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Summary 
The Dutch waterway network has about 6,000 kilometers of rivers and canals, which makes 

it the most dense in Europe. Many canals serve as drainage as well for navigation. The 

commercial part of these waterways has a total length of 2,200 kilometers and accounts for 

approximately 40% of the international freight transfers and 20 % of the domestic freight 

transfers. This part of the network is state-owned and operated by Rijkswaterstaat. The 

smaller waterways are managed by provincial and water authorities in the Netherlands.  

Authorities responsible for the planning and management of inland waterway infrastructure 

are faced with the issue of renewing their networks. In Western countries, major parts of the 

waterway network, such as navigation locks, bridges, and weirs, are ageing and need to be 

replaced to ensure waterway performance. 

Lƴ ǘƘŜ мфолΩǎ Ƴany navigation locks were built in the Netherlands. Rijkswaterstaat manages 

137 of these navigations locks. Rijkswaterstaat started a program called MultiWaterWerk, in 

order to renovate or replace 52 navigation locks in the Netherlands in the next two decades. 

37 of these navigation locks have reached their technical lifespan and 15 navigation locks do 

not meet the requirements anymore. 

The main reason for the start of the MultiWaterWerk program is that the asset managers of 

the navigation locks came across multiple solutions for the same problem. Most of the 

navigation locks were considered as a unique project. This resulted in a diversity of solutions. 

This diversity of solutions had a negative effect on availability and management of the 

navigation locks.  

The goal of MultiWaterWerk is to obtain a better reliability and availability, lower life cycle 

costs and a more predictable estimation of the construction cost and time. To reach this goal, 

a new possibility is added to the current possibilities; renovation and regular replacement. 

This new possibility is called standardization. Standardization is a form of replacement, 

however in case of standardization it will be replaced by a standardized part.  

At this moment, it is still unknown how the added value of standardization can be proven. 

Currently decision makers base their decision, whether to renovate or replace a lock 

component, on one specific lock and do not take multiple locks into account. This is because 

they are unware of the possible positive effects of standardization. Furthermore, currently 

there is no strategy in deciding whether to renovate, replace or to apply a standard 

component. 

The goal of this thesis is to develop a decision model which helps the asset manager to choose 

between the possibilities renovation, replacement or standardization of navigation lock 

components for the MultiWaterWerk program. Furthermore, the added value of 

standardization of a cluster with respect to replacement will be investigated.  

To reach this goal, the following steps are taken: the first step was to make a literature study 

which consists of general information about navigation locks and how decisions are made 

about the renewal of  infrastructure in the Netherlands. The second step is to develop a 

conceptual model which determines which aspects are needed for the model and how to 
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translate these aspects into costs. The third step discusses the three most commonly used 

management strategies. Here comes to light how current decisions are made about the 

renovation or replacement of a component. Step four are interviews with advisors and asset 

managers which provide information how they currently decide whether a navigation lock 

component gets renovated or replaced and their idea about standardization. Step five is the 

optimization of the conceptual model by implementing the received information, which 

results in the refined model. Step six is to illustrate this model by means of a case study. The 

case study consists of the component mitre gates, because gates have a high standardization 

suitability.  

The final model makes use of a multi-criteria analysis which provides the opportunity to make 

an decision between the three possibilities. With the final model the decisionmaker can 

decide which aspects are most important. This can be done by putting weights to the aspects 

costs, performance and sustainability. In this way it gives the decisionmaker the opportunity 

to focus on a specific aspect. 

 

      Possibilities 
 
Aspects 

Weight Renovation Replacement Standardization 
(1) 

Standardization 
(xx) 

Costs 
όϵύ 

x A B C S1 

Performance 
όϵύ 

y D E F S2 

Sustainability 
όϵύ 

z G H I S3 

Total 
όϵύ 

 xA+yD+zG xB+yE+zH xC+yF+zI xS1+yS2+zS3 

Table 1: Final decision model 

The final decision model provides an overview of the total costs of all the aspects and shows 

the optimum solution for the renewal of the component. The additional column 

standardization (xx) shows what the minimum number of navigation locks is to make a more 

feasible solution than replacement and renovation. Furthermore, it shows what the average 

costs are per aspect and the total average costs, in case the minimum number of standardized 

navigation locks is known. 

Finally, in order to demonstrate the functioning of the model, the model has been applied on 

the component mitre gates with the help of the case study Sluis Schijndel,. The model shows 

that renovation is the most feasible solution for this case study. In general it can be said that 

the aspect costs has the biggest influence on the decision making between the renovation, 

replacement or standardization of the component mitre gates. This is due that fact the 

operating and maintenance costs and construction costs are considerably high compared to 

the performance and sustainability costs.   
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Samenvatting 
Het Nederlandse waterwegennet heeft ongeveer 6.000 kilometer aan rivieren en kanalen, 

waardoor het relatief de drukste in Europa is. Veel kanalen dienen zowel als voor afwatering 

als voor navigatie. Het commerciële gedeelte van de waterwegen heeft een totale lengte van 

2.200 kilometer en is goed voor ongeveer 40% van de internationale vrachtbeweging en 20% 

van binnenlandse vrachtbewegingen. Dit deel van het netwerk is eigen van de staat en wordt 

beheerd door Rijkswaterstaat. De kleinere waterwegen worden beheerd door verschillende 

provinciale of waterschappen in Nederland. Waterschappen die verantwoordelijk zijn voor de 

planning en beheer van de binnenvaart, worden geconfronteerd met de veroudering van het 

netwerk. In westerse landen verouderen belangrijke delen van het waterwegennet zoals, 

navigatiesluizen, bruggen en stuwen. Deze dienen vervangen te worden om de prestaties te 

waarborgen.  

Lƴ ŘŜ ƧŀǊŜƴ олΩ ǿŜǊŘŜƴ ǾŜŜƭ ǎƭǳƛȊŜƴ ƛƴ bŜŘŜǊƭŀƴŘ ƎŜōƻǳǿŘΦ Rijkswaterstaat heeft 137 sluizen 

in beheer. Rijkswaterstaat startte het programma MultiWaterWerk (MWW) voor de 

vervanging of renovatie van 52 van deze sluizen in de komende 2 decennia. 37 van deze 

sluizen hebben hun technische levensduur bereikt en 15 voldoen niet meer aan de eisen. De 

belangrijkste reden voor de start van dit programma is dat de beheerders van de sluizen met 

verschillende oplossingen kwamen voor hetzelfde probleem. Dit komt omdat de meeste 

sluizen als uniek worden beschouwd en waardoor er telkens een unieke oplossing kwam. 

Deze diversiteit van oplossingen had een negatief effect op de beschikbaarheid en het beheer 

van de sluizen.  

Het doel van MultiWaterWerk is om de prestaties te verhogen, de kosten te verlagen en een 

betere voorspelling te kunnen geven wat betreft de bouwduur en bouwkosten. Om dit doel 

te bereiken wordt een nieuwe mogelijkheid toegevoegd aan de huidige mogelijkheden; 

renovatie en vervangingen. Deze nieuwe mogelijkheid wordt standaardisatie genoemd. 

Standaardisatie is een vorm van vervangingen, maar in geval van standaardisatie vindt deze 

vervanging plaats door een standaard.  

Het doel van dit onderzoek is om een beslissingsmodel te ontwikkelen dat de beheerders van 

de sluizen helpt met het kiezen tussen de mogelijkheden; renovatie, vervanging of 

standaardisatie van een sluis component. Dit onderzoek zal ook ingaan op de toegevoegde 

waarde van standaardisatie van een cluster in tegenstelling tot vervanging.  

Om dit doel te bereiken zijn de volgende stappen genomen: de eerste stap was om een 

literatuurstudie te maken. Deze literatuurstudie bestaat uit algemene informatie over sluizen 

en hoe de beslissingen worden gemaakt wat betreft de vernieuwing van de infrastructuur in 

Nederland. De tweede stap is het ontwikkelen van een conceptueel model, welke bepaald 

welke aspecten in het beslismodel nodig zijn en hoe deze vertaald kunnen worden naar 

kosten. De derde stap bespreekt de drie meest gebruikte beheers strategieën van 

Rijkswaterstaat. Hier komt aan het licht hoe beslissingen worden genomen over de renovatie 

of vervanging van een component. In de vierde stap zijn de interviews met de experts 

weergeven. Hierin komt naar voren op basis van welke aspecten de experts een keuze maken 

voor de renovatie of vervanging van een component. Daarnaast is naar hun mening gevraagd 

wat betreft het idee van standaardisatie. Stap vijf is de optimalisatie van het conceptueel 
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model. Het conceptueel model is geoptimaliseerd door de informatie van de voorgaande 

stappen samen te voegen en te bekritiseren, wat leidt tot het definitieve beslismodel. Stap 

zes is om dit definitieve beslismodel te testen aan de hand van een casus. De casus gaat over  

het component stalen punt deuren, omdat gebleken is dat dit component veel belovend is 

wat betreft standaardisatie.  

Het beslismodel bestaat uit een Multi criteria-analyse die de mogelijkheid biedt om een 

beslissing te nemen tussen de drie mogelijkheden. Met het beslismodel kan de beheerder 

beslissen welke aspecten hij het belangrijkst vindt. Dit kan gedaan worden door gewichten 

aan de aspecten kosten, prestaties en duurzaamheid te geven. Via deze manier heeft de 

beheerder de mogelijkheid om zich op een specifiek aspect te concentreren. 

   

                Opties   
Aspecten 

Gewicht Renovatie Vervanging Standaardisatie 
(1) 

Standaardisatie 
(xx) 

Kosten 
όϵύ 

x A B C S1 

Prestaties 
όϵύ 

y D E F S2 

Duurzaamheid 
όϵύ 

z G H I S3 

Totaal 
όϵύ 

 xA+yD+zG xB+yE+zH xC+yF+zI xS1+yS2+zS3 

Table 2: Definitief beslismodel 

Het beslismodel biedt een overzicht van de totale kosten van alle aspecten en toont de 

optimale oplossing voor de vernieuwing van het component. De extra kolom standaardisatie 

(xx) laat zien bij hoeveel sluizen er standaardisatie dient plaats te vinden om de voordeligste 

optie te zijn ten opzichte van renovatie en vervanging. Daarnaast laat deze kolom zien wat de 

gemiddelde kosten zijn per aspect en wat de gemiddelde totale kosten zijn, indien het aantal 

sluizen wat gestandaardiseerd moet worden bekend is. 

Ten slotte is het definitief beslismodel toegepast op een het component stalen puntdeuren 

en met behulp van de casus Sluis Schijndel, om de werking van het definitieve beslismodel te 

demonstreren. Het model laat zien dat renovatie de meest haalbare oplossing is voor deze 

casus. Dit komt omdat in dit geval het aspect kosten de grootste invloed heeft op de beslissing 

tussen renovatie, vervanging of standaardisatie van het component stalen puntdeuren. Dit 

heeft voornamelijk te maken met het feit dat de bouwkosten en onderhoudskosten van dit 

component aanzienlijk hoger zijn dan de prestatie- en duurzaamheidskosten.  
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Abstract 
In Western countries, major parts of the waterway network, such as navigation locks, bridges, 

and weirs, are ageing and need to be replaced to ensure waterway performance. Lƴ ǘƘŜ мфолΩǎ 

many navigation locks were built in the Netherlands. Rijkswaterstaat manages 137 of these 

navigations locks. Rijkswaterstaat started a program called MultiWaterWerk (MWW), in order 

to renovate or replace 52 navigation locks in the Netherlands in the next two decades. 

The goal of MultiWaterWerk is to obtain a better reliability and availability, lower life cycle 

costs and a more predictable estimation of the construction cost and time. To reach this goal, 

a new possibility is added to the current possibilities; renovation and regular replacement. 

This new possibility is called standardization. Standardization is a form of replacement, 

however in case of standardization it will be replaced by a standard.  

The goal of this thesis is to develop a final decision model which helps the asset manager to 

choose between the possibilities renovation, replacement or standardization of navigation 

lock components for the MultiWaterWerk program. Furthermore, the added value of 

standardization of a cluster with respect to replacement will be investigated.  

In order to define what the relevant aspects are for the decision making process of the 

infrastructure and how the current these decisions are made. Information is gathered and 

discussed about the decision making process of the Dutch Ministry of Infrastructure and the 

management strategies of Rijkswaterstaat. In addition to that, interviews with experts are 

conducted.  

The final decision model provides an overview of the total costs of all the aspects and shows 

the optimum solution for when to renovate, replace or standardize a component. 

Furthermore, the final model shows the minimum number of navigation locks that needs to 

be standardized, in order to make it a more feasible solution than replacement and 

renovation.  
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1. Introduction 
1.1 Background 

The Dutch waterway network has about 6,000 kilometers of rivers and canals, which makes 
it the most dense in Europe. Many canals serve as drainage as well as for navigation. The 
commercial part of these waterways has a total length of 2,200 kilometers and accounts for 
approximately 40% of the international freight movements and 20 % of the domestic freight 
transfers. This part of the network is state-owned and operated by Rijkswaterstaat. The 
smaller waterways are managed by different provincial or water authorities in the 
Netherlands (Rijkswaterstaat, 2018). 
 
The main linkages in these networks are established and networks can therefore be 

considered more or less complete (OECD, 2007). Infrastructure planners in western countries 

are confronted with new challenges related to mature infrastructure network waterways. The 

infrastructure evolved gradually into highly advanced infrastructure networks that serve 

essential needs for societies. At the same time, western countries are in need to keep these 

networks competitive (G20, 2014). 

Water authorities responsible for the planning and management of inland waterway 

infrastructure are faced with the issue of renewing their networks. In Western countries, 

major parts of the waterway network, such as navigation locks, bridges, and weirs, are ageing 

and need to be replaced to ensure waterway performance (Gil, 2009); (ACL, 2017); (IMF, 

2014); (OECD, 2014). 

Lƴ ǘƘŜ мфолΩǎ Ƴŀƴȅ ƴŀǾƛƎŀǘƛƻƴ ƭƻŎƪǎ ǿŜǊŜ ōǳƛƭǘ ƛƴ ǘƘŜ bŜǘƘŜǊƭŀƴŘǎΦ wƛƧƪǎǿŀǘŜǊǎǘŀŀǘ manages 

137 navigations locks. Rijkswaterstaat started a program called MultiWaterWerk (MWW). The 

program consists of the renovation or replacement of 52 navigation locks in the Netherlands 

in the next two decades. 37 of these navigation locks have reached their technical lifespan 

and 15 navigation locks do not meet the requirements anymore (Rijkswaterstaat, 2015). 

The main reason for the start of this program is that the asset managers of the navigation 

locks came across multiple solutions for the same problem. Most of the navigation locks were 

considered as a unique project. This resulted in a diversity of systems. This diversity of 

systems/solutions had a negative effect on availability and management of the navigation 

locks (MultiWaterWerk, 2015). For the renovation and replacement of components, it is 

possible to use the current configurations or to use an overall standard. 

The goal of MultiWaterWerk is to obtain a better reliability and availability, lower life cycle 

costs and a more predictable estimation of the construction cost and time (Rijkswaterstaat, 

2015).  

To reach this goal, a new possibility is added to the current possibilities; renovation and 

regular replacement. This new possibility is called standardization. Standardization is a form 

of replacement, however in case of standardization it will be replaced by a standard.   

MultiWaterWerk is working on innovative solutions for lock components which are re-usable. 

An example of standardized components are; lock gates or the control system. To find the 

optimal solution, collaboration with the market is required (Rijkswaterstaat, 2015). 

Currently it is hard to validate what the advantages of standardization is compared to the 

current possibilities, because a lot of data is still missing about the effects on the costs, the 
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performance and the sustainability. As a result of these missing data it is hard to decide 

whether to apply standardized components or go for the current possibilities. 

Renovation and replacement are expenses which increase the lifespan of a component. These 

expenses are made besides the regular maintenance and are needed because the end of the 

lifespan is reached  (Rijkswaterstaat, 2010).  

The existing infrastructure can be renewed by means of renovation, regular replacement or 

standardization. To make a decision between these three possibilities three aspects are being 

considered: costs, performance and sustainability.  

Furthermore, Rijkswaterstaat aims to work 100% circular in the year 2030 (Rijkswaterstaat, 

2018), indicating that sustainability has high priority on the agenda at Rijkswaterstaat. 

Furthermore, research has shown that standardization of certain components leads to higher 

performance (Slijk, 2013). 

Rijkswaterstaat is using several management strategies for the renovation and replacement 

process of the navigation locks. The current management strategy are based on three aspects; 

costs, performance and sustainability. 

 

1.2 Problem definition / objective of the thesis 

Currently, there is a very large variety in the design of navigation locks within the Netherlands. 

This variety complicates their management and maintenance leading to a sub-optimal 

availability, reliability and life cycle costs (Rijkswaterstaat, 2015). 

Previous research showed that the standardization of lock gates has a great potential in 

optimizing the locks in terms of availability, reliability and life cycle costs (Slijk, 2013). 

However, it is still unknown how the added value of standardization can be proven. Currently 

decision makers base their decision, whether to renovate or replace a lock component, on a 

specific lock and do not take multiple locks into account. This is because they are unware of 

the possible positive effects of standardization.  Furthermore, currently there is no strategy 

in deciding whether to renovate, replace or to apply a standard component. 

The goal of this thesis is to develop a decision model which helps the asset manager to choose 

between the possibilities renovation, replacement or standardization of navigation lock 

components for the MultiWaterWerk program. Furthermore, the added value of 

standardization of a cluster with respect to replacement will be investigated. To achieve this 

goal, a model will be created. This model will help to determine what the most appropriate 

possibility will be in terms of cost.  

 

1.3 Research question(s) 

To reach the objectives of the thesis, the following main and sub-questions need to be 

answered.  

Main research question: 

How does a decision model looks like which can help the asset manager to choose between 

renovation, replacement or standardization of navigation lock components for the 

MultiWaterWerk program? 

 

Now the sub-questions are highlighted and discussed. 
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Sub-question 1: Which aspects need to be taken into consideration for the development of 

the model? 

By means of the literature study and interviews the aspects will be determined. 

Sub-Question 2: How is currently decided to renovate, replace or standardize a component?  

By means of a literature study and interviews the aspects will be determined. 

 

Sub-Question 3: Which effects does standardization have on the performance, costs and 

sustainability in contrary to regular replacement in general? 

By means of a literature study and a case study this question is validated. This question 

focusses on the outcome of the research, considering the implementation of certain 

components of the standardized navigation locks. 

 

Sub-Question 4: Which effects does standardization have on the performance, costs and 

sustainability on the component lock gates? 

By means of a case study this question is validated. This question focusses on the outcome of 

the research, considering the implementation of certain components of the standardized 

navigation locks. 

 

1.4 Research design 

This research will be carried out in 8 different steps. The first step, the literature study, 

consists of general information about navigation locks. The second step is to develop a 

conceptual model which determines which aspects are needed for the model. The third step 

discusses the three most commonly used management strategies. Here comes to light how 

current decisions are made about the renovation or replacement of a component. Step four 

are interviews with advisors and asset managers which provide information how they 

currently decide whether a navigation lock component gets renovated or replaced and their 

idea about standardization. Step five is the optimization of the conceptual model by 

implementing the received information, which results in the refined model. Step six is to test 

this model by means of a case study. The case study consists of the component mitre gates. 

This study results in a decision model which determines if a certain component needs to be 

renovated, replaced or standardized. Ultimately a conclusion with recommendations will be 

presented. 
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Figure 1: Steps research design. 
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Scope of the research 

The goal of this thesis is to develop a decision model which helps the asset manager to choose 

between the possibilities renovation, replacement or standardization of navigation lock 

components for the MultiWaterWerk program. Furthermore, the added value of 

standardization of a cluster with respect to replacement will be investigated. To achieve this 

goal, a model will be created. This model will help to determine what the most appropriate 

possibility will be in terms of cost.  

Previous research about standardization has shown that by standardization of steel mitre 

gates, the construction costs can be lowered (Levinson, 2018).  

 
Figure 2: Standardization suitability (Slijk, 2013) 

The case study of this research is specified to the gates of a navigation lock. Figure 2 shows 

the standardization suitability scale (Slijk, 2013). It shows that the gates of the navigation lock 

score rather high on the standardization suitability scale. This indicates that the gates of the 

navigation lock are suitable for standardization. 

 
Figure 3: Left: Area of Application of Gate Types; Right: Positioning of MWW locks (Doeksen, 2012) 

 

Four major lock types are in use: vertical lift, sector, rolling and mitre gates (Figure 3). Prior 

research about the best fit type of gate for the MultiWaterWerk program showed that almost 

all MultiWaterWerk locks are withing by the applicability domain of mitre gates (Doeksen, 



Master Thesis: Decision model for the renewal of navigation lock components 

18 
 

2012). Accordingly, standardization is most applicable for the MultiWaterWerk program in 

case mitre gates are applied. Therefore, the case study will be specified on mitre gates. 

 

1.5 The practical and scientific relevance  

This research contributes to the scientific knowledge by comparing the different used 

decision making strategies and expressing all possibilities in costs. Furthermore, the approach 

how to implement standard components in the current decision making process will be 

known. The currently used management strategies will be discussed and evaluated. 

Thereafter, the best-fit management strategy for the MultiWaterWerk program will be 

verified by using a case study.  

Ultimately, a decision model will be created which determine what the most appropriate 

possibility will be in terms of cost. 

Furthermore, this research will reveal opportunities and limitations of using the created 

model in the civil engineer segment. 

 

1.6 Reading guide  

This research is structured in eight chapters and each chapter represents multiple subjects. 

The first chapter will discuss the research problem and its context, the importance of the 

problem, goals and limitations of the research performed. 

The second chapter describes the aspects which Rijkswaterstaat takes into account for the 

decision making between renovation or fully renewal of a certain component. 

The third chapter elaborates how these aspects can be expressed and ultimately combined in 

a new proposed model to determine the renovation, replacement or standardization of a lock 

component. 

The fourth chapter discusses the three most commonly used management strategies. It 

presents how current decisions are made about the renewal of a component. 

The fifth chapter discusses the interviews which have been  conducted with experts involved 

in the current decision making process. These interviews indicate how currently decisions are 

made regarding the renewal of navigation lock components and how the experts think about 

the new concept of standardization. 

The sixth chapter discusses all the key aspects and the final decision model will be created.  

The seventh chapter discusses a case study about steel mitre gates. This study will be used to 

validate the refined model. The last chapter a conclusion and discussion is drawn, and 

recommendations are lined up for possible future research.    
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2. Infrastructure in the Netherlands 
The previous chapter showed that there is a need for a new model which can decide whether 

a lock component needs to be renovated, replaced or standardized. To make this decision it 

is initially important to understand how navigation locks work in general and why there is a 

need for this model. Therefore, this chapter first will provide background information about 

need for water-retaining structures, followed by the general definition of navigation locks, 

then navigation locks in the Netherlands, and finally aspects that are important with respect 

to the renewal of infrastructure. These aspects can be seen as the design determining aspects 

for the model. This chapter aims to discuss the most common design determining aspects and 

filter out the most significant ones in the context of the research. This chapter first reviews 

the general definition of navigation locks, then navigation locks in the Netherlands, and finally 

aspects that are important for Rijkswaterstaat in respect to navigation locks, in particular 

renovation, replacement and standardization. 

 

2.1 Background 

Ψ!ǇǇǊƻȄƛƳŀǘŜƭȅ ƘŀƭŦ ƻŦ ǘƘŜ bŜǘƘŜǊƭŀƴŘǎ ƭƛŜǎ below sea level and is protected against flood by 

primary dikes and other water-ǊŜǘŀƛƴƛƴƎ ǎǘǊǳŎǘǳǊŜǎΩ (Vrijling, 2001). There are three types of 

water-retaining structures and these are subdivided into dams, navigation locks and weirs. 

A dam is an elevation of some type of material that separates two water surfaces. An example 

for a dam in the Netherlands is the Afsluitdijk. Navigation locks are a separation between two 

water levels, with gates. The main function of navigation locks is to bring ships from one water 

level to another. Weirs are water-technical constructions which regulate the water level in 

the river. 

Although flooding is a typical high-consequence but low-probability event, it can be compared 

with other technologƛŎŀƭ ƳŀǘǘŜǊǎ ƛƴ ǎƻŎƛŜǘȅΦ {ƛƴŎŜ ǘƘŜ улΩǎ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ŀƴŘ ŀǇǇƭƛŎŀǘƛƻƴ 

of reliability theory makes it possible to assess flooding risks, by taking multiple failure 

mechanisms of a structure into account. Water authorities in Western countries are 

increasingly confronted with waterway renewal. Ageing waterway infrastructures put the 

reliability of the existing network under pressure (Willems, Anticipating water infrastructure 

renewal: A framing perspective on organizational learning in public agencies, 2018). Thus, 

there is a clear need of renewal, via renovation, replacement or standardization. 
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2.2 Navigation locks in general 

Vrijburcht (2000) defines a navigation lock as followsΥ ΨΩŀ ƴŀǾƛƎation lock is constructed for the 

shipping industry. The functional requirements are primarily for the shipping industry; 

ōǊƛƴƎƛƴƎ ǎƘƛǇǎ ŦǊƻƳ ƻƴŜ ǿŀǘŜǊ ǘƻ ŀƴƻǘƘŜǊΦΩΩ {ƘƛǇǎ ƴŜŜŘ ǘƻ Ǉŀǎǎ ǘƘŜ ƴŀǾƛƎŀǘƛƻƴ ƭƻŎƪ ǎŀŦŜƭȅ 

without endangering and damaging people, the environment, and considering the quality of 

life in the immediate vicinity (Vrijburcht, 2000). 

Figure 4 represents an example 

of a ship that is passing a 

navigation lock. This is a 

navigation lock which has 2 sets 

of mitre gates. 1 set consists of 2 

gates. The gates are pointing in 

the direction where the water-

level is the highest. 

When the water-level is equal 

on the side of the ship and the 

desired exiting direction, the 

gates will be opened and the 

ship can pass. 

Some navigation locks are part 

of a flood defense system. 

Particularly in the Netherlands 

some navigation locks are 

situated in dykes, which form a 

barrier for the lower parts of the 

country and protects these parts 

against flooding. Moreover, 

some navigation locks are situated in a channel and control the water levels between the two 

sides. 

Another aspect of navigation locks relates to their role in water management.  A distinction 

can be made between a passive role, limiting water losses and salt penetration as a result of 

the protective process, and an active role, in which a certain flow of water must be allowed 

to enter or to leave (Vrijburcht, 2000). 

This indicates that navigation locks not only have the function to let ships pass, they also have 

the function to retain water from one side to another. 

 

2.3 Navigation locks in The Netherlands 

The current Dutch national inland waterway system consists of approximately 2,200 

kilometers of canals and rivers (RWS, Beheer- en Ontwikkelplan voor de Rijkswaterem 2010-

2015, 2009). Three main waterways can be considered within the Netherlands: the 

connection between the harbor of Amsterdam and Germany, the connection between the 

harbor of Rotterdam and Germany and the North-South connection (Filarski, 2014). The 

natural conditions determined the location and state of the waterways to a large extent. 

Originally, waterways were constructed and maintained by regional authorities. At the end of 

Figure 4: Navigation lock (Klein, 2013) 
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the 18th century, and concurrently with the Netherlands becoming a unitary state, the 

national water authority Rijkswaterstaat was founded, which became a powerful actor in 

Dutch water management. From the late 1800s until now, many hydraulic works have been 

built to increase the capacity. Figure 5 provides an overview of the total amount of navigation 

locks built (1890-2008) (Willems, 2015). 

 
Figure 5: Total amount of navigation locks built since 1890 (DISK, 2014) 

 
As figure 5 ǎƘƻǿǎΤ ƛƴ ǘƘŜ мфолΩǎ ǘƘŜǊŜ ǿŀǎ ŀ ǊŀǇƛŘ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ǘƻǘŀƭ ŀƳƻǳƴǘ ƻŦ ƴŀǾƛƎŀǘƛƻƴ 

locks. The expected technical life-span of a navigation lock is about 100 years. This indicates 

that many of the navigation locks need to be renovated or replaced in the upcoming years. 

Appendix I shows a table which provides information about all the locks in the MWW 

program. Among this information the estimated end of the technical life span of the locks is 

given.   

 

2.4 Relevant Aspects  

This paragraph discusses the relevant aspects which the government considers as important 

aspects for the infrastructure in the Netherlands. This is needed for the construction of the 

model.   

Recently, the Dutch minister of Infrastructure Cora van Nieuwenhuizen wrote a letter to the 

House of Representatives which stated that the current infrastructure in the Netherlands 

needs to be renewed, so that safety can be guaranteed and the infrastructure and becomes 

more sustainable. Moreover, currently the budget of Rijkswaterstaat is 150 million euro a 

year until the year 2020. However, from the 2020 and forwards it will be 350 million euro a 

year (Nieuwenhuizen, 2018). Rijkswaterstaat is an governmental organization in the 

Netherlands which controls 137 navigation locks in the Netherlands and can therefore be 

considered as an expert in management of navigation locks.  

This massive increase of available money indicates the real necessity to rejuvenate and renew 

of the existing infrastructure. Furthermore, due to the increase of traffic, also on the water, 

new techniques need to be applied to prevent future failures (Nieuwenhuizen, 2018).  



Master Thesis: Decision model for the renewal of navigation lock components 

22 
 

This letter discusses that there will be more budget available to accomplish for rejuvenating, 

renewing and making the existing infrastructure more sustainable. Rijkswaterstaat has the 

aim to work 100% circular in the year 2030 and is therefore an important aspect. The 

investments in the existing infrastructure is needed to guarantee the performance. Failure 

and malfunction of the infrastructure could leads to social nuisance and economic damage. 

The literature above indicates that three aspects are considered during the decision making 

for the renewal of the existing infrastructure. These three aspects are costs, performance and 

sustainability.  

The higher the investment costs, the higher the performance the more sustainable a 

component can be. Thus, the amount of money invested in a component will reflect on the 

performance and the sustainability of the component.  

 

Now that the considered aspects of renewal of the infrastructure are defined, these aspects 

can be implemented in the decision making process for the renewal of navigation locks, since 

navigation locks are a part of the defined infrastructure.  

 

2.5 Clarification of found aspects 

For the decision making process a conceptual model needs to be created where these three 

aspects are considered. The conceptual model, which will be shown in the next chapter, will 

show what the costs are for each possibility with respect to each aspect.  These three aspects 

can be divided into different forms by means of the life cycle phases of a navigation lock. By 

dividing these aspects into different forms, an overview can be created which shows the 

output of the different aspects in more detail. This output can be used in the conceptual 

model to decide which possibility is the most beneficial.  

 

 

 
Figure 6: Life cycle phases of a project (Slijk, 2013). 

 

Figure 6 shows that the life cycle of a product can be divided into four different phases. The 

first phase will be the product development phase, the second will be the construction phase, 

the third will be the operation & maintenance phase, and the last phase will be the recycle & 

disposal phase. All these phases will be explained in relation to the found aspects.  
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2.5.1 Costs 

All the costs are related to the different phases of the life cycle of the construction, see figure 

6. These phases can be related to product development costs, construction costs, operating 

and maintenance costs, recycling costs of the construction and the economic costs. 

The production development costs are the costs which are related to the design of the 

component. The construction costs are the costs related to the realization of the component, 

like the used materials and engineering hours. The operating and maintenance costs are 

related to the fixed and variable costs which helps to let the component function. The 

recycling & disposal costs of the construction are costs related to removal and the recycling 

costs of the component. 

To go further into detail about the recycling & disposal costs. Recycling first needs to be 

expressed in terms of the non-recycling percentage of the component. This is the part that 

creates costs, assuming that the recyclable part can be fully re-used and therefore creates 

zero costs. If the non-recycle percentage is known for the component, this percentage can be 

multiplied with the total tons in weight, to calculate the tons which are non-recyclable. 

Whenever the total non-recyclable tons are known, disposal costs can be calculated, by 

means of Appendix III. Appendix III shows the price per ton for each material. This will be 

mentioned as factor in Appendix III in the formula.  

 

The results in the following formula: (1)  

Non-recycling percentage * tons in weight of non-recyclable part = tons non-recyclable.  

 

Tons non-recyclable * factor in Appendix lll = recycle costs.  

 

2.5.2 Performance 

The performance is related to all phases of the life cycle. For example, at the product 

development phase, the designer has to think about how the lock can be maintained during 

the lifespan, this relates to the operation & maintenance phase. The performance 

requirements are related to the stakeholders. The stakeholders of the navigation lock could 

be the asset manager, contractor or the shipping industry.  

Performance can be translated into the reliability (R) and availability (A) of the navigation lock. 

The reliability and the availability can be determined by means of a fault tree analysis. Both 

reliability as availability are expressed in percentage. The fault tree analysis makes it possible 

to graphically model all potential failure mechanisms of the navigation lock per function. The 

fault tree analysis will be discussed in more detail in section 4.1.  

Navigation locks must be very reliable, as part of the flood defense and a passage for vessels 

(Vrijburcht, 2000). Furthermore, the main function of navigation locks is to bring ships from 

one water to another (Vrijburcht, 2000). In case a ship wants to pass the navigation lock but 

the gate (for example) is not working, the whole navigation lock becomes unavailable. For this 

reason, the availability of certain components of the lock is important. 

The navigation lock needs to perform as it is designed. Whenever the performance 

requirements are not met, this can lead to high economic costs. Whenever a navigation lock 

functions less frequently than it should, this will affect the shipping industry. The shipping 

industry experiences hinderance and can therefore loses valuable time. 
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2.5.3 Sustainability 

Sustainability has to be considered during all phases. For instance, the percentage of the 

recycled component of the navigation lock can be high or low and this has to be taken into 

account during the product development phase.  

Rijkswaterstaat wants to be 100% circular in the year 2030 (Rijkswaterstaat, 2018). This 

means that recycling is a high priority for Rijkswaterstaat. The circular economy revolves 

around the smart use of raw materials, products and goods, so that they can be reused 

infinitely: a closed cycle. For buildings, for example, 'circular' means that materials are reused, 

but also that the building can be used flexibly (MVO, 2018). 

Navigation locks are primarily made of concrete (Vrijburcht, 2000). This means that all 

navigation locks built after 2030 need to be made out of recycled concrete. Furthermore, the 

remains of the navigation locks that are built before 2030 need to be recycled. Research has 

shown that the remaining lifespan (of wood, concrete as steel) exerts minimal influence on 

the recycling percentage of the component (CE, 2016). All of these materials can be related 

to an emission factor (kg CO2eq per unit). 

 

2.6 Clarification possibilities 

Now that the life cycle phases and their relation with the aspects are describes, the first step 

of the conceptual model can be created. However, first the definitions of the possibilities will 

be defined. Thereafter, the possible positive effects of standardization will be compared to 

renovation and regular replacement.  

 

2.6.1 Renovation 

wŜƴƻǾŀǘƛƻƴ ƛǎ ŘŜŦƛƴŜŘ ƛƴ ǘƘŜ ŘƛŎǘƛƻƴŀǊȅ ŀǎΥ Ψǘƻ ǊŜǎǘƻǊŜ ǘƻ ƎƻƻŘ ŎƻƴŘƛǘƛƻƴΤ ƳŀƪŜ ƴŜǿ ƻǊ ŀǎ ƛŦ 

ƴŜǿ ŀƎŀƛƴΤ ǊŜǇŀƛǊΩ (Dictionary.com, 2019). In this case the old component gets restored in 

such a state that it satisfies the current standards. Life time extended maintenance is a part 

of renovation because life time extended maintenance is a form of reparation. 

 

2.6.2 Replacement 

Replacement is ŘŜŦƛƴŜŘ ƛƴ ǘƘŜ ŘƛŎǘƛƻƴŀǊȅ ŀǎΥ Ψǘƻ ǇǊƻǾƛŘŜ ŀ ǎǳōǎǘƛǘǳǘŜ ƻǊ ŜǉǳƛǾŀƭŜƴǘ ƛƴ ǘƘŜ ǇƭŀŎŜ 

ƻŦΩ (Dictionary.com, 2019). In this case the old component gets replaced by a similar new 

product. 

 

2.6.3 Standardization 

The Ministry of Infrastructure encourages the use of smart innovations (Nieuwenhuizen, 

2018). A smart innovation solution could be the implementation of standardization of certain 

components of the navigation lock. To decide whether standardization is a good option 

multiple aspects needs to be evaluated. This section describes what standardization is and 

uses the aspects found earlier in this research to assess standardization. 

{ǘŀƴŘŀǊŘƛȊŀǘƛƻƴ ƛǎ ŘŜŦƛƴŜŘ ƛƴ ǘƘŜ ŘƛŎǘƛƻƴŀǊȅ ŀǎΥ Ψǘƻ ōǊƛƴƎ ǘƻ ƻǊ ƳŀƪŜ ŀn established standard 

size, weight, quality, strength, or the like: to standardize manufactured parts. 

(Dictionary.com, 2018) 
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Previous research has shown that multiple components of a navigation lock are suitable for 

standardization, see figure 2. Previous research has found that standardization of navigation 

locks leads to many effects, see table 1 (Slijk, 2013). Four phases are described: Product 

development, construction, Operation & maintenance, and Recycling & Disposal. 

 
Table 3: The effects of standardization based on different Life cycle phases (Slijk, 2013) 

 

All the described life cycle phases in table 3 effects can be reflected to the aspects: costs, 

performance and sustainability of the navigation lock. The relation of these aspects with 

standardization are described in the next section.  

 

The first order effect described in table 3 shows what the direct effects of the standardization 

process is and the intended use of the standard. For example: higher predictability of costs 

and availability.  

The second order effect are is due the changes in human behavior as a result of the 

introduction of a new standard. These effects comes over time due to earlier made decisions 

and constructions. For example: reduction in costs due to the learning curve.  
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The higher order effects are about the standardization of river lock elements are thought from 

different perspectives. To take an example: standardized element can be recycled (Slijk, 

2013).   

2.7 Conclusion 

The goal of this chapter was to identify the most common design determining aspects for the 

model. By defining which aspects the Ministry of Infrastructure is focusing on, the aspects of 

the model can be determined. The conceptual model will be based on three aspects; costs, 

performance and sustainability. To divided the three aspects into smaller forms, the life cycle 

is used. The life cycle divided the aspects in four different phases, which provides the 

opportunity to create more detailed overview. Furthermore, to compare the possibilities it is 

useful to translate all the aspects into costs. By doing this the conceptual model can be 

created. Furthermore, prior research showed that standardization can lead to the intended 

effect but also to lead to second order and higher order effects.   
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3. Provisional Model 
The previous chapter identified the aspects which Rijkswaterstaat takes into account for the 

decision making between renovation or fully renewal of a certain component. Furthermore, 

it shows that the aspects can be related to the phases of the life cycle. By translating the 

everything into costs it will provide a clear overview between the three possibilities. The goal 

is to create a new proposed model to determine the renovation, replacement or 

standardization costs of a lock component. This chapter elaborates how these aspects can be 

expressed in a table and thereafter be translated into costs. The first section will describe the 

aspects and how these aspects are translated to costs. The second section will describe the 

conceptual model. At the end a conclusion will be drawn.  

 

3.1 Aspects of the model 

The literature indicates that costs, performance and sustainability are the most relevant 

aspects for the infrastructure and form the foundation of the decision making process to 

renovate, replace or standardize a certain component of a navigation lock. 

 

 

 

 

 

 

Figure 7 represents the aspects on which can be decided what needs to be taken into account 

for deciding among renovation, replacement or standardization of a certain component. Each 

of these aspects are explained further in the sections; 3.1.1, 3.1.2, and 3.1.3. 

 

3.1.1 Costs 

Chapter 2 described the life cycle phases and how these are related to the costs. The 

production development, construction, and operating and maintenance costs are known by 

the asset manager and can directly can be implemented. However, recycling costs can not 

directly be translated into costs, therefore following formula (1) is created.  

 

This can be translated into the following table: 

 Renovation Replacement Standardization 

Production 
development costs 

ϵ!1 ϵ.1 ϵ/1 

Construction costs ϵ!2 ϵ.2 ϵ/2 

Operating and 
maintenance costs 

ϵ!3 ϵ.3 ϵ/3 

Recycling costs ϵ!4 ϵ.4 ϵ/4 

Total costs ϵ!1,2,3,4 ϵ.1,2,3,4 ϵ/1,2,3,4 
Table 4: Costs aspect 

Table 4 shows what the costs are for the aspect costs. After implementing the costs for each 

life cycle phase at each possibility, the total costs for each possibility is known. The output of 

Costs Performance Sustainability 

Figure 7: Relevant aspects 
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the total costs for each possibility will later be used in the conceptual model to decide 

whether to renovate, replace or to standardize a certain component of a navigation lock.  

 

3.1.2 Performance 

The performance for each possibility needs to be known in order to calculate the non-

performance. Performance is divided into the terms reliability and availability, which are 

expressed in percentages. 

The reliability and availability for each component will be translated into the following table: 

 

 Renovation Replacement Standardization 

Reliability %D1 %E1 %F1 

Availability %D2 %E2 %F2 

Non-performance 
(non-reliability) 

%D3 %E3 %F3 

Non-performance 
(non-availability) 

%D4 %E4 %F4 

Total %D1+%D3 & %D2+%D4 %E1+%E3 & %E2+%E4 %F1+%F3 & %F2+%F4 
Table 5: Performance aspect 

Table 5 shows the performance aspect in its different forms and how it relates to the 

possibilities. To compare the three possibilities, performance ultimately needs to be 

expressed in costs. By doing this, an overview will be provided which shows all differences 

between the possibilities.  

Because reliability and availability are expressed in percentages, these cannot directly be 

compared to costs and therefore needs to be translated to costs. To do this, the document 

NIS (Netwerk Informatie Systeem) of Rijkswaterstaat can be used. Rijkswaterstaat is saving 

information about the main road network, main waterway network and main water systems 

in NIS. NIS provides information about each of these network in terms of quantity, quality and 

the performance & usage of the network (Rijkswaterstaat, 2019). 

If certain costs can be charged per main waterway network for the non-performance of the 

lock, the performance requirements can be translated into costs. This will be done by 

converting the non-availability and non-reliability percentages to hours and then multiplying 

them by the hourly rate that is calculated if a lock does not function. 

 

To go into further detail: one year has 8.760 hours. In case the lock works perfectly the non-

performance of the lock is 0%. However, for each hour that the lock is not performing this 

results in 1/8760 = 0,0114%. The other way around, 1% is 87,60 hours.  

The penalty costs that will be charged for each lost hour are depended on (Kruijf, 2018): 

¶ the quantity of ships passing the lock; 

¶ the damage done in the logistics.  

 

This leads to the following formula (2): 

 costs for non-performance = lost hours x penalty costs.  
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This can be translated into the following table: 

 Renovation Replacement Standardization 

Reliability ϵ51 ϵ91 ϵC1 

Availability ϵ52 ϵ92 ϵC2 

Non-performance 
(non-reliability) 

ϵ53 ϵ93 ϵC3 

Non-performance 
(non-availability) 

ϵ54 ϵ94 ϵC4 

Total ϵD1+ϵ53 &  ϵD2+ϵ54 ϵE1+ϵ93 &  ϵE2+ϵ94 ϵC1+ϵC3 &  ϵC2+ϵC4 
Table 6: Performance aspect translated into costs 

Table 6 shows the performance aspect, translated to costs, in its different forms and how it 

relates to the possibilities. After implementing the reliability, availability and non-

performance costs,  the total costs for each possibility is known. The output of the total costs 

for each possibility will later be used in the conceptual model to decide whether to renovate, 

replace or to standardize a certain component of a navigation lock.  

 

Furthermore, when standardization is used as a means to improve the performance, in terms 

of reliability and predictability, it can be assumed that the positive effects of development 

and implementation of a standard can be advantageous for the economy. Moreover, 

standardization is advantageous for the ease of the asset management by the operation and 

maintenance (Slijk, 2013). 

 

3.1.3 Sustainability 

The sustainability of each possibility needs to be calculated before making a decision about 

the renovation, replacement or standardization of a certain component. To this end, 

sustainability is divided into the terms CO2 emissions and recycle percentage. 

As explained in chapter 2, Rijkswaterstaat wants to be 100% circular in the year 2030 

(Rijkswaterstaat, 2018). This includes that all navigation lock built after 2030 need to be made 

of recycled material. Moreover, a research has shown that the remaining lifespan of wood, 

concrete and steel exerts minimal influence on the recycling percentage of the component 

(CE, 2016). 

Navigation lock components are generally made out of wood, concrete and steel. All of these 

materials can be related to an emission factor (kg CO2eq per unit). The total amount of used 

materials (in kg) needs to be calculated and translated into kg CO2 per possibility. Appendix II 

provides an overview of the different kinds of materials and their emission factors.  

 

This results in the following formula (3): 

 

Material  * emission factor (kg CO2eq per unit)  = kg CO2 emission.   

 

kg CO2 emission * 1.000 =  CO2 emission (ton)  
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This can be translated into the following table: 

 Renovation Replacement Standardization 

CO2 emission EQ  (tons) (tons)G1 (tons)H1 (tons)I1 

Non-Recycle percentage %G2 %H2 %I2 

 G1,2 H1,2 I1,2 

Table 7: Sustainability aspect 

Table 7 shows the sustainability aspect in its different forms and how it relates to the 

possibilities. To compare the three possibilities, sustainability ultimately needs to be 

expressed in costs. By doing this, an overview will be provided which shows differences 

among the possibilities. 

The CO2 emissions are expressed in terms of kg CO2 this cannot directly be compared to costs 

and therefore needs to be translated to costs. To do this, the calculated kg CO2 per possibility 

needs to be multiplied by CO2-ǇǊƛŎŜ ƛƴ ŜǳǊƻΩǎΦ ¢ƘŜ ǇǊƛŎŜ ƛƴ ŜǳǊƻΩǎ ǇŜǊ ǘƻƴ /h2 which are used 

in The Netherlands are registered at the Dutch Central Bureau of Statistics. Currently, the 

price is 7.3 euro per ton CO2 (CBS, 2019). 

 

This results in the following formula (4): 

 

CO2 emission (Tons) * price per ton  = CO2 emission price.   

 

The non-recycling process is expressed as a percentage, this cannot directly be compared to 

costs and therefore needs to be translated to costs. If the non-recycle percentage is known 

for the component, this percentage can be multiplied with the total tons in weight, to 

calculate the tons which are non-recyclable. Whenever the total non-recyclable tons is 

known. The dump costs per ton for each material can be found at appendix III. Thus formula 

(1) needs to be used.  

 

All these prices together results in the can translated into the following table:  

 

 Renovation Replacement Standardization 

CO2 emission EQ  
όϵύ 

ϵD1 ϵI1 ϵL1 

Recycle costs  
όϵύ 

ϵG2 ϵH2 ϵI2 

Total costs 
όϵύ 

ϵG1,2 ϵH1,2 ϵI1,2 

Table 8: Sustainability aspect translated to costs 

Table 8 shows the sustainability aspect, translated in costs, in its different forms and how it 

relates to the possibilities. After implementing the CO2 emission costs and recycle costs for 

each possibility, the total costs for each possibility is known. The output of the total costs for 

each possibility will later be used in the conceptual model to decide whether to renovate, 

replace or to standardize a certain component of a navigation lock. 
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3.2 Conceptual model 

The conceptual model makes use of a multi-criteria analysis which provides the opportunity 

to make an decision between the three possibilities. 

aǳƭǘƛҍŎǊƛǘŜǊƛŀ ŀƴŀƭȅǎƛǎ όa/!ύ is a model that supports comparison of e.g. different policy 

options on the basis of a set of criteria. They are very effectively in supporting the assessment 

of and decision making on complex sustainability issues because they can integrate a diversity 

of criteria in a multidimensional guise and they can be adapted to a large variety of contexts. 

The procedures and results obtained from MCA can be improved with the interaction of 

stakeholders (Herwijnen, 2005). 

 

In order to calculated what the most beneficial possibility is, a new proposed model has been 

made: 

           Possibilities 
Aspects 

Weight Renovation Replacement Standardization 

Cƻǎǘǎ όϵύ x A1,2,3,4 B1,2,3,4 C1,2,3,4 

tŜǊŦƻǊƳŀƴŎŜ όϵύ y D1,2,3 E1,2,3 F1,2,3 

{ǳǎǘŀƛƴŀōƛƭƛǘȅ όϵύ z G1,2 H1,2 I1,2 

¢ƻǘŀƭ όϵύ  xA+yD+zG xB+yE+zH xC+yF+zI 
Table 9: Proposed model 

Table 9 shows the proposed model. To provide a clear overview all aspects are expressed in 

costs in the proposed model. Furthermore, the decision maker has the option to put weight 

to certain aspects. The weights are positive numbers. In this way it gives the decision maker 

the opportunity to focus on a specific aspect. It is assumed that the weights are evenly 

distributed over the three aspects. This includes that each aspect has the same influence on 

the results as the other aspects. 

The multi-criteria analysis makes it possible to take all three aspects into consideration and 

thereby allows identification of the best possibility. However, it makes it also possible to put 

weights on certain aspects and hereby focus on those. The decision maker could decide to 

put a higher number for performance compared to the other aspect for example. A reason 

for this could be that the navigation lock is part of an important transport route and the non-

performance will result in a high economic damage. This will result in the optimal possibility.  

 

3.3 Conclusion & Discussion 

The goal of this chapter was to create a new proposed model to determine the renovation, 

replacement or standardization costs of a lock component. By expressing all the different 

aspects in the costs, e.g. euros, a clear overview will be provided which shows what the 

cheapest solution is. In addition to that, the MCA provides the opportunity to add weights to 

the aspects which can have an influence on the outcome, this will identify the optimum 

solution.  

This proposed model can be used to decide what the most beneficial option is for an individual 

lock component. However, as stated in chapter 2.6.3, the advantages of standardization will 

be best reflected whenever it is applied at multiple locations. To develop a model which 

shows what these advantages are and how these can be applied in the model, first further 

research need to be done about how currently the decisions are made for the renewal of 
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navigation lock components. Therefore, the three most commonly used management 

strategies by Rijkswaterstaat are discussed and multiple experts are interviewed about their 

decision making process.  
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4. Management strategies of Rijkswaterstaat 
The previous chapter brought clarity about how the most beneficial option for an individual 

lock component can be decided. This chapter discusses the three most commonly used 

management strategies. It presents how current decisions are made about the renewal of a 

component. The goal is to get a better understanding of the current decision making process, 

in order to create a new model which takes the essentials of the current decision making into 

account.  The first section discusses RAMS (Reliability, Availability, Maintainability, Safety), 

the second section will discuss ProBO (Risk-Based Management and maintenance), the third 

section discusses OBR (Object Beheer Regime). After that a discussion and a conclusion will 

be drawn.  

 

To give an overview of the three management strategies, the strategies are constructed into 

four sub-sections: 

1. What is the strategy? 

2. When to apply the strategy? 

3. What are the aspects of the strategy? 

4. How are the decisions made in the strategy? 

 

4.1 RAMS 

The guideline of RAMS is set up with the goal to apply RAMS for the infrastructure. The 

guideline RAMS can be used in the whole life cycle for the entire infrastructure system. 

 

4.1.1. What is RAMS 

Based on four attributes RAMS describes the primary performance of the system. This 

performance level is determined in terms of Reliability (R), Availability (A), Maintainability 

(M), and Safety (S). The goal of RAMS is to map the process in these terms. How the process 

is mapped is explained in section 4.1.3.   

 

4.1.2 When to apply RAMS 
To maintain an optimum performance during the life time of a component, the RAMS method 

can used in the construction, the management and maintenance phases. Figure 8 shows the 

correlation between the RAMS aspects.  

 
Figure 8: correlation between RAMS aspects (Bakker. et al., 2010) 



Master Thesis: Decision model for the renewal of navigation lock components 

34 
 

4.1.3 What are the aspects of RAMS 

The RAMS aspects (Reliability, Availability, Maintainability, Safety) are inter-correlated with 

each other. This means that; the availability has an influence on the safety, the maintainability 

has an influence on the reliability and so on.  

 

 
Figure 9: Fault tree (Schepers, 2013) 

 

The first two aspects of RAMS; Reliability (R) and Availability (A) are determined by means of 

a fault tree analysis. Figure 9 shows an example fault tree analysis of a navigation lock. This 

fault tree analysis makes it possible to graphically model all potential failure mechanisms, in 

terms of reliability and availability of the navigation lock, per function. 

The availability, represented in hours per year, of a function depends on the number and the 

duration of the failures. The failure frequency is important to the reliability. 

 

A fault tree shows all the components which have an influence on the functioning of the lock. 

The non-reliability (W) and the non-availability (Q), circled in red, are linked to each 

component to determine the current performance. The Mean Time To Repair (MTTR) of the 

component is an important factor in determining the performance. The MTTR shows what 

the repair time of a certain component is. So, whenever a component is faster repaired, the 

availability of this component will be higher compared to a low repair time. All the non-

availability and non-reliability can be derived of the following sources: 

- Results of constructive analyses; 

- Results of inspections; 

- Component specific error data; 

- RAM-data; 

- Expert judgements. 
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The third aspects of RAMS: Maintainability (M) is determined by to what extent the system is 

maintainable. This includes that the system can be maintained within the desired time and 

available budget. Whenever this time increases, the availability decreases. For this reason, 

the functioning of the system / component is therefore dependent on the reliability as well 

as the maintainability. Maintainability can be divided into corrective and preventive 

maintainability. 

The realization of maintainability depends on several factors, namely the availability of the 

required knowledge and skills, available budget, the spare materials, available data and 

documentation, and availability of the component to carry out the maintenance 

(Rijkswaterstaat, 2013). 

The fourth aspect of RAMS is Safety (S). {ŀŦŜǘȅ ό{ύ ƛǎ ŘŜŦƛƴŜŘ ŀǎΥ ΨōŜƛƴƎ ŦǊŜŜ ƻŦ ǳƴŀŎŎŜǇǘŀōƭŜ 

Ǌƛǎƪǎ ƛƴ ǘŜǊƳǎ ƻŦ ƛƴƧǳǊȅ ǘƻ ǇŜƻǇƭŜΦΩ ¢ƘŜǎŜ ǇŜƻǇƭŜ Ŏŀƴ ōŜ ǳǎŜǊǎΣ ǎŜǊǾŜǊǎ or maintenance 

personnel. (Bakker. et al., 2010). 

 
4.1.4. How are the decisions made 

The consideration between renovation or replacement is a choice that is made by asset 

managers and policymakers. Their decision is based on the performance, costs and 

sustainability. However, the decision is primarily based on the performance of the 

component. 

 

4.2 ProBO 

Risk-based management and maintenance (ProBO: Probablistisch beheer- en onderhoud) is a 

guideline set up by Rijkswaterstaat. ProBO is a risk-based management and maintenance 

method to organize the entire management and maintenance process, for Rijkswaterstaat 

owned infrastructure in a practical way (Rijkswaterstaat, 2011). An important aspect of the 

ProBO working method is that the performance requirements are demonstrated in terms of 

reliability and availability for the navigation locks. 

 

4.2.1. What is ProBO 

Risk-based Management and Maintenance (ProBO) is an element of asset management and 

focuses in particular on giving insight of the level of performance of the component and the 

risks that can affect the performance level.  

Key concepts within risk-based management and maintenance are: 

- Management and maintenance are based on the risks that affect the performance level of a 

component; 

- Continuous managing of the performance level by applying the PDCA-cycle (Plan, Do, Check, 

Act). 

- Focused on technology, organization, and contracts. 
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Figure 10: Risk-based management and maintenance (Rijkswaterstaat, 2011) 

 

Figure 10 represents the risk-based management and maintenance cycle. After the realization 

phase, the component must be managed for the useful life to be maintained throughout the 

life of the service component. Within Rijkswaterstaat performance management in the 

management and maintenance phase is characterized as risk-based management and 

maintenance. 

 

Whenever the asset manager fully implements the ProBO method this will result in the 

following (Van Maaren, Handreiking prestatiegestuurde risicoanalyses, 2018): 

- Staying in control over the component; which means no surprises about maintenance and 

safety risks; 

- Obey to the laws and the regulations; 

- Achieve economic benefits concerning market integration by clustering management and 

maintenance work, exchangeability of Rijkswaterstaat staff on critical organizational 

positions, and more available data through more efficient and effective policy; 

- To have one uniform communication model with the contractor or the user to make their 

performance transparent for (distance-) management; 

- Optimization of the costs and the profits of maintenance; 

- Unambiguously record all tasks, roles and responsibilities. 
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4.2.2. When to apply ProBO 

ProBO will be applied after the realization of the component. After the realization phase, the 

component needs to be management and maintained for the whole technical lifespan. Within 

Rijkswaterstaat performance management in the management and maintenance phase is 

characterized as risk-based management and maintenance.  

The goal is to obtain 100% transparency between the disciplines: traffic- and water 

management, project management, environmental management, maintenance management 

and information management. By accomplishing this goal, the most efficient strategy can be 

applied in terms of costs, performance and sustainability. However, in practice this is hard to 

accomplish because the theory is not always the same as reality. Each different project has a 

different contract and therefore their own lifecycle analysis and risks (Lamain, 2011). 

Asset management links the operational management and maintenance to the tactical and 
strategic objectives of the organization. Operational and tactical analyses are conducted each 
year, where a 10-years vision is created. These analyses involve determining which measures 
and at what costs performance requirements for the respective area part can be achieved. 
These analyses use performance optimization models such as reliability-centered 
maintenance and result in tactical maintenance planning in water management (Lamain, 
2011). 
 

 
Figure 11:Relationship RAMS and ProBO (Rijkswaterstaat, 2011) 

 

Figure 11 shows schematically the relationship between a System Engineering and RAMS with 

ProBO (risk-based management and maintenance). The left side shows the construction 
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phase, where System Engineering and RAMS guidelines in consultation with asset manager 

are leading. A good analysis of the performance needs and an appropriate translation to the 

performance requirements are of major importance. Based on the set requirements the 

design phase can start and at set times the design must be verified against the set 

performance requirements (Van Maaren, Handreiking prestatiegestuurde risicoanalyses, 

2018). 

 
4.2.3. What are the aspects of ProBO 

As said earlier; ProBO focusses on giving insight of the level of performance of the component 

and the risks that can affect the performance level. ProBO considers the aspects: 

performance, risks and costs (Van Maaren, Handreiking prestatiegestuurde risicoanalyses, 

2018). Whenever the risks and the maintenance-costs are clear, the optimum between the 

level of performance of the component and the costs to maintain the level of performance 

can be found. 

 

4.2.4. How are the decisions made 

The consideration between renovation or replacement is a choice that is made by asset 

managers and policymakers. Their decision is based on the performance, costs and 

sustainability. However, the decision is primarily based on the performance, with respect to 

risk, of the component. 

 

4.3 OBR 

The OBR (ObjectBeheerRegime) refers to the wet infrastructure which are managed by 

Rijkswaterstaat. The locks which are a part of the OBR can be divided into different categories, 

namely; functionality, technical aspects and the management and maintenance. 

 

4.3.1. What is OBR 

The specification of the measures for management and maintenance takes place in the so-

called object management regimes (OBR). The OBR highlights per object how the 

management and maintenance is conducted and for what reason. The main focus is on the 

management and maintenance of the network (Boomaerts, 2017). 

 

4.3.2. When to apply OBR 

The OBR can be applied during the on the management and maintenance phase. The OBR 

describes the management and maintenance from the perspective that the situation is 

qualitatively in order (Rijkswaterstaat, 2010). 

 

4.3.3.  What are the aspects of OBR 

The goal is to guarantee the performance requirements at the lowest life cycle costs as 

possible. In addition to that, all new materials need to be 100% sustainable to meet the 

sustainability goal in 2030 (Rijkswaterstaat, 2010).  
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Table 10: overview yearly maintenance costs of locks RWS (Rijkswaterstaat, 2010) 

!ƭƭ ǘƘŜ h.wΩǎ ǘƻƎŜǘƘŜǊ ƛƴŘƛŎŀǘŜ ǿƘƛŎƘ ǇŀŎƪŀƎŜ ƻŦ ƳŀƴŀƎŜƳŜƴǘ ŀƴŘ ƳŀƛƴǘŜƴŀƴŎŜ ƳŜŀǎǳǊŜǎ 

are required to ensure that the infrastructures management by Rijkswaterstaat is maintained 

in the long term and functions properly (Boomaerts, 2017). Furthermore, the OBR describes 

the maintenance costs per year, as can been seen in table 10. Table 10 shows what the yearly 

maintenance costs are for locks in the Netherlands in the year 2010. The left column shows 

the different regions in tƘŜ bŜǘƘŜǊƭŀƴŘǎΦ ¢ƘŜ ΨǾŀǎǘΩ ŎƻƭǳƳƴ ǎƘƻǿǎ ǘƘŜ Ŏƻƴǎǘŀƴǘ ƳŀƛƴǘŜƴŀƴŎŜ 

ŎƻǎǘǎΣ ǘƘŜ ŎƻƭǳƳƴ ΨǾŀǊƛŀōŜƭΩ ǎƘƻǿǎ ǘƘŜ ǾŀǊƛŀōƭŜ ƳŀƛƴǘŜƴŀƴŎŜ Ŏƻǎǘǎ  ŀƴŘ ǘƘŜ ŎƻƭǳƳƴ ΨǘƻǘŀŀƭΩ 

shows the total costs for each region in the year 2010. At the bottom the total maintenance 

costs for Rijkswaterstaat for locks is shown.  

The OBR handles the aspect performance in the following way: the asset manager of the 

navigation lock agrees upon an availability percentage and a maximum leveling time. 

Furthermore, the function of the waterway has an influence on the availability percentage, 

this depends on the operating time of the lock. The availability percentage of navigation locks 

in the main  waterways is about 98-99%. The 1-2% non-availability is due to errors, planned 

maintenance and collisions (Rijkswaterstaat, 2010). Thus, as can explained the OBR aspects 

are: costs, performance and sustainability. 

 

4.3.4. How are the decisions made 

The OBR has information about the replacement and renovation process of the navigation 

locks which are reaching the end of their lifespan. The consideration between replacement 

and renovation is a choice that is made in conformity between the asset manager and 

policymakers. The decision will be primarily based on life cycle costs to keep the required 

performance. 

 

4.4 Discussion  

This section highlights the most important facts of the three most commonly used 

management strategies of Rijkswaterstaat. 

¶ All three discussed management strategies consider all aspects of the conceptual model in 

their management strategy. However, the three management strategies have a different 

approach; 
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o RAMS determines the reliability (R) and availability (A) of the component 

functions. Furthermore it provides insight in the maintainability (M) and the 

safety of the component (Bakker. et al., 2010). The focus of RAMS lies primarily 

on the performance; 

o Risk-based Management and Maintenance (ProBO) is an element of asset 

management and focuses in particular on giving insight on the level of 

performance of the component and the risks that can affect the performance 

level (Van Maaren, Handreiking prestatiegestuurde risicoanalyses, 2018). 

o The OBR (objectbeheerregimes) provides a general overview of the 

management and maintenance costs of all the different navigation locks in the 

Netherlands (Boomaerts, 2017). The OBR is primarily focusing on the costs 

aspect, in particular on life cycle costs; 

¶ All management strategies make use of a fault tree analysis for determining the performance 

in terms of reliability and availability. This fault tree analysis makes it possible to graphically 

model all potential failure mechanisms of the navigation lock, per function. 

¶ Standardization is a rather new concept in the management and engineering of  navigation 

lock components. Therefore, the current management strategies are not discussing this 

possibility. 

¶ None of the strategies expresses all the aspects in costs, which provides a clear overview of 

the cheapest solution. 

 

4.5 Conclusion 

Three management strategies are discussed for deciding among renovation, replacement or 

standardization of a component of a navigation lock. The goal of this chapter was to get a 

better understanding of the current decision making process, in order to create a new model 

which takes the essentials of the current decision making into account.   

 

 RAMS PROBO OBR 

1. Costs + + ++ 

2. Performance ++ ++ + 

3. Sustainability + + + 

4. Standardization - - - 

5. Expressed in costs - - - 
Table 11: Pro's and con's management strategies 

Table 11 illustrates 5 points what the management strategies should discuss in order to make 

a decision between renovation, replacement or standardization of a component. The ++ 

shows on which points the strategy is focusing on, the + shows which points it mentions and 

the - ǎƘƻǿǎ ǿƘŀǘ ƛǘ ŘƻŜǎƴΩǘ ƳŜƴǘƛƻƴΦ 

Currently, the RAMS, ProBO and OBR are making decisions based on one location. The 

concept of standardization is a rather new term in the world of navigation locks. Therefore, 

not all the pros and cons are known and thus standardization is not being discussed as one of 

the possibilities of renewal. Furthermore, none of the strategies is using a model where all 
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aspects are translated to costs. Converting all aspects to costs provides the opportunity for a 

clear overview of the most beneficial solution.  

It can be concluded that in order to make a decision between renovation, replacement or 

standardization, first the benefits of standardization needs and the impact on the multiple 

locations need to be more clear. Therefore, a new model needs to be created. This model 

allows identification of the most beneficial solution based on three aspects. 
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5. Interviews 
To investigate how currently the decisions are made for the renewal of navigation lock 

components, interviews with experts have been conducted. Next to the decision making 

process, also the opinion about standardization of navigation lock components is asked.  

The goal of this chapter is to get a better understanding of the decision making process of the 

asset managers. By doing this the aspects which the asset managers base their decision on 

are known. This information can be used to create a new decision model.   

This section first provides a six point summary of the interviews. First, the expert function is 

given. Second, data for the decision making process is presented. Third, maintenance is 

discussed. Fourth, the performance of the lock is discussed. Fifth, the aspects for the decision 

making are discussed. Sixth, the opinion of the expert about standardization is discussed. 

Thereafter a conclusion will be drawn about the decision making progress. The full interviews 

can be found in appendix IV.  

 

5.1 Interviews summarized 

Expert 1 

1. Expert 1 an asset manager of the navigation locks in the southern part of the Netherlands. 

2. A large amount of the data is not recorded and whenever it is recorded, in many cases the 

data is not structured. OBR is generic for RWS and can be used as a means to generate 

data for averages for input data of the different parameters for the model. 

3. Each navigation lock has a contractor who does the maintenance on the gates. The 

contractor needs to solve the smaller repairs within a pre-arranged time, to minimize the 

blockage for the shipping industry. For big repairs, there is no pre-arranged time and this 

can take up to a month. 

4. RWS has requirements for the availability of the navigation lock. This is presented in 

percentage per year. Spare parts and repair equipment are available near the navigation 

lock. Whether on the terrain itself or in a nearby depot. As a general rule: large and highly 

specific parts with a long delivery time need to be present. 

A spare gate is not always necessary, it depends on the situation per navigation lock. Costs 

of the blocking of the shipping industry is an important reason for the consideration 

whether to invest in a spare gate or not. 

If a navigation lock is not functioning for a certain period, Rijkswaterstaat handles a hourly 

rate for not functioning per hour for compensating the shipping industry. It depends on 

the intensity of the shipping industry and the damage done to the logistics what hourly 

rate is used. 

5. The asset managers will focus on the performance, costs and risks for the decision 

whether to apply this standard component or not. 

6. Whenever the market offers a standard component which can be applied to increase the 

availability and reliability of a navigation lock and with that lower the life cycle costs, a 

standard can have the preference. Because this results in a higher performance and lower 

costs, which are 2 out of 3 aspects. 
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Expert 2 

1. Expert 2 is senior advisor on navigations locks of Rijkswaterstaat and is one of the 

members of the GPO (Grote Projecten en Onderhoud). He provides advise to asset 

managers how to deal efficiently with their decisions about investments.  

2. For the question about the maintenance strategy, he directed me to the OBR for the 

general data. For more specific data he directed me to the asset managers. 

3. Using visual inspections corrective maintenance is conducted. In the stages of 

contracting, a period is determined for the repair / replacement time. 

A good example for preventive maintenance is a conservation layer on the gates. The 

OBR has general rules for these standard types of maintenance. Furthermore, the 

conservation plans (IHP) go in more depth about this subject. However, there is no 

manual how to approach such difficulties. In case of gates, preventive measurements 

with inspections are used to estimate the replacement and renovation time. 

4. In which case a blocking needs to be requested depends on consequences. Whenever 

it is a crowded route for the shipping industry the consequences could be related to 

high costs. Furthermore, it depends on the availability of the locks. Not all locks are 

open 24/7. So, it depends on the economic consequences. 

There is risks analysis available for every navigation lock. Navigation locks have an 

extremely high reliability requirement because the consequences can be high. 99% 

reliability seems high, however this is 1% not-reliable, which is 3,65 days 

nonfunctioning of the navigation lock. This can result in high costs for the shipping 

industry. 

5. The triangle risk-costs-performance is flexible. Sometimes a risk is being accepted 

because the prevention costs are too high. 

6. - 

 

Expert 3 

1. Expert 3 is the asset manager of Zeeland and the delta area. 

2. Every two years a AM maturity check and AM decision making is done. At these checks 

the asset manager is deciding whether to renovate or replace the component by life 

cycle optimization. 

3. For the management strategy a FMECA is used, which is part of ProBO. The FMECA 

shows what the risks and the consequences are and forms an essential part for the 

decision making.  

4. Spare gates are available for every navigation lock. Blocking locks for water retention 

are also always available. Whenever a component of the navigation lock gets older, 

the costs increases and the availability decreases. 

5. For deciding whenever a component needs to be replaced, renovated or maintained 

the triangle risks-costs-performance is used. 

6. In case it is proven that the use of standardized components result in a higher 

performance and lower the life cycle costs, it is an obvious discussion that the asset 

managers choose for this option. 
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5.2 Conclusion interviews 

By interviewing three experts more information about the current decision making process is 

gained. This information is needed in order to create a new decision model which, next to 

renovation and regular replacement, also takes standardization into the decision making 

process. 

In general the asset managers are using the triangle performance-costs-risks to determine the 

decision between the three options; renovation, replacement or standardization. For a 

detailed and more specific approach, the Whole Life Costs of the component should be taken 

into account. In the Whole Life Costs approach the option with the lowest costs where the 

component still meets the functional requirements is chosen as optimal.  

¶ The performance is measured by the reliability and the availability of the component of the 

navigation lock; 

¶ The costs are determined in the beginning of the project and further specified during the 

project; 

¶ The risks are related to performance and the costs and thus the triangle of these three aspects 

are flexible; 

 

 
Figure 12: Current decision aspects of asset managers 

 

Currently, the asset managers base their decision on the aspects given in figure 12.  

¶ The asset managers use the management strategies that are represented by Rijkswaterstaat. 

However, it was found that the experts do not use one in particular. Thus, it can be concluded 

that all the strategies are sufficient enough to make a decision about the renewal of a 

navigation lock component.  

¶ In case it is proven that the use of standardized components have a positive effect on aspects 

costs, performance or sustainability, asset managers will take this option into account.  
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6. Refined model 
The previous chapter identified the key aspects which Rijkswaterstaat takes into account for 

the decision making between renovation or full renewal of a certain component. Chapter 3 

described the conceptual model, which expressed all the different aspects in costs to get a 

clear overview of the possibilities. In addition to that, the weights in the conceptual model 

provides the opportunity to add weights to the aspects which can have an influence on the 

outcome, this will identify the optimum solution. However, the conceptual model did not take 

the advantages that standardization has, whenever it gets applied at multiple locks, into 

account. The goal of this chapter is to create a final model which takes next to renovation, 

regular replacement and standardization of a component at a single lock, also standardization 

at multiple locks into account. By applying standardization at multiple locks, the advantages 

of standardization are becoming clear. The first section will identify the key aspects for the 

decision making process. The second section will describe the additions to the conceptual 

model need to be added to come to the final model. The third section will describe the model 

of thought. The fourth section will describe the refined model, which is conceptual model 

combined with the additions. The fifth section will describe the final model. At the end a 

conclusion will be drawn.  

 

6.1 Identification of the key aspects 

The goal of this section is to identify what the key aspects are in the decision making process. 

By doing this, the provisional model can be turned into a final version.  

Based on the literature and management strategies, there are 3 aspects which are taken into 

account to decide what the next step for the component is in terms renovation, replacement 

or standardization. These aspects are: costs, performance, and sustainability, see 3.1. 

However, the interviews indicate that the current way of deciding between these options 

mainly focus on the aspects costs, performance and risk, see chapter 5. The aspect 

sustainability is not mentioned as an important aspect by the experts. Although, as can be 

concluded out of the interviews: risk plays a more prominent role in the decision making 

process. However, as the literature indicates, risk results in an increase in the failure 

frequency of a component. The failure frequency is expressed in non-availability and non-

reliability. As availability and reliability are parts of the performance aspect, these failure 

frequencies can be combined with the aspect performance. The failure frequency of a 

component can be shown in a fault tree analysis, which is discussed in chapter 4. Therefore 

risk can be implemented into the aspect performance. This results in figure 13. 
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Figure 13: Relevant aspects with different forms 

 

Figure 13 represents all the aspects and their forms. As can be concluded in the interviews: in 

the current situation the asset managers are making decisions per individual lock and do not 

take the effect of standardization of the entire arsenal into account because they are not 

really aware of the benefits. In addition to that, the aspect sustainability is not being 

considered in the decision making process. Furthermore, the currently used management 

strategies also do not take standardization into consideration because they currently focus 

on the one location and do not take the entire arsenal into account.  

However, previous studies have shown that standardization of certain components can have 

a positive effect on the costs, performance or sustainability, see chapter 2. Thus, this indicates 

that there is need for a new decision model which shows the benefits of standardization, 

provides the opportunity to take the entire cluster into account and adds standardization into 

the possibilities. 

So, whenever the benefits of standardization of components can be proven, this can be taken 

into account by the asset managers and other experts. The best way to prove the benefits of 

standardization is by expressing it in terms of costs, as discussed in chapter 3.5. By expressing 

it in one term, it provides an overview of the most beneficial option. 

 

6.2 Additions to the provisional model 

The conceptual model consist of three aspects and makes use of a multi-criteria analysis 

which provides the opportunity to make a decision between the three possibilities 

renovation, replacement or standardization of a lock component at a single lock.  

As previous research has concluded: In case of standardization, the construction costs are 

generally a much larger part of the total life cycle than the maintenance part, the expected 

benefits will then be small or negligible. However, Slijk (2013) showed that, whenever 

standardization is used as a means to improve the performance, in terms of reliability and 
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predictability, it can be assumed that the positive effects of development and implementation 

of a standard can be advantageous for the economy.  

Next to this, a recent study implicated that due standardization of certain components, 

millions can be saved in comparison of not standardization (Levinson, 2018). This cost 

reduction is the result of fewer spare gates required. The assumption was made that each 

lock needs a least 1 spare gate in its stock in case of not standardization. However, when at 

multiple locks standardization is applied, these locks can share a spare gate, under the 

condition that the minimum required availability will be maintained. This results in a less use 

of materials and is therefore a more sustainable solution. 

Furthermore, in case of standardization it is sometimes inevitable that some changes to the 

civil structure must be made. Whenever standardization is leads to larger components, it is 

highly likely that the current civil structure will not be sufficient and needs to be changed. This 

suggests that standardization is only advantageous whenever more than 1 lock is involved. 

Earlier research showed that standardization of navigation lock gates, the gate chamber for 

example needed to be extended because of the bigger dimensions of the gates.  

This chapter will show that the more locks are involved in the standardization process, the 

more advantageous it will be for some of the aspects. This will be done by means of 

calculations and represented in a table. Furthermore, an additional standardization table is 

added which calculates what the added value of multiple standardized components are. This 

table represents what the effects of standardization are per additional standardized 

navigation lock in terms of costs.  The minimum number of standardized navigation locks to 

make standardization a more feasible solution than replacement and renovation can be 

calculated using an optimization procedure. This iterative process is shown appendix V (excel 

file, MCA & iterative tab). 

 

6.3 Model of thought 

The model of thought is made to describe which steps the asset managers needs to make in 

the decision making process of the renewal of the component, whenever it has reached its 

lifetime.  

The model of thought consists of seven steps and needs to be whenever a navigation lock 

component reaches the end of the life time. The steps are described below: 

1. One of lock navigation lock component has reached its lifespan.  

2. The total costs for all three possibilities are being calculated by means of the refined 

model. 

3. Check if this lock is part of a cluster. If no, go to 4. If yes, go to 5. 

4. Choose the cheapest option. 

5. Calculate the costs for the other locks in terms of renovation, replacement and 

standardization.  

6. Sum up the costs per possibility for the entire cluster and divide it by the total locks.  

7. Fill in these costs into the Final model.  

 

This model is fully explained in appendix VI. At the end this model can be combined with the 

final model to decide what the most beneficial option is. 
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6.4 Aspects of the refined model 

The literature, management strategies and interviews indicates that the aspects; costs, 

performance and sustainability are relevant aspects for the infrastructure and form the 

foundation of the decision making process to renovate, replace or standardize a certain 

component of a navigation lock. 

 

 

 

 

 

 
-Production development costs  -Reliability   -CO2 emissions 

-Construction costs   -Availability   -Recycling percentage 

-Operation and maintenance costs  -Non-reliability 

-Recycling costs    -Non-availability 
 

 

Figure 14 represents the aspects on which the decision making process of renovation, 

replacement or standardization of a certain component are based on. Each of these aspects 

and how they translated to costs are explained further in the sections 6.4.1, 6.4.2, and 6.4.3. 

 

6.4.1 Costs 

Chapter 3 described the calculation of the costs relating to the life cycle phases for a single 

navigation lock. The production development, construction, and operating and maintenance 

costs are known by the asset manager and can directly can be implemented. However, 

recycling costs can not directly be translated into costs, the following formula (1) is created. 

 

In addition to the recycling costs, it is assumed that in case of renovation a certain percentage 

of the replacement costs will reflect the renovation construction costs. Thus by multiplying 

the replacement costs of the component with this certain percentage will result in the 

renovation costs price.   

This results in the formula (5): 

 

Replacement costs of the component * ..% = direct construction costs in case of renovation. 

 

This can be translated into the following table: 

 Renovation Replacement Standardization 

Production 
development costs 

ϵ!1 ϵ.1 ϵ/1 

Construction costs ϵ!2 ϵ.2 ϵ/2 

Operating and 
maintenance costs 

ϵ!3 ϵ.3 ϵ/3 

Recycling costs ϵ!4 ϵ.4 ϵ/4 

Total costs ϵ!1,2,3,4 ϵ.1,2,3,4 ϵ/1,2,3,4 
Table 12: Costs aspect 

Costs Performance Sustainability 

Figure 14: Relevant aspects with different forms 



Master Thesis: Decision model for the renewal of navigation lock components 

49 
 

Table 12 shows what the costs are for the aspect costs in its different forms. After 

implementing the costs for each life cycle phase at each possibility, the total costs for each 

possibility is known. The output of the total costs for each possibility can later be used for the 

renovation, replacement or standardization of a navigation lock component at a single 

location. However, if standardization is used at multiple locations this results in a lower direct 

construction costs (Levinson, 2018). Hereby the author is relating to the fact that the amount 

of materials that is being used can be reduced because there are less spare gates needed in 

case of standardization at multiple navigation locks. 

In addition to that, there is a possibility that standardization not only affects the construction 

costs but also one or more of the costs during the life cycle costs of the navigation lock, thus 

the; production development costs, operating and maintenance costs, and recycling costs. 

Therefore, an additional table is added which calculates what the costs are for applying the 

standardization of a component per navigation lock, whenever standardization is applied at 

multiple navigation locks. 

Furthermore, in case of standardization it is inevitable that some changes to the civil structure 

must occur. The lock head requires adaptation, since the standardization method involves 

longer gates than the original gates. This results in adaptation of the sill, where a concrete 

slab needs to be added. Furthermore, the gate chamber needs to be bigger to create more 

space for the gates. This involves an increase of direct construction costs in case of 

standardization. However, the costs of the required adaptation costs have been neglected 

due to their minor contribution to the total costs (Levinson, 2018). 

 

 Standardization (1) Standarization (2) Standardization (xx) 

Production 
development costs 

ϵ{1 ϵ{1 ϵ{1 

Construction costs ϵ{2 ϵ{2 ϵ{2 

Operating and 
maintenance costs 

ϵ{3 ϵ{3 ϵ{3 

Recycling costs ϵ{4 ϵ{4 ϵ{4 

Total costs ϵ{1,2,3,4 ϵ{1,2,3,4 ϵ{1,2,3,4 
Table 13: Aspect costs standardization 

To find the minimum amount of standardized navigation locks to make standardization a 

more feasible option than renovation and replacement an iterative process is used. This 

iterative process is indicated with the column standardization (xx).   

Table 13 represents what the effects of standardization are per navigation lock on the aspect 

costs. The column standardization (1) calculates what the costs are in case 1 navigation lock 

standardized. The column standardization (2) calculates what the average standardization 

costs are in case the second navigation lock gets standardized.  

 

6.4.2 Performance 

The performance for each possibility needs to be known in order to calculate the non-

performance. Performance is divided into the terms reliability and availability, which are 

expressed in percentages.  
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The reliability and availability for each component will be translated into the following table: 

 

 Renovation Replacement Standardization 

Reliability %D1 %E1 %F1 

Availability %D2 %E2 %F2 

Risk (non-reliability) %D3 %E3 %F3 

Risk(non-availability) %D4 %E4 %F4 

Total %D1+%D3 & %D2+%D4 %E1+%E3 & %E2+%E4 %F1+%F3 & %F2+%F4 
Table 14: Aspect performance 

Table 14 shows the performance aspect in its different forms and how it relates to the 

possibilities. To compare the three possibilities, performance ultimately needs to be 

expressed in costs. By doing this, an overview will be provided which shows all differences 

between the possibilities. Because reliability and availability are expressed in percentages, 

these cannot directly be compared to costs and therefore needs to be translated to costs. As 

indicated in chapter 3, the non-performance of the system results in costs. Thus, the total 

performance costs relates to the non-reliability and non-availability costs. To do this, the 

document NIS (Netwerk Informatie Systeem) of Rijkswaterstaat can be used.  

If certain costs can be charged per main waterway network for the non-performance of the 

lock, the performance requirements can be translated into costs. This will be done by 

converting the non-availability and non-reliability percentages to hours and then multiplying 

them by the hourly rate that is calculated if a lock does not function. Formula (2) will be used 

to calculate these costs.  

 

This can be translated into the following table: 

 Renovation Replacement Standardization 

Reliability ϵ51 ϵ91 ϵC1 

Availability ϵ52 ϵ92 ϵC2 

Risk (non-reliability) ϵ53 ϵ93 ϵC3 

Risk(non-availability) ϵ54 ϵ94 ϵC4 

Total ϵD1+ϵ53 &  ϵD2+ϵ54 ϵE1+ϵ93 &  ϵE2+ϵ94 ϵC1+ϵC3 &  ϵC2+ϵC4 

Table 15: Aspect performance translated to costs 

Table 15 shows what the costs are per navigation lock are in case the component doors are 

being renovated, replaced or standardized. After implementing the reliability, availability and 

non-performance costs,  the total costs for each possibility is known. The output of the total 

costs for each possibility will later be used in the conceptual model to decide whether to 

renovate, replace or to standardize a certain component of a navigation lock.  

 

Furthermore, when standardization is used as a means to improve the performance, in terms 

of reliability and predictability, it can be assumed that the positive effects of development 

and implementation of a standard can be advantageous for the economy. Moreover, 

standardization is advantageous for the ease of the asset management by the operation and 

maintenance (Slijk, 2013). 
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Also the effect of one standardized lock versus multiple standardized locks needs to be taken 

into consideration to make a decision of the best option. Therefore, an additional table is 

added which calculates what the added value of multiple standardized navigation locks are. 

 

 Standardization (1) Standarization (2) Standardization (xx) 

Reliability %S1 %S1 %S1 

Availability %S2 %S2 %S2 

Risk (non-reliability) %S3 %S3 %S3 

Risk(non-availability) %S4 %S4 %S4 

Total %S1+%S3 &  %S2+%S4 %S1+%S3 &  %S2+%S4 %S1+%S3 &  %S2+%S4 

Table 16: Aspect performance standardization 

Table 16 shows what the influence of standardization is on the aspect performance per 

navigation lock. Furthermore, when standardization is used as a means to improve the 

performance, in terms of reliability and predictability, it can be assumed that the positive 

effects of development and implementation of a standard can be advantageous for the 

economy. Moreover, standardization is advantageous for the ease of the asset management 

by the operation and maintenance (Slijk, 2013). 

There is the possibility that standardization not only affects the reliability due its over-

dimension, but also the availability. Therefore, an additional table is added which calculates 

what the costs are for applying the standardization of a component per navigation lock, 

whenever standardization is applied at multiple navigation locks. 

 

 Standardization (1) Standardization (2) Standardization (xx) 

Reliability ϵ{1 ϵ{1 ϵ{1 

Availability ϵ{2 ϵ{2 ϵ{2 

Risk (non-reliability) ϵ{3 ϵ{3 ϵ{3 

Risk (non-availability) ϵ{4 ϵ{4 ϵ{4 

Total ϵS1+ϵ{3 &  ϵS2+ϵ{4 ϵS1+ϵ{3 &  ϵS2+ϵ{4 ϵS1+ϵ{3 &  ϵS2+ϵ{4 
Table 17: Aspect performance standardization to cost 

To find the minimum amount of standardized navigation locks to make standardization a 

more feasible option than renovation and replacement an iterative process is used. This 

iterative process is indicated with the column standardization (xx).  

Table 17 represents what the effects of standardization are per navigation lock on the aspect 

performance translated into costs. The column standardization (1) calculates what the costs 

are in case 1 navigation lock standardized. The column standardization (2) calculates what the 

average costs are if the second navigation lock also get standardized. 

 

6.4.3 Sustainability 

The sustainability of each possibility needs to be calculated before making a decision about 

the renovation, replacement or standardization of a certain component. To this end, 

sustainability is divided into the terms CO2 emissions and recycle percentage. 

As explained in chapter 2, Rijkswaterstaat wants to be 100% circular in the year 2030 

(Rijkswaterstaat, 2018). This includes that all navigation lock built after 2030 need to be made 

of recycled material. Moreover, a research has shown that the remaining lifespan of wood, 
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concrete and steel exerts minimal influence on the recycling percentage of the component 

(CE, 2016). 

Navigation lock components are generally made out of wood, concrete and steel. All of these 

materials can be related to an emission factor (kg CO2eq per unit). The total amount of used 

materials (in kg) needs to be calculated and translated into kg CO2 per possibility. Appendix II 

provides an overview of the different kinds of materials and their emission factors. Formula 

(3) will be used to calculate the CO2 emission.   

 

This can be translated into the following table: 

 Renovation Replacement Standardization 

CO2 emission EQ  (tons) (tons)G1 (tons)H1 (tons)I1 

Non-Recycle percentage %G2 %H2 %I2 

 G1,2 H1,2 I1,2 

Table 18: Aspect sustainability 

Table 18 shows the sustainability aspect in its different forms and how it relates to the 

possibilities. To compare the three possibilities, sustainability ultimately needs to be 

expressed in costs. By doing this, an overview will be provided which shows differences 

among the possibilities. Formula (4) will be used to calculate this.  

 

The non-recycling process is expressed as a percentage, this cannot directly be compared to 

costs and therefore needs to be translated to costs. If the non-recycle percentage is known 

for the component, this percentage can be multiplied with the total tons in weight, to 

calculate the tons which are non-recyclable. Whenever the total non-recyclable tons is 

known. The dump costs per ton for each material can be found at appendix III. Formula (1) 

can be used to calculate this.  

 

It is assumed that the recycled part can be fully re-used again and the costs for recycling are 

neglectable.  

 

All these prices together results in the can translated into the following table:  

 

 Renovation Replacement Standardization 

CO2 emission EQ  
όϵύ 

ϵD1 ϵI1 ϵL1 

Recycle costs  
όϵύ 

ϵG2 ϵH2 ϵI2 

Total costs 
όϵύ 

ϵG1,2 ϵH1,2 ϵI1,2 

Table 19: Aspect sustainability to cost 

Table 19 shows what the costs are per navigation lock are in case the component doors are 

being renovated, replaced or standardized. After implementing the CO2 emission costs and 

recycle costs for each possibility, the total costs for each possibility is known. The output of 

the total costs for each possibility will later be used in the conceptual model to decide 

whether to renovate, replace or to standardize a certain component of a navigation lock. 
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 Standardization 
(1) 

Standardization (2) Standardization (xx) 

CO2 emission EQ  (tons) (tons)G1 (tons)H1 (tons)I1 

Non-Recycle percentage %G2 %H2 %I2 

 G1,2 H1,2 I1,2 

Table 20: Aspect sustainability standardization 

Table 20 shows what the influence of standardization is on the aspect sustainability per 

navigation lock. Previous research shows that standardization ensures material reduction, in 

case of lock gates (Levinson, 2018). This material reduction results in less CO2 emissions. 

Therefore, an additional table is added which calculates what the added value of multiple 

standardized components are. 

 

If standardization is used at multiple locations this results in a lower direct construction costs 

(Levinson, 2018). Hereby the author is relating to the fact that the amount of materials that 

is being used can be reduced because there are less spare gates needed in case of 

standardization. The reduction of material usage results in less CO2 emissions in the 

atmosphere. 

Therefore, an additional table is added which calculates what the costs are for applying the 

standardization of a component per navigation lock, whenever standardization is applied at 

multiple navigation locks. 

 

 Standardization 
(1) 

Standardization 
(2) 

Standardization (xx) 

CO2 emission EQ 
όϵύ 

ϵ{1 ϵ{1 ϵ{1 

Non-Recycle percentage 
όϵύ 

ϵ{2 ϵH2 ϵI2 

Total 
όϵύ 

ϵ{1,2 ϵ{1,2 ϵ{1,2 

Table 21: Aspect sustainability standardization to cost 

To find the minimum amount of standardized navigation locks to make standardization a 

more feasible option than renovation and replacement an iterative process is used. This 

iterative process is indicates with the column standardization (xx). 

Table 21 represents what the effects of standardization are per navigation lock on the aspect 

sustainability translated into costs. The column standardization (1) calculates what the costs 

are in case 1 navigation lock standardized. The column standardization (2) calculates what the 

average costs are if the second navigation lock also get standardized. 

 

6.5  Final model 

Now that the total cost for the three possibilities are known. The numbers can be filled in the 

final model. The final model makes use of a multi-criteria analysis which provides the 

opportunity to make an decision between the three possibilities. 
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An additional table is added which calculates what the added value of standardization is for 

multiple navigation locks in terms of costs for all the aspects. By means of an iterative process 

the minimum amount of standardized navigation locks to make it a more feasible solution 

than replacement and renovation, can be calculated. 

Going further onto that, risk in terms of non-reliability and non-availability has been added. 

This factor is added because earlier research shows that standardization of a certain 

component can have a positive influence on the reliability as compared to no standardization. 

This is due the fact that standardized lock gates are over dimensioned and are therefore 

structurally more reliable (Levinson, 2018). 

Furthermore, if standardization is used at multiple locations this results in a lower direct 

construction costs (Levinson, 2018),  because the amount of materials that is being used can 

be reduced; there are less spare gates needed in case of standardization. In addition to that, 

the author is relating to the fact that the amount of materials that is being used can be 

reduced because there are less spare gates needed in case of standardization. The reduction 

of material usage results in less CO2 emissions in the atmosphere. 

 

After implementing the additions to the conceptual model, this leads to the final model: 

         Possibilities 
Aspects 

Weight Renovation Replacement Standardization 
(1) 

Standardization 
(xx) 

Costs 
όϵύ 

x A B C S1 

tŜǊŦƻǊƳŀƴŎŜ όϵύ y D E F S2 

Sustainability 
όϵύ 

z G H I S3 

Total 
όϵύ 

 xA+yD+zG xB+yE+zH xC+yF+zI xS1+yS2+zS3 

Table 22: Final model 

Table 22 illustrates the final model. To provide a clear overview all aspects are translated to 

costs in the final model. Furthermore, the decision maker has the option to put weight to 

certain aspects. The weights are positive numbers. In this way it gives the decision maker the 

opportunity to focus on a specific aspect. 

The multi-criteria analysis makes it possible to take all three aspects into consideration and 

thereby allows identification of the best possibility. However, it makes it also possible to put 

weights on certain aspects and hereby focus on those.  

The columns renovation, replacement and standardization (1) indicate what the costs of the 

component are for an individual lock. The additional column (standardization xx) shows at 

how many navigation locks standardization needs to be implemented to make it the cheapest 

solution. Furthermore, it shows what the average costs are per aspect and the total average 

costs, in case the minimum number of standardized navigation locks is known. Naturally, the 

ƛǘŜǊŀǘƛǾŜ ǇǊƻŎŜǎǎ ŘƻŜǎƴΩǘ ƛƳǇƭȅ ǘƘŀǘ ǎǘŀƴŘŀǊŘƛȊŀǘƛƻƴ ƛǎ ŀƭǿŀȅǎ ǘƘŜ Ƴƻǎǘ ŦŜŀǎƛōƭŜ ƻption. 

 

6.6 Conclusion 

The goal of this chapter was to create a final model which takes next to renovation, regular 

replacement and standardization of a component at a single lock, also takes standardization 
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at multiple locks into account. Because then the advantages of standardization are becoming 

clear whenever it gets applied at multiple locks. 

By adding the column standardization (xx) to the provisional model the minimum number of 

navigation locks to make a more feasible solution than replacement and renovation is shown. 

Although, there is a chance that the needed minimum standardized navigation locks are 

higher than the actual existing navigation locks. In that case standardization will automatically 

be removed from the possibilities. 

Now the final model has been developed, a case study will be conducted to validate the final 

ƳƻŘŜƭΦ ¢Ƙƛǎ ŎŀǎŜ ǎǘǳŘȅ ǿƛƭƭ ōŜ ŀ ǊŜŦŜǊŜƴŎŜ ǇǊƻƧŜŎǘ ŎŀƭƭŜŘ Ψǎƭǳƛǎ ǎŎƘƛƧƴŘŜƭΩ ŀƴŘ ǘƘŜ ŦƻŎǳǎ ǿƛƭƭ ƭŀȅ 

on the component: steel mitre gates. As said earlier, steel mitre gates will be used because 

its high standardization suitability.  
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7. Case study 
The previous chapter identified how the final decision model has been developed and can be 

used. The goal of this chapter is test this final model by means of a case study. The first section 

will describe which case study is used and why. The second section describes three aspects 

and how they are calculated. The third section describes the final model. At the end 

conclusions are drawn.   

 

7.1 Case study: Sluis Schijndel 

To illustrate the refined model and ultimately to make a decision between one of these 

possibilities by means of the final model, a case study will be conducted. This case study will 

handle the component: navigation locks gates, specified on steel mitre gates. Ultimately the 

decision model will determine what the most beneficial solution is, in terms of renovation, 

replacement or standardization, whenever a lock gate reached the point that it has to be 

renovated.  

 
Table 23: Five clusters (Levinson, 2018) 

The previous study about standardizated mitre gates shows that the gates can be grouped 

into a minimum of five clusters. These five clusters are shown in table 24. The clusters are 

categorized based on the measurements of the lock widths. These clusters are made by the 

possibility that gates of different measurements can be applied at different locks by placing 

the gates under a different angle. Which results in the possibility that these locks can share 

their spare gate.  

Each cell in table 23 has a number which shows how many gate sets with those dimensions 

(width and height) there are in that cluster. In total there are 37 navigation locks with 98 steel 

mitre gate sets. To give an example; in cluster 3, there are 2 gate sets which can implemented 

with a lock width of 12 meters and gate height of 9 meters. 

For the aspects costs and sustainability earlier research about regular replacement and 

standardization will be used, combined with general available information. However, to 

validate what influence standardization has on the aspect performance, a reference project 

is taken. This reference project, Sluis Schijndel, will provide detailed information about the 

aspect performance of navigation locks in general.  

Sluis Schijndel is located in the southern part of the Netherlands, province Noord-Brabant, in 

the Zuid-Willemsvaart. Sluis Schijndel is one of the 16 locks in this canal. Sluis Schijndel has 
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two functions; leveling of ships and water retention. The main function of the navigation lock 

is to level ships. Therefore, this function will be elaborated in this case study. The Zuid-

Willemsvaart is suitable for ships with the dimensions of 90 m x 6.7 m x 2.1 m (L x W x D), 

which corresponds to CEMT class ll. Sluis Schijndel is constructed in the year 1990, has a lock 

length of 110 meters and a lock width of 12.60 meters, gate has a height of 10.50 meters and 

the decay is 3.82 meters.  

 
Figure 15: Navigation lock Schijndel (Schepers, 2013) 

Sluis Schijndel, shown in figure 15, has a lock width of 12.60 meters, this case study will use 

cluster 3, marked in orange in table 4, to validate the final model. Cluster 3 consists of 6 

navigation locks with a total of 16 gates sets. This cluster is chosen because it has the same 

dimensions as Sluis Schijndel and therefore the available data of Sluis Schijndel can be used 

to validate the final model.   

This case study is done to prove that the final model functions. Therefore, and for sake of 

simplicity, it is assumed that cluster 3 consist of two locks. Although the third cluster has 6 

navigation locks. The biggest and the smallest lock are calculated. The biggest navigation lock 

is taken into account because this lock delivers the spare gate for the other locks and the 

smallest lock, to maximize the visualization of what the effects of standardization are.  

The biggest lock of the cluster, Koninginnensluis and the smallest lock of the cluster, Sluis 

Hulsen. Koninginnensluis has a lock width of 12 meters and a gate height of 9 meters. Sluis 

Hulsen has a lock width of 10 meters and a gate height of 6 meters.  

For both locks, the data of the aspect performance will be derived from the reference project. 

As said, the reference project will only be used for the aspect performance because the other 

aspects are known.  

 

7.2 Assumptions case study 

As the refined model indicates, there are three aspects where the decision making process is 

based on: costs, performance and sustainability. This section illustrates how the costs of the 

aspects are calculated by means of a case study.  

This research goes further on the following assumptions: 

- in case of standardization each cluster can share a spare gate; 
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- Since the navigation locks in the MWW in program are currently on average 78% of their life 

span, it is assumed that the direct construction costs in case of renovation are 78% of the 

direct construction costs of replacement. The calculation is shown in appendix X;  

- The operating time of Sluis Schijndel is 6.956 hours a year, because this indicated in the 

reference project (Schepers, 2013); 

- Lǘ ƛǎ ŀǎǎǳƳŜŘ ǘƘŀǘ ŜƛǘƘŜǊ ǊŜƴƻǾŀǘƛƻƴΣ ǊŜǇƭŀŎŜƳŜƴǘ ƻǊ ǎǘŀƴŘŀǊŘƛȊŀǘƛƻƴ ǿƻƴΩǘ ŀŦŦŜŎǘ ǘƘŜ 

operating time of the lock, only the non-availability caused by failure of component will be 

taken into account. Therefore, the non-operating time of the lock will not be taken into 

account for the non-availability. Thus the non-availability caused by failure of components is 

2,90%. The availability will therefore be 97,10% (Schepers, 2013).  

- !ǇǇŜƴŘƛȄ ±LLL ΨƛƴǾƻŜǊōƭŀŘ ŦǳƴŎǘƛŜ ǎŎƘǳǘǘŜƴΩ ǎƘƻǿǎ ǘƘŜ ƴƻƴ-reliability and non-availability per 

component. After conducting interviews it showed that certain crucial components for the 

functioning of the lock the MTTR can be reduced in case of standardization. This results in a 

lower repair time, thus a lower non-reliability. These components are marked in yellow in the 

appendix.  

- The recycling costs are not taken into account at the aspect sustainability, because these costs 

are already taken into account at the aspect costs.  

- For sake of simplicity all costs are rounded in the tables.  

 

7.3 Model of thought 

As described earlier, the model of thought is made to help the asset manager for the decision 

making process.  

At first it is indicated that one of the lock components has reached its lifespan. Secondly, the 

total costs for all the three possibilities need to be calculated by means of the refined model. 

This will be calculated in section 7.4. The third step is to check if this lock is part of cluster. It 

shows that Sluis Schijndel is part of cluster 3. Thus, the costs for the other lock(s) in the cluster 

needs to be calculated. After that, the costs for each possibility for the entire cluster need to 

be summed up and the average need to be taken, to provide an overview of costs. These costs 

ultimately need to be filled into the final model, which is section 7.5.  

 

7.4 Aspects of the refined model 

This section will describe the second step of the model of thought; the calculation of each 

possibility by calculating the total costs of each aspect.  

 

7.4.1 Costs 

Chapter 6 described the calculation of the costs relating to the life cycle phases for single and 

multiple locks.  
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Figure 16: Costs aspect 

These phases can be related to production development costs, construction costs, operating 

and maintenance costs, recycling costs, as illustrated in figure 16. 

 

First the costs of each possibility will be discussed and calculated, for the biggest lock and the 

smallest lock. After that a conclusion will be drawn what the impact is whenever the whole 

cluster gets standardized in comparison to just 1 navigation lock. 

 

7.4.1.1. Renovation 

Product development costs (A1) 

The product development costs refer to the design costs of the gate. However, in case of 

renovation there are no additional design costs. 

 

Direct construction costs (A2) 

These costs relate to the direct construction costs to renovate the steel mitre gates. These 

prices are for the renovation of the lock gates. This value depends on the current state of the 

gates. It is assumed that in case of renovation 78% of the gates cost replacement will reflect 

the renovation construction costs. The replacement costs are shown in table 5. For the biggest 

ƭƻŎƪ ǘƘŜ ǊŜǇƭŀŎŜƳŜƴǘ Ŏƻǎǘǎ ŀǊŜ ϵнфрΣлллΦлл ǇŜǊ ƎŀǘŜ ǎŜǘΣ ǘƘǳǎ ϵуурΣлллΦлл ŦƻǊ ǘƘŜ ŜƴǘƛǊŜ ƭƻŎƪΦ 

Multiplying this amount with the percentage that is assumed for the gate replacement costs 

will result in the renovation costs price.  The smallest lock are the replacement costs are 

ϵмтлΣлллΦлл ǇŜǊ ƎŀǘŜ ǎŜǘΣ ǘƘǳǎ ϵрмлΣлллΦлл ŦƻǊ ǘƘŜ ŜƴǘƛǊŜ ƭƻŎƪΦ 

This results in the formula (5): 

 

For the biggest lock : ϵуурΣлллΦлл ϝ лΦт8 Ґ ϵ690,300.00  

 

For the smallest lock: ϵрмлΣлллΦлл ϝ лΦт8 Ґ ϵ397,800.00 

 

Operating and maintenance costs (A3) 

The operating and maintenance costs are related to the fixed and variable costs which helps 

to let the gate function after the renovation. In case of renovation the gates are made as new 

again. 
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To quantify these costs the OBR is used, which provides information about the yearly 

operating and maintenance costs (Rijkswaterstaat, 2010). This document shows that the 

yearly operating and maintenance costs in the NetheǊƭŀƴŘǎ ƛǎ ϵснΦрпсΦллл ƻǾŜǊ ŀ ǘƻǘŀƭ ƻŦ мнм 

navigation locks. The average of this number is taken to quantify the yearly operating and 

maintenance costs. The average operating and maintenance costs are calculated at 

ϵрмсΦфлфΣ- per year.  

This number is an overall average, thus this number will most likely not represent the real 

costs, because there is a great variance in the dimensions, the materials and different types 

of gates. However, there is no specific data available for the operating and maintenance costs 

for the bigger and the smaller lock. Thus there will be inconsistencies whenever this average 

will be applied to individual locks. 

 

Recycling costs (A4) 

The recycling & disposal costs of the construction are costs related to removal- and the recycle 

costs of the component. However, in case of renovation it is assumed that nothing gets 

replaced and there are thus no recycling costs. 

 

7.4.1.2. Replacement 

Product development costs (B1) 

The product development costs refer to the design costs of the gate. The regular locks are 

considered as unique projects and therefore has each lock an unique gate. In this case it is 

assumed that the same design as before is used, because it is replaced with the exact same 

gate and therefore there are no extra product development costs. 

 

Direct construction costs (B2) 

Previous research has calculated the cost estimate for the MWW lock gates, per gate set. 

Table 24 shows what the prices are per gate set. These cost relate to the direct construction 

of the steel mitre gates. These prices are for the regular replacement of the lock gates. 

 
Table 24: Cost estimate per gate set (Levinson, 2018). 

 

These costs are based on the realization of the component, like the used materials and 

engineering hours. The biggest lock has 2 gate sets and 1 set of spare gates. The costs for 

replacing one gate ǎŜǘ Ŏƻǎǘǎ ϵ295,116.00 ǘƘǳǎ ϵ885,348.00 for the entire lock. 
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The smallest lock has also 2 gate sets and also a set of spare gates. The costs for replacing one 

gate set cƻǎǘǎ ϵ170,418.00 ǘƘǳǎ ϵ511,254.00 for the entire lock. 

 

Operating and maintenance costs (B3) 

The operating and maintenance costs are related to the fixed and variable costs which are 

required for gate functioning after the replacement. The average operating and maintenance 

costs are calculated as ϵрмс,909.00 per year. It is assumed that the operating and 

maintenance costs are the same for the biggest and the smallest lock.  

 

Recycling costs (B4) 

The recycling & disposal costs of the construction are costs related to removal and the 

recycling costs of the gate. As mentioned in chapter 6, first the non-recycle percentage of the 

gate needs to be known because this implies costs. If the non-recycle percentage is known 

for the component, this percentage can be multiplied with the total tons in weight, to 

calculate the tons which are non-recyclable. Whenever the total non-recyclable tons are 

known, disposal costs per ton for each material can be obtained using appendix III. 

 
Figure 17: Relation between gate area to gate mass (Levinson, 2018) 

Levinson (2018) made a graph where the relation between the gate area to gate mass is 

shown, see figure 17. In this way the weight of the gate can be calculated. It is assumed that 

in case of steel mitre gates that the old mitre gate can be recycled for 95%. So, the non-recycle 

percentage is 5%. The area of the 2 gate sets of the biggest lock in the cluster is: 2 x 6 (length) 

x 9 (height) = 108 area of gate in m2. Which comes to the point that 1 gate set weights about 

55 tons. In total there are 2 gate sets, so 110 tons. Thus 0,05 x 110 tons = 5.5 tons is non-

ǊŜŎȅŎƭŀōƭŜ ŀƴŘ ƴŜŜŘǎ ǘƻ ōŜ ŘƛǎǇƻǎŜŘΦ ¢Ƙƛǎ ŎƻǎǘǎΥ ϵнмрΣ- ǇŜǊ ǘƻƴΣ ǎƻ ϵ1200 for 5.5 tons.  

For the smallest lock can the same calculation can be made; it has 2 get sets with 2 x 5 (length) 

x 6 (height) = 60 area of gate in m2. Which come to the point that 1 gate set weights about 22 

tons. In total there are 2 gate sets, so 44 tons. Thus 0,05 x 44 tons = 2.2 tons is non-recyclable 

ŀƴŘ ƴŜŜŘǎ ǘƻ ōŜ ŘƛǎǇƻǎŜŘΦ ¢Ƙƛǎ ŎƻǎǘǎΥ ϵнмрΣ- ǇŜǊ ǘƻƴΣ ǎƻ ϵ500 for 2.2 tons. 
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7.4.1.3. Standardization 

Product development costs (C1) 

One of the costs that affects the choice of standardization is the product development costs. 

In case multiple lock gates can be categorized in one cluster, the production development 

costs are reduced. This is due the fact that each cluster has designed one unique gate set. 

Thus whenever this unique gate set is applied multiple times in one cluster, the production 

development costs only have to be added at the first set of gates. In case of standardization, 

the second lock will use the same sets of gates (although they can differentiate in height), 

thus the design of the first lock can be used. 

Prior research refeǊǎ ǘƻ ŀ ǇǊƛŎŜ ϵмΦмллκǘƻƴ ƛƴ ŎŀǎŜ of no standardization. In case of five unique 

gates, the design costs are reduced by 5/30 (Levinson, 2018). Thus, whenever applying 

standardization on these two locks, and do not taking the other locks into consideration, the 

ŘŜǎƛƎƴ Ŏƻǎǘǎ ǿƛƭƭ ōŜ ϵмΦмлл Ȅ нфκол Ґ ϵмлсоΣооΦ CƻǊ ǘƘŜ ōƛƎƎŜǎǘ gate set this means that the 

Ŏƻǎǘǎ ŀǊŜ ϵмлсоΣоо Ȅ 55 tons = ϵруΣпсрΦлл. For the second gate set it also will be around this 

price.  

 

Direct construction costs (C2) 

The idea of making clusters in case of standardization the assumption is made that each 

cluster needs one set of spare gates, which results in lower direct construction costs. 

However, this is only the case whenever multiple locks are applying standardization. 

Previous study calculated that benefit can be gained in case of standardization because the 

possibility to share the spare gate. As already mentioned earlier in this section; the author 

made the assumption that 1 set of spare gate per cluster is sufficient for each cluster 

(Levinson, 2018). 

 
Table 25: Cost estimate per gate set, where all gates are clustered into 5 categories (Levinson, 2018). 

 

This results in table 25, which presents the prices of the lock gates in case standardization is 

applied, divided over 5 clusters. 

In case of standardization of only 1 lock and due the changes of civil structures the spare gate 

ŀƭǎƻ ƴŜŜŘǎ ǘƻ ōŜ ŎƘŀƴƎŜŘ ōŜŎŀǳǎŜ ǘƘŜ ƻƭŘ ǎǇŀǊŜ ƎŀǘŜ ǿƻƴΩǘ ŦƛǘΦ ¢Ƙǳǎ 3 standardized gate sets 

need to be constructed. However, in case multiple locks get standardized, these locks can 

share their spare gates thus financial benefit can be gained. 
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Thus, the direct construction costs for the biggest gate costs 3 Ȅ ϵ253,666.00 Ґ ϵ760,998.00. 

In case standardization is chosen for the second lock, these direct construction costs are 2 x 

ϵ187,713.00 Ґ ϵ375,426.00. 

 

Operating and maintenance costs (C3) 

The operating and maintenance costs are related to the fixed and variable costs for the gate 

function after the implementation of the standardized gates. The average operating and 

maintenance costs are again ŎŀƭŎǳƭŀǘŜŘ ŀǘ ϵрмсΦфлфΣ- per year. 

 

Recycling costs (C4) 

The recycling & disposal costs of the construction are related to removal and the recycle costs 

of the component. This amount is the same of for replacement because standardized doors 

and regular doors have approximately similar measurements. Thus, the biggest lock has 

ϵмΣнллΦлл ǊŜŎȅŎƭƛƴƎ Ŏƻǎǘǎ ŀƴŘ ǘƘŜ ǎƳŀƭƭŜǊ ƭƻŎƪ Ƙŀǎ ϵрллΦлл ǊŜŎȅŎƭƛƴƎ ŎƻǎǘǎΦ  

 

This can be translated into the following table for the biggest lock and smaller lock together: 

 Renovation Replacement Standardization 

Production 
development costs 

 ϵ -     ϵ -     ϵ ммсΦф00,00  

Construction costs  ϵ мΦлууΦмллΣлл   ϵ мΦофсΦсл0,00   ϵ мΦмосΦп00,00  
Operating and 
maintenance costs 

 ϵ мΦлооΦу00,00   ϵ мΦлооΦу00,00   ϵ мΦлооΦу00,00  

Recycling costs  ϵ -     ϵ мΦтллΣлл   ϵ мΦтллΣлл  

Total costs  ϵ нΦмнмΦф00,00   ϵ нΦпонΦ100,00   ϵ нΦнууΦу00,00  
Table 26: Summation of costs 

Table 26 shows what the total costs are for the biggest and smallest lock together. However, 

to found what the most beneficial option is, the average has to be taken for each possibility. 

 

 Renovation (2) Replacement (2) Standardization (2) 

Production 
development costs 

 ϵ -     ϵ -     ϵ руΦп00,00  

Construction costs  ϵ рппΦл00,00   ϵ сфуΦол0,00   ϵ рсуΦн00,00  
Operating and 
maintenance costs 

 ϵ рмсΦфл0,00   ϵ рмсΦфл0,00   ϵ рмсΦфл0,00  

Recycling costs  ϵ -     ϵ урлΣлл   ϵ у00,00  
Total costs  ϵ мΦлслΦф00,00   ϵ мΦн16.700,00   ϵ мΦмппΦ300,00  

Table 27: Average costs per possibility 

Table 27 shows what the average costs are per navigation lock in case the component doors 

are being renovated, replaced or standardized. To find the minimum amount of standardized 

navigation locks to make standardization a more feasible option than renovation and 

replacement an iterative process is used. This iterative process is indicated with the column 

standardization (xx). 
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 Standardization (1) Standardization (2) Standardization (xx) 

Production 
development costs 

 ϵ ммсΦф00,00   ϵ руΦп00,00  ϵ{1 

Construction costs  ϵ мΦмосΦп00,00   ϵ рсуΦн00,00  ϵ{2 

Operating and 
maintenance costs 

 ϵ мΦлооΦу00,00   ϵ рмсΦф00,00  ϵS3 

Recycling costs  ϵ мΦтллΣлл   ϵ у00,00  ϵS4 

Total costs  ϵ нΦнууΦ900,00   ϵ мΦмппΦ300,00  ϵ{1,2,3,4 
Table 28: Average costs standardization 

Table 28 represents what the effects of standardization are per navigation lock on the aspect 

costs. The column standardization (1) calculates what the costs are in case 1 navigation lock 

standardized. The column standardization (2) calculates what the average standardization 

costs are in case the second navigation lock gets standardized.  

 

7.4.1.4. Conclusion 

¶ Renovation could be the most beneficial option in terms of total costs. However, this will 

depend on the current condition of the gates. If the gates are in a very bad condition it will 

have high construction costs and if the gates are in a good condition it will have relatively low 

construction costs. So, the decision is depending on the construction costs. 

¶ Furthermore, the conclusion can be drawn that of all possibilities replacement is the most 

expensive one. This is due the high construction costs. 

¶ Standardization of the whole cluster is cheaper on average than standardization of just one 

navigation lock. Due the possibility of sharing the spare gate, the construction costs are 

considerably lower and there are no production development costs because the design is 

already made for the entire cluster. 

¶ As can be seen in the calculations; the more locks are standardized, the average will become 

lower. So, if a clusters contains more navigations locks, this could lead to other outcomes.   

 

7.4.2 Performance 

For each possibility the performance needs to be determined to ultimately make a decision 

about what the effects of standardization are on the aspect performance. Performance is 

divided into the terms reliability, availability and risks. The term risk can be mapped in a fault 

tree analysis, which expresses it in non-reliability (W) and non-availability (Q). 

First the performance specified for lock gates will be discussed. After that, the performance 

of one lock in terms of renovation, replacement and standardization will be calculated. 

Followed by applying standardization to the second lock, the performance will be calculated. 

After that a conclusion will be drawn what the effects are whenever the whole cluster gets 

standardized in comparison to just 1 navigation lock. 
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Figure 18: Aspect performance 

Figure 18 shows the aspect performance with its different forms.  

 
7.4.2.1. Renovation 

Reliability (D1) 

The reliability depends on the non-reliability. /ǳǊǊŜƴǘƭȅΣ {ƭǳƛǎ {ŎƘƛƧƴŘŜƭΩǎ ǊŜƭƛŀōƛƭƛǘȅ ƛǎ ффΣуп҈, 

as the reference project indicates. In case of renovation, the gates will be renewed and the 

same process continues.  

 

Availability (D2) 

As described earlier, sluis SchijndelΩǎ ŀǾŀƛƭŀōƛƭƛǘȅ ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ŦŀƛƭǳǊŜ ƻŦ ǘƘŜ ŎƻƳǇƻƴŜƴǘǎΦ 

In case of replacement, the gates will be renewed and the same process continues. Thus the 

non-availability caused by failure of components is 2,90%. It is assumed that the smallest lock 

has the same availability as the biggest lock. The availability will therefore be 97,10%. 

 

Risk (non-reliability) (D3) 

The maximum reliability will be lowered by the non-reliability. In case of renovation, the gates 

will be renewed and the same process continues. As calculated in the reference project, the 

non-reliability of the function leveling ships is calculated at 13,89 failures a year. This is 1,60 

x 10-3 per hour, i.e. 0,16%. It is assumed that the biggest lock has the same non-reliability as 

the smallest lock. 

 

Risk (non-availability) (D4) 

The maximum availability will be lowered by the non-availability. In case of renovation, the 

gates will be renewed and the same process continues. Thus, the MTTR will not be reduced 

and therefore, the non-reliability is maintained. As calculated in the reference project; the 

non-availability of the function leveling ships is calculated at 2055,9 hours a year. This is 

23,46% a year. The operating time of the lock is causing 20,6% of the non-availability and the 

failure of components is causing 2,86% of the non-availability. It is assumed that the biggest 

lock has the same non-availability as the smallest lock. 
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7.4.2.2. Replacement 

Reliability  (E1) 

The reliability is depended of the non-ǊŜƭƛŀōƛƭƛǘȅΦ /ǳǊǊŜƴǘƭȅΣ {ƭǳƛǎ {ŎƘƛƧƴŘŜƭΩǎ ǊŜƭƛŀōƛƭƛǘȅ ƛǎ 

99,84%, as the reference project indicates. In case of replacement, the gates will be renewed 

and the same process continues. Due failure of components, which has a failure rate per hour 

of 1,6 x 10 -3, thus equals for 0,16%, it is has a reliability of 99,84%. It is assumed that the 

smallest lock has the same reliability as the biggest lock (thus sluis Schijndel). 

 

Availability (E2) 

As described earlier, Sƭǳƛǎ {ŎƘƛƧƴŘŜƭΩǎ ŀǾŀƛƭŀōƛƭƛǘȅ ƛǎ ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ŦŀƛƭǳǊŜ ƻŦ ǘƘŜ ŎƻƳǇƻƴŜƴǘǎΦ 

In case of replacement, the gates will be renewed and the same process continues. Thus the 

non-availability caused by failure of components is 2,90%. It is assumed that the smallest lock 

has the same availability as the biggest lock. The availability will therefore be 97,10%. 

 

Non-reliability (E3) 

The maximum reliability will be lowered by the non-reliability. In case of replacement, the 

gates will be renewed and the same process continues. As calculated in the reference project; 

the non-reliability of the function leveling ships is calculated at 13,89 failures a year. This is 

1,60 x 10-3 per hour. Which equals 0,16%. It is assumed that the biggest lock has the same 

non-reliability as the smallest lock. 

 

Non-availability (E4) 

The maximum availability will be lowered by the non-availability. In case of replacement, the 

gates will be renewed and the same process continues. Thus, the MTTR will not be reduced 

and therefore, the non-reliability keeps maintained. As calculated in the reference project; 

the non-availability of the function leveling ships is calculated at 2055,9 hours a year. This is 

23,46% a year. The operating time of the lock is causing 20,6% of the non-availability and the 

failure of components is causing 2,86% of the non-availability. It is assumed that the biggest 

lock has the same non-availability as the smallest lock. 

 

7.4.2.3. Standardization 

Reliability (F1) 

In case of standardization, the gates will be renewed and a new process begins. 

Standardization of the gateǎ ǿƻƴΩǘ ƘŀǾŜ ŀƴ ŜŦŦŜŎǘ ƻƴ ǘƘŜ ǊŜƭƛŀōƛƭƛǘȅ ƻŦ ǘƘŜ ŦǳƴŎǘƛƻƴ ƻŦ ǘƘŜ ƭƻŎƪΦ 

This is because the locks reliability can be guaranteed by the safety logs, which are available 

at each lock. Thus, the reliability keeps the same in this case of standardization of the gates. 

It is assumed that the smallest lock has the same reliability as the biggest lock.  

 

Non-reliability (F2) 

In case of standardization of gate sets, the gates will be over-dimensioned and this will have 

an influence on the non-reliability factor. However, it is unknown how much more reliable 

the standardized gates are going to be, thus it is assumed that the standardized gates are 10% 

more reliable compared to non-standardized gates. This does not mean that the whole 

system gets 10% more reliable, because the gates are just a part of the whole system. This 












































































































