
Prediction of Culvert Failure
A desktop study of water-driven culvert

failure in Soknedal using a developed method

Hege Merete Kalnes

Civil and Environmental Engineering

Supervisor: Knut Alfredsen, IBM

Department of Civil and Environmental Engineering

Submission date: June 2018

Norwegian University of Science and Technology



 



 

NTNU – NORWEGIAN UNIVERSITY OF SCIENCE AND TECHNOLOGY 

Department of Civil and Environmental Engineering 

 

Master’s thesis in Hydraulic Engineering 

Candidate: Hege Merete Kalnes 

Subject: Prediction of culvert failure 

1. Background 

Failure situations at culverts are a major problem for the operation of infrastructures such as 

road and railways. Multiple different factors contribute to such failures, and factors such as 

maintenance, blocking, exceedance of dimensional flood and flaws in the design may be 

problematic to culverts. In Klima2050 there is a work package that will develop methods for 

handling such situations and for assessing the risk of such infrastructure in a future with 

changing land use and climate. This thesis will be part of this work, and have as its main goal 

to develop a method based on fault tree analysis to predict culvert failure and to put these 

together into software. The software can be used to evaluate failure in the future given changes 

in factors that influence the culvert. The work will be based on a framework outlined in the 

project task written the autumn of 2017. 

2. Work tasks 

The main work will be to build up a fault tree for culverts and to put together and develop the 

analytical methods for the different nodes in the tree. Then, they will be implemented as 

software that can be used to evaluate failure situations for a selection of situations where we 

have observations. The work can be divided into three main tasks: 

1. Setup of fault tree based on the project task: 

a. Determine methods for the tree's different nodes and necessary data to drive 

them. 

b. Collection of data for testing and setup of the methods that are included in the 

fault tree. 

c. Consider what parts of the tree can be implemented with the knowledge and 

methodology we have access to, and what should be done with simpler methods 

and where future developments are necessary. 

2. Implement the tree from 1) in the form of a computer program. 



 

a. Encoding of methodologies as specified. 

b. Retrieve some "cases" that may be used to test the methodologies. These must 

be obtained from known failure situations from existing data, such as BaneNor 

from Soknedalen. 

c. Document test-runs for the methods that have been implemented. 

3. Use software develop in 2) on a set of example catchments to show how this tool can be 

used to assess the risk of culvert failure. 

4. Evaluate the uncertainties in methodologies that are used and developed.  

3. Guidance, data and information 

Supervisor of this thesis is Professor Knut Alfredsen at the Department of Water and 

Environmental Engineering, NTNU. The work is carried out in collaboration with SINTEF 

through Mehdi Ahmadi and will be linked to the work of Klima 2050 work package 2. The 

candidate is responsible for collecting, checking and using data. Help from the abovesaid or 

others must be referred to in the report. 

4. Report 

Structure and layout of the report is important. Assume that the target group is senior technical 

staff. The report must contain a summary that gives the reader information about the 

background, procedure and the main results. The report must have a table of contents and 

reference list. The reference list must be formatted according to an existing standard. 

Data that is collected must be documented and delivered in digital form. 

The format of the report must follow the standard at NTNU. All figures, maps and images 

included in the report must be of good quality with plain text on the axis and the legend. 

The candidate must include a signed signature that claims that the work presented is her own 

and that all contributions from other sources are identified through references or other means. 

The thesis deadline is 11th of June 2018. 

 

Department of Water and Environmental Engineering, NTNU 

Knut Alfredsen, 

Professor 

 



i 

 

Abstract  

The risk connected to water-related hazards on roads and railways is becoming more acute in 

Norway. A significant maintenance backlog combined with climate change and land 

modification and -intervention has increased the probability for such events to occur, and the 

importance of the road- and railway infrastructure is increasing with a growing Norwegian 

economy. This work focuses on the hazard connected to water-driven culvert failure, and is a 

part of the research center Klima 2050’s endeavor to achieve better risk estimation for 

stormwater management in small catchments.  

The main objective of this work is to develop a method to predict culvert failure. Failure is 

defined in the work as exceedance of the capacity given by the headwater that is considered 

safe. The method is based on using a constructed fault tree and estimates the failure occurrence 

from flood return periods. It is aimed to be practically applicable for risk assessments and 

feasible as a desktop study, primarily using available information from public Norwegian 

databanks and services. It is found that methods chosen to estimate capacity and flood has to 

be of low complexity to achieve the aim of practicality. Three simple methods are used to 

estimate capacity, the NIFS-formula is used to estimate flood return periods and the effects of 

climate- and land cover change is considered through using constant percentages of change in 

flood size. 

Three scientific questions are established in order to provide a reference point in the 

development of the method and to explore its capabilities as a desktop study for risk 

assessments. They deal with how often culvert failure occurs under possible failure modes, the 

effects of climate- and land cover change on the occurrence, and how it can be reduced to an 

acceptable level. In answering the questions and testing the method which is developed, the 

work provides a case study of eight culverts in Soknedal which have previously failed and led 

to damages on a railway line. The findings show that the culverts will not fail unless they are 

severely blocked. This can occur due to slides, which are relatively common in Soknedal, or if 

the maintenance is inadequate.  

The uncertainties in the risk estimation provided by the method are potentially large and need 

to be further investigated. Independently of whether the method is deemed useful and the 

uncertainties acceptable, this work provides a comprehensive overview of the risk connected to 

culverts and how it can possibly be modelled.  
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Sammendrag  

Risikoen knyttet til vannrelaterte farer på veier og jernbaner blir stadig mer alvorlig i Norge. Et 

betydelig etterslep på vedlikehold kombinert med klima- og arealbruksendringer har økt 

sannsynligheten for at slike farer oppstår, og viktigheten til vei- og jernbaneinfrastrukturen øker 

med en voksende norsk økonomi. Dette arbeidet fokuserer på faren forbundet med feil ved 

kulverter under flom, og er en del av prosjektet til forskningssenteret Klima 2050 for å oppnå 

bedre risikoestimering innen overvannshåndtering i små nedbørfelt. 

Hovedformålet med dette arbeidet er å utvikle en metode for å forutsi feil ved kulverter. Feil er 

her definert som overskridelse av kapasiteten der oppstrøms vanndybde er på et nivå som ansees 

trygt. Et feiltre har blitt konstruert, og metoden bruker dette feiltreet for å estimere hvor ofte 

feil kan opptre gjennom returperioder for flom. Metoden er utviklet med et mål om å være 

praktisk anvendelig for risikovurderinger og å være gjennomførbart som en skrivebordsstudie 

som bruker tilgjengelig informasjon fra offentlige norske databaser og tjenester. For å oppnå 

det praktiske målet er metodene valgt for å estimere kapasitet og flom av lav kompleksitet. Tre 

enkle metoder brukes til å estimere kapasitet, NIFS-formelverket til å finne returperioder for 

flom, og virkningen av klima- og arealbruksendringer er betraktet gjennom prosentvis endring 

i flomstørrelse.  

Tre vitenskapelige spørsmål er etablert for å gi et referansepunkt i utviklingen av metoden og 

for å teste dens evne som en skrivebordsstudie for risikovurderinger. De omhandler hvor ofte 

feil oppstår ved mulige feilmoder, hvordan dette påvirkes av klima- og arealbruksendringer og 

hvordan det kan reduseres til et akseptabelt nivå. Ved å besvare disse spørsmålene som en test 

av metoden, presenterer arbeidet et case-studie om feil ved kulverter i Soknedal. Den 

undersøker åtte kulverter som har tidligere feilet og ført til skader på en jernbanelinje. Funnene 

viser at kulvertene ikke vil feile med mindre de er blokkert. Dette kan skje hvis skred opptrer, 

som er relativt vanlig i Soknedal, eller hvis vedlikeholdet er utilstrekkelig.  

Usikkerhetene i risikoestimeringen gitt av metoden er potensielt store og må undersøkes 

ytterligere. Uavhengig av om metoden anses nyttig og usikkerhetene akseptable, gir dette 

arbeidet en omfattende oversikt over risikoen forbundet med kulverter og hvordan den kan 

muligens modelleres.  
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1 Introduction 

1.1 Water-related hazards for roads and railways 

Infrastructures and buildings exposed to floods and slides can result in large costs to society 

due to structural damage and potential loss of health or life. Roads and railways are among the 

infrastructures that are vulnerable to floods and slides since their construction involves human 

intervention in natural drainage paths (Myrabø et al., 2016). Stormwater management is 

important to minimize the negative effects of the intervention. Measures in the form of several 

drainage system components must be in place to ensure that stormwater is collected upstream 

the road or railway and safely lead to natural downstream waterways. This entails that the water 

should not take unwanted paths and thereby avoiding operational disturbances and/or structural 

of damage to the road/railway itself or third parties. When slides occur, the affected drainage 

systems will have decreased capabilities to perform their function, so the combination of slide 

and flood can be critical. Further, their inability to perform can cause slides in embarkments or 

downstream slopes, giving cascading effects (Norem et al., 2016).  

There is a significant maintenance backlog for roads and railways in Norway, which has led to 

drainage system components often being deteriorated and sometimes undersized. Combined 

with climate change and land-modification and -intervention, this has led to an increase in the 

frequency of hazard events connected to floods and landslides (Myrabø et al., 2016). The 

importance of a well-functioning road- and railway infrastructure has increased concurrently 

with a growing Norwegian economy, since such infrastructure is essential to public welfare and 

a competitive business sector (Meld. St. 33 (2016-2017)). Using a technical risk perspective, 

risk is the combination of probability and consequence of an undesired event (Aven and Renn, 

2010). More frequent water-related hazard events and growing importance of roads and 

railways means, consequently, an increase in risk and as such a need for better risk treatment. 

This need has been acknowledged; in 2015, the center for research-based innovation hosted by 

SINTEF Klima 2050 was started up. Its main goal is to reduce societal risk though climate 

adaption of buildings and infrastructure, where its work is divided between four main research 

areas. One of the areas is stormwater management in small catchments, where Klima 2050 aims 

at providing better risk estimations for flooding of infrastructure (Time, 2016). 

The responsibility of designing and maintaining the road and railway infrastructure, including 

stormwater management, lies with the Norwegian Public Roads Administration (Norwegian: 

Statens vegvesen, SVV) and Bane NOR, formerly the Norwegian National Rail Administration 
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(Norwegian: Jernbaneverket, JBV). The overall responsibility of prevention of flood damage 

lies with the Norwegian Water Resources and Energy Directorate (Norwegian: Norges 

vassdrags- og energidirektorat, NVE). The three institutions provide guidance and requirements 

to stormwater management of roads and railways in Norway that, in result, represents a national 

standard. All three institutions are members of Klima 2050 and will be responsible for the 

implementation of the improved risk estimations for water-related hazards in the road- and 

railway infrastructure.  

1.2 The importance of functioning culverts 

One of the most important components in the road- and railway drainage system is culverts. 

Culverts are closed water conduits with open inlets and outlets smaller than 2.5 meters that lead 

water from the upstream to the downstream side of a road or railway Their capacity and design 

is critical for the road- and railway integrity since they go through the embarkments, giving a 

larger damage-potential than structures that are laid parallel. Further, their lack of capacity and 

proper design is one of the most common causes of unwanted events that occur (Norem et al., 

2016). Such events can be flooding of the road or railway and/or third parties, reduced carrying 

capacity, slides and collapse of the embarkment. In Norway, it can also lead to issues with frost 

heaving and icing (Thordarson et al., 2011). Figure 1.1 depicts a recent example of the how 

large the damage potential of culvert failure can be.  

 

Figure 1.1 Embarkment slide on the railway line Nordlandsbanen on the 22nd of April 

after a blocked culvert lead to rising of the upstream water level (photo: Sivertsen, 2018). 
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An insufficient culvert capacity is often due to the culvert being blocked or clogged, which has 

become both more probable and severe with the maintenance backlog. An area in Norway with 

such problems is Soknedal. A case study performed by Vauclin (2017) showed that out of eight 

studied cases of culvert failure on the railway line Dovrebanen in Soknedal, none of the culverts 

had too small dimensioning capacity, indicating that they were blocked when failure occurred.  

1.3 Purpose, scope and limitations 

Increasing maintenance backlog, climate change and land-modification and -intervention calls 

for the risk of culvert failure being better understood so that the risk of failure for both existing 

and new culvert can be decreased. This work aims at providing such an understanding and is 

part of Klima 2050’s undertaking to achieve better risk estimation for flooding of infrastructure. 

It focuses on the probability-aspect of risk in the form of predicting how often a given culvert 

will fail. 

The primary objective of this work is to develop a method to predict culvert failure based on 

fault tree analysis. The method is limited to only consider water-driven failure, not structural, 

and can thus use flood return periods to estimate how often failure can occur through a 

comparison of capacity and incoming flood. The effects of climate- and land cover change is 

also addressed to be able to evaluate future failure scenarios.  

The culvert failure prediction method is developed with the goal of being a practical tool in risk 

assessments of culverts in Norway and to be feasible as a desktop study that can be performed 

with the available information from public Norwegian databanks and services. An encoded 

version of the method in the form of an Excel workbook is also developed to be able to quickly 

attain results. The workbook is intended to be user-friendly and thereby not require having to 

read this work for it to be used.  

The purpose of this work is to use the developed method to answer the following scientific 

questions in a case study of culverts in Soknedal. The questions are established with two 

intentions. The first is to provide a reference point in the development of the method. The 

second it to explore the capabilities of the method for risk assessments in an area with occurring 

culvert failure.  

- How often does culvert failure occur under the possible failure modes? 

- What effect has climate- and land cover change on the occurrence of culvert failure? 

- How can the occurrence of culvert failure be reduced to an acceptable level? 
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The method is to predict culvert failure, not to estimate failure probability which was the initial 

objective of this work. The reason for abandoning this objective is that there are many different 

factors that can contribute to culvert failure and finding expected conditions and their 

probability to occur for a given culvert simultaneously as a critical flood is a complex task. 

Early in the process, this proved to be too time-consuming and complex. The failure modes are 

therefore treated as known inputs based on evaluations This makes the method more applicable 

for exploration of possible failure-situations rather than probability-estimation.  

Klima 2050 emphasize that stormwater management has to take on a more holistic approach 

where the interrelationship between water infrastructure has to be considered (Time, 2016). The 

water infrastructure in roads and railways is, however, a complex system that consist of several 

components. To create a holistic system analysis that includes all the components is beyond the 

scope of this work, and the culvert is treated as an independent component. The contribution of 

other components, both in terms of capacity and incoming water, is rather given as inputs that 

can be explored.  

A framework for predicting culvert failure was developed during the fall by Kalnes (2017), 

which includes a fault tree for culvert failure. The culvert failure prediction method can be 

viewed as an extension of the framework, as many of its elements can be applied. However, it 

is important to note that this is an independent work. The framework will therefore be 

scrutinized as opposed to being used directly without alterations.  

1.4 Structure of work 

The main objective of this work is to develop a method to predict culvert failure. The theory 

and literature chosen to be investigated is consequently based on what is deemed necessary to 

be able to develop and understand the method. However, the purpose of this work is to answer 

the scientific questions in the case study of Soknedal. The structure of this report is therefore 

built up as that of a traditional report, where the developed method is treated as the tool to attain 

results in the case study: 

2 Theory and literature study: The subject of risk is first investigated, where theory 

behind important concepts within risk and its relevance for culverts is presented 

followed by a literature study of current risk assessment methods on culverts and a 

description of the framework proposed by Kalnes (2017). As water-driven culvert 

failure largely deals with the exceedance of capacity, this issue is the next to be 

presented. Both the flood- and capacity element of the issue is investigated, where 
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theory behind causes of a reduced capacity is also included. The effects of climate- and 

land cover change that are relevant to the issue of exceedance follows. Methods for 

flood- and capacity estimations is then explored, and the chapter ends with a review of 

available culvert-related data. 

3 Material and method: The risk methodology is first established, where the failure 

definition is given and a fault tree for culvert failure is constructed. The method for 

predicting culvert failure is then established by selecting which elements in the fault tree 

that can be modelled and which of the reviewed methods is expedient to use with the 

available data and purpose of the method. A short description of how the method is 

encoded in Excel and tested is also given. Finally, the case study is presented, including 

acquirement and evaluation of data and how the scientific questions are answered using 

the developed workbook through three analyses.  

4 Results: Results from the three analyses are presented and a summation given to 

provide a clear answer to the scientific questions.  

5 Discussion: The results from the case study is shortly discussed to uncover what the 

results imply in more practical terms. As the culvert failure prediction method is the 

main product of this work, a longer discussion of the feasibility of the method as a tool 

in risk assessments is given, including an assessment of uncertainty in its results.   

6 Conclusion and recommendations: The findings from the case study and the 

discussion about the performance and usage of the culvert failure prediction method is 

summed up in a conclusive way that reflects the introduction of the work. This includes 

recommendations for further work. 
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2 Theory and literature study 

2.1 The concept of risk and how it applies to culverts 

For the culvert failure prediction method to be a tool in risk assessments it needs to consider 

important concepts within risk, the risk connected to culverts and current assessment 

methodology. The subject of risk and how it applies for culverts is therefore presented in this 

section, including a summary of the framework developed by Kalnes (2017). 

2.1.1 The technical risk perspective in risk management 

Risk can be defined in many ways and the definition used depends on the person viewing the 

risk and the purpose one has when studying it. When dealing with risk management, it is 

expedient to have a technical risk perspective; risk is the combination of probability and 

consequence of an undesired event and can be expressed through probabilities and expected 

values. This entails that there are clearly defined causes to the undesired event, thereby allowing 

the effect of avoiding or modifying the causes to be modelled. It is also common to establish 

risk acceptance criteria in order to assess the risk and need for risk treatment in a defined context 

(Aven and Renn, 2010).  

With a technical risk perspective, one often views the object of analysis as a system. The system 

performs a required function, and the inability to perform this function is defined as system 

failure. To acquire the necessary information about the system to make assessments and 

decisions, a system analysis is performed, where the fault tree technique is one of the best-

known methods to identify the possible ways a system may fail (Vesely et al., 1981). The Fault 

Tree Handbook NUREG- 0492 (Vesely et al., 1981) published by the US Nuclear Regulatory 

Commission presents detailed material on fault tree construction and evaluation and is largely 

considered as one of the best sources for performing a fault tree analysis.  

Risk management is central for planning on tactical level of Infrastructure Asset Management 

(IAM), and deals with the identification, analyzation, evaluation and treatment of risk (Ugarelli, 

2017). IAM is a set of strategies used to preserve and extend the service life of public 

infrastructure assets, with focus on maintenance, rehabilitation and replacement (Cagle, 2003). 

Risk management in Norway is usually performed in the form of risk- and vulnerability 

analyses (Norwegian: ROS-analyser), which consists of five phases (DSB, 2017): 

1. Description of the object of analysis 

2. Identification of possible unwanted events 

3. Assessment of risk and vulnerability (probability/consequence/uncertainty) 
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4. Identification of measures to reduce risk and vulnerability 

5. Documentation of analysis and how it affects the object 

In the third phase, the risk is usually presented in a risk-matrix and placed in a category of 

acceptable, unacceptable or the area between where the risk should be decreased if reasonably 

possible (DSB, 2017). 

Probability 
Consequences 

Small Moderate Large 

High  Unacceptable Unacceptable 

Medium Acceptable  Unacceptable 

Low Acceptable Acceptable  

Figure 2.1 Example of risk-matrix. 

 

2.1.2 The risk connected to culverts 

Functioning culverts are important for the structural integrity of the road- and railway-

infrastructure and the quality and safety of traffic. The main water-related risks connected to 

culverts deals with erosion, flooding and reduction of the load bearing capacity. 

There are three main types of erosion that can occur in the embarkment around the culvert, 

illustrated in Figure 2.2. The first is local scouring at the outlet of culverts, which can occur 

with large outlet water velocities. It can give formation of scour holes, causing undercutting 

and slope instability that can lead to the embarkment sliding out. The second is internal erosion, 

which is caused by water flowing though granular soils that are not self-filtering and can lead 

to piping and following formation of sinkholes. The piping may occur due to water seeping into 

the embarkment from the headwater or in and out of the culvert from cracks. The third is 

scouring of the downstream embarkment caused by overtopping flow, which can progress 

quickly and lead to formation of a void or complete washout of the embarkment (Jenssen, 

1998). The types of erosion described will cause permanent damages to the road/railway, and 

can prove a danger to life and health when they progress quickly in a flooding situation or is 

allowed to progress over time without being dealt with (Norem et al., 2016).  

Water on the road- and railway due to flooding can reduce drivability and safety. If the water 

takes unwanted paths and reaches areas that are not designed for large amounts of water, the 

damages can be substantial. The load bearing capacity of the embarkment will become reduced 

if it’s saturated, exposed to freezing and thawing and if fine erosion-particles are washed into 



8 

 

it. This can occur if the headwater stands against the embarkment, which in itself can lead to 

the embarkment sliding out (Norem et al., 2016).  

 

Figure 2.2 Cross-sectional illustration of possible erosion-situations at culverts- note that 

only scouring of downstream embarkment requires the illustrated overtopping flow. 

 

2.1.3 Current Norwegian risk assessment methods for culverts 

The guidelines for stormwater management provided by the Norwegian Public Roads 

Administration (SVV), Bane NOR and the Norwegian Water Resources and Energy Directorate 

(NVE) include guidelines for how risk assessments should be performed. The following is an 

investigation of these guidelines, given by or in cooperation of these three institutions. 

Risk acceptance criteria for culverts are given by the accepted return-period of the dimensioning 

flood it should be able to safely lead away. The return-period is 200 years for railways and 100 

and 200 years for roads with and without traffic detour possibilities. The resulting flood is often 

referred to as the 200- or 100-year flood (Eidsvig, 2014). The return period gives the statistical 

average number of years between each time the flood-size is exceeded (Holmqvist, 2010). For 

floods smaller or equal to the dimensioning, the road or railway should not be closed for a 

longer period and no serious damage befall them (Norem et al., 2016). Bane NOR requires that 

new culverts are designed with a climate-factor of 1,2 times the 200-year flood, while SVV 

only requires the factor to be above 1,0 (Eidsvig, 2014). 

SVV operates with a three-level risk- and vulnerability analysis based on the classification of 

acceptable and unacceptable risk (Berggren et al., 2015). The analysis is directly applied to 
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culverts, where the approach is its entirety is presented a report by Thordarson et al. (2011) 

published by SVV. The first level consists of a simple analysis based on desktop studies of 

culverts, surrounding environments and maintenance routines to identify areas or specific 

culverts that are expected to cause disruption of traffic in a flooding situation. Based on a 

qualitative assessment of the probability for this to occur and its consequence, the culverts are 

taken into the second level if they don’t have an acceptable risk. At this level, an extended 

analysis is performed based on simple calculations of design capacity, meaning the capacity of 

an open and functioning culvert, and dimensioning flood in addition to condition assessments 

from inspections. Culverts that have sufficient residual capacity of 50% or more and is in 

technically good condition are deemed to have an acceptable risk, including those that can be 

taken into the accepted category with simple technical measures. Those deemed to have an 

unacceptable risk are subject to a special analysis in the third level, with detailed capacity and 

flood calculations that focuses on the effect of climate change and includes calculations on the 

effect of proposed measures. After the complete three-level risk- and vulnerability analysis is 

performed, a culvert should have a risk classification of acceptable, reasonably acceptable or 

unacceptable. In terms of maintenance and rehabilitation this means, respectively, that the need 

for measures are none, simple in the form of cleaning and unblocking and extensive in the form 

of repair, replacement or excavation (Thordarson et al., 2011).  

Bane NOR does not have their own guidelines or specific methods to perform risk- and 

vulnerability analyses. They often use external work-force to perform such analyses that uses 

their own established methods (Berggren et al., 2015). A report by Bane NOR (2014) on 

capacity estimation and condition assessment of culverts on the railway line between Garli and 

Støren does however provide some insight to how they can perform risk assessment on culverts. 

Simple estimation methods are used to find design culvert capacity and dimensioning flood and 

a priority class from 1 to 3 is given based on lacking capacity and condition assessments from 

inspections. The priority class gives how soon measures must be taken, and culverts that have 

sufficient capacity and don’t need measures are not given a priority class. 

Condition assessments include assessment of damages, blocking from sediments, debris and 

ice, erosion at-inlet and outlet and other flaws or deficiencies that may cause a reduced capacity 

and/or prove a danger to structural integrity (Thordarson et al., 2011). According to regulations, 

visual inspections of culverts should be performed every 12 months for railways (Bane NOR, 

2014b) and a simple every 12 months and a more thorough every 5 years for roads (SVV, 
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2014b). If the degree of blocking exceeds 20% of the culvert’s cross-section, measures have to 

be taken for both railways and roads (Bane NOR, 2014b; SVV, 2014b) 

Culverts are also assessed in a more holistic manner with floodway analyses, often combined 

with registrations of water-related damages, to uncover vulnerable points in the road and 

railway infrastructure. If such a point is a culvert and/or caused by a failing culvert, one should 

perform a more detailed risk assessment of the culvert in question (Norem et al., 2016).  

2.1.4 Framework for predicting culvert failure 

A framework developed by Kalnes (2017) proposes how to predict culvert failure in response 

to a flood with a given return period, referred to as the T-year flood. It is applicable for two 

levels of planning in stormwater management; the flood-situation and the extreme situation. 

The flood-situation is the situation for which the culvert is designed for, where it shall be able 

to lead away water up to the dimensioning flood without relying on alternative floodways 

(Norem et al., 2016). The extreme-situation applies for when the culvert’s design criteria are 

exceeded, where the water should not take unwanted alternative floodways in order to avoid 

large economical and societal costs (Norem, 2016).  

The framework uses a technical perspective of risk, and followingly views the culvert as a 

system that performs the function of safely leading away water. The definition of culvert failure 

is consequently that the culvert is not able to safely lead away water. To provide a technical 

specification to the term safely, for which the T-year flood can be compared to, requirements 

to the headwater is established. It is assumed that the structural safety of the road/railway only 

depends on headwater level, and universal requirements are given for the framework to be 

applicable for multiple types of culvert designs and characteristics. In the flood-situation, the 

required headwater level is set to the top of the culvert to avoid water going into alternative 

floodways and the embarkment being damaged by the headwater. In the extreme-situation, the 

required headwater level is set to the top of the road/railway level to avoid overtopping and 

following flooding and dangerous erosion on the downstream side of the embarkment. For these 

headwater levels the culvert will have a critical capacity that, if exceeded, will give culvert 

failure. 

The prediction of failure is based on the usage of a developed fault tree that is created with 

guidance of the Fault Tree Handbook NUREG-0492 (Vesely et al., 1981). The fault tree 

analysis is performed to find all the credible ways the culvert might fail, and using the 

established technical definition, this translates to how the critical capacity may be exceeded. 
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The concept of failure effects, -modes and -mechanisms is used and the deductive accroach of 

the fault tree method. The first cause found is exceedance of design capacity, meaning the 

capacity of an open and functioning culvert, which is both an effect, mode and mechanism. 

Further, modes that can cause the effect of reduced capacity is explored. It is established that a 

reduced capacity can be due to downstream flooding, blocking and deterioration. Downstream 

flooding is both a mode and mechanism. Blocking is divided into modes according to the reason 

behind it; landslide, icing, woody debris and sediment accumulation, and possible mechanisms 

behind these are listed. Deterioration in the form of damage and deformation of the culvert is 

given as a failure mode without specifying the mechanisms behind it. The idea is to first check 

exceedance of design capacity, which will give automatic failure. Then, by looking at which 

failure modes that applies for the culvert and T-year flood, the critical capacity is adjusted to 

the modes that will occur, and culvert failure occurs if the reduced capacity is exceeded. 

The framework is to be used in risk assessments, and by finding the smallest flood that gives 

culvert failure one can estimate failure probability. It is, however, recommended that a review 

of the framework is done to reveal weaknesses and/or lacking elements. 

The framework does not propose how the culvert capacity nor the T-year flood should be 

calculated, but it is recommended that the methods should reflect the quantity and quality of 

available data. 

2.2 Exceedance of culvert capacity 

Water-driven culvert failure largely deals with an exceedance of capacity, meaning that the 

incoming flood is larger than the capacity of the culvert and consequently causing water to take 

alternative ways. This section looks into the flood- and capacity element of this issue. The 

incoming flood is first investigated followed by why the design capacity may be insufficient 

and how a culvert’s capacity may be reduced. The causes behind a reduced culvert capacity is 

divided according to the categories given by Kalnes (2017); downstream flooding, blocking 

and deterioration.  

2.2.1 The incoming flood 

Culverts receives water from smaller catchments in the form of runoff from rain and/or snow 

melt. In small Norwegian catchments, it is usually the short and intense rainfall-events that 

dominates and results in the larger floods. The combination of rain and snow melt can in some 

catchments also result in quite large floods, especially in mountainous-areas (Stenius et al., 

2014). The response of the catchment to rain and/or snow melt depends on its characteristics. 
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A larger and flat area with bodies of water and vegetation will have a slower response and 

resulting smaller flood-peaks due to attenuation of water, as opposed to a small and steep area 

with impervious surfaces of bare mountain or asphalt. The amount of precipitation a catchment 

receives is also important; more intense and frequent rain results in saturated soil, giving faster 

and larger responses (Stenius et al., 2015). 

The culvert may receive water from neighboring catchments. The lacking capacity of a culvert 

can be lead to a downstream culvert through intended and unintended floodways that can be 

found though performing a floodway analysis. An example of intended floodways is open and 

deep ditches, which are common for railways and roads outside of urban areas. (Norem et al., 

2016). Culverts may also receive water from a neighboring catchment if the water in a stream 

changes direction. This can occur on alluvial fans due to rapid erosion and sedimentation or 

when stream are blocked by slides, resulting in water being led away from the intended culvert 

(Clarkin et al., 2006).  

2.2.2 Insufficient design capacity 

Guidance and rules for designing culverts exists in handbooks for both roads and railways, with 

emphasis on the importance of finding the dimensioning flood as the basis of choosing design 

and size to give the necessary capacity. Exceedance of design capacity should therefore not 

occur for floods smaller than the dimensioning (Norem et al., 2016). One does not, however, 

have to go far back to find contradictory guidance to today’s standard. Up until 2011, both SVV 

and Bane NOR operated with smaller dimensioning return-periods. SVV used dimensioning 

return-periods of 25 to 100 years instead of to the current 100 or 200 years (SVV, 2005; SVV, 

2011), and Bane NOR used 50 years instead of 200 years (Bane NOR, 2011). Some culverts 

may also have been placed without consideration of dimensioning flood. Requirements to 

minimum dimensions can be used as the only design requirement for catchments smaller than 

1 ha for roads (SVV, 2014c), and some culverts may have been built with too small capacity 

(Bane NOR, 2014b). This will give a culvert with insufficient design capacity with respect to 

the dimensioning flood given by today’s standard.  

2.2.3 Reduced capacity due to downstream flooding 

The outlet of culverts can become submerged due to downstream flooding, which can give a 

reduced capacity. Downstream flooding can occur due to hindrances in the downstream 

floodway or due to flood in a downstream body of water (Norem et al., 2016). The latter is 

relevant for roads and railways that are laid in shorelines or along rivers, whose height should 
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be set above the downstream water-level for a 200-year flood. It is possible for such floods to 

reach areas that are not directly connected to the river though culverts or bridges across 

embarkments, and such areas are referred to as low-points (NVE, 2008). 

In larger Norwegian catchments to rivers and lakes it’s mainly rain or a combination of rain and 

snow melting that results in the largest floods, with the exception of inland, mountainous and 

glacier areas where snow melting is dominating (Stenius et al., 2014).  

2.2.4 Reduced capacity due to blocking 

The reduction of a culvert’s cross-section will decrease its capacity, and there are several 

objects that can block a culvert unless measures are in place to avoid it and if maintenance is 

inadequate. The causes behind blocking can roughly be divided into sediment accumulation, 

slides, erosion of downstream river, wood lodging and ice problems (Thordarson et al., 2011). 

Sediment accumulation is the is the gradual build-up of sediments in front of the culvert and in 

its barrel. Blocking of culvert inlet can occur if water-velocities become reduced and there is 

no or inadequate upstream sediment pond to collect the sediments. The latter will also give 

sediment accumulation in the barrel for culverts that are not steep enough to achieve the water 

velocities required for it to be self-cleansing (Norem et al., 2016). Sediment accumulation in 

the barrel will give an increase of roughness in addition to reducing the cross-section, further 

reducing the capacity (Bradley et al., 2005). The source of sediments is erodible soils in the 

catchment and/or streams, and the amount of sediment that is eroded dependents of the 

steepness of the catchment and flow-discharges it experiences (Thordarson et al., 2011). 

Slides involve the movement of material downwards in the terrain, often in a mix with water, 

whose outlet may reach culverts and followingly block its inlet. The main types of slides in 

Norway occur in the form of snow, slush, soil, debris and rock, whose composition is illustrated 

in Figure 2.3. Many of them are triggered by heavy or long-lasting rain or intense snowmelt, 

and the risk of slides increases with the steepness of the terrain (NVE, 2014). Culverts for 

stream-crossings are especially exposed to flow-like slides, that is, debris- and slush-flows 

which consists of water and about 40-70% sediments. Such slides can be initiated in or near by 

streams, where they are mixed and carried with the water down to the culvert. Culverts can also 

be the cause of slides if either their location or lack of capacity leads water outside existing 

streams to areas with no natural erosion protection (SVV, 2014a). The occurrence and size of 

debris flows and soil slides depends on the thickness, layering and grain size distribution of 

soils. The presence of vegetation in the catchment is also an important factor, as it increases 
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soil strength and reduces erosion. Slides can be avoided by increasing the slope stability though 

different measures depending on the type of slide, and their consequence reduced by leading 

the masses away or stopping them with embarkments, channels, nets or sedimentation pools 

(NVE, 2014). Slides from the embarkment itself may also block a culvert’s inlet or outlet. This 

can occur in instable slopes where there are no headwalls to stabilize the embarkment and the 

culvert’s ends are not projecting from embarkment (Bane NOR, 2014b).  

 

Figure 2.3 Classification of types of slides from the relationship between 

water, stone and soil, and snow and ice (SVV, 2014a). 

 

When a downstream river is flooding, it can have large discharges that exerts erosional forces 

on the river banks. If the flood-level reaches the outlet of culvert, this can lead to crushing or 

blocking of a culvert’s outlet construction, causing a reduction in outlet cross-section 

(Thordarson et al., 2011). 

Fluvially transported wood can become lodged in front of the culvert, which will often initiate 

an accumulation of detritus, sediment and trash, causing the inlet to become blocked. The piece 

of wood that initiates plugging don’t necessarily have to be large; if branches or twigs hits the 

culvert laterally they only need to be slightly larger than the culvert. This typically occurs for 

culverts that are smaller than and/or not aligned with the upstream stream and if the inlet is 

frequently submerged so that wood accumulates in front of the culvert when the headwater 

retreats (Cafferata et al., 2004). The source of wood is trees along streams or ditches that are 
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exposed to bank erosion, decay and wind- or snow-loads and smaller sticks and branches that 

are transported with overland flows. Structural measures can be installed to avoid blocking by 

wood and other larger objects, such as debris deflectors, -nets and -racks. Such structures, 

however, have to be regularly cleaned to uphold their function (Bradley et al., 2005). 

Norway is a country with cold winters, which introduces ice-problems for many culverts. There 

are two mechanisms that can lead to a culvert being blocked by ice; icing and ice breakup. Icing 

is the gradual build-up of ice inside the culvert barrel, which occurs if the culvert is exposed to 

cold air circulation is periods with low discharges (Asvall and Hoseth, 2010). For culverts 

where icing is a problem one has the option to either reduce the heat losses by covering the inlet 

and outlet using different insulating measures or to thaw the ice using steaming or heating 

cables (Bane NOR, 2014b). The ice cover at the bottom of the culvert will also alter the bed 

roughness (White, 1999). Ice breakup is the fluvial transport of broken-up ice in streams and 

rivers, which can block the inlet of culverts for stream-crossing and cause a so-called ice jam. 

The ice can come from developing anchor ice dams that are broken up during winter-periods 

with larger discharges and rising temperatures or from ice covers that have been loosened from 

the bank during spring and further broken up by a large and rapid increase in discharge. The 

first occurs in streams with steeper slopes and the latter with more moderate slopes, and the ice 

formation requires there to be water in the stream during a long cold-period (Asvall and Hoseth, 

2010).  

2.2.5 Reduced capacity due to deterioration 

Culvert may be deteriorated due to abrasion, corrosion, cracking and deformations. The type 

and extent of damage depends on the type of material, cover and age of the culvert, and the 

presence of abrasive sediment-containing water and corrosive materials (Najafi et al., 2008). 

Culverts don’t necessarily have to be old to be deteriorated; problems with joint openings, 

cracks, misalignment and settlement can occur for relatively new culverts if they are laid on 

frozen or poorly compressed ground or if their cover is insufficient (Haaland, 2002).  

Deterioration will give a reduction in hydraulic capacity since it increases energy losses and 

may alter the culvert’s cross-section. The energy losses are mainly due to a higher roughness. 

The decrease of hydraulic capacity, however, tends to lag the loss of structural integrity. 

Measures should consequently be taken before the hydraulic capacity is considerably affected. 

This supports the current assessment method of culvert deterioration, which is done with respect 

to structural integrity and not hydraulic capacity (Juliano et al., 2007).  
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2.3 Effects of climate- and land cover change  

Water-driven culvert failure will become altered in the future because of climate- and land cover 

change. For the culvert failure prediction method to be applicable to evaluate future failure 

scenarios, these effects must be investigated. 

Climate change is the change in frequency of weather conditions, such as average and extreme 

conditions of temperature and rain. Norway has experienced, and will continue to experience, 

an increase in mean annual temperature and annual precipitation together with more frequent 

and intense rainfall events (Hanssen-Bauer et al., 2015). Land cover is the physical and 

observable cover of an area that can be directly or indirectly changed by human activities. Such 

changes can result in altered land processes such as hydrology, soil erosion and biodiversity 

(Ellis, 2013).  

This section deals with the relevant effects of climate- and land cover change to the issue of 

exceedance of culvert capacity. It is divided into the effects on the incoming flood and the 

effects on the causes behind reduced culvert capacity described in section 2.2, excluding 

deterioration of culverts.  

2.3.1 Effects on the incoming flood 

Climate change will give larger and more frequent rain-floods and smaller and fewer snowmelt 

floods in Norway (Hanssen-Bauer et al., 2015). Projections for floods in Norway by Lawrence 

and Hisdal (2011) shows that changes in peak flow magnitude and timing varies from region to 

region, as illustrated in Figure 2.4 and 2.5. The differences reflect the shift from snowmelt- to 

rainfall-induced peak flows due to increased winter temperatures, which gives less snow 

storage, and more intense rainfalls. Some regions experience a reduction in peak flow due to 

smaller snowmelt floods, while the others experience an increase due to larger rain-floods. 

Change in seasonality occurs mainly for the regions where spring snowmelt is currently 

dominating. Peak flows will either occur earlier due to earlier snowmelt, or later in the fall or 

winter due to a shift to rainfall being dominating. A comparison between projections for the 

mean annual flood and 200-year flood shows that many regions will experience an increase in 

extreme rainfall larger than that of the general increase, resulting in more extreme low-

frequency flood-conditions (Lawrence and Hisdal, 2011). 

Climate change will give an increase in short-term extreme precipitation, which affects smaller 

catchments more than larger ones because of their fast response. This results in larger rain-

induced floods for small catchments in all regions (Lawrence and Hisdal, 2011). 
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Figure 2.4 Projected percentage of change in the mean annual- and 200-year flood between the 

1961-1990 reference period and the 2021-2050 future period– from Hydrological projections for 

floods in Norway under a future climate (Lawrence and Hisdal, 2011). 

 

 

Figure 2.5 Projected change in seasonalityillustrated by percentage of maximum flows occurring 

during August-February in reference period 1961-1990 and future period 2021-2050 - from 

Hydrological projections for floods in Norway under a future climate (Lawrence and Hisdal, 2011). 

 

 



18 

 

Land cover changes due to human intervention, such as urbanization, agriculture and forestry, 

have a measurable impact on runoff in catchments smaller than 100 km2 (Kiersch and Tognetti, 

2002). It is, however, difficult to ascertain how much land cover changes affects the size and 

frequency of floods. Deforestation in small catchments will for example lead to increased flows 

in smaller and medium floods but no significant change in the largest floods. This is because 

the reduction in infiltration and storage of water that follows deforestation will have little impact 

when the soil is saturated, which is typically the case in the largest floods (Rinde et al., 2000). 

Further, the flood response is not only influenced by the presence or absence of forest, but also 

forestry activities such as drainage, road construction and soil compaction during logging 

(Calder: cited in Kiersch and Tognetti, 2002). Urbanization and agriculture has the documented 

effect of increased runoff when they replace forests and will in smaller catchments give larger 

and faster floods due to reduced permeability and more homogenous surfaces. The 

establishment of impermeable surfaces in urban areas will especially give higher and more 

pointed flood peaks (Eikenæs et al., 2000).  

2.3.2 Effects on causes behind reduced culvert capacity 

Downstream flooding will be affected by climate change and somewhat by land cover change. 

Climate change will, as talked about in the previous section, give larger floods in some regions 

and smaller floods in others, giving respectively an increase or reduction in both frequency and 

magnitude of downstream flooding of rivers (Lawrence and Hisdal, 2011). The effect of land 

cover change on floods in larger rivers depends on the location, type and extent of the change. 

Many effects will be lost at larger scales, such as those from local deforestation and urbanization 

(Eikenæs et al., 2000).  

Sediment accumulation can be affected by both climate- and land cover change. Where climate- 

or land cover change leads to an increase in runoff intensity, frequency and/or duration, there 

will be an increase in sediment transport in catchments with erodible soils, and a reduction 

where they lead to the opposite (E Tucker and Slingerland, 1997). Activities that leads to the 

removal of vegetation and disruption of land surfaces, such as farming and deforestation, will 

expose erodible soils and followingly give an increase in sediment transport (Eikenæs et al., 

2000). If such activities are done in connection to urbanization, a decrease will follow due to 

establishment of impervious surfaces, and the sediment load will become smaller than it was 

before (Bradley et al., 2005). Local changes in sediment load will have a measurable impact in 

basins smaller than 100 km2 (Kiersch and Tognetti, 2002).  
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Slides that are initiated by intense or long-lasting rainfall will become more common in Norway 

due to climate change. This most notably applies for soil slides and debris- and slush flows and 

to some extent rock slides and -falls. The latter will also be affected by potential fluctuations in 

temperature that gives more freezing and thawing cycles. Climate change can in some areas 

reduce the risk of slides due to the rising of forest boundaries as a result of increased 

temperatures (Hanssen-Bauer et al., 2015). Forests can prevent initiation of slides since they, 

as mentioned in section 2.2.4, increase the slope stability by increasing soil shear strength and 

reducing erosion. They can also reduce the outlet length of slides by stopping parts or all of a 

slide’s masses. Deforestation will therefore lead to an increased risk of slides (Høydal et al., 

2013). 

The amount of floating woody debris can become larger when climate- and land cover change 

gives larger flows and following increased erosion on vegetated banks. Land cover change and 

activities connected to it can lead to a change in the source of debris. Deforestation can either 

give an increase or decrease in the amount of floating debris depending on the logging practice 

and whether it involves land clearing. Some logging practices will introduce a substantial 

amount of woody debris to streams and ditches, while others won’t. Land clearing will give a 

decrease in floating debris and is also commonly done in connection to agriculture practices 

(Bradley et al., 2005).  

Ice-related problems in culverts will become altered by climate change due to changes in 

temperature and flows during winter; the winters will become warmer and winter floods more 

frequent and larger (Hanssen-Bauer et al., 2015). How the ice-problems are altered largely 

depends on the existing conditions. Icing can become less common and severe due to less cold-

periods during the winter, but the opposite can also occur. Roads and especially railways often 

lie in the bottom of valleys where temperatures are lower due to inversion, and combined with 

less insulating snow-cover as a result of climate change this can increase the risk of icing 

(Trøstaker, 2016). Ice-breaking will become more common in some regions and less in others. 

The temperature increase combined with larger and more winter floods will make it more 

common in mountainous- and inland areas, but less common along the coast where winter-

temperatures are currently fluctuating between positive and negative. The amount of ice 

formation will in both cases decrease (Hanssen-Bauer et al., 2015). 
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2.4 Estimating flood in small ungauged catchments 

To be able to estimate the failure occurrence through flood return periods, the culvert failure 

prediction method must employ a flood estimation method. Eligible methods are therefore 

investigated in this section. 

Catchments connected to culverts will most likely be small and ungauged, meaning that they 

have areas smaller than about 50 km2 and no observed time-series of discharge. Flood 

estimations in such catchments can be done using several methods that can be divided into two 

main categories; frequency analyses and rainfall-runoff methods. The first uses runoff-series 

from gauged catchments to estimate the flood and the second estimates the flood by 

transforming precipitation to runoff (Stenius et al., 2015).  

Four flood estimation methods are recommended in Veileder for flomberegninger i små 

uregulerte felt (English: Guideline for flood estimations in small unregulated catchments) 

(Stenius et al., 2015) published by The Norwegian Water Resources and Energy Directorate 

(NVE), two under each category: 

Frequency analyses: 1) local frequency analysis – a statistical analysis of flood 

frequency distribution in observed time-series and 2) the NIFS formulae – a set of 

equations for estimating flood in small unregulated catchments 

Rainfall-runoff methods: 3) PQRUT – a simple one-bucket, lumped hydrological model 

and 4) the rational method – a linear equation using rainfall intensity and runoff 

coefficients. 

The choice of method depends on available data and catchment size. The guideline generally 

recommends using the NIFS formulae in ungauged catchments and compare its results with 

those from other methods. Further recommendations is that the final estimate should be chosen 

based on an evaluation of accuracy in the results from the different methods with respect to the 

catchment in question, including whether it should be the weighted average of the results from 

two or more methods (Stenius et al., 2015). 

A short summary of the mentioned methods is given below, divided according to category, 

followed by a literature study of methods to estimate the effect of climate- and land cover 

change on floods.  
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2.4.1 Frequency analysis methods 

The result of a frequency analysis is a reference flood value and a growth curve which gives 

the relationship between the reference flood and a flood with an arbitrary return period. Such 

analyses are most commonly done on annual peak discharges, but can also be performed on 

floods over a given threshold or in specific seasons (Stenius et al., 2015). 

Local frequency analyses are performed on observed time-series of floods. In ungauged 

catchments such series does not exist, but it is possible to scale the results from the analysis on 

a representative gauged catchment. The scaling is based on evaluations of differences in 

catchment characteristics and how to account for them using catchment parameters (Norem et 

al., 2016). 

The NIFS formula consists of an equation for mean annual flood and an equation for growth 

curve and is named after the Norwegian government agency program Natural hazards – 

Infrastructure, Floods and Slides (NIFS) under which it was developed by Glad et al. (2015). 

The two equations were established by performing a regression analysis on the results from 

local frequency analyses on annual peak discharges in 165 small gauged catchments in Norway. 

These equations make it possible to estimate floods in ungauged catchments using only three 

catchment parameters; area, mean specific runoff in the period 1961-90 and effective lake 

percentage. The mean specific runoff is extracted from a runoff map developed by NVE (Glad 

et al., 2015). Estimations will have larger uncertainties for parameters outside those used in the 

frequency analyses and where the degree of urbanization and/or regulation is substantial. The 

uncertainty will also increase with increasing return period (Stenius et al., 2015). The interval 

of parameters used, and general estimations of uncertainty, is given in Table 2.1. 

Table 2.1 Parameters and uncertainty in the NIFS formula - interval 

of parameters are the ones used when developing the regression 

equations (Stenius et al., 2015). 

Parameter Interval 

Area: 0.2 – 53 km2 

Mean specific runoff: 9 – 163 l/s km2 

Effective lake percentage: 0 – 21 % 

  
Return period Uncertainty 

< 100 0.56 – 1.77 times mean flood 

> 100 0.5 – 2.0 times T-year flood 
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2.4.2 Rainfall-runoff methods 

Rainfall-runoff methods calculates flood discharges that results from a rainfall event with a 

specified hyetograph using a hydrological model or formulae. When the flood is a result of only 

rain, and not snow melt, its size for a given return period can be calculated directly using results 

from statistical analyses of precipitation. These are most commonly in the form of Intensity 

Duration Frequency (IDF) curves. IDF curves can be developed at gauging stations with 

sufficient time-series of precipitation and shows rainfall intensity as a function of duration for 

different return periods. In such calculations, it is assumed that the rainfall event with a given 

return period will result in a flood with the same return period. This can be a source of 

uncertainty since the response of the catchment largely depends on its condition, manly its 

degree of saturation, when rain falls (Stenius et al., 2015). 

PQRUT was developed by Andersen et al. (1983) to be used in flood calculations. Its flood 

module is a linear one-bucket model with two outlets representing the fast and slow runoff in 

response to a rainfall event with a specified hyetograph. It requires three parameters for its 

calculations; two drainage constants for each of the outlets and the threshold value for fast 

runoff. The model includes developed equations for the three parameters that uses catchment 

parameters, making it possible to apply the method in ungauged catchments. These parameters 

are the length, effective lake percentage, mean specific runoff and slope- and height relations 

found from the hypsographic curve (Andersen et al., 1983). It is recommended to use the model 

in catchments with sizes of 1-200 km2 (Holmqvist, 2010). The hyetograph used as input in 

PQRUT is usually constructed by combining rainfall values with the desired return period that 

has different durations. It is recommended to lay them symmetrical with the largest values at 

the center (Stenius et al., 2015).  

The rational formula is a method commonly used in very small and/or urban catchments to 

provide simple flood estimations. Runoff is calculated as a linear function of rainfall intensity 

using area and a discharge coefficient that expresses how much of the rain goes to runoff. The 

discharge coefficient depends on land cover and other characteristics of the of the catchment 

and the intensity of the rainfall (Stenius et al., 2015). Its applicability with respect to largest 

recommended catchment size varies with different sources; 1 km2 and 2-5 km2 is used in the 

guidelines from Bane NOR and SVV (Bane NOR, 2014a; SVV, 2014c) while 0,2-0,5 km2 is 

recommended by Lindholm (cited in Stenius et al., 2015).  
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2.4.3 Methods for estimating effect of climate- and land cover change 

The effect of climate change on floods can be found through establishing emission scenarios 

and using a series of models to find their associated consequence for floods. Global Climate 

Models (GCM) are used find large-scale climatic effects which are downscaled to a provide 

local precipitation and temperature data. The two main methods for downscaling is Empirical-

Statistical Downscaling (ESD) and Regional Climate Models (RCM) with postprocessing. The 

data is then further used as input in hydrological models to provide projections for changes in 

size and frequency of floods (Hanssen-Bauer et al., 2015).  

In climate change adaptation planning it is common to use climate factors in flood estimations 

instead of the process described above, meaning that the effect of climate change is estimated 

by multiplying or adding to historical values with a given factor. National and regional factors 

for both precipitation and floods has been developed based on climate-studies in Norway using 

the method described above (Hanssen-Bauer et al., 2015). The NVE guideline by Stenius et al. 

(2015) recommends using climate factors for floods developed by Lawrence and Hisdal (2011) 

for climate change adaptation, where a minimum of 20% increase is to be considered for all 

smaller catchments and a 40% increase if they are in certain areas (Hanssen-Bauer et al., 2015).  

The effect of land cover change on floods can be simulated using rainfall-runoff methods where 

land cover parameters can be augmented. This includes several hydrological models and the 

rational method. The HYDRA-program organized by NVE was established with the purpose to 

study the effects of human intervention on floods. It resulted in a methodology that uses two 

hydrological models to simulate the effect of changes; the distributed LANDPINE-model for 

vegetation changes developed as a part of the program and the semi-distributed SINBAD-model 

for urbanization developed by SINTEF (cited in Eikenæs et al., 2000). The models require 

calibration of parameters, which was not performed for smaller catchments in the program 

(Eikenæs et al., 2000). The NVE guideline by Stenius et al. (2015) provides no 

recommendations for how to account for land cover changes in flood-estimations.  

2.5 Estimating culvert capacity 

As the flood return period used to estimate failure occurrence will be based on a comparison 

between capacity and incoming flood, methods for estimating culvert capacity must be 

investigated.  

Several methods can be used to find culvert capacity that varies both in applicability and 

complexity. They can in general be divided into theoretical equations solved roughly or by 
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complex computations, and simplified equations and nomograms based on model studies. The 

latter is the most common method used when designing culverts under roads and railways, 

where equations are usually applied in the cases where nomograms don’t exist. In some difficult 

cases, however, one may need to solve complex computations using computer software (Norem 

et al., 2016). An example of such software is HEC-RAS, which is an analysis tool for computing 

water surface profiles on stream reaches (Schall et al., 2012). 

This section looks first into common culvert designs and culvert hydraulics in general. A 

literature study of some capacity calculation methods for relevant flow situations is then 

performed, including for blocked culvert capacity.  

2.5.1 Common culvert designs 

There exist numerous designs for culverts, and the dimensions, shape and material are chosen 

dependently and with consideration of other parameters such as earth pressure and abrasion- 

and corrosion danger. The most common shapes for culverts are box and circular, where box 

culverts are used for larger dimensions and pipe culverts for smaller. Pipe culverts are typically 

made of corrugated metal, concrete and plastic, while box culverts are mostly of concrete with 

the exception of some older ones of masonry (Jenssen, 1998). The old masonry culverts can 

have problems with stones shifting and falling out and is therefore commonly wholly or partly 

lined with other materials (Bane NOR, 2014b). 

Culverts commonly either projects out of the embarkment or is flush with the embarkment slope 

or with a headwall or wingwall. Circular pipe culverts can be built with all three types of 

configurations, while box culverts are never projected (Norem et al., 2016). 

2.5.2 Culvert hydraulics 

There can be several flow situations in a culvert. It is typical to divide them into two categories 

with respect to hydraulic control; inlet control and outlet control. The type of control reflects 

the location of critical flow and followingly what limits the hydraulic capacity of the culvert. 

The situations can further be divided into six main types, two for inlet control and four for outlet 

control. Additional two types can be added when accounting for overtopping weir flow (Norem 

et al., 2016). These are illustrated in Figure 2.6 with a dotted line representing the critical depth 

to show where critical section occurs. This where the water uses the least amount of specific 

energy, which is water depth plus velocity head, to convey the water. In this section, the Froude 

number is 1, and it represents a transition between subcritical flow to supercritical flow 

(Tesaker, 2010). 
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Inlet control with unsubmerged weir flow at the inlet 

and supercritical flow in the barrel. 

 

Inlet control with orifice flow at the inlet and 

supercritical flow in the barrel. 

 

Outlet control with subcritical flow and critical 

section at outlet. 

 

Outlet control with subcritical flow and critical 

section downstream outlet. 

 

Outlet control with pressurized flow and critical 

section at outlet. 

 

Outlet control with pressurized flow and critical 

section downstream outlet. 

 

Outlet control and overtopping weir flow with 

pressurized flow and critical section at outlet. 

 

Outlet control and overtopping weir flow with 

pressurized flow and critical section downstream 

outlet. 

Figure 2.6 Flow situations at culverts including overtopping – from Overvannshåndtering og 

drenering av veg og jernbane (English: Stormwater management and drainage of road and 

railways) (Norem et al., 2016). 

 

The type of control and flow situation that occurs depends on the amount of incoming water, 

upstream and downstream water level and the design and condition of the culvert. Inlet control 

occurs when the inlet is less effective than the barrel at conveying the water, resulting in critical 

flow occurring in the inlet-zone. Outlet control occurs when the barrel is less effective than the 

inlet to convey the water or if downstream water levels are too high, resulting in critical flow 

occurring at or downstream of the culvert outlet. The first gives a capacity that is only decided 

by upstream energy level and inlet size and -design, while for the latter it is decided by energy 

losses though the whole culvert and upstream and downstream energy levels (Norem et al., 

2016).  

The headwater level that gives submersion of the inlet depends on the type of hydraulic control 

and inlet design. For outlet control, it will occur when the headwater is at the same level as the 

top of the culvert, while for inlet control it can rise further due to the weir flow. The transition 
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from unsubmerged weir flow to submerged orifice flow depends on the inlet design, but it often 

approximated to occur for headwater levels 1.2 times the culver height (Norem et al., 2016).  

It’s the upstream water energy that “drives” the water through the culvert, which consists of 

potential energy and kinematic energy represented by the specific energy. For a given upstream 

specific energy level, the culvert will have a certain capacity, and their relationship is shown 

with a performance curve as illustrated in Figure 2.7. It’s the limiting type of flow that will 

occur for a certain situation, meaning the one that gives the least capacity for a given upstream 

water level (Norem et al., 2016). In culvert analyses it is often assumed that the water has no 

velocity in the channels upstream or downstream the culvert, so that performance curves 

typically shows headwater level as the only contribution to upstream water energy. This is a 

conservative assumption, since it overestimates entrance and exit energy losses and thereby 

gives a smaller capacity (Schall et al., 2012). 

 

Figure 2.7 Typical performance curve for culverts  

where the dotted line shows the overall performance. 

 

2.5.3 Methods for inlet-controlled flow 

With unsubmerged inlet control, we will have open channel flow where the culvert entrance 

works as a weir that forces the water into critical flow. With submerged inlet control, the culvert 

entrance works as a orifice opening, where the water flows freely on the downstream side of 

the entrance (Schall et al., 2012). The relationship between discharge and headwater level in 

these two situations can in theory be determined by using the Froude number equation at the 
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critical section in combination with Bernoulli’s energy equation. Under ideal conditions with 

no energy losses or disrupted flow- or pressure conditions and no velocity in the headwater, the 

capacity can then be calculated by only defining headwater level and inlet dimensions. The flow 

conditions at the entrance is in reality very complex. Weir- and orifice equations in various 

forms is therefore used, which applies coefficients that differs from various types of 

constructions (Tesaker, 2010).  

Equations for inlet-controlled discharge- and headwater calculations has also been developed 

specifically for culverts. Culvert discharge equations presented in Open channel hydraulics by 

French (1987) are similar to the traditional weir- and orifice flow equations in the usage of 

discharge coefficients. The discharge coefficient is found and adjusted according to the inlet 

configuration and type of flow using equations, graphs and tables. For unsubmerged flow, the 

process of adjusting the discharge coefficient is interchangeable with finding critical depth and 

discharge. For submerged flow, adjustments are not needed, and the discharge coefficient can 

be directly read from tables according to inlet configuration and submergence ratio. Inlet control 

equations has also been developed by the Federal Highway Administration (FHWA) based on 

model studies. In Hydraulic design of highway culverts by Schall et al. (2012), three of these 

equations are presented; two for unsubmerged flow and one for submerged. The three equations 

are quite similar and relies on the use of constants that can be directly read from tables according 

to culvert configuration. Several nomograms have been developed based on these equations, 

which shows the relationship between headwater level, diameter and capacity for a given inlet 

configuration and flow situation (Schall et al., 2012). 

2.5.4 Methods for full barrel flow 

Pressurized flow for outlet-controlled culverts will occur when the headwater exceeds the top 

of the culvert. When the outlet is submerged the entire barrel will have pressurized flow, giving 

a situation often referred to as full barrel flow. With an unsubmerged outlet the outlet section 

of the culvert may have free-surface flow. With full barrel flow, Bernoulli’s principle together 

with equations for energy losses in pressurized pipes can be applied to find the relationship 

between discharge and headwater. In the case of free-surface flow at the outlet section, more 

complex water-surface profile computations have to be performed, typically using computer 

software (Tesaker and Hoseth, 2010). Methods for this situation is not further investigated. 

The most common methods for calculating full barrel flow in culverts involves the method of 

energy balance described above. This methodology is directly applied in Hydraulic design of 

highway culverts (Schall et al., 2012) , where entrance-, friction- and exit loss is always 
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considered in addition to other relevant losses at for example bends, junctions and grates. The 

equations used for singular losses are a function of velocity head, and friction loss is calculated 

using either the Manning or Darcy equation where Manning is most commonly used for 

culverts. Manning’s n values and entrance loss coefficients are also given for several designs 

and materials. Another type of methodology is applied in Open channel hydraulics (French, 

1987), which is similar to the one for inlet-controlled flow in the usage of discharge coefficients 

found and adjusted with tables and graphs. Entrance- and exit losses are not separately 

considered, and a different form of Manning’s formula is applied. 

2.5.5 Methods for calculating blocked culvert capacity 

Calculations of capacity in blocked culverts are generally not done when designing culverts and 

little literature exists to guide such a procedure without complex computations. The FHWA 

recommends modifying barrel parameters, such as increased entrance loss coefficients, 

additional roughness or reduced barrel area, when calculating blocked capacity. It is, however, 

also recommended for such analyses to be performed with computer software and no further 

guidance is given (Bradley et al., 2005). 

In the NIFS report Overvannshåndtering og drenering av veg og jernbane (English: Stormwater 

management and drainage of road and railways) by Norem et al. (2016), it is recommended to 

account for blockage in outlet-controlled culverts by increasing the entrance loss coefficient. 

Entrance loss coefficients for blocked inlets are given for circular and box culverts and the main 

types of inlet configurations. These coefficients originate from Hydraulic loss coefficients for 

culverts (Tullis, 2012), a report developed as a part of the National Cooperative Highway 

Research Program (NCHRP). This report consists of result from model tests on 

embedded/open-bottom culverts, specifically circular culverts with invert burial of 20%, 40% 

and 50% and elliptical culverts with 50% burial. The difference in the entrance loss coefficients 

varied little with invert burial percentage and, consequently, a single representative value is 

recommended to be used for all burial percentages. Such values are given for the main inlet 

configurations in the NCHRP report (Tullis, 2012). Entrance loss coefficients were not 

developed for box culverts in this work, but Norem et al. (2016) has derived conservative values 

based on the NCHRP report’s results for mitered circular inlets, which is argued to have flow-

conditions similar to rectangular inlets.  

Other results from Hydraulic loss coefficients for culverts (Tullis, 2012) includes regression 

constants for embedded culverts used in the three equations for inlet-controlled flow developed 

by FHWA, where different constants are given for the tested burial percentages. Methods for 
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handling composite roughness in embedded/open-bottom culverts were also tested, and it was 

found that the traditional mean velocity assumption method developed by Horton to calculate 

composite Manning’s n value provided reasonably accurate results (Tullis, 2012).  

Manning’s n values for natural channels with gravels and cobbles is given in the FHWA report 

by Schall et al. (2012) and many other literature sources. Manning’s n values for ice-covered 

surfaces exists to a smaller degree, and the only values found is for roughness beneath ice 

covers. The report Hydraulic and physical properties affecting ice jams by White (1999) 

developed as a part of the Cold Regions Research and Engineering Program Work (CRREL) 

presents recommendations for ice cover roughness based on data from multiple studies.  

2.6 Culvert-related databases and tools 

For the culvert failure prediction method to be feasible as a desktop study, it should reflect the 

quantity and quality of data that is available. The following is a short review of public 

Norwegian databases and tools that contain relevant culvert configuration- and catchment data. 

Culvert configuration data is information about culvert geometry, dimensions, design and so 

on. Such data exists in the databases of The Norwegian Public Road Administration (SVV) and 

Bane NOR along with other data on objects in the road- and railway infrastructure. They are 

called National Road Database (Norwegian: Nasjonal vegdatabank, NVDB) and BaneData, and 

publicly available data from these databases can be found in the web map services Vegkart and 

Banekart.  

An initial review of these databanks shows that there is little consistency with the digitization 

of data, and that the amount of registered data strongly varies. The feature data that most 

commonly appears is given Table 2.2 along with the number of culvert objects where the feature 

is registered and the belonging percentage with respect to the total number of registrations. Note 

that this is done through a quick overview using the web map services and may not display 

completely accurate information. 

Catchment data is information about the characteristics of the catchment, both hydrological and 

geological, and data relevant to floods and slides. The web map service NVE Atlas presents a 

large amount of these data, including records and danger- and caution maps of floods and slides. 

NVE has also developed a catchment-generation web service called NVE Nevina, which 

estimates catchment parameters and indexes for the catchment belonging to a given point that 

can be used for flood estimations. The service requires the point to be placed on or near a 
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defined river network, so it can have trouble generating very small catchments that are not on 

the network.  

Table 2.2 Overview of culvert features registered in the databanks NVDB and BaneData 

showing the number of objects and the corresponding percentage with a given feature. 

Total no. of culvert objects: 532840 16377 

Feature NVDB BaneData 

no. % no. % 

Material type1 464574 87 15325 94 

Cross-sectional shape2 393957 74 10993 67 

Diameter / width and height 446431 84 13865 85 

Type of inlet3 154194 29 511 3 

Length 400987 75 3018 18 

Slope 221 0 3018 18 

Cover height 46482 9 9594 59 

1 Material type: concrete, steel, plastic, stone 

2 Cross-sectional shape: circular, rectangular, arch, elliptical 

3 Type of inlet in NVDB: open in ditch or with headwall  

3 Type of inlet in BaneData: headwall, mitered, projecting 
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3 Material and method 

The purpose of this work is to answer a series of scientific questions in a case study of culvert 

failure in Soknedal. The culvert failure prediction method is the tool to answer these questions, 

which is developed in this chapter using the investigated theory and literature. The method is 

developed with aim of practicality and feasibility as a desktop study in risk assessments in 

addition to being able to fulfill the purpose of answering the scientific questions.  

Fault tree analysis is used as risk methodology in the culvert failure prediction method. The 

evaluation behind this choice in addition to how the analysis is applied to culvert failure is first 

presented. Based on this, the method for prediction is established followed by a description of 

how it is encoded into an Excel workbook. The workbook is tested to make sure that it will 

provide reasonable results in the case study. The case study is then presented and prepared, 

where data is collected and evaluated, and three analyses that uses the workbook to answer the 

scientific questions are established. 

3.1 Risk methodology behind prediction 

The scientific questions largely deal with finding the occurrence interval of culvert failure, 

which reflects the technical risk perspective used in risk management within Infrastructure 

Asset Management (IAM) or risk- and vulnerability (ROS) analyses as described in section 

2.1.1. Such a perspective calls for culvert failure and its causes being clearly defined and that 

the effect of the causes on failure occurrence can be modelled.  

The fault tree method is chosen as the risk methodology since it is well-known and provides an 

analytical approach to finding causes of culvert failure that can be used to give quantitative 

results for risk estimations. The framework developed by Kalnes (2017) is further applied by 

continuing to use its definition of culvert failure on two levels and the technical specification 

of exceedance of critical capacity. Such a definition makes it possible to find the occurrence of 

culvert failure though the return period of exceeding flood and it somewhat defines the potential 

consequences of culvert failure through using requirements to headwater level. 

The assessment methods used by SVV and Bane NOR are similar to the one used in the 

framework by Kalnes (2017) in the sense of comparing capacity and flood size. The comparison 

is, however, only between design culvert capacity and dimensioning flood and the culvert’s 

condition is only considered through qualitative assessments. Other flooding situations than the 

dimensioning is not explored, so that occurrence of flooding is only assessed in terms of more 

or less than what is accepted. Since only design capacity is considered, the only measure whose 
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effect can be modelled with respect to increasing capacity is replacement of the culvert. The 

methods thus provide little quantitative results that can be used to answer the scientific 

questions and in risk management, which further supports the choice of using Kalnes’ (2017) 

approach with fault tree analysis. 

3.1.1 Definition of culvert failure 

The definition of culvert failure by Kalnes (2017) is kept due to its reflection of a technical risk 

perspective and because its technical specification provides a way to estimate failure occurrence 

that accounts for most of the water-related culvert risks described in section 2.1.2. Except for 

formation of scouring holes due to large outlet velocities and piping due to water seeping in and 

out of cracks, all the risk deals with a rising of the headwater above certain levels. The two 

levels of failure provide a differentiation of the potential consequences of failure; the various 

risks that deals with water standing in front of the embarkment is covered in the flood-situation, 

and in the extreme-situation these risks are increased in addition to introducing overtopping of 

the road/railway.  

The only alteration of the definition is to the headwater level that gives critical capacity in the 

flood situation. For inlet-controlled culverts, the headwater can rise above the top of the culvert 

before the inlet is submerged (see section 2.5.2). The same headwater level will therefore not 

cause the water to take alternative paths and stand in front of the embarkment for inlet- and 

outlet-controlled culverts. Under the assumption provided by Norem et al. (2016) that inlet-

controlled culverts become submerged at headwater levels 1.2 times the culvert height, the 

headwater at critical capacity is increased to this level for inlet-controlled culverts to account 

for their residual capacity.  

Table 3.1 Definition of culvert failure with technical specification in a general context and at 

the two levels of planning. 

 Definition Technical specification 

 Culvert is not able to 

safely lead away water. 

Critical capacity (����,����) is exceeded. 

   
Level of planning  Additional definition Headwater level at critical capacity 

Flood-situation Water takes alternative 

paths. 

Inlet control: 1,2 times height (1.2�) 

Outlet control: Top of culvert (�) 

Extreme-situation Water takes unwanted 

alternative paths. 

Top of road/railway (
) 
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3.1.2 Construction of fault tree for culvert failure 

The fault tree by Kalnes (2017) is constructed to give the critical capacity for which a flood 

with a given return period can be compared to, and the framework can be used to predict failure 

occurrence by testing several flood-sizes. The omittance of the flood-element in the fault tree 

is somewhat flawed, since the failure definition refers to the event of exceedance of critical 

capacity which is an event that occurs in response to a flood. The fault tree should therefore 

include the flood-element, both to better reflect the failure definition and to avoid having to test 

several flood-sizes to find the occurrence of failure.  

Such an alteration calls for a separate construction of a fault tree instead of directly applying 

the one developed by Kalnes (2017). This is also to include elements uncovered in the 

investigation of exceedance of culvert capacity in section 2.2 that is not included in Kalnes’ 

fault tree. As the Fault Tree Handbook NUREG-0492 (Vesely et al., 1981) is one of the best 

sources for performing fault tree analyses, the directions and recommendation from this 

handbook is used to construct the fault tree for culvert failure: 

A fault tree consists of four basic elements: 1) The top event, which defines the system failure. 

2) Primary events; basic-, conditioning-, undeveloped- and external events, which don’t need 

to be further developed, 3) Intermediate events, who occur because of one or more causes that 

are linked through logic gates. 4) Logic gates, which links one or more input events to an output 

event. The OR-gate specify that the output event will occur if any of the input events occur, 

meaning they are specifications of the output event since causality never passes through OR-

gates. The AND-gate specify that the output event will only occur if all the input events occur, 

meaning they collectively cause the output event. The comprehensiveness of the fault tree is 

defined by establishing system boundaries. The external boundary is given by the definition of 

failure. The internal boundary is the limit of resolution used determined by the level of detail 

of the primary events which should reflect the quantity and quality of available data. This is 

both to be able to give results and to avoid a false sense of accuracy. The concept of failure 

effects, -modes and -mechanisms is central in the fault tree construction. Failure effects deals 

with the effect the failure, failure modes define why the effect occurs, and failure mechanisms 

gives how the mode can occur. Basic events are failure mechanisms that can also be a failure 

modes (Vesely et al., 1981). 

Using the concepts described above, the fault tree is deductively constructed. The top event of 

culvert failure has a definition that in itself presents the two events that cause it; the culvert has 

a critical capacity which occurs simultaneously as a flood larger than this capacity, and the two 
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are intermediate events linked with an AND-gate. A flood from the culvert’s catchment or a 

neighboring catchment are basic events in the form of both failure mechanism and -mode that 

linked with an OR-gate can give the effect of a flood larger than the capacity. The critical 

capacity is decided by the condition of the culvert and is initially divided into the culvert having 

design capacity or reduced capacity. The first is a basic event in itself and therefore both 

mechanism, mode and effect while the latter is an effect of multiple modes and their 

mechanisms. Downstream flooding, deterioration and blocking are all modes that connected 

with an OR-gate will give the effect of a reduced capacity. Downstream flooding and 

deterioration are both modes and mechanisms that are not further developed. Blocking is 

divided into three sub-modes connected with an OR-gate to separate the mechanisms according 

to which what part of the culvert they will give blocking in; inlet, outlet or barrel. Mechanisms 

behind blocking of culvert inlet is sediment accumulation at inlet, upstream slide, embarkment 

slide at inlet, wood lodging and ice breakup. Upstream slide is further specified according to 

the type of slide using an OR-gate; snow, soil or rock. Mechanisms behind blocking of culvert 

outlet is erosion by downstream river and embarkment slide at outlet. Mechanisms behind 

blocking of culvert barrel is sediment accumulation in barrel and icing, which will give an 

altered roughness in addition to the reduction in cross-sectional area. All the mechanisms are 

connected with OR-gates to their respective sub-mode. Note that some of the mechanisms under 

different sub-modes are similar which is a result of them not being extensively developed.  

The most common way to display the fault tree is through a diagram. Figure 3.1 is a diagram 

that displays the fault tree described above. The symbols used in the diagram represents the 

following elements of the fault tree: 

Basic event: circle  

Intermediate events: rectangle  

OR-gate: shield with curved base  

AND-gate: shield with flat base 
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Figure 3.1 Fault tree diagram for culvert failure displaying the logic of the constructed fault 

tree. Diagram is made with the online trail copy of SmartDraw.  
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3.2 The culvert failure prediction method 

The culvert failure prediction method is developed in this section using a selection of the 

different methods described in the theory and literature study, chosen with respect to the aim 

and purpose of the method. The level of complexity used is low, which reflects the aim of 

practicality, the available data and that the time constraints of the work only allows simple 

considerations of the many factors that are involved in the prediction.  

The culvert failure prediction method can be divided into three elements; application of fault 

tree for culvert failure, calculation of culvert capacity and calculation of flood return period. 

3.2.1 Application of fault tree for culvert failure 

The applied fault tree consists of modes and mechanisms whose effect can be modelled using 

simple methods. The two failure modes of deterioration and blockage of culvert outlet is 

therefore omitted in the applied fault tree because the literature study could not uncover how to 

model their effect on capacity using such methods. The choice of emitting deterioration is also 

expedient as it is an issue that falls under assessment of structural integrity rather than culvert 

capacity, as described in section 2.2.5.  

All the failure modes in the fault tree is treated as known inputs except for the flood from the 

culver’s catchment whose return period gives the occurrence interval of failure. This makes the 

application of the fault tree somewhat unconventional, where one can divide between a 

qualitative and quantitative application of the fault tree.  

The qualitative application of the fault tree is the evaluation of failure mechanisms. This 

application is used in investigation of recorded cases of culvert failure to uncover the causes of 

failure and in exploration of possible future cases of culvert failure to determine inputs for 

failure modes and the validity of failure occurrence estimations. In the exploration, it is 

important to consider the temporal aspect of the failure mechanisms and not only whether they 

can or cannot occur. This includes evaluating whether failure mechanisms can occur 

simultaneously as the exceeding flood and if the failure occurrence from flood return period is 

over- or under estimated with respect to the occurrence of other failure mechanisms.  

The quantitative application of the fault tree is finding failure occurrence by comparing flood 

and critical capacity with the given inputs for failure modes. Failure mechanisms are not 

included in this application unless they are also failure modes. To determine the capacity, the 

following inputs for the modes that leads to a reduced capacity is given; percentage of height 

blocked at the inlet, percentage of height blocked in the barrel and bed material and downstream 
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water level as percentage of height. Blocking of barrel gives an equal blocking of inlet if the 

latter is smaller than the former. If the inputs specify no reduction in capacity, the culvert will 

have a design capacity. The size of the flood from a neighboring catchment which is conveyed 

to the culvert through alternative floodways is given as an input in m3/s. In the extreme situation, 

the water can go into alternative floodways before overtopping occurs. This is not included in 

the fault tree but is added as an additional input when studying culvert failure in the extreme-

situation by giving the capacity of the alternative floodway in m3/s.  

Table 3.2 Inputs used in the quantitative application of fault tree for culvert 

failure that are determined through the qualitative application and evaluation 

of contributions from alternative floodways.  

Input Given as 

Blocked inlet % of height 

Blocked barrel % of height 

Bed material (sediments or ice) 

Downstream flooding level % of height 

Incoming discharge from alt. floodway m3/s 

Outgoing discharge to. alt. floodway m3/s 
 

 

3.2.2 Calculation of culvert capacity 

The failure definition and modelled modes of failure gives the four types of flow situations that 

should be modelled; submerged and unsubmerged inlet-controlled flow and pressurized outlet-

controlled with submerged and unsubmerged outlet. Since outlet-control with unsubmerged 

outlets where free-surface flow can occur requires complex calculations, it is assumed that the 

culvert is inlet-controlled unless downstream flooding is specified as an occurring failure mode. 

In this case, full barrel flow is modelled and compared to the capacity found with inlet control. 

All the failure modes must be considered for full barrel flow, while only blocking of inlet must 

be considered for inlet-controlled flow.  

The literature study in section 2.5 shows that there are several methods that can be used to 

determine capacity in the three flow situations. The choice of method is based on an aim of 

practicality; it should be applicable under different types of failure modes and without having 

to extensively specify the culvert configuration. It is, however, important to note that the choice 

is also largely based on subjective evaluations. To limit the extensiveness of the calculation, 

only a selected number of culvert configurations are considered, shown in Table 3.3.  
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Table 3.3 Culvert configurations considered  in capacity 

calculations. 

Cross sectional shape Circular 

Rectangular 

Entrance type Headwall with square edge 

Longitudinal shape Straight and uniform 

Material type Smooth 

Rough 
 

 

Inlet-controlled weir flow is modelled using the Froude number equation at the critical section 

in combination with Bernoulli’s energy equation under the assumption of no energy losses 

between the headwater and the critical section and no velocity in the headwater. This is referred 

to as the simplified Froude method from this point. The reason behind this choice is that the 

culvert-equations for weir flow described by French (1987) and Schall et al. (2012) are deemed 

too dependent on the specification of culvert configuration and followingly requires substantial 

amounts of input in addition to not being generally applicable for blocked culverts. Further, it 

is assumed that the simplified Froude method will give reasonably accurate results since the 

two assumptions will somewhat balance each other out; one underestimate losses and the other 

overestimates. The simplified Froude method consists of the usage of three equations. Eq. (1)  

and (2) are established using the relationship between velocity and discharge (� = ��), the  

Froude number at critical section (��� = ������,� = 1) and energy balance with no energy losses 

and no headwater velocity (��� = �� + ��� �). Eq. (3) is the hydraulic depth at critical section 

(French, 1987). Eq. (2) and (3) are used either through their direct relationship or by iteration 

to determine the hydraulic depth used in eq. (1) to find culvert capacity. 

� = !� �#�$,� (1) 

�$,� = 2 (���,& − ��) (2) 

�$,� = !�() (3) 

where � = Culvert discharge capacity [m3/s] !� = Flow area at critical section [m2] # = Gravitational acceleration [9.81 m/s2] 
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�$,� = Hydraulic depth at critical section [m] ���,& = Headwater depth referenced to open inlet (see Figure 3.2) [m] �� = Water depth at critical section [m] () = Width of free water surface at critical section [m] 

 

It is important to note that the headwater level used in eq. (2) is referenced to the open inlet 

height, which will decrease when the culvert is blocked as illustrated in Figure 3.2. This also 

applies for the assumption of when the transition to orifice flow occurs; the inlet becomes 

submerged when the headwater level is 1.2 times the open culvert height.  

 

Figure 3.2 Definitions of headwater depths and 

open and blocked inlet height. 

 

Inlet-controlled orifice flow is modelled using the culvert-equation for orifice flow described 

by French (1987) under the assumption that the discharge coefficients for square edge headwall 

can be applied for all culvert configurations and under blocked conditions. This is referred to 

as the orifice equation method from this point. The reason behind this choice is that the 

simplified Froude method will likely grossly underestimate entrance losses in this flow 

situation, and the culvert-equation for orifice flow by FHWA described by Schall et al. (2012) 

is deemed more depended on the specification of culvert configuration than the one provided 

by French (1987). The discharge coefficients for a square edge headwall provides a somewhat 

intermediate estimate of capacity with respect to other inlet configurations; flared ends or more 

rounded edges gives higher coefficients, projecting or flush inlets gives lower coefficients and 

wingwalls can give higher or lower depending on its angle. Culvert capacity is calculated using 

eq. (4) and interpolating discharge coefficients from Table 3.4 (French, 1987): 
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� = *+!� �2#���,& (4) 

where 

*+ = Discharge coefficient [-] !� = Cross-sectional area of inlet [m2] 

 

Table 3.4 Discharge coefficients for square edge 

headwall  where ,-./0,1 is the open inlet height 

(Bohaine cited in French, 1987). 2,3,-/,-./0,1 56 

1.4 0.44 

1.5 0.46 

1.6 0.47 

1.7 0.48 

1.8 0.49 

1.9 0.5 

2.0 0.51 

2.5 0.54 

3.0 0.55 

3.5 0.57 

4.0 0.58 

5.0 0.59 
 

 

Full barrel flow is modelled using Bernoulli’s energy equation together with equations for 

energy losses, referred to as the energy balance method from this point. Note that this is can 

only model downstream flood levels that are at the same or higher level than the culvert outlet 

roof. The equation described by French (1987) is chosen away mainly due to it being more 

complex and generally less used. Since only a straight and uniform barrel is considered, the 

energy losses that are calculated is entrance-, friction- and exit losses and other losses that occur 

are assumed negligible. It is further assumed that the headwater and tailwater has no velocity. 

The discharge is found using eq. (5), which is established from using the formulas for entrance- 

and exit loss as a function of velocity head (�7 = 87 �� � and �9 = �� �) and the Manning’s 

formula for friction loss (�: =  �;<�=>/?  �� �) together with energy balance between headwater and 

tailwater and the above assumptions. Eq. (6) defines the height difference between the 

headwater and tailwater (Schall et al., 2012).  
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� = !@A 2# ∆�1 + 87 + 2#CD 
E/F  (5) 

∆� = ��� + GC − �H� (6) 

where !@ = Cross-sectional area of barrel [m2] ∆� = Height difference between headwater- and tailwater level [m] 87 = Entrance loss coefficient [-] C = Length of culvert [m] D = Manning’s roughness coefficient [s/m1/3] 
 = Hydraulic radius of full flowing barrel [m] ��� = Headwater level referenced to bottom of culvert inlet [m] G = Slope of culvert [m/m] �H� = Tailwater level referenced to bottom of culvert outlet (given by downstream      

    flood level) [m] 

 

The entrance loss coefficient is dependent on inlet configuration and, as with discharge 

coefficient for orifice flow, a square edged headwall provides an intermediate value with respect 

to other configurations. It is therefore assumed that it provides a representative value. Blocking 

will increase the entrance loss coefficients, and following the recommendation in the NCHRP 

report (Tullis, 2012) a single value is used for all burial percentages. Entrance loss coefficients 

used in calculations is given in Table 3.5. 

Table 3.5 Entrance loss coefficients  for square edged headwall 

for open culverts (Schall et al., 2012), blocked pipe culverts 

(Tullis, 2012) and blocked box culverts (Norem et al., 2016). 

 Open culvert Blocked culvert 

Box culverts 0.5 0.65 

Pipe culverts 0.5 0.55 
 

 

Manning’s roughness coefficients are given in several sources and its specification according 

to material, age, shape and size of the culvert can be extensive. Such information will not be 

provided, and it is therefore expedient to use typical values to not give a false sense of accuracy. 

Typical values for rough and smooth materials provided by Schall et al. (2012) is  used, shown 
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in Table 3.6. With respect to the most common culvert materials, the smooth Manning’s number 

is assumed to apply for culverts in concrete and plastic and the rough for culverts in corrugated 

metal and masonry.  

Table 3.6 Manning’s n values  for rough and smooth culvert materials and bed 

material of sediments (Schall et al., 2012) and ice (White, 1999).  

 Material Manning’s n value 

Culvert Smooth (concrete, plastic) 0.012 

Rough (corrugated metal, masonry) 0.024 

Bed (blocking) Sediments (gravel and cobbles) 0.040 

Ice (smooth ice cover) 0.010 
 

 

Altered bed roughness for a blocked barrel is modelled by using a composite roughness in the 

discharge eq. (5). The Manning’s n value used for the bed-materials is given in Table 3.6. They 

originate from studies of natural streams, and therefore the lower range value provided by 

Schall et al. (2012) for gravel and rubble and by White (1999) for ice covers is used as it is 

assumed that the roughness will be somewhat lower than what will occur naturally in streams. 

The composite roughness is found using the mean velocity assumption method developed by 

Horton (Tullis, 2012): 

D� = IJ�KLMD�KLMF/ + J@7ND@7NF/ J O /F
 (7) 

where D� = Composite Manning’s n value [s/m1/3] J = Total wet perimeter [m] J�KLM = Wet perimeter of culvert material [m] D�KLM = Manning’s n value of culvert material (smooth or rough) [s/m1/3] J@7N = Wet perimeter of bed material [m] D@7N = Manning’s n number of bed material (sediments or ice) [m1/3/s] 

 

Several geometric parameters are presented in these methods; flow-, inlet- and barrel area, open 

height, hydraulic width, hydraulic radius and wetted perimeter. Their equations as a function of 

degree of blocking together with illustrations for box and pipe culverts are given in Appendix 

A. 
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3.2.3 Calculation of flood return period 

The flood return period is found through performing backwards flood-calculations. The 

literature study in section 2.4 shows that there are four flood estimation methods used in 

Norway for small ungauged catchments; local frequency analysis, the NIFS formulae, PQRUT 

and the rational method. 

The NIFS formula is used as the only method, mainly due to it being the one with least 

requirements to input data. Only three catchment parameters are required and there is no need 

to evaluate data from gauging stations, making it possible to perform calculations without 

extensive hydrological knowledge. Local frequency analysis is chosen away solely due to the 

extensive process of finding and scaling from a representative gauged catchment. The rainfall-

runoff methods are chosen away due to two main reasons. The first is that they require 

precipitation data, which can be sparse in several areas. This introduces an acquirement and 

evaluation of data that is not needed in the NIFS formula. The second reason is that they will 

require the construction of a hyetograph, making the backwards calculations to find flood return 

period more complex. A hyetograph is only required for PQRUT, but due to the catchment size 

constraints of the rational method, PQRUT would have to be applied alone or in combination 

with the rational method to perform flood calculations. Further, the rainfall-runoff methods 

assume that a rainfall event with a certain return period will result in a flood with the same 

return period. This assumption is relatively sound with respect to rainfalls-events usually 

leading to the larger floods in small catchments, but there is still uncertainty connected to it 

which is avoided by using the NIFS formula. The main assumption made when using the NIFS 

formula is that the catchment in question has a low degree of regulation and urbanization.  

The two equations that make up the NIFS formula is given below; growth curve given by eq. 

(8) and mean annual flood given by eq. (9) The constant used in the equation for growth curve 

is given by eq. (10) (Stenius et al., 2015). The return period is found by solving eq. (8) with 

respect to return period, whose belonging flood size is given by the culvert capacity and the 

contributions from alternative floodways. All the other variables can be determined 

independently since they are either catchment parameters or functions of them. 

�H�P = 1 + 0.308 TUVW.XFYZΓ(1 + 8)Γ(1 − 8) − (( − 1)V\]8  (8) 

�P = 18.97 Z0.001 TU !]W.`aE bVW. cX ��de (9) 
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8 = −1 + 21 + bW.FfXgX.cE �de/XWW (10) 

where �H = Flood with return period T [m3/s] �P = Mean annual flood [m3/s] TU = Mean specific runoff in the period 1961-90 from runoff map [l/s∙km2] Γ = The gamma-function 8 = Constant ( = Return period [years] ! = Catchment area [km2] !hi  = Effective lake percentage [%] 

 

The possible effect of climate- and land cover change on the incoming flood is important to 

consider when studying culvert failure in the future. The literature study in section 2.4.3 shows 

that there are several methods for modelling their effect, but most of them have a higher 

complexity than what is aimed for in this work and are difficult to apply in the backwards 

applications of the NIFS formula. The usage of percentages of change in flood size is therefore 

applied to model their effect, following the general approach used in climate change adaption 

planning. Since the NIFS-formula is based on regression of historical values, the flood size is 

divided by the factor of change given by eq. (12). Eq. (11) gives the flood size whose return 

period is sought after and is used in eq. (8). 

�H = ���� + ��L�,&K� − ��L�,�<j�$�<�7  (11) 

j�$�<�7 = 1 + j�L�k��7100 + j�&M7�100  (12) 

where ���� = Critical capacity of culvert [m3/s] ��L�,&K� = Outgoing water to alternative floodways (zero in flood-situation) [m3/s] ��L�,�< = Incoming water from alternative floodways [m3/s] j�$�<�7 = Factor of change [-] j�L�k��7 = Change in flood due to climate change [%] j�&M7� = Change in flood due to land cover change [%] 
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3.2.4 Summary of method 

The culvert failure prediction method will give the return period of the exceeding flood 

according to the failure definition’s requirements to the headwater level in both the flood- and 

extreme situation for a given culvert. It can model the effects of the failure modes blocking of 

inlet, blocking of barrel and downstream flooding, the effect of contribution of alternative 

floodways and the effect of land cover- and climate in terms of a general change in flood size 

through giving inputs. 

It has two types of applications of the fault tree for culvert failure; a qualitative and a 

quantitative application. The qualitative application is the evaluation of failure mechanisms that 

shall result in inputs used for failure modes, including contributions from alternative floodways. 

The quantitative application is the comparison between flood and critical capacity to give return 

period of the exceeding flood, using the inputs for failure modes and alternative floodways and 

inputs for land cover- and climate change.  

Table 3.7 Methods for calculating culvert capacity and flood return period  and their assumptions. 

Flow 

situation 

2,3 

(situation) 

Method Equations 

and tables 

Assumptions 

Weir 1.2 � (flood) Simplified 

Froude 

Eq. (1), (2) 

and (3)  

No energy losses. 

No headwater velocity. 

Orifice 
(extreme) Orifice 

equation 

Eq. (4) and 

Table 3.4 

Discharge coefficient for square edge 

headwall is representative. 

Full barrel  

(downstream 

flooding) 

� (flood) 

and  
(extreme) 

Energy 

balance 

Eq. (5), (6) 

and (7) and 

Table 3.5 

and 3.6 

Only entrance-, friction- and outlet 

losses. 

No head- or tailwater velocity. 

Square edge headwall is representative. 

Manning’s n values are representative. 

     
Flood return period NIFS-

formula 

Eq. (8) 

through (12) 

Low degree of regulation and 

urbanization. 
 

 

Culvert capacity is calculated under the assumption that the culvert is inlet-controlled unless it 

is specified that the failure mode of downstream flooding occurs. In that case, full barrel flow 

is modelled and compared to the capacity for inlet control. Consequently, the capacity will be 

given by modelling weir flow in the flood situation and orifice flow in the extreme situation if 

downstream flooding does not occur and by the smallest capacity given by inlet control and 

outlet control with full-barrel flow if downstream flooding occurs. Table 3.7 gives a summary 

of the methods used for the three flow situations and their assumptions, and the headwater level 

which the calculations are performed for to give critical capacity. The flood return period is 

calculated using the NIFS formula with altered flood-size according to inputs for changes in 
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flood due to land cover- and climate change. Assumptions under this formula is also given in 

Table 3.7. 

The method relies on giving inputs for calculations, which is divided between necessary and 

explorative data. The necessary data must be given in order to drive the method, while the 

explorative data can be given when exploring culvert failure. Table 3.8 gives an overview these 

data according to which calculation they belong to. Table 2.2 shows that the necessary data 

about culvert configuration can be largely found in the national databanks NVDB and BaneData 

using Vegkart and Banekart. The exception is length, slope and cover height, where estimated 

or assumed values may have to be used. The necessary data about the catchment can be 

extracted from the catchment-generation service NVE Nevina if the catchment can be placed 

on the defined river network or by other means if this is not possible. The explorative data that 

deals with capacity and contribution from alternative floodways cannot be determined exactly 

without field studies and must therefore be given based on a floodway analysis or evaluation. 

Table 3.8 Necessary and explorative input data for inlet-controlled flow calculations and flood 

return period calculations and additional data that must be specified if modelling outlet-

controlled flow due to downstream flooding. 

Calculation Necessary data 

Capacity 

(culvert configuration input) 

Shape (box or pipe) 

Diameter / width and height [m] 

Cover height [m] 

Flood return period  

(catchment parameters input) 

Mean specific runoff in period 1961-90 [l/s∙km2] 

Area [km2] 

Effective lake percentage [%] 

Calculation Explorative data 

Capacity Blocked inlet [% of height] 

Blocked barrel [% of height] 

Flood return period Outgoing water to alt. floodways [m3/s] 

Incoming water from alt. floodways [m3/s] 

Change in flood due to climate change [%] 

Change in flood due to land cover change [%] 

Type of data Additional data if modelling downstream flooding 

Necessary data for outlet control 

capacity calculation 

Length [m] 

Slope [m/m] 

Material (rough or smooth) 

Explorative data Downstream flooding level [% of height] 

Bed material that blocks barrel (sediments or ice) 
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The logic of the method is more apparent when applied in a stepwise manner; 

1. Qualitative application of fault tree 

- Establish possible failure mechanisms and their resulting inputs for failure modes, 

including contributions from alternative floodways. 

2. a) Calculation of culvert capacity if downstream flooding does not occur 

- Flood situation: Critical culvert capacity is given by weir flow with headwater level 

referenced to open inlet ���,& = 1.2 �&�7<,� where �&�7<,� is the open inlet height. 

- Extreme situation: Critical capacity is given by orifice flow with headwater level ��� = 
, where 
 is the culvert height plus cover height. 

2. b) Calculation of culvert capacity if downstream flooding occurs 

- Flood and extreme situation: Calculate critical capacity for full barrel flow with 

headwater level ��� = �  in the flood situation and ��� = 
  in the extreme 

situation and a tailwater level given by the downstream flooding level; �H� = � ∙%noppq where %noppq is minimum 100%. 

- Compare capacity with the one given by inlet control – the smallest gives the final 

critical capacity. 

3. Calculation of flood return period 

- Flood size is given by critical culvert capacity and the contributions from alternative 

floodways. If climate- and land cover changes are considered, establish the change 

in flood in percent and adjust the flood size with the resulting coefficient of change.  

- The calculated belonging return period is the output of the method for predicting 

culvert failure. 

3.3 The Excel workbook “Culvert Failure Prediction” 

Microsoft ® Excel is a well-known program that many are familiar with and contains many 

built-in functions for data analyses. Since all the calculations in the culvert failure prediction 

method can be performed with Excel, it is deemed expedient to code the method in an Excel 

workbook to make it as practically applicable as possible. This section deals with the creation 

of the Excel workbook “Culvert Failure Prediction”, which is the encoded version of the culvert 

failure prediction method. The workbook is also tested to make sure that it does not contain any 

bugs and that the methods behind the prediction provides reasonable results.  
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3.3.1 Creation of the Excel workbook 

The Excel macro-enabled workbook “Culvert Failure Prediction” is created with the aim of 

being applicable for a user that has not read this work nor has extensive familiarity to hydraulic 

and hydrologic calculations. It contains three worksheets. The first is “Inputs and Results”, 

which is where the user specifies inputs with the help of color-coded cells and provided input-

, error- and warning messages. A screenshot of this worksheet is given in Figure 3.3. 

 

Figure 3.3 Screenshot of worksheet “Inputs and Results”. 

 

Results are provided in the same worksheet by clicking on a macro-assigned textbox, which 

extracts computational results from the two worksheets “CAPCALC” and “RETURNCALC”. 

Even though the return period is the main result, the critical capacity of the culvert is also given 

since it provides an important context for the calculations. The worksheet “CAPCALC” 

performs critical capacity calculations according to the inputs given while the worksheet 
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“RETURNCALC” calculates the resulting return period of the exceeding flood, both using the 

methods described in the previous sections. The screenshots of the worksheets with example 

values are given in Appendix B. 

3.3.2 Testing of Excel workbook 

There are two types of tests the Excel workbook “Culvert Failure Prediction” should go through 

before being used in a case study. The first is a bug test to make sure that the workbook provides 

expected results and does not contain faulty coding. The second is an uncertainty test to ensure 

that the methods chosen for estimating capacity and flood provides reasonable results. Both 

types of tests are included in this study, but the uncertainty test is limited to only testing 

calculation of design capacity. The uncertainty in the flood estimation is known to be between 

0.5 to 2 times the T-year flood (see Table 2.1), which is deemed tolerable and is therefore not 

further investigated. There is a lack of available data to test the estimation of capacity when the 

culvert is blocked and changes in flood due to climate- and land cover change. An uncertainty 

test on these elements are therefore not included since there is a scarcity of time to acquire such 

data. The results from the bug test and the test on design capacity are given in Appendix C. 

The bug test is performed by varying input values and comparing the resulting outputs for return 

period from the workbook with expected trends and outcomes. A base case with set values for 

input data is established so that the response to variations in a certain input can be dedicated to 

only that input. This dedication can be done for all inputs except length, whose variation gives 

a response that depended on the other inputs. For all inputs, the workbook provided expected 

results. The bug test is deemed adequately extensive and, as it provided expected results, it is 

therefore assumed that the workbook performs as it should. 

The uncertainty test on design capacity is done through comparing open capacity estimations 

from the workbook with capacities read from nomograms in FHWA’s Hydraulic design of 

highway culverts (Schall et al., 2012). Since the values are read it is important to note that some 

of the values and consequently the test results may not be entirely accurate. Box and pipe 

culverts with both inlet and outlet control are tested for sizes up to 2.5 m. The headwater level 

is set to 1.2 times culvert height to test weir flow and 3 times height to test orifice flow and a 

water level difference of 2 m is used to test full barrel outlet control. Figure 3.4 shows plots of 

the results, and the deviation varies between -47% to +7% with respect to the nomogram 

capacity. The largest deviations occur for inlet control, which generally decreases as size 

increase. This deviation may be due to imprecise readings of nomogram values but may also 

indicate that the methods chosen to model inlet control may overestimate capacity as the 
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deviation is negative. The method used for outlet control provides relatively accurate results. 

The deviations are deemed tolerable as the level of complexity used is low to reflect the aim of 

practicality, and followingly no changes in methods for calculating culvert capacity is done.  

 

Figure 3.4 Results of uncertainty test on design capacity where deviation in capacity is given as 

a percentage of the capacity extracted from nomograms.  

 

As the workbook passes both the bug test and uncertainty test on design capacity, it can be used 

in case studies with the understanding that the uncertainties can be large and that some of 

methods behind the prediction have not been tested. 

3.4 Presentation and preparation of case study 

Soknedal is a town in Mid-Norway placed in the southern part of the county Trøndelag. The 

railway line Dovrebanen and the European route E6, both highly trafficked and important 

infrastructures in Norway, goes through the town along the rivers Sokna and its tributary Ila, 

which belongs to the Gaula river system. The rivers have numerous smaller tributaries and their 

sides are in certain areas very steep and landslides are known to be common in the area. The 

stretch of Dovrebanen that goes through Sokendal is old and many of the culverts that were 

installed during its construction in 1919 still stands.  

This work looks further into a case study performed by Vauclin (2017) on eight cases of culvert 

failure in Soknedal that lead to damages on Dovrebanen. The location and belonging 

catchments of the culverts is shown in Figure 3.5. Vauclin modelled 200-year flood peaks with 

the parsimonious rainfall-runoff model DDD (Distance Distribution Dynamics), the rational 

method and the NIFS formula and compared the values with design capacity-estimation 

provided by Bane NOR. She found that none of the culverts are under-dimensioned, indicating 

that their capacity was reduced when failure occurred. This is an interesting conclusion that is 

expedient to dwell further into using the culvert failure prediction method developed in this 

work.  
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Figure 3.5 Location and catchments to culverts/damage points  where Dovrebanen is 

marked with a dotted line - from Use of a parsimonious rainfall-runoff model for flood 

peak modelling in small ungauged catchments in Norway (Vauclin, 2017). 

 

Before the case study can be performed, the inputs for the culvert failure prediction method 

must be established. This is done in the preparation of the case study shown in this section. The 

necessary input data is first established in the presentation of the study area, both for the culverts 

and their catchments. The first scientific question deals with occurrence of failure under 

possible failure modes, thereby requiring an evaluation of failure mechanisms to establish 

inputs used for failure modes. In this evaluation, the first step in the culvert failure prediction 

method is used with the qualitive application of the fault tree. The second scientific question 

deals with the effects of climate – and land cover change, which requires an evaluation to 

determine the inputs used for changes in flood and alteration in the inputs for failure modes.  
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The third and last scientific question deals with reducing the occurrence of failure to an 

acceptable level. Since the culvert failure prediction method is aimed to be used for risk 

assessments in Norway, Bane NOR’s risk acceptance criterion as described in section 2.1.3 is 

used; the dimensioning flood has a return period of 200 years. This gives that culvert failure 

can occur with an accepted return period of 200 years, which is used for both the flood- and the 

extreme situation.  

Following the establishment of inputs is a presentation of the structure of the case study, which 

is the last element in the preparation of the case study. This presentation deals with how the 

Excel worksheet “Culvert Failure Prediction” is used to provide results that answers the 

scientific questions through establishing three analyses. 

3.4.1 Study area – culverts and catchments 

Vauclin (2017) named the eight culverts damage points DP3 to DP10, and their location and 

catchments are shown in Figure 3.5. Vauclin has extracted the catchment parameters necessary 

for performing flood-calculations with the NIFS-formula for these catchments, which is further 

used in this work. The catchments are delineated with NVE Nevina or using the tool QGIS for 

those that Nevina didn’t work for, and the result can be seen in Figure 3.5. The mean specific 

runoff in the period 1961-90 is extracted from Nevina directly or from neighboring catchments. 

Land cover data is also extracted and is presented in Table 3.9 for each of the catchments along 

with the necessary catchment parameters inputs. 

Table 3.9 Catchment parameter inputs and land cover data used in case study  for the eight 

culverts, where MSR stands for mean specific runoff - from Use of a parsimonious rainfall-

runoff model for flood peak modelling in small ungauged catchments in Norway (Vauclin, 2017). 

Culvert/ 

catchment 

Catchment parameters Land cover [%] 

Area [km2] MSR 

[l/s∙km2] 

Eff. lake 

perc. [%] 

Forest Cultivated Marshes 

DP3 0.4000 19.6 0 81 9.5 9.5 

DP4 0.2000 17.9 0 50 50 0 

DP5 0.1432 17.9 0 35 65 0 

DP6 0.0626 17.9 0 19 81 0 

DP7 0.1400 17.9 0 51 49 0 

DP8 0.1108 17.9 0 51 43 6 

DP9 0.0659 17.9 0 18 82 0 

DP10 2.1900 17.9 0 35 20 45 
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The necessary culvert configuration inputs that needs to be found depends on whether 

downstream flooding is modelled or not. A quick overview of the data available in Banekart 

for the eight culverts shows that length is not given for any of them and that the given slope-

values are most likely specified wrong. Further, it is difficult to provide estimations of these 

values from maps as most of the outlets are difficult to locate. A quick look at a caution map 

for flood in NVE Atlas shows that only culvert DP10 may be exposed to downstream flooding 

as the others lie too high up on the steep sides of the rivers. Consequently, only culvert 

configuration inputs necessary for inlet control calculations are provided for seven out of the 

eight culverts. For culvert DP10, the outlet can to some extent be located by looking at satellite-

pictures. Its length and slope are estimated using a height profile tool in the map solution 

Høydedata that contains a detailed height model. The created height profile is shown in Figure 

3.6.  

 

Figure 3.6 Height profile for culvert DP10 created in Høydedata to estimate length and slope. 

 

The extracted culvert configuration input data from Banekart is shown in Table 3.10 along with 

the estimated length and slope data for culvert DP10. Culvert DP9 is lined with a plastic pipe, 

and it’s the dimension of this pipe that is given. Culvert DP10 has a somewhat unconventional 

configuration as its inlet-section is an arch in masonry and its outlet-section is a pipe in concrete. 

Since the culvert failure prediction method cannot be used on arch culverts, it is specified as a 

pipe culvert in concrete.  
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Table 3.10 Culvert configuration input used in case study  for the eight culverts, including 

additional data for DP10 to model downstream flooding.  

Culvert Shape Height [m] Width [m] Cover height [m] 

DP3 BOX 1.8 1.2 11 

DP4 PIPE 1.2 1.2 13 

DP5 PIPE 1.0 1.0 16 

DP6 BOX 0.6 0.6 8 

DP7 BOX 0.8 0.6 7 

DP8 BOX 0.9 0.6 4 

DP9 PIPE 0.6 0.6 4 

DP10 PIPE 2.0 2.0 13 

     
Additional data to model downstream flooding 

Culvert Length [m] Slope [m/m] Material 

DP 10 80 0.17 CONCRETE 
 

 

3.4.2 Evaluation of failure mechanisms and -modes 

To establish the inputs used for failure modes, an evaluation of possible failure mechanisms 

and contributions from alternative floodways is performed. The failure mechanisms that can 

lead to blocking is first discussed, then the contribution from alternative floodways and finally 

downstream flooding. The inputs values are chosen to reflect the explorative use of the culvert 

failure prediction method and are therefore largely based on subjective evaluations. 

Blocking of the inlet and barrel due to sediment accumulation is evaluated through looking at 

soil maps in NVE Atlas. The culverts whose catchments has thick layers of soil are considered 

to be exposed to sediment accumulation, which Table 3.11 shows applies for all the culverts. 

As to the degree of blocking, it is assumed that the inlet can become more blocked than the 

barrel. This is due to that the stream channels generally flattens out when approaching the 

culvert inlets, so that most of the sediments will be deposited at the inlet. As there is little 

information to evaluate whether the culverts are self-cleansing, it is assumed that none of them 

are. It is therefore used a degree of blocking up to 80% at the inlet and up to 50% in the barrel 

for the culverts exposed to sediment accumulation.  

Blocking of the inlet due to slides can give a complete blocking. To evaluate whether slides can 

occur, the caution maps for soil- and debris slides, rock slides and avalanches in NVE Atlas is 

used. For the culverts whose inlet is placed within a slide zone, an inlet blocking up to 100% is 
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considered. Table 3.11 shows which of the eight culverts are placed in such zones. Blocking of 

the inlet due to slides from the embarkment is difficult to directly evaluate since the type of 

inlet is not given for the eight culverts. A conservative assumption that the inlet may become 

up to 50% blocked by slides from the embarkment is therefore used for all culverts.  

Table 3.11 Culverts exposed to sediment accumulation, slides and lodging by wood shown by 

whether they are in thick soil layer zones and slide zones and they have a debris rack. 

Culvert/ 

catchment 

Catchment 

in thick soil 

layer zone? 

Inlet in slide zone? Culvert has 

debris rack? 
Soil- and 

debris 

Rock Snow 

DP3 YES YES NO YES NO 

DP4 YES YES NO NO NO 

DP5 YES YES NO YES NO 

DP6 YES NO NO NO NO 

DP7 YES NO NO NO NO 

DP8 YES NO NO NO NO 

DP9 YES YES NO NO NO 

DP10 YES YES NO NO NO 
 

 

The data in Banekart for the eight culverts contains information about whether the culverts are 

installed with a debris rack. As Table 3.11 shows, none of the culverts are. It is therefore 

assumed that blocking of the inlet due to lodging of wood is to be expected to occur for all 

culverts. as there are trees in all of the inlet-zones. As with accumulation of sedimentation, a 

degree of blocking up to 80% is considered.  

There is little information to evaluate whether the culverts have ice-problems, but since 

Soknedal is an area with cold winters it is something may likely occur. Since the streams are 

generally small and the catchments have no lakes, it is assumed that blocking of the inlet due 

to ice breakup will not occur. Icing, however, should be considered. A conservative assumption 

that all the culverts may have a blocked barrel is therefore used, where a degree of blocking up 

to 80% is used.  

To summarize, the inputs used for blocking of inlet is up to 80% for culverts that are not in 

slide-zones and up to 100% for those that are in such zones. The degree of blocking of barrel is 

up to 50% when considering blocking by sediments and 80% when considering blocking by 

ice, which are considered for all culverts.  
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The contribution of alternative floodways is difficult to evaluate without performing a floodway 

analysis. Since no such analysis is already performed and available, this is not used in this work. 

It is assumed that the culverts have no contribution from alternative floodways since they are 

placed with relatively long distances between other upstream and downstream culverts. 

However, the quick overview of available data in Banekart shows that some of the culverts 

have extra floodways installed, whose contribution should be considered. There is little 

information about the capacity of these floodways. It is therefore assumed that they are culverts 

with a capacity equal to the design capacity of the culvert they are installed with, which is found 

from the flood situation estimation given by the Excel workbook “Excel Failure Prediction”. 

Table 3.12 gives which of the culverts that has such extra floodways, and the belonging 

calculated capacity. 

Table 3.12 Culverts with extra floodways and their capacity. 

Culvert DP3 DP4 DP5 DP6 DP7 DP8 DP9 DP10 

Extra 

floodway? 
NO YES YES NO NO NO NO NO 

Capacity 

[m3/s] 
0 2.947 1.868 0 0 0 0 0 

 

 

Downstream flooding is already established to not occur for any the culverts except DP10. By 

looking at the downstream terrain, the flood caution map and using the height-profile created 

to estimate the length and slope of DP10, a maximum downstream flooding level of 400% of 

the culvert height is estimated as a level that may occur. 

The inputs given for degree of blocking and downstream flooding level are maximum values. 

Inputs up to these values are analyzed to reflect the explorative use of the culvert failure 

prediction method. It is also done to give a context to the occurrence estimation, as the more 

severe conditions may have a lower probability to occur.  

3.4.3 Evaluation of effects of climate- and land cover change 

The potential effects of climate- and land cover change is modelled in the culvert failure 

prediction method by providing inputs for changes in flood and by altering inputs given for 

failure modes. The inputs used in the case study is based on the following evaluation. 

The change in flood size due to climate change is provided by the recommendations given by 

Lawrence and Hisdal (2011); a 20% increase should be considered for all catchments smaller 

than 100 km2 in Trøndelag. As for land cover, the change in flood depends on the land cover 
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that replaces the existing one. Table 3.9 shows that the existing land cover in the catchments is 

largely forests and cultivated land, and it is therefore interesting to explore the consequences of 

urbanization in the area. To provide an estimate of the increase, discharge coefficients given by 

SVV (2014c) is used; forests and cultivated land has a discharge coefficient of 0.2-0.5 and 

asphalt and other impervious surfaces of 0.6-0.9. An intermediate estimate of increase in 

coefficient of 0.5 is chosen, which is assumed to lead to an increase of 50% in flood due to land 

cover change that follows urbanization.  

The theory investigated in section 2.3.2 shows that the effects of climate- and land cover change 

on the failure mechanisms depends on existing conditions and can lead to both an increase and 

a decrease in the occurrence and severity of the failure mechanisms. It is assumed that the 

changes lead to an increase, as this is more interesting to look at from a risk management 

perspective. However, since the inputs established for the failure modes are very explorative, it 

is deemed expedient to not directly consider these effects in the calculations and rather keeping 

in mind that the probability for the more severe states of the failure modes to occur has 

increased.  

3.4.4 Structure of case study 

The structure of the case study reflects the scientific questions and the outcomes from the 

evaluation of failure mechanisms and -modes and of the effects of climate- and land cover 

change, both in terms of what is analyzed and how it is done.  

The evaluation of failure mechanisms and -modes shows that downstream flooding only needs 

to be considered for one of the culverts (DP10). Consequently, only capacity with assumed inlet 

control is calculated for the other culverts where blocking of inlet is the only failure mode that 

has an impact. Since blocking of the barrel gives the same blocking of the inlet, a differentiation 

of the two is not used. This calculation is also performed for the culvert DP10 to analyze 

blocking when the outlet is not submerged. The return period is found for blocking degrees with 

10% intervals up to 100%, where it is noted which of the culverts have a maximum blocking of 

80%. This is called the inlet block analysis from this point. 

For DP10, a separate analysis is performed when modelling downstream flooding. The response 

in return period of a rising downstream water level up to the maximum of 400% with no 

blocking is first analyzed followed by the response to blocking up to 100% for downstream 

flooding levels of 100% and 400%. Blocking by both sediments and ice is analyzed, and its 

noted that maximum blocking by sediments is 50% and ice is 80%, These are compared to the 
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outputs for the inlet block analysis to determine whether downstream flooding has a limiting 

effect. This is called the downstream flood analysis from this point.  

The effects of climate and land-cover change on flood is considered in both the analyses, where 

four cases are established; no change, climate change (20% increase), land cover change (50% 

increase) and both changes. The return period for different blocking degrees is found for all 

four cases in the inlet block analysis while only for increasing downstream flood level in the 

downstream flood analysis.  

For the culverts whose inlet block analysis shows that a return period below the acceptable of 

200 years can occur, the degree of blocking that gives a return period of 200 is found. The value 

is found through performing goal seeking on the failure return period in the Excel workbook 

“Culvert Failure Prediction” with respect to blocked inlet height. This is done for all the cases 

of change in flood. The resulting degree of blocking indicates the maximum that is acceptable, 

which is compared to the blocking degree of 20% set by Bane NOR and SVV to define the 

maximum before measures must be taken (see section 2.1.3). This is called the acceptable level 

analysis from this point. The results from the analysis for each of the eight culverts are 

compared to uncover which of the culverts are most vulnerable to blocking and changes in 

flood. The acceptable level analysis is not performed on the results from the downstream flood 

analysis as it cannot be compared to other results.  

The three analyses provide the results to answer the scientific questions; the inlet block analysis 

and downstream flood analysis gives the occurrence of failure under the possible failure modes. 

The acceptance level analysis provides the maximum allowed degree of blocking and the 

associated possible failure mechanisms that needs to be addresses to uphold the accepted level. 

The effects of climate- and land cover change is incorporated in all the analyses through the 

cases of change in flood and by keeping in mind that the probability for the more severe states 

of failure modes to occur has increased.  
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4 Results 

The results from the inlet block analysis, the downstream flood analysis and the accepted level 

analysis described in section 3.4.4 are presented in this chapter, including observations that are 

deemed interesting. The chapter ends with a short summary of the results to provide a more 

direct answer to the scientific questions.  

4.1 Results from inlet block analysis 

The result from the inlet block analysis is the outputs from the Excel workbook “Culvert Failure 

Prediction” for increasingly degree of blocking for each of the eight culverts. Graphical 

presentations of the results are shown in the following figures, while the entirety of the results 

is given in Appendix D.1. The graphs show the failure return period as a function of blocking, 

where a logarithmic scale for the return period is used as it provides a more informative 

presentation of the results that span over several orders of magnitude.  

The results for culvert DP3 is shown in Figure 4.1. When the culvert is open, the return period 

is in the order of millions in the flood situation and in billions in the extreme situation. As the 

degree of blocking increases, the return period rapidly decreases until reaching zero for 

complete blocking. However, to get the failure return period below a thousand, the blocking 

degree must be around 70% in the flood situation and higher than 90% in the extreme situation. 

This is due to that the rate of change is larger for lower degrees of blocking than higher, as 

illustrated in Table 4.1.  

Table 4.1 Rate of change for culvert DP3 in the flood situation. 

Inlet block [%] 10 20 30 40 50 60 70 80 90 

Rate of change [years/%] 433935 206207 89470 34567 11462 3080 609 74 4 
 

 

The effect of changes in flood due to climate- and land cover change for culvert DP3 is a 

decrease in return period. The case of both changes gives naturally the largest decrease, but this 

decrease is smaller than the one for the climate- and land cover change combined. At for 

example 80% blocking, the decrease in return period in the flood situation due to both changes 

is 36 years while the decrease due to climate- and land cover change alone is 23 and 33 years. 

Further, as the rate of change is smaller for higher degrees of blocking so is the decrease in 

return period due to changes in flood. The decrease in return period in the flood situation due 

to climate change at for example 60% blocking is 4139 years, but at 80% it is 23 years.  
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Figure 4.1 Culvert failure return period for culvert DP3 as a function of blocking in the 

flood- and extreme situation for the four cases of change in flood; no change, climate 

change (+20%), land cover change (+50%) and both changes. A logarithmic scale is used 

for the return period, and the accepted occurrence of failure of 200 years is marked with 

a dotted line. 
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The results for the other culverts are very similar to those for culvert DP3 and will therefore not 

be extensively presented. The results are shown in Figure 4.2, where the graphs have the same 

axis bounds and -units and legend as the graphs for culvert DP3 in Figure 4.1. The largest 

difference is for the culverts DP4 and DP5 in the extreme situation. The return period never 

reaches below 200 years, which is due to the contribution from the extra floodways that gives 

a return period at complete blocking equal to the return period in the flood situation when the 

culverts are open. Culverts DP6, DP7 and DP8 have a maximum blocking degree of 80% as 

they are situated outside slide-zones, which is marked in their graphs. Consequently, their 

smallest return period is not zero as the other culverts, but below 5 years and down to 1 year in 

the flood situation for some of the cases of changes in flood. 

DP4 

Flood situation Extreme situation  

DP5 

Flood situation Extreme situation  

 

DP6 

Flood situation 

 
 

 

Extreme situation  

 

 

max max 
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DP7 

Flood situation 

 

Extreme situation  

 

DP8 

Flood situation  

 

Extreme situation  

 

DP9 

Flood situation 

 

Extreme situation  

 

DP10 

Flood situation 

 

Extreme situation  

 

 

Figure 4.2 Culvert failure return period for culverts DP4 to DP10 as a function of blocking in 

the flood- and extreme situation for the four cases of change in flood; no change, climate change 

(+20%), land cover change (+50%) and both changes. A logarithmic scale is used for the return 

period, and the accepted occurrence of failure of 200 years is marked with a dotted line. 

max max 

max max 
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4.2 Results from downstream flood analysis 

The result from the downstream flood analysis is the outputs from the Excel workbook “Culvert 

Failure Prediction” for culvert DP10 where downstream flooding is modelled. Some of the 

results are presented, including a graphical presentation of the response to blocking of the barrel 

by sediments and ice with a logarithmic scale for the return period. The entirety of the results 

is given in Appendix D.2.  

The first element in the analysis is the response to a rising downstream water level with no 

blocking. A comparison with the results from the inlet block analysis shows that downstream 

flooding has no limiting effect, as the outputs are the same even up to a 400% downstream flood 

level.  

 

Figure 4.3 Culvert failure return period for culvert DP10 with downstream flooding  as a 

function of blocking in the extreme situation. Blocking by sediments and ice is shown with a 

100% and 200% downstream flood level along with the results for DP10 from the inlet block 

analysis.  

 

The second element in the analysis is the response to increasing degree of barrel blocking with 

downstream flood levels of 100% and 400%. In the flood situation, the results are the same as 

for the inlet block analysis, meaning that downstream flooding does not have a limiting effect. 

In the extreme situation, a decrease in return period occurs compared to the results from the 

sediments 

max 

ice 

max 
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inlet block analysis, which can be seen in Figure 4.3. This decrease does not occur until a certain 

degree of blocking, which is smaller for sediments than ice. This degree of blocking is below 

the maximums, which is 50% for sediments and 80% for ice. Downstream flooding has 

consequently a limiting effect in the extreme situation. Further, a higher downstream flood level 

will give a lower return period and thereby increases the limiting effect.  

4.3 Results from acceptable level analysis 

The result from the acceptable level analysis is the degree of blocking that gives a failure return 

period equal to the acceptable of 200 years. Graphical presentations of the results are shown in 

the following column charts, and the results for each of the culverts are given in Appendix D.1. 

Return period below the acceptable can occur for all the culverts except culvert DP4 and DP5 

in the extreme situation due to their extra floodways. To present results for all the culverts in 

both situations, these contributions are not considered in the acceptable level analysis.  

The acceptable degrees of blocking that gives a return period of 200 years for the eight culverts 

is shown in Figure 4.4, found for each of the four cases of change in flood. The degree is smaller 

in the flood situation than in the extreme situation. The largest degree occurs for culvert DP3 

in both the flood- and extreme situation, while the smallest for culvert DP7 in the flood situation 

and DP10 in the extreme situation. This reflects the general deviation between the rank of 

culverts in the flood- and extreme situation with respect to accepted degree of blocking. None 

of the degrees are below the maximum of 20% set by SVV and Bane NOR. For culverts DP6, 

DP7 and DP8, the acceptable degree of blocking in the extreme situation is above the maximum 

of 80% as they are not in slide zones. They will consequently will never have a failure 

occurrence in this situation that is below the acceptable.  

The culverts with the lowest acceptable degree of blocking are also the ones most sensitive to 

changes in flood due to climate- and land cover change, as illustrated in Table 4.2. The 

exception is culvert DP3, which has a higher mean runoff than the other culverts and therefore 

will be more affected by the change.  

Table 4.2 Culverts sorted according to acceptable degree of blocking  in the flood situation and 

their associated accepted blocking degree with no change and the decrease in this value due to 

both changes in flood.  

Culvert DP7 DP10 DP9 DP6 DP8 DP5 DP4 DP3 

Acceptable block [%] 53.5 54.9 55.4 61.0 63.9 68.0 70.7 75.0 

Decrease [%] 19.8 16.5 16.3 16.1 15.4 10.8 9.4 10.6 
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Figure 4.4 Blocked inlet height at return period equal to the accepted of 200 years  in the flood- 

and extreme situation with the four cases of change; no change, climate change (+20%), land 

cover change (+50%) and both changes.  

 

To determine which of the failure mechanisms that need to be addressed to keep the failure 

occurrence below the acceptable, the acceptable degree of blocking is compared to the 

maximum values for the failure mechanisms. We can see that most of the failure mechanisms 

must be addressed in the flood situation. The accepted degree is below 80% for all the culverts, 
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indicating that blocking by sediment accumulation, wood lodging and ice can give failure below 

the accepted for all of them. Some of the culverts has a degree below 50%, indicating that 

sediment accumulation in the barrel and slides from the embarkment can also give failure and 

that the probability for the formerly mentioned failure mechanisms to give failure has increased. 

In the extreme situation is the accepted degree above 80% for all the culverts, except for culvert 

DP9 and DP10 under climate- and land-cover change. This indicates that a slide must occur to 

give failure below the acceptable, and therefore is the only failure mechanism that need to be 

addressed in the extreme situation.  

4.4 Summary of results 

To provide a clear answer to the scientific questions, a summary of the results is presented 

below in a general manner for the eight culverts.  

The occurrence of culvert failure under the possible failure modes varies between being in the 

order of millions in the flood situation and billions in the extreme situations when the culverts 

are completely open down to zero when the culverts are completely blocked. The occurrence 

of failure rapidly decreases following the first degrees of blocking but slows down as the degree 

increases. For the occurrence of failure to get below 1000 years it must be roughly around 50% 

in the flood situation and around 80% in the extreme situation. The culverts DP4 and DP5 have 

an extra floodway, giving a failure occurrence in the extreme situation at complete blocking not 

equal to zero, but equal to the one for the open culvert in the design situation. The culvert DP6, 

DP7 and DP8 are not in slide-zones, and has therefore a minimum failure occurrence equal to 

around 5 years in the flood situation and larger than 10 000 years in the extreme situation. 

Culvert DP10 can be exposed to downstream flooding, which does not affect the culvert in the 

flood situation but has a somewhat limiting effect in the extreme situation for blocking degrees 

close to the maximums for sediments and ice.  

The effect of climate- and land cover change on the occurrence of culvert failure is a decrease 

in the failure return period. The decrease is larger for lower degrees of blocking than the higher. 

The case of both changes gives the largest decrease, but it is smaller than the combined decrease 

of climate- and land cover change alone.  

The occurrence of culvert failure can be reduced to an acceptable level for all the culverts by 

keeping the degree of blocking below 30% in the flood situation and below 80% in the extreme 

situation. To achieve this, all of the failure mechanisms has to be addressed in the flood situation 

while only slides has to be addressed in the extreme situation.   
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5 Discussion 

The aim of this work is to answer the scientific questions in the case study of Soknedal but the 

developed method to predict culvert failure is the main product. Consequently, a short 

discussion of the results from the case study is given and a longer one on using the culvert 

failure prediction method in risk assessments.  

5.1 Case study results 

The failure return period when the culverts are open are in the millions in the flood situation 

and billions in the extreme situation. This indicates that failure in this state is not possible. 

Further, this suggests that their size has been chosen without considerations to a dimensioning 

flood. This is likely as the culverts are very old, and has in this case fortunately led to them to 

be over dimensioned rather than under.  

The failure return periods in the extreme situation are extremely high, even up to very high 

degrees of blocking. This can largely be accredited to the sizable cover heights, which are from 

4 to 16 meters. It is unlikely that the headwater rises to such levels as the streams are quite 

small, and water will probably rather go to other floodways. We can see that for culverts DP4 

and DP5, where the contribution from their extra floodway is considered, the failure return 

periods are in the millions at complete blocking, indicating that failure in the extreme situation 

will not occur. This will most likely apply for all the other culverts as well. This renders the 

results for the acceptable level analysis in the extreme situation somewhat irrelevant. The only 

imaginable scenario where failure in the extreme situation might occur is if a slide of a large 

mass fills the ditch up to a high level.  

The high-up location of the culverts on the steep sides of the rivers makes downstream flooding 

not an issue. This even applies to the culvert DP10 that has an outlet that may become 

submerged due to downstream flooding; failure in the flood situation is not affected by a rising 

of the downstream flood level and failure in the extreme situation will, as mentioned, probably 

not occur. Culvert DP10 is likely not affected by the downstream flooding due to its large slope 

and length, causing a hydraulic jump to form in the culvert barrel rather than a damming that 

reaches the inlet.  

The growth curve in the NIFS-formula has a decreasing rate of change with increasing return 

period which inversely gives a decrease in rate of change in return period with decreasing flood 

size. This explains many of the result observations. The first is the rapidly decreasing failure 

return period following the first degrees of blocking which slows down as the degree becomes 
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higher; the capacity and consequently flood size is decreasing. The second is the decrease in 

failure return period due to climate- and land cover change that is smaller for higher degrees of 

blocking; the factor of change is constant, giving a smaller decrease in flood size as the capacity 

decreases. The third is that the case of both changes gives a smaller decrease in failure return 

period than the combined ones for climate- and land cover change alone; the factor of change 

for the case of both changes is smaller than the added ones for climate- and land cover change 

alone, giving a smaller decrease in flood size. 

The second observation also explains the results for accepted degree of blocking; the culverts 

with the lowest accepted degree are also the ones most sensitive to climate- and land cover 

change. This result is quite interesting in terms of practical consequences. It shows that the 

culverts that are more likely to fail for smaller degrees of blocking will also be most affected 

by climate and land-cover change. If the changes additionally increase the probability for more 

severe states of blocking to occur, these culverts will be very vulnerable.  

The accepted degrees of blocking are all above the maximum of 20% set by Bane NOR. If the 

maintenance routines are in order, only one failure mechanism should in theory be able to give 

failure for the culverts; slides. Slides are momentary events that can give a degree of blocking 

above the accepted, and as soil- and debris slides are dominating in the area they will also be 

combined with heavy rainfall. The other failure mechanisms largely deal with a gradual build-

up that should be dealt with before becoming too severe. It is therefore very likely that the cases 

of failure for the eight culverts that lead to damages on Dovrebanen were due to slides. Culverts 

DP6, DP7 and DP8 are, however, not in slide-zones. It might be that the caution map for slides 

is not accurate, but another likely cause is that the maintenance routines are insufficient. 

Condition assessments on culverts should be performed every 12 months by Bane NOR (see 

section 2.1.3), which might have been be too sparse or not upheld and performed with longer 

intervals. It is also important to note that some of the other failure mechanisms can give a quite 

quick progression of blocking during a large storm unless measures are in place to avoid it. This 

most notably applies for wood lodging and sediment accumulation at the inlet.  

As slides is a problematic issue, measures to reduce the risk of slides should be performed. Such 

measures are for example the establishment and upkeep of vegetation, which will increase the 

soil strength. This will also reduce sediment transport, giving less sediment accumulation. Trees 

too close to the streams should, however, be either cut down or regularly cleared to avoid logs 

and twigs from lodging at the inlet. As for icing, it should be mapped out for which of the 

culverts this can occur and followingly either cover their inlets or thaw the ice away each winter.  
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5.2 Using the culvert failure prediction method in risk assessments 

The following discussion deals with whether the developed culvert failure prediction method is 

a feasible tool in risk assessments of culverts and how it can possibly be used. The performance 

of the method in the case study is first discussed followed by an assessment of uncertainty in 

the method’s results and lastly a discussion on its potential and critical use. 

5.2.1 Performance in case study 

The case study can be viewed as the practical test of the culvert failure prediction method to 

determine whether it is feasible as a desktop study with only the available information at hand. 

The following is a discussion of the general practicality of the method through its performance 

in the case study, including obstacles met and how they were potentially solved. 

The necessary input data to drive the method reflected very well the amount of available data 

about the culverts in the case study. The only assumption that had to be made was for the culvert 

with an arch inlet. This also applied for the catchments that could be delineated with NVE 

Nevina. However, other tools and assumptions had to be used for many of them as they were 

very small. As expected, the additional input data required to model downstream flooding was 

not available, but the detailed height model in Høydedata made it possible to estimate these 

inputs rather than providing assumed values.  

Using map solutions such as NVE Atlas in the qualitative application of the fault tree proved 

expedient to determine whether the failure mechanisms of downstream flooding, slides, 

sediment accumulation, ice breaking and lodging by wood could occur. Icing and slides from 

the embarkment, however, required more information about the culverts which was not 

available. The contribution from alternative floodways was similarly difficult to establish in the 

absence of the results from a floodway analysis. The approach used to establish the inputs used 

for the failure modes was somewhat ungainly as subjective evaluations were used to determine 

maximum values. Unless it is put an emphasis on the explorative nature of the assessment, such 

as in the case study, a more scientific approach should be used to determine the expected input-

value for the failure mode connected to a mechanism.  

The determination of change in flood size in percent due to climate change was quite easy since 

it only followed recommendations given by NVE. Land cover change proved a bit more 

challenging, as it is generally not addressed in dimensioning flood calculations. However, the 

establishment of a scenario and usage of assumptions proved that a value could be provided 

without having to perform extensive modelling.  
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The explorative use of the method in the case study required many values to be tested. The 

workbook “Culvert Failure Prediction” proved to be a valuable tool to get answers quickly, as 

the result is provided by only clicking a button following the alteration of a value. The 

simplicity of the method and consequently the workbook also makes the exploration less time-

consuming. A higher level of complexity would possibly require more interlinked values having 

to be changed when studying different scenarios and more computations could give a significant 

larger running time.  

As the results in the extreme situation proved to be of little value, it raises the question whether 

setting the headwater to a specific level as a part of the failure definition is a suitable approach. 

On one side, it provides a specific and very clear definition which is expedient in the fault tree 

analysis. On the other side, it restricts the explorative use of the method as other headwater 

levels might be more interesting in certain scenarios. However, if the headwater level is treated 

as an input, a similar ungainly approach as with the failure modes would have to be used if a 

quick assessment is made. This would not necessarily give results of a more significant value.  

5.2.2 Uncertainty in the method 

The uncertainty in the results from the culvert failure prediction method is largely unknown as 

it has only been mapped out for a few elements. It is, however, an important topic that needs to 

be assessed and is therefore discussed here in a more qualitative and speculative manner. Two 

elements of uncertainty are presented; the uncertainty connected to the accuracy of the inputs 

and the uncertainty connected to estimation of capacity and flood.  

The accuracy in the culvert configuration inputs depends on the quality and quantity of the data 

in the databanks. Erroneous registrations will give false results and lacking registrations will 

lead to estimations or assumptions that may be inaccurate. As the case study shows, both can 

occur. The accuracy in the catchment inputs largely depends on the tools used to find them and 

the knowledge the user possesses to evaluate them. NVE Nevina can for example give results 

that may be erroneous for very small catchments, but an inexperienced user might use these 

instead of trying again with another tool. The culvert failure prediction method is developed to 

require a minimum amount of input data. Followingly, the uncertainty connected to the 

accuracy of input data cannot be decreased by altering the method but by improving the 

accuracy in databanks and tools used. Additionally, a more experienced user will decrease the 

uncertainty as the user might detect erroneous data and provide better estimations.  
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The methods selected to estimate culvert capacity is deemed to provide reasonably accurate 

results through the uncertainty test on design capacity whose results is presented in section 3.3.2 

and Appendix C.2. However, the test shows that the selected methods can overestimate the 

capacity. Such an overestimation is more critical than an underestimation in a risk assessment 

since it will lead to failure occurring more often and/or at less severe conditions than expected. 

So, even though the magnitude of the deviation is acceptable, it has the wrong sign. Further, 

the uncertainty will likely be larger than the one found in the test for many cases. Firstly, the 

uncertainty will presumably increase for other inlet configurations than a square edged headwall 

which is assumed to be representative. Secondly, the uncertainty when the culvert is blocked 

will in all likelihood be larger than the one found for the design capacity. Thirdly, the culvert 

is assumed to be inlet-controlled unless it is given to have a completely submerged outlet. This 

gives an overestimation of capacity for culverts that are actually outlet-controlled. This 

additional overestimation combined with other elements of uncertainty that gives the same 

outcome will aggravate the issue of presenting an abated risk. The uncertainty connected to the 

capacity estimation should generally be further investigated to uncover whether it’s acceptable 

and what consequences it has for the failure occurrence estimation.  

The uncertainty connected to flood estimations using the NIFS-formula given by the NVE 

guideline described in section 2.4.1 is deemed acceptable. However, as the case study shows, 

many of the catchments can be smaller than the ones used to develop the regression equations 

in the NIFS formula. The uncertainty will then be larger than the one given by the guideline 

and it should be further investigated to uncover whether it’s acceptable. This will also apply for 

catchments that have a substantial degree of urbanization. The case study also shows that failure 

return periods well above 1000 years can be given as outputs. As the uncertainty in the flood 

estimation increases with increasing return period, outputs above 1000 years should generally 

not be considered as accurate results. It is therefore important to interpret such high return 

periods as the occurrence of failure being very low rather than happening with intervals equal 

to the failure return period.  

Using constant percentages of change in flood-size due to climate- and land cover change is a 

very simplified approach that does not reflect the complexity of the change as described in 

section 2.3 and can consequently give inaccurate results. The projected percentage of change 

due to climate change is for example larger for higher return periods than lower. The usage of 

the NIFS-formula to find the altered return period under these changes may also introduce 

inaccuracies, as it is based on regressions on historical data. There is also uncertainty connected 
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to the projections themselves, not only the approach, as they are future scenarios that may or 

may not occur. So even though a more complex approach is used there will still be a significant 

uncertainty in the results.  

To summarize, the uncertainties connected to the estimations of capacity and flood can be quite 

large and many elements in the estimations should be further investigated to both uncover the 

extent of the uncertainty in the method and understand their consequence in a risk assessment. 

The large uncertainties are rooted in the choice of using estimation methods with low 

complexity, following the aim of practicality. A higher level of complexity may give more 

accurate results, but it would have to be applied to all the estimations to give an effect on the 

accumulative uncertainty. This would likely render the method less practical. However, the loss 

of practicality must be paid if the uncertainties are deemed unacceptable. 

5.2.3 Potential and critical use of the method 

The culvert failure prediction method can potentially be a very insightful tool in risk 

assessments. The culvert failure fault tree provides information about how water-driven failure 

may possibly occur and the workbook “Culvert Failure Prediction” makes it possible to evaluate 

the capacity of a culvert in various situations in a way that can be easily compared to the 

dimensioning criteria. The workbook is also developed to be user-friendly, as it requires neither 

extensive hydrological and hydraulic knowledge nor having to read this work to be used. 

The culvert failure prediction method doesn’t necessarily replace the current Norwegian risk 

assessment methods described in section 2.1.3. They have many similar elements and the 

method can provide a better foundation for the assessments made. The clearest use of the 

method is in the second level of the risk- and vulnerability analysis of SVV. Instead of using a 

residual design capacity of 50% as a benchmark for acceptable risk, the failure occurrence under 

possible failure modes can be found and compared to the acceptable return period. The 

differentiation between the flood- and extreme situation also provides a better context of the 

consequences of a potential failure, and the two situations can for example define consequence 

levels in a risk matrix (see Figure 2.1). The condition assessment from inspections is an element 

that will complement the method. The assessment can provide better estimations for failure 

mode inputs, and the fault tree can be used to uncover which failure mechanisms that can be 

the cause of the culvert’s condition. This will help determine which measures that has to be 

taken to avoid future failure. 
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The culvert failure prediction method can also be used when designing new culverts. The fault 

tree presents many of elements that needs to be considered when designing a culvert in a clear 

and visual way, so that possible failure mechanism can be addressed before they even occur. 

The “Culvert Failure Prediction” workbook can be used as an addition to the traditional design 

capacity- and flood calculations if there are failure mechanisms that cannot be avoided. It can 

for example be used to determine whether a culvert needs to be over dimensioned or an extra 

floodway needs to be installed, and if so their necessary dimensions to keep the occurrence of 

failure below the accepted. New culverts should also be designed with future changes in flood 

in mind, which is an issue that is addressed in the method. By accounting for changes in flood 

due to possible land cover changes in addition to climate change, one can make sure that the 

culvert is able to accommodate future flood situations.  

The usage of the culvert failure prediction method in risk assessments requires a critical mindset 

to avoid misinterpreting its results. This includes understanding the implications of the failure 

definition, which elements that are modelled and what the results refers to and their accuracy. 

The failure definition, which is the foundation of the method, deals with rising of the headwater 

above the levels that are considered safe. Failure will therefore not necessarily prove a danger 

to life and health in itself but is rather the cause of other events than can lead to such dangers. 

The exception is failure in the extreme situation, which can lead to reduced drivability and 

safety due to the water flowing across the road or railway. Not all the risks connected to culverts 

are covered in the failure definition, the most notable ones being local scouring at the outlet and 

structural collapse due to deterioration. Additionally, the failure modes of deterioration and a 

blocked outlet that can give a reduction in capacity is not modelled in the method. So even 

though the method implies the risk to be acceptable, this will not necessarily be the case.  

The result of the method, the failure return period, refers only to the return period of the 

exceeding flood. It must therefore not be confused with being the failure probability since the 

probability for other failure mechanisms to occur is not considered. The uncertainties in the 

method can also be quite large, as discussed in section 5.2.2. The results should therefore be 

viewed as rough estimations rather than accurate predictions of how often failure will occur.  
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6 Conclusion and recommendations 

The case study in Soknedal performed in this work is on the same eight culverts on the railway 

line Dovrebanen studied by Vauclin (2017). The case study supports Vauclin’s findings that 

their failure was not due to the culverts being under dimensioned. Estimations of failure 

occurrence interval when the culverts are open are well above the acceptable of 200 years set 

by Bane NOR. Occurrences below 200 years does not arise unless the culverts are under the 

failure mode of blocking. The blocking degree that gives such an occurrence is, however, larger 

than what is set as the maximum by Bane NOR before measures must be taken. This indicates 

that the failures were either due to slides, which is common in Soknedal, or that the maintenance 

is inadequate. The latter is likely with the significant maintenance backlog for roads and 

railways in Norway. Another finding from the case study is that the culverts who fails for 

smaller degrees of blocking will also be the ones most sensitive to changes in flood due to 

climate- and land cover change. This shows that the culverts most vulnerable to the maintenance 

backlog are also the ones most vulnerable to the effects of climate- and land cover change. 

Improvement in maintenance and measures to reduce the risk of slides will consequently keep 

the occurrence of failure below the acceptable both in the immediate and far future. 

The developed method used to estimate the failure occurrence in the case study is the main 

product of this work. It continues using the two main elements from the framework developed 

by Kalnes (2017); its failure definition and basing the prediction on the usage of a fault tree. 

The culvert failure definition is exceedance of critical capacity, which is given by the headwater 

level considered safe. It is further defined on two levels planning to provide a context to the 

consequences of a potential failure. The fault tree is used to both uncover the causes of failure 

and to provide the logic behind estimating failure occurrence through flood return periods. The 

fault tree in the framework is deemed somewhat flawed, and a new fault tree is therefore 

constructed in this work. The comparison between incoming flood and culvert capacity is 

clearly showed in the new fault tree, where one its most important elements is the failure modes 

that can cause a reduced capacity and their associated mechanisms.  

The culvert failure prediction method largely fulfills its aim of being a practical tool in risk 

assessments and being feasible as a desktop study. This is proved by its performance in the case 

study; it is able provide insightful information without extensive data and complex 

computations. The main shortcoming of the method is the determination of inputs used for 

failure modes which, in the case study, is based on qualitative assessments and evaluations 

using map solutions provided by the Norwegian Water Resources and Energy Directorate 
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(NVE). This is a somewhat ungainly approach, and a more scientific technique should be used 

in the future to determine excepted values unless there is an emphasis on the explorative manner 

of the assessment.  

The culvert failure prediction method is argued in this work to provide better risk estimations 

than those currently used by the Norwegian Public Roads Administration (SVV) and Bane 

NOR, as it is able to provide clearer and more quantitative results. The encoded version of the 

method in the form of the Excel workbook called “Culvert Failure Prediction” provides 

insightful information about a culvert’s capacity under various situations in a way that can be 

easily compared to the dimensioning criteria and can be used without having to read this work 

as it is quite user-friendly. The method and the workbook does not have to replace the current 

assessment approach as they largely complement each other. They can rather prove to be an 

additional and insightful tool in the assessments made. 

The results from the culvert failure prediction method has potentially large uncertainties 

connected to them, which is rooted in the choice of using estimation methods with low 

complexity to achieve the aim of practicality. The extent of the uncertainty in the method should 

be further investigated, as it only has been uncovered for some of its elements. This can for 

example be done by finding well-documented cases of culvert failure, where all the inputs and 

outputs of the method is known. Such cases could not be uncovered in this work and would 

possibly require laboratory studies as it is likely that the extent of data required is not available 

from field studies. If the uncertainties are found to be unacceptable, potential alterations to the 

method should be done with the aim of increasing accuracy without considerable loss of 

practicality.  

The results from the method should be viewed as rough estimations rather than accurate 

predictions of how often failure will occur. This is due to the foundations of the prediction as 

much as the uncertainty in the method itself. The failure definition of exceedance critical culvert 

capacity does not cover all the causes behind culvert failure, the most notable ones being outlet 

scouring and structural collapse due to deterioration. Additionally, not all of the failure modes 

that can lead to an exceedance of capacity is modelled; reduction in capacity due blocking of 

outlet and deterioration is not included. These lacking elements must be included to be able to 

predict all cases of culvert failure. Further, the estimation of failure occurrence refers only to 

the return period of the exceeding flood. If the goal of the risk estimation is to find the failure 

probability, alterations to the method must be made. The fault tree for culvert failure constructed 
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in this work can potentially be used, where probability estimations can be found for the different 

failure mechanisms.  

Independently of whether the culvert failure prediction method is deemed to provide beneficial 

risk estimations, this work has achieved its aim of providing a better understanding of the risk 

connected to culverts. By investigating theory and literature from many different sources, a 

wider and more coherent image of the risk and how it can be possibly modelled is provided. By 

performing a fault tree analysis, the concept of culvert failure is both better defined and 

understood. 

This work has contributed with a method, or at least a foundation, that can hopefully be used to 

reach Klima 2050’s aim of providing better risk estimations in stormwater management. It may 

also prove to be an aid to reduce the risk connected to water-related hazard events on roads and 

railways, and consequently to avoid large costs to society from structural damages and loss of 

life and health.  
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Appendix A: Geometrical parameters 

A.1 Geometrical parameters for box culverts 

 

 

Open inlet or barrel height: �&�7<,� &� @ = � − �@L&�\,� &� @ 

Critical flow area: !� = r ∙ �� 

Free surface width (critical): (� = r 

Inlet or barrel area: !� &� @ = r ∙ �&�7<,� &� @ 

Wet bed perimeter (full): J@7N = r 

Wet culvert perimeter (full): J�KLM = r +  2 �&�7<,@ 

Total wet perimeter (full): J = J�KLM + J@7N 

Hydraulic radius (full): 
 = !@J  

 

  

�� 

r 

�@L&�\  
� 

�&�7< 



 

A.2 Geometrical parameters for pipe culverts 

 

 

 

Area of segment: s(ℎ) = � ∙ cosVX x� − ℎ� y − (� − ℎ) �2�ℎ − ℎ  

Width of segment: )(ℎ) = 2 �z1 − x� − ℎ� y 
 

Arc length of segment: {(ℎ, )) = |ℎ + ) 4ℎ~  sinVX x )ℎ + ) /4ℎy 

  

Open inlet or barrel height: �&�7<,� &� @ = � − �@L&�\,� &� @ 

Critical flow area: !� = s�ℎ = �� + �@L&�\,�� − s(ℎ = �@L&�\,�) 

Free surface width (critical): (� = )(ℎ = �� + �@L&�\,�) 

Inlet or barrel area: !� &� @ = s(ℎ = �&�7<,� &� @) 

Wet bed perimeter (full): J@7N = )(ℎ = �@L&�\,@) 

Wet culvert perimeter (full): J�KLM = {(ℎ = �&�7<,@ , ) = J@7N) 

Total wet perimeter (full): J = J@7N + J�KLM 

Hydraulic radius (full): 
 = !@J  



 

Appendix B: Excel workbook “Culvert Failure Prediction” 

B.1 Screenshot of worksheet “Inputs and Results”:’ 

 



 

B.2 Screenshot of worksheet “CAPCALC”: 

 

 

 

 

 

 

Is outlet submerged? NO

Culv cap: 4.025 m3/s Culv cap: 7.348 m3/s

Qcap = 4.025 m3/s Qcap = 7.348 m3/s

Shape BOX (text) Blocked inlet height: 40 %

H = 1.8 m Blocked barrel height:20 %

B = 1.6 m

Hcover = 2 m

Hblock,i = 0.72 m Hopen,i = 1.08 m

yHW = 2.02 m

yHW,o= 1.30 m

yc' [m] yc [m] Ac [m2] Tc [m] yh,c' [m] yh,c [m] dela yh,c

0.514 0.864 1.382 1.600 0.864 0.864 0.000

Q = 4.025 m3/s

yHW = 3.80 m

yHW,o = 3.08 m

1.4 0.44

yHW,o/Hopen,i= 2.85 1.5 0.46

1.6 0.47

Ai = 1.728 m2 1.7 0.48

CD = 0.547 1.8 0.49

1.9 0.5

Q = 7.348 m3/s 2 0.51

2.5 0.54

3 0.55

3.5 0.57

4 0.58

5 0.59

Orifice equation method (orifice flow  in extreme situation):

yHW,o/  

Hopen,i
CD

Capacity calculations for inlet-controlled flow

Final capacity estimation for inlet-controlled flow:

Flood situation: Extreme situation:

Relevant data:

Simplified froude method (weir flowl in flood situation):

Final capacity calculation

Flood situation: Extreme situation:

Qcap = 0.000 m3/s Qcap = 0.000 m3/s

Shape BOX (text) Downstream level: 300 %

H = 1.8 m

B = 1.6 m Blocked inlet height: 40 %

Hcover = 2 m Blocked barrel height:20 %

Material: ROUGH (text) Blocked barrel material:SED (text)

L = 10 m

S = 0.006 m/m

Hblock,i = 0.72 m Hopen,i = 1.08 m

Hblock,b = 0.36 m Hopen,b = 1.44 m

Ab = 2.304 m2

Pbed = 1.600 m

Pculv = 4.480 m

P = 6.080 m Material n

R = 0.3789474 m Smooth 0.012

Rough 0.024

Sediments 0.040

nbed = 0.040 Ice 0.010

nculv = 0.024

nc = 0.029 ke Open Blocked

Box 0.5 0.65

ke = 0.65 Pipe 0.5 0.55

yTW = 5.4 m

yHW = 1.8 m yHW = 3.8 m

Δy = -3.54 m Δy = -1.54 m

Q = 0.000 m3/s Q = 0.000 m3/s

Flood situation: Extreme situation:

Relevant data:

Energy balance method (full barrel flow  in both flood and extreme situation):

Flood situation: Extreme situation:

Capacity calculations for outlet-controlled flow

Final capacity estimation for outlet-controlled flow:



 

B.3 Screenshot of worksheet “RETURNCALC”: 

 

 

  

T = 329 years T = 14330 years

Mean spesific runoff:20 l/s∙km2 Water from alt. floodways:0.6 m3/s

Area: 1.5 km2 Water to alt. floodways:0.5 m3/s

Effective lake percentage:0 % Climate change: 20 %

Land cover change: 0 %

Culv cap: 4.024622 m3/s Culv cap: 7.3482738 m3/s

QM = 0.917 m3/s k = -0.193047

Γ(1+k) = 1.157

Kchange = 1.200 Γ(1-k) = 0.920

QT = 2.854 m3/s QT = 6.040 m3/s

QT/QM = 3.113 QT/QM = 6.588

T = 329.18 years T = 14330.12 years

Flood return period calculations

Final flood return period estimation:

Flood situation: Extreme situation:

Relevant data:

Return period calculations using NIFS-formula:

Flood situation: Extreme situation:

Flood situation: Extreme situation:

Calculation of variables in NIFS-formula:



 

Appendix C: Results from tests on Excel workbook 

C.1 Results from bug test 

 

0 %

0 %

0 m
3
/s

0 m
3
/s

0 %

box (text) 0 %

1 m

1 m

2 m NO/YES (text)

100 %

rough (text)

20 l/s∙km
2

10 m

1 km
2

0.005 m/m

0 % - (text)

5 10 20 40 70 120 Expected:

101909 7731 565 38 4 1

2507855 187503 13733 947 99 10

0.01 0.1 1 5 10 50 Expected:

4.21E+11 1.44E+07 565 2 1 1

1.11E+13 3.77E+08 13733 15 2 1

0 1 5 10 15 20 Expected:

565 1743 4217 5364 5259 4680

13733 39078 66814 59747 44502 31874

0.00 0.10 1.00 2.00 3.00 5.00 Expected:

565 450 31 1 0 0

13733 12158 3488 539 29 0

0.00 0.10 1.00 2.00 3.00 5.00 Expected:

565 565 565 565 565 565

13733 15469 40553 99263 212894 746152

0 10 20 40 70 100 Expected:

565 352 229 107 42 20

13733 8465 5447 2500 942 418

0 10 20 40 70 100 Expected:

565 352 229 107 42 20

13733 8465 5447 2500 942 418

Mean specific runoff Output result trend: Corresponds?

Input: Decrease due to larger runoff

YESFlood output:
Actual: Decrease

Extreme output:

Input variable:

Input variable: Area Output result trend: Corresponds?

Input: Decrease due to more water being collected

YESFlood output:
Actual: Decrease

Extreme output:

Input variable: Effective lake percentage Output result trend: Corresponds?

Input: Increase due to more dampening

YESFlood output:
Actual:

Input: Decrease due to more incoming water, zero when incoming water is larger than capacity

YESFlood output:
Actual: Decrease until zero

Extreme output:

Increase
Extreme output:

Input variable: Water from alt. floodways Output result trend: Corresponds?

Input variable: Water to alt. floodways Output result trend: Corresponds?

Input: No change in flood and increase in extreme due to water going to alt. Floodways

YESFlood output:
Actual: No in flood, increase in extreme

Increase, same as for land cover change
Extreme output:

Input variable: Land cover change Output result trend: Corresponds?

Extreme output:

Input variable: Climate change Output result trend: Corresponds?

Input: Increase due to increase in flood size, same as for land cover change

YESFlood output:
Actual:

Input: Increase due to increase in floodsize, same as for climate change

YESFlood output:
Actual: Increase, same as for climate change

Extreme output:

Bug test - output is returnperiod in years

Base case:

Bug test for flood-calculation related inputs with inlet control:

Response to variations in input data is found through 

keeping the other inputs equal to the ones provided 

in this base case. 

Results are given for inlet-control first (outlet 

submerged = NO) and then for outlet-control (outlet 

submerged = YES).

Culvert configuration data:

Slope:

Blocked barrel material:

Explorative data:

Cross-sectional shape:

Height:

Width:

Cover height:

Mean specific runoff:

Blocked inlet height:

Blocked barrel height:

Water from alt. floodways:

Is outlet submerged?

Downstream flooding level:

Material:

Lenght:

Water to alt. floodways:

Climate change:

Land cover change:

Catchment parameters:

Area:

Effective lake percentage:

Additional data if modelling downstream flooding:



 

 

Flood Extreme

565 13733

BOX PIPE Expected:

565 229

13733 4037

0.2 0.5 1.0 1.5 2.0 2.5 Expected:

1 4 565 12122 109390 607913

6 377 13733 133227 672960 2334279

0.2 0.5 1.0 1.5 2.0 2.5 Expected:

1 20 565 4339 18669 58217

6 418 13733 108556 473895 1490654

0.2 (0.2H) 0.5 1.0 2.0 3.0 5.0 Expected:

565 565 565 565 565 565

565 968 3354 13733 37427 125348

0 10 20 40 70 100 Expected:

565 258 108 14 1 0

13733 8007 4458 976 32 0

0 10 20 40 70 100 Expected:

565 258 108 14 1 0

13733 8007 4458 976 32 0

Flood Extreme

3 25005

BOX PIPE Expected:

3 1

25005 4230

0.2 0.5 1.0 1.5 2.0 2.5 Expected:

1 1 3 19 74 220

9 753 25005 198379 867592 2732030

0.2 0.5 1.0 1.5 2.0 2.5 Expected:

1 1 3 19 74 220

9 753 25005 198379 867592 2732030

0 0.2 1.0 2.0 3.0 5.0 Expected:

3 3 3 3 3 3

3 127 4577 25005 68877 250207

ROUGH SMOOTH Expected:

3 4

25005 34598

1.0 5.0 10.0 20.0 40.0 80.0 Expected:

1 1 3 10 29 64

35075 29952 25005 18241 11069 5557

Result type: Expected change: Increase Corresponds?

Output: Actual change: Increase YES

Input variable: Cross-sectional shape Output result trend: Corresponds?

Input: Decrease due to smaller area

YESFlood output:
Actual: Decrease

Extreme output:

Input variable: Height Output result trend: Corresponds?

Input: Increase due to larger area

YESFlood output:
Actual:

Input: Increase due to larger area

YESFlood output:
Actual: Increase

Extreme output:

Increase
Extreme output:

Input variable: Width Output result trend: Corresponds?

Input variable: Cover height Output result trend: Corresponds?

Input: No change in flood and increase in extreme due to larger pressure differences. 

YESFlood output:
Actual: None in flood and increase in extreme

Decrease, same as blocked barrel
Extreme output:

Input variable: Blocked barrel height Output result trend: Corresponds?

Extreme output:

Input variable: Blocked inlet height Output result trend: Corresponds?

Input: Decrease as inlet area decreases, same as for blocked barrel

YESFlood output:
Actual:

Result type: Expected change: Increse Corresponds?

Output: Actual change: Increase YES

Input: Decrease as inlet area decreases, same as for blocked inlet

YESFlood output:
Actual: Decrease, same as blocked inlet

Extreme output:

Input variable: Cross-sectional shape Output result trend: Corresponds?

Input: Decrease due to smaller area

YESFlood output:
Actual: Decrease

Extreme output:

Input variable: Height Output result trend: Corresponds?

Input: Increase due to larger area same as with increase in width

YESFlood output:
Actual:

Input: Increase due to larger area same as increase in height

YESFlood output:
Actual: Increase

Extreme output:

Increase
Extreme output:

Input variable: Width Output result trend: Corresponds?

Input variable: Cover height Output result trend: Corresponds?

Input: No change in flood and increase in extreme due to larger pressure differences. 

YESFlood output:
Actual: None in flood and increase in extreme

Extreme output:

Input variable: Material Output result trend: Corresponds?

Input: Increase due to less friction loss

YESFlood output:
Actual:

Input: Increase or decrease depending of slope and cover height
Depends on other 

variables
Flood output:

Actual: Increase in flood, decrease in extreme'
Extreme output:

Increase
Extreme output:

Input variable: Lenght Output result trend: Corresponds?

Bug test for capacity-calculation related inputs with inlet control:

Bug test for capacity-calculation related inputs with outlet control:



 

 

 

  

0.0000 0.0001 0.0010 0.0050 0.0500 0.1000 Expected:

0 1 1 3 708 4046

23482 23512 23782 25005 41463 66030

100 110 140 200 300 310 Expected:

3 0 0 0 0 0

25005 22016 14396 4577 3 0

0 10 20 40 70 100 Expected:

3 3 3 3 3 0

25005 20362 20362 20362 20362 0

0 10 20 40 70 100 Expected:

3 1 1 1 1 0

25005 4899 2430 424 6 0

0 10 20 40 70 100 Expected:

3 2 1 1 1 0

25005 8311 4375 898 19 0

Input variable: Slope Output result trend: Corresponds?

Input: Increase due to larger level-differences

YESFlood output:
Actual: Increase

Decrease until Δy is zero
Extreme output:

Input variable: Blocked inlet height Output result trend: Corresponds?

Extreme output:

Input variable: Downstream flooding level Output result trend: Corresponds?

Input: Decrease until Δy is zero

YESFlood output:
Actual:

Input: Decrease until completely blocked, higher than for ice due to higher roughness

YESFlood output:
Actual: Decrease until completely blocked, higher than for ice

Input: Same decrease for all %, until completely blocked

YESFlood output:
Actual: Same decrease for all %, until completely blocked

Extreme output:

Decrease until completely blocked, lower than for ice
Extreme output:

Extreme output:

Input variable: Blocked barrel height with bed material ice Output result trend: Corresponds?

Input: Decrease until completely blocked, lower than for ice due to lower roughness

YESFlood output:
Actual:

Input variable: Blocked barrel height with bed material sediments Output result trend: Corresponds?



 

C.2 Results from test on design capacity 

   

Nomogram:

0.3 0.6 0.9 1.5 2 2.5

Q/Bnomo 0.25 0.75 1.5 3.5 5.7 8.2

Qnomo (B=H) 0.075 0.45 1.35 5.25 11.4 20.5

Qoutput 0.110 0.625 1.722 6.176 12.678 22.147

Δ Q -0.035 -0.175 -0.372 -0.926 -1.278 -1.647

Δ Q [%] -47 -39 -28 -18 -11 -8

Q/Bnomo 0.5 1.6 3.1 7.2 11.5 17

Qnomo (B = H) 0.15 0.96 2.79 10.8 23 42.5

Hcover 0.6 1.2 1.8 3 4 5

Qoutput 0.208 1.177 3.242 11.628 23.870 41.699

Δ Q -0.058 -0.217 -0.452 -0.828 -0.870 0.801

Δ Q [%] -39 -23 -16 -8 -4 2

Nomogram:

Comment:

0.3 0.6 0.9 1.5 2 2.5

Qnomo 0.07 0.45 1.3 4.5 9 16

Qoutput 0.092 0.521 1.435 5.148 10.567 18.460

Δ Q -0.022 -0.071 -0.135 -0.648 -1.567 -2.460

Δ Q [%] -32 -16 -10 -14 -17 -15

Qnomo 0.16 0.95 2.6 9.5 20 35

Hcover 0.6 1.2 1.8 3 4 5

Qoutput 0.163 0.924 2.547 9.133 18.747 32.750

Δ Q -0.003 0.026 0.053 0.367 1.253 2.250

Δ Q [%] -2 3 2 4 6 6

Nomogram:

Comment:

0.6 0.9 1.5 2 2.5

Qnomo 1.65 4.2 11.5 20 32

Qoutput 1.779 4.003 11.119 19.767 30.886

Δ Q -0.129 0.197 0.381 0.233 1.114

Δ Q [%] -8 5 3 1 3

Nomogram:

Comment:

0.3 0.6 0.9 1.5 2 2.5

Qnomo 0.27 1.25 3 9.2 16 25

Qoutput 0.263 1.243 2.962 8.600 15.525 24.468

Δ Q 0.007 0.007 0.038 0.600 0.475 0.532

Δ Q [%] 3 1 1 7 3 2

Nomogram:

Comment:

0.3 0.6 0.9 1.5 2 2.5

Qnomo 0.17 0.9 2.2 7.5 14 22

Qoutput 0.169 0.930 2.408 7.590 14.176 22.810

Δ Q 0.001 -0.030 -0.208 -0.090 -0.176 -0.810

Δ Q [%] 1 -3 -9 -1 -1 -4

Test of design capacity calculations - output is capacity in m3/s

Box culvert with inlet control

yHW/D 
H (Height) = B (Width)

Chart 8A: Box culverts w/ headwall

2

2

1.2

Inlet control:

 Δy
H (Height) = B (Width)

1.2

3

Pipe culvert with inlet control

Chart 1A/2A: Concrete/CM pipe culvert w/ square edge headwall

Both charts gives same results

yHW/D 
H (Diameter)

3

Outlet control:
Concrete box culvert with outlet control

Chart 15A: Concrete box culvert flowing full n = 0.012 w/ H = 2 m, L = 15 m and ke = 0.5

S = 0, L = 15 m, Material = smooth,  Hcover = 2 used in calculations

Concrete pipe culvert with outlet control

Chart 5A: Concrete pipe flowing full n = 0.012 w/ H = 3m, L = 15 m and ke = 0.5

S = 0, L = 15 m, Material = smooth,  Hcover = 2 used in calculations

 Δy
H (Diameter)

2

Corrugated metal pipe culvert with outlet control

Chart 6A: CM pipe flowing full n = 0.024 w/ H = 2 m, L = 15 m and ke = 0.5

S = 0, L = 15 m, Material = rough,  Hcover = 2 used in calculations

 Δy
H (Diameter)

Comment: Charts are referenced 

to nomograms that shows the 

relationship between capacity, 

culvert diameter/height and 

headwater level and can be 

found in FHWA’s Hydraulic 

design of highway culverts. 



 

Appendix D: Results from case study 

D.1 Results from inlet block- and accepted level analysis 
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