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When Dutch experts identified several weaknesses of the current flood risk policy, a second Delta 

Committee was established by the government in 2005. Their main advice was to express the 

necessity of the realization of stricter safety levels (Delta Committee, 2008), an advice that was 

implemented into the National Waterplan. To achieve the stricter safety levels, the government is 

opting for a sustainable flood safety policy by focusing on multi-layer safety (Central Dutch 

Government, 2009). A new strategy consisting of three different layers that widened the scope from 

flood prevention to flood damage reduction: 

1. Prevention, the prevention of flooding by the primary dike system; 

2. Spatial planning, improvement of sustainable spatial planning and partitioning; 

3. Disaster Management, realizing better coordination among emergency services during a 

disaster (Kolen and Kok, 2011). 

 

This research builds on the proposition that multi-layer safety is a promising approach assessing 

the impact of storm surges on the economic damage. After which, the impact is reduced by making 

use of flood interventions within the multi-layer safety. However, because of the lack of knowledge 

and the application of the multi-layer safety strategy differs per case, especially when considering 

relative small cases, there is no method to assess the effect of interacting multi-layer safety 

interventions. Therefore, it is essential to focus on a specific type of case to cope with this problem. 

In this present research, the selected types are container terminals, exposed via a case-study. Prior 

to the case-study, the theorem of multi-layer safety has been transformed into a model and 

subsequently applied. An important aspect of the model is the identical index, which allows 

comparison of the impact of interventions originating from different layers. The research objective 

is to develop a model to assess the economic potential of interacting multi-layer safety interventions 

that reduce the expected damage of storm surges at container terminals. 

 

  

II Summary 
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To achieve the development of a model to assess multi-layer safety, theories of flood risk 

management are supplemented by asset management theories. The base is formed through a cost-

benefit analysis, which enables us to calculate the economic optimum when only prevention 

interventions (layer 1) would have been used. Within the cost-benefit analysis, a distinction is made 

between direct and indirect damage, to determine the repair cost and revenue loss caused by a 

flood. The direct and indirect damage is subsequently linked to assets and fault events (originating 

from asset management theories), which enables partitioning of the case and calculate the impact 

of storm surges on specific assets. Essentially, it shows when the effect of spatial planning and 

disaster management interventions (layer 2 and 3) needs to be assessed. The fault events are 

structured into a fault tree, to visualize their relationships and determine the revenue loss in the case 

of flooding. Lastly, both theories are organized into the decision-making process that led to the 

formation of the MLS-Model (multi-layer safety model). 

 

The MLS-Model consists of variables and equations, which are structured in such a way that the 

impact of multi-layer safety can be assessed. This structuring meant that the development of the 

MLS-Model consisting of an input, simulation and outcome phases resulted in Figure Sum 1, which 

shows a simplification of the entire operational MLS-Model (Figure 3-13). The blue boxes are the 

input data, where outcomes of the simulation steps are visualized by white boxes. Linking the 

outcomes, the blue arrows shape the general simulation process, whereas the green arrows show 

the effect of interventions. The MLS-Model was developed in the program Excel, which performed 

the simulations. 

 

Total

damage

Assets Fault events

Direct damage Indirect damage

Storm surges

Cost-benefit

Damage after 

interventions

Damage 

0-situation

Damage 

reduction

Interventions

Investment

 
Figure Sum 1: Simplified operational MLS-Model 

To show its proof of concept, the MLS-Model is applied at a case-study. Due to confidentiality 

reasons, the name of the case-study location cannot be mentioned. The case considers a Caribbean 

transshipment container terminal situated in a bay and has a concession period of 30 years. As 

transshipment hub, the main function of the port is to transship containers from one vessel to the 

other, whereby the containers will be stacked on the terminal in the meantime. Only a small amount 

of the containers are transported landward. To be able to perform the transshipment process, the 

terminal needs to be accessible and internal operation must be stable. These functions form the 

base of the fault tree of the container terminal. Underlying fault events are linked to involved assets, 

whereby the terminal system is schematized. The defined system generates an average yearly 

revenue of $ 273 M, established via the volume of container traffic earnings, a factor which is 

increasing throughout the concession period. 
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In order to use the described terminal system as input data for the MLS-Model, the impact of storm 

surges (cause) on assets and fault events (consequence) and their interrelationships are found. 

Firstly, a prediction is made on the storm surges and their probability of occurrence for the 

upcoming 30 years, wherein different storm surge data sets are studied and the influence of climate 

change is involved. The values of the terminal assets are estimated, taking the depreciation into 

account. Relationships between the inundation height and assets have subsequently been 

established and visualized in damage functions. The same process is performed on the relationships 

between the inundation height and fault events, which are called the capacity loss functions. Lastly, 

the occurring downtimes of fault events through floods are established. All these variables are 

estimations based on several sources and made under the supervision of specialists. 

 

By using the established input data in the MLS-Model, the simulation process of the case-study is 

started. The total expected economic damage during the 30 year concession period through storm 

surges appeared to be $ 284.4 M, based on results of the simulation. This outcome shows the damage 

in case the most likely storm surges will occur during the upcoming 30 years and no interventions 

are applied (0-situation). The MLS-Model is able to calculate the effect of interventions on the 

expected damage, by adding interventions to the simulation process. Via an economic optimization, 

the extent in which the intervention should be constructed has been found. Resulting scores imply 

to what extent the intervention should be applied to maximize the cost-benefit analysis. The 

monetized cost-benefit analysis is the expected savings during the concession period and can be 

calculated by the expected storm surge damage minus the investment needed to construct the 

intervention. The process to find the most cost-beneficial intervention combination is started by 

simulating all interventions individually, after which the effect of promising combinations have been 

calculated. Resulting in an expected cost-benefit of $ 109.1 M in 30 years, realized via a combination 

of layer 2 and 3 interventions. 

 

In this research, the focus was on the question: what is the impact of interacting multi-layer safety 

interventions on the expected economic damage caused by storm surges at container terminals? 

The answer to this question is formed by extracting conclusions from an application of a developed 

method on a case-study. By deriving the most important relationships between forcing (storm surge) 

and economic damage (flood damage) a model has been developed that is able to assess interacting 

multi-layer safety interventions. Realizing prevention interventions (layer 1) to reduce the expected 

economic damage within the case-study appeared too costly. Spatial planning (layer 2) appears to 

be the most cost-beneficial intervention layer as it is able to reduce a significant amount of the 

expected damage for a relatively low investment. Though a small investment is needed to realize 

the disaster management interventions (layer 3), they will have a relatively low impact on the 

damage reduction. Using a multi-layer safety solution is especially profitable when interventions 

are combined that affect relating fault events, an outcome that can be explained by the extreme 

increase in indirect damage reduction. In case one relative input fault event occurs, the output fault 

event takes place. However, when both input fault events are prevented the output fault event will 

not appear. This results in an extremely favorable multi-layer safety solution. 
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1 Introduction 

1.1 Introduction to the subject 

As far as the practice of flood risk management around the globe, the Dutch became well known for 

their expertise in this field. For instance in Southeast Asia, experts from the Netherlands have been 

working to shore up defenses from the Mekong delta to Jakarta (Delaunay, 2015). In Jakarta, a 

masterplan for the upcoming thirty years was elaborated by a Dutch consortium to protect the city 

against floods (Netherlands Water Partnership, 2014). Another example, after the devastating flood 

in New Orleans, due to hurricane Katrina, the American newspapers wrote “time to bring the Dutch” 

(Steketee, 2013), and the Dutch came. Several Dutch engineering companies have worked over the 

years on the creation and practical realization of the flood protection system for the city (Higgins, 

2012). 

 

The flood risk management 

policy of the Netherlands 

became important because it is 

essential for the country to 

protect itself from the huge 

threats of flooding by the sea and 

rivers. The Rhine, Meuse and 

Scheldt, all major continental 

rivers, flow from Germany and 

Belgium via the Dutch delta to 

the North Sea (Figure 1-1). The 

flood threats of the sea and 

rivers, in combination with the 

fact that large parts of the 

Netherlands lie below sea level, 

makes the country extremely 

vulnerable to flooding, as 

visualized in a map of the flood-

prone area in Figure 1-2. Without 

flood protection measures, 60% 

of the Netherlands would 

frequently flood (Central Dutch 

Government, 2015b). 

 
Figure 1-1: Key river and canal networks of northwest Europe (Hamilton, 

T. M., 2013) 
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Figure 1-2: Flood prone area of the Netherlands (PBL Netherlands Environmental, 2015) 

In 1953 an event occurred that changed the Dutch perspective forever. A large area of the 

southwestern part of the Netherlands was flooded by the North Sea. This event resulted in the deaths 

of more than 1800 people and caused economic damage in the order of 10% of the gross domestic 

product (Gerritsen, 2005). The disaster led to the formulation of an administrative body, the Delta 

Committee, an important change in the Dutch flood risk policy. The objective of the Delta Committee 

was to protect the country against flooding by investigating the possibilities of a new flood risk 

safety approach. Up until 1953, the height of the dikes had been determined to withhold the highest 

occurring water level. The method changed to a cost-benefit analysis (CBA), the method calculates 

the safety level via an economic optimization. A safety level is the probability of flooding, e.g., a 

safety level of 1/100 years means that the area will flood once every 100 years on average. The 

economic optimization is indicated through the lowest outcome, which could be found by summing 

the expected losses through damage of a flood with the investments in improving the flood defenses 

(Van Dantzig, 1956). The method became the foundation for the new safety approach of the Dutch 

flood risk policy and still forms the basis of modern safety level calculations. Economic optimizing 

is applied in more disciplines, as well as in asset management, e.g., at IBM. As continuing on this 

example, being the largest consultancy firm focused on asset management, an asset management 

framework created to manage assets and allow organizations to better optimize and align their asset 

investment (Campbell, 2011). Assets are items or standards owned by a person or organization that 

contain certain values. 

 

In the following years, advice from the Delta Committee was executed and flood protection 

measures at the coast and rivers were realized. In particular, the realization of the Delta Works 

attracts attention from abroad. The Delta Works are a cluster of flood protection measures to protect 

the land within the Dutch delta. The measures consist of storm surge barriers, dams, sluices, locks, 

dikes and levees. The worldwide recognition was confirmed when the Delta Works was selected as 

one of the seven wonders of the modern world (Smith, 2015). 
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Throughout the decades after the installation 

of the Delta Committee, Dutch experts 

identified several weaknesses of the current 

flood risk policy. The Dutch government 

acknowledged these weaknesses and was 

aware of the need for improvement 

(Tsimopoulou, 2015). Therefore, a second 

Delta Committee was established by the 

Dutch government in 2005. The main advice 

of the committee was to express the 

necessity to realize stricter safety levels. 

However, further research was needed to 

detect the most efficient methods to 

accomplish these stricter safety levels (Delta 

Committee, 2008). The advice was 

approved by the government and became 

incorporated into the National Water Plan. 

To achieve the stricter safety levels, the 

government is opting for a sustainable flood 

safety policy by focusing on multi-layer 

safety, abbreviation: MLS (Central Dutch 

Government, 2009). 

 

 

 
Figure 1-3: MLS: emergency, spatial and prevention (Kolen and Kok, 2011) 

 

As visualized in Figure 1-3, MLS consists of three layers: 

1. Prevention, the prevention of flooding by the primary dike system; 

2. Spatial planning, improvement of sustainable spatial planning and partitioning; 

3. Disaster Management, realizing better coordination among emergency services during a 

disaster (Kolen and Kok, 2011). 

 

In the latest National Water Plan, wherein the guidelines, principles and direction of the national 

water policy are described for 2016 up until 2021, a new insight is given to achieve the safety levels. 

Prevention interventions (layer 1) remain a crucial factor in realizing the safety levels. Examples 

of prevention applications are dikes, dunes, flood barriers and river widening. However, in 

specific situations (e.g. when dike reinforcement is very expensive or socially radical), smart 

combinations could assist in achieving the required safety level. Smart combinations give the 

opportunity for spatial planning and disaster management interventions (layer 2 and 3) to interact 

with layer 1, to accomplish a more effective solution. When smart combinations are applied, case 

specific agreements about the roles, responsibilities and financing are made. In order to clarify 

the investments in layer 2 and 3, the resulting cost reduction for layer 1 needs to be comparable 

with at least the required investment (Central Dutch Government, 2015b). 
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1.2 Problem definition 

With the growing flooding threat, it can be assumed that the need for solutions that reduce the 

impact of floods, like MLS, will only increase. The threat of flooding is an enormous global problem 

and is growing due to the rising sea level and land subsidence, which means that floods will occur in 

nearly every coastal city sooner or later. The global mean absolute sea level rise is currently around 

3 mm/year and is expected to be in the range of 3-10 mm/year until 2100, according to the IPCC 

scenarios (Slangen et al, 2011). In addition, to the sea level rise, the observed subsidence rates are 

in the range of 6-100 mm/year in coastal megacities and the projections up until 2025 show similar 

rates (Deltares, 2015). Cities with these features are called sinking coastal cities. This recurring 

problem, even if essential flood protection measures are executed, is the case for numerous sinking 

cities. The impact of the problem on a few of the sinking coastal cities is shown in Figure 1-4. Not 

only for coastal areas, which are most vulnerable, is the flooding threat a problem. Think of areas 

near rivers or lakes, or simply low lying surfaces, where major damage will occur if flood prevention 

measures fail. Thereby, flooding problems do not only take place through large storm surges, 

frequently minor flood damage can be devastating. Examples that can result in minor flood damage 

are high water levels, rainfalls, river discharges or hurricanes. 

 

 
Figure 1-4: Global sea level rise and average land subsidence (Deltares, 2015) 

MLS is one of the solutions to cope with the threat of flooding, however, there is no known 

acknowledged method to test the impact of MLS. This is because each application of MLS is different 

and there is a lack of knowledge in this field. Different in terms of the interventions that are possible 

to apply and the interactions between them, which are case specific. Certain intervention 

combinations are promising with applications for cases, however, this does not mean that applying 

the same interventions in other cases like residential areas lead to the same interactions between 

the interventions. Promising interactions could occur by applying multiple interventions, e.g., when 

an evacuation plan and flood proof roads are realized, these interventions reinforce each other. 

Another aspect is the lack of knowledge in the MLS field. There is limited knowledge about the 

resulting impact when MLS is applied because it is a relatively new phenomenon. To cope with this, 

the Dutch government has the intention to gain more knowledge and experience through the 

upcoming years by monitoring pilot projects. By applying prevention, spatial planning and disaster 

management interventions, information will be collected about the interactions, capabilities and 

effectiveness of intervention combinations as an alternative for dike reinforcements and river-

widening interventions (Central Dutch Government, 2015a). In 2013, the government initiated three 

pilot projects, located in Dordrecht, Marken and the IJssel-Vechtdelta, which will be active for the 

upcoming years (Central Dutch Government, 2013). 
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To increase the likelihood in successfully implementing MLS, assigning norms to each layer could 

have a positive impact. But it becomes even more interesting if all layers have one overarching norm. 

To realize this overarching norm, an 

identical index for all layers needs to 

be used. This enables the possibility 

to compare the impact of each 

intervention regardless the layer. An 

identical index can be achieved by 

changing the focus of the Dutch flood 

risk policy from flood protection to 

flood damage reduction. Flood 

protection contains only prevention 

interventions (layer 1), where flood 

damage reduction contains 

prevention, spatial planning and 

disaster management interventions 

(layers 1, 2 and 3). However, a 

certain base level of prevention is 

advisable (elaborated in Paragraph 

1.1). By changing the focus to risk 

reduction the usage of layer 1 

becomes less crucial and positive 

results can be achieved by applying 

layer 2 and 3, because all layers 

influence the overarching norm 

(Kolen et al., 2010). The flood risk 

reduction application could 

subsequently be integrated with the 

calculation method to define the 

economic optimum (originally 

applied on flood protection), in this 

research expressed via the expected 

economic damage, whereby an 

economic optimum is calculated for 

multiple layers, the need for such a 

study has already been expressed in 

the Netherlands (Tsimopoulou, 

2015). 

 

Given the problems and scope of this research, the problem definition is specified as follows: 

 
Problem definition 

There is no method to assess the interactions between multi-layer safety 

interventions that reduce the expected economic damage of storm surges at 

container terminals. 

 

  

Scope 

This research builds on the proposition that MLS can potentially 

be a promising solution for any case threatened by flooding. But, 

due to the application diversity and the need of an identical 

index, this research delimits the scope and zooms in according 

the following demarcations.  

 Area: container terminals, because MLS seems an especially 

interesting solution for cases that contain a lot of value and 

are vulnerable to flooding, two typical aspects of container 

terminals. 

 Cause: storm surges, in case the container terminal is 

positioned in a bay, it is assumed that storm surges are the 

decisive cause for the occurring damage. The reasoning 

behind this assumption is that the waves will be minimized, 

whereby wave run-up is neglected. A storm surge is an 

abnormal rise of water generated by a storm, which is 

measured via the difference between the regular water tide 

and the storm tide. To predict the occurring storm surges for 

the future a forecast is designed based on the past and 

climate change, leading to the expected storm surges. 

 Solution: MLS, consisting of a combination of interacting 

interventions. 

 Timespan: concession period, the time a client wishes to 

optimize the benefit. In this research the container terminal 

is hired out by the client to a port operator for a period of 30 

years. 

 Impact: economic damage, divided in repair costs (direct) 

and revenue loss (indirect). The impact of the expected 

storm surges on container terminals are expressed in the 

economic damage occurring throughout the concession 

period. The impact of MLS is measured via the difference 

between the economic damage occurring at the 0-situation 

compared with the improved situation. 

 Index: dollars, the economic damage is expressed in dollars. 
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1.3 Research objective 

The objective of this research is to gain insight into the functioning of MLS interventions. This report 

focusses especially on the promising interactions between combined applied MLS interventions. 

Due to the lack of knowledge and diversity of MLS, a specific case-study is chosen within the scope 

to realize one in-depth application of MLS. With this application, the functioning and potential of 

promising interactions are elaborated and conclusions are formed on container terminals in 

general. Therefore, the formulation of the objective is as follows: 

 
Research objective 

To develop a model to assess the economic potential of interacting multi-

layer safety interventions that reduce the expected damage of storm surges 

at container terminals. 

 

The case-study considers a container terminal situated in a bay. The impact of MLS interventions 

will be measured via the reduction on the expected economic damage caused by storm surges. 

Therefore, a new impact assessment model is developed to map the exposed flood risk and possible 

consequences in case a flood occurs. Using the flood risk and consequence map the model is able 

to simulate a variety of interventions, individually or applied in combination, to determine their 

expected impact on the storm surge damage. In this way, the economic potential of promising 

interacting interventions will be calculated and can be assessed for a specific case. Within this 

research, the developed model is subsequently applied to one container terminal in the Caribbean 

to show its proof of concept (as described in Chapter 4). 

1.4 Research questions 

In order to achieve the research objective (Paragraph 1.3), the following main research question 

will be answered throughout this research: 

 
Main research question 

What is the impact of interacting multi-layer safety interventions on the 

expected economic damage caused by storm surges at container terminals? 

 

The main research question is broken down into four sub questions. By answering the sub questions, 

an answer to the main research question will be found. The sub research questions are: 

 

Sub research question 1 

What structure of variables and equations enables the model to assess the 

impact of multi-layer safety? 

 
Sub research question 2 

Which typical assets and fault events can be identified at container 

terminals? 

 
Sub research question 3 

What are the decisive assets and fault events on the expected direct and 

indirect damage? 

 

Sub research question 4 

Which combination of interventions results in the maximum cost-benefit 

analysis for the case-study? 
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1.5 Research methodology 

To be able to answer the research questions a research framework is designed based on 

Verschuren et al. (2010). This means that each Chapter will be concluded with a sub conclusion to 

answer the relative sub research question, which question relates to which Chapter can be seen via 

the abbreviations Ch. (Chapter) and SQ (sub research questions), as presented in Figure 1-5. The 

framework is divided into six phases. Firstly, the theory is studied during the first phase of the 

research process (Ch. 2), containing flood risk management, decision making and asset 

management. With the input from the theory, it is possible to develop the structure of the 

calculations and relationships between the variables, which is the second phase (Ch. 3). During the 

next phase a case is described (Ch. 4). Fourthly, out of the input from the model design and case 

description, the needed data to execute the calculations is established in the Chapter variables (Ch. 

5). By using the established data on the developed model, in combination with the separate or 

combined applied interventions, multiple simulations are performed during phase five (Ch. 6). The 

final phase consists of the conclusions, discussion and recommendations for further research (Ch. 

7). 

 

Asset 

manage-

ment

Flood risk 

manage-

ment

Decision 

making

Case

Methodology

Conclusion

Results

Variables

Ch. 2

Ch. 3

SQ 1

Ch. 4

SQ 2

Ch. 5

SQ 3

Ch. 7

MQ

Ch. 6

SQ 4

 
Figure 1-5: Research framework (based on Verschuren et al., 2010) 
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2 Theory 

In this research theories from three different work fields are applied to develop an impact 

assessment model for MLS. The work fields flood risk management, asset management and decision 

making are elaborated in this Chapter. In the last Paragraph, the connection between the theories 

is created, as well as the formation of the method. 

2.1 Flood risk management 

The Dutch flood risk method in finding the economic optimum as safety level has been applied 

numerous times domestically and abroad (e.g. in Japan (Jonkman et al, 2005) and Vietnam (Mai et 

al, 2008)). The essence and objective of the method are always similar, however, some steps are 

added or applied more extensive depending upon the case and chosen method. Nevertheless, 

there are essential steps that are used in practically every application in determining the optimal 

safety level. These steps were introduced by the Delta Committee (1960) and explained step by 

step through Voorendt (2015), which will form the base of describing the method. This was 

substantiated by two recent applications of the method on the Dutch province South Holland 

(Jonkman et al., 2008b) and the American city New Orleans (Jonkman et al., 2008a). The steps are: 

1. Research on the past; 

2. Research on the future; 

3. Cost-benefit analysis (Voorendt, 2015). 

 

Firstly, the current situation of the case area is analyzed, wherein one starts to create a flood map of 

the area. This is done by mapping the current ground levels and simulating different floods. With 

the design of the flood map, a clear overview is created of which parts of the area will flood when a 

certain water level occurs. Hereafter, the water levels reached are studied and the relationship 

between return periods and water levels could be determined, visualized on a graph with the x-axis 

as the return period in years and the y-axis as the water level in meters (Jonkman et al., 2008a). The 

return period stands for the years it will take on average until the same water level occurs. 

 

Secondly, a study is made to estimate the future situation of the area and its flood scenarios, which 

shall be concluded via a new flood map and a new graph of the return periods and associated water 

levels. The following effects will be included within the future situation: climate change (i.e. sea 

level rise, river discharge, high waters and storms), land subsidence, and growth in values of assets 

of the area (Jonkman et al., 2008b). 
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Thirdly, a cost-benefit analysis (CBA) is executed to calculate the economic optimum of the safety 

level. The economic optimization is indicated through the lowest outcome, which could be found by 

summing the expected losses through damage of storm surges with the investments in improving 

the flood defenses (Van Dantzig, 1956). An example of a CBA outcome is visualized in Figure 2-1. 

The total flood damage outcome is often divided in direct and indirect damage. Direct damage is 

the repair cost on properties and infrastructure. Indirect damage is the loss of services not touched 

by water (Jonkman et al., 2004). The concept of finding the damage and investments, caused by a 

flood or prevention against a flood, is to calculate the outcome in euros of several flooding 

probabilities. Calculating one specific storm surge is done by multiplying the value with the damage 

factor (Equation 2-1).  

 

 
Figure 2-1: Principle of economic optimization (Jonkman et al., 2009) 

𝐷𝑅𝑃 = 𝑉 ∗ 𝑓(𝐷𝑅𝐿)  
Equation 2-1: Flood damage 

DRP  [$]  Flood damage for one storm 

V  [$]  Value of a component 

f(DRL)  [-]  Flood damage factor of one storm 

 

A damage factor is one single point of a damage function, which indicates to what extent the 

component is damaged according to a given flood or inundation height. Damage functions are 

applied in mapping the risk and consequences of floods. An example of a damage function is shown 

in Figure 2-2, other applications of damage function can also be found in FEMA (2013), Jonkman et 

al. (2008b) Klijn et al. (2007), Kok et al. (2004), and Tebodin (2000). 
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Figure 2-2: Damage functions wood industry (Tebodin, 2000) 

When the flood damage, caused by that storm, is multiplied by the probability of storm occurrence 

the expected flood damage could be found Equation 2-2. 

 

𝐸𝐷 = 𝐷𝑅𝑃 ∗ 𝑃𝑅𝑃 
Equation 2-2: Expected damage 

ED(s)  [$]  Expected flood damage for one storm 

PRP  [-]  Flood probability 

 

In case that specific storm surge does not occur today but in the future, the variables (discount rate 

and economic growth) need to be added to the equation (Equation 2-3), where it is assumed that the 

flood damage grows at the same rate as the predicted economic growth (Hallegatte, 2006). 

 

𝐸𝐷(𝑦) = 𝐷𝑅𝑃 ∗ 𝑃𝑅𝑃 ∗ (1 + 𝑔)𝑦 ∗ (
1

1 + 𝛿
)

𝑦

 

Equation 2-3: Present expected damage (Stoeten, 2013) 

ED(y)  [$]  Expected flood damage for one year 

g  [-]  Growth rate 

d  [-]  Discount rate 

 

Flood damage determined over an entire year leads to the expected annual damage (EAD). It is the 

most frequently used index showing the impact of flooding (Arnell, 1989). The index is applied by 

the US Army Corps of Engineers (USACE, 2016), but also in England and Wales (Hall et al., 2004) 

and Germany (TU Hamburg, 2016). By multiplying the integral of the flood damage with delta 

possibilities, overall potential floods, the EAD is found (Equation 2-5). The needed delta probability 

can be found by determining the difference between the probability of a return period and the one 

after (Equation 2-4). 

 

∆𝑃𝑅𝑃 =
1

𝑅𝑃 − 1
−

1

𝑅𝑃
= 𝑃𝑅𝑃−1 − 𝑃𝑅𝑃 

Equation 2-4: Delta probability (TU Hamburg, 2016) 

ΔPRP  [-]  Delta probability 

RP  [years]  Return period 

 

𝐸𝐴𝐷 (𝑡) = (1 + 𝑔)𝑡 ∗ (
1

1 + 𝛿
)

𝑦

∗ ∫ 𝐷𝑅𝑃 ∗  ∆𝑃𝑅𝑃

∞

𝑅𝑃=1

= ∑
𝐷𝑅𝑃−1 + 𝐷𝑅𝑃

2
∗ ∆𝑃𝑅𝑃

∞

𝑅𝑃=1

 

Equation 2-5: Annual damage (TU Hamburg, 2016) 

EAD(t)  [$]  Expected annual flood damage 
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2.2 Asset management 

In 1960 the aerospace industry developed a design method called FMEA. Due to the safety 

requirements and reliability demands from the industry, FMEA originates. It represents a 

documented and powerful methodology for engineers to present a formalized and structural 

manner by using their experience and subjective thinking (Seyed-Hosseini et al., 2006). FMEA is 

the abbreviation for failure mode and effects analysis and is intended for risk management decisions 

to provide information (Pillay and Wang, 2003). Nowadays, FMEA is applied in numerous 

businesses (e.g. in the following industries: electromechanical, computer, semiconductor, medical 

device and automotive (Stamatis, 2003)). Several variations of the original application of FMEA have 

been developed over the years (Pillay and Want, 2003). However, all applications have the same 

objective, which is to identify the potential failure modes, their causes and effects on the system 

performance. This has been achieved via a systematic procedure for the analysis of the system 

(Sayareh and Ahouei, 2013). 

 

The realization and outcome of FMEA differ per application. However, several typical steps to apply 

FMEA are identified, based on ‘modified FMEA using approximate reasoning’ (Pillay and Wang, 

2003) and ‘FMEA for reducing the delays of cargo handling of operations in marine bulk terminals’ 

(Sayareh and Ahouei, 2013) and are as follows: 

1. Define the system;  

2. Define the functions of the system; 

3. Determine the relationships between the functions; 

4. Identify the potential failure modes; 

5. Identify the causes of the failures; 

6. Categorize the severity of the failures on the functions; 

7. Categorize the probability of the failures on the functions; 

8. Calculate the risks. 

 

One of the methods to visualize the relationships between functions (step 3) is a functional 

breakdown structure. A functional breakdown structure is a technique to partition a system into a 

hierarchical collection of functions (Brouwer, 2015). The underlying functions causing the failure of 

an overlying function could readily be determined (assisting step 4 and 5). A categorization of the 

probability and severity (step 6 and 7) is converted into a ranking system (Table 2-1), designed by 

AIAG (1995). By multiplying the ranked probability with the severity, the total risk of a particular 

failure relative to a particular function is calculated (step 8) (Mabrouki et al., 2013). 

 
Table 2-1: Probability and severity criteria and scores (AIAG, 1995) 

Probability Ranking 

Very high ≥1 in 2 10 

1 in 3 9 

High 1 in 8 8 

1 in 20 7 

Moderate 1 in 80 6 

1 in 400 5 

1 in 2,000 4 

Low 1 in 15,000 3 

1 in 150,000 2 

Remote 1 in 1,500,000 1 
 

Severity Ranking 

Hazardous without warning 10 

Hazardous with warning 9 

Very high 8 

High 7 

Moderate 6 

Low 5 

Very low 4 

Minor 3 

Very minor 2 

None 1 
 

 

Specifying a fault event and its cause(s) for the system could be done via an FTA (fault tree analysis). 

After the specification stage, the system’s operation and environment are analyzed to find all 

dependable occurrences in which the fault event could take place. A fault event is an undesired 

occurrence. Reviewing the fault events and indicating their relationships in a graphic structure leads 

to a fault event tree (Schüller et al., 2005). 
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To execute an FTA, the following tasks have to be performed: 

Qualitative analysis: 

 System familiarization; 

 Definition of the top event and construction of the fault tree; 

 Determination of the minimal cut-sets; 

Quantitative analysis: 

 Collecting all relevant failure, repair, test and maintenance data; 

 Quantification of the minimal cut-stets; 

 Evaluation of the results (Schüller et al., 2005). 

 

An overview of the fault events and gates is given in Table 2-2, essential to be able to design a fault 

tree. The stated symbols form the base of each fault tree, despite the last symbol. The FDEP gate is 

a recently developed symbol within the fault event tree analysis applications and is rarely applied. 

However, it is sometimes needed if a trigger event causes the dependent and output event to occur. 

Examples of the FDEP gate are elaborated in Delic et al. (2015), Boudali et al. (2010), and Merle et 

al. (2010). 

 
Table 2-2: Fault event symbols 

Symbol Description 

 

Fault event: 

Undesired occurrence. 

 

 

 

Basic event: 

No further development is required because 

the appropriate limit of the specification has 

been reached. 

 

 

Transfer: 

The tree is developed further at the occurrence 

of the corresponding transfer symbol. 

 

Input event

Output 

event

Input event

AND

 

And gate: 

The output event only occurs if all input events 

occur. 

 

 

OR

Input event

Output 

event

Input event

 

Or gate: 

The output event occurs if one or more input 

events occur. 

 

FDEP

Output 

event

Trigger 

event

Dependent 

event
 

The function dependency (FDEP) gate: 

In case the trigger event occurs, all dependent 

events and the output event will occur. 

 

http://www.google.nl/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCJipwr7RiMkCFcP-cgodDxIN8Q&url=http://www.intostudies.nl/bacheloropleidingen/industrieel-ontwerpen/tu-delft/item16923&bvm=bv.106923889,d.bGQ&psig=AFQjCNFPzexoM-x-AHmTInsRPzXBXg3N9Q&ust=1447340447142828


 

 

30 

IMPACT ASSESSMENT MODEL FOR MULTI-LAYER SAFETY 

2.3 Decision making 

The definition of making a decision is a choice that has consciously been made before fulfilling the 

relative action (Heijnen and Bots, 2015). The process to find the economic optimal combination of 

flood damage reduction interventions is, therefore, a derivation process towards a single decision. 

Decision making is scientifically executed via a decision analysis, whereby a process specified 

decision problem is substantially solved. According to Keeney (1982), who divided the decision 

analysis down into the steps shown in Figure 2-3, this is the first step in the process. 

 

Generate 

proposed 

alternatives

Specify 

objectives and 

attributes

Determine 

magnitude and 

likelihood of 

impact of 

proposed 

alternatives

Structure and 

quantify values 

of decision 

makers

Evaluate 

proposed 

alternatives and 

conduct 

sensitivity 

analysis

Structure the 

decision 

problem

Assess possible 

impact of 

alternatives

Determine 

preferences of 

decision makers

Evaluate and 

compare 

alternatives

Step 

1

Step 

2

Step 

3

Step 

4

 
 
Figure 2-3: Schematic representation of the steps of decision analysis (Keeney, 1982) 

 

Objective

Decisions

Criteria

Scenarios

Boundary 

conditions

 
Figure 2-4: Generic conceptual model of a decision problem 

(Beroggi and Wallace, 1998) 

 

Structuring the decision problem results 

in a calculation prescription that solves 

the problem. One way to illustrate the 

decision problem is via a conceptual 

model (Figure 2-4), where (1) decision 

makers have an evaluation function and 

objective, (2) practices, criteria and 

scenarios consist of variables, and (3) 

boundary conditions could influence the 

decision-making process. 
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One of the methods to develop a 

conceptual model into an impact 

assessment model is a model design 

cycle.  The entire method is divided 

into six stages, starting by (1) 

sketching the situation of the decision 

at stage one. In stage two, the (2) 

structure of the decision problem will 

be formed. During stage three the (3) 

mathematical notation is made. 

Constructing the (4) computational 

model with a software tool follows. At 

stage five, the constructed model will 

be used to (5) calculate the optimal 

solution, taking the different 

scenarios into account. During the last 

stage, the (6) practical meaning of the 

outcomes is studied (Heijnen and 

Bots, 2015).  

 
 

Figure 2-5: Model design cycle (Heijen and Bots, 2015) 

2.4 Conclusion 

Theories used within this research originate from flood risk management, decision making and asset 

management. Using only flood risk management theories are not sufficient because spatial planning 

and disaster management interventions (layer 2 and 3 of MLS) affect not the entire area. These 

interventions only affect a selected part of overall, an effect that cannot be determined within the 

flood risk management theories. Therefore, to assess the storm surge impact on selective parts of 

the area, asset management theories are included, whereby a division between direct and indirect 

damage (flood risk management) corresponding to damage on assets and capacity losses (asset 

management) is made. In order to determine the impact of partial interventions, which is the case 

when layers 2 or 3 are used, the capacity losses need to be related to the partitioning process. The 

partitioning process in this research is fulfilled by dividing the case in assets. Thereafter fault events 

are linked to relative assets, which enables us to calculate the indirect damage when partial 

interventions are applied. Structuring the equations and relating the variables via a model design 

cycle results in an impact assessment model (Figure 2-6), named MLS-Model in this report.  

 

Flood risk 

management

Asset 

management

Decision 

making

MLS-Model

 
Figure 2-6: Formation of the MLS-Model  

1)
Questioning

2)
Conceptualization

3)
Operationalization

4)
Implementation

5)
Application

6)
Interpretation
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3 Methodology 

 
Figure 3-1: Model design cycle distributed over the Chapters 

 

To develop a model that is able to 

assess the economic impact of storm 

surges at container terminals the model 

design cycle is used. In Figure 3-1, the 

design steps are distributed over the 

Chapters (Ch.) and Paragraphs (Pa.). 

The first step of the model design cycle 

is fulfilled by (1) defining the research 

questions (Paragraph 1.4), followed by 

the (2) conceptualization, (3) 

operationalization and (4) 

implementation of the model, these 

steps are described in this Chapter. 

The last two steps, (5) application and 

(6) interpretation will be elaborated in 

the Chapters 6 and 7. 

 

3.1 Conceptualization 

Based on Beroggi and Wallace (1998) the research questions are transformed into a conceptual 

model as visualized in Figure 3-2. Duo to future storm surges an economic damage will occur at the 

container terminal. The storm surges consist of a broad scope of scenarios expressed via inundation 

heights and relative probabilities. To reduce the resulting damage, the impact of different 

intervention options needs to be determined in order to make the right decision. Integrating the 

cause (storm surges) and solution (intervention options) leads to a damage reduction coupled with 

a needed investment to realize the intervention, whereby the objective is to maximize the damage 

reduction coupled with a minimal investment, which is equal to maximize the cost-benefit. One of 

the two criteria contains an identical, which enables the MLS-Model to compare the impact of 

interventions from different layers and determine their integrated impact. To not blindly simulate 

every intervention option, the damage reduction needs to be at least equal to the investment. A 

crucial boundary condition is that interventions will only affect the case area, to create a feasible 

simulation process. 

1)

Questioning
Ch. 1

2) 
Conceptualization

Pa. 3.1

3)
Operationalization

Pa. 3.2

4)
Implementation

Pa. 3.3

5)
Application

Ch. 6

6)
Interpretation

Ch. 7
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Objective: 

Maximize

cost-benefit

Decisions:

Intervention options

Criteria:

- Identical index

- Damage reduction >

   Investment

Scenarios:

Storm surges

Boundary conditions: -

Affects only

the case area

 
Figure 3-2: Conceptual MLS-Model 

3.2 Operationalization 

The operationalization of the conceptual model is realized by transforming the established 

relationships to variables (Paragraph 2.3), whereby the index and equations of these variables are 

established during this process. The purpose of the MLS-Model is to indicate the flood risk of a 

container terminal, calculate the resulting economic impact, and simulate the potential of the 

solutions (Paragraph 1.3). In this report, the flood risk of assets and fault events (Paragraph 2.2) will 

be assessed within a case-study. Direct damage (repair costs) on each asset and indirect damage 

(revenue losses) on each fault event need to be determined to establish the impact of flooding. In 

order to reduce the risk and impact of flooding, simulations are made to predict the potential of 

multiple solutions (Paragraph 2.4). The results of these simulations are compared to advise which 

combination of solutions is optimal to apply. Therefore, the MLS-Model could be divided into three 

phases (as shown in Figure 3-3), where the blue colored box means that data needs to be 

implemented and the white boxes are simulation outcomes. This distinction in blue (data) and white 

(simulation) colors is used throughout the whole Chapter. 

 

Input Simulation Outcome

Fig. 

3-4

Fig. 

3-6

Fig. 

3-11
 

Figure 3-3: Operationalization sections 

3.2.1 Input 
In the first phase of the MLS-Model, different data is needed in order to be able to execute the 

simulations. A visualization of this phase is shown in Figure 3-4, where the used equations to 

calculate the relative variable are indicated by “eq”. The needed input data is divided into three 

categories: 

 Storm surges 

 Values 

 Factors 
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Asset values

Downtimes

Damage factors
Capacity loss 

factors

Revenue

Initial

asset damages

Initial

revenue losses

Storm surges
IndirectDirect

Eq. 

3-1

Eq. 

3-2

 
Figure 3-4: Operational MLS-Model input section 

Storm surges 

Due to the fact that the case is situated in a bay, the waves are minimized, causing the estimation 

that the height of the storm surges is decisive (as established in Paragraph 1.3). A storm surge is an 

abnormal rise of water generated by a storm, measured in the difference between the regular water 

tide and the storm tide. Via occurred storm surges in the past, a forecast could be made which storm 

surges are possible to occur and what the probability of occurrence is. An illustration is given in 

Figure 3-5, showing the inundation height of a storm that occurs once a year, once every two years, 

and so in. Leading to a set of data, whereas the magnitude of the storm increases, the relative 

inundation height becomes higher, the probability reduces, and return period rises. 

 

 
Figure 3-5: Inundation height per return period illustration example 

Values 

On the direct side of the input section, the values consist of the variable asset values, where the 

indirect side are the variable downtimes. Assets or groups of assets could consist of several 

components, where the summation of values of these different components results in the total asset 

value expressed in dollars. Downtimes of fault events are expressed in months and stand for the 

period a certain fault event lasts. Another value that needs to be known is the revenue, expressed 

in dollars, this enables the application to calculate the revenue loss through occurring fault events. 

 
Factors 

The inputs of factors are relative to a specific inundation height. This means that larger storm surges 

lead to larger the impacts, which corresponds to larger damage- or capacity loss factors. By 

graphing different inundation heights and their relative factor, a function is realized as illustrated in 

Figure 2-2. The illustration example shows a damage function to determine the direct damage, a 

principle that could also be used to determine the indirect damage via a capacity loss function. 
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3.2.2 Simulation 
The second phase consist of the calculation simulations (Figure 3-6), which form the link between 

the input data and the outcome. Hereby a distinction between the direct and indirect damage shall 

be made. Both will follow the same steps to calculate the total damage, consisting of: 

 Initial 

 Annual 

 Concession 

 Total 

 

Initial

asset damages

Initial

revenue losses

Annual

asset damages

Annual

revenue losses

Concession 

asset damages

Concession 

revenue losses

Total

direct damage

Total

indirect damage

Total

damage

Probabilities

Direct Indirect

Outcome

Eq. 

3-1

Eq. 

3-2

Eq. 

3-4

Eq. 

3-5

Eq. 

3-6

Eq. 

3-7

Eq. 

3-8

Eq. 

3-9

Eq. 

3-10

 
Figure 3-6: Operational MLS-Model simulations section 

Initial 

With the input data, the initial 

asset damage and revenue 

losses could be calculated. In 

this step, the probability of a 

storm is excluded. The initial 

asset damage is the occurring 

damage in case a particular 

storm occurs. The initial asset 

damage of a particular storm 

could be calculated by 

multiplying the asset value with 

the damage factor (Equation 

3-1). An illustration of one 

specific storm, with a relative 

return period of 1,000 years is 

shown in Figure 3-7. 

 

 
Figure 3-7: Storm asset damage illustration example 
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𝐷𝑎;𝑦;𝑅𝑃 = 𝑉𝑎 ∗ 𝑓𝑎(𝐷𝑦;𝑅𝐿)  
Equation 3-1: Initial asset damage 

Da;y;RP  [$]  Asset damage for one storm 

Va  [$]  Asset value 

fa(Dy:RL)  [-]  Asset damage factor for one storm 
 

Calculating the initial revenue loss is more complex because each storm could lead to the failure of 

several events. Not to forget the interaction between the different fault events. Therefore, the MLS-

Model needs to be able to determine all capacity loss factors for each fault event and the effect on 

the interactions between them. This is realized in finding the highest capacity loss factor. In case the 

system is entirely out of order the capacity factor will be 1.0, as is the case in this example to 

illustrate the functioning. Next, the MLS-Model must be able to detect the second highest capacity 

loss factor, in case the downtime is higher than the downtime of the highest capacity loss factor, to 

establish for what time the system is partly not functioning. In case the downtime is lower than the 

downtime of the highest capacity loss factor, this fault event does not influence the total revenue 

loss, due to the fault event will be repaired and fully operational before the fault event with the 

highest factor is back online. These steps need to be executed for each fault event to calculate the 

total capacity loss and corresponding downtime. The impact of fault event triggers and the 

interrelationships between the fault events must not be forgotten. A trigger that stays inactivated 

can prevent an upper fault event from occurring, something that counts also for the other way 

around. This can be determined by using a fault tree (Paragraph 2.2). An example of this process is 

illustrated in Figure 3-8, to show the functioning. The highest capacity loss (factor 1) fault event has 

a relatively short downtime, followed by relatively longer downtimes of the second (factor 0.6) and 

third (factor 0.3) highest capacity losses. From this example could be concluded that the system is 

fully offline in the beginning, after which the capacity loss drops and a part of the container terminal 

become operational. By multiplying the revenue with the fault event downtimes and the capacity 

loss factors the resulting initial revenue loss caused by a particular storm is calculated (Equation 

3-2). 

 

 
Figure 3-8: Storm revenue loss capacity illustration example 

𝑅𝐿𝑦;𝑅𝑃 = 𝑅𝑦 ∗ ∑ 𝑀𝐴𝑋 (𝑓𝑓𝑒(𝐶𝐿𝑦;𝑅𝑃)) ∗ 𝐷𝑇𝑓𝑒

𝐷𝑇𝑚𝑎𝑥

𝐷𝑇=0

 

Equation 3-2: Initial revenue loss 

RLy;RP  [$]  Revenue loss for one storm 

DT  [month] Downtime 

DTmax  [month] Maximum downtime 

Ry  [$/month] Monthly revenue for one year 

ffe(CLy;RP) [factor]  Fault event capacity loss factor one storm 

DTfe  [month] Fault event downtime 
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Annual 

By calculating the damage on 

assets of all particular storms 

that occur during a specific a 

year, and interact this with the 

probabilities these storms 

occur, the expected asset 

damage through that storm in 

the selected year is determined. 

By summing the expected 

damage of all possible storms 

the expected annual asset 

damage could be calculated 

(Equation 3-3). The same counts 

for the revenue loss (Equation 

3-4). This principle is visualized 

in Figure 3-9, where the 

multiplication between the 

initial flood damage is shown 

through the blue colored 

column parts. 

 
Figure 3-9: Annual asset damage or revenue loss illustration example 

 

𝐸𝐴𝐷𝑎;𝑦 = (1 + 𝑔)𝑦 ∗ (
1

1 + 𝛿
)

𝑦

∗ ∑
𝐷𝑎;𝑦;𝑅𝑃−1 + 𝐷𝑎;𝑦;𝑅𝑃

2
∗ ∆𝑃𝑅𝑃

∞

𝑅𝑃=1

 

Equation 3-3: Annual asset damage 

EADa;y  [$]  Expected annual asset damage 

g  [-]  Growth rate 

d  [-]  Discount rate 

 

𝐴𝑅𝐿𝑦 = (1 + 𝑔)𝑡 ∗ (
1

1 + 𝛿
)

𝑡

∗ ∑
𝑅𝐿𝑦;𝑅𝑃−1 + 𝑅𝐿𝑦;𝑅𝑃

2
∗ ∆𝑃𝑅𝑃

∞

𝑅𝑃=1

 

Equation 3-4: Annual revenue loss 

EARLy  [$]  Expected annual revenue loss 

 
Concession 

Executing the annual calculations for every year in the concession period and summing these 

results leads to the total concession damage. 

 

2016 

 

+ 

2017 

 

+ 

… 

 

+ 

2045 

 
Figure 3-10: Concession asset damage or revenue loss illustration example 
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𝐷𝑎 = ∑ 𝐴𝐷𝑎;𝑦

2045

𝑦=2016

 

Equation 3-5: Concession asset damage 

Da  [$]  Asset damage over the concession period 

 

𝑅𝐿 = ∑ 𝐴𝑅𝐿𝑦

2045

𝑦=2016

 

Equation 3-6: Concession revenue loss 

RL  [$]  Revenue loss over the concession period 

 
Total 

When the concession damage of all assets is determined, the summation of this damage leads to the 

total direct damage (Equation 3-7). The total indirect damage is already found as earlier explained 

in this Paragraph. Therefore, the revenue loss over the concession period is equal to the total 

indirect damage (Equation 3-8). When summing the total direct and indirect damage, the total 

damage is found (Equation 3-9). 

 

𝐷𝑑 = ∑ 𝐷𝑎

𝑎𝑙𝑙

𝑎=1

 

Equation 3-7: Total direct damage 

Dd  [$]  Total direct damage 

 

𝐷𝑖 = 𝑅𝐿 
Equation 3-8: Total indirect damage 

Di  [$]  Total indirect damage 

 

 

𝐷𝑡 = 𝐷𝑑 + 𝐷𝑖  
Equation 3-9: Total damage 

Dt  [$]  Total damage 

 

3.2.3 Outcome 
In the third and last phase of the MLS-Model the outcomes originating from the simulations will be 

established (Figure 3-11). They are divided in an outcome and intervention section if integrated will 

lead to the impact of interventions on the system and corresponding CBA. All-embracing, the steps 

are as follows: 

 0-situation 

 Interventions 

 Cost-benefit analysis 

https://www.google.nl/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwjTmaSg9K3JAhWGPQ8KHQy_D44QjRwIBw&url=https://www.arcadis.com/en/global/news/arcadis-logo-download/&psig=AFQjCNFdz75yrBD3UkLY3Pu9hbNmpZo2Hw&ust=1448621095825175


 

 

39 

Rolf Kelderman | MSc Thesis 

Eq. 

3-14

Cost-benefit

Variable 

investment

Damage after 

interventions

Damage 

0-situation

Damage 

reduction

Intervention 

extent

Fixed 

investment

InterventionIntervention

Outcome

Total

investment

Eq. 

3-11

Eq. 

3-12

Eq. 

3-13

 
Figure 3-11: Operational MLS-Model outcomes section 

0-situation 

In case no interventions were added to the system, the expected total damage on the 0-situation is 

simulated through the MLS-Model (Equation 3-9). This outcome shall comprise the expected total 

damage throughout the entire concession period when the expected storm surges will occur. The 

expected storm surges are equal to the storm surges that will averagely occur. 

 
Interventions 

When interventions were added to the system, the expected total damage after interventions will 

be simulated via the MLS-Model. By adding interventions, the input data will adjust according to the 

statistics of the interventions (e.g. if a certain asset is protected to a certain height, small storm 

surges will not result in initial asset damage, whereby the annual, concession and total asset damage 

curve will change). Leading to a reduced expected damage compared to the 0-situation. The 

difference in damage between the 0-situation and the situation after interventions corresponds to 

the realized damage reduction (Equation 3-10). 

 

𝐷𝑟 = 𝐷0 − 𝐷𝑎𝑖  
Equation 3-10: Damage reduction 

Dr  [$]  Damage reduction 

D0  [$]  Total damage at 0-situation 

Dai  [$]  Total damage after intervention 

 

The other side of the bracket contains the investments (Figure 3-11) needed to make the 

interventions possible. The investments are divided in a fixed and a variable cost price, summing 

both leads to the total intervention investment (Equation 3-11). The fixed cost price does not depend 

on the extent of the intervention, whereas the variable investment does (e.g. when the cost of 

removing pavement in order to increase the surface level will not change (fixed), where the sand 

needed for the increase relies fully on the height of the new surface level (variable)). 

 

𝐼𝑡 = 𝐼𝑓 + 𝐼𝑣  

Equation 3-11: Intervention investment 

It  [$]  Total intervention investment 

If  [$]  Fixed intervention investment 

Iv  [$]  Variable intervention investment 
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Cost-benefit analysis 

The final outcome of the simulations is the damage reduction integrated with the investment 

(Equation 3-12). An optimization is possible within is interaction because both elements (damage 

reduction and investment) do rely on the simulated extent of interventions. In general, the larger 

the extent, the more damage reduction, the higher the investment. Thereby, the most cost-beneficial 

intervention extent directly leads to the maximum CBA (Equation 3-13). An important final step in 

optimizing the CBA and relative interventions extent. 

 

𝐵 = 𝐷𝑟 − 𝐼𝑡 
Equation 3-12: Cost-benefit 

B  [$]  Cost-benefit 

 

𝑀𝐴𝑋 (𝐵) = 𝐵𝑚𝑏𝑝 

Equation 3-13: Maximum cost-benefit 

Bmip  [$]  Most cost-beneficial intervention extent 

3.3 Implementation 

Now the operational model is established, the right software needs to be chosen to create the impact 

assessment model. In this research, excel is used to implement the operationalized model. In order 

to fulfill this process, the operational model is transformed into 65 excel sheets. The excel sheets 

are divided into the following groups: 

 Data sheets (7) 

 Direct damage sheets (17) 

 Indirect damage sheets (17) 

 Intervention sheets (23) 

 Optimization sheet (1) 

 

Structuring the sheets in excel realizes the following 

Figure 3-12. The data sheets, containing the needed 

variables to fulfill the simulations, lead to the direct 

and indirect damage sheets. By using the damage 

sheets, the 0-situation can be calculated showing the 

economic damage at the container terminal when no 

interventions are applied. The economic damage is 

realized through the expected storm surges 

throughout the concession period. Implementing the 

intervention sheets within the calculation process 

enables the opportunity to assess the impact of 

interventions. Optimizing the intervention extent via 

the optimization sheet results in the most cost-

beneficial way to apply the intervention. By repeating 

this process, the impact on the economic damage of 

several different intervention options can be 

calculated. In the end, the most cost-beneficial 

intervention application is found by comparing the 

different outcomes with each other. An extended 

description of the excel sheets is elaborated in 

Appendix A. 

 

Intervention 

sheets

Data 

sheets

Direct 

damage 

sheets

Indirect 

damage 

sheets

Optimization 

sheet

 
Figure 3-12: Implemented MLS-Model 
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3.4 Conclusion 

Combining the sections input, simulation and outcome lead to the operationalization of the entire 

MLS-Model (Figure 3-13), where the additional added green lines illustrate the influence of the flood 

interventions. The selected interventions, applied to a certain extent, can have a positive impact on 

the input damage factors, downtimes and capacity loss factors, due to these impacts, the expected 

damage of the improved situation is be reduced. On the other hand, the investment costs needed to 

realize the interventions are also affected by the application of interventions. Selecting the right 

interventions and applying them in the right extent will maximize the cost-benefit. Via this structure 

of variables and equations, the MLS-Model is able to assess the impact of MLS. 
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Figure 3-13: Operational MLS-Model 
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4 Case 

4.1 Location 

On the coast of the Caribbean is the selected case located (Figure 4-1). The Caribbean area is known 

for its hurricanes and, the resulting, everlasting flood threat. Especially on the coastline, where big 

storm surges sporadic occur. On such a flood threat location is the case studied in this report 

located, limited protected against waves in a sizeable harbor bay (Figure 4-2). For confidentiality 

reasons the exact location shall not be mentioned, and will the drawings and images relative to the 

case be altered. However, the drawings and images look similar to the case and give a good 

impression of the actual situation. 

 

 
Figure 4-1: The Caribbean marked on a world map 
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Figure 4-2: Impression bay area (Kelderman, 2016) 

4.2 Accessibility 

When a major storm hits the container terminal and surrounded area, resulting in a disaster from 

which the area can hardly recover, due to the inaccessibility of the area. In these circumstances, 

ports and transport infrastructure are considered critical infrastructure for the survival of the 

population (Arcadis, 2016). This means that the government aims to get points, which could receive 

or distribute relief supplies (i.e. the case-study container terminal), quickly back online and 

accessible. The selected case is a container terminal, with an average surface height of +2,4 m MSL. 

From the entrance of the harbor bay until the terminal docks is a waterway realized (Figure 4-2). In 

this section, the bay is deeper dredged (until at least 18 meters) than the rest of the harbor bay 

allowing large container vessels to reach the terminal. The actual depth of the waterway is regularly 

checked by a harbor owned survey vessel to scout the sedimentation accretion. In case accretion of 

sedimentation takes place until such an amount that the waterway needs to be dredged, a dredging 

vessel must be hired to solve this problem. A storm surge is an example of a cause than can result 

in accretion. The municipality is responsible for hiring a dredging vessel. If it takes too long before 

the municipality restores the depth of the waterway, the terminal has the opportunity to hire a 

dredging company and claim the bill at the municipality. In order to know until what waterway depth 

the terminal stays accessible, the attaining container vessels need to be mapped. Knowing their 

scantling depth allows us to calculate the moment dredging is needed. An overview of the active 

vessels in the container transport industry is shown in Figure 4-3, where the vessels Panamax up 

until new Panamax (types B1, B2, C and D) attaining the case terminal. Figure 4-4 shows the capacity 

expressed in thousands TEU and frequencies per week of these vessels. The 20-foot container 

referred to as a twenty-foot equivalent unit (TEU), became the standard reference in the container 

industry to indicate the cargo volume and vessel capacity (World Shipping Council, 2016). Apart 

from 20-foot (6.09 m) containers, the container terminal stacks another commonly used 40-foot 

(12.18 m) container. 
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Figure 4-3: Container vessels (Martín Soberón, 2012) 

 
Figure 4-4: Vessel sizes and frequencies (based on Confidential, 2016a) 

Another transportation method is via land, where an access road is used to attain the terminal. The 

access road is a hurricane proof asphalted highway with several lanes that form the connection 

between the terminal and road network of the country (Confidential, 2016a). Via the exit gate (arrow 

pointed away from the terminal) of the terminal the access road could be reached, whereas the 

entrance gate (arrow pointed into the terminal) serves the other direction, as could be seen in 

Figure 4-12. As a transshipment hub, the main function of the port is to transship containers from one 

vessel to the other, whereby the containers most of the time will be temporarily stored on the 

terminal. Only 11% of the containers are imported and exported by land via the access road by 

trucks, as could be seen in Figure 4-5, where the yearly container traffic is divided by container 

type (Confidential, 2016a). 
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Figure 4-5: Container traffic (based on Confidential, 2016a) 

4.3 Process and assets 

As could be viewed in Figure 4-12, the 

container terminal is divided into three 

sections: Terminal A, B and C. Both 

terminal A and B have a single dock of 500 

meters, where terminal C consists of a 

double dock. The docks are quay walls 

(Figure 4-6), which are based on a heavy 

foundation. On top of the quay walls, the 

containers cranes move sideways via a 

crane rails. Revetment (Figure 4-7) is 

placed on places that are attached to the 

water and no quay wall is situated. To 

enter the container terminal, men has to 

pass the entrance building.  
Figure 4-6: Impression quay walls (Volker Stevin, 2016) 

 

 
Figure 4-7: Impression revetment (Cummins and Cederberg, 2016) 

Closely behind the entrance building 

is the operation building (Figure 4-8) 

situated, where the controlling 

process via the terminal operating 

system (TOS) takes place. The TOS is 

to assist in managing the container 

terminal and keep track of the flow of 

containers throughout the terminal 

(The Tioga Group et al., 2012). Data of 

the TOS is saved on the data server 

located in the operation building, in 

addition, there is a backup data server 

located uphill away from the flooding 

threat, which is daily updated in case 

the data server on the terminal will fail. 
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Figure 4-8: Impression operation building (Southafrica, 2016) 

Apart from the entrance and 

operation building, there 

are several other buildings 

situated in the control area 

(e.g. the conference 

building, to hold meetings, 

or the roofed space, serving 

shelter when it rains, for 

having a meal or take a 

break). The maintenance 

area consists of a 

maintenance hangar (Figure 

4-9 and Figure 4-10), a 

terminal fuel facility 
 

 
Figure 4-9: Impression maintenance hangar outside (Congo Terminal, 2016) 

(Figure 4-11), and several warehouses, used as storage buildings. In the hangar is the flexible 

equipment (straddle carriers, reach stackers and terminal trucks) maintained. The terminal fuel 

facility provides the fuel for the fuel needed assets, as the flexible equipment and generators. 

Closely located near the petrol station the fuel is stored in two silos. 

 

 

 

 
Figure 4-10: Impression maintenance hangar inside 

(Briggeman, 2016) 

 

 
Figure 4-11: Impression terminal fuel facility (Kosan 

Crisplant, 2016) 
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Figure 4-12: Impression container terminal overview (Kelderman, 2016) 
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Via two external power stations the 

container terminal receives 

electricity, meaning that in case one 

of them gets out of order the terminal 

is able to stay operational. From the 

power stations, electricity lines are 

attached to electric poles and come 

together in the electric mainstation 

(Figure 4-13) of the container 

terminal. From there the electricity is 

divided throughout the container 

terminal via electric cables and 

electric substations (Figure 4-14). 

Numerous electric cables and data 

wiring are situated under the 

pavement (Figure 4-15), to facilitate 

power to electric assets, as container 

cranes, reefers and the TOS. 
 

Figure 4-13: Impression electric mainstation (CameliaTWU, 2008) 

 

 
Figure 4-14: Impression electric substation (Smest, 2016) 

 

 
Figure 4-15: Impression pavements (QES, 2016) 

 

 
Figure 4-16: Impression generator (Dutch power generators, 2016) 

There are two electric substations on 

container terminal, located at 

Terminal A and C (Figure 4-12). 

Meaning that terminal B is electrically 

facilitated by the mainstation and the 

remaining areas via the substations. In 

addition, the port has several diesel 

generators (Figure 4-16) spread over 

the terminal, in case the general 

electric supply fails the generators 

can be used as backup power. 

However, there is a limit the power a 

generator can deliver. Certain assets 

simply need too much electricity, as 

is, i.e., the case with container cranes. 

As an extra backup for the main data 

server an uninterruptible power 

supply (UPS) is situated in the control 

area. 
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Figure 4-17: Impression reefers (Alconet, 2016)  

Figure 4-18: Impression empty container stack (Safety4sea, 

2016) 

 

A shipping container is a single rigid, 

sealed, reusable metal box in which 

merchandise is shipped by vessel 

(Hinkelman, 2005). Apart from the 

container size, 20 or 40 foot, a 

distinction could be made between 

full and empty containers. Another 

division is the dry and refrigerated 

containers. The reefer (Figure 4-17) is 

a controlled temperature 

refrigerated shipping container 

(Hinkelman, 2005). While containing 

cargo, the reefer needs to be 

connected to electricity at all times. 

This is because the reefer contains 

cargo, where refrigeration is 

essential, the most common cargo of 

reefers consist of bananas, citrus, 

deciduous, exotics, fish and seafood, 

meat and poultry, and dairy (Dekker, 

2014). Therefore, the reefers stacks 

are situated close to the electric 

facilities (Figure 4-2). Without cargo, 

the reefers will be, like dry  
 

 

 
Figure 4-19: Impression full dry container stack (Bloomberg, 2012) 

containers, stacked closely to each other on the empty stacks (Figure 4-18). The third stack type, 

which covers the most area of the container terminal, are the full dry containers (Figure 4-19). How 

many ground slots are available per stack, expressed in thousands 20 ft. containers are shown in 

Table 4-1. The average stack height throughout the terminal is one and a half container for the full 

stacks and four containers for the empty stack. A division in dwell times between the full and empty 

containers is shown in Figure 4-20. Hereby a distinction between the land and water transportation 

is made. 

 
Table 4-1: Container ground slots (Confidential, 2016a) 

                     Stack [kTEU GS] 

Terminal Full Dry Empty Reefer Total 

Terminal A 2.8  1.1  0.4  4.3  

Terminal B 2.7  0.8  -    3.5  

Terminal C 6.6  3.6  0.5  10.8  

Total 12.2  5.4  0.9  18.5  
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Figure 4-20: Container dwell times (based on Confidential, 2016a) 

The general process that 

takes place on the terminal is 

the transshipment of 

containers (Figure 4-21). This 

process starts when a 

container vessel, with or 

without cargo, arrives in the 

container terminal and docks 

on one of the berths. In the 

container terminal four 

container cranes (Figure 

4-22), on each berth, stand 

ready to load or unload the 

vessel. In the case of 

unloading, each container 

will be lifted by one of the 

cranes and moved from the 

vessel to the quay. 
 

 
Figure 4-21: Impression container transshipment process (My news desk, 

2016) 

 

 

 
Figure 4-22: Impression container cranes (Liebherr, 2016) 

When the vessels are loaded, the movement 

takes place in the opposite direction. 

Continuing with the description of the 

unloading process, straddle carriers (Figure 

4-23) transfer the containers from the berth to 

the terminal. This can mean that the 

containers are directly transported to the 

stack area or, in case terminal trucks are 

involved, to a dropping point. The faster 

terminal trucks (Figure 4-25) with multi-

trailers are used to deal with longer distances 

throughout the container terminal. These 

terminal trucks transport several containers 

at the same time from one dropping point to 

the other. At the dropping points, straddle 
 

carriers stand ready to transfer the containers to the initiated stack area. Straddle carriers could 

stack containers up to three high, whereas reach stackers (Figure 4-24) could stack empty containers 

up to five. Another benefit of reach stackers is that they need less space to place or remove 

containers because straddle carriers need to drive over a container in order to lift and transfer them. 

Therefore, several reach stackers drive around the container terminal to maneuver empty 

containers, because they are not able to pick up full containers. 
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Figure 4-23: Impression straddle carrier (Deviant Art, 2016) 

 

 

 

 
Figure 4-24: Impression reach stacker (PLS, 2016) 

 

 
Figure 4-25: Impression terminal truck (The President Post, 2016) 

An overview of the process of the container terminal is overviewed in a fault tree. The left-side of 

the fault tree is shown in Figure 4-26, the right-side in Figure 4-27, combined they form the complete 

fault tree. The fault tree is based on Schüller et al., 2005, which is elaborated in Paragraph 2.2. On 

top of the tree could no transshipment be found, meaning that in case the fault event took place there 

will be no transshipment. Since the main function of a transshipment hub is to transship containers, 

the entire capacity of the terminal will be lost when this fault event occurs. The fault event no 

transshipment could be activating when one of the following fault events take place: operation fails 

or terminal not accessible. In case the fault events, waterway or access road not passable, occur, the 

terminal becomes inaccessible for container vessels and trucks, meaning that there will be no 

transshipment. Operation fails stand for the internal terminal process that fails, which will happen if 

the TOS or ground transport fails. The TOS basically needs a data server and electricity, which could 

be provided by the electric stations, UPS or generators. The ground transport needs the container 

cranes, straddle carriers, reach stackers, and terminal trucks to function. 
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Figure 4-26: Left-side of the fault tree of the container terminal (based on Schüller et al., 2005) 

4.4 Traffic increase 

The revenue and amount of certain assets will increase, due to the prediction that the container 

traffic will increase throughout the concession period (Figure 4-28). The specific increases are 

shown in Table 4-2. In this report the halfway situation will be described (e.g. on the container traffic 

division (Figure 4-5) or asset value structures (Paragraph 5.2)).  
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Figure 4-27: Right-side of the fault tree of the container terminal (based on Schüller et al., 2005) 

Table 4-2: Increase throughout the concession 

Component 2016 Halfway 2045 

General increase [%] 87.5% 100.0% 112.5% 

Container traffic [MTEU] 2.80 3.20 3.60 

Revenue [M$/year] 239 273 307 

Ground 

transport 

[units] 

Container cranes 14 16 18 

Straddle carriers 55 62 70 

Reach stackers 16 18 21 

Terminal trucks 22 25 29 

Container 

stacked 

[kTEU] 

Full dry 16.0 18.3 20.6 

Empty 18.9 21.6 24.4 

Reefers 1.2 1.4 1.6 

Cables [k$/ha] 43.75 50.00 56.25 
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That the situation halfway is described does not mean that the increase throughout the concession 

will not be included in the simulation process. The inclusion is expressed, apart from the predicted 

sea level rise through the years, via the increase in terminal revenue and asset value increase. 

Thereby the discount rate and economic growth of the country for the upcoming thirty years needs 

to be involved. Both discount and growth rate are assumed on 2%, based on IMF, 2016, Confidential, 

2016b and Confidential, 2016c. 

 

 
Figure 4-28: Annual container traffic 
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4.5 Conclusion 

The following typical assets and fault events were identified for container terminals, based on the 

mapped case-study. The fault events are visualized via the upper part of the fault tree (Figure 4-29), 

whereas the assets are divided into groups, which are: 

 Operations areas (control and maintenance); 

 Electrical (mainstation, substations and generators); 

 Ground transport (container cranes, straddle carriers, reach stackers and terminal trucks); 

 Containers (full dry, empty and reefers); 

 Fundamental (pavements, quay walls, foundation, revetment and others); 

 External (backup data server, power supply, waterway, access road). 

 

 
Figure 4-29: Simplified container terminal fault tree (based on Schüller et al., 2005) 
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5 Variables 

As explained, it is necessary to partition the container terminal in order to assess the impact of MLS 

(Paragraph 2.4). This means that the economic impact of storm surges needs to be established for 

every part of the case. In this case-study, the partitioning is fulfilled by dividing the container 

terminal in assets and defining their values, downtimes, damage and capacity loss functions. 

Together with the storm surges and relative probabilities, these variables are the input data of the 

MLS-Model (Paragraph 3.2). In establishing the values of these variables an extensive process is 

fulfilled, because the specific data needed to be extracted from several sources, after which 

estimations are made under the supervision of specialists. The entire procedure is described in 

Appendix A, Appendix B and Appendix C. The procedure of the decisive variables is written in this 

Chapter, concluded by an overview of the results in Paragraph 5.4.  

5.1 Storm surges 

In order to determine the storm surge, data an extensive process is performed. It starts with (1) 

comparing different data sets to determine which data sets is most reliable and reasonable to occur. 

(2) Several fits are, thereafter, added to this data set to estimate the inundation heights for a broader 

range of return periods. Subsequently, the (3) projected changes on wave height and frequency are 

studied, after which the impact of climate change, in the form of (4) sea level rise and (5) land 

subsidence, is included. The entire process is elaborated in Appendix B. These findings in 

combination with the surface level of the container terminal (Paragraph 4.2), lead to Equation 5-1 

and Figure 5-1. In this figure the established inundation height on the research case is shown in 

beginning of the concession (2016) and the end of the concession (2045). The increase of inundation 

height over the years is clearly visualized. 

 

ℎ𝑖 = ℎ𝑠 + ℎ𝑠𝑙𝑟 + ℎ𝑙𝑠 − ℎ𝑠𝑙 
Equation 5-1: Inundation height 

hi [m]  Inundation height 
hs [m]  Storm surge height 
hslr [m]  Height of sea level rise 
hls [m]  Height of land subsidence 

hsl [m]  Surface level height 
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Figure 5-1: Established inundation height on the research case 

5.2 Assets 

To calculate the direct damage in detail, the values and damage functions of each asset need to be 

determined (as explained in Paragraph 3.2.1). This is a difficult process, due to the asset values are 

confidential and such specific damage functions are rarely. Damage functions are normally 

designed for larger areas, such as a damage function for the entire container terminal. However, 

using a function for the entire terminal the result becomes less accurate and limits the simulation to 

assess the impact of MLS. This is because of the fact that certain interventions within MLS affect only 

specific assets. 17 values and damage functions, relative to 17 assets, are established within this 

case-study. A description of the assets is given in Paragraph 4.2. The values are estimated by 

dividing the assets into different components and linking a price to each component. The damage 

functions show until what extent the asset is damaged according to a range of inundation heights. 

After establishing all values and functions, the conclusion is made that the containers are the most 

impactful group of assets, because of their average damage functions and extreme high asset 

values. The containers are responsible for 91% of the expected direct damage throughout the 

concession period. The values and functions estimation of the container group will be estimated in 

this Paragraph since this asset group appeared decisive. An extensive description of the 

establishing process of all assets can be found in Appendix C. 

 

Full dry containers, empty containers and reefers are the asset group named containers. Combining 

the data of (1) ground slots, (2) stack height, (3) dwell times and (4) 20 to 40 feet container size ratio 

a complete picture of transshipment and containers stacks is created. This enables us to calculate 

the asset value of each container type. Integrating this realized data with the (5) depreciation and 

adding the (6) cargo values to the full dry containers and reefers leads to the final value structure 

(Table 5-1). 

 
Table 5-1: Value structure containers 

Container type Full dry Empty Reefer Total 

Terminal A [M$] 156.0  8.7  25.8  190.5  

Terminal B [M$] 150.1  6.2  -    156.3  

Terminal C [M$] 364.8  29.7  33.5  428.0  

Total [M$]: 670.8 44.6 59.3 774.8  
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The damage functions of the full dry, empty and reefer containers are established, based on a study 

of Kumagai (2013). There is begun with the (1) interaction between the mass of containers and 

inundation heights, after which the damage function of (2) empty containers are found, followed by 

the determination of the (3) cargo damage functions of different stack heights. Integrating the 

damage functions of containers and cargo with each other, taking into account the transshipment 

and container stacks, the damage functions are found. The damage functions consist of the full dry 

containers (Figure 5-2), empty containers (Figure 5-3) and reefers (Figure 5-4). An extensive 

description of the process resulting in the values and damage functions of the containers can be 

found in Appendix C.4. 

 

 
Figure 5-2: Damage function full dry containers 

 
Figure 5-3: Damage function empty containers 
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Figure 5-4: Damage function reefers 

5.3 Fault events 

Indirect damage can be calculated by knowing the relative variables (i.e. revenue, downtimes and 

capacity loss functions), as explained in Paragraph 3.2.1. The revenue of the container terminal 

increases during the concession period, the exact numbers are given in Paragraph 4.4. The other 

two variables (i.e. downtimes and capacity loss functions) can be divided according to fault events. 

Relationships between the fault events occurring at the container terminal are structured in a fault 

tree (Figure 4-26 shows the original fault tree). By linking the different assets to fault events, the 

capacity losses can be found, which will occur due to the failing assets. Therefore, the direct and 

indirect damage can be calculated when a specific asset becomes out of order. In order to 

determine the indirect damage, the downtimes and capacity loss functions of each fault event need 

to be estimated. This process is comprehensively described in 0. Knowing the amount of capacity 

loss on each fault event, the entire capacity loss of the container terminal could be determined by 

making use of the fault tree. In order to do this, the fault events need to be linked to assets causing 

the relative fault event, a process that leads to Figure 5-5 and Figure 5-6. The fault tree is can be 

seen as one, however, because of illustration reasons spread over two pages. Capacity loss 

functions show until what extent the fault event and relative asset has lost capacity given a certain 

inundation height. The downtimes are established by distinguishing the following phases: inspect, 

construct, transport and install. During the (1) inspection phase the precise damage will be 

estimated, which components need to be replaced and ordered to get the electric mainstation fully 

back online. In the next phase, the (2) replacements need to be constructed in the factory of the 

supplier, subsequently, the (3) new components will be transported to the container terminal. 

Lastly, the (4) components are build and installed on location. After establishing all needed 

variables, and running the simulation, the electric mainstation, straddle carriers and waterway 

turned out to be decisive. Therefore, the downtimes and functions of these assets are briefly 

elaborated in this Paragraph. An extensive elaboration of the process of all fault events and their 

relative assets is shown in Appendix D. 
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Figure 5-5: Left-side of the fault tree assets added (based on Schüller et al., 2005) 
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Figure 5-6: Right-side of the fault tree assets added (based on Schüller et al., 2005) 

Electric mainstation 

 
Table 5-2: Downtime structure electric 

mainstation 

Section 
Downtime 

[months] 

Inspect 1.00  

Construct 2.00  

Transport[1] 0.50  

Install 1.00  

Total: 4.50  
 

 

Without electricity, the entire container terminal will not 

function, as can be concluded out of the fault tree. The 

essential electrical component appears to be the 

mainstation, facilitating the terminal B directly and Terminal 

A and C via the electrical substations. Therefore, the 

capacity loss function is similar to the damage function, as 

shown in Figure 5-7. The resulting downtime when the 

electric mainstation becomes fully out of order is four and a 

half month (Table 5-2). This estimation follows from an 

intensive construction phase, because of the exclusive 

components of the electric mainstation. The inspection and 

installation will be relatively short, just as the transportation 

of the components to the terminal, which are originating 

from the United States. 
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Figure 5-7: Capacity loss function electric mainstation 

Straddle carriers 

Both container crane and straddle carrier are crucial in the 

ground transportation process. Without the cranes, the 

containers cannot be loaded or unloaded from the vessels 

to the terminal. The straddle carriers account for the 

movement of full containers since they are the only flexible 

equipment capable of lifting a heavy container (as 

explained in Paragraph 4.3). Therefore, the indication is 

made that the straddle carriers can replace the reach 

stackers or terminal trucks, but it does not work the other 

way around. As illustrated via the function dependency 

gates in the fault tree (Figure 5-5). The downtimes of the 

container cranes (18 months) and straddle carriers (19.50 

months) are comparable. However, the capacity loss 

function of the straddle carriers is quite steeper, which 

makes this asset critical in the transport process, as 

extensively elaborated in Appendix D.3. 

 

 
Table 5-3: Downtime structure straddle 

carriers 

Section 
Downtime 

[months] 

Inspect 1.50  

Construct[3][4] 17.00  

Transport[1][3][4] 1.00  

Install -    

Total: 19.50  
 

 

 
Figure 5-8: Capacity loss function straddle carriers 
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Due to the relationships between the flexible ground transport relative fault events (i.e. the asset 

straddle carriers, reach stackers and terminal trucks), as explained in 4.3 and visualized in Figure 

5-5, an integrated equation needs to be used in order to calculate the integrated capacity loss 

(Equation 5-2). An extensive explanation how this equation is formed states in Appendix D.3.2, just 

as the method to find the relative variables. 
 

𝐶𝐿𝑓𝑙𝑒𝑥  =  𝐶𝐿𝑠𝑐𝑟𝑠  –  𝐶𝐿𝑡𝑡 

Equation 5-2: Capacity loss flexible equipment 

CLflex  [factor]  Capacity loss by flexible equipment 

CLscrs  [factor]  Capacity loss by straddle carriers and reach stackers combined 

CLtt  [factor]  Capacity loss by terminal trucks 
 

Waterway 
Table 5-4: Downtime structure waterway 

Section 
Downtime 

[months] 

Inspect 0.50  

Construct -    

Transport 3.00  

Install 0.50  

Total: 4.00  
 

Shortly after a storm, the sediment accretion to the watery 

way can be identified, due to the availability of a survey 

vessel, which investigates the sediment that needs to be 

removed through dredging (as elaborated in Paragraph 

4.2). After the survey, a determination can be made if 

dredging is necessary, in case it does, dredging 

companies could be informed. The time it takes between 

informing and arriving of a dredging vessel is another 

point of uncertainty, as it can reach op to several months. 

After arrival of the dredging vessel, the sediment will be 
 

removed, whereby the time it takes to dredge the sediment has a direct relationship with the amount 

of sediment accretion. However, it appeared that removing sediment considers a relatively short 

period (Table 5-4). The capacity loss function is based on the relationship of vessels attaining the 

container terminal and the relative scantling draft, resulting in the function shown in Figure 5-9. This 

process is extensively described in Appendix D.6. 

 

 
Figure 5-9: Capacity loss function waterway 
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5.4 Conclusion 

An overview of the assets and their corresponding values, damage functions, downtimes and 

capacity loss functions can be seen in Table 5-5, Table 5-6 and Table 5-7, due to illustration reasons 

the tables are divided into three pages. The x-axis on both graphs shows the inundation height 

expressed in meters, where the damage- or capacity loss factor states on the y-axis. These graphs 

are minimized versions, however, identical to the graphs in Appendix C and Appendix D. In case 

the asset is decisive for the direct damage, the value and damage function are marked yellow, 

whereas the downtime and capacity loss function are marked yellow when the fault event is decisive 

for the indirect damage. 

 
Table 5-5: Overview of assets and fault events variables (1/3) 

Asset 
Value 

[M$] 
Damage function 

Downtime 

[months] 
Capacity loss function 

Internal 

Control area 6.10 

 

2.00 

 

Maintenance 

area 
3.06  

 

7.00 

 

Electric 

mainstation 
3.00  

 

4.50 

 

Electric 

substations 
2.50  

 

3.50 

 

Generators 2.75  

 

N/A 

 

Container 

cranes 
64.00  

 

18.00 
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Table 5-6: Overview of assets and fault events variables (2/3) 

Asset 
Value 

[M$] 
Damage function 

Downtime 

[months] 
Capacity loss function 

Straddle 

carriers 
27.90  

 

19.50 

 

Reach 

stackers 
4.05  

 

11.50 

 

Terminal 

trucks 
1.65  

 

7.50 

 

Full dry 

containers 
670.89  

 

1.50 

 

Empty 

containers 
44.60  

 

1.50 

 

Reefers 59.34  

 

1.50 

 

Pavements 38.25  

 

4.00 

 

Quay walls 105.30  

 

11.00 
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Table 5-7: Overview of assets and fault events variables (3/3) 

Asset 
Value 

[M$] 
Damage function 

Downtime 

[months] 
Capacity loss function 

Foundation 212.00  

 

N/A 

 

Revetment 12.00  

 

N/A 

 

Others 9.75  

 

0.50 

 
External 

Backup data 

server 
N/A N/A N/A 

 

Power 

supply 
N/A N/A 1.00 

 

Waterway N/A N/A 0.50 

 

Access road N/A N/A 0.75 
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6 Results 

Now the simulation method is developed (Chapter 3) and variables are defined (Chapter 5), the 

MLS-Model is ready to be applied within the case-study (Chapter 4). Before the last variables are 

described, in the form of intervention options, the 0-situation of the container terminal will be 

simulated in Paragraph 6.1. By doing this, the expected economic damage when no interventions 

are realized is calculated, needed to indicate the risk and impact of floods. Thereafter, in Paragraph 

6.2, the interventions are formulated and applied within the case-study. In the application process 

is the optimal extent of the interventions simulated, by which to most cost-beneficial result is 

achieved. Comparing these results with the 0-situation, the impact of these individually applied 

interventions is assessed. The process of applying combinations of interventions on the container 

terminal is subsequently elaborated in Paragraph 6.3. Just as the individual applied interventions, 

an optimization took place to determine what extent each individual intervention needs to be 

realized. However, in this case, the optimization is to achieve the most cost-beneficial interaction. 

Both individual and combined intervention application form the fifth step of the model design cycle 

(Paragraph 2.3). In Paragraph 6.4 is a sensitivity analysis executed to examine the sensitivity of the 

model itself and intervention impacts. This Chapter is concluded by an impact assessment of the 

most cost-beneficial intervention option in Paragraph 6.5.  
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6.1 0-situation 

The 0-situation considers the economic impact of the expected storm surges throughout the 

concession period on the container terminal, in case no interventions were realized. A broad range 

of numbers can be generated, due to the partitioning process, whereby the expected impact of 

storm surge impact on each individual asset is determined. As shown in Figure 6-1, which shows 

until what extent the asset is expected to be damaged expressed in percentages. The order of assets 

is the same as the previous paragraph’s and starts with the operational areas, followed by the 

electrical assets, ground transport, containers, fundamental, and external assets. The asset electric 

mainstation suffers the most from the storm surges, expressed in an expected damage equal to 44% 

of the asset value. The highest absolute damage occurs at the full dry containers, where 20% is equal 

to $ 138.8 M damage. The annual and total expected direct and indirect damage are shown in Figure 

6-2, expressed in million dollars. Resulting in expected flood damage throughout the concession 

period of $ 284.4 M. The flood damage is divided in a direct damage equal to $ 4.5 M and indirect 

damage of $3.2 M in 2016, after which several variables will change during the concession period, 

e.g., the amount of assets and terminal revenue (as described in 4.4). Increasing to a maximum of $ 

6.7 M and $ 4.8 M at the end of the concession (2045). 

 

 
Figure 6-1: Asset damage percentages 0-situation 
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Figure 6-2: Annual and total damage 0-situation 
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6.2 Individual interventions 

Now the 0-situation of the container 

terminal is simulated, one could 

start by defining the interventions 

that could be applied to the 

container terminal case-study. 

These intervention options are 

displayed via a list (Table 6-1) 

showing the number, affected 

section and method. Each 

individual intervention is 

elaborated in Appendix E, 

containing a description of the 

method, until what extent the 

intervention affects which assets, 

price structure and results. The 

results of the simulation are 

displayed in damage reduction, 

investment and CBA. During the 

simulation process the extent of 

each intervention is optimized (this 

process is described in Paragraph 

3.2.3). The intervention extent, in 

this case, holds the protection 

height. Therefore, the CBA is an 

interaction between the damage 

reduction and intervention 

investment, whereby the most cost-

beneficial point corresponds to the 

optimal protection height. 
 

 
Figure 6-3: Illustration sectional 

Terminal A enclosure 

Table 6-1: Flood interventions overview 

# Intervention 

P Prevention layer 

1 P1a 
Entire Terminal 

Heighten 

2 P1b Enclose 

3 P2a 
Sectional Terminal 

Heighten 

4 P2b Enclose 

5 P3 Coastline Flood defenses 

S Spatial planning layer 

6 S1a 
Entire Terminal A 

Heighten 

7 S1b Enclose 

8 S2a Sectional Terminal 

A 

Heighten 

9 S2b Enclose 

10 S3a 
Control area 

Heighten 

11 S3b Enclose 

12 S4a 
Maintenance area 

Heighten 

13 S4b Enclose 

14 S5a 

Electric mainstation 

Heighten 

15 S5b Enclose 

16 S5c Immediate relocate 

17 S5d Relocate during replacement 

18 S6a 
Container cranes 

Depot 

19 S6b Moveable to Terminal A 

D Disaster management layer 

20 D1a 
Dredging 

Vessel purchase 

21 D1b Pre-arrangement 

22 D2a 
Fuel facility 

Pre-order contracts 

23 D2b Rental contracts 

24 D3a 
Electric stations 

Pre-order contracts 

25 D3b Rental contracts 

26 D4a Transport 

equipment 

Pre-order contracts 

27 D4b Rental contracts 
 

Sectional Terminal A enclosure 

In Figure 6-3 the sectional enclosure of Terminal A is 

illustrated. Enclosure means that a wall is realized to protect 

the area against floods. To move from the protected section to 

an unprotected section, several passages are constructed 

within the wall. One of the passages is situated at the entrance 

gate, another one can be found at the exit gate. The remaining 

gates are located precisely at the roads between the northern 

quay wall and terminal A. Protecting terminal A sectional 

means that the quay wall will be unattached, something that 

appeared an extensive execution (as can be seen at other 

intervention options in Appendix E). The enclosure is a less 

expensive solution than raising the height of the ground 

surface level because a smaller parts (e.g. the asphalted 

surface or underground wiring) of the terminal need to be 

adjusted. However, in case the walls are too low for the 

occurring storm surge, the protected area becomes a filling 

bathtub. This means that the maximum damage factor will 

directly be reached, instead of moving the entire damage 

function to the right, which happens when the surface is 

heightened. 
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To assess the impact of a certain intervention, the impact on each individual asset needs to be 

determined. This is done by establishing the impact on each asset via the following variables: 

 Partial protection [%]: in case an intervention only influences a part of the asset; 

 Heighten surface [m]: increasing the ground level underneath the asset; 

 Heighten enclosure [m]: realizing a wall around the asset; 

 Improved protection [%]: improve the asset in such a way that it's better protected against 

storm surges; 

 Downtime reduction [%]: reduce the length of any downtime; 

 Downtime reduction [months]: reduce the maximum downtime. 

A process that is clearly visible in the excel sheets and therefore elaborated in Appendix A.4. In 

Table 6-2 is shown what this means for the enclosure of terminal A. The control area is, e.g., entirely 

protected, where one of the two electric substations (50%) is situated in the borders of the 

protection. This intervention (S2b) affects the assets by heightening the enclosure. The exact height 

of the enclosure needs to be simulated in combination with the investment. To realize terminal A 

enclosure a fixed investment of $ 0.63 M is needed. The variable investment is equal to $ 29.91 M as 

can be shown in Table 6-3. Apart from to the investments, the optimal protection height of 2.32 m 
 

can be seen, which is marked yellow. 

A yellow mark implies the outcome of 

a simulation. The damage reduction 

integrated with the needed 

investment, both matching the 

optimal intervention height, leads to a 

cost-benefit of $71.9 M. This score 

corresponds to a rate of return of 3.4. 

Making the intervention S2b the most 

cost-beneficial option when the 

interventions are individual applied. 

An overview of the simulation 

outcomes can be seen in Figure 6-4, 

which also illustrate with intervention 

(S2b) is simulated by marking it blue. 

The same process is executed for the 

other intervention options as can be 

read in Appendix E. 

 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

$ 102.5M

Investment:

$ 30.5M

Cost-benefit:

$ 71.9M
 

Figure 6-4: Simulation outcomes sectional terminal A enclosure 

 
Table 6-2: Intervention impact sectional terminal A enclosure 

Asset 

Partial 

protection 

[%] 

Heighten 

surface 

[m] 

Heighten 

enclosure 

[m] 

Improved 

protection 

[%] 

Downtime 

reduction 

[%] 

Downtime 

reduction 

[months] 

Control area 100   

S2b 

      

Maintenance area 100         

Electric 

substations 
50   

      

Generators 73         

Straddle carriers 100         

Reach stackers 100         

Terminal trucks 100         

Fully dry 

containers 
23   

      

Empty containers 20         

Reefers 44         

Pavements 32         

Others 32         
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Table 6-3: Investment structure sectional terminal A enclosure 

 
 
Overview 

Simulation outcomes of the flood interventions, described in Appendix E, are overviewed in Table 

6-4. Here could be seen that flood intervention S1a leads to a total loss of $ 63.2 M, due to the high 

investment, and is discouraged to construct. S2b appeared to realize to highest expected cost-

benefit throughout the concession period ($ 71.9 M) and is advised to cope with the flooding threat. 

 
Table 6-4: Outcomes single intervention simulations 

 

6.3 Combined interventions 

Due to the fault event relationships, elaborated in Paragraph 5.3, a simple summation of the benefits 

of single interventions is not possible. Promising interventions could reinforce each other and be 

able to achieve more cost-beneficial solutions. On the other hand, there is the possibility that 

interventions cover the same assets or unrelated fault events, causing a negative interaction. The 

goal is to find the most cost-beneficial intervention combination, therefore several promising 

options are simulated and compared. The entire process is elaborated in 0. In this Paragraph only 

the most cost-beneficial combination will be elaborated. 
 

Component Amount [-] Price per amount [M$] Total [M$]

Underground equipment [%] 4.1 15.30                                             0.63                     

Component Height [m] Price per m [M$] Total [M$]

Wall [m] 12.19                                             28.29                  

Seven regular passages [m] 0.70                                               1.62                     

29.91                   

30.54                   

2.32                     

Total investment:

Total varibale investment:

Direct Indirect Total

S1a 1.90 46.3 58.0 104.3 167.5 -63.2

S1b 2.40 47.3 57.5 104.8 64.1 40.7

S2a 1.90 45.7 57.2 102.9 63.8 39.1

S2b 2.32 45.8 56.7 102.5 30.5 71.9

S3a 2.00 2.4 16.5 18.9 11.1 7.8

S3b 2.31 2.3 16.2 18.5 4.7 13.9

S4a 2.00 5.2 50.7 55.9 15.7 40.2

S4b 2.40 5.2 50.0 55.2 8.3 46.9

S5a 2.03 1.4 12.4 13.8 6.5 7.2

S5b 2.40 1.4 12.4 13.8 0.9 12.9

S6a 0.00 0.0 0.0 0.0 1.5 -1.5

D1a - 0.0 1.9 1.9 0.2 1.7

D1b - 0.0 1.0 1.0 0.0 1.0

Damage reduction [M$]
Protection 

height [m]

Investment 

[M$]

Inter-

vention
Cost-benefit [M$]

https://www.google.nl/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwjTmaSg9K3JAhWGPQ8KHQy_D44QjRwIBw&url=https://www.arcadis.com/en/global/news/arcadis-logo-download/&psig=AFQjCNFdz75yrBD3UkLY3Pu9hbNmpZo2Hw&ust=1448621095825175


 

 

73 

Rolf Kelderman | MSc Thesis 

Interventions S2b & S5b & D1a 

A combination of sectional terminal A enclosure (S2b), electric 

mainstation enclosure (S5b) and purchasing a dredging vessel 

(D1a) appeared to be most cost-beneficial. This combination is 

drawn in Figure 6-6 as can be shown by the two enclosures and 

darker blue water. The interventions are separately described 

in Appendix E and affect numerous assets by heightening 

enclosure or downtime reduction (Table 6-5). The optimal 

protection height of this intervention option is +2.32m MSL 

(S2b) and +2.40m MSL (S5b). The resulting simulation 

outcomes are overviewed in Paragraph 6.5. 

 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

$ 140.6M

Investment:

$ 31.5M

Cost-benefit:

$ 109.1M
 

Figure 6-5: Simulation outcomes interventions S2b & S5b & D1a 

 

 
Figure 6-6: Illustration S2b & S5b & 

D1a 

 
Table 6-5: Intervention impact interventions S2b & S5b & D1a 

Asset 

Partial 

protection 

[%] 

Heighten 

surface 

[m] 

Heighten 

enclosure 

[m] 

Improved 

protection 

[%] 

Downtime 

reduction 

[%] 

Downtime 

reduction 

[months] 

Control area 100   

S2b & 

S5b 

 

      

Maintenance area 100         

Electric 

mainstation 
100 

        

Electric 

substations 
50   

      

Generators 82         

Straddle carriers 100         

Reach stackers 100         

Terminal trucks 100         

Fully dry 

containers 
23   

      

Empty containers 20         

Reefers 44         

Pavements 32         

Others 33         

Waterway 100         D1a 
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Table 6-6: Investment structure interventions S2b & S5b & D1a 

 
 

Overview 

Simulation outcomes of the flood intervention combinations, described in Appendix F, are 

overviewed in Table 6-7, whereby can be concluded that intervention combination 6 is most cost-

beneficial. 

 
Table 6-7: Outcomes combined intervention simulations 

  

Component Amount [-] Price per amount [M$] Total [M$]

Underground equipment [%] 6.4 15.30                                             0.99                     

Purchase dredging vessel [%] 10 1.50                                               0.15                     

1.14                     

Component Height [m] Price per m [M$] Total [M$]

Wall terminal A [m] 12.19                                             28.29                  

Seven regular passages [m] 0.70                                               1.62                     

Wall electric mainstation [m] 0.15                                               0.36                     

One narrow passage [m] 0.05                                               0.12                     

30.39                  

31.53                   

Total variable investment:

Total fixed investment:

Total investment:

2.40                     

2.32                     

Direct Indirect Total

S3b 2.31

S4b 2.40

S2b 2.32

S5b 2.40

S2b 2.32

S5c -

S2b 2.32

S5d -

S2b 2.32

S5b 2.40

D1a -

S2b 2.32

S5b 2.40

D1b -

S2b 2.32

S5b 2.40

2.32

1.90

S2b 2.32

S5b 2.40

S6b -

S2b 2.32

S5b 2.4

2.32

1.9

D1a -

Protection 

height [m]

Damage reduction [M$]
Investment 

[M$]
Cost-benefit [M$]

Inter-

ventions

S3b

S4b +
2.40

S6a

46.2

6

5

102.231.4133.686.547.2

4

3

122.275.646.6

S6a

56.67.664.256.77.5

94.131.4125.578.347.2

54.929.684.656.727.9

93.231.3

87.135.1

93.447.2

124.578.3

107.4

1

10

9

8 49.2 80.8 130.0 31.5 98.5

95.131.8126.979.247.8

109.1

7

49.2 93.3 142.5 35.0

2

31.5140.6
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6.4 Sensitivity analysis 

A sensitivity analysis of a model implies that the effect of each input variable on the outcome is 

examined. This is done by changing the input values according to stepwise percentages relative to 

the base value (Bots and Bouwans, 2016). In this report, the sensitivity analysis is divided into two 

parts. The first part examines the sensitivity of the model itself by determining the effect of the input 

variables on the 0-situation, after which the sensitivity of the interventions within the improved 

situation is calculated. 

 

The effect of changing the input variables with ±10% and ±25% on the expected damage at the 0-

situation is shown in Table 6-8 and Figure 6-7. In case the inundation heights of the upcoming storm 

surges are lower than expected the expected damage will decrease heavily (20.3%), something 

that also occurs in the other direction when higher inundation heights will occur (16.5%). Therefore, 

can be said that this variable is very sensitive. The variables which are responsible for the direct 

damage (asset values and damage functions) appeared more sensitive than the indirect damage 

ones (revenues, downtimes, capacity loss functions). A result that can be declared by the fact that 

the direct damage base value ($ 166M) covers 58%, where 42% relates to the indirect damage ($ 

119M). The sensitivity percentages are precisely corresponding to this range. Last, the 
 

 

Table 6-8: Sensitivity of the MLS-Model 

Variable 
Difference 

-25% -10% +10% +25% 

Inundation heights -20.3% -7.7% 7.1% 16.5% 

Asset values -14.6% -5.8% 5.8% 14.6% 

Damage functions -14.6% -5.8% 5.8% 14.6% 

Revenues -10.6% -4.3% 4.0% 10.3% 

Downtimes -10.4% -4.2% 4.2% 10.4% 

Capacity loss functions -10.4% -4.2% 4.2% 10.4% 

Growth rate -0.5% -0.2% 0.2% 0.5% 

Discount rate 0.5% 0.2% -0.2% -0.5% 
 

 

economic growth and 

discount rates appeared 

rather insensitive compared to 

the other variables. However, 

these variables are hard to 

predict for a period of 30 years 

and can heavily fluctuate, 

especially in the Caribbean 

(IMF, 2016).  

 
Figure 6-7: Sensitivity of the MLS-Model  
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In the second section of the 

sensitivity analysis, the 

effect of a fluctuating 

intervention height is 

examined. The effect on 

three outcome variables is 

calculated by changing the 

intervention height with  
 

 

 

Table 6-9: Sensitivity of the interventions 

Variable 
Difference 

-10.0% -2.5% +2.5% +10% 

Damage reduction -10.0% -2.6% 0.5% 1.3% 

Investment -14.6% -3.8% 3.8% 15.7% 

Cost-benefit analysis -8.7% -2.3% -0.4% -2.9% 
 

±2.5% and ±10%. Beforehand it can be said that increasing the height by 10% will lead to minor 

extra damage reduction, due to the maximum inundation height is already protected for terminal A 

by increasing the height with 2.5%. This was the reason to choose the used percentages steps. The 

assumption appeared to match with the sensitivity outcomes, as can be seen in Table 6-9 and Figure 

6-8. A slightly higher deviation when the height is increased, compared to decreasing, the 

investment variable, can be explained with the variable investment. The investment is divided in a 

fixed and variable part (Paragraph 3.2.3), where the influence of the variable part becomes larger 

on the overall investment as the height increases. With sensitivity percentages of the last outcome 

variable (CBA), the optimization is verified. Hereby is clearly visible that the optimum height 

corresponds to 0%, meaning that the maximum cost-benefit is achieved by using the applied 

intervention height. 

 

 
Figure 6-8: Sensitivity of the interventions 

6.5 Conclusion 

The simulation outcomes of the 0-situation are clear and show that the expected damage through 

storm surges during the upcoming 30 years is very high ($ 284.4 M, as can be seen in Paragraph 

6.1). This outcome, together with the cost-beneficial outcomes of the intervention simulations, leads 

to the advice to directly realize the most cost-beneficial intervention option. The combination 

consists of the interventions sectional terminal A enclosure (S2b), electric mainstation enclosure 

(S5b) and purchasing a dredging vessel (D1a) (as described in Paragraph 6.3). Shown in several 

graphs, the simulation outcomes of this intervention combination applied are overviewed. By 

looking at the graphs, a clear overview of the improvements achieved by applying these 

interventions relative to the 0-situation is made. In Figure 6-9 the direct flood damage reduction and 

remaining expected occurring damage are visualized. Both graphs are expressed in a percentage, 

which is equal to the expected damage relative to the asset value. The realized damage reduction 

at, e.g., the electric mainstation is 44% since the expected damage was 44% during the 0-situation 

(Figure 6-1), the expected occurring damage becomes 0%. 
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Figure 6-9: Asset damage reduction and damage percentages most cost-beneficial situation 
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Annual direct, indirect and total flood damage reductions, expressed in million dollars are graphed 

in Figure 6-10. In the beginning of the concession period (2016), the damage reduction amounts $ 

1.3 M (direct) and $ 2.6 M (indirect), a reduction that gradually increases to $ 1.9 M and $ 3.7 M in 

2045. Resulting in a total expected damage reduction throughout the concession period of $ 140.6 

M, achieved with an investment of $ 31.5 M, which is equal to an investment ratio of 4.46. 

 

 

 
Figure 6-10: Annual and total damage reduction most cost-beneficial situation 

https://www.google.nl/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwjTmaSg9K3JAhWGPQ8KHQy_D44QjRwIBw&url=https://www.arcadis.com/en/global/news/arcadis-logo-download/&psig=AFQjCNFdz75yrBD3UkLY3Pu9hbNmpZo2Hw&ust=1448621095825175


 

 

79 

Rolf Kelderman | MSc Thesis 

Occurring damage after the interventions are constructed are shown in Figure 6-11, implying a 

yearly expected damage reduction between the $ 3.2 M and $ 4.9 M (direct) and $ 0.7 M and $ 1.1 

M (indirect). The total expected flood damage throughout the concession period is $ 143.8 M, 

meaning that the expected flood damage over the whole concession period is reduced by 54%. 

 

 

 
Figure 6-11: Annual and total damage most cost-beneficial situation 
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7 Conclusions 

This report contains the development of a method to assess the impact of interacting MLS 

interventions on the economic damage caused by storm surges at container terminals. 

Subsequently, the developed method is applied within a container terminal case-study, to show its 

proof of concept. Given this development and application, the following conclusions are formed. 

The conclusion should be read in conjunction with the discussion. 

7.1 Answering questions 

In order to answer the main research question, the sub research questions are answered in this 

Paragraph. The specific question is indicated by “SQ” for a sub question and “MQ” stands for the 

main question. This research builds on the proposition that multi-layer safety is a promising 

approach assessing the impact of storm surges on the economic damage. The objective was to 

develop a model to study this proposition. This led to the first research question, which corresponds 

to Chapter 3 and consists of the model structure. Chapter 4 describes the case, whereby the assets 

and fault events have been identified, answering the second research question, followed by 

research question three, answered during Chapter 5, containing the damage and capacity loss 

functions. Subsequently, Chapter 6 elaborates on the fourth research question by showing the 

impact of interventions when applied within the case-study. Lastly, the main question is answered 

by considering the application of MLS. 
 

Model structure (SQ 1) 

In this present report, a model was developed according to a generic outline that holds an input, 

simulation and outcome phase. The input phase contains the selection of variables and 

establishment of their values. In order to assess multi-layer safety, the variables need to consist of 

flooding data (cause), its impact on the case (consequences), and possible interventions (solutions). 

It is important that the relationships between the cause and consequence of flooding have been 

identified for each single component in the case. Only by identifying the relationships for each 

element of the case (e.g. for a single building) it becomes possible to simulate the impact of 

interventions that just affect a section of the case. This is especially important when applying 

interventions from layer 2 and/or layer 3. The simulations led to an outcome that showed the 

consequence of flooding (0-situation); from there the impact of different interventions have been 

determined (improved situations). Based on the theory, an identical index is defined, which enables 

the model to compare the impact of interventions originating from different layers. 
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A container terminal case-study is elaborated in this research. The container terminal is situated in 

a harbor bay; due to the situation, storm surges have been the main cause of flooding. The influence 

of waves has been dismissed as their impact is limited, because of the sheltered locations. Dividing 

the impact of storm surges into direct and indirect damage, the relative repair costs and revenue 

losses have been determined. The partitioning of elements is performed by the assets, due to its 

application on container terminals, which enables the MLS-model to determine the direct damage 

of storm surges for each specific asset. Another important opportunity, realized by the partitioning, 

is that it has become possible to determine the impact of spatial planning and disaster management 

interventions (layer 2 and 3) on the indirect damage. This opportunity is possible when the assets 

are linked to relative fault events and structured in a fault tree. In this stage, the MLS-Model is able 

to calculate the impact of storm surges on the direct and indirect damage at container terminals (0-

situation). The identical index has been expressed in dollars since container terminals typically hold 

a lot of value and revenue, no inhabitants and no historic buildings. 
 

Identify assets and fault events (SQ 2) 

Several steps were undertaken in mapping the case through the usage of the theory FMEA (failure 

mode and effects analysis). The most extensive step during this process has been the partitioning 

of the case, covering the description of functions of the system, their relationships, and potential 

failure modes. The functions are realized by assets, and their relationships and failure modes are 

defined by using the theory FTA (fault tree analysis). The result of this process considers the 

identification of the assets and fault events present in the case. 
 

Assets of the container terminal case-study were divided into the following groups: 

 Operations areas (control and maintenance); 

 Electrical (mainstation, substations and generators); 

 Ground transport (container cranes, straddle carriers, reach stackers and terminal trucks); 

 Containers (full dry, empty and reefers); 

 Fundamental (pavements, quay walls, foundation, revetment and others); 

 External (backup data server, power supply, waterway, access road). 
 

The upper parts of the possible fault events caused by storm surges at the container terminal case-

study are visualized in Figure 7-1 (identical to Figure 4-29), which is a simplification of the entire 

fault tree (Figure 4-26). 
 

 
Figure 7-1: Simplified container terminal fault tree (based on Schüller et al., 2005) 
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Decisive assets and fault events (SQ 3) 

Several functions, of the damage and capacity loss, have been designed during this research. These 

functions and other values needed within this case-study (i.e. asset values, downtimes, terminal 

revenues, economic growth and discount rate) are established by making use of several sources 

and the input of specialists in this field. The functions have been displayed via graphs and indicate 

to what extent the asset is damaged or has lost its capacity, relative to the inundation height.  

 

A result of this process is that the occurring direct damage of each asset has been predicted 

according to the relative inundation height. The damage functions of the electrical assets appeared 

very steep, compared to the other functions. This means that these assets are extremely vulnerable 

to floods of low inundation heights. Other assets containing electrical components, such as straddle 

carriers, reach stackers, terminal trucks and reefers, scored slightly better but remain vulnerable. 

Contrary to this, the assets container cranes, empty containers, pavements and quay walls can 

withstand floods of higher inundation heights, whereas the foundation and revetment will not be 

affected at all. The damage functions of the remaining assets have an average score. Full dry 

containers appeared to be the asset with the most influence on the direct damage, due to their 

immense value in combination with an average damage function. 

 

The capacity loss functions have been established via the same principle as the damage functions, 

supplemented by the FTA (fault tree analysis), whereby the assets have been linked to relative fault 

events (e.g. the asset container cranes relates to the fault event when container cranes fail). Given 

the inundation height, the estimated indirect damage of each asset can be predicted, due to the 

position in the fault tree and relationships to other fault events. The capacity loss functions of the 

control area, electric mainstation and waterway appeared the steepest, showing the big impact of 

floods. Due to the interaction between the fault events and influence on the terminal process, certain 

capacity loss functions will not reach their maximum, which applies for the electric substations, 

reach stackers, terminal trucks and access road. The assets foundation, revetment, generators and 

backup data server will not be affected by floods. Lastly, the remaining assets consider the average 

capacity loss functions, showing their moderate impact of floods. Due to the way the fault tree is 

structured and interrelationships between the fault events, several assets have a significant impact 

on the indirect damage. In particular the decisive assets electric mainstation, straddle carriers and 

waterway, because of their steeper capacity loss functions compared to other impactful assets. 
 

Most cost-beneficial combination (SQ 4) 

By using the established data of both functions (impact) and the expected storm surges (cause), the 

0-situation of the case-study container terminal has been simulated via the MLS-Model. This 

simulation shows the impact of storm surges on each asset by determining the expected direct 

damage throughout the 30 year concession period. The total expected indirect damage for the case-

study is calculated as well, by integrating the capacity loss functions, terminal revenue and fault 

tree. This simulation led to an expected storm surge damage of $ 284.4 M during the concession 

period. 

 

After the 0-situation was mapped, the simulation process continued by adding several interventions 

individually to the container terminal. Via an economic optimization, the extent to which the 

intervention should be constructed has been found, resulting in scores that imply to what extent the 

intervention should be applied to maximize the CBA. The CBA is the difference between the 

expected storm surge damage reduction and the investment needed to construct the intervention. 

The most cost-beneficial intervention appeared to be the enclosure of terminal A and realized an 

expected damage reduction of $ 102.5 M through an investment of $ 30.5 M, which corresponds to 

a rate of return of 3.4 and a cost-benefit of $ 71.9 M. 

 

Due to the outcomes of the individual applied interventions, a prediction of the most promising 

interactions between combined applied MLS interventions was formed. In simulating and 

optimizing the impact of these interventions, the most cost-beneficial combination has been found. 

The combination of the following interventions led to the most cost-beneficial effect: sectional 

enclosing terminal A, enclosing the electric mainstation and purchasing a dredging vessel. With a 

simulated required investment of $ 31.5 M, the expected economic damage caused by storm surges 

is reduced by $ 140.6 M during the concession period. Leading to a total cost-benefit of $ 109.1 M, 

and a 4.6 rate of return. 
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Multi-layer safety interventions (MQ) 

Now that the answer has been given to each of the four sub research questions, the main research 

question will be answered, which is been defined as follows: 

 
Main research question 

What is the impact of interacting multi-layer safety interventions on the 

expected economic damage caused by storm surges at container terminals? 

 

Realizing prevention interventions (layer 1) to reduce the expected economic damage within the 

case-study appeared too costly. The investment needed to construct these interventions is higher 

than the maximum damage reduction. However, when the scope of the case is enlarged the 

prevention interventions will likely surpass interventions from other layers. This is because the 

maximum damage reduction is much higher. Spatial planning (layer 2) is able to reduce a significant 

amount of the expected damage for a relatively low investment, and therefore, appeared to be the 

most cost-beneficial intervention layer. This conclusion is based on the simulation outcomes within 

the case-study, where a moderate investment led to high damage reductions. Though a small 

investment is needed to realize the disaster management interventions (layer 3), they will have a 

relatively low impact on the damage reduction. The short building time in combination with the 

appearance that most of these interventions can only be applied in addition to other interventions, 

it can be concluded that disaster management is the most flexible intervention layer to apply. 

 

Several combined applied MLS interventions occurred that had promising interactions, resulting in 

higher cost-beneficial outcomes compared to individually applied interventions. When the right 

intervention combinations are made, a very favorable cost-benefit score can be achieved. The most 

favorable interactions have been found in case interventions affecting relative fault events. This 

outcome can be explained by the extreme increase in the reduction of indirect damage. In case one 

relative input fault event occurs the output fault event takes place, but when both input fault events 

are prevented the output fault event will not appear, resulting in an extremely favorable MLS 

solution. 

7.2 Discussion 

A reflection of the undertaken research is described in this Paragraph. First, it looks at to the 

broader perspective, by elaborating limitations and critical notes, after which the opportunities of 

the study are covered. 

 
Case complexity 

The complexity of the MLS-Model will increase extremely when the scale of the case increases. 

Larger cases have an impact on the complexity of variables (e.g. the quantity of assets will grow or 

it becomes more difficult to establish the exact revenue). This is especially possible if the fault 

events and corresponding fault tree become unmanageable. This will occur when the MLS-Model is 

applied on, e.g., a large city. Therefore, making use of asset management seems incorrect in these 

situations. Of course, there are other methods to partition a case or determining the indirect damage 

(as suggested in Paragraph 7.3). However, it seems that changing the method will not reduce the 

complexity, without losing accuracy on the outcome. The present application is considered as a 

relatively small case, wherein asset management did prove to be a viable method. 
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Repeating interventions 

Within the developed MLS-Model, it is not possible to determine the effect of interventions that 

appear several times during the concession period. The MLS-Model is structured in such a way that 

the impact of interventions is determined by first applying these interventions on the case, where 

after the expected economic damage through floods is calculated. Therefore, the effect of repeating 

interventions cannot be determined via the current method. This limitation occurs when disaster 

management interventions (layer 3) are used to temporarily replace standard elements. However, 

because of storm surges in which realize damage can only occur if a hurricane hits the terminal, the 

limitation is minimal. Hurricanes are a relatively rare event and, therefore, unlikely to hit the same 

location twice a year at the same location. Examples of this in the present case-study are the 

interventions containing rental contracts. Assets with a long downtime that have been damaged by 

a flood could temporarily be replaced by rentals. This effect could be calculated via the MLS-Model, 

but when another flood hits the terminal a few years later and the same temporary replacements 

need to be executed again, it becomes incalculable. To be able to calculate the effect of repeating 

interventions the model structure and the way of simulating needs to be adjusted. A small note on 

the researched case-study: it appeared that the disaster management (layer 3) interventions 

involving rental contracts (D2b, D3b and D4b) were less efficient than the spatial planning 

interventions (layer 2) affecting the same assets. The reasoning behind this is that the direct damage 

reduction of spatial planning interventions was higher than the needed investment, bearing in mind 

that the effect on the indirect damage of spatial planning interventions is at least equal to the disaster 

management interventions. 

 
Identical index 

Calculating other impacts than the economic ones are not possible within the current set-up. Of 

course, in order to compare the impact of MLS interventions, one identical index is essential. This is 

because of the fact that the impact of interventions originating from different layers needs to be 

compared, as well as the impact when these interventions interact in a combined applied solution. 

However, it cannot assess the effect on things like human lives or historic buildings. This limitation 

especially occurs when cases beyond container terminals need to be assessed and more effects 

than the economic ones are calculated. 

 

Excel tool 

During the process of building the MLS-Model in the program Excel, the scale of the model grew 

steadily. In the early stages, the program Excel seemed to be the right tool. This is a program that 

was able to transform the functions of storm surges and damage functions into direct damage 

throughout the entire concession period, by using the right commands and intermediate steps, 

something that was not always an easy thing to do. However, as the dataset became bigger and 

bigger, Excel was having a hard time executing the simulation. The MLS-Model became particularly 

intensive, due to the extensive Excel sheets containing the storm surge impact on the assets. There 

were seventeen sheets, matching the sum of assets, each considering a 30 year concession period 

multiplied by the storm surges of 100,000 different return periods. This means that there are 

seventeen sheets with 30 million different storm surges. To reduce the intensity, the data set was 

rationalized in such a way that it became functional again (as extensively elaborated in Appendix 

A). Other difficulties that occurred during the development of the MLS-Model in Excel have been 

the interrelationships calculating the indirect damage and simulating the impact of the multiple 

intervention options. In the end, the program was able to show its proof of concept and by that to 

create the data needed to answer the research questions; however, for more intense case studies 

the usage of another tool needs to be taken into account (Paragraph 7.3). 
 

Flooding threat 

Due to the increasing threat of flooding on a global scale, as a result of climate change and the 

associated sea level rise strengthened by land subsidence, the assumption could be made that the 

demand for flooding solutions is increasing. This could be done via a method that will indicate the 

flood risk and assess the potential interventions to cope with this risk. Not only by governmental 

agencies that tend to aim for larger scale cases like cities or countries, also in the private sector, 

where companies want to know their risk and opportunities to protect their assets. 

  

https://www.google.nl/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwjTmaSg9K3JAhWGPQ8KHQy_D44QjRwIBw&url=https://www.arcadis.com/en/global/news/arcadis-logo-download/&psig=AFQjCNFdz75yrBD3UkLY3Pu9hbNmpZo2Hw&ust=1448621095825175


 

 

85 

Rolf Kelderman | MSc Thesis 

7.3 Recommendations for further research 

Further research on this topic could be executed in several ways, here are a few suggestions: 

 

 Other applications 

Considering the promising outcomes, it could be favorable to apply the same method in 

other cases. In this research, the newly developed method is applied on a relatively small 

scale. By quantifying the MLS-Model, one will be able to compare the outcomes and gain 

more insight into MLS applications. Even cases with a larger scale can be chosen for this 

purpose; this will increase insight into the possibilities of MLS and the method even more. 

 

 Other tool 

To translate the input data into the outcomes, the simulation process is fulfilled by using 

Excel, a program that has its difficulties (as described in Paragraph 7.2). Using another tool 

to fulfill the simulations can be favorable or even necessary when one wish to apply the 

method in case studies of a larger scale. 

 

 Other method 

It could be interesting to develop a method that results in similar outcomes as the MLS-

Model, but is based on other theories. Within this research, a combination of the theories, 

flood risk and asset management, is made one the partitioning process that enables the MLS-

Model to assess the impact of storm surges on each asset. Replacing asset management with 

other theories is especially interesting when other solutions may be more applicable (e.g., 

in case tons of assets are situated in the area the partitioning can be realized by, e.g., 

dividing the area into different of a surface). 

 

 Add failure modes 

The MLS-Model is based on one failure mode: storm surges. This was chosen as the failure 

mode because the assumption is made that this failure mode is decisive. However, in other 

circumstances, it can be that different or multiple failure modes (e.g. wave run-up or heavy 

rainfall) are decisive. Taking more failure modes into account in these situations increases 

the accuracy and possibilities of the model. Even failure modes outside hydraulic 

engineering could be interesting (e.g. a potential fire, earthquake or strike)  

 

 Add solutions 

As the title of the model implies, the MLS-Model looks to flood interventions originating from 

three layers. By looking to a wider scope of solutions outside hydraulic engineering, more 

beneficial results could be achieved. This especially applies when other failure modes are 

added to the method, which makes adding solutions affecting these failure modes 

necessary. Examples are additional insurance, fire stations, or regular contact with labor 

unions.  
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Appendix A Excel sheets 
In this Appendix the structure of the MLS-Model in Excel is 

described. As can be read in Paragraph 3.3, the 65 excel 

sheets are structured via the Figure App A-1 visualized way, 

consisting of the following groups: 

 7 data sheets (A.1) 

 17 direct damage sheets (0) 

 17 indirect damage sheets (A.3) 

 23 intervention sheets (A.4) 

 1 optimization sheet (A.5) 

 

A.1 Datasheets 
The input data consist the following seven Excel sheets: 

1. Storm surges 

2. Probabilities 

3. Revenue 

4. Asset values 

5. Damage functions 

6. Downtimes 

7. Capacity loss functions 
 

Storm surges and probabilities 

A forecast of the expected storm surges for the upcoming 30 

years are displayed by year and return period (Paragraph 

5.1). There is chosen to divide the storm surges per year, 

because of the differences throughout the year in inundation 

heights, realized by inter alia the hurricane season. The 

associated probability of each storm surge is determined 

according to the return period. Table App A-1 shows an 
 

Intervention 

sheets

Data 

sheets

Direct 

damage 

sheets

Indirect 

damage 

sheets

Optimization 

sheet

 
Figure App A-1: Implemented MLS-

Model 

illustration how both data sets are processed in Excel. The inundation heights and probabilities of 

the return periods 3 until 100,000 years are omitted, because of illustration reasons. However, these 

values are included in the Excel sheet. The increase of inundation heights associated to return 

periods higher than 100,000 years are very close to 0, just as the delta probability that such an 

inundation will occur. These reasons lead to the decision to excluded higher return periods than 

100,000 years. 

 
Table App A-1: Storm surges and probabilities Excel illustration 

 

                                                 Year 

 

 

Return period [years] 

Inundation heights [m] 
Delta 

probability 

[-] 2016 2017 … 2045 

1 0.00 0.00 … 0.00 0.50 

2 0.00 0.00 … 0.00 0.17 

… … … … … … 

                                               100,000  2.31 2.31 … 2.45 0.00 
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Working via this way creates extreme data intensive Excel sheets. Imagine that storm surges of 

100,000 return periods throughout a 30 year concession period are equal to 30 million data points. 

However, not only the storm surge sheet becomes this data intensive, the asset and fault event sheets 

are not different. These 34 sheets are used in the simulation process and consist of direct and 

indirect damage of each possible storm surge (described in Appendix 0 and A.3), meaning that 

each sheet has 30 million data points as well. Leading to an extreme intensive database, whereby 

simulation became unmanageable for regular computers. Therefore, the sheets are designed fewer 

data intensive by dividing the storm surges into groups. Storm surge groups become larger, as the 

return period gets higher. This decision is made to maintain a high accuracy because the increase 

in inundation height becomes smaller, just as the delta probability of storm surges. The division of  
 

  
Table App A-2: Storm surge groups 

Return period [years] Steps [years] 

1 – 100 1 

101 – 1000 10 

1001 – 5000 100 

5001 – 50,000 1000 

50,001 – 100,000 10,000 
 

the group is illustrated in Table App A-2, 

showing that the storm surges of the first 100 

return period are separated per return period. 

Followed by steps of 10 years, meaning that the 

average storm surge of a 10 year return period is 

used, according to Equation 3-3 and Equation 

3-4. The next steps were fulfilled according to the 

same principle. By using this way of organizing 

the data, simulation becomes feasible for regular 

computers. 

 
Revenue 

Increase in revenue at the container terminal throughout the concession period is determined per 

year, this enables the model to calculate the indirect damage annually. The revenue increase is 

visualized via a line graph in Figure App A-2, which consists of the same data as the Excel sheet 

illustration (Table App A-3). 

 

Table App A-3

 
Figure App A-2: Revenue of the container terminal throughout the concession 

period 

 

 

 
Table App A-3: Annual revenue 

of the container terminal Excel 

illustration 

Year Revenue [M$] 

2016 239 

2017 241 

… … 

2045 307 
 

Assets and fault events 

The assets and their corresponding fault events, values, damage functions, downtimes and capacity 

loss functions are extensively elaborated in Appendix C and 0. An overview of the results can be 

seen in Table 5-5. In Excel, these data sets are divided into the four eponymous sheets. 
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A.2 Direct damage sheets 
There are seventeen direct damage sheets, which are divided according to the assets: 

1. Control area 

2. Maintenance area 

3. Electric mainstation 

4. Electric substations 

5. Generators 

6. Container cranes 

7. Straddle carriers 

8. Reach stackers 

9. Terminal trucks 

10. Full dry containers 

11. Empty containers 

12. Reefers 

13. Pavements 

14. Quay walls 

15. Foundation 

16. Revetment 

17. Others 

 

The damage functions are divided into several parts, where each part corresponds to a particular 

sub-function. By separating the damage functions, data from the graph can be translated into 

actual numbers, which allows the model to automate the simulation process. An example of a 

separation is shown in Figure App A-3, where the damage function of the control area is divided 

into several sub-functions. This process leads to (1) data sets containing the expected asset 

damage per inundation height (Table App A-4). The word “sim” means that these values will be 

found by running the simulation and making use of the previously described data sheets. There is 

chosen for inundation heights in steps of a centimeter and damage of a million dollars. The 

reasoning behind these decisions is that these indexes are best suited, compared to the input 

data, and the MLS-Model is still able to fulfill the simulation process on regular computers because 

the data intensiveness remains manageable. 

 

 
Figure App A-3: Damage function control area with sub-functions 

  

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4 5 6 7

D
a

m
a

g
e

 [
fa

c
to

r]

Inundation height [m]

http://www.google.nl/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCJipwr7RiMkCFcP-cgodDxIN8Q&url=http://www.intostudies.nl/bacheloropleidingen/industrieel-ontwerpen/tu-delft/item16923&bvm=bv.106923889,d.bGQ&psig=AFQjCNFPzexoM-x-AHmTInsRPzXBXg3N9Q&ust=1447340447142828


 

 

100 

IMPACT ASSESSMENT MODEL FOR MULTI-LAYER SAFETY 

Table App A-4: Damage factor and asset damage per inundation height Excel illustration 

Inundation height 

[m] 

Damage factor 

[-] 

Asset damage 

[M$] 

0 sim sim 

0.01 sim sim 

… sim sim 

2.46 sim sim 

 

Considering the integration of the data sets expected storm surges, probabilities and damage on 

assets, the next step results in (2) the delta damage (Table App A-5). The delta damage is the 

increase in asset damage compared to the previous return period, as described in Equation 3-3. 

The described steps need to be fulfilled for each of the seventeen assets, meaning that each asset 

will have its own simulation sheet. Summing the outcomes enables the model to determine (3) the 

expected total direct damage at the container terminal. 

 
Table App A-5: Asset damage throughout the concession period Excel illustration 

 

                                                 Year 

 

Return period [years] 

Asset damage [M$] 

2016 2017 … 2045 

1 sim sim sim sim 

2 sim sim sim sim 

… sim sim sim sim 

                                            100,000  sim sim sim sim 

 

A.3 Indirect damage sheets 
The Excel model has seventeen indirect damage sheets, divided by the following assets, in 

relationship to the influential fault events: 

1. Control area 

2. Maintenance area 

3. Electric mainstation 

4. Electric substations 

5. Container cranes 

6. Straddle carriers 

7. Reach stackers 

8. Terminal trucks 

9. Full dry containers 

10. Empty containers 

11. Reefers 

12. Pavements 

13. Quay walls 

14. Others 

15. Power supply 

16. Waterway 

17. Access road 

 

Calculating the indirect damage, caused by the expected storm surges at container terminals 

throughout the concession period, is slightly different compared to the direct damage steps. A 

different calculation method, is the reasoning behind this difference, as explained in Paragraph 

3.2.2. The first step is similar, whereby the (1) downtimes of each of the seventeen fault events and 

associated inundation heights are established (Table App A-6).  

  

https://www.google.nl/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwjTmaSg9K3JAhWGPQ8KHQy_D44QjRwIBw&url=https://www.arcadis.com/en/global/news/arcadis-logo-download/&psig=AFQjCNFdz75yrBD3UkLY3Pu9hbNmpZo2Hw&ust=1448621095825175


 

 

101 

Rolf Kelderman | MSc Thesis 

Table App A-6: Capacity loss factor and downtime per inundation height Excel illustration 

Inundation height 

[m] 

Capacity loss 

factor [-] 

Downtime 

[months] 

0 sim sim 

0.01 sim sim 

… sim sim 

2.46 sim sim 

 

The next step differs from the direct damage approach because the (2) fault tree (Figure App A-4) 

must be integrated, in order to determine the decisive fault events. Knowing the (3) decisive fault 

event (Table App A-7) for each inundation height enables the model to calculate the impact of 

each specific storm surge on the indirect damage. This is realized by matching the capacity loss 

factors and downtimes with the associated inundation heights. (4) Summing these outcomes results 

in one table of the expected total indirect damage throughout the concession period at the 

container terminal (Table App A-8). 

 

 
Figure App A-4: Simplified container terminal fault tree (based on Schüller et al., 2005): 

Table App A-7: Integrated fault tree revenue loss Excel illustration 

Inundation height 

[m] 

Revenue loss 

[M$] 

0 sim 

0.01 sim 

… sim 

2.46 sim 

 

  

http://www.google.nl/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCJipwr7RiMkCFcP-cgodDxIN8Q&url=http://www.intostudies.nl/bacheloropleidingen/industrieel-ontwerpen/tu-delft/item16923&bvm=bv.106923889,d.bGQ&psig=AFQjCNFPzexoM-x-AHmTInsRPzXBXg3N9Q&ust=1447340447142828


 

 

102 

IMPACT ASSESSMENT MODEL FOR MULTI-LAYER SAFETY 

 
Table App A-8: Indirect damage throughout the concession period Excel illustration 

 

                                                 Year 

 

 

Return period [years] 

Revenue loss [M$] 

2016 2017 … 2045 

1 sim sim sim sim 

2 sim sim sim sim 

… sim sim sim sim 

                                            100,000  sim sim sim sim 

 

A.4 Intervention sheets 
As described in Chapter 6, 37 different intervention options are created to cope with the flooding 

problem at the container terminal. The options are divided into 27 individually applied interventions 

and 10 combined applications, however, 14 individual interventions appeared failed to meet the 

criteria of “damage reduction > needed investment” (elaborated in Paragraph 3.1). Therefore, 27 

Excel sheets containing individually applied interventions and 10 combined applied interventions 

are used, resulting in the following intervention sheets: 

1. Entire terminal A heighten 

2. Entire terminal A enclose 

3. Sectional terminal A heighten 

4. Sectional terminal A enclose 

5. Control area heighten 

6. Control area enclose 

7. Maintenance area heighten 

8. Maintenance area enclose 

9. Electric mainstation heighten 

10. Electric mainstation enclose 

11. Container cranes depot 

12. Dredging waterway by vessel purchase 

13. Dredging waterway by pre-arrangement 

14. Control area enclose & maintenance area enclose 

15. Control area enclose & maintenance area enclose + 

16. Sectional terminal A enclose & electric mainstation enclose 

17. Sectional terminal A enclose & electric mainstation immediate relocate 

18. Sectional terminal A enclose & electric mainstation relocate during replacement 

19. Sectional terminal A enclose & electric mainstation immediate relocate & dredging 

waterway by vessel purchase 

20. Sectional terminal A enclose & electric mainstation immediate relocate & dredging 

waterway by pre-arrangement 

21. Sectional terminal A enclose & electric mainstation immediate relocate & container cranes 

depot 8 

22. Sectional terminal A enclose & electric mainstation immediate relocate & container cranes 

moveable to terminal A 

23. Sectional terminal A enclose & electric mainstation immediate relocate & container cranes 

depot & dredging waterway by vessel purchase 

 

Each of the 23 intervention options consists of two tables corresponding to the investment costs 

needed to realize interventions and impact of interventions on the storm surge damage. A 

distinction between the fixed and variable investments (Table App A-9) must be made to enable the 

model to optimize the intervention extent. In this research, the intervention extent is expressed in 

the height of the intervention, as declared in Paragraph 6.2. In the table, the word “in” stands for 

input and contains data that needs to be established or estimated during the earlier stages. By 

finding the optimal intervention extent, the most beneficial application (damage reduction minus 

investment) is found. 
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Table App A-9: Intervention investment Excel illustration 

Component Amount [-] Price per amount [M$]  Total [M$]  

… in in … 

… in in … 

Total fixed investment: … 

Component Height [m] Price per m [M$]  Total [M$]  

… sim in … 

… sim in … 

Total variable investment: … 

Total investment: … 

 

To determine the impact of the interventions on the expected damage caused by storm surges, a 

relationship between the intervention and container terminal needs to be made. Executions of these 

application state in the Paragraphs 6.2 and 6.3, plus Appendix E and 0. In this research relationships 

is made via an overview of the assets and impact factors (Table App A-10), whereby the impact of 

interventions is expressed in impact factors. Besides the impact factors, the construction of 

interventions can be associated with a downtime on certain sections of the terminal. This aspect is 

included in the calculation process. Each intervention must be able to fit within this structure, 

containing the following impact factors: 

 Partial protection [%]: in case an intervention only influences a part of the asset; 

 Heighten surface [m]: increasing the ground level underneath the asset; 

 Heighten enclosure [m]: realizing a wall around the asset; 

 Improved protection [%]: improve the asset in such a way that it's better protected against 

storm surges; 

 Downtime reduction [%]: reduce the length of any downtime; 

 Downtime reduction [months]: reduce the maximum downtime. 

 
Table App A-10: Intervention impact Excel illustration 

                            Impact 

                            factors 

Asset 

Partial 

protection 

[%] 

Heighten 

surface 

[m] 

Heighten 

enclosure 

[m] 

Improved 

protection 

[%] 

Downtime 

reduction 

[%] 

Downtime 

reduction 

[months] 

Control area in  in in  in  in  in 

Maintenance area in  in in  in  in  in 

… in  in in  in  in  in 

Access road in  in in  in  in  in 
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A.5 Optimization sheet 
The final stage of the model consists of a single sheet. This sheet integrates all cause, consequence 

and solution sheets. By integrating the damage and intervention sheets the intervention extent can 

be optimized, after which the impact of the intervention option is overviewed in a table (Table App 

A-11). In repeating the simulation for any intervention option, the impact of all options is calculated. 

These outcomes can be compared to determine the most beneficial application. 

 
Table App A-11: Outcome Excel illustration 

 

                                                   Year 

 

Return period [years] 

2016 2017 … 2045 Total 

Damage 

[M$] 

Control sim sim sim sim sim 

Maintenance area sim sim sim sim sim 

… sim sim sim sim sim 

Others sim sim sim sim sim 

Total direct sim sim sim sim sim 

  

 Annual downtime [months] sim sim sim sim sim 

 Intervention downtime [months] sim sim sim sim sim 

 Total downtime [months] sim sim sim sim sim 

 Total indirect damage [M$] sim sim sim sim sim 

   

 Total damage [M$] sim sim sim sim sim 

 

 

  

https://www.google.nl/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwjTmaSg9K3JAhWGPQ8KHQy_D44QjRwIBw&url=https://www.arcadis.com/en/global/news/arcadis-logo-download/&psig=AFQjCNFdz75yrBD3UkLY3Pu9hbNmpZo2Hw&ust=1448621095825175


 

 

105 

Rolf Kelderman | MSc Thesis 

Appendix B Storm surges 
B.1 Datasets 
It is common to include storm surges with higher return periods of 1000 and 10,000 years, to be able 

to calculate the impact of bigger storms, as applied in numerous studies (all studies cited in 

Paragraph 2.1). However, these data is missing for the case, whereas studies established storm 

surges with a return period up to 100 years, as shown in Figure App B-1. The graph considers storm 

surge heights of five different studies with return periods from 10 to 100 year. The study that leads 

to data 1a (Confidential, 1999a) is aimed at the most extreme location in the bay. The expectation is 

made that these storm surge levels will not occur, because of the narrow bay entrance, coral reefs 

and offshore cays. Therefore, the storm surges could be reduced by approximately 50%, as 

expressed in data 1b (Confidential, 1999b). A few years later an extensive study was elaborated, 

considering numerous coastal locations throughout the Caribbean. One of these studies contained 

the location of the case and is drawn in data 2 (Confidential, 2002). Data 3 (Confidential, 2008a) are 

established storm surges from a recent study on the exact location, but doubts are made on the 

extremely slow increasing storm surge level as the return period increases. Storm surges from 

outside the bay are graphed in data 4 (Confidential, 2007), where is assumed that the storm surge 

levels are higher compared to the case location, because of earlier mentioned reasons. While 

comparing the different data sets and their origin, the conclusion is made that data 2 is the most 

reliable likely data set, which shall be used during the rest of the report. 

 

 
Figure App B-1: Storm surges of different data 
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B.2 Fits 
In order to determine the higher return periods, several fits are applied on the storm surge data 

(Figure App B-2), whereby the storm surge heights (expressed in meters) plod to the probability of 

1.00E-04 (equal to a return period of 10,000 years). The ratio probability and return period is one 

divided by the other (Equation 2-4). The applied fits are common in these type of studies (e.g. Van 

den Brink and Können, 2009; Bardet, et al., 2011; Walton, 1999; Lopeman, 2015), for which relative 

variables (i.e. α, β, γ and δ), are determined for the different fits, expressed in the different equations 

on the next page. 

 

P(hs) [factor]  Probability 

hs [m]  Storm surge height 
 

𝑃(ℎ𝑠) = 𝛼𝑒𝛽ℎ𝑠  
Equation App B-1: Exponential fit 

α = 0.240 

β = -1.056 
 

𝑃(ℎ𝑠) = 𝛼 + 𝛽ln (ℎ𝑠) 
Equation App B-2: Logarithm fit 

α = 0.083 

β = -0.072 

 

𝑃(ℎ𝑠) = 1 − (1 + 𝛼
ℎ𝑠 − 𝛾

𝛽
)

1
𝛼

 

Equation App B-3: Pareto fit 

α = 25.951 

β = 78.287 

γ = 3.651 
 

𝑃(ℎ𝑠) =
1

𝛽
𝑒

ℎ𝑠−𝛼
𝛽

−𝑒

ℎ𝑠−𝛼
𝛽

 

Equation App B-4: Gumbel fit 

 

α = -1.108 

β = 2.192 
 

𝑃(ℎ𝑠) =
1

𝛼𝛽ℎ𝑠
𝛽−1

𝑒−𝛼ℎ𝑠
𝛽

 

Equation App B-5: Weibull 2 parameter fit 

α = 2.687 

β = 0.585 
 

𝑃(ℎ𝑠) = 𝛼 − 𝛽𝑒−𝛾ℎ𝑠
𝛿
 

Equation App B-6: Weibull 4 parameter fit 

α = 0.114 

β = 0.122 

γ = 1.456 

δ = -2.048 
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Figure App B-2: Fits applied on storm surge data 

 

In determining the best fit, the logarithm, Pareto and Weibull 2 parameter can be excluded. The 

logarithm and Pareto fit, because the storm surges with low probabilities are getting unrealistic low, 

whereas the Weibull 2 parameter fit is getting unrealistic high.  

 

 
Figure App B-3: Zoomed fits applied on the storm surge data 
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During the next step is zoomed in further into the remaining fits (Figure App B-3), where can be 

seen that the Gumbel fit is rather low. The major difference between the exponential and Weibull 4 

parameter fit are the peaks, 7.37 and 4.68 meters, at 1,00E-04 probability. In order to compare these 

fits and determine if the outcomes are realistic, the two fits are compared with storm surge data of 

other hurricane areas. As earlier mentioned, these data cannot be found in the Caribbean, but is 

available in the USA (e.g. Jonkman et al., 2008; Stoeten, 2013). In comparing these studies with the 

described fits, the Weibull 4 parameter fit corresponds best and seems more realistic than the 

exponential fit. This means that the Weibull 4 fit will be used, in combination with data set 2 

(Appendix B.1), to indicate future storm surges within the case-study. 

 

B.3 Projected changes 
Figure App B-4 and Figure App B-5 show the projected changes of the wind wave conditions heights 

and frequencies in 2075-2100 relative to 1980-2009 (Church et al., 2013). The projected changes are 

derived from the Coordinated Ocean Wave Climate Project (COWCLIP) (Hermer et al.,2013). Out 

of these studies is concluded that the wind-wave, and by that the storm surges, will remain similar 

in both height and frequency during the concession period. 

  

 

 
Figure App B-4: Projected wave heights changes (Church et al., 2013) 
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Figure App B-5: Projected wave frequencies changes (Church et al., 2013) 

B.4 Function 
 

Considering all input (i.e. data sets, fits, projected changes), the conclusion is made that the storm 

surge height could be found through the inverse of Equation App B-6. When the height of the storm 

surges wishes to be calculated, the equations becomes as follows (Equation App B-7). 

 

𝑃(ℎ𝑠) = 𝛼 − 𝑏𝑒−𝛾ℎ𝑠
𝛿
 

𝛼 − 𝑃(ℎ𝑠)

𝑏
= 𝑒−𝛾ℎ𝑠

𝛿
 

ln (
𝛼 − 𝑃(ℎ𝑠)

𝑏
) = −𝛾ℎ𝑠

𝛿
 

ln (
𝛼 − 𝑃(ℎ𝑠)

𝑏
) = −𝛾ℎ𝑠

𝛿
 

ℎ𝑠 =
√

ln (
𝛼 − 𝑃(ℎ𝑠)

𝑏
)

−𝛾

𝛿

 

Equation App B-7: Storm surge trough probability 

 

By replacing the probability of the storm surge by the return period, the storm surge for the 

corresponding return period could be found (Equation App B-8).  

 

ℎ𝑠 =

√
ln (

𝛼 −
1

𝑅𝑃
𝑏

)

−𝛾

𝛿

 

Equation App B-8: Storm surge through return period 

RP [year]  Return period 

 

Since the values of the Weibull 4 variables (i.e. α, β, γ and δ) are determined (Appendix B.2), the 

equation to calculate storm surges can be defined (Equation App B-9). Drawing this equation into a 

line graph shows Figure App B-6. 

 

http://www.google.nl/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCJipwr7RiMkCFcP-cgodDxIN8Q&url=http://www.intostudies.nl/bacheloropleidingen/industrieel-ontwerpen/tu-delft/item16923&bvm=bv.106923889,d.bGQ&psig=AFQjCNFPzexoM-x-AHmTInsRPzXBXg3N9Q&ust=1447340447142828


 

 

110 

IMPACT ASSESSMENT MODEL FOR MULTI-LAYER SAFETY 

ℎ𝑠 =

√
ln (

0.114 −
1

𝑅𝑃
0.122

)

−1.456

−2.048

 

Equation App B-9: Storm surge within case-study 

 

 

 
Figure App B-6: Storm surge through return period on the research case 

B.5 Climate change 
Climate change considers the topics sea level rise (Appendix B.5.1) and land subsidence (Appendix 

B.5.2). 

 

B.5.1 Sea level rise 
Table App B-1 shows the global sea level rise of several prominent studies up until 2100 (Church et 

al., 2013). The percentage columns (5%, 50% and 95%) correspond to the probability that the sea 

level rise actually occurs. All studies are drawn in Figure App B-7, where the 5% and 95% 

probabilities are transparent striped lines. The studies that did not start in the year 1990 are 

corrected by 3 mm/year sea level rise, which was the average sea level rise over that period 

(Church et al., 2008). This is done because the sea level rise of the Caribbean appeared to be near 

to global mean, from estimates observed the mean sea level rise (MSLR) from 1950 to 2000 Church 

et al. (2004). 
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Table App B-1: Sea level rise according to prominent studies (Church et al., 2013) 

                                                Sea level rise [m] 

 

Research 

From To 5% 50% 95% 

IPCC AR5 (2013) 1996 2100 0.42 0.60 0.80 

Rahmstorf (2007) 1990 2100 - 0.85 - 

Horton et al. (2008) 2000 2100 0.62 0.74 0.88 

Vermeer and Rahmstorf (2009) 1990 2100 0.98 1.24 1.56 

Grinstead et al. (2010)* 1990 2100 0.62 0.98 1.33 

Jevrejeva et al. (2010)** 1990 2100 0.70 0.92 1.20 

 

* Average of Grinstead et al. (2010) with two studies temperature for calibration: Brohan et al. (2006) 

and Moberg et al. (2005). 

** Average of Jevrejeva et al. (2010) with three studies forcing for calibration: Crowley et al. (2003), 

Goosse et al. (2005) and Tett et al. (2007). 

 

 
Figure App B-7: Sea level rise in the 21st century 

 

In Figure App B-8 is the projected difference of regional and global MSLR in 2081-2100 relative to 

1986-2005 shown (Church et al., 2013). From these data is concluded that the MSLR of the Caribbean 

is, like the past, near the global mean, leading to a total MSLR of 0.90m from 1990 up until 2100 as 

drawn in Figure App B-9. 
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DiD

 
Figure App B-8: Projected difference of regional and global MSLR (Church et al., 2013) 

 
Figure App B-9: Established Caribbean sea level rise in the 21st century 

B.5.2 Land subsidence 
Land subsidence occurs in the country the case is situated (Confidential, 2004). There is verified if 

the area is vulnerable to land subsidence, because of the lack of land subsidence data for the area 

where the case is situated. According to the list of natural hazards, the region is not increased 

vulnerable (CIA, 2016), which is confirmed by Boersma (2015) that names Italy, America and 

Indonesia as vulnerable countries because of the soft soils. Based on several land subsidence 

studies of different coastal locations (Roman 2011; Dircke et al., 2011; Dorfman and Mehta, 2011; El-

Asmar and Hereher, 2010; Iba-ez et al., 1996) an average linear decrease of 2 mm/year is estimated 

as land subsidence within the case-study. 
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B.6 Overview 
As shown in Paragraph 5.1, the storm surges, sea level rise, land subsidence, and starting surface 

level (2.4 m above MSL) combined lead to the outcomes illustrated in Figure App B-10 (a similar 

graph as Figure 5-1). 

 

 
Figure App B-10: Established inundation height on the research case 
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Appendix C Assets 
As elaborated in the main text, the decisive direct damage asset (i.e. containers) is described in 

Paragraph 5.2, and an overview of all asset values and damage functions can be found in Paragraph 

5.4. In this Appendix, a substantiated description of the establishing process to find the variables 

relative to assets (i.e. asset damage and damage functions) can be found. The process in 

determining these variables is similar to the explained process in Paragraph 5.2. The assets are 

divided into the same groups as Paragraph 4.5, and are as follows: 

 Appendix C.1: operations areas (control and maintenance); 

 Appendix C.2: electrical (mainstation, substations and generators); 

 Appendix C.3: ground transport (container cranes, straddle carriers, reach stackers and 

terminal trucks); 

 Appendix C.4: containers (full dry, empty and reefers); 

 Appendix C.5: fundamental (pavements, quay walls, foundation, revetment and others); 

 Appendix C.6: external (backup data server, power supply, waterway, access road). 

 

All estimations according to the damage functions and value structures of the assets are made under 

supervision of specialists (Arcadis, 2016) and supplemented by the following data: 

 [1] = Confidential, 2015 

 [2] = FEMA, 2013 

 [3] = DACE, 2012 

 [4] = ESB, 2016 

 

The following assets will not be damaged by floods: foundation and revetment, their damage 

function is illustrated in Figure App C-1. The foundation is situated under a thick pavement layer 

and behind quay walls and revetment. These assets (i.e. pavements, quay walls and revetment) will 

not or hardly be damaged by floods. There it is very unlikely, if not impossible, to damage the 

foundation via floods. For the revetment is assumed that it is designed to withstand a sizable storm 

surge, as long as the revetment stays in a good condition and maintained. 

 

 
Figure App C-1: Damage function foundation and revetment 

C.1 Operation areas 
Because of the high valued TOS and data servers, the damage function of the control area (Figure 

App C-2) is based on the damage function of the office and computer industry, as developed by 

Tebodin (2000). The same applies to the maintenance area (Figure App C-3). This function is based 

on the damage function of the machine and devices industry (Tebodin, 2000), through its purpose 

and the maintenance equipment of the area. An overview of the value structures can be seen in 

Table App C-1 and Table App C-2. 
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Figure App C-2: Damage function control area (based on Tebodin, 2000) 

Table App C-1: Value structure control area 

Component m2 m2 price [$] total [M$] 

Operation building[2][3] 600  1,200  0.72  

Conference building[2][3] 600  1,200  0.72  

Entrance building[2][3] 500  1,200  0.60  

Roofed space[2][3] 4,700  400  1.88  

Remaining buildings[2][3] 400  700  0.28  

Terminal Operating System[1] fixed price 8.00  

    Total: 12.20  

 

 
Figure App C-3: Damage function maintenance area (based on Tebodin, 2000) 

Table App C-2: Value structure maintenance area 

Component m2 m2 price [$] total [M$] 

Warehouses[2][3] 1,300  700  0.91  

Workshop hangar[2] fixed price 3.20  

Terminal fuel facility[2] fixed price 2.00  

    Total: 6.11  
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C.2 Electrical 
Electrical components are highly vulnerable to sea water. Sea water not only corrodes wires that 

could transmit electricity, it also conducts a charge itself, which means that it can both wear away 

our safety insulations (causing outages) and increase the chance of an accidental shock (Lecher, 

2012). Therefore, is assumed that when the water reaches up until the crucial components, the 

electrical assets will be fully damaged. This leads, partly via a dialogue with an electric specialist, 

to the following damage functions (Figure App C-4, Figure App C-5 and Figure App C-6). The 

damage structures are approved by the same specialist, which are shown in Table App C-3, Table 

App C-4 and Table App C-5. 

 
Figure App C-4: Damage function electric mainstation 

Table App C-3: Value structure electric mainstation 

Component unit unit price [$] total [M$] 

Electric mainstation[2][3] 1  6,000,000  6.00  

 

 
Figure App C-5: Damage function electric substations 
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Table App C-4: Value structure electric substations 

Component unit unit price [$] total [M$] 

Electric substations[2][3] 2  2,500,000  5.00  

 

 
Figure App C-6: Damage function generators 

Table App C-5: Value structure generators 

Component unit unit price [$] total [M$] 

Generators[3] 11  500,000  5.50  

 

C.3 Ground transport 
Salt water damage to container cranes, straddle carriers, reach stackers and terminal trucks are 

devastating, temporary repairs are useful, but long term replacements are likely needed due to 

post corrosive damage from salt water (Dalton, 2013). With this in mind, as approved by several 

specialists related to ports and electricity, the damage functions of the ground transport are 

determined. 

 

In the bottom section of the container crane are the wheels and electrical supply located. The 

expensive components are in the top of the crane (i.e. the lifting mechanism and power control). 

Despite the fact that the weight of the crane is enormous and the costly components are located 

higher than 7 meters, the container crane will be fully damaged when such a storm surge occurs, as 

happened in the Gulfport of Mississippi (Coburn et al., 2013). Based on these findings the damage 

factor of container crane is designed and shown in Figure App C-7, whereas the unit and unit price 

states in Table App C-6. 
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Figure App C-7: Damage function container cranes 

Table App C-6: Value structure container cranes  

Component unit unit price [$] total [M$] 

Container cranes[1] 16  8,000,000  128.00  

 

The most expensive mechanisms situated in the straddle carrier are the engine in the bottom, for 

horizontal movement, and the lifting mechanism in the upper regions, for vertical movement. The 

engine is quite high positioned, which makes the straddle carrier capable of coping with medium 

inundation heights (Figure App C-8). The higher the inundation height on the container terminal, 

the more containers are floating, which can result in tilting a straddle carrier, leading to damage on 

the lifting mechanism. The terminal has 62 straddle carriers on average, corresponding to an 

average price of $ 900k as can be shown in Table App C-7. 

 

 
Figure App C-8: Damage function straddle carriers 

Table App C-7: Value structure straddle carriers 

Component unit unit price [$] total [M$] 

Straddle carriers[1] 62  900,000  55.80  
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Similar to the straddle carrier, the reach stacker consists of an engine and a lifting mechanism. The 

lifting mechanism is less expensive and vertical situated, whereby damage to this component 

occurs at lower inundation heights (Figure App C-9). The engine is vulnerable to low inundation 

heights because it’s located closely to the ground. Prices corresponding to the reach stackers can 

be found in Table App C-8. 

 

 
Figure App C-9: Damage function reach stackers 

Table App C-8: Value structure reach stackers 

Component unit unit price [$] total [M$] 

Reach stackers[1] 18  450,000  8.10  

 

The critical component of a terminal truck is the engine, without the engine, the terminal truck 

becomes rather worthless. Thereby, the engine is located quite close to the ground, which makes it 

vulnerable to minor storm surges (Figure App C-10). In Table App C-10 is the average situation 

expressed in dollars, as is the case at every value structure. The reasoning behind this is explained 

in Paragraph 4.4. 

 

 
Figure App C-10: Damage function terminal trucks 

 

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4 5 6 7

D
a

m
a

g
e

 [
-]

Inundation height [m]

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4 5 6 7

D
a

m
a

g
e

 [
-]

Inundation height [m]

http://www.google.nl/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCJipwr7RiMkCFcP-cgodDxIN8Q&url=http://www.intostudies.nl/bacheloropleidingen/industrieel-ontwerpen/tu-delft/item16923&bvm=bv.106923889,d.bGQ&psig=AFQjCNFPzexoM-x-AHmTInsRPzXBXg3N9Q&ust=1447340447142828


 

 

120 

IMPACT ASSESSMENT MODEL FOR MULTI-LAYER SAFETY 

Table App C-9: Value structure terminal trucks 

Component unit unit price [$] total [M$] 

Terminal trucks[1] 25  100,000  2.50  

Trailers[1] 40  20,000  0.80  

    Total: 3.30  

 

C.4 Containers 
Value structures 

Firstly, is determined how many containers stand on the container terminal, this is done by 

multiplying the number of ground slots. How many ground slots are available per stack, divided 

over terminal A, B and C is shown in Table 4-1. The average stack height throughout the terminal is 

one and a half container for the full stacks, dry and reefers, and four containers for the empty stack 

(data originating from Paragraph 4.3). A division in dwell times between the full and empty 

containers is shown in Figure 4-20. Leading to the amount of containers stacked in the average 

situation halfway the concession (Table App C-10). 

 
Table App C-10: Containers stacked on the terminal 

                                           Stack 

Terminal Full Dry Empty Reefer Total 

Average stack height [TEU] 1.5  4.0  1.5  -    

Terminal A [kTEU] 4.3  4.2  0.6  9.1  

Terminal B [kTEU] 4.1  3.0  -    7.1  

Terminal C [kTEU] 10.0  14.4  0.8  25.2  

Total [kTEU]: 18.3  21.6  1.4  41.4  

 

Secondly, the amount of 20ft and 40ft containers with cargo is calculated (Equation App C-1), via the 

container traffic (Figure 4-5) the ratio between 20ft and 40ft containers is established (Table App 

C-11), whereas the ratio between full containers is the same as the empty ones. Pay attention, the 

values are in TEU, meaning that the amount of 40ft containers is half the given amount. 

 

𝐹20𝑓𝑡 =
𝑇20𝑓𝑡

𝑇𝑡

=
482

2,196
= 0.22 𝐚𝐧𝐝 𝐹40𝑓𝑡 =

𝑇40𝑓𝑡

𝑇𝑡

=
1,714

2,196
= 0.78 

Equation App C-1: Factor 20ft containers on total 

F20ft  [factor]  Factor 20ft containers on total 

T20ft  [kTEU]  20ft container transshipment (Figure 4-5) 

Tt  [kTEU]  Total container transshipment (Figure 4-5) 

F40ft  [factor]  Factor 40ft containers on total 

T40ft  [kTEU]  40ft container transshipment (Figure 4-5) 

 

 
Table App C-11: Distribution of cargo containers on the terminal 

Container type 
Dry Reefer 

Total 
20ft 40ft Total 20ft 40ft Total 

Terminal A [kTEU] 0.9  3.3  4.3  0.1  0.5  0.6  4.9  

Terminal B [kTEU] 0.9  3.2  4.1  -    -    -    4.1  

Terminal C [kTEU] 2.2  7.8  10.0  0.2  0.6  0.8  10.7  

Total [kTEU]: 4.0  14.3  18.3  0.3  1.1  1.4  19.7  
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Thirdly, the amount of reefers situated on the empty stack is determined (Table App C-12). There is 

assumed that the distribution reefers to dry containers are the same in the full dry/reefer stack 

(Table App C-10) as in the empty stack. Therefore, the number of reefers is divided by the total 

amount of full containers, dry and reefer, to find the factor. Multiplying this factor with the 20ft 40ft 

factor (Equation App C-1) and the amount of empty containers (Table App C-11). 

 

𝐹𝑟 =
𝑅𝑓

𝐶𝑓 + 𝑅𝑓

=
1.4

18.3 + 1.4
= 0.07 

Equation App C-2: Factor reefers on full containers 

Fr  [factor]  Factor reefers on full containers 

Rf  [kTEU]  Full reefers (Table App C-11) 

Cf  [kTEU]  Full dry containers (Table App C-11) 

 
Table App C-12: Distribution of empty containers on the terminal 

Container type 
Dry Reefer 

Total 
20ft 40ft Total 20ft 40ft Total 

Terminal A [kTEU] 0.9  3.1  3.9  0.1  0.2  0.3  4.2  

Terminal B [kTEU] 0.6  2.2  2.8  0.0  0.2  0.2  3.0  

Terminal C [kTEU] 2.9  10.5  13.4  0.2  0.8  1.0  14.4  

Total [kTEU]: 4.4  15.7  20.1  0.3  1.2  1.5  21.6  

 

Fourthly, the number of containers is multiplied by the average container new price, which is $4,000 

for dry 20fr containers and $20,000 for 20ft reefers (Boekhout, 2013; Alibaba, 2016), for 40ft 

containers, the price is 1,5 times this high (Alibaba, 2016). Via this multiplication the values of the 

containers (Table App C-13 and Table App C-14) could be found. 

 
Table App C-13: Cargo container values on the terminal 

Container type 
Dry Reefer 

Total 
20ft 40ft Total 20ft 40ft Total 

Terminal A [M$] 3.7  10.0  13.7  2.6  7.0  9.7  23.4  

Terminal B [M$] 3.6  9.6  13.2  -    -    -    13.2  

Terminal C [M$] 8.7  23.3  32.1  3.4  9.1  12.5  44.6  

Total [M$] 16.1  42.9  59.0  6.1  16.1  22.2  81.2  

 
Table App C-14: Empty container values on the terminal 

Container type 
Dry Reefer 

Total 
20ft 40ft Total 20ft 40ft Total 

Terminal A [M$] 3.4  9.2  12.6  1.3  3.5  4.8  17.4  

Terminal B [M$] 2.5  6.6  9.0  0.9  2.5  3.4  12.4  

Terminal C [M$] 11.8  31.4  43.2  4.4  11.8  16.2  59.4  

Total [M$]: 17.7  47.1  64.8  6.6  17.7  24.4  89.2  

 

Fifthly, the depreciation (Appendix C.6)  is included to the container values, the outcomes are shown 

in Table App C-15. 

 
Table App C-15: Container values on the terminal depreciation included 

Container type Full dry Empty Reefer Total 

Terminal A [M$] 6.9  8.7  4.8  20.4  

Terminal B [M$] 6.6  6.2  -    12.8  

Terminal C [M$] 16.0  29.7  6.3  52.0  

Total [M$]: 29.50  44.60  11.10  85.2  
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Sixthly, the cargo value (Table App C-16) is calculated by multiplying the average cargo value, 

$35,000 (Maersk, 2011; Harrison, 2010), with the amount of containers (Table App C-10). 

 
Table App C-16: Cargo values on the terminal 

Container type Full dry Empty Reefer Total 

Terminal A [M$] 149.2  -    21.0  170.2  

Terminal B [M$] 143.5  -    -    143.5  

Terminal C [M$] 348.8  -    27.2  376.0  

Total [M$]: 641.4  -    48.2  689.6  

 

Seventh, by summing the container values with the cargo values, the total values could be found 

(Table App C-17). This table has the same context as Table 5-1. There is no depreciation included 

for the cargo itself, meaning that the price is the average cargo value. The reasoning behind this 

decision that the containers stand for a very short period and depreciation is negligible. 

 
Table App C-17: Value structure containers 

Container type Full dry Empty Reefer Total 

Terminal A [M$] 156.0  8.7  25.8  190.5  

Terminal B [M$] 150.1  6.2  -    156.3  

Terminal C [M$] 364.8  29.7  33.5  428.0  

Total [M$]: 670.8 44.6 59.3 774.8  

 

 
Damage functions 

The damage functions of containers are established via a study that investigated the impact of a 

tsunami on the containers on Japanese terminals (Kumagai, 2013). The tsunami was created by the 

Tohoku earthquake and resulted in a broad variation of storm surges throughout a large part of the 

coast of Japan. Different inundation heights occurred on multiple container terminals, resulting in 

different impacts. Out of these results, the interaction between the damage on containers and the 

inundation height is derived. There is begun with the interaction between the mass of the container 

and the inundation height (Figure App C-11). 

 

 
Figure App C-11: Container damage via mass and inundation height (based on Kumagai, 2013) 
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Secondly, the damage function of empty containers is established (Figure App C-12), a graph that 

corresponds to Figure 5-3. This is a derivation from the measured data on multiple Japanese 

terminals (Kumagai, 2013), which are displayed as dots. Within the process, the stack conditions are 

included, since there were several stack heights at the container terminal (based on Paragraph 4.3). 

The container terminals in the survey where low to medium tech container terminals, so reasonable 

to compare with the case. 

 

 
Figure App C-12: Damage function empty containers (based on Kumagai, 2013) 

Thirdly, the damage factor of cargo is very cargo-specific, containers containing goods that cannot 

withstand water are sooner worthless than goods that can. Therefore, the difference in cargo value 

needs to be integrated into the damage function, when the multiplication of value times factor wants 

to be made, to determine the direct damage. A method that is used to calculate the damage of all 

assets. In Figure App C-13 is the outcome of this integration shown for single stacked containers, 

whereby is assumed that the biggest damage occurs when the water is halfway the container height 

(1.3 m). In case the container is completely inundated, the water protected cargo is still not 

damaged. This cargo will be lost if the container gets heavily damaged (e.g. when the container 

floats away, sinks or washed ashore). At an inundation height of 7 meters, the cargo is worthless, 

based on Figure App C-11 and Figure App C-12. According to the same principle, the damage 

function of double-stacked cargo containers is established (Figure App C-14). 

 

 
Figure App C-13: Damage function cargo in single stacked containers 
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Figure App C-14: Damage function cargo in double stacked containers 

Fourthly, from the single and double stacked cargo damage functions, the 1.5 stacked cargo could 

be derived (Figure App C-15), hereby the bottom containers contain two-third of the total damage 

and the containers stacked above one-third. 

 

 
Figure App C-15: Damage function cargo in 1.5 stacked containers 

Fifthly, the damage function of full dry containers (Figure App C-16, matching Figure 5-2) could then 

be derived from the damage functions on the cargo (Figure App C-15) and the empty containers 

(Figure App C-12), in addition to the fact that the containers will be heavier and will get damaged 

less soon.  
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Figure App C-16: Damage function full dry containers 

Sixthly, the damage function of the reefers (Figure App C-17, similar to Figure 5-4) is established 

according to another method, because the assumption is made that the electricity is the crucial 

factor in the process. When sea water comes into the internal electric supply, this will be devastating 

for the reefer and will lead to electrical short and a fully depreciated container, whereas, the cargo 

within a reefer cannot withstand any sea water. The most common cargo of reefers are bananas, 

citrus, deciduous, exotics, fish and seafood, meat and poultry, and dairy (Dekker, 2014). However, 

it occurs that a water protected seal covers the cargo within the reefer to reduce or prevent the 

damage through sea water. Tough shall it be difficult to withstand inundation over a longer period, 

especially when the electric supply is lost, in that case, the cargo becomes worthless. 

 

 
Figure App C-17: Damage function reefers 

C.5 Fundamental 
The pavement will not directly be damaged by sea water, but indirectly, via moving assets as 

containers (Figure App C-18). However, the pavements will remain largely passable, where 

preparing needs to be executed locally, as turned out at the Gulfport after hurricane Katrina (NOAA, 

2005). In Table App C-18, the value structure of pavements is shown. 
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Figure App C-18: Damage function pavements 

Table App C-18: Value structure pavements 

Component m3 m3 price [$] total [M$] 

Pavements[3] 1,020,000  75  76.50  

 

The biggest failure mechanism occurring through flooding is in case the soil gets saturated with 

water (Confidential, 2016a). This will occur if the container terminal will be inundated for a longer 

time. Therefore, the assumption is made, the higher the inundation height, the longer the container 

terminal stays inundated, which can ultimately lead to 20% damage to the quay walls (Figure App 

C-19: Damage function quay walls). The value structure is displayed in Table App C-19, wherein a 

distinction between an older and newer realized quay wall is made. 

 

 
Figure App C-19: Damage function quay walls 

Table App C-19: Value structure quay walls 

Component m m price [$] total [M$] 

Quay wall Terminal A&B[3] 1,100 70,000 77.00  

Quay wall Terminal C[3] 1,300 100,000 130.00  

Crane rails[2][3] 2,400 1,500 3.60  

    Total: 210.60  
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No damage will occur because of a flood trough the foundation or revetment, as described in the 

introduction of this Appendix. The value structures of both assets are positioned below, in Table 

App C-20 and Table App C-21. 

 
Table App C-20: Value structure foundation 

Component m3 m3 price [$] total [M$] 

Foundation Terminal A&B[3] 3,100,000  20  62.00  

Foundation Terminal C[3] 7,500,000  20  150.00  

    Total: 212.00  

 
Table App C-21: Value structure revetment 

Component m m price [$] total [M$] 

Revetment[3] 1,600  15,000  24.00  

 

The group others hold the remaining assets of the terminal, containing minimal value or influence 

on the fault events. The group consists of electric and data cables, which are mostly tucked 

underground, however, do not underestimate the immense dimension of these high-quality cables. 

Another component is the drainage, which removes the sea water through an underground pipe 

system. Fences are surrounding the container terminal when attached to land, where an entrance 

and exit consist in the form of gates. Lighting poles provide the light throughout the entire terminal. 

Components that were still not mentioned, fall under the rest value. All remaining assets and their 

value structure are merged in Table App C-22. The damage function of this group is, just as the other 

functions, determined according to the value of the components. This means that the cables and 

drainage form an important contribution. Both could withstand a certain flood since they are not 

affected by seawater (the high-quality cables are sea waterproof)), however, they could receive 

indirect damage via fractured pavement or crashing heavy materials. Integrating the impact of 

storm surges and the values of the group assets leads to an integrated damage function, graphed in 

Figure App C-20. 

 
Table App C-22: Value structure others 

Component unit unit price [$] total [M$] 

Fences[3] 1,000  540  0.54  

Lightning poles[3] 128  3,000  0.38  

Gates[3] 2  12,000  0.02  

Component ha ha price [$] total [M$] 

Cables[3][4] 102  100,000  10.20  

Drainage[2][3] 102 50,000 5.10 

Rest value add 20% 3.25  

    Total: 19.50  
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Figure App C-20: Damage function others 

C.6 Depreciation 
Because of the concession period is 30 year, and the lifespan of an asset is within this period, the 

value after depreciation corresponds to the worth of the assets halfway its lifespan. An example of 

this assumption is elaborated via an average straddle carrier. On the container terminal, the 

average straddle carrier is 3.3 years old, with an average lifespan of 10 years (Arcadis Confidential, 

2015; Portstrategy, 2016; Huang and Chu, 2003). This means that every 10 years, the used straddle 

carrier will be replaced by a new one. If the storm surge hits shortly after the new straddle carrier 

is bought, the damage will be close to the new price, on the other hand, in case a storm surge hits 

after 10 years, the straddle carrier is almost fully depreciated. Therefore, can be said that the 

average value of a straddle carrier is half is lifespan, including the depreciation, as visualized in 

Figure App C-21. 

 

 
Figure App C-21: Depreciation average straddle carrier 

Another example to substantiate the depreciation approach, the average container crane is 10.1 

years old and has a lifespan of 25 years (Arcadis Confidential 2015; Vuojolainen and Van der Waal, 

2015), an illustration of its depreciation is drawn in Figure App C-22.  
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Figure App C-22: Depreciation average container crane 

The same application applies for the electric stations, generators, reach stackers, terminal trucks, 

containers because all lifespans are within the concession period. The buildings on the control and 

maintenance area have a longer lifespan than the concession period. However, there is established 

they have a lifetime of at least 50 years (Arcadis Confidential 2015), this in combination with an 

estimated lifespan of 100 years, the estimation is made that the average value of these assets 

corresponds also halfway the lifespan (Figure App C-23). For the pavements, quay walls, revetment 

and group others applies the same.  

 

 
Figure App C-23: Depreciation buildings 

The asset foundation retains the majority of its value because it consists mostly of a raw material  

(i.e. sand). Determining the exact value and influence of depreciation is difficult, because of the 

value is very dependent on the market and inflation. Therefore, is assumed that the value halfway 

the lifespan, and by that the average asset value, is half the new price. An overview of the container 

terminal new prices, corresponding to the data originating from the different asset value structures, 

and the results out of the depreciation application are shown in Table App C-23. 
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Table App C-23: Value structure entire terminal with depreciation 

Assets 
Container terminal 

new price [M$] 

Price after 

depreciation [M$] 

Control area                     12.20                         6.10  

Maintenance area                        6.11                         3.06  

Electric mainstation                        6.00                         3.00  

Electric substations                        5.00                         2.50  

Generators                        5.50                         2.75  

Container cranes                   128.00                      64.00  

Straddle carriers                     55.80                      27.90  

Reach stackers                        8.10                         4.05  

Terminal trucks                        3.30                         1.65  

Full dry containers                   700.39                    670.89  

Empty containers                     89.20                      44.60  

Reefers                     70.44                      59.34  

Pavements                     76.50                      38.25  

Quay walls                   210.60                    105.30  

Foundation                   212.00                    212.00  

Revetment                     24.00                      12.00  

Others                     19.50                         9.75  

Total 1633 1267 
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Appendix D Fault events 
The decisive fault events (i.e. electric mainstation, straddle carriers and waterway), having the most 

influence on the resulting indirect damage, are described in Paragraph 5.3. In Paragraph 5.4 can 

the overview of fault event variables downtime and capacity loss function be found. Divided into the 

following groups, an extensive estimation process is written in this Appendix, based on the principle 

explained in Paragraph 5.3: 

 Appendix D.1: operation areas (control and maintenance); 

 Appendix D.2: electrical (mainstation and substations); 

 Appendix D.3: ground transport (container cranes, straddle carriers, reach stackers and 

terminal trucks); 

 Appendix D.4: containers (empty containers); 

 Appendix D.5: fundamental (pavements, quay walls and others) 

 Appendix D.6: external (power supply, waterway and access road) 

 

All estimations are made under supervision of specialists (Arcadis, 2016) and supplemented by the 

following data: 

 [1] = Searates, 2016 

 [2] = Total, 2016 

 [3] = O’Donoghue, 2016 

 [4] = Kalmar, 2016 

 [5] = CUR, 2005 

 

There is begun by linking the assets, causing certain fault events, to relative fault events in the fault 

tree (as visualized in Figure 5-5 and Figure 5-6). In general, can be said, in case a fully damaged 

asset leads to 100% capacity loss, the capacity loss is equal to the damage factor, which is the case 

for the assets: electric mainstation, foundation, revetment and the group others. The backup data 

server will not be damaged by floods, meaning that there will no capacity loss through this asset, 

where the generators appeared a non-critical asset. The availability of generators increases the 

flexibility, mainly in the maintenance area and the electric substations, due to their deployability, 

so the generators have a clear function. However, if the other electrical assets keep online, the loss 

of the generators can be temporary compensated. In case the other electrical assets will get 

damaged, the generators are not able to compensate their capacity loss. This means, that the 

generators will not cause capacity loss. The same applies for the backup data server, due to its flood 

protected location (Paragraph 4.3). An illustration of the assets not losing capacity when a flood hits 

the container terminal (i.e. foundation, revetment, generators and backup data server) is shown in 

Figure App D-1. 

 

 
Figure App D-1: Capacity loss function generators, foundation, revetment, backup data server 
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D.1 Operation areas 
It is not the entire control area that leads to capacity loss, it is the crucial TOS and data server that 

could lead to occurring fault events. These components are situated in the operation building, with 

limited distance above the ground level, leading to the capacity loss function shown in Figure App 

D-2. Just as the damage factor of the maintenance area, is the capacity loss function derived from 

Tebodin, 2000. The same applies to the maintenance area, where the fuel facility will trigger the 

fault event. Therefore, the capacity loss function increases faster than the damage function, until an 

inundation height of 4.2 m where the full downtime is needed to recover. The downtimes of both 

operation areas can be found in Table App D-1 and Table App D-2. 

 

 
Figure App D-2: Capacity loss function control area 

 

 

 
Figure App D-3: Capacity loss function maintenance area 

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4 5 6 7

C
a

p
a

c
it

y
 l

o
s
s
 [

-]

Inundation height [m]

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4 5 6 7

C
a

p
a

c
it

y
 l

o
ss

 [
-]

Inundation height [m]

https://www.google.nl/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwjTmaSg9K3JAhWGPQ8KHQy_D44QjRwIBw&url=https://www.arcadis.com/en/global/news/arcadis-logo-download/&psig=AFQjCNFdz75yrBD3UkLY3Pu9hbNmpZo2Hw&ust=1448621095825175


 

 

133 

Rolf Kelderman | MSc Thesis 

Table App D-1: Downtime structure control area 

Section 
Downtime 

[months] 

Inspect 1.00  

Construct -    

Transport[1] 0.50  

Install 0.50  

Total: 2.00  
 

Table App D-2: Downtime structure maintenance area 

Section 
Downtime 

[months] 

Inspect 1.00  

Construct[2] 1.00  

Transport[1] 1.00  

Install[2] 4.00  

Total: 7.00  
 

 

D.2 Electrical 
Where the generators will not trigger a crucial fault event, the electric mainstation has a capacity 

loss function similar to their damage function (Table App D-4 equal to Figure 5-7). The electric 

substations will not result in a fully capacity loss because Terminal B is electric supplied via the 

electric mainstation, this section of the container terminal will continue working in case both 

substations become out of order. The capacity of Terminal B is estimated via the number of 

operational container cranes, equal to four of the sixteen, leading to a maximum capacity loss of 

0.75 through the electric substations (Figure App C-5). The downtimes of both electric events are 

shown in Table App D-3 (similar to Table 5-2) and Table App D-4. 
 

 
Figure App D-4: Damage function electric mainstation 

 

 

Figure App D-5: Capacity loss function electric substations 
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Table App D-3: Downtime structure electric mainstation 

Section 
Downtime 

[months] 

Inspect 1.00  

Construct 2.00  

Transport[1] 0.50  

Install 1.00  

Total: 4.50  
 

Table App D-4: Downtime structure electric substations 

Section 
Downtime 

[months] 

Inspect 1.00  

Construct 1.00  

Transport[1] 0.50  

Install 1.00  

Total: 3.50  
 

 

D.3 Ground transport 
This Appendix begins with the capacity loss reduction, leading to the container crane variables, 

after which the remaining ground transport variables (i.e. straddle carriers, reach stackers, terminal 

trucks) are determined. 

D.3.1 Capacity loss reduction 
In a simplification of the process can be said that the amount of equipment out of order is equal to 

the loss of capacity, e.g., half of the straddle carriers is out of order, means 50% capacity loss of the 

straddle carriers. Within the simplification, the capacity loss is named direct capacity loss (Equation 

App D-1). 

𝐷𝐶𝐿 =
𝐴𝑒,𝑜𝑓𝑜

𝐴𝑒,𝑡𝑜𝑡

  

Equation App D-1: Direct capacity loss 

DCL  [factor]  Direct capacity loss 

Ag,ofo  [amount] Equipment out of order 

Ae,tot  [amount] Total equipment 

 

In reality, the amount of equipment out of order is not necessarily equal to the loss of capacity. 

Imagine that one of the sixteen container cranes is out of order, the other fifteen cranes could be 

used efficiently to reduce the actual capacity loss on the transshipment. However, there is a limit to 

this reduction, in this container terminal is estimated that a capacity reduction will take place in the 

first 25% equipment out of order, from there the actual capacity loss cannot be reduced and is equal 

to the direct capacity loss (Equation App D-1). From here, the actual capacity loss is named capacity 

loss and could be calculated via Equation App D-2. This estimation is visualized in Figure App D-6. 

 

 
Figure App D-6: Capacity loss in relationship to the factor equipment out of order 

𝐼𝑓 𝐷𝐶𝐿 <  0.25 𝑡ℎ𝑒𝑛 𝐶𝐿 = (2 ∗ 𝐷𝐶𝐿)2 

𝐼𝑓 𝐷𝐶𝐿 ≥  0.25 𝑡ℎ𝑒𝑛 𝐶𝐿 = 𝐷𝐶𝐿 
Equation App D-2: Capacity loss 

CL  [factor]  Capacity loss 
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Until this phase, the same procedure is used for each individual ground transport asset (i.e. 

container cranes, straddle carriers, reach stackers and terminal trucks), however, from here 

different steps will be taken to determine the contribution of the different equipment on the 

transshipment capacity loss. The reasoning behind this is, because container cranes and flexible 

equipment belong to a different fault event (Figure 5-5), meaning that there is no interaction 

between the two, besides that, because the reach stackers and terminal trucks are not crucial to 

execute the ground transport, in contrast with the container cranes and straddle carriers (as 

explained in Paragraph 4.3 and visualized in the fault tree in Figure 4-26). 

 
Container cranes 

Container cranes, having an extensive downtime (Table 

App D-5), and are essential for the ground transport of the 

container terminal. This means that the capacity loss on the 

transshipment reaches up to 100%, in case all container 

cranes are out of order. This in combination with the given 

that the container cranes belong to another fault event, then 

the flexible equipment, the capacity loss, due to container 

cranes can be calculated through Equation App D-2 with the 

same terms as Equation App D-2. This leads to the capacity 

loss function of the container crane, drawn in Figure App 

D-7. 

 

Table App D-5: Downtime structure 

complete cranes 

Section 
Downtime 

[months] 

Inspect 1.50  

Construct[3][4] 15.00  

Transport[1][3][4] 1.00  

Install[3][4] 0.50  

Total: 18.00  
 

 
Figure App D-7: Capacity loss function container cranes 

𝐶𝐿𝑐𝑐  =  (2 ∗ 𝐷𝐶𝐿𝑐𝑐)2  ∨  𝐷𝐶𝐿𝑐𝑐  
Equation App D-3: Capacity loss by container cranes 

CLcc  [factor]  Capacity loss by container cranes 

DCLcc  [factor]  Direct capacity loss by container cranes 

 

D.3.2 Flexible equipment 
The determination of the capacity loss caused by flexible equipment is more complicated than the 

container cranes, through the interactions between the equipment (visualized in Figure 5-5). In 

order to calculate the interactions and its effect on the capacity loss, each equipment shall be added 

stepwise. Starting with the straddle carriers, followed by the interaction of the reach stackers on the 

straddle carriers, and the influence of the terminal trucks on the determination. 
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Table App D-6: Downtime structure 

straddle carriers 

Section 
Downtime 

[months] 

Inspect 1.50  

Construct[3][4] 17.00  

Transport[1][3][4] 1.00  

Install -    

Total: 19.50  
 

Straddle carriers 

Firstly, the straddle carriers are, just like container cranes, 

essential for the ground transport of the container terminal 

and cannot be replaced. In case all straddle carriers are out 

of order, the capacity loss (Figure App D-8, showing the 

same as Figure 5-8) reaches up to 100% leading to Equation 

App D-4 with the same terms as Equation App D-2. The 

downtime structure is shown in Table App D-6, identical to 

Table 5-3. 

 

 

 

𝐶𝐿𝑠𝑐  =  (2 ∗ 𝐷𝐶𝐿𝑠𝑐)2  ∨  𝐷𝐶𝐿𝑠𝑐 
Equation App D-4: Capacity loss straddle carriers 

CLsc  [factor]  Capacity loss by straddle carriers 

DCLsc  [factor]  Direct capacity loss by straddle carriers 

 

 
Figure App D-8: Capacity loss function straddle carriers 

Reach stackers 

Secondly, reach stackers are used to transport empty 

containers in and outside the stack and have above average 

downtimes (Table App D-7). In case all reach stackers 

become out of order, the straddle carriers will be used to 

place empty containers. Apart from the full container stack 

capacity loss, the straddle carriers will stack the empty 

containers with more space between each other and at a 

lower height than the reach stackers. Therefore, can be said 

that the capacity loss of reach stackers on the transshipment 

is significant, but not completely, because the process  
 

Table App D-7: Downtime structure reach 

stackers 

Section 
Downtime 

[months] 

Inspect 1.50  

Construct[3][4] 9.00  

Transport[1][3][4] 1.00  

Install -    

Total: 11.50  
 

could be continued on a lower scale. The estimation is made that the capacity loss of the reach 

stackers (Figure App D-9) on the ground transport is equal to the distribution of empty containers 

on the total dwell time, which could be found by using a cross-multiplication (Equation App D-5) on 

the traffic (Figure 4-5) and dwell times (Figure 4-20). 
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𝑀𝐶𝐿𝑟𝑠 = 𝐷𝑒𝑚𝑝𝑡𝑦  =
𝐷𝑇𝑒𝑚𝑝𝑡𝑦

𝐷𝑇𝑎𝑙𝑙

 ⇛
12,942

25,526
= 0.51 

Equation App D-5: Maximum capacity loss reach stackers 

MCLrs  [factor]  Maximum capacity loss by reach stackers 
Dempty  [factor]  Distribution of empty containers on total dwell time 
DTempty  [days]  Dwell time empty containers (Figure 4-20) 
DTall  [days]  Dwell time all containers (Figure 4-20) 
 

The cross-multiplication results in 0.51 or 51% distribution of empty containers on the total dwell 

time, meaning that 51% corresponds to the capacity loss on the transshipment in case all reach 

stackers are out of order. This distribution factor should then be multiplied by the capacity due to 

the reach stackers (Equation App D-6). 

 

 
Figure App D-9: Capacity loss function reach stackers 

𝐶𝐿𝑟𝑠  =  𝑀𝐶𝐿𝑟𝑠 ∗ ((2 ∗ 𝐷𝐶𝐿𝑠𝑐)2  ∨  𝐷𝐶𝐿𝑠𝑐) ⇛ 0.51 ∗ ((2 ∗ 𝐷𝐶𝐿𝑠𝑐)2  ∨  𝐷𝐶𝐿𝑠𝑐) 
Equation App D-6: Capacity loss reach stackers 

CLrs  [factor]  Capacity loss by reach stackers 

DCLrs  [factor]  Direct capacity loss by reach stackers 

 

The interaction between the straddle carriers and the reach stackers on the capacity loss of the 

transshipment is estimated by multiplying the capacities of both (Equation App D-7). 

  

𝐶𝐿𝑠𝑐𝑟𝑠  =  1 − (1 − 𝐶𝐿𝑠𝑐) ∗ (1 − 𝐶𝐿𝑟𝑠) 
Equation App D-7: Capacity loss straddle carriers and reach stackers 

CLscrs  [factor]  Capacity loss by straddle carriers and reach stackers combined 

 
Table App D-8: Downtime structure 

terminal trucks 

Section 
Downtime 

[months] 

Inspect 1.50  

Construct[3][4] 5.00  

Transport[1] 1.00  

Install -    

Total: 7.50  
 

Terminal trucks 

Thirdly, however, the contribution of terminal trucks (Table 

App D-8) on the ground transport is little, though the 

capacity will decrease in case all terminal trucks will be out 

of order. Given the fact that terminal trucks partly execute 

the function of straddle carriers (explained in Paragraph 4.3 

and visualized in Figure 5-5). Therefore, the distribution of 

terminal trucks in combination with an efficiency factor 

becomes the cross-multiplication to determine the 

influence of the terminal trucks on the capacity loss of the 

transshipment (Equation App D-8). 
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𝑀𝐶𝐿𝑡𝑡 = 𝐸𝐹 ∗
𝐴𝑡𝑡

𝐴𝑠𝑐 + 𝐴𝑡𝑡

⇛ 0.5 ∗
8

62 + 8
= 0.06 

Equation App D-8: Maximum capacity loss terminal trucks 

MCLtt  [factor]  Maximum capacity loss by terminal trucks 
EF  [factor]  Efficiency factor terminal trucks compared to straddle carriers 
Att  [-]  Total amount of terminal trucks 
Asc  [-]  Total amount of straddle carriers 
 

The result of Equation App D-8 is 0.06, meaning that the capacity will decrease (Figure App C-10) 

with 6% in case all terminal trucks are out of order. The estimation is made that the loss in capacity 

is in ratio with the capacity loss of the straddle carriers and reach stackers. Therefore, in case the 

terminal trucks capacity is lower than the combined capacity, the trucks capacity loss becomes 

negligible. In case the terminal trucks capacity is higher or even than the combined capacity, the 

loss of tow trucks capacity is determined according to Equation App D-10. In order to use this 

calculation, the calculable capacity loss due to tow trucks on the ground transport needs to be 

determined via Equation App D-9 with the same terms as Equation App D-2. 

 

 
Figure App D-10: Capacity loss function terminal trucks 

𝐶𝐶𝐿𝑡𝑡  =  (2 ∗ 𝐷𝐶𝐿𝑡𝑡)2  ∨  𝐷𝐶𝐿𝑡𝑡 
Equation App D-9: Calculable capacity loss terminal trucks 

CCLtt  [factor]  Calculable capacity loss by terminal trucks  

DCLtt  [factor]  Direct capacity loss by terminal trucks 

 

𝐼𝑓 𝐶𝐶𝐿𝑡𝑡  ≤  𝐶𝐿𝑠𝑐  𝑡ℎ𝑒𝑛 𝐶𝐿𝑡𝑡  𝑖𝑠 𝑛𝑒𝑔𝑙𝑖𝑔𝑖𝑏𝑙𝑒 

𝐼𝑓 𝐶𝐶𝐿𝑡𝑡  >  𝐶𝐿𝑐𝑠 𝑡ℎ𝑒𝑛 𝐶𝐿𝑡𝑡 = 𝑀𝐶𝐿𝑡𝑡  ∗ (𝐶𝐶𝐿𝑡𝑡 − 𝐶𝐿𝑠𝑐) ⇛ 0.06 ∗ (𝐶𝐶𝐿𝑡𝑡 − 𝐶𝐿𝑠𝑐) 
Equation App D-10: Capacity loss terminal trucks 

CLtt  [factor]  Capacity loss by terminal trucks 

 
Combined 

By combining the capacity loss calculations of the straddle carriers, reach stackers and terminal 

trucks the total capacity loss on the transshipment due to flexible equipment could be found through 

the Equation App D-11 (identical to Equation 5-2). 

 

𝐶𝐿𝑓𝑙𝑒𝑥  =  𝐶𝐿𝑠𝑐𝑟𝑠  –  𝐶𝐿𝑡𝑡 

Equation App D-11: Capacity loss flexible equipment 

CLflex  [factor]  Capacity loss by flexible equipment 
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D.4 Containers 
The assets full dry, empty and refrigerated containers fall 

under the container group. A distinction between the 

different container types are made through the cargo and 

need of electricity, however, the fault event that occurs via 

the containers does not rely on the cargo or the electricity. 

By looking to the fault event tree (Figure 5-5), there could 

be seen that the terminal becomes unpassable, something 

that will happen through floating containers. There is a 

direct relationship between the weight of the containers 

and the point where they start floating, as elaborated in 
 

Table App D-9: Downtime structure 

containers 

Section 
Downtime 

[months] 

Inspect 0.50  

Construct -    

Transport[1] 0.50  

Install 0.50  

Total: 1.50  
 

Appendix C.4. Therefore, the lowest weighing containers, which are the empty ones, become 

decisive. The capacity loss function of the containers corresponds to the damage factor of the empty 

containers, as drawn in Figure App D-11. The downtime structure is displayed in Table App D-9. 

 

 
Figure App D-11: Capacity loss function containers 

D.5 Fundamental 
Assets boxed in the group others have a capacity loss 

function similar to the damage function (Figure App D-14). 

The capacity loss function of the pavements (Figure App 

D-12) is based on the point the other assets start floating, 

making the pavement unpassable. Quay walls trigger the 

fault event container crane rails unpassable, which 

eventually lead to the capacity loss of the entire terminal. 

Depending on the occurring direct damage on the quay 

wall, therefore, the same linear function is assumed. 

However, for this fault event, the capacity loss goes to 1.0  
 

Table App D-10: Downtime structure 

pavements 

Section 
Downtime 

[months] 

Inspect 1.50  

Construct 1.00  

Transport[1] 0.50  

Install 1.00  

Total: 4.00  
 

in the case of 7-meter inundation height (Figure App D-13) leading to a downtime of eleven months 

Table App D-11. The other downtime structures relative to the fundamental fault events can be found 

in Table App D-10 and Table App D-12. 
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Table App D-11: Downtime structure quay walls 

Section 
Downtime 

[months] 

Inspect 2.00  

Construct[5] 2.00  

Transport[1][5] 1.00  

Install[5] 6.00  

Total: 11.00  
 

Table App D-12: Downtime structure others 

Section 
Downtime 

[months] 

Inspect 1.00  

Construct 0.50  

Transport[1] 0.50  

Install 0.50  

Total: 2.50  
 

 

 
Figure App D-12: Capacity loss function pavements and power supply 

 
Figure App D-13: Capacity loss function quay walls 
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Figure App D-14: Damage function others 

 

D.6 External 
Power supply 

As mentioned in Paragraph 4.3, the container terminal 

receives external power supply through two power 

plants, which are linked through the electric mainstation 

to the terminal via electric cables attached to wooden 

poles. In case the wooden poles cannot resist the 

receiving force, the power supply will be lost. The 

receiving force becomes too high in case other materials 

will start floating, therefore, the capacity loss function is 

similar to the pavements (Figure App D-12). 

 

Table App D-13: Downtime structure power 

supply 

Section 
Downtime 

[months] 

Inspect 0.50  

Construct -    

Transport[1] 0.50  

Install 1.00  

Total: 2.00  
 

Table App D-14: Downtime structure 

waterway 

Section 
Downtime 

[months] 

Inspect 0.50  

Construct -    

Transport 3.00  

Install 0.50  

Total: 4.00  
 

Waterway 

The container terminal is attainable via the vessels through 

the waterway and the access road can be used by trucks 

(Figure 4-2). Whereby containers will not be transported 

land in-land out, that movement shall not be executed via 

the terminal. Since the container terminal is a transshipment 

HUB (Paragraph 4.2), the movement water in-water out will 

occur, just like the movements land in-water out and water 

in-land out. Therefore, can be concluded that if the 

waterway becomes not passable, the entire capacity will be 

lost. An access road that is not passable leads to the loss of  

land in containers (elaborated further in this Appendix and described in Paragraph 4.2). The 

capacity loss function of the waterway is an interaction between the draft and frequency of the 

vessels on the one hand and the sediment accretion on the other. The executed steps in order to 

calculate the interaction will be explained in this Appendix. The downtime can be found in Table 

App D-14, a similar table to Table 5-4. 

 

Firstly, the share per vessel type is calculated by using the data from the vessel sizes and 

frequencies (Figure 4-4). Where the amount per week is a multiplication between the size and the 

frequency of the vessel type. The share is then the amount per week expressed in a factor (Table 

App D-15). 
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Table App D-15: Share per vessel type 

Vessel type Size [TEU] 
Frequency 

[per week] 

Amount per 

week [TEU] 
Share [factor] 

B1 3500 4 14,000 0.09 

B2 4000 3 12,000 0.08 

C 5000 9 45,000 0.30 

D 9000 9 81,000 0.54 

Total: 152,000 1.00 

Secondly, the drafts per vessel type are identified. Because container vessels will most of the time 

not be fully loaded, there is a distinction made between the lowest, average, and highest draft, 

whereby the highest draft indicates a fully loaded vessel. In Figure App D-15 are the vertical lines 

all possible draft heights of the vessel types, the vertical ones stand for the lowest (short lower line), 

average (long center line), and highest drafts. (short upper line). 

 

 
Figure App D-15: Drafts per vessel type (based on Rodrigue et al., 2013) 

Thirdly, the under keel clearance coefficient of 0.10 is added to the vessel drafts (Figure App D-16). 

The height of the coefficient is common applied, especially for harbor and bay areas, and originates 

from Marine Exchange of Southern California (2016) and Expert group (2014). 

 

 
Figure App D-16: Drafts per vessel type including under keel clearance 
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Fourthly, the interaction between the shares and drafts per vessel type is elaborated in order to find 

which waterway depth belongs to which capacity loss (Figure App D-17). The depth of the waterway 

is equal to the draft of the vessels, including under keel clearance. The capacity loss is the inverse 

of the summed shares corresponding to that particular waterway depth. 

 

 
Figure App D-17: Capacity loss per waterway depth 

Fifthly, the accretion of sedimentation per storm surge is determined via data of measured 

sedimentation through different storms. The data originates from a study on the case by Confidential 

(2012), whereby four sedimentation measures have been executed of four different storm surges 

and the local inundation heights could be read, after which the used storm surges are linked to 

corresponding return periods (Confidential, 2005 and Confidential, 2008). This leads to the 

sedimentation height per storm surge (Figure App D-18). 

 

 
Figure App D-18: Sedimentation per return period 

Lastly, the different data (i.e. vessel draft and sedimentation height) are linked, whereby the 

capacity loss function of the waterway is determined. In order to link both data, the sedimentation 

data needs to be expressed in channel depth, which could be done by subtracting the sedimentation 

accretion from the channel depth without sediment (18 meters, as mentioned in Paragraph 4.2). In 

that way, the capacity loss could be expressed per storm surge, which is equal to a known 

inundation height (as shown in Figure App D-19, similar to Figure 5-9). 
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Figure App D-19: Capacity loss function waterway 

Access road 

The access road is a hurricane and earthquake 

constructed road (Confidential, 2016a), whereby is 

assumed that the access road will not need to be repaired 

after a flood. On the other hand, after a reasonable flood 

the access road will contain several materials that need 

to be removed before the access road becomes fully 

accessible. The estimation is made that this recovery 

process will take over two weeks. Before the recovery 

can start, an inspection is needed (Table App D-16).  

 

Table App D-16: Downtime structure access 

road 

Section 
Downtime 

[months] 

Inspect 0.25  

Construct 0.50  

Transport -    

Install -    

Total: 0.75  
 

 

As mentioned in the previous Appendix, an access road which is not passable leads to the loss of 

land in containers. Therefore, the consequences of an unpassable access road will be determined 

in this Appendix, where is started with mapping and calculating data (Equation App D-12) in order 

to determine any conclusions. 

 
Table App D-17: Calculation outcomes of the capacity loss through an unpassable access road 

 
Land Water 

Total 
In Out In Out 

Full container traffic [kTEU/year][1] 28 174 997 997 2,196 

Full container traffic [TEU/day] 77 477 2,731 2,731 6,016 

Dwell time [days][2] 
8 8 6 6 - 

Traffic * dwell time [TEU] 617 3,819 15,020 15,020 34,477 

1,5 stack [TEU] 325 2,010 7,907 7,907 18,150[3] 

Double stack [TEU] 433 2,681 10,543 10,543 24,200[4] 

Stack increase [TEU] 108 670 2,636 2,636 6,050 
[1] = originating from Figure 4-5 
[2] = originating from Figure 4-20 
[3] = 𝐺𝑆𝑓𝑐 ∗ 𝑆𝐻 = 12,100 ∗ 1.5 = 18,150 
[4] = 𝐺𝑆𝑓𝑐 ∗ 𝑆𝐻 = 12,100 ∗ 2 = 24,200 

GSfc  [GS]  Ground slots full containers (Table 4-1) 

SH  [TEU]  Average stack height 
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Secondly, the capacity loss when losing the land in containers is calculated (Figure App D-20). 

 

𝐶𝐿 =
𝑇𝐸𝑈𝑙𝑖

𝑇𝐸𝑈𝑙

=
77

6,016
= 0.01 

Equation App D-12: Capacity loss when losing land in-water out containers 

TEUli  [TEU/day] Land in containers per day (table) 

TEUl  [TEU/day] Land containers per day (table) 

 

Thirdly, with an unpassable access road, the land out containers will be stacked on the terminal and 

shall not be transported away until the access road becomes passable. Therefore, is calculated how 

long it takes until the additional stack capacity is fully occupied by land out containers (Equation 

App D-13). 

𝐷𝐴𝑙𝑜;0.5 =
𝑇𝐸𝑈𝑡;0.5 + 𝑇𝐸𝑈𝑙𝑖;1.5

𝑇𝑙𝑜

=
6,050 + 325

477
= 13 𝑑𝑎𝑦𝑠 

Equation App D-13: Moment the increased 0.5 stack consists of land out containers 

DAlo;0.5  [days]  Moment the increased 0.5 stack consists of land out containers 

TEUt;0.5  [TEU]  Total containers at 0.5 (2-1.5) stack (Table App D-17) 

TEUt;0.5  [TEU]  Land in containers at 1.5 stack (Table App D-17) 

TEUlo  [TEU/day] Land out containers per day (Table App D-17) 

 

 
Figure App D-20: Stacked containers at regular situation 

In the regular situation, the containers will be 1.5 stacked (Paragraph 4.3) as shown in Figure App 

D-20. This situation is manageable until the stack gets full, which is the case at the point the average 

stack height becomes two is assumed (Figure App D-21). 
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Figure App D-21: Stacked containers after 13 days without land transport 

After 13 days without land transport, the water in and water out containers remain the same as the 

regular situation, the land in containers will all be gone, and the rest of the slots consist of land out 

containers (Figure App D-21).  

 

Fourthly, is calculated how long it takes until the entire double stack consists completely of land out 

containers. During this phase, the capacity will decrease because the land out containers will be put 

into the workable 1,5 stack. The estimation is made that the decrease took place linearly, but first 

determination needs to be made how many containers of the current stack (i.e. the stack after 13 

days) are land out containers. Therefore, is looked to the original 1,5 stack (Equation App D-13), 

because the other 6050 containers are all land out containers (Equation App D-13). 

 

𝑇𝐸𝑈𝑤;1.5 = 𝑇𝐸𝑈𝑡;1.5 − 𝑇𝐸𝑈𝑙𝑜;1.5 = 18,150 − 2,010 = 16,140 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟𝑠 

Equation App D-14: Water containers at 1.5 stack 

TEUw;1.5  [TEU]  Water containers at 1.5 stack 

TEUt;1.5  [TEU]  Total containers at 1.5 stack (Table App D-17) 

TEUlo;1.5  [TEU]  Land out containers at 1.5 stack (table) 

 

The time it takes to fill the entire 1.5 stack with land out containers is 33 days (Equation App D-15). 

 

𝐷𝐴𝑙𝑜;1.5 =
𝑇𝐸𝑈𝑤;1.5

𝑇𝑙𝑜

=
16,140

477
= 33 𝑑𝑎𝑦𝑠 

Equation App D-15: Time until 1.5  stack consists of land out containers 

DAlo;1.5  [days]  Time until the 1.5 stack consists of land out containers 
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Figure App D-22: Stacked containers after 47 days without land transport 

From this moment the capacity will be completely lost (Figure App D-22). This moment can be 

checked by determining the moment the entire double stack will be filled with land out containers 

(Equation App D-15). 

 

𝐷𝐴𝑙𝑜;2 = 𝐷𝐴𝑙𝑜;0.5 + 𝐷𝐴𝑙𝑜;1.5 = 13.3 + 33.8 =
𝑇𝐸𝑈𝑡;2 − 𝑇𝐸𝑈𝑙𝑜;1.5

𝑇𝑙𝑜

=
24,200 − 2,010

477
 = 47 𝑑𝑎𝑦𝑠 

Equation App D-16: Time until the entire double stack consists land out containers 

DAlo;2  [days]  Time until the entire double stack consists land out containers 

TEUt;1.5  [TEU]  Total containers at double stack (Table App D-17) 

 

The outcomes of this Appendix until now leads to the ratio of the occurring capacity loss when the 

access road is not passable (Figure App D-23). 

 

 
Figure App D-23: Capacity loss in case of an unpassable access road 
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When the downtime (Table App D-16) and capacity loss (Figure App D-23) of the access road are 

combined, the conclusion can be made that the capacity loss during the first 13 days is 0.01, after 

which the capacity loss gradually increases up until day 23 (0.75 months). This is the time the access 

road will be fully recovered and passable. The capacity loss of that moment is 0.29 (Equation App 

D-17). Therefore, the average capacity loss caused by an unpassable access road is 0.07 (Equation 

App D-18). 

 

𝐶𝐿𝐴𝑅;23 = (𝐶𝐿𝐴𝑅;47 − 𝐶𝐿𝐴𝑅;13) ∗
𝐷𝐴𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 − 𝐷𝐴𝑙𝑜;0.5

𝐷𝐴𝑙𝑜;2 − 𝐷𝐴𝑙𝑜;0.5

= (1 − 0.01) ∗
23 − 13

47 − 13
= 0.29 

Equation App D-17: Capacity loss access road after 23 days 

CLAR;23  [factor]  Capacity loss access road after 23 days 

CLAR;13  [factor]  Capacity loss access road during the first 13 days 

CLAR;47  [factor]  Capacity loss access road after 47 days 

DArecovery [days]  Time until access road recovered 

 

𝐶𝐿𝐴𝑅;𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =
𝐷𝐴𝑙𝑜;0.5 ∗ 𝐶𝐿𝐴𝑅;13 + (𝐷𝐴𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 − 𝐷𝐴𝑙𝑜;0.5) ∗

𝐶𝐿𝐴𝑅;23

2
𝐷𝐴𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦

=
13 ∗ 0.01 + (23 − 13) ∗

0.29
2

23
= 0.07 

Equation App D-18: Average capacity loss access road 

CLAR;average [factor]  Average capacity loss access road 

 

These estimations, in combination with the assumption that during inundation heights lower than 0.5 

meters the entire downtime, would not be needed to recover the access road after a flood, lead to 

the capacity loss function graph of the access road (Figure App D-24). 

 

 
Figure App D-24: Capacity loss function access road 
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Appendix E Individual interventions 
There are 27 different individually 

applied interventions, showed in 

Table App E-1. Each intervention 

will be elaborated and simulated if 

the intervention can perform 

individually and the potential 

damage reduction is higher than 

the needed investment 

(elaborated in Paragraph 3.1). The 

yellow marked interventions meet 

this condition, and therefore, are 

simulated through the MLS-Model. 

All simulation outcomes can be 

read in this Appendix, according 

to the same principle as the most 

cost-beneficial intervention option 

(S2b), which is elaborated in 

Paragraph 6.2. 

 

No simulation is executed on the 

flood interventions pre-order and 

rental contracts (i.e. D2a, D2b, 

D3a, D3b, D4a and D4b). Within 

the current set-up of the MLS-

Model, it is hard to determine the 

exact flood damage reduction, 

because the damage reduction 

will be much higher in case one 

big storm hits and the assets will 

have one long-lasting downtime. 

In case several smaller storms hit 

the terminal, the downtimes will 

appear rarely and for shorter 

downtimes. The reason for this 

huge variations lies in the delivery 

time and rent price. However, the 

spatial planning interventions 

(layer 2) showed enormous 

benefits, whereby these  
 

Table App E-1: Flood interventions overview 

# Intervention 

P Prevention layer 

1 P1a 
Entire terminal 

Heighten 

2 P1b Enclose 

3 P2a 
Sectional terminal 

Heighten 

4 P2b Enclose 

5 P3 Coastline Flood defenses 

S Spatial planning layer 

6 S1a 
Entire Terminal A 

Heighten 

7 S1b Enclose 

8 S2a Sectional Terminal 

A 

Heighten 

9 S2b Enclose 

10 S3a 
Control area 

Heighten 

11 S3b Enclose 

12 S4a 
Maintenance area 

Heighten 

13 S4b Enclose 

14 S5a 

Electric mainstation 

Heighten 

15 S5b Enclose 

16 S5c Immediate relocate 

17 S5d Relocate during replacement 

18 S6a 
Container cranes 

Depot 

19 S6b Moveable to Terminal A 

D Disaster management layer 

20 D1a 
Dredging 

Vessel purchase 

21 D1b Pre-arrangement 

22 D2a 
Fuel facility 

Pre-order contracts 

23 D2b Rental contracts 

24 D3a 
Electric stations 

Pre-order contracts 

25 D3b Rental contracts 

26 D4a Transport 

equipment 

Pre-order contracts 

27 D4b Rental contracts 
 

interventions result in also direct flood damage reduction and layer 3 interventions only reduce the 

indirect damages. Interventions S2b even showed a higher direct damage reduction than 

investment needed. Therefore, the conclusion is made that these interventions (i.e. D2a, D2b, D3a, 

D3b, D4a and D4b) are less beneficial than layer 2 interventions, and because, the most cost-

beneficial solution wants to be found, it is unnecessary to dig into the simulation.  

 

Apart from the flood interventions altering the waterway (i.e. D1a and D1b), no interventions are 

included to reduce the flood damage on external assets. The reason for the backup data server lies 

in the fact that the server is located on higher grounds on the hinterland (Paragraph 4.3), so could 

not be damaged by flood. In case the power supply will be lost, the container terminal is one of the 

first that shall go back online because resources are easily received via the terminal (Paragraph 

4.2). The access road is already earthquake proof constructed and will have a relatively short 

downtime (Paragraph 4.2).  
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E.1 Prevention 
In this section the interventions of the prevention layer are elaborated, however, these interventions 

are not simulated because the investments to realize the interventions appeared much higher than 

the occurring damage throughout the 30 year concession period. This means that they not meet the 

criteria (i.e. damage reduction > needed investment). In case the concession period was longer or 

the case not only contained the container terminal (but e.g. the entire harbor bay), it is 

recommended to involve the prevention interventions into the simulation process. 

 

 
Figure App E-1: Illustration entire terminal 

heightening 

Entire terminal heightening 

Increasing the surface level of the entire container terminal 

(Figure App E-1), whereby the pavements, buildings, quay 

walls, etc., need to be removed and rebuilt to make the 

applying of an increased foundation possible. The 

simulation outcomes are shown in Table App E-2. 

 
Table App E-2: Simulation outcomes entire terminal heightening 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

“high”

Investment:

“very high”

Cost-benefit:

“negative”
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Figure App E-2: Illustration entire terminal 

enclosure 

Entire terminal enclosure 

Enclosing the entire terminal consist of an increased wall 

around the borders of the terminal (Figure App E-2). The 

quay walls need to be reconstructed on a higher level, and 

several flat slopes will be built to transport containers from 

the quay wall to the stacks. At the entrance and exit gates 

will be no wall, instead of a sizeable unit that could be 

placed in the gap of the wall in case of a flooding threat. A 

flooding threat will be known several days up front and is 

expected to occur once every few years, based on the storm 

surge data (Appendix B). Simulation indication of this 

intervention can be found in Table App E-3. 

 
Table App E-3: Simulation outcomes entire terminal enclosure 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

“high”

Investment:

“very high”

Cost-benefit:

“negative”
 

 

 
Figure App E-3: Illustration sectional 

terminal heightening 

Sectional terminal heightening 

The difference between sectional and entirely heighten of 

the terminal is the reconstruction of the quay walls. 

Increasing the height of the quay wall basically means that 

the current quay wall needs to be removed and rebuilt 

because e.g. the changing foundation and ground forces 

(Arcadis, 2016a). A costly process which could be excluded 

from the intervention by realizing multiple flat slopes from 

the quay wall to the rest of the terminal (Figure App E-3). 

 
Table App E-4: Simulation outcomes sectional terminal heightening 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

“high”

Investment:

“very high”

Cost-benefit:

“negative”
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Figure App E-4: Illustration sectional 

terminal enclosure 

Sectional terminal enclosure 

The wall borders the entire terminal except for the quay 

walls (Figure App E-4). In order to transport containers from 

the stacks to the quay walls, several gaps in the wall will 

behold. 

 
Table App E-5: Simulation outcomes sectional terminal enclosure 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

“high”

Investment:

“very high”

Cost-benefit:

“negative”
 

Coastline flood defenses 

Improve the current blocks wall surrounding the 

harbor bay and construct a storm surge barrier 

(Figure 7-2). Due to this flood intervention, the 

harbor bay will be completely protected and still 

accessible for shipping. 

 
Figure 7-2: Illustration coastline flood defenses 

 
Table App E-6: Simulation outcomes coastline flood defenses 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

“high”

Investment:

“very high”

Cost-benefit:

“negative”
 

 

E.2 Spatial planning 
Spatial planning interventions will be elaborated in this Appendix. After a brief description, the 

outcomes of the simulations are mentioned by the investment table, intervention impact and 

simulation outcomes. Prices used to estimate the investment originate from the asset value 

structures (Appendix CC.6).  
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Figure App E-5: Illustration entire 

terminal A heightening 

Entire terminal A heightening  

Terminal A is located in the northern section of the container 

terminal, where the control and maintenance area could be found 

(Paragraph 4.3). Therefore, the damage through a flood is reduced 

more, especially the indirect damage, than other areas of the 

terminal, when flood interventions were applied. The principle of 

heightening remains the same as the previous interventions, only 

this time slopes were realized at the entrance, exit and passage to 

terminal B (Figure App E-5), leading to an estimated average loss 

during the concession period of $ 63.2 M (Figure App E-6). The 

intervention impact, forming the translation in the MLS-Model, of 

this intervention is shown in Table App E-7, whereas the 

investment structure is displayed in Table App E-8. 

 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

$ 104.3M

Investment:

$ 167.5M

Cost-benefit:

$ -63.2M
 

Figure App E-6: Simulation outcomes entire terminal A heightening 

 
Table App E-7: Intervention impact entire terminal A heightening 

Asset 

Partial 

protection 

[%] 

Heighten 

surface 

[m] 

Heighten 

enclosure 

[m] 

Improved 

protection 

[%] 

Downtime 

reduction 

[%] 

Downtime 

reduction 

[months] 

Control area 100 

S1a 

        

Maintenance area 100         

Electric 

substations 
50         

Generators 73         

Container cranes 25         

Straddle carriers 100         

Reach stackers 100         

Terminal trucks 100         

Fully dry 

containers 
23         

Empty containers 20         

Reefers 44         

Pavements 33         

Quay walls 17         

Others 33         
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Table App E-8: Investment structure entire terminal A heightening 

 
 

 
Figure App E-7: Illustration entire 

terminal A enclosure 

Entire terminal A enclosure 

Enclosing Terminal A (Figure App E-7) means that walls are 

realized at the borders of the terminal and the quay wall is 

reconstructed. On the same locations at the slopes are 

openings in the wall created. This means an investment 

structure shown in Table App E-10, and a benefit of $ 40.7 

M (Figure App E-8). 

 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

$ 104.8M

Investment:

$ 64.1M

Cost-benefit:

$ 40.7M
 

Figure App E-8: Simulation outcomes entire terminal A enclosure 

 

  

Component Amount [-] Price per amount [M$] Total [M$]

Buildings [%] 90 10.00                                             9.00                     

Electric substations [%] 50 5.00                                               2.50                     

Underground equipment [%] 33 15.30                                             5.10                     

Pavements [%] 33 76.50                                             25.50                  

Pavements removal [ha] 34 0.30                                               10.20                  

Quay walls [m] 500 0.07                                               35.00                  

Quay walls removal [m] 500 0.02                                               7.50                     

Capacity loss [months] 3.0 19.93                                             59.78                  

154.58                

Component Height [m] Price per m [M$] Total [M$]

Foundation [m] 1.90                     6.80                                               12.92                   

167.50                

Total fixed investment:

Total investment:
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Table App E-9: Intervention impact entire terminal A enclosure 

Asset 

Partial 

protection 

[%] 

Heighten 

surface 

[m] 

Heighten 

enclosure 

[m] 

Improved 

protection 

[%] 

Downtime 

reduction 

[%] 

Downtime 

reduction 

[months] 

Control area 100   

S1b 

      

Maintenance area 100         

Electric 

substations 
50   

  
    

Generators 73         

Container cranes 25         

Straddle carriers 100         

Reach stackers 100         

Terminal trucks 100         

Fully dry 

containers 
23   

  
    

Empty containers 20         

Reefers 44         

Pavements 33         

Quay walls 17         

Others 33         

 
Table App E-10: Investment structure entire terminal A enclosure 

 

Component Amount [-] Price per amount [M$] Total [M$]

Underground equipment [%] 3.6 15.30                                             0.55                     

Quay walls [m] 500 0.07                                               35.00                  

Quay walls removal [m] 500 0.02                                               7.50                     

42.50                   

Component Height [m] Price per m [M$] Total [M$]

Wall [m] 8.70                                               20.89                  

Three regular passages [m] 0.30                                               0.72                     

21.61                  

64.11                   

Total fixed investment:

2.40                     

Total variable investment:

Total investment:
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Figure App E-9: Illustration sectional 

terminal A heightening 

Sectional terminal A heightening 

As could be seen in Table App E-8 and Table App E-10, the 

investment on quay walls is high. Therefore, it might be 

interesting to simulate the situation where terminal A is 

protected, except the quay wall (Figure App E-9). Via this 

way. several slopes need to be realized between the stack 

and quay wall, resulting in a total estimated benefit over the 

concession period of $ 39.1 M (Figure App E-10). 

 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

$ 102.9M

Investment:

$ 63.8M

Cost-benefit:

$ 39.1M
 

Figure App E-10: Simulation outcomes sectional terminal A 

heightening 

Table App E-11: Intervention impact sectional terminal A heightening 

Asset 

Partial 

protection 

[%] 

Heighten 

surface 

[m] 

Heighten 

enclosure 

[m] 

Improved 

protection 

[%] 

Downtime 

reduction 

[%] 

Downtime 

reduction 

[months] 

Control area 100 

S2a 

        

Maintenance 

area 
100   

      

Electric 

substations 
50   

      

Generators 73         

Straddle carriers 100         

Reach stackers 100         

Terminal trucks 100         

Fully dry 

containers 23 
  

      

Empty containers 20         

Reefers 44         

Pavements 32         

Others 32         
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Table App E-12: Investment structure sectional terminal A heightening 

 
 

 
Figure App E-11: Illustration control 

area heightening 

Control area heightening 

Protecting smaller areas leads to lower investments, as 

could be concluded by comparing different investment 

tables (e.g. Table App E-8 with Table App E-12). Out of the 

simulations appeared that reducing the indirect damage is 

more favorable than focusing on the direct damage 

reduction, which means that focusing on reducing the 

indirect damage is more beneficial. In this process, the 

direct damage will also be reduced. Therefore, it is 

interesting to determine the impact of relative smaller 

interventions as heightening the control area. 

 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

$ 18.9M

Investment:

$ 11.1M

Cost-benefit:

$ 7.8M
 

Figure App E-12: Simulation outcomes control area heightening 

 
Table App E-13: Intervention impact control area heightening 

Asset 

Partial 

protection 

[%] 

Heighten 

surface 

[m] 

Heighten 

enclosure 

[m] 

Improved 

protection 

[%] 

Downtime 

reduction 

[%] 

Downtime 

reduction 

[months] 

Control area 100 

S3a 

        

Generators 18         

Straddle carriers 25         

Reach stackers 25         

Terminal trucks 25         

Pavements 4         

Others 4         

 

 

 

 

 

 

 

 Component Amount [-] Price per amount [M$] Total [M$]

Buildings [%] 90 10.00                                             9.00                     

Electric substations [%] 50 5.00                                               2.50                     

Underground equipment [%] 33 15.30                                             5.10                     

Pavements [%] 32 76.50                                             24.75                  

Pavements removal [ha] 33 0.30                                               9.90                     

51.25                   

Component Height [m] Price per m [M$] Total [M$]

Foundation [m] 1.90                     6.60                                               12.54                   

63.79                   Total investment:

Total fixed investment:
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Table App E-14:: Investment structure control area heightening 

 
 

 
Figure App E-13: Illustration control 

area enclosure 

Control area enclosure 

Constructed with three passages, one at the entrance and 

two directed to the terminal, an expected benefit of $ 13.9 

M is achieved by enclosing the control area (Figure App 

E-13). 

 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

$ 18.5M

Investment:

$ 4.7M

Cost-benefit:

$ 13.9M
 

Figure App E-14: Simulation outcomes control area enclosure 

 

  
Table App E-15: Intervention impact control area enclosure 

Asset 

Partial 

protection 

[%] 

Heighten 

surface 

[m] 

Heighten 

enclosure 

[m] 

Improved 

protection 

[%] 

Downtime 

reduction 

[%] 

Downtime 

reduction 

[months] 

Control area 100   

S3b 

      

Generators 18         

Straddle carriers 25         

Reach stackers 25         

Terminal trucks 25         

Pavements 4         

Others 4         

 

 

Component Amount [-] Price per amount [M$] Total [M$]

Buildings [%] 40 10.00                                             4.00                     

Underground equipment [%] 3.9 15.30                                             0.60                     

Pavements [%] 3.9 76.50                                             3.00                     

Pavements removal [ha] 4.0 0.38                                               1.50                     

9.10                     

Component Height [m] Price per m [M$] Total [M$]

Foundation [m] 2.00                    1.00                                               2.00                     

11.10                   Total investment:

Total fixed investment:
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Table App E-16: Investment structure control area enclosure 

 
 

 
Figure App E-15: Illustration 

maintenance area heightening 

Maintenance area heightening 

Containing three slopes, one situated at the exit gate and 

two on the asphalted lanes of the terminal, heighten the 

maintenance area has an expected benefit of $ 40.2 M. 

 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

$ 55.9M

Investment:

$ 15.7M

Cost-benefit:

$ 40.2M
 

Figure App E-16: Simulation outcomes maintenance area 

heightening 

 
Table App E-17: Intervention impact maintenance area heightening 

Asset 

Partial 

protection 

[%] 

Heighten 

surface 

[m] 

Heighten 

enclosure 

[m] 

Improved 

protection 

[%] 

Downtime 

reduction 

[%] 

Downtime 

reduction 

[months] 

Maintenance 

area 100 

S4a 

        

Generators 36         

Straddle carriers 75         

Reach stackers 75         

Terminal trucks 75         

Pavements 6         

Others 6         

 

Component Amount [-] Price per amount [M$] Total [M$]

Underground equipment [%] 0.69 15.30                                             0.11                     

Component Height [m] Price per m [M$] Total [M$]

Wall [m] 1.60                                               3.70                     

Three regular passages [m] 0.38                                               0.87                     

4.56                     

4.67                     Total investment:

2.31                     

Total variable investment:
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Table App E-18: Investment structure maintenance area heightening 

 
 

 
Figure App E-17: Illustration 

maintenance area enclosure 

Maintenance area enclosure 

With three passages, on similar spots as the slopes as 

described at the previous intervention, enclosing the 

maintenance area has an expected benefit of $ 46.9 M. 

 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

$ 55.2M

Investment:

$ 8.3M

Cost-benefit:

$ 46.9M
 

Figure App E-18: Simulation outcomes control area enclosure 

 
Table App E-19: Intervention impact maintenance area enclosure 

Asset 

Partial 

protection 

[%] 

Heighten 

surface 

[m] 

Heighten 

enclosure 

[m] 

Improved 

protection 

[%] 

Downtime 

reduction 

[%] 

Downtime 

reduction 

[months] 

Maintenance 

area 100 
  

S4b 

      

Generators 36         

Straddle carriers 75         

Reach stackers 75         

Terminal trucks 75         

Pavements 6         

Others 6         

Component Amount [-] Price per amount [M$] Total [M$]

Buildings [%] 50 10.00                                             5.00                     

Underground equipment [%] 5.9 15.30                                             0.90                     

Pavements [%] 5.9 76.50                                             4.50                     

Pavements removal [ha] 6.0 0.38                                               2.25                     

12.65                   

Component Height [m] Price per m [M$] Total [M$]

Foundation [m] 2.00                     1.50                                               3.00                     

15.65                   Total investment:

Total fixed investment:
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Table App E-20: Investment structure maintenance area enclosure 

 
 

 
Figure App E-19: Illustration electric 

mainstation heightening 

Electric mainstation heightening 

Another crucial asset in the process is the electric 

mainstation. With an expected benefit of $ 7.2 M, 

heightening the electric mainstation is profitable. Where 

one small and steeper slope is realized, to fulfill regular 

checks and maintenance. 

 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

$ 13.8M

Investment:

$ 6.5M

Cost-benefit:

$ 7.2M
 

Figure App E-20: Simulation outcomes electric mainstation 

heightening 

 
Table App E-21: Intervention impact electric mainstation heightening 

Asset 

Partial 

protection 

[%] 

Heighten 

surface 

[m] 

Heighten 

enclosure 

[m] 

Improved 

protection 

[%] 

Downtime 

reduction 

[%] 

Downtime 

reduction 

[months] 

Electric 

mainstation 100 
S5a 

  
  

    

Generators 9         

Others 1         

 
Table App E-22: Investment structure electric mainstation heightening 

 

Component Amount [-] Price per amount [M$] Total [M$]

Underground equipment [%] 0.83 15.30                                             0.13                     

Component Height [m] Price per m [M$] Total [M$]

Wall [m] 3.04                                               7.30                     

Three regular passages [m] 0.38                                               0.90                     

8.20                     

8.33                     Total investment:

2.40                     

Total variable investment:

Component Amount [-] Price per amount [M$] Total [M$]

Electric mainstation [%] 100 6.00                                               6.00                     

Underground equipment [%] 1.2 15.30                                             0.18                     

6.18                     

Component Height [m] Price per m [M$] Total [M$]

Foundation [m] 2.03                     0.18                                               0.37                     

6.55                     Total investment:

Total fixed investment:
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Figure App E-21: Illustration electric 

mainstation enclosure 

Electric mainstation enclosure 

The expected benefit contains $ 12.9 M in case the electric 

mainstation is enclosed, where a narrow passage is situated at 

the same location as the slope. 

 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

$ 13.8M

Investment:

$ 0.9M

Cost-benefit:

$ 12.9M
 

Figure App E-22: Simulation outcomes electric mainstation enclosure 

Table App E-23: Intervention impact electric mainstation enclosure 

Asset 

Partial 

protection 

[%] 

Heighten 

surface 

[m] 

Heighten 

enclosure 

[m] 

Improved 

protection 

[%] 

Downtime 

reduction 

[%] 

Downtime 

reduction 

[months] 

Electric 

mainstation 100   
S5b 

  
    

Generators 9         

Others 1         

 
Table App E-24: Investment structure electric mainstation enclosure 

 
 

Component Amount [-] Price per amount [M$] Total [M$]

Underground equipment [%] 1.2 15.30                                             0.18                     

Component Height [m] Price per m [M$] Total [M$]

Wall [m] 0.22                                               0.54                     

One narrow passage [m] 0.08                                               0.18                     

0.72                     

0.90                     Total investment:

2.40                     

Total variable investment:
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Figure App E-23: Illustration container 

cranes depot 

Container cranes depot 

Apart from the straddle carriers, reach stackers and 

terminal trucks, which are protected via interventions S1a 

until S4b, the container cranes form a crucial part of the 

ground transport (Figure 5-5). In case no quay walls are 

heightened, all container cranes will get. This means an 

extensive direct damage, but also an indirect damage, due 

to the capacity of the entire terminal will be lost up until the 

cranes are repaired and fully operative again. Therefore, a 

depot is realized at the corner of the quay walls of terminal 

B and C. The depot is basically a wall, accessible during the 

entire time, so no interruption in the process will occur. 

Only in times of flooding threat, when the terminal will be 

shut down, the crane will drive into the depot, after which 

the passages will be closed. The crane depot intervention 

lead to a loss $ 1.5 M as expected outcome. Therefore the 

protection height in the investment structure is 0, 

increasing this height will result in a bigger loss. 

 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

$ 0.0M

Investment:

$ 1.5M

Cost-benefit:

$ -1.5M
 

Figure App E-24: Simulation outcomes container cranes depot 

  
Table App E-25: Intervention impact container cranes depot 

Asset 

Partial 

protection 

[%] 

Heighten 

surface 

[m] 

Heighten 

enclosure 

[m] 

Improved 

protection 

[%] 

Downtime 

reduction 

[%] 

Downtime 

reduction 

[months] 

Electric 

substations 50   

S6a 

  
    

Container cranes 75         

Pavements 0.1         

Others 0.1         

 
Table App E-26: Investment structure container cranes depot 

 

Component Amount [-] Price per amount [M$] Total [M$]

Electric substation [%] 50 2.50                                               1.25                     

Crane rails [km] 0.10 1.50                                               0.15                     

Underground equipment [%] 0.44 15.30                                             0.07                     

1.47                     

Component Height [m] Price per m [M$] Total [M$]

Wall [m] 0.27                                               -                       

Two wide passages [m] 0.60                                               -                       

Foundation [m] -                       0.06                                               

-                       

1.47                     

Total variable investment:

-                       

Total investment:

Total fixed investment:
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E.3 Disaster management 
Both disaster management interventions (i.e. 

D1a and D1b) lead to improvements in the 

waterway and its water depth, as marked in 

Figure App E-25. 

 

 
Figure App E-25: Illustration waterway interventions 

 

 
Figure App E-26: Illustration dredging 

vessel purchase 

Dredging vessel purchase 

That the municipality is responsible for maintaining the 

waterway and will dredge when necessary (Paragraph 4.2), 

does not mean that buying dredging vessel is not an option. 

By showing the potential benefit for the entire harbor bay, 

in case a dredging vessel is purchased, this might convince 

the municipality to obtain one. This leads to a more 

consistent water depth, illustrated by the darker blue water 

(Figure App E-26). However, in case the municipality 

requests a contribution from the different companies 

located in the harbor bay, 10% of the purchase cost is 

reserved (Table App E-28). Making the expected benefit $ 

1.7 M. 

 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

$ 1.9M

Investment:

$ 0.2M

Cost-benefit:

$ 1.7M
 

Figure App E-27: Simulation outcomes container cranes depot 

 
Table App E-27: Intervention impact container cranes depot 

Asset 

Partial 

protection 

[%] 

Heighten 

surface 

[m] 

Heighten 

enclosure 

[m] 

Improved 

protection 

[%] 

Downtime 

reduction 

[%] 

Downtime 

reduction 

[months] 

Waterway           3.25 

 
Table App E-28: Investment structure dredging vessel purchase 

 
 

Component Amount [-] Price per amount [M$] Total [M$]

Purchase dredging vessel [%] 10 1.50                                               0.15                     
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Figure App E-28: Illustration dredging 

contract 

Dredging contract 

Making an arrangement on the forehand, in case the 

waterway becomes inaccessible through sedimentation 

and dredging is required, results in an expected benefit of 

$ 1.0 M. Though will the downtime be higher than via 

purchasing a dredging vessel, illustrated by the slightly 

darker blue water (Figure App E-28). 

 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

$ 1.0M

Investment:

$ 0.0M

Cost-benefit:

$ 1.0M
 

Figure App E-29: Simulation outcomes dredging contract 

Table App E-29: Intervention impact dredging contract 

Asset 

Partial 

protection 

[%] 

Heighten 

surface 

[m] 

Heighten 

enclosure 

[m] 

Improved 

protection 

[%] 

Downtime 

reduction 

[%] 

Downtime 

reduction 

[months] 

Waterway           1.75 

 
Table App E-30: Investment structure dredging contract 

 
  

Component Amount [-] Price per amount [M$] Total [M$]

Set-up 160 70.00                                             0.01                     

Updates 400 70.00                                             0.03                     

0.04                     Total investment:
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Appendix F Combined interventions 
The process of finding the most cost-beneficial option, when a combination of interventions is 

applied, is described in this Appendix. After each application is considered if the combination has 

the potential to become the most cost-beneficial option or can be a part of this solution. Via this 

method, several interventions are excluded and the most cost-beneficial intervention combined will 

be found. The final outcome (i.e. most cost-beneficial intervention combination) is elaborated in 6.3, 

the way to determine this option is described step by step in this Appendix. 

 

F.1 Sectional terminal replacement 

 
Figure App F-1: Illustration 

interventions S3b & S4b 

Interventions S3b & S4b 

Intervention S2b (enclosing sectional terminal A) results in 

the highest cost-benefit, considering single interventions 

(Paragraph 6.2). However, replacing this intervention by 

multiple similar ones could potentially lead to better results. 

Since intervention S2b is aimed at terminal A, similar 

interventions are studied, as combining interventions S3b & 

S4b. The control area and maintenance area will be 

enclosed by this combination because these had better 

outcomes than heightening. S3b and S4b result in an 

expected benefit throughout the concession period of $ 56.6 

M. 

 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

$ 64.2M

Investment:

$ 7.6M

Cost-benefit:

$ 56.6M
 

Figure App F-2: Simulation outcomes interventions S3b & S4b 

Table App F-1: Intervention impact interventions S3b & S4b 

Asset 

Partial 

protection 

[%] 

Heighten 

surface 

[m] 

Heighten 

enclosure 

[m] 

Improved 

protection 

[%] 

Downtime 

reduction 

[%] 

Downtime 

reduction 

[months] 

Control area 100   

S3b & 

S4b 

      

Maintenance 

area 100         

Generators 55         

Straddle carriers 100         

Reach stackers 100         

Terminal trucks 100         

Pavements 10         

Others 10         
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Table App F-2: Investment structure interventions S3b & S4b 

 

 
Figure App F-3: Figure 7 20: 

Illustration interventions S3b & S4b + 

Interventions S3b & S4b + 

Another intervention alternative that could replace S2b is 

simulated (S3b & S4b +), containing enclosing the control 

and maintenance area, electric substation, and full dry, 

empty, and reefer container stack. Leading to a benefit of $ 

54.9 M. 

 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

$ 84.6M

Investment:

$ 29.6M

Cost-benefit:

$ 54.9M
 

Figure App F-4: Simulation outcomes interventions S3b & S4b + 

Table App F-3: Intervention impact interventions S3b & S4b + 

Asset 

Partial 

protection 

[%] 

Heighten 

surface 

[m] 

Heighten 

enclosure 

[m] 

Improved 

protection 

[%] 

Downtime 

reduction 

[%] 

Downtime 

reduction 

[months] 

Control area 100   

S3b & 

S4b + 

      

Maintenance area 100         

Electric 

substations 50         

Generators 73         

Straddle carriers 100         

Reach stackers 100         

Terminal trucks 100         

Fully dry 

containers 9         

Empty containers 20         

Reefers 44         

Pavements 10         

Others 10         

 

Component Amount [-] Price per amount [M$] Total [M$]

Underground equipment [%] 1.5 15.30                                             0.23                     

Component Height [m] Price per m [M$] Total [M$]

Wall control area [m] 1.44                                               3.33                     

Three regular passages [m] 0.34                                               0.78                     

Wall maintenance area[m] 2.74                                               6.57                     

Three regular passages [m] 0.34                                               0.81                     

7.38                     

7.61                     Total investment:

2.31                     

2.40                     

Total variable investment:
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Table App F-4: Investment structure interventions S3b & S4b + 

 
 

F.2 Add electric mainstation protection 
After other flood intervention combination seemed less beneficial than intervention S2b (Paragraph 

6.2), this intervention will form the basis for finding the most beneficial combination, due to the MLS-

Model appeared that the highest indirect flood damage reduction could be achieved via electric 

mainstation interventions (S5b, S5c, S5d). Therefore, flood intervention S2b is combined with these 

intervention alternatives. Intervention S5a (heightening the electric mainstation) is excluded 

because the benefit of this interventions appeared lower than intervention S5b (enclosing). 

 

 
Figure App F-5: Illustration interventions 

S2b & S5b 

Interventions S2b & S5b 

Firstly, the combination of S2b & S5b (i.e. enclosing of 

sectional terminal A and the electric mainstation) is 

simulated, resulting in an expected cost-benefit throughout 

the concession period of $ 94.1 M. 

 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

$ 125.5M

Investment:

$ 31.4M

Cost-benefit:

$ 94.1M
 

Figure App F-6: Simulation outcomes interventions S2b & S5b 

 

  

Component Amount [-] Price per amount [M$] Total [M$]

Underground equipment [%] 3.8 15.30                                             0.58                     

Component Height [m] Price per m [M$] Total [M$]

Wall [m] 11.51                                             27.63                  

Six regular passages [m] 0.60                                               1.44                     

29.07                  

29.65                   

2.40                     

Total variable investment:

Total investment:
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Table App F-5: Intervention impact interventions S2b & S5b 

Asset 

Partial 

protection 

[%] 

Heighten 

surface 

[m] 

Heighten 

enclosure 

[m] 

Improved 

protection 

[%] 

Downtime 

reduction 

[%] 

Downtime 

reduction 

[months] 

Control area 100   

S2b & 

S5b 

      

Maintenance area 100         

Electric 

mainstation 
100 

        

Electric 

substations 
50   

      

Generators 82         

Straddle carriers 100         

Reach stackers 100         

Terminal trucks 100         

Fully dry 

containers 
23   

      

Empty containers 20         

Reefers 44         

Pavements 32         

Others 33         

 
Table App F-6: Investment structure interventions S2b & S5b 

 
 

Component Amount [-] Price per amount [M$] Total [M$]

Underground equipment [%] 6.4 15.30                                             0.99                     

Component Height [m] Price per m [M$] Total [M$]

Wall terminal A [m] 12.19                                             28.29                  

Seven regular passages [m] 0.70                                               1.62                     

Wall electric mainstation [m] 0.15                                               0.36                     

One narrow passage [m] 0.05                                               0.12                     

30.39                  

31.38                   

2.32                     

2.40                     

Total variable investment:

Total investment:
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Figure App F-7: Illustration interventions 

S2b & S5c 

Interventions S2b & S5c 

Secondly, interventions S2b and S7a (i.e. enclosing 

sectional terminal A and immediate relocate electric 

mainstation) are simulated resulting in a benefit of $ 87.1 M. 

 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

$ 122.2M

Investment:

$ 35.1M

Cost-benefit:

$ 87.1M
 

Figure App F-8: Simulation outcomes interventions S2b & S5c 

Table App F-7: Intervention impact interventions S2b & S5c 

Asset 

Partial 

protection 

[%] 

Heighten 

surface 

[m] 

Heighten 

enclosure 

[m] 

Improved 

protection 

[%] 

Downtime 

reduction 

[%] 

Downtime 

reduction 

[months] 

Control area 100   

S2b & 

S5c 

      

Maintenance area 100         

Electric 

mainstation 
100 

        

Generators 73         

Straddle carriers 100         

Reach stackers 100         

Terminal trucks 100         

Fully dry 

containers 
23   

      

Empty containers 20         

Reefers 44         

Pavements 32         

Others 32         
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Table App F-8: Investment structure interventions S2b & S5c 

 
 

 
Figure App F-9: Illustration interventions 

S2b & S5d 

Interventions S2b & S5d 

Thirdly, interventions S2b & S7b (i.e. enclosing sectional 

terminal A and relocate during replacement electric 

mainstation) lead to a benefit of $ 93.2 M. 

 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

$ 124.5M

Investment:

$ 31.3M

Cost-benefit:

$ 93.2M
 

Figure App F-10: Simulation outcomes interventions S2b & S5d 

 

  

Component Amount [-] Price per amount [M$] Total [M$]

Electric mainstation [%] 50 6.00                                               3.00                     

Electric substation [%] 50 2.50                                               1.25                     

Pavements [%] 0.59 76.50                                             0.45                     

Underground equipment [%] 6.4 15.30                                             0.99                     

5.69                     

Component Height [m] Price per m [M$] Total [M$]

Wall [m] 12.19                                             28.29                  

Seven regular passages [m] 0.50                                               1.16                     

29.45                  

35.13                   

Total fixed investment:

Total variable investment:

Total investment:

2.32                     
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Table App F-9: Intervention impact interventions S2b & S5d 

Asset 

Partial 

protection 

[%] 

Heighten 

surface 

[m] 

Heighten 

enclosure 

[m] 

Improved 

protection 

[%] 

Downtime 

reduction 

[%] 

Downtime 

reduction 

[months] 

Control area 100   

S2b & 

S5d 

      

Maintenance area 100         

Electric 

mainstation 
50 

        

Electric 

substations 
25   

      

Generators 73         

Straddle carriers 100         

Reach stackers 100         

Terminal trucks 100         

Fully dry 

containers 
23   

      

Empty containers 20         

Reefers 44         

Pavements 32         

Others 32         

 
Table 7-1: Investment structure interventions S2b & S5d 

 
 

F.3 Add dredging 
Via the simulation process of the MLS-Model appeared that interventions affecting the waterway had 

the highest potential in reducing the indirect flood damage, which going to be combined with S2b 

& S5b, due to these combination has the highest cost-benefit until now (Appendix F.2). 

 

Component Amount [-] Price per amount [M$] Total [M$]

Pavements [%] 0.59 76.50                                             0.45                     

Underground equipment [%] 6.4 15.30                                             0.99                     

1.44                     

Component Height [m] Price per m [M$] Total [M$]

Wall [m] 12.19                                             28.29                  

Seven regular passages [m] 0.70                                               1.62                     

29.91                   

31.35                   

2.32                     

Total variable investment:

Total fixed investment:

Total investment:
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Figure App F-11: Illustration 

interventions S2b & S5b & D1b 

Interventions S2b & S5b & D1b 

The interventions S2b & S5b & D1b (i.e. enclosing sectional 

terminal A & enclosing electric mainstation & pre-

arrangement dredging) resulted in a benefit of $102.2 M. 

 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

$ 133.6M

Investment:

$ 31.4M

Cost-benefit:

$ 102.2M
 

Figure App F-12: Simulation outcomes interventions S2b & S5b & 

D1b 

 
Table App F-10: Intervention impact interventions S2b & S5b & D1b 

Asset 

Partial 

protection 

[%] 

Heighten 

surface 

[m] 

Heighten 

enclosure 

[m] 

Improved 

protection 

[%] 

Downtime 

reduction 

[%] 

Downtime 

reduction 

[months] 

Control area 100   

S2b & 

S5b 

      

Maintenance area 100         

Electric 

mainstation 
100 

        

Electric 

substations 
50   

      

Generators 82         

Straddle carriers 100         

Reach stackers 100         

Terminal trucks 100         

Fully dry 

containers 
23   

      

Empty containers 20         

Reefers 44         

Pavements 32         

Others 33         

Waterway 100         D1b 
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Table App F-11: Investment structure interventions S2b & S5b & D1b 

 
 

F.4 Add crane protection 
Interventions on the container cranes seemed reducing the indirect flood damages similar to the 

dredging interventions. Therefore, crane protecting interventions are added to S2b & S5b. 

 

 
Figure App F-13: Illustration 

interventions S2b & S5b & S6a 

Interventions S2b & S5b & S6a 

Firstly, interventions S2b & S5b & S6 (i.e. enclosing 

sectional Terminal A & enclosing electric mainstation & 

depot container cranes) result in a benefit of $ 98.5 M. 

 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

$ 130.0M

Investment:

$ 31.5M

Cost-benefit:

$ 98.5M
 

Figure App F-14: Simulation outcomes interventions S2b & S5b & S6a 

 

 

  

Component Amount [-] Price per amount [M$] Total [M$]

Underground equipment [%] 6.4 15.30                                             0.99                     

Set-up 160 70.00                                             0.01                     

Updates 400 70.00                                             0.03                     

1.02                     

Component Height [m] Price per m [M$] Total [M$]

Wall terminal A [m] 12.19                                             28.29                  

Seven regular passages [m] 0.70                                               1.62                     

Wall electric mainstation [m] 0.15                                               0.36                     

One narrow passage [m] 0.05                                               0.12                     

30.39                  

31.42                   

2.32                     

2.40                     

Total fixed investment:

Total variable investment:

Total investment:
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Table App F-12: Intervention impact interventions S2b & S5b & S6a 

Asset 

Partial 

protection 

[%] 

Heighten 

surface 

[m] 

Heighten 

enclosure 

[m] 

Improved 

protection 

[%] 

Downtime 

reduction 

[%] 

Downtime 

reduction 

[months] 

Control area 100   

S2b & 

S5b & 

S6 

      

Maintenance area 100         

Electric 

mainstation 
100 

        

Electric 

substations 
100   

      

Generators 82         

Container cranes 75         

Straddle carriers 100         

Reach stackers 100         

Terminal trucks 100         

Fully dry 

containers 
23   

      

Empty containers 20         

Reefers 44         

Pavements 32         

Others 33         

 

 
Table App F-13: Investment structure interventions S2b & S5b & S6a 

 

Component Amount [-] Price per amount [M$] Total [M$]

Electric substation [%] 50 2.50                                               1.25                    

Crane rails [km] 0.10 1.50                                               0.15                    

Underground equipment [%] 5.3 15.30                                             0.81                    

2.21                     

Component Height [m] Price per m [M$] Total [M$]

Wall terminal A [m] 10.82                                             25.10                  

Seven regular passages [m] 0.70                                               1.62                    

Wall electric mainstation [m] 0.15                                               0.36                    

One narrow passage [m] 0.05                                               0.12                    

Wall container depot [m] 0.46                                               1.06                    

Two wide passages [m] 0.40                                               0.93                    

Foundation [m] 1.90                    0.04                                               0.08                    

29.27                  

31.47                  Total investment:

Total variable investment:

Total fixed investment:

2.32                    

2.40                    

2.32                    
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Figure App F-15: Illustration 

interventions S2b & S5b & S6b 

Interventions S2b & S5b & S6b 

Secondly, interventions S2b & S5b & S8 (i.e.enclosing 

sectional terminal A & enclosing electric mainstation & 

moveable to terminal A container cranes) scored beneficial 

with $ 95.1 M. 

 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

$ 126.9M

Investment:

$ 31.8M

Cost-benefit:

$ 95.1M
 

Figure App F-16: Simulation outcomes interventions S2b & S5b & S6b 

 
Table App F-14: Intervention impact interventions S2b & S5b & S6b 

Asset 

Partial 

protection 

[%] 

Heighten 

surface 

[m] 

Heighten 

enclosure 

[m] 

Improved 

protection 

[%] 

Downtime 

reduction 

[%] 

Downtime 

reduction 

[months] 

Control area 100   

S2b & 

S5b & 

S6b 

      

Maintenance area 100         

Electric 

mainstation 
100 

        

Electric 

substations 
50   

      

Generators 82         

Container cranes 25       

Straddle carriers 100         

Reach stackers 100         

Terminal trucks 100         

Fully dry 

containers 
23   

      

Empty containers 20         

Reefers 44         

Pavements 32         

Others 33         
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Table App F-15: Investment structure interventions S2b & S5b & S6b 

 
 

F.5 Add dredging and crane protection 

 
Figure App F-17: Illustration 

interventions S2b & S5b & S6a & D1a 

By knowing the impact of dreding and crane protection 

interventions when combined with the interventions S2b & 

S5b, all most beneficial interventions combinations could 

be put together. 

 
Interventions S2b & S5b & S6a & D1a 

The interventions S2b & S5b & S6 & D1a (i.e. enclosing 

sectional Terminal A & enclosing electric mainstation & 

vessel purchase dredging & moveable to terminal A 

container cranes) are simulated and lead to an expected 

cost-benefit throughout the concession period of $ 107.4 M. 

 

P2b P3P1a P1b P2a

S1a S1b S2a S3aS2b S3b S4a S4b

S5a S5b S5c S5d S6a S6b

D4bD1a D1b D2a D2b D3a D3b D4a

Damage reduction:

$ 142.5M

Investment:

$ 35.0M

Cost-benefit:

$ 107.4M
 

Figure App F-18: Simulation outcomes interventions S2b & S5b & S6a 

& D1a 

 

  

Component Amount [-] Price per amount [M$] Total [M$]

Crane rails [km] 0.10 1.50                                               0.15                     

Underground equipment [%] 5.3 15.30                                            0.81                     

0.96                     

Component Height [m] Price per m [M$] Total [M$]

Wall terminal A [m] 12.19                                            28.29                  

Six regular passages [m] 0.70                                               1.62                     

One wide passages [m] 0.20                                               0.46                     

Wall container depot [m] 0.15                                               0.36                     

One narrow passage [m] 0.05                                               0.12                     

30.86                  

31.81                   

2.32                    

2.40                    

Total variable investment:

Total investment:

Total fixed investment:
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178 

IMPACT ASSESSMENT MODEL FOR MULTI-LAYER SAFETY 

Table App F-16: Intervention impact interventions S2b & S5b & S6a & D1a 

Asset 

Partial 

protection 

[%] 

Heighten 

surface 

[m] 

Heighten 

enclosure 

[m] 

Improved 

protection 

[%] 

Downtime 

reduction 

[%] 

Downtime 

reduction 

[months] 

Control area 100   

S2b & 

S5b & 

S6a 

      

Maintenance area 100         

Electric 

mainstation 
100 

        

Electric 

substations 
100   

      

Generators 82         

Container cranes 75         

Straddle carriers 100         

Reach stackers 100         

Terminal trucks 100         

Fully dry 

containers 
23   

      

Empty containers 20         

Reefers 44         

Pavements 32         

Others 33         

Waterway 100       D1a 

 
Table App F-17: Investment structure interventions S2b & S5b & S6a & D1a 

 
 

 

Component Amount [-] Price per amount [M$] Total [M$]

Electric substation [%] 50 2.50                                               1.25                     

Crane rails [km] 0.10 1.50                                               0.15                     

Underground equipment [%] 6.8 15.30                                             1.04                     

Purchase dredging vessel 10 1.50                                               0.15                     

2.59                     

Component Height [m] Price per m [M$] Total [M$]

Wall terminal A [m] 12.19                                             28.29                  

Seven regular passages [m] 0.70                                               1.62                     

Wall electric mainstation [m] 0.15                                               0.36                     

One narrow passage [m] 0.05                                               0.12                     

Wall container depot [m] 0.46                                               1.06                     

Two wide passages [m] 0.40                                               0.93                     

Foundation [m] 1.90                     0.04                                               0.08                     

32.46                  

35.05                   

Total fixed investment:

Total variable investment:

Total investment:

2.32                     

2.40                     

2.32                     
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