6 kN/m 

Horizontal loads 

Breaking load B 228 kN 

Side load S 57 kN 

In practice, design loads for short bridges will be determined by the axle, bogie, or triple bogie 

load. In contrast, the main structure for longer bridges is determined by the vehicle or truck 

load [79]. Hence, it has been considered most appropriate to check the bridge for bogie loads. 

A boogie load refers to the load exerted by two closely spaced axles on a vehicle. This load 

effect is represented by two distinctive concentrated loads, A1 and A2, with a spacing of 1.4 
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meters. The concentrated loads are multiplied by 1.3, which is a load factor for usage classes 

with two load fields [76]. Figure 55 shows the required width for two-way traffic with a guide 

edge. 

 

Figure 55: Required width for two-way traffic - Retrieved from [76] 

Snow loads are not considered to occur at the same time as traffic loads on vehicle bridges. It 

is necessary to consider the load more thoroughly if the bridge is intended to be used as a storage 

area for snow or is not anticipated to be cleared for snow. Historically, earthquake loads have 

been an abnormal natural force in Norway, and the vast majority of older bridges are not 

designed to withstand them. In the case of evaluating the carrying capacity of bridges, it is 

generally not necessary to consider earthquake loads [31, 76]. 

In addition to the self-weight and traffic load of the bridge, it was also decided to incorporate 

the layer of asphalt. Based on the 3D scan and on-site measurements with a ruler, it has been 

determined that the thickness of the asphalt layer is 20 mm. This is defined as a distributed load 

with a density of 24 kN/m3 on top of the concrete slabs in Abaqus [76].   

5.3.3 Boundary conditions 

The dry-stacked supports are fixed in all translational and rotational directions. This is 

accomplished by applying a fixed boundary condition to the bottom surface of the supports in 

Abaqus. Likewise, an interaction must be defined in the surfaces of the abutments directed 

towards the soil at both ends of the bridge. It is possible to consider these surfaces to be 

unrestrained if their stiffness is beyond the soil of unknown material. The supports of each end 

of the bridge were restrained longitudinally because it is assumed that deformation through the 

soil is quite limited.  

Modeling the interaction between the reinforcement bars and the concrete is crucial for 

accurately predicting the behavior of the structure. One method to model the interaction 
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between steel reinforcement and concrete is to define an embedded region constraint [80]. The 

embedded constraint is defined by a set of nodes on two different types of parts. When defining 

this interaction, a host and an included region must be defined. The host region represents the 

primary material, while the included region represents the material that is embedded within the 

host region. This constraint was employed in the bridge model to ensure sufficient interaction 

between the reinforcing bars and the concrete. By embedding the steel reinforcement in the 

concrete sections, a perfect bond is assumed between the materials [16-17]. The model does 

therefore not include the effect of bond slip.  

Abaqus offers several contact formulations, such as surface to surface, node to surface and edge 

to edge contact. The “find contact pairs” function was utilized to determine the elements of the 

bridge which are in contact with each other. Additionally, it is valuable for detecting modeling 

errors by highlighting unintended contact between elements. From the same menu, contact can 

be assigned to the desired regions that have been identified. Surface-to-surface contact was used 

for the interaction between the concrete slabs and the supports, as well as between the concrete 

slabs themselves. In the surface-to-surface contact characteristics, both normal and tangential 

behavior is specified. Tangential contact refers to sliding contact along or parallel to the contact 

surface, while normal contact refers to perpendicular sliding. This definition ensures that 

contact behavior is defined in all directions of the bridge. Normal behavior is set to “hard” 

contact, permitting separation after contact. For the tangential behavior, a penalty friction 

formulation is utilized with a friction coefficient of 0.8 [81-82]. 

5.3.4 Meshing 

The meshing of an FEA model is one of the key components of a successful simulation. Mesh 

refers to the process of dividing a structure into smaller elements in a FEA software that can be 

simulated numerically. A mesh consists of discretized elements that together represent the 

shape of the geometry. Meshes should be balanced in terms of the number and size of elements. 

Having a mesh with too few elements may result in the analysis being unable to accurately 

simulate the behavior of the structure. On the contrary, if the mesh is dense, the simulation may 

become computationally costly and time-consuming.  

For the first step, a very coarse mesh was used in order to quickly verify that everything else 

worked as it should without many errors and warnings. It was then easier to find the source of 

problems through trial and error since analyses were performed quickly. Following the 

correction of the errors, different mesh sizes were tested by doing a mesh sensitivity analysis to 
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see how much effect the mesh had on the results. In a mesh sensitivity study, the same model 

is simulated with different mesh densities in order to investigate how much the results differ 

between the densities. This is important to ensure that the mesh used in the final analyses is as 

accurate and reliable as possible. Typically, this is accomplished by starting with a very coarse 

mesh and comparing it with experimental data, theoretical data, or a model with a very dense 

mesh. Furthermore, the elements are reduced in size until a satisfactory result is achieved in 

terms of accuracy and computational efficiency.  

Initially, the bridge slabs and supports elements were meshed using 8-noded linear brick with 

reduced integration (C3D8R). While this geometric order proved to be effective for certain 

mesh sizes, further experimentation revealed that the results were greatly overestimated. This 

issue was particularly noticeable when using a very coarse mesh size. The underlying problem 

was identified as shear locking, a phenomenon that can occur in numerical simulations. The 

shear locking issue was resolved using 20-noded quadratic brick elements (C3D20R). However, 

using higher order elements results in a considerable increase in the number of nodes being 

generated. Consequently, this led to a notable slowdown in the analyses, as the computational 

effort required became higher. In addition, the presence of shear locking was found to be at a 

mesh size of approximately 200 mm and coarser. It was therefore crucial to keep the final mesh 

size below this threshold to mitigate shear locking and maintain computational efficiency. 

Additionally, the student license in Abaqus is limited to a maximum of 250,000 nodes. Due to 

the model's size, this level is generated quite quickly with a dense mesh. Consequently, there is 

also a lower limit to the mesh size that can be defined without introducing errors to the 

simulation.  

To mesh the reinforcement bars in Abaqus, truss elements (T3D2) were used. In contrast to 

other element types, such as solid or shell elements, the mesh controls for truss elements cannot 

be modified. This means that default meshing settings are automatically applied to the truss 

elements during the meshing process.  

5.3.5 Material model 

Using nonlinear analysis, it is possible to predict the structural response of reinforced concrete 

bridges and to identify possible failure modes. A number of nonlinear concrete modeling 

options are available in Abaqus, designed to simulate the complex behavior of concrete 

structures. Crushing in compression, cracking in tension, and yielding of the reinforcement bars 

are three major causes of nonlinear behavior in reinforced concrete [19]. Two of the most 
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commonly used options are concrete damage plasticity and concrete smeared cracking. After a 

thorough review of the literature findings presented in Section 2.3.2 and careful consideration 

of various factors, it was determined that the optimal material model for finite element analyses 

of the bridge is concrete damage plasticity. This decision was reached based on the observation 

that CDP most closely aligns with the unique properties and characteristics of the bridge and 

the objectives of this thesis.  

For concrete damaged plasticity, concrete undergoes damage and plastic deformation when 

subjected to external loads. Damage is represented by a scalar variable ranging between 0 and 

0.99, which describes the reduction in stiffness and strength [83]. Various loading conditions, 

including cyclic and dynamic loading, can be used with concrete damaged plasticity. It can also 

be applied to other materials such as rocks, mortar, and ceramics, making it suitable for the 

analysis of the supports of the bridge as well [84]. In order to develop the model, it is necessary 

to have concrete's compressive and tensile constitutive relationships, cracking and crushing 

damage parameters, as well as dilation angle, eccentricity, biaxial loading ratio, coefficient K 

and viscosity [85]. Based on values found in the literature, these parameters have been assigned, 

and are found in Table 15 [83, 86-87].  

Table 15: CDP parameters used in Abaqus 

Dilation angle Eccentricity fb0/fc0 K Viscosity 

31 0,1 1,16 0,67 0 

An appropriate stress-strain ratio must be defined for the concrete in compression and tension 

in order to simulate compressive and tensile behavior. This study used formulas provided in 

Eurocode 2 to calculate the compressive stress-strain relationship since experimental data were 

not available. Yield stress, inelastic strain, cracking strain, and damage parameters must be 

defined in Abaqus. The same approach was used to determine the behavior of the supports. The 

stress-strain relationship for concrete in compression is given as follows [28]: 

 𝜎𝑐 = [
𝑘η − η2

1 + (𝑘 − 2)η
] 𝑓𝑐𝑚 Eq(2) 

where: 

 η =
𝜀𝑐

𝜀𝑐1
 Eq(3) 
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 𝑘 = 1,05 𝐸𝑐𝑚

|𝜀𝑐1|

𝑓𝑐𝑚
 Eq(4) 

 𝜀𝑐1 = 0,7 𝑓𝑐𝑚
0,31

 Eq(5) 

 𝐸𝑐𝑚 = 22 ∗ (
𝑓𝑐𝑚

10
)0,3 Eq(6) 

𝜎𝑐 and 𝜀𝑐 is the compressive stress and strain at any given location on the curve, 𝑓𝑐𝑚 is the 

compressive strength, 𝜀𝑐1 is the strain at maximum stress, and 𝐸𝑐𝑚 is the Young’s modulus. 

The ultimate strain, 𝜀𝑐𝑢1, is set to 0.0035 according to table 3.1 in Eurocode 2 [28]. Figure 56 

shows a schematic representation of the stress-strain relationship with the presented variables.  

 

Figure 56: Stress-strain of concrete in compression – Retrieved from [28] 

As mentioned previously, an input in the concrete damage plasticity model in Abaqus are 

inelastic strains, and these were calculated based on the total strain acquired. The elastic and 

inelastic strains for compression are calculated with the following formulas according to the 

Abaqus analysis user’s manual [88]: 

 𝜀𝑐
𝑖𝑛 =  𝜀𝑐 −  𝜀0𝑐

𝑒𝑙  Eq(7) 

where:  

 𝜀0𝑐
𝑒𝑙 =

𝜎𝑐

𝐸0
 Eq(8) 

It has been determined that the concrete's tensile strength is 2.2 MPa for class B20 according to 

EC2 [28]. The relationship between stress and strain is assumed to be linear up to the tensile 

strength with a rate of increase equal to the Young’s modulus. Several expressions exist in the 

literature that describe how concrete softens in tension following cracking. Among these tensile 

softening behaviors for concrete are linear, bilinear, and exponential [89]. The softening 
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behavior after the ultimate stress was assumed to be exponential but simplified by only 

calculating four points on the descending part of the curve, as shown in Figure 57 [90].  

 

Figure 57: Stress-strain curve for concrete in tension – Retrieved from [90] 

Similarly, as for compression, cracking strains are calculated for the tensile behavior. The 

cracking strains, 𝜀𝑡
𝑐𝑘, are obtained by subtracting the elastic strain from the total tensile strain, 

𝜀𝑡, according to the following equations [88]: 

 𝜀𝑡
𝑐𝑘 =  𝜀𝑡 − 𝜀0𝑡

𝑒𝑙 Eq(9) 

 

where: 

 𝜀0𝑡
𝑒𝑙 =

𝜎𝑡

𝐸0
 Eq(10) 

In addition to the compressive and tensile yield stress–inelastic strain behavior, it is also 

necessary to define the compressive and tensile damage parameters 𝑑𝑐 and 𝑑𝑡, for every  

inelastic and cracking strain. The damage parameters provide insight into the extent of damage 

the material has sustained due to applied loads. It varies from 0, representing an undamaged 

material, to 1, indicating that the material has entirely lost its load-bearing capacity. These 

parameters are only calculated for the descending part of the stress-strain curves, as no damage 

develops in the elastic region. The formula used for the calculation of the compressive and 

tensile damage parameters are [87]:  

 𝑑𝑐 =
𝑓𝑐𝑚 − 𝜎𝑐

𝑓𝑐𝑚
   Eq(11) 
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 𝑑𝑡 =
𝑓𝑡 − 𝜎𝑡

𝑓𝑡
 Eq(12) 

See Appendix A, for a complete list of the calculations and parameters used.  

5.4 Modal analyses and validation 

Structural dynamics is a field of analysis within civil and mechanical engineering which focuses 

on the responses of structures under dynamic loads such as earthquakes, wind load, and human 

induced loads, such as vehicles. A dynamic load is considered to be a load that changes 

magnitude and direction over time. The discipline combines principles in order to predict and 

analyze the behavior of structures subjected to dynamic loads.  

Nowadays, the majority of constructions operate under conditions responsive to excitations. 

Generally, most of the stresses that constructions are subjected to cannot be deemed entirely 

static. Except for the self-weight of structures, most loads applied to a structure can be classified 

as dynamic to some extent. Although some of these loads may be categorized as static due to 

their slow onset, they still have the potential to cause irresponsible excitations [91]. These 

excitations can result in undesirable responses that may cause unsafe operation of structures. A 

number of situations require the consideration of dynamic loadings, such as bridges, where 

moving vehicles and winds are powerful enough to cause the bridge or parts of it to be set in 

motion and vibrate [91]. 

Modal analysis is the study of the dynamic properties of a structure. The method involves 

identifying natural frequencies, mode shapes and damping ratios of the system. The natural 

frequency of a system is the frequency at which it oscillates in the absence of an external driving 

force. The mode shapes refers to the unique deformation pattern related to a particular natural 

frequency. The damping ratio is a unitless parameter that measures the energy dissipation of 

the system. A structure’s dynamic behavior can be determined by identifying these three 

parameters. Overall, modal analysis is a powerful method for engineers and researchers to 

identify and understand the behavior of complex structures [92]. Two well-established 

techniques used to study the dynamic characteristics of structures are Experimental Modal 

Analysis (EMA) and OMA.  

EMA is the oldest and most well-known technique performed in simulated controlled 

environments. EMA is a technique used to find the dynamic characteristics of a structure 

subjected to known excitations. EMA involves loading with a series of measured excitations 



83 

 

with tools such as impulse hammers or shakers. The reactions of the structure are then captured 

and processed utilizing mathematical algorithms to extract the modal parameters  [93].  

OMA on the other hand, is a technique used to determine the modal parameters of a structure 

while it is in operation. Rather than using artificial excitation, OMA uses ambient forces as the 

excitation source. The method is commonly referred to as output-only modal analysis because 

the excitations involved are unknown. The responses of the structures are often captured with 

sensors like accelerometers, which are placed in different locations of the structure [93] [94]. 

OMA is typically employed when the real structure differs from laboratory tests, when size and 

artificial excitation is impractical, when construction cannot be closed, or when ongoing health 

monitoring is required. Algorithms based on measurable response data can be utilized to derive 

modal parameters. However, processing these algorithms can be challenged and the obtained 

results may be misleading [93].  

At the beginning of the 1990s, significant advances in the field led to the development of several 

OMA techniques. Generally, the techniques can be categorized into frequency domain and time 

domain methods. The most commonly used OMA techniques today include Peak Picking (PP), 

Frequency Domain Decomposition (FDD), time domain decomposition, natural excitation 

technique, auto-regressive moving average, and stochastic subspace identification [93]. When 

properly evaluated, the method serves as a valuable comprehensive tool that can give significant 

information about a structure under its operational conditions [94].  

The concept behind modal analyses and validation can be displayed in Figure 58. In simple 

terms, the concept of model updating involves the continuous refinement of a FEM model by 

using experimental data. The goal is to adjust the FEM model until it accurately represents the 

real condition of the structure under investigation. This process continues until the FEM model 

aligns with the actual behavior of the structure within an acceptable range. 

 

Figure 58: FEA model updating – Retrieved from [25] 
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5.4.1 Results from OMAway sensors 

To evaluate and analyze the data collected by the sensors, it was necessary to extract it from 

the microSD memory cards within the sensor datalogger. This was achieved by inserting the 

memory card into a memory card adapter that is connected to a computer. The data was then 

transferred as text files to the computer. These text files were saved every 20 minutes at a 

sampling rate of 250 Hz, and as a result multiple files were saved per sensor throughout the 

recordings. The UnquakeOMAway software, which was previously mentioned in section 3.4.5, 

was used to import and process these text files. The files are combined within the software into 

one single 4-hour duration of data collected for each sensor. However, it was discovered that 

certain text files were corrupted and had no data. These files had to be removed in order for the 

UnquakeOMAway software to generate more refined charts. 

The chart from the individual sensors from each setup was generated using the Fast Fourier 

Transform (FFT) technique, which allows for breaking down signals, and see which frequencies 

are present and at which intensity. FFT converts the signal representation from time domain to 

frequency domain, enabling the visualization of FFT amplitudes in the software [64]. The 

concept of FFT will not be further described in detail in this thesis however, it utilizes one of 

the most common OMA methods, including PP-method [93], as previously mentioned in  

Sub-chapter 5.4. The Peak Picking method is a simple OMA method used in modal analysis for 

output-only measurements as it identifies the natural frequencies by detecting the peaks in the 

FFT power spectrum, assuming that the modes are distinctly separated, and damping is minimal 

[93]. The peak-picking method has proved to be effective in identifying system modes with 

sufficient separation but may result inaccurate results if the modes are closely spaced due to its 

straightforward nature [93]. The PP method is utilized for obtaining mode frequencies from the 

FFT charts provided by the software. 

Unfortunately, the results of the OMAway sensors revealed that the collected data was heavily 

corrupted and various factors, such as noise, bad weather conditions, and poor condition of the 

sensor equipment compromised the reliability of it. Figure 59 below displays the post-processed 

recorded data from sensor number 3, the reference. The local X-axis in Figure 59, a) 

corresponds to the global Z-axis, while the local Y-axis in Figure 59, b) corresponds to the 

global Y-axis of the bridge. The chart's X-axis represents the measured frequencies in Hz, and 

the Y-axis represents FFT amplitudes. For a better understanding of the corresponding global 

axis refer to Figure 49. 
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    a)                                                               b) 

Figure 59: FFT results from OMAway sensor 3 

As observed in Figure 59, the frequencies have been significantly distorted due to the various 

sources mentioned earlier. The chart fails to exhibit a dependable frequency peak, rendering the 

readings obtained from the sensors unworkable and unsuitable for further use. However, there 

is one partially readable result from the OMAway sensors, which is sensor number 1 from the 

first sensor setup on the bridge. In Figure 60, a), the local X-axis result of sensor 1 from the 

first setup is presented which correspond to the global Z-axis of the Øvre Kvamme bridge, 

whereas the local Y-axis, b),  refers to the global X-axis of the bridge. 

   
    a)                                                               b) 

Figure 60: FFT results from OMAway sensor 1 

The experimental results retrieved from sensor 1 during the first setup were only reliable for 

the first three frequencies along the global X-axis, and only one frequency was detectable along 

the global Z-axis. The remaining data were too noisy, and therefore not sufficient to provide a 



86 

 

good foundation for further analysis. Moreover, the FFT amplitudes obtained were closely 

spaced, which could cause further unreliability when utilizing the PP-method, as previously 

mentioned. To address this issue, the FDD-method can be used to overcome the limitations of 

the PP-method as it provides more realistic natural frequencies [93]. However, due to time and 

scope limitations, utilizing FDD was not manageable. Nevertheless, even if FDD results were 

available, there would still be concerns about the accuracy of the data obtained as they would 

most likely be distorted due to the various influencing factors mentioned. Therefore, it is crucial 

to be cautious when using these natural frequency data for model updating in Abaqus, and a 

validation technique is furthermore required to ensure a more accurate FEM-model.  

5.4.2 Model updating 

The process of updating a finite element model using operational modal analysis sensor data 

typically involves adjusting various material and geometric properties of the model that 

influences the behavior of the structure, including the stiffness. By refining these properties to 

better align with the dynamic properties identified through OMA, the model can more 

accurately reflect the actual behavior of the structure. The process of model updating entails 

comparing the predicted behavior in the Abaqus model with the measured data obtained from 

OMA sensors. 

Although the available sensor data was limited and of poor quality, it was decided to proceed 

with model updating to refine the finite element model of the bridge. The main motivation 

behind this choice was the significant uncertainty surrounding the actual stiffness of the bridge. 

Despite the difficulties posed by the incomplete sensor data, the focus shifted towards the data 

collected by the one sensor that was working properly. This sensor data served as the initial 

reference point for calibrating the model, aiming to increase the accuracy of the model. 

The process of model updating was conducted iteratively, meaning that the model was updated 

multiple times until the predicted and observed data matched within a desired level of accuracy. 

In the case of the Øvre Kvamme bridge, the stiffness is influenced by several parameters such 

as material properties, moment of inertia, cross-sectional area, length, and boundary conditions. 

Since the size of the finite elements is predefined, the material properties are adjusted in Abaqus 

software to try to adapt the bridge's overall stiffness. The stiffness of a material is commonly 

characterized by its Young's modulus, which is a measure of its ability to resist deformation 

under stress. Hence, the Young's modulus was the parameter that was modified in the Abaqus 

software to improve the accuracy of the bridge's predicted stiffness.  
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To refine the finite element model of the bridge, the initial step involved conducting a frequency 

analysis in Abaqus. This analysis aimed to determine the first five natural frequencies and mode 

shapes of the structure. The natural frequencies obtained from the analysis are presented in 

Table 16. 

Table 16: Mode shape for initial frequency analysis 

Mode Natural frequency (Hz) 

1 33,545 

2 40,042 

3 42,350 

4 48,771 

5 53,194 

To assess the accuracy of the finite element model, it was necessary to compare the results with 

the actual measurements. Ideally, the natural frequencies predicted by the model should be close 

to the measured values. However, upon comparison, it was found that there was a significant 

discrepancy between the predicted and measured natural frequencies. The frequencies obtained 

from the finite element analysis were found to be significantly higher than the actual 

measurements, indicating that the stiffness of the bridge is too high. This discovery was 

significant because the stiffness of a structure is critical and affects its behavior and 

performance. If the stiffness is overestimated, the predicted natural frequencies will be higher 

and the predicted mode shapes will be more rigid than the real ones. Given the significant 

difference between the predicted and measured natural frequencies, it was clear that the finite 

element model required more modification. 

Due to the excessively high frequencies obtained in the Abaqus analysis, the overall stiffness 

had to be reduced. It was decided to investigate the effect of reducing the Young’s modulus of 

the various components to mitigate this issue. It was attempted to reduce the Young’s modulus 

of concrete, stones, and steel in various combinations to determine its effect on the frequencies. 

The findings indicated that reducing the Young’s modulus of steel had minimal impact, 

accounting for under 10% of the reduction in natural frequency. Therefore, no further 

reductions were made to steel. During the initial modeling phase, the support’s material 

properties had already been considered low, and reducing the stiffness appeared implausible. 

However, when the Young’s modulus of the concrete was reduced from the original 30 GPa to 

20 GPa, a noticeable reduction of approximately 8 Hz was observed for mode 1. The decrease 

observed for modes 1 to 5 in the analysis is shown in Table 17. 
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Table 17: Mode shapes of reduced stiffness  

Mode Natural frequency (Hz) 

1 25,805 

2 29,597 

3 30,819 

4 32,508 

5 40,392 

Despite the previous attempts to modify the stiffness of the bridge, the measured sensor data 

remained significantly higher than in Abaqus. It was determined that further adjustments to the 

material parameters would not be appropriate to achieve the desired reduction. Instead, it was 

decided to alter the supports at both ends by removing the longitudinal restraint. This 

modification significantly reduced the overall stiffness of the bridge, bringing the natural 

frequencies closer to the sensor data. The mode shapes of modes 1 to 5 were plotted in Abaqus 

and are presented in Figure 61 from a) to e).  

 
a) 

 
b) 

 
c) 

 
d) 

 
e)  

Figure 61: Mode shapes w/o longitudinal constraints 
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These plots represent how the bridge would deform at specific frequencies. These specific 

frequencies for each mode are displayed in Table 18.  

Table 18: Mode shapes values for w/o longitudinal constraints 

Mode Natural frequency (Hz) 

1 11,012  

2 26,620  

3 29,183  

4 30,115  

5 31,270 

These results yielded lower natural frequencies, especially for mode 1, but still were quite high 

compared to sensor results. At this point, various alternatives were explored to improve the 

accuracy of the model. Previous attempts to modify boundary conditions and Young’s modulus 

had already been tested. To further investigate the behavior of the bridge, a simplified single 

span bridge with no reinforcement was analyzed. Additionally, it was tried to create all the parts 

in Abaqus to see if the imported geometry from Revit was the source of the error. Multiple 

types of contact definitions were tested, including general contact, surface-surface and cohesive 

interface with different properties. Unfortunately, none of these attempts were providing results 

in close proximity to the sensors, and the bridge still exhibited excessive stiffness. Given these 

results, it was deemed necessary to utilize another software to validate the accuracy of the 

model. This was done to determine if something was wrong with the model prior to performing 

comprehensive analyses on the bridge. 

5.4.3 Model validation 

As previously mentioned, the OMAway sensors demonstrated lack of consistency and 

reliability in their recorded data, highlighting the necessity of an additional validation method 

to improve the accuracy of the Abaqus model. In collaboration with a doctoral supervisor, a 

simplified ETABS model of the Øvre Kvamme RC bridge was created to validate the natural 

frequencies obtained from the sensors and in Abaqus.  

ETABS is a finite element modeling software designed for the structural analysis and design of 

building systems [95]. While it shares some similarities with Abaqus, it is generally considered 

a more simplified FEM software than Abaqus. ETABS offers a range of capabilities for 

analyzing and designing structures [95]. The ETABS model developed for this thesis was 

specifically designed to replicate the essential characteristics of the Abaqus model, such as the 
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geometry, material properties, and boundary conditions. Figure 62 displays the simplified finite 

element model in ETABS. 

 

Figure 62: ETABS validation model - [95] 

It is worth noting that the ETABS software does not have the capability to incorporate solid 

elements. Consequently, the key difference between the ETABS and Abaqus models lies in the 

choice of FEM element types. Specifically, the ETABS model is developed using shell 

elements, whereas the Abaqus FEM model utilizes solid elements. Additionally, the geometric 

representation of the bridge is intentionally kept simple in the ETABS model to expedite the 

analysis process. Considering these disparities between the models, it is important to 

acknowledge that the frequencies obtained from the simplified ETABS model will not yield 

very accurate results. Nevertheless, the results can provide a rough estimate of the expected 

frequencies that can be compared to the OMAway sensors and the Abaqus model. The first 

three mode shapes obtained in ETABS can be seen in Figure 63.  

 
a) 
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b) 

 
c) 

Figure 63: a) Mode shape 1; b) Mode shape 2; c) Mode shape 3 

Three mode shapes and natural frequencies were considered enough to ensure that the natural 

frequency aligns with the frequencies extracted from the Abaqus modal analysis results and the 

OMAway sensor. It is important to note, however, that ETABS does not provide frequencies in 

a direct manner as it rather provides periods. The following formula establishes the connection 

between frequency (measured in hertz) and period (measured in seconds).  

 𝑓 =
1

𝑇
 Eq(13) 

where: 

- 𝑓 = Frequency (Hz) 

- 𝑇 = Period (s) 

As demonstrated in the formula, frequency and period are inversely proportional to each other. 

Essentially, period denotes the duration for completing a single cycle of vibration, whereas 

frequency indicates the number of completed cycles per second. The period data extracted from 

the modal analysis of ETABS is displayed in Table 19, with the calculated natural frequencies.  
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Table 19: Results from modal analysis of the ETABS model 

Mode Period Natural frequency (Hz) 

1 0,0736 13,587 

2 0,0362 27,624 

3 0,0345 28,986 

The first three mode shapes that were obtained from OMAway sensor 1, Abaqus, and the 

ETABS validation model are compared in Table 20.  

Table 20: Comparison of collected natural frequencies from different sources 

Mode 

shape  
Natural frequency (Hz) 

OMAway sensor 1 Abaqus ETABS 

1 8.3 11,012  13,587 

2 10.8 26,620  27,624 

3 16.7 29,183  28,986 

When comparing the results of OMA and ETABS data, it can be observed from Table 20 that 

the natural frequencies differ between the two validation procedures. Specifically, the natural 

frequencies obtained from OMAway sensor show an initial value of approximately 8 Hz, 

compared to 13 Hz in ETABS. The substantial discrepancy between these two values indicates 

that the data obtained from the OMAway sensor is affected by noise and other potential 

variables, as described in section 5.4.1. The unrestrained and lower stiffness Abaqus FEM-

model provides a value that falls between the two validation procedures. This ensures that the 

result of the data collected from Abaqus is feasible and showcases a more realistic FEM-model 

for Øvre Kvamme bridge for further FEA.  



93 

 

6 Finite element analyses 

This chapter presents the results of the study, which utilized the finite element software Abaqus 

to analyze the behavior of the Øvre Kvamme RC bridge at its current condition. The FE-

analyses conducted will include a pushover analysis and a vertical loading analysis. The results 

of the simulations presented will provide some insight into the behavior of the bridge at its 

current state.  

6.1 Pushover analysis 

Before performing a pushover analysis, a mesh sensitivity analysis is required to evaluate the 

effectiveness of mesh density on the simulation results. Analyzing the mesh refinement level is 

intended to determine the minimum level of refinement required to obtain accurate and reliable 

results. Mesh sensitivity analysis involves meshing the model with varying element sizes and 

running simulations for each mesh configuration. A comparison of the results is then performed 

to determine the extent to which the mesh density affects the solution. By identifying the 

optimal mesh density for a given level of accuracy, mesh sensitivity analysis can help refine 

the finite element model for accurate simulations and reduce computational time and resources. 

The conducted mesh sensitivity analysis of Øvre Kvamme bridge FEM-model is displayed in 

Figure 64. The figure presents a base shear-lateral displacement chart of various mesh sizes, 

including 250-, 200-, 150-, 125-, and 100 mm. 

 

Figure 64: Mesh sensitivity analysis 

The chart displays significant variances in the elastic yielding point across different mesh sizes, 

while the plasticity phase shows relatively consistent behavior. Typically, finer mesh sizes yield 

more accurate results, but at the cost of increased convergence time. Conversely, coarser 

meshes offer faster computations but sacrifice the precision of the outcomes. Given the time 
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constraints associated with the computationally intensive nature of FEAs in Abaqus, a mesh 

size of 150 mm is considered the most appropriate balance between efficiency and accuracy for 

subsequent analyses performed in Abaqus. 

Pushover analysis is a non-linear static analysis technique that is used to simulate seismic 

deformations. Whenever a structural component has reached its maximum strength, its forces 

are redistributed to other components. A pushover analysis involves loading the construction 

until weak points or components are identified. As part of the analysis, the model is revised to 

reduce the impact of weak areas on the model's performance. Repeating this process will allow 

the distribution of weaknesses to be identified under seismic forces. Although the analysis is 

primarily aimed at assessing the seismic capacity of structures, it can also be used to retrofit 

structures [96]. Considering Norway's geographic location, seismic loads are generally not a 

problem. Thus, the objective of the analysis is not to determine the construction's vulnerabilities 

directly related to seismic loads but rather to assess the construction's resistance to vibrations 

induced from other sources.  

Under the pushover analysis, the bridge was loaded laterally using a displacement-controlled 

loading approach. The purpose was to apply enough displacement causing damage in parts of 

the bridge to identify relevant areas for strengthening. A displacement of 15 mm was defined 

for slab surfaces on the bridge’s sides. To prevent immediate damage and convergence 

difficulties, the parapet walls were partitioned so they were not loaded. A base shear force is 

calculated by adding the lateral reaction forces at the bottom of all four supports. The 

displacement is plotted for an arbitrary node in the middle of the bridge. The base shear-lateral 

displacement curve for the bridge model without strengthening is presented in Figure 65. 

 

Figure 65: Base shear-lateral displacement for the Øvre Kvamme bridge w/o retrofitting 
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From the curve, it is observed that the deformation of the bridge is approximately linear until a 

displacement of 1.8 mm at a maximum load of 11,600 kN. At this point, the bridge started to 

develop permanent damage. Furthermore, there is a rapid increase in displacement without a 

significant increase in the applied load. This persists until another decline, leading to further 

spread of damage. Due to the bridge’s design, with wide and sturdy supports, damage occurs in 

these areas. There is a comprehensive amount of corrosion on the concrete slabs of the bridge, 

which makes them particularly vulnerable. Hence, the analysis aims to identify weak 

components on the slabs rather than on the supports. As mentioned in section 5.3.1, the supports 

were assessed as having lower stiffness than the slabs due to the composition and lack of 

reinforcement. Hence, the bridge’s response to lateral load have been identified to be dependent 

on the material properties and design of the supports. 

 

6.2 Vertical load analysis 

The second analysis involved subjecting the bridge slabs to vertical loads until failure, 

following a similar approach as the lateral analysis. Initially, a displacement-controlled loading 

procedure was attempted, but due to challenges, it was instead chosen to use a uniformly 

distributed load. By applying low displacements to the mid-spans, the results were characterized 

by immediate damage and strange crack patterns in the region of applied displacement. The 

force was defined as the pressure in Abaqus and applied to the three top surfaces of the slabs. 

A value of 0.2 N/mm2 with a steady linear increase over the step time was chosen, equivalent 

to a force of 200 kN/m2. This magnitude was deemed adequate since the reference model 

displayed significant damage over large areas during the analysis. Furthermore, the supports 

were modified to rigid to ensure minimal deformations, in order to capture the behavior of the 

slabs. This modification allowed a customized retrofitting strategy exclusively for the corroded 

concrete slabs. Figure 66, a), b), and c) presents the results of the vertical loading analysis 

without retrofit, illustrating the initiation of damage on the tensile side of each slab.  
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a) 

 
b) 

 
c) 

Figure 66: Structural behavior of the Øvre Kvamme bridge w/o retrofitting 

The results clearly show that the tensile damage emerges in the middle span first before the side 

slabs. This occurrence is due to the middle span being the longest in length and having the 

largest area among the three spans, resulting in a lower stiffness. The compressive damage has 

been excluded as no critical levels were observed during the analysis. 

The analysis conducted on the entire bridge was very time-consuming, so efforts were made to 

simplify the model. Since the middle span appeared to be the weakest among the three, it was 

considered to be the most critical. The two side spans with belonging supports and 

reinforcement were temporarily removed to see if this greatly influenced the results. Moreover, 
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analyzing one slab and not the entire bridge as a whole simplifies the process of plotting graphs. 

The analysis of the whole bridge provides the reaction forces from all three spans collectively 

rather than individually. Loading each span individually as part of the whole bridge was 

considered as an alternative. However, due to time constraints, it was concluded to be 

impossible, considering the need to analyze the proposed strengthening models as well. Figure 

67 a) and b) shows the first frame of tensile damage initiation from the analysis conducted 

solely on the mid-span and the belonging displacement distribution. 

 
a) 

 
b) 

Figure 67: a) Tensile damage initiation; b) vertical displacement distribution 

This result exhibits a crack pattern quite similar to before, with crack initiation occurring at 

nearly the same step time, load, and displacement. The discrepancy between the two results is 

minimal, and it is challenging to distinguish them from each other. When analyzing the mid-

span solely and the entire bridge model, the first crack appears at displacements of 6.7 and 6.4 

mm with corresponding total loads of 3,932 kN and 3,846 kN, respectively. The minor 

discrepancy is likely due to frictional contact between the mid and side spans. On the model 

loaded individually, this resistance is not present, and the slab is able to flex freely. Given the 

minimal differences observed, it was decided to focus solely on the middle span and neglect 

these effects. It is assumed that the strengthening methods implemented in the middle span will 

be adequate for the two side spans. 

The occurrence of cracking in concrete does not necessarily signify failure, and identifying the 

time frame of failure on the structure based on damage variables from the CDP variables alone 

is challenging. Therefore, the analysis result has been limited to 20 mm displacement, where it 

was observed that the reinforcement bars began to yield. The visualization of von Mises stress 

and AC yield in Abaqus are shown in Figure 68 a) and b).  
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a) 

 
b) 

Figure 68: a) Von Mises stress; b) AC yield, on the mid-span 

From the figures, it is evident that the von Mises stress has reached a magnitude of 400 MPa, 

corresponding to the yield strength of the steel material used in the bridge. Additionally, a user-

defined output variable exclusively for Abaqus, AC yield, demonstrates the activation of 

yielding. The AC yield ranges from 0 to 1, similar to the damage variables obtained for the 

concrete. At a displacement of 20 mm at mid-span, it is clear that the reinforcement has started 

to yield. Figure 69 shows the load-displacement curve of the middle span of the bridge. The 

graph initially contains a linear segment from the dead load of the bridge prior to the applied 

external load. 

 

Figure 69: Load-displacement for mid-span without retrofitting 
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and more regions are forming damage. Figure 70 a) and b) shows the extent of damage on the 

bottom surface of the middle span at a displacement of 10 and 20 mm subjected to a total force 

of 4,390 and 5,670 kN.  

 
a) 

 
b) 

Figure 70: Mid-span without retrofit at a) 10 mm; b) 20 mm 

The damage is predominantly concentrated in the middle of the slab and has extended toward 

the side edges. The sides of the slab show less damage since the load is concentrated on the 

road, and not on the parapets. With a finer mesh, the position and pattern of damage could have 

been illustrated with greater accuracy. However, the existing level is a sufficient threshold to 

compare the subsequent analyses, including strengthening.  
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7 Rehabilitation and strengthening proposal for Øvre Kvamme bridge 

Ensuring the safety and longevity of deteriorated RC bridges is a challenging yet critical task. 

To achieve effective outcomes and properly implement repair and strengthening techniques on 

Øvre Kvamme bridge, adherence to ISO 16311-3 [36] and 16311-4 [37] standards are 

imperative. ISO 16311-3 offers guidance on designing the repair and strengthening of existing 

RC structures, whereas ISO 16311-4 concentrates on the execution of repair and strengthening 

deteriorated RC structures. By utilizing these standards as a basis for proposing rehabilitation 

and strengthening methods, practical solutions can be guaranteed to solve the detected issues 

on Øvre Kvamme bridge from field investigation and FEA. In this thesis, UHPFRC and FRP 

composite materials are the strengthening methods selected for further structural analysis on 

Øvre Kvamme RC bridge. 

ISO 16311-3 [36] states that concrete deterioration can be further prevented, maintained, and 

repaired using chemical, electrochemical, and physical methods. These methods can help 

prevent or stabilize the degradation of concrete and corrosion of steel [36]. Moreover, these 

mentioned methods are further described in detail as remedies throughout ISO 16311-3 [36] 

and the execution of it in ISO 16311-4 [37]. Additionally, the techniques and products applied 

on the existing structure could activate unwanted mechanisms affecting the structure's integrity. 

It is thus crucial to consider the impacts of individual techniques or products as well as the 

potential outcomes resulting from their interplay [36]. 

To achieve optimal results when strengthening Øvre Kvamme, a series of measures need to be 

implemented before applying composite materials like FRP and UHPFRC. Firstly, it is crucial 

to employ techniques and products for repair and strengthening that have a proven track record 

of success in similar projects, as specified in ISO 16311-3 [36]. Furthermore, from the literature 

review, it was discovered that the initial step in strengthening methods involves removing any 

damaged or loose concrete to ensure a satisfactory bonding surface between the old and new 

strengthening material, which is also emphasized in 16311-4 [37]. Bonding the new and old 

material is one of the most important factors for ensuring excellent results, particularly as a 

significant portion of the bottom surface of Øvre Kvamme bridge slabs has been affected by 

carbonation, as identified from the field investigation. Therefore, removing the degraded 

concrete surface is essential to ensure the robust structural integrity of the bridge with the 

suggested strengthening material. 
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Corrosion is a major concern on Øvre Kvamme bridge, and it is crucial to eliminate corroded 

areas from the existing reinforcement to prevent its propagation into the strengthening layer. 

Sandblasting is commonly used to remove corroded areas, and epoxy-coated reinforcement or 

cathodic protection can be utilized to protect the steel from future corrosion. To create a strong 

bond between the concrete and the composite material, a binder such as epoxy is necessary 

[97]. The surface to be strengthened is covered with epoxy before the new layer is applied, and 

a rough, often sandblasted, surface can further enhance the bond [97]. Furthermore, determining 

whether the cracks and the voids detected on the Øvre Kvamme bridge is a consequence of steel 

corrosion is crucial because the appropriate solution for addressing the cracks is contingent 

upon their underlying cause [36]. Cracks and voids in the structure must be repaired, and steps 

should be taken to prevent them from reappearing to avoid potential factors that could lead to 

further degradations in the RC structure.  

ISO 16311-3 [36] introduces several remedies to address the mentioned issues on Øvre 

Kvamme bridge in a correct manner before installing strengthening composite materials on the 

structure [36]. A further detailed description of the execution of each remedy can be observed 

in ISO 16311-4 [37]. Some of these remedies include: 

- Due to carbonated induced corrosion on the RC, it is important to remove areas that are 

affected by carbonation. The affected critical areas should be replaced with alkaline 

mortar/concrete. Minimizing the removal of concrete is vital for structural integrity. 

- Decreasing the moisture inside the concrete will decrease the corrosion rate. This can 

be achieved with pore-filling impregnation or surface coating techniques and products. 

- The anodic process can be halted by inducing re-passivation of the reinforcement, which 

can be achieved through the process of re-alkalization of carbonated-induced corrosion. 

This involves restoring a high pH level in carbonated concrete. 

- To ensure strong bonding, it's crucial to clean and then roughen up the concrete surface 

thoroughly to remove any unwanted dust, loose materials, surface contaminants, or 

substances that may reduce its adhesive properties.  

As per ISO 16311-3 [36] and 16311-4 [37], it should be emphasized that only experienced and 

trained personnel are authorized to implement these repair and strengthening techniques and 

each applied technique needs to be documented. The following sub-chapters will provide 

further details regarding the selected composite materials for strengthening Øvre Kvamme, 

including their materials properties and background.  
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7.1 Fiber reinforced polymers 

Fiber Reinforced Polymers, also referred to as FRP, comprise a polymer matrix and thousands 

of continuous fibers, resulting in a composite material known for its strength, stiffness, and 

durability. A composite material involves blending two or more “parent” materials to produce 

a superior material that provides enhanced properties, surpassing those of its individual 

components [98]. The fibers in the composite material of FRP are typically made of materials 

such as carbon (CFRP), glass (GFRP), aramid, or basalt, while the polymer matrix is commonly 

composed of thermosetting or thermoplastics, materials such as epoxy, polymers, polyester, or 

vinylesters [22-23, 98-100]. GFRP was the first documented FRP material variant used, and it 

was embedded in polymeric resins that was initially developed in the petrochemical industry 

after World War II [101]. Although expensive at first, work began in the 1970s to lower the 

materials high cost, and it was later at the end of the 1980s when FRP materials were finding 

wider acceptance in construction of infrastructure [101]. 

Over the past few years, the construction industry has witnessed a surge in the popularity of 

FRP as a material of choice as seen from the literature review. The primary application of FRP 

in this sector involves the rehabilitation and strengthening of structures [23, 98]. A widely 

favored technique for reinforcing concrete slabs is bonding of FRP to the underside of concrete 

slabs (tension strengthening). This approach is becoming increasingly common as it effectively 

enhances the mechanical and durability properties of the structure providing numerous benefits, 

including increased ultimate flexural strength capacity, improved stiffness following cracking, 

and greater control over concrete cracks [21-22, 98-100]. The literature review findings indicate 

that the utilization of FRP techniques for reinforcing RC bridges allows for the preservation 

and upkeep of these structures following existing standards. Moreover, this reinforcement 

method can withstand the higher load levels necessary to sustain new national development 

plans, resulting in reduced expenses and retrofitting time [22-23, 98-99]. 

While providing numerous benefits, FRP also comes with certain downsides. One such 

disadvantage is its weak resistance to fire, which can lead to the release of toxic substances 

during combustion [22]. Additionally, the cost of materials is quite high, and the material itself 

is brittle due to the nature of the hardened polymer and the bond between concrete and the 

composite material. Strengthening concretes with FRP just increases the brittleness of the 

structure. Thus, achieving an excellent bond between new and existing materials is crucial to 

ensure optimal results. Furthermore, the anchoring and fastening process for the strengthening 

system involves drilling some FRP-material variants, which poses certain risks such as fiber 
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pull-out or breakage, matrix crack formation, thermal degradation, or delamination [22]. 

According to Ayesha et al. [22], the energy consumed during the production of a material is a 

significant determinant of its cost and sustainability. The production of FRP requires a 

considerably larger amount of energy than other conventional materials like steel and concrete, 

resulting in higher carbon emissions [22]. Despite this, the authors argue that when taking into 

account the entire service life, construction process, and maintenance requirements, FRP can 

still be considered cost- and environmentally friendly, even more than that of a steel-constructed 

structure [22].  

Two methods can be used to install FRPs on existing structures: externally bonding with 

retrofitting laminates or near-surface mounted strips with or without adhesives and anchorage 

systems [22, 98]. For the purpose of this thesis, the most optimal technique for concrete bridge 

slab strengthening, as determined by the literature review, is retrofitting with external bonding. 

Externally bonding FRP with retrofitting on concrete bridge slabs improves the strength of the 

slab by 40-90% when the fibers of the FRP are oriented at zero degrees and bonded along the 

maximum bending zone [22]. The retrofitting can be carried out in various configurations, 

including side-bonding, U-wrapping, or full-wrapping, inclined or vertical, and can be achieved 

using mechanical anchoring, such as mechanical fasteners, spike anchors, straps, or with 

adhesives [22, 98]. Figure 71 displays some of the most common configurations of applying 

FRP on reinforced concrete structures. 

 

Figure 71: Configurations for FRP on RC structures - Retrieved from [98] 

Before bonding the composite material, the deteriorated concrete surface must be cleaned, and 

major cracks should be filled with epoxy [25]. In addition, the surface where FRP sheets will 

be applied must be smooth and clean to ensure the best bonding between the existing and new 

material [98]. Furthermore, it is possible to add several layers on top of each other for additional 

benefits to the structure [22, 25]. Finally, in order to provide additional protection, it is 

recommended that a surface coating, such as a fire-resistant polymeric coating, be applied to 

the FRP material after the composite material has been applied to the existing structure  

[22, 98]. 
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7.1.1 Material properties of CFRP 

Even though FRP materials offers a wide range of benefits due to their excellent material 

properties, it is however, important to note that the properties of FRP materials are not 

consistent. This is due to the composite material being affected by various factors. One of the 

main factors that affect the properties of FRP is the size, type, and orientation of the fibers used 

[22]. Different fibers have different mechanical properties, and their orientation and size can 

impact the overall behavior of the material as evident by the findings from the literature review. 

For example, fibers that are aligned in the same direction as the applied load will have a higher 

stiffness and strength compared to fibers that are randomly oriented. In addition to fiber 

properties, the matrix used in FRP also affects the material properties. The matrix material 

provides a binding force that holds the fibers together and transfers the load between them [22].  

Another factor that impacts the properties of FRP is surface texture, which affects the bonding 

between fibers and the matrix, and consequently, the material's overall strength and stiffness 

[22]. FRP's anisotropic nature results in substantially different mechanical properties in the 

longitudinal and transverse directions [22-23]. In the longitudinal direction (parallel to the 

fibers), the material is usually stronger and stiffer, while in the transverse direction, it is weaker 

and more flexible [22-23]. The fiber volume is additionally a large influencer on altering the 

material's behavior and properties, with a higher fiber volume typically resulting in a stronger 

and stiffer material and a lower fiber volume leading to increased flexibility. Typically, FRP 

materials contain a fiber volume of 50-70%, although this may vary depending on the 

application [98]. Figure 72 displays the material behavior of typical FRP materials compared 

to mild steel in a stress-strain curve. The figure illustrates CFRP exhibiting the most superior 

tensile properties compared to other types of FRP materials. 

 

Figure 72: Stress-strain behavior of typical FRP materials - Retrieved from [22]  
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From the literature review findings in section 2.3.3, it was discovered that CFRP offers 

exceptional tensile and stiffness strength in proportion to its weight and size, which results in 

numerous advantages. This means that structures reinforced with CFRP can withstand heavy 

loads and stresses without adding unnecessary weight to the overall system. Importantly, it adds 

long-term material properties to the structure, particularly regarding fatigue behavior [22]. 

Furthermore, CFRP is also resistant to chemical attacks, making it an ideal material for harsh 

environments [22]. The composite material is easy to handle and transport, saving time and 

reducing costs during construction and installation [22]. This is particularly important when 

reinforcing existing structures, where time is often a critical factor [22-23]. As a result of the 

numerous benefits that have been attributed to CFRP as well as the superior mechanical 

properties showcased in the literature findings and Figure 72, the material has been selected as 

the preferred FRP material variant for further analysis as a strengthening solution for the Øvre 

Kvamme bridge. CFRP consists of a polymer resin matrix reinforced with carbon fibers, and 

the diameters of each fiber are approximately 5-10 μm [102]. Naser et al. [98] describe standard 

CFRP properties for plates and strips as an E-modulus of 155 GPa or higher, over 1.2 mm in 

thickness and 65-70% fiber volume. An illustration of the composite material structure can be 

seen in Figure 73. 

 

Figure 73: Structure of a CFRP matrix - Retrieved from [102] 

 

7.2 Ultra-high performance fiber-reinforced concrete 

Ultra-High Performance Fiber-Reinforced Concrete, also referred to as UHPFRC, was initially 

introduced and explored during the 1930s. The objective was to identify a more effective 

approach to improve the material properties of concrete to a greater extent [103]. It was in 1999 

when Brühwiler introduced the idea of using UHPFRC to rehabilitate and strengthen existing 

bridges, ensuring their structural integrity throughout their entire lifespan and extend the 
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serviceability of the bridge [104]. Today the material is widely used in various rehabilitation 

and strengthening purposes, more commonly used on bridge elements and architectural 

building elements [97]. The composition of the material consists of aggregates, cement, water, 

additives, admixtures, and is reinforced with fibers [97, 103]. The most commonly used fibers 

in the material are steel, glass, carbon, plastic, or a combination of the mentioned fibers [103]. 

The difference between traditional concrete and UHPFRC, except for the addition of fibers, is 

based on the amount of binder and the size of the aggregates in the mix [103-104]. The material 

has a denser and more compact microstructure than regular concrete [97, 103]. The use of fine 

particles like silica fume, a low water-binder ratio, and a superplasticizer contribute to its low 

permeability. As a result, UHPFRC exhibits exceptional resistance to degradation processes 

such as carbon dioxide, chloride, sulfate, and corrosive liquids, as well as damage from thermal 

loads and freeze-thaw cycles compared to traditional concrete [97]. It was revealed from the 

literature review findings that UHPFRC exhibits outstanding durability and mechanical 

properties, including tensile strength over 7 MPa and compressive strength exceeding 150 MPa, 

while normal concrete is usually less than 50 MPa [20, 97, 103-104]. A large part of the 

enhanced properties is a result of the addition of fibers in the mixture, as it increases the ductility 

of the material both in compression and tension [97, 103]. As a result, this composite material 

is highly versatile and robust in contrast to traditional concrete.  

Lionel & Philippe [26] characterized the material as having strong ductility and low 

permeability, making it a suitable substitute for conventional waterproofing membranes in 

structures. Bastien-Masse & Brühwiler [20] confirmed these findings, noting that the material 

offers superior bending and shear resistance to structural elements as well as increased load-

bearing capacity. The utilization of UHPFRC on pre-existing structures can guarantee an 

improvement in both the durability and mechanical properties of the structures' health as 

discovered from the findings in section 2.3.3. The many benefits of UHPFRC make the material 

excellent for various applications and enables the material to be applied on complex structures 

[97].  

UHPFRC is most commonly applied on the various deteriorated parts of bridges, including the 

bottom, top and sides of the bridge elements as an extra overlay on the existing structure surface 

layer [97]. Typically, the thickness of the applied UHPFRC layer ranges from 20 mm to 75 

mm, and the scope and objectives of the strengthening procedure determine the insertion of 

additional reinforced rebars in the material. This was discovered during literature review 
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findings [20, 26, 97, 104]. Figure 74 displays three commonly used application methods of 

UHPFRC on existing concrete bridge decks [97]. The first two methods, a) and b), include 

utilizing a thin layer ranging from 20 to 30 mm of UHPFRC to protect the existing structure 

from water and other potentially harmful chemicals. Additionally, method b) also includes 

removing both the deteriorated existing concrete and its embedded rebars due to corrosion and 

replacing it with new rebars integrated into the UHPFRC, thus strengthening the reinforced 

structure in both durability and mechanical properties. Method c) the flexural strength is 

increased by applying a thicker UHPFRC layer ranging from 40 to 70 mm along with the 

installed rebars [97]. 

 

Figure 74: Application methods of UHPFRC – Retrieved from [97] 

Huang et al. [97] explains that the bonding of UHPFRC on existing structures can be achieved 

with traditional concrete application methods, such as through cast in situ, adhesive bonding, 

or mechanical anchoring [97]. The choice of bonding method employed can lead to different 

levels of bond strength. Cast in situ is the most frequently utilized bonding technique for 

UHPFRC strengthened concrete structures because it is easy to use and straightforward with 

the addition of a fine concrete surface [97]. Huang et al. [97] revealed that when rebars were 

added in UHPFRC, epoxy bonding provided a greater capacity increase than mechanical 

anchorage. The selection of a particular application method depends on factors such as the 

extent and location of the damage on the bridge, as well as cost considerations since certain 

methods may require more man labor. Additionally, UHPFRC has a high material price and 

requires high-quality cement production, which makes it less environmentally friendly  

[97, 104]. Moreover, the material lacks standard design codes, which can make applying the 

composite material on existing structures more challenging than anticipated [97]. All these 

factors influence the selection of application methods and applied layer thickness of the 

material. 

7.2.1 Material properties of UHPFRC 

As mentioned in Sub-chapter 7.2, UHPFRC exhibits significantly superior mechanical 

properties compared to traditional concrete. With compressive strength values surpassing  
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150 MPa and tensile strength greater than 7 MPa as evident from the conducted literature 

review. The stress-strain behavior relationship of UHPFRC is highly impacted by the addition 

of fibers in the material mixture. The specific material properties change depending on several 

factors, including the type, geometry, orientation, stiffness, and volume fraction of fibers used 

in the mixture [103]. Furthermore, inserting fibers into the composite material will decrease the 

brittle behavior of the material, reducing the risk of sudden failure and instead improving the 

ductility properties [103]. This can be observed in Figure 75 and Figure 76. Figure 75 displays 

the stress-strain relationship regarding compressive stress on the composite material without 

fibers inserted in the mixture. The figure illustrates the typical mechanical characteristics of 

UHPFRC, which exhibits an E-modulus that falls within the range of circa 45 to 55 GPa.  

 

Figure 75: Stress-strain curve of UHPRC without fibers – Retrieved from [103]  

It is observed that when the largest load is applied, the material begins to crack and then fails 

suddenly as one would expect from a brittle material. When fibers are applied into the material 

mixture, UHPFRC starts to deform before failure after the largest load is applied as shown in 

Figure 76. Adding fibers into the mixture enhances the ductile behavior of the composite 

material as mentioned. 

 

Figure 76: Stress-strain curve for UHPRC with fibers – Retrieved from [103]  

The compressive strength of UHPFRC is often considered as its primary feature, but the flexural 

strength can be equally important, if not more [103]. Typically, the proportional limit for tensile 

stress is greater than 7 MPa. However, Mari & Jorun-Marie [103] suggest that by correctly 

incorporating fibers into the composite material mixture, it is possible to double the amount of 
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ultimate tensile strength [103], making the structure be more resistant to bending. Furthermore, 

in terms of tension behavior, UHPFRC can exhibit two distinct responses classified as either 

"strain-softening" or "strain-hardening" [20, 103]. When cracks begin to form at the yield stress 

load, the maximum tensile capacity of the structure can decrease if the fibers do not provide 

support. This concept is called strain-softening. On the other hand, if the fibers aid in preventing 

crack formation, the tensile capacity can increase, resulting in a strain-hardening response 

exhibited by the material. This concept can be observed in Figure 77 a), and b). Fiber type, 

geometry, and volume are all factors that decide the stress-strain response.  

                                                                    
a)                                                        b) 

Figure 77: a) strain-softening; b) strain-hardening response - Retrieved from [103] 

Furthermore, it is common to enhance the material properties of UHPFRC even further when 

subjected to a thermal treatment [103]. The process of subjecting UHPFRC to a thermal 

treatment involves exposing the concrete element to high temperatures for a specific duration 

of time. This treatment offers several benefits to the concrete, making it a popular choice in the 

construction industry. One of the most significant benefits of thermal treatment is the improved 

strength of the concrete [103]. The exposure to high heat accelerates the chemical reactions that 

take place within the concrete, resulting in faster strengthening. As a result, the concrete gains 

increased compressive and tensile strength, making it more resistant to external forces and stress 

[103]. Another advantage of thermal treatment is the reduction in delayed shrinkage and creep 

effects. UHPFRC tends to shrink over time due to the evaporation of water, which can cause 

cracks and structural damage [103]. However, the heat treatment reduces the effects of delayed 

shrinkage and creep, thereby increasing the durability of the concrete. The exposure to high 

temperatures initiates the formation of more hydrates, which leads to the development of a 

denser and more compact microstructure [103]. 

 



110 

 

7.3 Øvre Kvamme bridge strengthened with CFRP 

In this thesis, the CFRP is created as a solid composite layup in Abaqus and the mesh is 

generated as SC8R continuum shell elements. The Øvre Kvamme RC bridge’s tensile zone was 

retrofitted with CFRP plate and strip configurations for analysis and assessment. Using a mesh 

size of 150 mm, the CFRP plates resulted in a total of 1,620 elements, whereas the CFRP strips 

produced 867 elements. In addition, it was assumed perfect bonding between the materials and 

the bridge. Subsequently, the CFRP's material properties are implemented in two parts: the 

elastic criterion and the failure criterion. As the CFRP material is modelled as solid, the elastic 

properties are defined with the Engineering Constants, including Young’s modulus (E), 

Poisson’s ratio (v) and Shear modulus (G) in all three directions (x=1, y=2, and z=3). The used 

elastic material properties of carbon fiber for the FEM model are retrieved from Zhenchao et 

al. [105] and are displayed in Table 21. 

Table 21: Elastic material properties of carbon fiber 

E1 

[GPa] 

E2 

[GPa] 

E3 

[GPa] 

v12 

- 

v13 

- 

v23 

- 

G12 

[GPa] 

G13 

[GPa] 

G23 

[GPa] 

230 15 15 0.21 0.21 0.307 9 9 5,03 

The failure criterion, however, is implemented with the Hashin failure criterion. This criterion 

was developed by Zvi Hashin in 1980, which has emerged as one of the most utilized three-

dimensional failure models for CFRP [106]. This criterion is recognized for its efficiency in 

capturing the complex failure behavior of CFRP by considering four different types of failures, 

including fiber tension, fiber compression, matrix tension, and matrix compression [106-107]. 

These failures are defined in Abaqus as HSNFTCRT, HSNFCCRT, HSNMTCRT, and 

HSNMCCRT, respectively. Each failure mode is characterized by a set of equations that 

describes the onset failure of the composite material. The equations Eq(14-Eq(17) are as follows 

[107-109]: 

Fiber tens. (𝜎11 ≥ 0):   𝐹𝑓
𝑡 = (

𝜎11

𝑋𝑇
)

2

+ 𝛼 (
𝜏12

𝑆𝐿
)

2

 Eq(14) 

Fiber comp. (𝜎11 ≤ 0):   𝐹𝑓
𝑐 = (

𝜎11

𝑋𝑐
)

2

 Eq(15) 

Matrix tens. (𝜎22 ≥ 0):   𝐹𝑚
𝑡 = (

𝜎22

𝑌𝑇
)

2

+ (
𝜏12

𝑆𝐿
)

2

 Eq(16) 

Matrix comp. (𝜎22 ≤ 0):   𝐹𝑚
𝑐 = (

𝜎22

2𝑆𝑇
)

2

+ [(
𝑌𝑐

2𝑆𝑇
)

2

− 1]
𝜎22

𝑌𝑐
+ (

𝜏12

𝑆𝐿
)

2

 Eq(17) 
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Where 𝜎11, 𝜎12, and 𝜏12 represents factors of the equivalent stress tensor. While XT, XC, YT, 

YC, SL, and ST corresponds to the different type of strengths associated with longitudinal tensile, 

longitudinal compressive, transverse tensile, transverse compressive, longitudinal shear and 

transverse shear, respectively [107-109]. If the resulting values from the equations exceeds 1, 

failure occurs within the CFRP material [106]. The failure properties used in the FEM model 

are retrieved from Haichao et al. [107]. Table 22 displays the Hashin material properties of 

CFRP in Abaqus as well as its damage initiation parameters: 𝐺𝑋
𝑇, 𝐺𝑋

𝐶, 𝐺𝑌
𝑇, and 𝐺𝑌

𝐶, that presents 

the fracture energy of longitudinal tensile, longitudinal compressive, transverse tensile, and 

transverse compressive, respectively. 

Table 22: Material properties of CFRP failure 

𝑿𝑻 

[MPa] 

𝑿𝑪 

[MPa] 

𝒀𝑻 

[MPa] 

𝒀𝑪 

[MPa] 

𝑺𝑳 

[MPa] 

𝑺𝑻 

[MPa] 

𝑮𝑿
𝑻  

[kJ/m2] 

𝑮𝑿
𝑪  

[kJ/m2] 

𝑮𝒀
𝑻 

[kJ/m2] 

𝑮𝒀
𝑪 

[kJ/m2] 

1800 1250 50 150 93 50 40 40 0.25 0.75 

It is important to address the fiber orientation when conducting FEA and NFEA of CFRP plies, 

as it can drastically change the mechanical properties and the overall performance of the 

composite material. The orientation of the fibers refers to the arrangement of the carbon fibers 

within the CFRP material, which can vary depending on specific applications and desired 

properties. Manufacturers typically customize the desired properties and fiber orientation of 

CFRP based on specific requirements and demands. The most commonly used fiber orientations 

in CFRP are longitudinal fibers (at 0°), transverse fibers (at 90°), and the in-between fibers (at 

±45°) [110]. The different fiber orientations in the CFRP plies are presented in Figure 78. 

 

Figure 78: Different fiber orientations in CFRP laminate - Retrieved from [110] 

It is important to establish a designated reference direction to properly incorporate the fiber 

orientations within each CFRP layer in Abaqus. This reference direction illustrates the 



112 

 

longitudinal orientation of the Øvre Kvamme bridge. Subsequently, various orientation types 

are employed to represent the fiber orientations at specific angles accurately. Figure 79 displays 

the difference in the fiber orientations at 0 and 90 degrees in Abaqus.  

   
a)                                                                              b) 

Figure 79: a) Orientation at 0°; b) Orientation at 90°; of a CFRP plate in Abaqus 

The dark blue arrow highlights the reference direction, while the light blue arrow showcases 

the assigned fiber orientation. The yellow and red arrows present other potential assigned fiber 

orientations if desired. Furthermore, it can be observed from the figure that the fiber orientation 

of 0 degrees is aligned perfectly with the reference direction, which could potentially indicate 

better mechanical properties. 

Since CFRP consists of multiple plies, it is thus important to select the appropriate fiber 

orientations in each ply for the desired properties, resulting in different stacking sequences. 

Only two stacking sequences are investigated in the Øvre Kvamme model, the unidirectional 

laminate sequence, and the quasi-isotropic laminate sequence. The unidirectional sequence is 

characterized by having all the plies composed of a single fiber orientation. This approach 

allows for maximum strength and stiffness along a specific direction, as the fibers are aligned 

in a uniform manner. The investigated unidirectional sequence includes fiber orientations of 0°, 

45°, and 90°. On the other hand, the quasi-isotropic laminate sequence involves incorporating 

different fiber orientations within each ply of the composite material. The aim is to achieve 

isotropic behavior, meaning that the CFRP mechanical properties are as similar as possible in 

all directions during different loading conditions. In the FEM model, the quasi-isotropic 

laminate sequence will incorporate all the mentioned fiber orientations. The fiber orientation 

techniques in CFRP for Øvre Kvamme bridge will be analyzed and assessed through four 

specific applications. Figure 80 shows the first crack initiation on the bridge's middle span (left), 

along with crack patterns at 10 mm displacement (right) using a) 0°, b) 45°, c) 90°, and d) 

Quasi-isotropic orientations on a 2 mm CFRP plate.  
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a) 

 

 b) 

c) 

d) 

Figure 80: a) 0°; b) 45°; c) 90°; and d) Quasi-isotropic, 2 mm CFRP plate 
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The FE-analysis conducted using Abaqus provided valuable results regarding the behavior of 

various fiber orientations of CFRP retrofitting. After analyzing the results, it can be observed 

that the crack pattern is most critical in the center of the bridge. Additionally, it is evident that 

while there are similarities in the initiation of the first crack among the various fiber 

orientations, there are also notable distinctions. The initiation of the first crack in the CFRP is 

influenced by the orientation of the fibers within the material as displayed in Figure 80. When 

the CFRP plate is loaded at approximately 4,050 kN, the first crack initiation is observed at a 

displacement of 6.744 mm for the 90° fiber orientation. Conversely, at 0° fiber orientation, the 

highest crack initiation displacement of 7.125 mm is observed. The findings indicate that when 

the fibers are aligned transversely (90°) to the RC slab, the material reaches its cracking point 

at a relatively low displacement. On the other hand, when the fibers are parallel to the 

longitudinal direction of the bridge (0°), the material can withstand greater deformations before 

cracking. The load at this point of crack initiation is found to be approximately 4,439 kN. 

Furthermore, in addition to the primarily flexural behavior that leads to diagonal cracks caused 

by shear forces, it is important to mention that there are also initiations of transverse cracks 

resulting from high tensile stresses at 45 and 90 degrees. 

 

Furthermore, a notable disparity in the development of crack patterns at 10 mm displacement 

becomes evident when comparing the fiber orientations of 0° and quasi-isotropic with 45° and 

90°. Even though the extent of crack propagation is considerably less in the 0° and quasi-

isotropic sequence, the crack patterns of the fiber orientations are also different. Diagonal 

cracks predominate across all fiber orientations, but at 45 and 90 degrees, there are also large 

transverse cracks caused by high tensile stresses. Notably, a load of 5,139 kN was necessary to 

achieve a 10 mm displacement for a fiber orientation of 0 degrees, whereas only 4,607 kN was 

needed for 90 degrees, highlighting a substantial difference. Table 23 displays the notable loads 

and displacements observed of the different fiber orientations. 

Table 23: Loads and displacement of different fiber orientation 

Fiber 

orientation 

Load at 

first crack 

Displacement 

at first crack 

Peak  

load 

Load at 10 

displacement 

Crack 

pattern 

0° 4,439 kN 7.125 mm 6,947 kN 5,139 kN Diagonal 

45° 4,090 kN 6.958 mm 5,890 kN 4,608 kN Diagonal & 

transversely 

90° 4,050 kN 6.774 mm 6,126 kN 4,607 kN Diagonal & 

transversely 

Quasi-isotropic 4,320 kN 7.109 mm 6,487 kN 4,829 kN Diagonal 
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Figure 81 presents the structural behavior of different fiber orientations of a 2 mm CFRP plate 

installed on the tension zone of the mid-span. The figure covers the entire loading process until 

a displacement of 20 mm is reached. 

 

Figure 81: Load-displacement for fiber orientations in 2 mm CFRP plate 

When examining the graphs and the extracted results, it becomes evident that the unidirectional 

fiber orientation of 0 degrees demonstrates the best resistance to flexural bending. This makes 

the fiber orientation of 0° the most effective option for Øvre Kvamme bridge when it is 

subjected to substantial vertical loading. In close consideration, the quasi-isotropic stacking 

sequence emerges as a secondary choice. Conversely, the unidirectional fiber orientations of 45 

and 90 degrees demonstrate inferior performance, necessitating a lower load for the same 

displacement. It is important to note that no critical failure was observed in the CFRP plate 

itself. However, the concrete experienced complete failure during the analysis. These findings 

offer valuable insights into the influence of different stacking sequences and fiber orientations 

on the initiation of the first crack and subsequent behavior of the CFRP plate. The performance 

of the unidirectional fiber orientation of 0 degrees emphasizes its suitability for further analysis 

and exploration of CFRP types and thicknesses to strengthen the Øvre Kvamme RC bridge.  

With the promising results observed for the fiber orientation of 0 degrees, a pushover analysis 

was performed to investigate further the effectiveness of retrofitting with 6 mm thick CFRP 

plate and strips. It is important to note that the CFRP strips were installed vertically and 

horizontally on the tension zone of the concrete slabs of Øvre Kvamme bridge. The strips were 

modelled with a width of 200 mm and a distance of 500 mm from each other throughout the 

bottom of the slabs. The base shear-lateral displacement curves extracted from Abaqus are 

displayed in Figure 82 below.  
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Figure 82: Base shear-lateral displacement for pushover analysis of CFRPs 

The analyses of Øvre Kvamme bridge from the pushover analysis showcased a behavior 

resembling that of the RC bridge without retrofitting, although exhibiting slight improvement. 

The structure exhibits linear behavior up to a load of 11,816 kN, where the plastic behavior 

initiates, resulting in a decrease to around 10,582 kN. Subsequently, the structure behaves in a 

state of perfect plasticity, with a base shear value of approximately 11,600 kN observed at 8.4 

mm displacement. 

Furthermore, the effectiveness of different thicknesses of CFRP plate and strips retrofit 

configurations of Øvre Kvamme bridge was examined. The examined thickness for both of the 

CFRP types was selected to be 2-, 4-, and 6 mm. The influence of a thicker layer and the use of 

strips to cover the tensile side of the bridge was examined specifically on the tensile region of 

the middle span. The selection of CFRP strips over plate was deemed as a more ideal strategy 

for rehabilitation of the bridge, due to their higher flexibility and cost-efficiency. While CFRP 

plates offer significant advantages in terms of mechanical properties. Therefore, both options 

was explored and investigated as potential methods for strengthening the Øvre Kvamme RC 

bridge both in load-bearing capacity and durability. 
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Figure 83 displays the results of CFRP plates at a) 2 mm, b) 4 mm, and c) 6 mm; thicknesses at 

crack initiation and propagation at 10 mm displacement, when subjected to vertical loading 

with a fiber orientation of 0 degrees. It is important to note that the CFRP plates are hidden in 

order to assess the extent of damage to the concrete.  

 
a) 

 

 
b) 

 

 
c) 

 

Figure 83: CFRP plate behavior at a) 2 mm; b) 4 mm; c) 6 mm thickness 
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When retrofitting Øvre Kvamme mid-span on the tension zone, the CFRP strips showcase a 

different behavior. The structural behavior and crack initiation is displayed in Figure 84 at a) 2 

mm, b) 4 mm, and c) 6 mm thickness. The behavior is showcased for both the crack initiation 

and crack propagation at 10 mm displacement when subjected to vertical loading with a fiber 

orientation of 0 degrees.  

 
a) 

 

 
            b) 

 

 
c) 

 

Figure 84: Behavior of CFRP strips with a) 2 mm; b) 4 mm; c) 6 mm thickness 
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The results obtained from the Hashin failure criteria exhibited a notable similarity between the 

CFRP strips and plates. However, CFRP failure was affecting the strips a lot more than the 

plate. Figure 85 shows the behavior of CFRP at 20 mm displacement when utilizing different 

thicknesses of strips. The figures to the left shows matrix tension damage (HSNMTCRT), while 

the right side shows fiber tension damage, (HSNFTCRT) at a) 2 mm, b) 4 mm, and c) 6 mm 

thickness. As mentioned previously, the CFRP material is permanently damaged when one of 

the parameters reaches a value of one.  

 
a) 

 

 
b) 

 

 
c) 

 

Figure 85: Hashin failure criteria for a) 2 mm; b) 4 mm c) 6 mm thick CFRP strips at 20 mm displacement 
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The structural behavior with the different configurations of CFRP plate and strips exhibits 

remarkable similarities during the two cracking stages. However, it was revealed that far less 

cracks developed on the concrete slab when retrofitting with CFRP plates compared to strips. 

The plates primarily only displayed diagonal cracks potentially due to shear force and excessive 

flexural stresses, while the strips displayed both diagonal and transverse cracks. The transverse 

cracks are likely a consequence of high tensile stresses. The results also confirm the expected 

outcome that as the thickness of the CFRP increases, the slabs become more capable of 

withstanding greater loads. Furthermore, it is important to note that while Hashin failure criteria 

did not indicate critical levels of damage at a displacement of 20 mm, it is crucial to 

acknowledge that failure will eventually occur as the load increases. The critical locations for 

potential matrix failure appear to correspond with fiber failure, although the matrix failures 

exhibit a more localized type of failure. 

Figure 86 provides the load-displacement graphs of the various CFRP configurations at the 

maximum displacement of 20 mm. The different CFRP configurations are modelled on the 

bottom surface of  the middle slab with a fiber orientation of 0 degrees.  

 

Figure 86: Load-displacement for CFRP plate & strips thicknesses 

When examining results, it is apparent that the 6 mm CFRP plate is the optimal choice for 

improving the structural integrity of Øvre Kvamme bridge. Its performance can be attributed to 

the substantial thickness of the CFRP plate, which allows it to withstand a considerable amount 

of load without compromising its rigidity compared to the other investigated thickness and type. 

In contrast, the 2 mm CFRP strips demonstrate the least favorable performance among the 

tested configurations. This can be attributed to the smaller thickness and area of the 2 mm CFRP 
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strips compared to the other configurations. Interestingly, the 6 mm CFRP strip performed 

better than the 2 mm CFRP plate, showing promising results. It is noteworthy that none of the 

tested CFRP types and thicknesses exhibited failure. However, the Hashin failure criteria 

analysis provided valuable insights into the behavior of CFRP. It indicated that failure initiates 

in the matrix of the composite material before affecting the reinforcing carbon fibers. 

Overall, the installation of CFRP plates with thicknesses of 2-, 4-, and 6 mm on the  

mid-span section of the Øvre Kvamme bridge yields significant improvements in its overall 

performance. Specifically, the application of 2-, 4-, and 6 mm CFRP plates results in 

approximately 9.6%, 18.6%, and 21.4% enhancements, respectively, compared to the CFRP 

strips with corresponding thicknesses. These findings highlight the effectiveness of CFRP 

plates in enhancing the load-bearing capacity and structural resilience of the bridge. Table 24, 

presented below, displays the summarized structural properties for the different CFRP retrofit 

configurations. 

Table 24: Properties of different CFRP type and thicknesses 

CFRP type 

(0 degrees) 

Load at 

first crack 

Displacement 

at first crack 

Load at 10 mm 

displacement 

Peak 

load 

Crack 

pattern 

Plate 2 mm 4,439 kN 7.125 mm 5,138 kN 6,947 kN Diagonal 

Plate 4 mm 4,560 kN 6.235 mm 5,764 kN 8,156 kN  Diagonal 

Plate 6 mm 4,810 kN 6.075 mm 6,221 kN 8,986 kN Diagonal 

Strips 2 mm 4,158 kN 6.667 mm 4,762 kN 6,338 kN Diagonal & 

transversely 

Strips 4 mm 4,094 kN 5.966 mm 5,060 kN 6,875 kN Diagonal & 

transversely 

Strips 6 mm 4,174 kN 5.658 mm 5,362 kN 7,404 kN Diagonal 

 

7.4 Øvre Kvamme bridge strengthened with UHPFRC 

UHPFRC was implemented as a 3D stress element of type C3D8R with a total of 1620 elements 

in Abaqus. In order to strengthen material Øvre Kvamme bridge, the model was modified, and 

UHPFRC incorporated to the bottom of the slab.  The UHPFRC parts were modeled based on 

the coordinates of the existing bridge slabs, with careful consideration given to selecting 

coordinates of the section to avoid contact with the supports. To represent the behavior of the 

concrete in terms of plasticity and damage, the CDP model was also utilized. As the stress-

strain behavior of UHPFRC is different compared to ordinary concrete, parameters found in the 

literature were used in the model [111]. The parameters can be found in Appendix A. To ensure 
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a perfect bond between the materials, similar to the installation of CFRP, the UHPFRC sections 

were connected to the existing concrete surface using a surface-based tie constraint in Abaqus. 

This tie constraint ensures that the translational and rotational motions are identical for the pair 

of surfaces. 

Figure 87, presented below, illustrates the structural response of the bridge strengthened with 

50 mm UHPFRC when subjected to lateral pushover load. The figure shows base shear along 

the y-axis and lateral displacement on the x-axis. 

 

Figure 87: Base shear-lateral displacement for 30 mm UHPFRC retrofitted 

Upon examining the outcomes derived from the pushover analysis displayed in Figure 87, it 

was evident that the retrofitted bridge exhibits similar behavior to the bridge model without 

retrofitting. However, it demonstrates its ability to withstand more lateral load. Under the 

influence of horizontal forces, the structure initially behaves linearly until it reaches an 

approximate lateral displacement of 1.8 mm at a maximum load of 12,146 kN. When reaching 

the maximum load, the structure enters a yielding elastic phase, exhibiting more plastic 

behavior until it gradually stabilizes at around 9 mm displacement. Once stability is achieved, 

the structure assumes a perfect plasticity behavior with a load of approximately  

11,770 kN.  

During the vertical loading analysis, various thicknesses of UHPFRC were investigated and 

compared to assess the effectiveness as a potential strengthening method. The chosen 

thicknesses used in the analyses were obtained from the comprehensive literature review and 

consist of a 20-50 mm layer attached to the bottom of the slab. Figure 88 illustrates the crack 

initiation to the left, and the tensile damage at a displacement of 10 mm to the right. 

Additionally, the figures are divided into a) 20 mm, b) 30 mm, c) 40 mm, and d) 50 mm.  
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a) 

b) 

c) 

d) 

Figure 88: UHPFRC retrofitted with a) 20 mm; b) 30 mm; c) 40 mm; d) 50 mm 
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In Figure 89, the UHPFRC layer's condition is displayed for different strengthening 

configurations when exposed to a vertical load at a maximum displacement of 20 mm. Although 

the UHPFRC thickness configurations experience an equal amount of displacement, there are 

notable discrepancies in the magnitude of the applied load, which is significantly greater for the 

thicker sections. The figure showcases a) 20 mm, b) 30 mm, c) 40 mm, and d) 50 mm.  

 
a) 

 
b) 

 
c) 

 
d) 

Figure 89: Condition of UHPFRC layer at a) 20 mm; b) 30 mm; c) 40 mm; d) 50 mm 

By analyzing Figure 88, it can be observed a consistent structural behavior across the various 

thickness configurations when subjected to vertical loading. When the thickness of the 

composite layer is increased, the occurrence of cracks decreases at the same load. Furthermore, 

it can be observed that UHPFRC primarily results in transverse cracks in the tensile zone of the 

bridge slabs. Although it seems to exhibit potential diagonal cracks on the UHPFRC layer, as 

showcased in Figure 89. Overall, the condition of the UHPFRC appears to be in better shape 

than the underlying concrete, due to its higher flexural strength. However, some small cracks 

are observed in specific areas, as depicted in the figures.  
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The load-displacement graphs of every UHPFRC configuration are compared in  Figure 90, and 

shows the effectiveness of increasing the thickness from 10 to 50 mm. 

 

Figure 90: Load-displacement for Comparison of UHPFRC thicknesses at tensile zone 

The graph demonstrates consistent patterns across various retrofitting thicknesses with 

UHPFRC, where thicker retrofits yield superior results. The behavior of the bridge appears to 

be consistent with the increasing trend of the vertical load. Notably, the highest load recorded 

is approximately 7,646 kN when implementing a 50 mm thick UHPFRC layer, while the lowest 

load stands at 6,504 kN with a 20 mm. Consequently, the optimal choice surpasses the least 

effective alternative by a significant margin of 17.6%. The properties of each UHPFRC 

thickness configuration applied to the tensile zone can be observed in Table 25. 

Table 25: Properties of different UHPFRC retrofitting configurations 

UHPFRC 

thickness 

Load at 

first crack 

Displacement 

at first crack 

Load at 10 mm 

displacement 

Peak 

load 

Crack 

pattern 

20 mm 4,643 kN 6.552 mm 5,312 kN 6,504 kN Transverse 

30 mm 5,089 kN 6.721 mm 5,695 kN 6,891 kN Transverse 

40 mm 5,450 kN 6.756 mm 6,074 kN 7,270 kN Transverse 

50 mm 5,660 kN 6.848 mm 6,483 kN 7,646 kN Transverse 

 

  

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

0 5 10 15 20

Lo
ad

 [
kN

]

Displacement [mm]

UHPFRC thickness comparison

50 mm

40 mm

30 mm

20 mm



126 

 

8 Results & discussions 

The conducted field investigation on Øvre Kvamme bridge revealed that the structure had 

undergone significant deterioration, with corroded reinforcement being the primary cause and 

a critical factor influencing further degradation. Carbonation is identified as a major contributor 

to the corrosion process, with the sides of the bridge being the most severely affected areas. As 

a result, the load-bearing capacity in these regions is heavily reduced. Despite the high moisture 

level in the concrete, there is a significant difference in the recorded compressive strength 

between the investigation conducted by BruKon AS and the field investigation conducted on 

November 9th, 2022, indicating the expansion of carbonation during the testing periods. The 

performed field investigation also revealed a moderate probability of active corrosion beneath 

the concrete in areas with no visible signs. The bridge's condition has significantly weakened, 

affecting both its serviceability and load-bearing capacity, and urgent repair and strengthening 

are necessary to ensure its safe use in the future. 

However, ensuring the safety and longevity of the deteriorated Øvre Kvamme bridge is 

challenging. To achieve effective results, adherence to standards and regulations is crucial. 

Measures such as removing damaged concrete, addressing corrosion, repairing cracks, and 

ensuring a strong bond between materials are essential when rehabilitating the bridge and 

strengthening it with the proposed materials. Several remedies can be recommended from 

standards and regulations, including replacing carbonation-affected areas, reducing moisture, 

re-alkalizing corrosion, and preparing the concrete surface for retrofitting. The implementation 

of these techniques should be carried out by experienced personnel, and proper documentation 

is crucial throughout the entire rehabilitation process.  

Multiple methods and techniques were employed to develop a feasible finite element model of 

Øvre Kvamme bridge that can more accurately replicate the structural behavior of the actual 

conditions. This was necessary as the post-processed natural frequencies obtained from 

OMAway sensors displayed very low and unstable values. Thus, in order to achieve more 

similar frequencies from the FEM model to those obtained from the OMAway sensors, it was 

assumed that the supports had a higher stiffness than the surrounding soils. Furthermore, the 

stiffness of the concrete slabs had to be modified due to the significant degradation the bridge 

has experienced over time as evident from the field investigation. A numerical simulation was 

created to validate the acquired natural frequencies from the Abaqus model using ETABS. By 

refining the bridge's mode shapes using input from both OMAway sensors and the ETABS 
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validation model, it was ensured that the results from Abaqus were feasible, with a natural 

frequency of approximately 11 Hz. 

The NFEA of the developed FEM-model revealed that the bridge's mid-span is the most critical 

among the three. The orientation of the fibers in the CFRP material greatly affects the first 

crack's initiation and propagation. Transverse alignment (90° orientation) leads to earlier 

cracking at lower displacements, while longitudinal alignment (0° orientation) allows for 

greater load resistance before the first crack occurs. Different fiber orientations result in distinct 

crack patterns, with diagonal cracks being most common due to shear forces and excessive 

flexural stresses. Additionally, transverse cracks appear at 45° and 90° fiber orientation due to 

high tensile stresses. Notably, the unidirectional fiber orientation at 0° demonstrates excellent 

resistance to flexural displacement and high load-bearing capacity. Therefore, it has proved to 

be the most effective choice for CFRP stacking sequence when strengthening the Øvre Kvamme 

bridge under significant vertical loads. 

CFRP plates and strips have different crack patterns: plates exhibit diagonal, while strips lead 

to diagonal and transverse cracks. Thicker CFRP plates and strips need a much higher load to 

achieve the same equivalent displacements. Among the investigated thickness and 

configurations, the 6 mm CFRP plate stands out for its exceptional stiffness and improved 

structural integrity. Furthermore, the Hashin failure criteria revealed that failure in the CFRP 

material would start in the matrix before affecting the carbon fibers. However, even at a 

structural flexural displacement of 20 mm, the CFRP displayed no failure in the composite 

material and was able to withstand even greater displacement and loads. 

Increasing the thickness of the UHPFRC layer relative to the applied load reduced the crack 

initiation. This behavior remained consistent even at higher loads and displacements. 

Transverse cracks mainly occurred in the bridge slabs tensile zone but with some diagonal 

cracks observed in the UHPFRC layer. However, the UHPFRC layer was in a better condition 

than the underlying concrete, but small cracks were present in certain areas. When the thickness 

of the UHPFRC layer was increased by 10 mm, a noticeable improvement of approximately 5-

6% in load-bearing capacity was achieved. Consequently, retrofitting the Øvre Kvamme bridge 

with a 50 mm UHPFRC layer emerged as the most optimal choice among the various UHPFRC 

configurations investigated. 

The purpose of the lateral pushover analyses was to examine the differences in the behavior 

when exposed to horizontal loads such as seismic, wind and breaking loads. Figure 91 
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demonstrates that strengthening the bridge slabs in tensile zone against lateral forces has limited 

effectiveness due to the differences in stiffness between the slabs and supports. Initially, the 

testing included evaluating all configurations of CFRP and UHPFRC used previously in the 

lateral pushover analysis. After comparing the results, minimal differences were observed 

between the non-retrofitted model and the models including the thinnest layers of CFRP and 

UHPFRC. Consequently, it was decided to only present the three most effective configurations 

compared to the non-retrofitted results. The remaining configurations naturally fall between the 

extremes, ordered by thickness and fiber orientation.  

 

Figure 91: Base shear-lateral displacement for pushover comparison 

The initial damage primarily develops at the bottom of the supports for every configuration and 

increases until local failure. Subsequently, it propagates upwards towards the slabs as the 

external load increases. The graphs further illustrate that the structure exhibits a linear response 

both with and without retrofitting until it reaches a yielding point of approximately 1.8 mm 

lateral displacement. Beyond this point, the structure enters a plastic deformation phase, where 

it will experience further deformation without any significant change in the applied load. It 

continues to deform plastically until it reaches around 9 mm displacement, at which point it 

exhibits perfect plastic behavior for the rest of the analyses. It is important to note that 

reinforcing slabs alone is not highly effective in providing resistance against lateral forces on 

the bridge. The stiffness of the structure heavily relies on the material properties of the supports. 

To enhance the bridge's overall resistance, it is necessary to explore methods for strengthening 

the supports. By strengthening the tensile zone of the structure with 50 mm UHPFRC, a small 

increase of 4.59% is obtained in ultimate load. The extracted results of the pushover analysis 

for each strengthening configuration are displayed in Table 26.  
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Table 26: Pushover results for different retrofit configurations  

Strengthening 

method 

Elastic 

yield load 

Displacement 

at first crack 

Load capacity 

improvement 

No retrofit 11,613 kN 1.80 mm - 

CFRP strips, 6 mm 11,816 kN 1.81 mm 1.75% 

CFRP plate, 6 mm 11,935 kN 1.82 mm 2.77% 

UHPFRC, 50 mm 12,146 kN 1.86 mm 4.59% 

When subjecting the Øvre Kvamme RC bridge to increasing vertical loads the differences 

between the reference model and the most suitable retrofitted configurations become more 

distinctive.  Figure 92 presents the load-displacement curve, effectively demonstrating the 

response of the bridge under heavy vertical loading and highlighting the exceptional strength 

of CFRP.  

 

Figure 92: Load-displacement of retrofit configurations 

Upon analyzing the results depicted in the chart, it can be observed that the UHPFRC 

configuration has a noteworthy higher initial stiffness compared to the CFRP retrofits. The 50 

mm UHPFRC retrofit demonstrates a superior elastic and partially plastic stiffness, exhibiting 

its ability to withstand substantial forces. However, as the load increases to approximately  

6,750 kN, it is revealed that the CFRP plate provides a higher resistance to flexural bending and 

can endure even greater loads than UHPFRC. Under the influence of heavy load, CFRP 

undergoes intense hardening during its plasticity phase as observed from the chart. This 
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signifies its remarkable ability to bear substantial loading before eventually experiencing 

sudden failure due to its brittle characteristics.   

Additionally, significant observations arise when examining the propagation of cracks in each 

retrofit configuration during vertical analysis. The findings reveal the contrasting vulnerabilities 

exhibited by CFRP and UHPFRC in their respective applications. It becomes evident from the 

findings that CFRP is more vulnerable to shear forces and excessive flexural stress on the bridge 

compared to retrofitting with UHPFRC. The properties of CFRP materials render them more 

prone to these types of structural forces when the fiber orientation is at 0 degrees on the tensile 

zone of the Øvre Kvamme bridge. The increased vulnerability to shear forces can be attributed 

to the relatively lower shear strength and limited resistance offered by CFRP in comparison to 

UHPFRC.  

On the other hand, UHPFRC retrofitting showcases mechanical weakness with its resistance to 

high tensile stresses. UHPFRC, owing to its unique concrete composition and properties, 

possesses excellent compressive strength and durability. However, it exhibits relatively lower 

tensile strength compared to CFRP. Consequently, UHPFRC retrofitting becomes more 

vulnerable to tensile stresses and strains, which can initiate and propagate cracks under certain 

loading conditions, as observed from the conducted NFEA. It is thus crucial to consider these 

concrete characteristics when assessing the retrofitting effectiveness of UHPFRC. 

Overall, the 6 mm CFRP plate exhibits an increase in load-bearing capacity of the bridge by 

58.48% compared to the bridge’s current condition, whereas retrofitting the Øvre Kvamme 

bridge with 6 mm CFRP strips, and 50 mm UHPFRC displays 30.58% and 34.85% increment 

respectively. The highlighted results from the vertical loading analysis is displayed in Table 27. 

Table 27: Results from vertical loading analysis 

Retrofit  

configuration 

Load at 

first crack 

Displacement 

at first crack 

Peak 

load 

Load capacity 

improvement 

Crack 

pattern 

No retrofit 3,485 kN 4.566 mm 5,670 kN - Diagonal 

6 mm CFRP strips 4,174 kN 5.658 mm 7,404 kN 30.58% Diagonal 

50 mm UHPFRC 5,660 kN 6.848 mm 7,646 kN 34.85% Transverse 

6 mm CFRP plate 4,810 kN 6.075 mm 8,986 kN 58.48% Diagonal 
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In the final finite element analysis, the most effective strengthening methods were compared to 

the reference model under more realistic loading conditions to satisfy the usage class bk 10/60 

requirements. Figure 93 compares the performance of three different strengthening 

configurations with the reference model without retrofitting. The first linear segment represents 

the self-weight of the bridge and the following segment is the vertical load as previously 

mentioned.  

 

Figure 93: Load-displacement for vertical loading comparison 

The various retrofit configurations signify a slightly higher load after the first segment due to 

increased self-weight from UHPFRC and CFRP. Additionally, it is apparent that the three 

strengthening approaches significantly increase the stiffness of the bridge. The reference model 

reached the plastic region at a displacement of 3.28 mm, and as a result, developed permanent 

damage towards the end of the simulation. Low load-bearing capacity was expected as the 

bridge was narrowed to one-way traffic due to the extensive damage. It is evident that the bridge 

must be strengthened to fulfil the current requirements and facilitate the reopening of traffic in 

both directions. All the results, which include strengthening, indicate solely elastic behavior, 

which is advantageous as it avoids permanent deformations. Nevertheless, both solutions 

utilizing CFRP show displacements that are relatively close to the reference of 3.52 mm.  

Furthermore, when strengthening Øvre Kvamme to withstand traffic load with the various 

retrofitting configurations, it is observed from the analyses that the bridge remains healthy and 

free from the initiation of cracks or any other forms of structural degradation. Table 28 presents 
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the variations in the results across different measures, including the magnitude of the gravity 

load, crack displacement, max displacement, and a percentage increase in flexural stiffness.   

Table 28: Properties for traffic loading analysis 

Retrofit  

configurations 

Gravity 

load 

Displacement 

at first crack 

Max  

displacement 

Displacement 

improvement 

No retrofit 1,617 kN 3.28 mm 3.51 mm - 

CFRP strips, 6 mm 1,638 kN - 2.99 mm 14.81% 

CFRP plate, 6 mm 1,640 kN - 2.69 mm 23.36% 

UHPFRC, 50 mm 1,678 kN - 2.23 mm 36.47% 

Based on displacement on mid-span, CFRP strips and plate increase the bridge’s strength 

14.81% and 23.36%, respectively. Among the three options, the bridge exhibited the highest 

strength and lowest displacement with 50 mm UHPFRC. Based on the previous vertical 

analyses, it was observed that the CFRP plate outperformed UHPFRC prior to failure. It can 

therefore be anticipated that if the load is significantly increased, CFRP will be superior.   
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9 Conclusion 

The comprehensive structural assessment of the Øvre Kvamme bridge has provided valuable 

insights into its condition and identified potential areas for improvement. Detailed data on the 

bridge's current state were obtained through the examination of existing documentation, as well 

as a visual inspection and the utilization of advanced tools such as the 3D laser scanner, 

profometer, Schmidt’s hammer, electrical resistivity meter, and sensors. Additionally, the 

development of finite element models in Abaqus and subsequent analyses allowed simulating 

various load cases and evaluate the effectiveness of different strengthening techniques.  

- The field investigation revealed substantial deterioration, primarily due to corroded 

reinforcement, with carbonation playing a major role. As a result, the bridge’s sides are 

severely affected, resulting in lowered load-bearing capacity. It also revealed a moderate 

probability of ongoing corrosion within the concrete. Given its impact on serviceability 

and load-bearing capacity, it is imperative to take necessary actions on the bridge. 

- Significant deviations from existing documents and drawings were observed through 

profometer measurements on the longitudinal reinforcement at the bottom of the slabs. 

- Conducting a 3D laser scan and processing it using various software proved to be an 

efficient method for capturing highly accurate geometric properties, which were utilized 

in the finite element analysis software Abaqus. 

- Different configurations of CFRP and UHPFRC with varying thickness and fiber 

orientation were subjected to lateral, vertical, and traffic loads to assess their 

effectiveness in strengthening the bridge. As anticipated, increasing the thickness of the 

materials resulted in significant improvement in flexural strength. Furthermore, it was 

determined that fiber orientation at 0 degrees yielded the most favorable outcomes.  

- Strengthening the concrete slabs concerning pushover analysis proved to not be 

practical as the lateral stiffness predominantly relies on the supports.  

- Implementing CFRP plate, UHPFRC, or CFRP strips on the tensile zone of the bridge 

enhanced the ultimate load-bearing capacity by 58.48%, 34.85%, and 30.58% 

respectively.  

- In terms of Bk10/60 traffic load, 50 mm UHPFRC proved to be the best option with an 

increased load-bearing capacity of 36.47%. The CFRP plates and strips demonstrated 

improvements of 23.36% and 14.81%, respectively.   
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9.1 Future work 

Investing additional time and resources in this study would provide a more detailed and 

comprehensive understanding of the Øvre Kvamme RC bridge. Given the extensive scope of 

the study, multiple areas can be further explored and expanded upon to improve the analysis of 

the bridge's condition. These areas include: 

- Conducting a thorough evaluation of the long-term effects of proposed repairs and 

strengthening techniques on the bridge. This assessment would provide valuable 

insights into the effectiveness and durability of the chosen strengthening approach, 

justifying the investment in rehabilitation. 

- Evaluating the specific increase in the bridge's lifespan resulting from implementing a 

strengthening method. This assessment would offer essential information about the 

effectiveness and longevity of the chosen approach, further justifying the investment in 

rehabilitation.  

- Assessing the long-term environmental and cost-efficiency aspects of proposed bridge 

repairs and strengthening through a comprehensive cost- and LCA analysis. This can 

involve exploring alternative materials, construction methods, and maintenance 

strategies to minimize the ecological footprint and overall costs associated with bridge 

maintenance over extended periods. 

- Enhancing FEM-analyses and modal analysis by utilizing advanced measurement 

technologies and tools like high-resolution sensors, NDT- and DT instruments. Access 

to better instruments would ensure more accurate and precise measurements, thus 

improving the reliability of the obtained data for analysis. 

- Conducting laboratory testing to obtain more precise material properties for FEM 

simulations and a more accurate condition assessment. This could involve performing 

tests on bridge components or extracting samples from the structure to determine their 

mechanical properties under different conditions more accurately. Obtaining correct 

material properties would enhance the reliability of the performed analysis. 

- Exploring additional types of FEA and NFEA applicable to bridge analysis, such as 

torsional, buckling, and dynamic analyses. Incorporating these techniques alongside the 

conducted FE-analyses would provide a comprehensive understanding of the bridge's 

behavior and other potential failure modes.  
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Appendix A 

Compressive behavior of concrete 

ε, total σc εc1 n E fcm k dc εel εin  εpl 

0 0 0.002 0 20000 28 1.5 0 0.00000 0.00000 0.00000 

0.00042 8.475084 0.002 0.21 20000 28 1.5 0 0.00042 0.00000 0.00000 

0.0006 11.85882 0.002 0.3 20000 28 1.5 0 0.00059 0.00001 0.00001 

0.0008 15.4 0.002 0.4 20000 28 1.5 0 0.00077 0.00003 0.00003 

0.001 18.66667 0.002 0.5 20000 28 1.5 0 0.00093 0.00007 0.00007 

0.0012 21.6 0.002 0.6 20000 28 1.5 0 0.00108 0.00012 0.00012 

0.0014 24.12308 0.002 0.7 20000 28 1.5 0 0.00121 0.00019 0.00019 

0.0016 26.13333 0.002 0.8 20000 28 1.5 0 0.00131 0.00029 0.00029 

0.0018 27.49091 0.002 0.9 20000 28 1.5 0 0.00137 0.00043 0.00043 

0.002 28 0.002 1 20000 28 1.5 0 0.00140 0.00060 0.00060 

0.0022 27.37778 0.002 1.1 20000 28 1.5 0.0222 0.00137 0.00083 0.00080 

0.0024 25.2 0.002 1.2 20000 28 1.5 0.1000 0.00126 0.00114 0.00100 

0.0026 20.8 0.002 1.3 20000 28 1.5 0.2571 0.00104 0.00156 0.00120 

0.0028 13.06667 0.002 1.4 20000 28 1.5 0.5333 0.00065 0.00215 0.00140 

0.0029 7.381818 0.002 1.45 20000 28 1.5 0.7364 0.00037 0.00253 0.00150 

 

 

Tensile behavior of concrete 

ε,total σt E dc εel εck εpl 

0 0 20000 0  0  
0.0001 2 20000 0 0.0001 0 0 

0.0003 1.333333 20000 0.333333 6.67E-05 0.000233333 0.0002 

0.0005875 0.75 20000 0.625 3.75E-05 0.00055 0.0004875 

0.00105 0.333333 20000 0.833333 1.67E-05 0.001033333 0.00095 

0.0016 0.01 20000 0.9925 5E-07 0.0015995 0.001533333 
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Compressive behavior of the supports of Øvre Kvamme bridge 

ε, total σc E dc εin 

0 0 5000 0 0.00000 

0.000451 4 5000 0 0.00000 

0.000586 5 5000 0 0.00013 

0.000735 6 5000 0 0.00028 

0.000905 7 5000 0 0.00045 

0.001106 8 5000 0 0.00065 

0.001368 9 5000 0 0.00092 

0.002000 10 5000 0 0.00155 

0.002632 9 5000 0.1 0.00218 

0.002894 8 5000 0.2 0.00244 

0.003095 7 5000 0.3 0.00264 

 
 

Tensile behavior of the supports of  Øvre Kvamme bridge  

ε,total σt E dc εel εck εpl 

0 0 5000 0   0   

0.0003 1.5 5000 0 0.0003 0 0 

0.0009 1 5000 0.333333 0.0002 0.0007 0.0006 

0.001763 0.5625 5000 0.625 0.000113 0.00165 0.001463 

0.00315 0.25 5000 0.833333 0.00005 0.0031 0.00285 

0.0048 0.01 5000 0.99 0.000002 0.004798 0.0046 
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Concrete damage plasticity parameters UHPFRC  [111] 
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Appendix D 
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