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Summary

This research focuses on the question: ”How long would it take to evacuate the population of Maastricht
during a large scale flood, and is this feasible within the available time window, based on road capacity
and assisted transport demand?” The study approaches this from a traffic engineering perspective,
using a scenario based model to estimate clearance times for all districts under both best-case and
worst-case assumptions.

The analysis distinguishes between two main groups: self-evacuating residents (using private vehicles)
and those requiring assisted evacuation (via trains, buses or ambulances). Input variables include car
ownership per district, population size and density, road layout and capacity and the spatial distribution
of critical facilities such as hospitals and prisons.

The simulation results show large differences in clearance times across the city. In the best-case
scenario, with high car sharing rates and efficient resource use, most districts can evacuate within
three hours. In the worst-case scenario, where assisted transport demand is high and no operational
optimisations are in place, several areas exceed nine hours, and some reach up to eleven. Especially
in districts Centrum and Zuidoost, clearance times are long due to a combination of low car access,
vulnerable populations and limited road options.

The results were evaluated using the evacuation timeline model from Opper (2004), which splits the
available time into four phases: response (6 hours), warning and preparation (3 hours), evacuation
movement (En) and a safety margin (1–2 hours). This is then compared to the available evacuation
time Ea, which is the time available between warning and flooding of the streets. In this study, Ea
was estimated at 12 hours, leaving about 8 hours for people to evacuate. Several districts exceed this
limit in both scenarios, indicating that full evacuation may not be feasible everywhere under current
conditions.

Additional analysis using volume-to-capacity (v/c) ratios revealed key traffic bottlenecks, especially on
the A2 southbound corridor and at bridges connecting the east and west banks of the city. These
bottlenecks further reduce effective clearance time for some districts. The study also showed that
demand for assisted transport is concentrated in a few high-risk zones, putting additional strain on
limited resources.

These findings were used to develop practical recommendations. Key strategies include early coor-
dination with public transport operators, pre-allocation of vehicles to vulnerable districts, the use of
contra-flow or phased departure strategies to reduce peak congestion and the promotion of neighbour-
hood level car sharing. The study also highlights the need to test current plans through realistic drills
and simulations, especially given the narrow time window and high dependency on coordination across
multiple actors.

In conclusion, while a full preventive evacuation of Maastricht is theoretically possible under ideal cir-
cumstances, it is highly sensitive to delay, uncertainty and unequal resource distribution. The results
shift the focus from purely technical modelling to practical feasibility and operational planning. With
better coordination, clear prioritisation and targeted improvements, the city can increase its evacuation
readiness, but under current assumptions, several neighbourhoods remain at risk of not evacuating in
time.
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1
Introduction

In December 1993, the Meuse River overflowed near Maastricht, especially in the neighbourhoods of
Itteren and Borgharen. On December 20th, the river reached a record height of around 45.9 meters
above NAP. As a result, about 12,000 people were evacuated and nearly 6,900 homes were affected.
The flooding came quickly, leaving little time to prepare or respond [25, 10].

A more recent example occurred in 2021, after heavy rainfall in Germany, where more than 55 people
had already died. On July 15th, at around 18:00, the municipality of Maastricht issued an urgent evacu-
ation advisory to approximately 10,000 residents. Later that evening, municipal vehicles drove through
neighbourhoods using loudspeakers to repeat the evacuation message. The flood was expected to
reach the city between 02:00 and 03:00 in the morning, giving residents less than 24 hours to leave
their homes [34].

The Meuse River flows directly through Maastricht. In recent years, climate change and increasing
rainfall have made the river more likely to flood. In the past, only specific parts of the city had to
evacuate, often with very short notice. But what if a much larger flood occurs in the future, affecting the
entire city? How much time would be needed to evacuate everyone in time? And is it even feasible?

1.1. Problem statement
According to climate projections by the Royal Netherlands Meteorological Institute and Wageningen
University, peak discharges of the Meuse River may increase by up to 20% by 2025 and 40% by 2100,
significantly raising flood risk in Maastricht [38]. While smaller scale evacuations have occurred before,
it remains unclear whether a full evacuation of the city is feasible, especially under time pressure, with
limited infrastructure and many residents needing assistance. Without clear estimates, emergency
services lack the information needed to prepare for a worst-case scenario.

1.2. Research objective and questions
The goal of this research is to give a first, structured estimate of how long it would take to evacuate
all residents of Maastricht in case of a major flood. This is done from a traffic engineering perspective,
focusing on road capacity, population distribution and the availability of assisted transport. The estimate
is based on simplified traffic models and public data, using logical assumptions to keep the analysis
realistic but doable. Rather than aiming for full simulation, this study provides insight into where the
pressure points are, which areas are most vulnerable and what that means for emergency planning.

The main research question is:
”How long would it take to evacuate the population of Maastricht during a large scale flood, and is this
feasible within the available time window, based on road capacity and assisted transport demand?”

To answer this question step by step, the following subquestions are used:

1. What is the structure and capacity of the road network in and around Maastricht?

1



1.3. Research strategy and orientation 2

2. What is the distribution of the population across Maastricht, and what proportion requires assisted
evacuation?

3. How many transport resources are available for assisted evacuation, and what is their capacity?
4. What are the expected evacuation times per neighbourhood for both self evacuating and assisted

groups, based on transport capacity?
5. Where are the main traffic bottlenecks and risk zones during evacuation, and how do they impact

overall evacuation performance?
6. Based on the analysis, what practical and location specific recommendations can be made to

the municipality to reduce evacuation time and improve safety, especially in districts with high
vulnerability or capacity gaps?

1.3. Research strategy and orientation
This research used a practical and clear step-by-step approach to estimate how long it would take to
evacuate Maastricht during a large flood. The subquestions were divided into three logical steps:

1. Understanding the current situation (road network, population and available transport);
2. Analysing the evacuation itself (evacuation time and bottlenecks);
3. Reflecting on possible improvements based on the results.

To carry out the analysis, several tools and data sources were used. Road and elevation data from
OpenStreetMap and the Nationaal Wegenbestand (NWB) were processed in QGIS to map road types,
locations and flood risk. Demographic information and car ownership data were taken from CBS Stat-
Line and the neighbourhood level datasets from the Wijk- en Buurtkaart. These were used to estimate
how many people could evacuate on their own and how many would need help. Traffic flow and trans-
port capacity were calculated in Excel, using simplified models. For assisted evacuation, public infor-
mation about buses, trains, ambulances and special locations like hospitals and prisons was used to
estimate transport capacity under different scenarios.

The analysis followed two main frameworks: the three-layer model, which looks at who moves, over
what infrastructure and how traffic behaves, and the evacuation timeline by Opper (2004), which breaks
the process into time phases like warning, response and movement. [35]

The research focused on reliable public data and clear assumptions. Only the parts of Maastricht
that are at risk of flooding were included, see Appendix A for an overview of the neighbourhoods and
districts of Maastricht. The methods and choices made during this research were regularly discussed
with external expert Dr. Adam Pel. He is an assistant professor in transport modelling at TU Delft and
also works as a traffic analyst at Fileradar. With a PhD in evacuation modelling and experience in traffic
simulation, network resilience and data driven analysis [37], his feedback helped to keep the research
realistic, relevant to the context, and in line with current practices in traffic engineering.

1.4. Analytical framework
The three-layer model splits the evacuation problem into three components:

1. Travel demand – who needs to move and from where;
2. Transport infrastructure and services – what transport systems are available;
3. Traffic flow – how movement takes place during evacuation.

This structure is commonly used in evacuation planning and was selected based on expert advice from
Dr. Adam Pel and supported by literature on traffic based evacuation modelling [36]. In this research,
the model helps answer subquestions 1 to 5: road structure (1), population spread (2), transport avail-
ability (3), estimated evacuation times (4) and traffic flow risks (5).

In addition, the evacuation timeline model by Opper (2004) is used to divide the process into five time
phases: prediction, response, warning, movement and safety buffer [35]. This is mainly applied in
subquestion 4 to check whether full evacuation can be completed within the available warning time.
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Together, these two frameworks allow both a spatial and temporal analysis of the evacuation process.
A more detailed explanation of how they are applied is provided in Chapter 3.

1.5. Scientific and societal relevance
This research is relevant for both scientific and practical reasons. From a scientific perspective, it
contributes to the field of traffic engineering and evacuation modelling by applying a structured frame-
work to a real urban area with limited evacuation time. It shows how simplified models can be used to
estimate evacuation feasibility in a data driven but accessible way.

From a societal perspective, the study supports flood preparedness in Maastricht, where recent events
have shown the urgency of large scale evacuation planning. The results are especially relevant for
local authorities, emergency services and public transport providers, who need insight into where the
biggest risks are and how much time is realistically needed to evacuate the city safely.

1.6. Stakeholder context
Evacuating a city is not only a technical challenge, but also a coordination problem. Although stake-
holders are not modelled in detail, their roles are crucial for understanding where capacity or timing
issues may arise, especially in relation to assisted transport, road use and communication. In the con-
text of this study, their influence is particularly relevant to be able to give fitting recommendations per
stakeholder. In Figure 1.1 an overview of the power and interest per stakeholder is given.

Figure 1.1: Power/interest matrix stakeholders

The most relevant actors are:

1. Municipality of Maastricht [15]
Issues evacuation orders, manages local roads and communicates with the public. Their re-
sponse speed directly impacts the response time (R) in the Opper timeline. If decisions are
delayed or infrastructure is not prepared (like no contra-flow), districts may miss the window for
movement.

2. Veiligheidsregio Zuid-Limburg (VRZL) [42]
Coordinates regional emergency services (police, ambulance, fire brigade). Plays a central role
in mobilising resources during the first hours of the timeline. Delays in coordination or lack of
integration with municipal plans can reduce the effectiveness of both warning (W) and evacuation
(En) phases.

3. Public Transport Operators (Arriva, NS)
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Provide buses and trains used in assisted evacuation. Their availability and response time de-
termine whether assisted evacuees can be moved within the narrow time window. Without pre-
arranged agreements, capacity may fall short or arrive too late to meet demand.

4. Healthcare and Care Institutions
Responsible for evacuating patients or residents with mobility or medical needs. Their ability to
prepare and link with ambulance services affects assisted evacuation pressure in critical districts
like Zuidoost. Unprepared facilities can cause severe local delays.

5. Residents
Their behaviour shapes the effectiveness of self-evacuation. If large numbers of residents leave
too late or do not cooperate, congestion increases and the risk of exceeding the available move-
ment time grows.

1.7. Structure of the report
This report is structured as follows:

• Chapter 1 - Introduction
This chapter introduces the research topic, explains the relevance of flood evacuation planning
in Maastricht and presents the research question, subquestions and analytical framework.

• Chapter 2 - Theoretical Framework
This chapter provides the background information on the road network in Maastricht, the popu-
lation distribution, car ownership and assisted evacuation needs, based on literature and data
sources.

• Chapter 3 - Methodology
This chapter describes the design of the research, analytical methods (the three layer model and
the Opper timeline), stakeholders, data sources and limitations.

• Chapter 4 - Model Inputs and Intermediate Results
This chapter summarises the key datasets used in the analysis and presents the assumptions
made regarding population, traffic flow, vehicle availability, departure timing and assisted transport
options. These form the input for answering subquestions 2, 3 and 4.

• Chapter 5 - Results
This chapter presents the estimation time estimates per area of Maastricht, identifies bottlenecks
and includes both spatial and time based analyses using maps and simplified models.

• Chapter 6 - Discussion
This chapter interprets the results in relation to the research question, it discusses the limitations
and uncertainties and reflects on the existing flood preparedness.

• Chapter 7 - Conclusion and Recommendations
This chapter summarizes the main findings, answers the research question and proposes recom-
mendations to reduce evacuation time and improve safety for vulnerable districts.



2
Theoretical framework

This chapter provides background information that helps to understand the key factors that influence
flood evacuations. The theories and concepts discussed here are important to explain why evacuating
a city like Maastricht is challenging. The topics relate to several subquestions of this research: for
example, understanding flood risk and population spread helps with subquestion 2, while road capacity
and traffic behaviour are important for subquestions 1 and 5. The role of public transport is linked to
subquestions 3 and 6. By exploring these topics first, the next chapters can build on this knowledge
and use it to make realistic assumptions in the analysis.

2.1. Flood risk and vulnerability in Maastricht
Maastricht is located in the south of the Netherlands, along the river Meuse. Because of its location
and the way the city is built, Maastricht faces a high risk of flooding. The city lies in a narrow river
valley surrounded by hills, which limits how floodwater can spread out. This increases the impact of
extreme river discharge. In the past, the Meuse has caused several major floods, leading to large scale
evacuations and major damage to infrastructure [39]. More recently, the 2021 floods affected parts of
Limburg and once again showed the need for strong and reliable flood planning [13].

Because of climate change, these types of flood events are expected to happen more often and be-
come more severe. According to the Dutch Meteorological Institute (KNMI), the Netherlands will likely
experience more extreme rainfall and higher river discharges in the coming decades, possibly going
beyond what current flood defences can handle [20]. While the Meuse is not a tidal river and is there-
fore less influenced by sea level rise, it is very sensitive to heavy rainfall in upstream areas in Belgium
and France. This makes Maastricht especially at risk for flooding during the winter months.

The layout of the city also makes evacuation more difficult. The historic centre has many densely
built neighbourhoods with narrow streets and few open spaces. This can block both spontaneous and
organised evacuations [8]. In addition, Maastricht has a relatively high number of elderly residents [15].
These residents are more likely to need help evacuating because of limited mobility or because they
do not own a car [23].

Important infrastructure such as hospitals, bridges and main roads are often located in low areas. This
makes them vulnerable during a flood and increases the chance of delays in emergency response and
higher risks for people who need help [11]. That is why both the physical flood risk and the location
of vulnerable residents need to be taken into account when preparing for a large scale evacuation in
Maastricht.

2.2. Principles of evacuation planning
Good evacuation planning is important to reduce the number of casualties and the disruption caused
by flood emergencies or other dangerous situations. This is especially relevant in low lying delta areas
like the Netherlands, where there is limited infrastructure and where a threat can develop quickly. In
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those cases, fast and well prepared evacuation strategies are needed. The main goal of an evacuation
is to move people out of the danger zone, or, if that is not possible, to bring them to a safer location
nearby [21].

Evacuation plans often include three basic strategies:

• Preventive evacuation: people leave the area before the danger arrives;
• Vertical evacuation: people move to higher floors within the danger zone;
• Shelter-in-place: people stay indoors at a safe and elevated location [22].

Each of these strategies needs different types of preparation and infrastructure. The choice depends
on how much time there is before the flood and how fast decisions can be made and put into action [6].

One of the biggest challenges is the mismatch between the time that is available, from the moment a
warning is given until the flood arrives, and the time that is needed to evacuate safely. If there is not
enough time, a full preventive evacuation may no longer be possible [35, 6]. In those cases, a com-
bination of strategies is often needed, especially in areas with limited road capacity or with vulnerable
residents, such as elderly people or those living in dense urban neighbourhoods [21, 27].

Several researchers recommend using evacuation timelines to plan the process. These timelines help
show the different phases, such as prediction, warning and traffic movement, and how they depend on
each other. They can also be used to test how well an evacuation might work under time pressure, and
where the main bottlenecks in the system are [35].

There are two key concepts that are important to understand when planning evacuations:

• Lead time is the time between the moment an evacuation is ordered and when the flood reaches
the area. If this time is short, it becomes harder to move everyone, especially those who need
help.

• Bottlenecks are places in the road network where traffic exceeds the road’s capacity. These
are often narrow bridges or busy intersections. Such bottlenecks can have a big impact on how
successful an evacuation will be [36].

Lastly, any evacuation plan must take into account both people who can leave with their own car (self-
evacuating), and people who cannot leave on their own and need help, such as the elderly or disabled.
Research shows that usually 10–15% of the population needs some form of assisted transport, such
as buses or ambulances [23, 27].

2.3. Macroscopic traffic flow and road capacity

Figure 2.1: Flow-density diagram [40].

In evacuation planning, it is important
to know whether the road network can
handle the number of people who need
to leave in a short amount of time.
This section explains how traffic flow
theory can be used to estimate road
capacity during emergency situations,
such as flooding. It also discusses typ-
ical capacity assumptions and the ef-
fect of bottlenecks on evacuation per-
formance.

At a macroscopic level, traffic flow is of-
ten described using the formula Q =
k × v, where Q is the traffic flow (ve-
hicles per hour), k is the density (vehi-
cles per kilometre), and v is the speed
(kilometres per hour). This relationship helps estimate how many vehicles can pass through a road
section during evacuation [31].
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However, in emergency situations, traffic does not behave as usual. For flood evacuations, it is common
to use a reduced road capacity of 600 vehicles per hour per lane. This lower number takes into account
poor weather, driver stress, and unfamiliarity with routes [35]. This goes for last minute evacuation, in
this research people evacuate before the disaster hits.

This lower value is also used in Dutch evacuation studies. Even under ideal conditions, a full preventive
evacuation of provinces such as South Holland cannot be done within 24 hours because of limited
infrastructure. For instance, theMADAM simulationmodel shows that evacuating 80% of the population
in North and South Holland takes more than 72 hours, even with advanced traffic management [22].

Road capacity depends not only on the roads themselves, but also on how traffic is managed and how
people behave. Bottlenecks can appear both inside and outside the evacuation area, for example at
intersections, merge points, or rural-to-urban transitions. These bottlenecks can lower the actual flow
far below the calculated maximum [22].

One way to increase road capacity is to use contra flow: temporarily using inbound lanes for outbound
evacuation. This can double capacity in theory, but it is difficult to organise and only useful for short
distances [35].

To get a better understanding of evacuation times, macroscopic traffic simulation models are often used.
These models simulate how traffic flows through a full road network and can adjust variables like speed,
density and capacity depending on the situation. For example, during wildfires, roads that are blocked
by smoke or fire are downgraded in real time. A similar approach applies to flood evacuations, where
panic, poor visibility and partial flooding can all reduce traffic flow [17].

In summary, although macroscopic traffic models are simplified, they offer a useful framework to anal-
yse evacuations. They show how physical road limits, environmental conditions and human behaviour
all influence how quickly people can be evacuated. That is why realistic flow estimates, bottleneck
analysis and alternative strategies are essential when full evacuation may not be possible.

2.4. Role of public transport in emergency evacuations
Public transport is crucial for evacuating vulnerable groups such as the elderly, people with disabilities,
and residents without access to private vehicles [22]. Buses, ambulances, and trains help support
these groups during emergencies.

However, capacity is limited. Due to congestion, delays, and boarding times, most vehicles can only
make one or two trips during the warning phase [35]. Exercises like Waterproef have shown that public
transport alone is insufficient; it can only complement private transport, not replace it [22].

Additional challenges include staff shortages, complex coordination, and incomplete registries of people
needing assistance [23]. Some regions respond by using local shelters or vertical evacuation to shorten
travel distances [22].

In conclusion, while public transport is essential for assisted evacuation, it must be combined with other
strategies to ensure everyone can evacuate in time.

2.5. Summary
This chapter gave an overview of the most important concepts related to flood evacuation. It showed
that Maastricht is vulnerable to flooding because of its location, road network and population structure.
The literature explains that evacuation is strongly influenced by time pressure, road capacity and the
number of people who need help leaving the area. Traffic flowmodels and evacuation timelines can help
estimate how long an evacuation might take and where the main bottlenecks will occur. However, the
theory also shows that public transport has limited capacity and must be combined with other strategies.
The next chapter builds on these theoretical insights to explain how the evacuation model was designed.
It shows how the concepts from this chapter are translated into practical assumptions, data inputs and
simplified calculations to estimate evacuation times for different parts of Maastricht.



3
Methodology

In this chapter, the methodology is presented that was used to answer the central research question:
”How long would it take to evacuate the population of Maastricht during a large scale flood, and is this
feasible within the available time window, based on road capacity and assisted transport demand?”

To answer this question in a clear and structured way, the research is divided into six subquestions.
Each subquestion focuses on a different part of the overall problem: understanding the existing road
network, estimating how many people need to evacuate, identifying who needs transport support, cal-
culating how long the evacuation would take, identifying possible bottlenecks and finally proposing
improvements. Together, these subquestions build up the evacuation analysis step by step.

This chapter begins with an explanation of the overall research design. Then, the two analytical frame-
works are introduced, followed by the assumptions made in the model. After that, each subquestion is
discussed in more detail, along with the methods and data used to answer them. Finally, the chapter
closes with an overview of data collection and the limitations of the research.

3.1. Research design
This thesis applies a quantitative, scenario based approach to estimate how long it would take to evacu-
ate the entire population of Maastricht during a major flood. From a traffic engineering perspective, the
study uses simplified models and public data on road capacity, population and transport availability.

The analysis assumes a scenario in which the full city must be evacuated before road access is lost,
based on a fixed cut-off moment from the evacuation timeline framework. The scope is limited to
Maastricht itself, so cross-border effects and detailed behavioural responses are excluded.

To reflect behavioural uncertainty, two simplified scenarios are included: one where residents without
a car can share transport (best-case), and one where all require assistance (worst-case). The city is
analysed at neighbourhood level to assess local feasibility within the available time window.

3.2. Analytical framework
To structure the evacuation analysis, this study combines a spatial and a temporal framework. Together,
they link population, infrastructure, traffic flow and time constraints into one integrated approach.

3.2.1. Three layer spatial model
The first framework is a simplified three-layer spatial model, based on evacuation and transport planning
principles [36]. It divides the evacuation problem into three components:

1. Travel demand
This layer analyses how many people need to evacuate and from where. It includes population
data, car ownership, and the share of residents needing assistance because they cannot evacu-
ate independently.

8
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2. Transport infrastructure and services
This layer examines the available road network and public transport options. Road type and
number of lanes are estimated. The evacuation routes are estimated using Google Maps, by
determining the largest streets per neighbourhood.

3. Traffic Flow
This layer focuses on how people move during evacuation. A simplified macroscopic formula is
applied: Q = k × v, where Q is traffic flow (vehicles/hour), k is density (vehicles/km), and v is
speed (km/hour) [9, 31]. In this study, this relation is used to estimate how many vehicles can
pass a road section per hour, based on assumed speeds and densities.

Each subquestion in the research relates to one or more of these layers:

• Layer 1 (Travel demand): subquestions 2, 3 and 4;
• Layer 2 (Transport infrastructure and services): subquestions 1, 3 and 5;
• Layer 3 (Traffic Flow): subquestions 4 and 5.

3.2.2. Evacuation timeline (Opper, 2004)
The second framework is a timeline based model developed by Opper (2004) [35]. It breaks the evac-
uation process into several time dependent phases:

1. Prediction (P) — when a reliable flood forecast becomes available;
2. Response (R) — when authorities begin decision making and mobilisation;
3. Warning (W) — when the population is alerted and prepares to leave;
4. Evacuation (En) — the time needed to move everyone out;
5. Safety margin (S) — a buffer to account for delays and disruptions.

In this study, the durations for response and warning are based on literature: 6 hours for response and
3 hours for warning and behavioural preparation. The different phases can flow into each other, they
don’t necessary happen in an order without overlap, especially looking at the Warning and Evacuation
phases, people can already evacuate during the Warning phase. [35]. The evacuation time (En) is not
fixed but calculated per neighbourhood based on population and road capacity.

These components together form the total required time for a successful evacuation. This is compared
to the available time (Ea), defined as the window between the moment a reliable flood warning can be
issued and the moment evacuation becomes impossible, for example, when access roads are flooded.
Ideally, this value is based on detailed hydraulic modelling. However, in this study Ea is estimated from
historical flood events. If the total required time exceeds Ea, evacuation is considered infeasible for
that area under the given scenario.

3.2.3. Combined application in this research
By combining the spatial and temporal frameworks, this study analyses both how much needs to be
moved and how much time is available to do so.

Table 3.1: Combined analytical framework: three-layer model and Opper timeline

Framework Component Description Related SQ(s) Chapter(s)
Three-Layer Spatial Model

Travel Demand Who evacuates, from where SQ2, SQ3, SQ4 Ch. 4.4, 4.5
Infrastructure Road network and transport systems SQ1, SQ3, SQ5 Ch. 4.3, 5.2
Traffic Flow How movement occurs on the network SQ4, SQ5 Ch. 5.1, 5.2

Opper Timeline Model
Response (R) Decision-making and mobilisation – Ch. 4.6.2
Warning (W) Alerting population and preparation – Ch. 4.6.2
Movement (En) Actual evacuation movement SQ4 Ch. 5.1, 5.3
Safety Margin (S) Buffer for disruptions and delays SQ5, SQ6 Ch. 5.3, 6, 7
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The three-layer model provides a neighbourhood level view of population, infrastructure and capacity.
The evacuation timeline then helps assess whether the calculated evacuation durations fit within the
available window before flooding.

Table 3.1 presents the combined analytical framework used in this study. It shows how both the spatial
layers and the time phases are connected to specific subquestions and chapters in the report.

Figure 3.1: Combined use of timeline and three-layer model [35, 36]

3.3. Modelling assumptions
Because of the limited scope and time frame of this research, several simplifying assumptions were
made. These assumptions reduce the complexity of the model, but they are still based on logic, lit-
erature and expert input. Below, each assumption is explained, along with its consequences for the
analysis and modelling approach.

• Full compliance: all residents follow evacuation orders.
• Two behavioural scenarios: best-case (car sharing) and worst-case (full assisted transport de-
mand).

• Fixed transport capacity: no dynamic scheduling or failures.
• Evacuation ends at city boundary; external network not modelled.
• Infrastructure remains functional until the cut-off moment.
• Only flood-prone neighbourhoods are included.
• Static macroscopic modelling: no dynamic traffic behaviour or route choice is simulated.
• Full compliance: all residents evacuate as instructed, without delay or refusal.
• Behavioural scenarios: best-case (car sharing) and worst-case (full assisted transport demand).
• Fixed vehicle supply: no operational disruptions in bus, train, or ambulance availability.
• No flood progression: roads are assumed usable until a fixed cut-off point.
• No external network effects: evacuation ends at the city boundary.
• Use of public datasets with estimations where data is missing.
• Only flood-prone neighbourhoods included; higher elevation areas are excluded.
• Evacuation routes selected manually based on major roads.
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• Uniform departure window per neighbourhood; no staggered scheduling is applied.

These assumptions simplify the model but still allow a meaningful estimate of evacuation feasibility.
The effects of these simplifications on the results are discussed in Chapter 6.

3.4. Methodological approach per subquestion
This section describes the specific method used to answer each subquestion.

Subquestion 1
”What is the structure and capacity of the road network in and around Maastricht?”

To answer this question, open source road data from OpenStreetMap will be imported into QGIS. The
roads in Maastricht will be classified by type (residential, arterial, highway), number of lanes and their
connection to key exit routes for certain neighbourhoods. This classification is then exported to Excel
to calculate an estimated road capacity.

The capacity per road is calculated using:

Qsegment = k × v (3.1)

Qtotal = Qsegment × n (3.2)

Where Qsegement is in veh/h/lane and n is the number of lanes. This gives an estimated flow per exit
route, which is used as input for calculating clearance times in subquestion 4. This analysis relates to
Layer 2 and Layer 3 of the three layer model.

Subquestion 2
”What is the distribution of the population across Maastricht, and what proportion requires assisted
evacuation?”

First, the district boundaries are defined using QGIS data and verified with municipal maps. Then, CBS
neighbourhood data is used to estimate the number of residents per neighbourhood, combined with
data on car ownership and average household size.

To estimate how many residents are likely to self-evacuate, it is assumed that one vehicle serves one
household, and that each vehicle carries the average number of household members in that neighbour-
hood. This assumption reflects household-based evacuation behaviour observed in flood scenarios
[22].

The following formula is used to calculate the share of residents able to evacuate independently:

Pself = min

(
1,

H ×Nvehicles

Ptotal

)
(3.3)

Passisted = 1− Pself (3.4)

• Pself: proportion of the population that is able to evacuate using private vehicles;
• H: average household size in the neighbourhood;
• Nvehicles: number of registered vehicles;
• Ptotal: total number of residents in the neighbourhood.

It is important to note that not all residents aged 65 and older are automatically classified as assisted
evacuees. While age is a known risk factor for limited mobility, the model assumes that elderly people
living in multi person households or those with access to a private vehicle can self evacuate. Only res-
idents without a vehicle (under the best- and worst-case assumptions) and without household support
are included in the assisted evacuation group. Public sources are also used to locate specific facilities
such as hospitals and prisons. These are added as fixed points of assisted evacuation demand.
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This analysis corresponds to Layer 1 of the three layer model and directly supports subquestions 3 and
4.

Subquestion 3
”How many transport resources are available for assisted evacuation, and what is their capacity?”

This subquestion focuses on identifying the available transport resources for residents who cannot
evacuate independently, such as those without access to a private vehicle, elderly residents or people
living in care facilities.

Public sources are used to estimate the number of transport vehicles that could be used in an evacua-
tion, including:

• Public buses (Arriva) for elderly, the hospital and the prison;
• Trains for general public without a car;
• Ambulances operated by the regional safety services.

For each vehicle type, the following characteristics are estimated:

• The number of vehicles available in the Maastricht area;
• The number of people each vehicle can carry per trip;
• An estimated round trip time, based on the distance to an determined evacuation location.

This gives the per-trip capacity per vehicle type, expressed as:

Cper_trip = Nvehicles × Pvehicle (3.5)

With the estimated roundtrip time and the number of buses, train and ambulances, an estimation of the
evacuation time per neighbourhood can be calculated to answer subquestion 4. This can be done by
the best- and worst-case scenario.

This analysis relates to Layer 1 and Layer 2 of the three layer model.

Subquestion 4
”What are the expected evacuation times per neighbourhood for both self-evacuating and assisted
groups, based on transport capacity?”

For each neighbourhood, the evacuation time is estimated separately for self-evacuating residents and
for those requiring assisted transport. This is done by selecting the main exit roads that residents are
expected to use and calculating the available capacity of those routes.

For self-evacuating residents, per road segment Formula 3.1 is used, using the estimations made for
subquestion 2. The total capacity of the roads is then calculated using Formula 3.2.

The self evacuation time per neighbourhood is then calculated using:

Tselfstreet =
Nvehicles

Qtotal
(3.6)

This gives an evacuation time per evacuation street. For each neighbourhood the street with the longest
evacuation time determines the total evacuation time. In formula form:

Tself = max(Tselfstreet) (3.7)

For assisted groups, the evacuation time per neighbourhood is calculated using the total assisted trans-
port capacity estimated in subquestion 3:

Tvehicle =
Nassisted

B × C
×

Troundtrip
60

(3.8)
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Where:

• Tvehicle: evacuation time in hours for either bus, train or ambulance;
• Nassisted: number of residents needing either bus, train or ambulance evacuation;
• B: number of vehicles allocated to the neighbourhood;
• C: carrying capacity per vehicle per round trip;
• Troundtrip: roundtrip time in minuted, based on safe location per district.

The values of k and v are specified in Chapter 4, based on assumptions from literature and expert
input. The resulting evacuation times are later compared to the available movement time window in
the conclusion of this thesis.

This analysis applies all three layers of the spatial model and provides the core time estimates needed
for the overall evaluation.

Subquestion 5
”Where are the main traffic bottlenecks and risk zones during evacuation, and how do they impact
overall evacuation performance?”

Using QGIS, the road network is mapped along with elevation data and key structural bottlenecks.
Roads are assigned flow capacity values and expected volumes are estimated from population data.
A simplified bottleneck analysis is performed using volume-to-capacity (v/c) ratios:

v/c =
Vexpected
Qsegment

(3.9)

During peak rush hour about 58% of Dutch people are on the roads in a 3 hour window [19], for this
analysis it is estimated that 70% of private vehicles will depart within the most critical 4 hour window.
Thus, the expected volume during the peak hour is approximated as:

Vexpected =
Nvehicles × 0.7

4
(3.10)

Maps are generated to highlight high v/c zones using colour coding (e.g., green < 0.8, red > 2.0). This
is based on the best- and worst-case scenario of car sharing. The best being that only buses and
ambulances will be used for the hospital and prison and the worst being that more buses need to be
used for assisted evacuation. These bottlenecks are later used to explain delays and vulnerabilities in
subquestion 4 and inform recommendations in subquestion 6.

A best- and worst-case scenario will also be calculated, whether car sharing is happening or not. This
is determined with formulas:

Tbest = Tself (3.11)

Tworst = max(Tself, Tbus, Ttrain, Tfacilities) (3.12)

Subquestion 6
”Based on the analysis, what practical and location specific recommendations can be made to the
municipality to reduce evacuation time and improve safety, especially in districts with high vulnerability
or capacity gaps?”

This subquestion explores practical improvements based on the results of the previous analyses. Rather
than modelling these in detail, the suggestions are qualitatively assessed for feasibility and relevance.
To maintain a clear structure and align with the stakeholder roles introduced earlier, the recommen-
dations are grouped per actor, such as the municipality, public transport operators and emergency
services. The goal is to provide concise, location specific suggestions that support coordinated evacu-
ation planning.
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3.5. Data collection
To answer the research question and subquestions, both spatial and statistical data have been collected
from open and official sources. All key datasets are already available and have been processed for
use in this research.

Spatial data:
The road network of Maastricht has been obtained from OpenStreetMap and imported into QGIS. The
roads are classified by type, number of lanes, and connectivity. The data was downloaded in shapefile
format and cleaned to remove small local roads that are not relevant for evacuation. Elevation data was
used to identify flood prone districts and to exclude high elevation areas from the evacuation model.

Demographic data:
Population data per district, household size and car ownership rates have been collected from CBS
StatLine and the Wijk- en Buurtkaart. These data are available in CSV format and have been combined
in Excel with neighbourhood shapefiles to match population data to spatial zones.

Transport resources:
Information on available public transport was collected from websites of operators such as Arriva and
NS and from publicly available municipal and provincial planning documents. When exact numbers
were not available, realistic estimates were made based on literature, expert advice and comparable
evacuation studies.

Fallback for missing data:
If data was incomplete or unavailable, values were estimated using documented assumptions, expert
input (e.g. from Dr. Adam Pel) or logical reasoning based on known parameters. These cases and the
assumptions made are described in Chapter 4.

All data have been processed and stored in standard formats (e.g. .csv, .shp, .xlsx), allowing easy
integration between QGIS for spatial analysis and Excel for quantitative modelling.



4
Model inputs and intermediate results

This chapter presents the key input values, assumptions and intermediate results used to estimate
evacuation times. It combines public data (e.g. population, road network, vehicle availability) with
simplified assumptions (e.g. flow capacity, vehicle occupancy), structured per subquestion.

Where relevant, both best- and worst-case scenarios are included to reflect uncertainty. Intermediate
outcomes such as the number of self-evacuating residents or transport resources are shown to support
the calculations in the next chapter.

4.1. Used data sources
Appendix B provides an overview of the main data sources used in this research. The table shows
where the input data comes from, what it is used for and how it is processed into model ready values.
The sources include open datasets, official planning documents and expert input. Most data has been
collected in digital format and integrated in QGIS and Excel for further processing. Where exact num-
bers were not available, assumptions were made based on literature and logical reasoning. These
cases are further explained in the next sections.

4.2. District selection based on flood risk
This section defines which areas of Maastricht are included in the analysis. The selection is based on
elevation and historical flood levels, which together determine which neighbourhoods are considered
at risk.

Figure 4.1: Flooding hazard areas map [5].

An elevation map was created in QGIS
using open elevation data. All areas
located below 50 metres above NAP
were identified. NAP (Normaal Amster-
dams Peil) is the standard Dutch refer-
ence level for elevation, which approx-
imates sea level. The 5 metre thresh-
old is based on the highest recorded
flood levels of the Meuse near Maas-
tricht. In 1993, the river peaked at
45.50 metres above NAP, and in 2021
at around 45.70 metres [18, 4]. To stay
on the safe side, a 4 metre buffer was
added to account for future uncertain-
ties and to reflect an extreme flood sce-
nario. This threshold serves as a conservative modelling boundary.

As an additional check, the elevation based flood zone was compared with reference flood maps from

15
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the Atlas Leefomgeving, a national environmental map portal developed by Dutch authorities. Fig-
ure 4.1 shows that the areas at highest risk lie along the river, which matches the QGIS elevation
based selection.

Appendix C shows which districts are included in the analysis. Two districts, Buitenwijk West and
Buitenwijk Zuid-West, are excluded, as most of their area lies above 50 metres NAP and they are
considered safe zones. Residents in those areas are assumed not to require evacuation via the main
road network.

This selection determines the spatial scope of the evacuation problem and directly relates to Layer 1
(travel demand) of the three layer model. Only neighbourhoods within the identified flood prone zone
are included in the evacuation time calculations.

Figure 4.2: Elevation Maps with districts Maastricht

4.3. Road network and transport infrastructure
This section provides the spatial data andmodelling assumptions used to answer Subquestion 1: ”What
is the structure and capacity of the road network in and around Maastricht?”

The road data is used to estimate the available evacuation capacity per neighbourhood. This includes
the number and type of road segments, their classification and the assumptions made to calculate
potential vehicle flow during emergency evacuation.

The road network used in this research is based on the Nationaal Wegenbestand (NWB), an official
national dataset maintained by Rijkswaterstaat and made available through the PDOK platform. The
NWB contains detailed spatial and functional information for all road segments in the Netherlands.

4.3.1. Road type classification
Each road segment in the NWB dataset includes a BST_code, which identifies the functional road
type. These codes were used to group roads into relevant categories for evacuation modelling. Non
motorised infrastructure such as footpaths, bicycle lanes and parking areas were excluded, since they
are not suitable for evacuation by car or bus. The cleaned network was used to define both the spatial
coverage and flow capacity of the road system for each neighbourhood. The main categories included:

• HR (Hoofdrijbaan) — Main carriageways, typically multi-lane and high capacity;
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• RB (Rijbaan) — Urban and residential roads, often lower speed and fewer lanes;
• PR (Provinciale weg) — Regional/provincial roads outside the city core;
• OPR / AFR — On-ramps and off-ramps connecting arterial roads;
• VBK, VBD, VBR — Various connectors between urban or regional segments.

These functional types help indicate which segments are likely to support higher traffic volumes. In
Appendix D there is an overview of the infrastructure with and without neighbourhoods.

4.3.2. Spatial coverage

Figure 4.3: Estimated evacuation routes

The filtered dataset includes a total of 4435 road segments within the five selected districts. The dis-
tribution of road types varies significantly between areas. A detailed breakdown of road segments by
BST code and district is provided in Appendix E. A spatial map of the streets used as evacuation routes
is shown in Figure 4.3, where the thickness of the line depends on how many cars will need to use it.
And in Appendix F and overview of the streets used as evacuation routes per neighbourhood is given.

4.3.3. Flow estimations
Using Formulas 3.1 and 3.2 the capacity per evacuation street is determined. These values are used
in Chapter 5 to calculate estimated evacuation times per neighbourhood. In table 4.1 the assump-
tions used per functional road category (BST-code) is shown, based on Dutch evacuation modelling
guidelines and traffic engineering sources.

These assumptions follow constrained flow evacuation models as described in [22]. Mass evacuation
traffic consistently performs below standard Highway Capacity Manual (HCM) expectations, this means
below standard capacities [44]. The result is a full capacity map of all motorised road segments in the
flood prone area. A colour coded visualisation of the calculated Qsegment values is shown in Figure 4.4.
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Table 4.1: Capacity estimation assumptions per road type

BST Code Road Type v [km/h] k [veh/km] n [lanes]

HR Main carriageway (Hoofdrijbaan) 70 20 2–4
PR Provincial road (Provinciale weg) 60 20 1–2
RB Urban road (Rijbaan) 30 25 1
OPR/AFR On/off-ramps 40 20 1
VBK/VBD/VBR Connecting roads 30 25 1

Figure 4.4: Estimated segment flow capacity (Qsegment) in veh/h per segment

4.4. Population and vehicle ownership per neighbourhood
This section presents the input data and intermediate calculations used to answer Subquestion 2: ”What
is the distribution of the population across Maastricht, and what proportion requires assisted evacua-
tion?”

The goal is to estimate, for each district and neighbourhood, how many residents are likely to self
evacuate and how many will require assisted evacuation. The analysis is based on demographic and
vehicle ownership data from the 2022 Wijk- en Buurtkaart and CBS StatLine. The year 2022 was
selected because it is the most recent dataset that includes both population and car registration figures
per neighbourhood.

4.4.1. Method and data processing
For each flood prone district, data on total population, residents aged 65+, average household size and
the number of registered vehicles were processed in Excel. These variables were used to estimate self-
evacuation potential and assisted transport needs using Formulas 3.3 and 3.4.

Car ownership is a key predictor of independent evacuation capacity [22, 26], while the proportion of
residents aged 65+ indicates potential vulnerability. Appendix G includes the vehicle-to-senior ratio to
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help identify districts with higher assisted transport demand.

4.4.2. Results per district
Based on the values in Appendix G, the estimated share of residents who can self evacuate versus
those who require assisted evacuation is shown in Table 4.2.

Table 4.2: Estimated self evacuating and assisted population per district in Maastricht

District Population Self evac. Assisted evac.
Centrum 20235 35% 65%
Buitenwijk Noordwest 2130 80% 20%
Buitenwijk Oost 30235 67% 33%
Buitenwijk Noordoost 2690 100% 0%
Buitenwijk Zuidoost 20815 78% 22%

In districts where the number of vehicles is more than half the total population, the self evacuating share
is capped at 100%.

In some neighbourhoods, the number of residents aged 65 and older exceeds the estimated number
of people needing assisted evacuation. This is because the model assumes that elderly residents with
access to a private car and sufficient mobility can self evacuate, especially when they live in multi person
households. In these cases, the 65+ group is not automatically treated as dependent on assisted
transport.

4.4.3. Special facilities: MUMC+ and PI Maastricht
Two specific facilities were included in the assisted evacuation planning due to their population, vulner-
ability, and logistical complexity:

• Maastricht University Medical Centre+ (MUMC+) is located in the Randwyck neighbourhood. The
hospital has approximately 715 clinical beds, including intensive care and acute care units. For
this study, it is conservatively estimated that 100 patients will require evacuation by ambulance,
based on national guidance for medical evacuations and expert consultation [30].

• PI Maastricht is a penitentiary institution located in Limmel. The prison has capacity for approx-
imately 240 detainees [14]. Due to security and logistical protocols, these evacuations must be
treated separately from regular assisted transport.

Both institutions are considered fixed points of assisted evacuation demand and are included in the
planning of transport resources in Section 4.5.

4.5. Assisted transport: vehicles and scenarios
This section supports Subquestion 3: ”How many transport resources are available for assisted evac-
uation, and what is their capacity?”

Some residents cannot evacuate on their own and require assisted transport. This section defines
which types of vehicles are used, which groups they serve, and what modelling assumptions apply.

4.5.1. Types of vehicles and target groups
Three transport modes are considered for assisted evacuation:

• City buses — for residents without private vehicles, prioritising elderly, disabled and detainees;
• Trains — for residents near stations without car access;
• Ambulances — for immobile or medically dependent individuals.

City buses are operated by Arriva, with 14 routes and an estimated 2.5 buses per route, yielding 35
buses in total [29]. Each is assumed to carry 40 seated passengers, based on mixed vehicle types
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[3]. Of these, 28 are allocated to the general population and 7 to institutional locations (hospital and
prison).

Maastricht has three train stations: Centraal (NS and Arriva), Noord and Randwyck (Arriva only) [28,
33]. NS trains at Centraal can carry approximately 613 passengers (413 seated + 200 standing) [43];
Arriva trains accommodate up to 225 passengers (150 seated + 75 standing) [41]. Based on departures
between 6:00–9:00 AM [32, 2], estimated availability is:

• Centraal: 2 NS + 10 Arriva trains
• Noord: 4 Arriva trains
• Randwyck: 6 Arriva trains

For hospital evacuations, 10 ambulances are available [1], each transporting 1–2 patients per trip.

Table 4.3 summarises the assumed capacities.

Table 4.3: Assumed vehicle capacity per transport type

Vehicle Type Target Group Estimated Capacity
City bus Elderly, disabled, detainees ~40 passengers
Train General public without vehicle ~225–613 passengers
Ambulance Medically dependent persons 1–2 patients

Round trip times for all modes were estimated using Google Maps, based on the shortest safe route
from each neighbourhood to an evacuation destination and back. Appendix H provides an overview of
the assigned destinations per district.

4.6. Evacuation timeline assumptions
This section provides the time assumptions used in the evacuation timeline model, which supports
Subquestion 4: ”What are the expected evacuation times per neighbourhood for both self evacuating
and assisted groups, based on transport capacity?”

To estimate whether a full evacuation is possible within the time available, this study follows the phased
timeline method developed by Opper (2004). This method breaks down the evacuation process into
sequential stages and assigns estimated durations to each step. These assumptions are used to
calculate the available window for movement before flooding makes the roads impassable.

Applicability to the Dutch context
Although Opper’s study is based on Australian case studies, the timeline structure and time ranges are
considered transferable to Dutch evacuation planning. This is supported by Dutch evacuation expert
Dr. Adam Pel, who suggested the use of this evacuation planning tool. The fixed durations for decision
making, warning and movement align with evacuation studies conducted for flood prone regions in the
Netherlands [22]. Moreover, the timeline allows for adjustments based on national response times or
local warning infrastructure, which keeps the model context sensitive.

Time estimates
Based on the timeline structure, given in Chapter 3.2.3, estimations for the duration of each phase can
be determined. The estimated duration for each phase is based on Opper (2004) and supported by
Dutch guidelines. Table 4.4 summarises the key components.

Within the warning phase, two key behavioural components are recognised:

• WAF (Warning Acceptance Factor)—estimated at 1 hour. This is the time people need to receive
and mentally process the warning message.

• WLF (Warning Lead Factor) — estimated at 1 hour. This is the time people need to get ready,
pack essentials and prepare to leave.
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Table 4.4: Evacuation timeline assumptions based on Opper (2004) [35]

Timeline Step Description Time Estimate
Response time (R) Decision-making and emergency mobilisation 6 hours
Warning and preparation (W) Sending alerts and personal preparation 3 hours
Evacuation time (En) Time needed for evacuating the area Variable (Chapter 5)
Available time (Ea) Time between warning and route closure 12 hours

These factors reflect typical human response behaviour in flood situations and are supported by inter-
national studies on evacuation dynamics. Even if the warning is technically issued, these behavioural
steps must still be completed before movement can begin [35].

During the 1993 Meuse flood, evacuation activities in Maastricht began approximately 12 hours before
peak discharge [12, 24]. Assuming that access remained open until close to the peak, this study adopts
a conservative estimate of 12 hours for Ea. This is the time remaining to complete the evacuation of
people (traffic movement), after warnings have started being delivered, before evacuation routes are
cut by flooding [35].

Safety margin
In addition to the formal timeline phases, a safety margin of 1 to 2 hours is included in the planning. This
margin accounts for real world disruptions such as traffic congestion, infrastructure issues or people
leaving later than expected. This safety margin is added after calculating the expected evacuation time
and is treated as a separate buffer. It is not intended to cover modelling or data uncertainty, but rather
to reflect operational unpredictability.

Opper (2004) refers to this as the Traffic Safety Factor (TSF) and notes that it should scale with the
base evacuation time, for example, 1 hour buffer for 1 hour of travel, or up to 3.5 hours for longer or
more complex evacuations. This approach is also consistent with Dutch evacuation planning practices
[22]. For this research a constant of 2 hours is used for the safety factor.

Lead time and total time requirement
The lead time in this study refers to the available window between the moment a reliable flood prediction
is made and the point at which evacuation routes are no longer usable. This is not a clear sum up of
al the phases, because some phases blend in with each other, such as warning time and evacuation
time [35].

To determine whether evacuation is feasible, the total required time is calculated by summing all rele-
vant phases:

Trequired = Tevacuation + Tsafety (4.1)

As seen in Table 4.4, the non movement phases already consume 9 hours. As Opper (2004, p. 13)
notes:

”The time allowance for decision making, resource mobilisation and warning cannot be
safely reduced below a planning figure of nine hours.”

[35, p. 13]

The calculated total time (Trequired) is then compared to the estimated available time (Ea). If it exceeds
Ea, full evacuation is considered unfeasible under the given scenario:

Trequired = En+ S ≤ Ea (4.2)
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4.7. Conclusion
This chapter has outlined all relevant input data and modelling assumptions used to support the evac-
uation time analysis. The intermediate results provide a district and neighbourhood level overview of
population distribution, road capacity and available transport resources. These inputs are used in the
next chapter to calculate estimated evacuation durations and to assess which neighbourhoods face
the highest risk of delay or capacity shortfall.



5
Results

This chapter presents the results of the evacuation analysis of Maastricht. Based on the inputs and
assumptions outlined in Chapter 4, estimated evacuation times are calculated for each neighbourhood
under both self-evacuation and assisted transport scenarios. The outcomes are used to identify which
districts can be cleared efficiently and which areas face critical delays due to road capacity limits or
limited transport resources.

Section 5.1 discusses evacuation times per neighbourhood, including both private vehicle use and
assistedmodes such as buses and ambulances. Section 5.2 provides a visual and quantitative analysis
of traffic bottlenecks using volume-to-capacity (v/c) ratios. Section 5.3 determines the evacuation time
per district in the best- and worst-case scenario. Finally, Section 5.4 highlights vulnerable districts and
suggests where strategic improvements may be most effective.

5.1. Evacuation time estimations per neighbourhood
This section presents the results for Subquestion 4: ”What are the expected evacuation times per
neighbourhood for both self-evacuating and assisted groups, based on transport capacity?”

The results are gathered using the estimations made surrounding the evacuation routes and capacity
in Chapter 4.

5.1.1. Self-evacuation time per neighbourhood
To calculate the self-evacuation time per neighbourhood the Formulas 3.6 and 3.7 are used. The
table of the resulting evacuation times per neighbourhood are shown in Appendix I. In Figure 5.1 a
histogram of the evacuation times per neighbourhood are shown, coordinated per district in the colours
used in Appendix I. Values vary between less than 2 hour in some low density or well connected
neighbourhoods, up to over 11 hours in areas with many vehicles and limited access roads, mostly
areas where the exit road was the A2.

Districts with large populations but limited road access, such as Centrum, have some of the longest
estimated evacuation times, up to 11.4 hours. In contrast, smaller or less densely populated neighbour-
hoods closer to exit routes, such as Meerssenhoven, Amby and Lanakerveld show evacuation times
under 3 hours.
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Figure 5.1: Histogram of the evacuation times per neighbourhood

5.1.2. Assisted evacuation time per neighbourhood
In this section the assisted evacuation time per mode of transport per neighbourhood is calculated. This
is done with the estimations made in Chapter 4 surrounding evacuation locations and the calculations
where made with the Formula 3.8.

Estimated bus evacuation times
The assisted group that evacuates by bus consists of residents without access to a private vehicle,
with priority given to elderly individuals (65+). Institutional populations (MUMC+ and PI Maastricht) are
handled separately.

Figure 5.2: Histogram of the assisted evacuation times per neighbourhood by bus

In total, 28 city buses were assumed to be available for evacuation purposes, apart from the prison
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buses. These buses were proportionally allocated across neighbourhoods based on the number of
assisted evacuees aged 65 or older.

To ensure each neighbourhood with assisted demand is served, fractional results from the proportional
distribution were rounded to the nearest whole number. In cases where rounding led to a total of fewer
than 28 buses, one additional bus was manually assigned to under served areas until the total equalled
28.

The tables in Appendix J present the estimated bus evacuation times per neighbourhood. The district
Noordoost isn’t calculated, because as seen in Chapter 4, there are no assisted evacuees in that
district. In Figure 5.2 the estimated assisted evacuation time by bus is shown through a histogram per
neighbourhood.

Most neighbourhoods fall within a range of 1 to 3 hours, with higher values in densely populated districts
with more elderly residents and fewer buses per capita, such as Sint Maartenspoort, Wyck and Scharn.
Neighbourhoods with no assigned buses (shown as 0 hours) either had no eligible assisted evacuees
or were served by trains or ambulances instead.

Estimated train evacuation times
Figure 5.3 shows the estimated train based evacuation time per district. This is based on an estimation
of round trip time to large train stations outside of Maastricht. This concerns the assisted evacuees
without private vehicles who are assigned to trains instead of buses. The analysis is done at district
level rather than neighbourhood level.

Figure 5.3: Histogram of the assisted evacuation times per district by train

Each district is connected to their near-
est station as follows:

1. Centrum –> Maastr. Centraal;
2. Noordwest –> Maastr. Noord;
3. Oost –> Maastr. Centraal;
4. Noordoost –> Maastr. Noord;
5. Zuidoost –> Maastr. Randwyck.

Centrum, Zuidoost and Oost show the
longest durations, with 1.8, 1.6 and 1.5
hours hours, while Noordwest is com-
pleted in less than 1 hour due to a
much smaller group and direct connection to Maastricht Noord. No train based evacuees are assigned
in Noordoost, so the time remains 0.

Estimated special facilities evacuation times
Table 5.1 summarises the respective evacuation needs of the special facilities, while Table 5.2 presents
the estimated evacuation durations based on available transport resources and round-trip times.

For MUMC+ calculations result in a total ambulance based evacuation time between 4.14 and 8.33
hours, depending on whether one or two patients are transported per trip. For buses, four are allocated,
resulting in a total evacuation duration of 3.2 hours.

Since no ambulance transport is required for PI Maastricht, evacuation is conducted using three dedi-
cated buses. With a round-trip time of 20 minutes, the estimated bus evacuation duration for this group
is 0.67 hours.

These calculations indicate that institutional evacuations, while representing a small share of the total
population, require dedicated logistics due to fixed locations and limited specialised vehicles. In particu-
lar, the hospital evacuation involves stricter timing and higher resource demand, which may significantly
impact assisted transport capacity in surrounding areas.
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Table 5.1: Special facilities

Institution Population Ambulance pop. Bus pop.
MUMC+ 715 100 615
PI Maastricht 240 (from Limmel) 0 240

Table 5.2: Evacuation times special facilities

Institution Namb. Nbus RT Amb. (min) RT Bus (min) Tamb. (h) Tbus (h)
MUMC+ 10 4 50 50 4.14 - 8.33 3.2
PI Maastricht 0 3 - 20 - 0.67

5.2. Bottlenecks and risk zones
This section together with Section 5.4 answer Subquestion 5: “Where are the main traffic bottlenecks
and risk zones during evacuation, and how do they impact overall evacuation performance?”

Figure 5.4: VCratio map with the districts

Figure 5.4 and Appendix K show the volume-to-capacity (v/c) ratios, calculated with Formulas 3.9 and
3.10, across Maastricht’s evacuation network. These indicate how heavily road segments are loaded,
using traffic flow estimates divided by road capacity.

Routes are colour-coded: green (v/c < 0.8) for free flow, orange (0.8–1.2) for moderate load, and red
(v/c > 1.2) for overcapacity. Major bottlenecks appear on the A2 southbound, the John F. Kennedy
Bridge and exit routes in Oost and Zuidoost.

The map overlays district boundaries to highlight local risk differences. Areas like Noordwest and
parts of Centrum show low stress, but districts such as Zuidoost and Oost face high congestion, as
many other areas rely on the same exit roads. For instance, Centrum itself has green roads, but still
contributes to overload on the A2 corridor. Comparing it to Figure 4.3 it is suggested that the roads
with the most cars on them form the biggest bottlenecks.
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These findings suggest the need for targeted traffic strategies in high-risk areas, such as contra-flow
lanes or staggered departures to reduce peak pressure on critical routes.

5.3. Best- vs worst-case scenario
Table 5.3 compares the estimated evacuation times for each neighbourhood in both best- and worst-
case scenarios, using Formulas 3.11 and 3.12. The best-case scenario assumes that most residents
can self-evacuate using private vehicles, apart from the special facilities, supported by car sharing.
The worst-case scenario assumes that all residents without access to a private car require assisted
transport by bus, train or ambulance.

Train evacuation times were calculated at the district level and applied to neighbourhoods within that
district that have assisted evacuees assigned to trains. Similarly, the evacuation time for special facili-
ties, such as the hospital in Randwyck, was added as (Tfacilities) and included in the best- or worst-case
scenario if it exceeded the self-evacuation time.

In some neighbourhoods, such as Wyckerpoort and Scharn, the self-evacuation time is the longest
component and therefore determines both the best- and worst-case duration. In others, such as Rand-
wyck, the worst-case is determined by something else, the hospital. This comparison helps identify
which areas are most at risk of delays under pressure and where assisted transport planning is most
critical.

For a clear overview of which neighbourhoods require the most support, colours are added to the
estimated evacuation times (best-case and worst-case). These colours are based on Opper’s timeline
structure, assuming a total available time (Ea) of 12 hours. The response time is about 6 hours but
falls outside the scope of the Ea, then the warning time is 3 hours, which consists of a total of 2 hours
WAF+WLF, see Chapter 4.6, and 1 hour combined with evacuation movement. This means that there
is a window of 10 hours for evacuation and the safety factor, so 8 hours for the evacuation alone. This
is summarized in Figure 5.5.

Figure 5.5: The evacuation timeline of Maastricht

Colour coordinated like:

• Tevac < 6 hours — Evacuation likely feasible with time to spare.
• 6 hours ≤ Tevac < 8 hours — Evacuation possible, but tight.
• Tevac > 8 hours — Evacuation exceeds available time window.
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Table 5.3: Best- vs worst-case scenario evacuation times

Neighbourhood Tself (h) Ttrain (h)) Tfacilities (h) Tbus (h) Tbest (h) Tworst (h)
Wijk 00 Centrum - 1.8 - - - -
Binnenstad 11.4 - - 2.0 11.4 11.4
Jekerkwartier 9.6 - - 2.0 9.6 9.6
Kommelkwartier 11.0 - - 2.0 11.0 11.0
Statenkwartier 11.4 - - 2.0 11.4 11.4
Boschstraatkw. 11.4 - - 2.7 11.4 11.4
Sint Maartenspoort 11.4 - - 3.3 11.4 11.4
Wyck 5.4 - 2.7 5.4 5.4
Wijk 03 Noordwest - 0.2 - 1.3 - -
Boschpoort 2.3 - - - 2.3 2.3
Bosscherveld 2.0 - - - 2.0 2.0
Frontenkwartier 11.4 - - - 11.4 11.4
Belvédère 2.0 - - - 2.0 2.0
Lanakerveld 1.9 - - - 1.9 1.9

Wijk 04 Oost - 1.5 - - - -
Wyckerpoort 11.4 - - 2.0 11.4 11.4
Heugemerveld 9.6 - - 2.5 9.6 9.6
Wittevrouwenv. 5.4 - - 2.0 5.4 5.4
Nazareth 3.2 - - 1.7 3.2 3.2
Limmel 3.2 - 0.7 1 3.2 3.2
Scharn 2.0 - - 2.0 2.0 2.0
Amby 1.6 - - 2.0 1.6 2.0

Wijk 05 Noordoost - - - - - -
Beatrixhaven 11.4 - - - 11.4 11.4
Borgharen 11.4 - - - 11.4 11.4
Itteren 6.6 - - - 6.6 6.6
Meerssenhoven 1.9 - - - 1.9 1.9

Wijk 06 Zuidoost - 1.6 - 1.0 - -
Randwyck 6.8 - 4.2-8.3 - 6.8 8.3
Heugem 6.8 - - 2.5 6.8 6.8
Heer 3.9 - - 1.3 3.9 3.9
De Heeg 6.8 - - 1.0 6.8 6.8
Vroendaal 6.8 - - - 6.8 6.8

In Wijk 00 Centrum, almost all neighbourhoods fall into the red category, with both best-case and worst-
case evacuation times exceeding 8 hours. Especially the Boschstraatkwartier, Statenkwartier and Sint
Maartenspoort show consistent delays in both scenarios, suggesting limited road capacity relative to
demand.

InWijk 03 Noordwest, the picture is more positive. All neighbourhoods except Frontenkwartier fall within
the green category. This suggests that this district is well connected and has relatively low evacuation
pressure.

Wijk 04 Oost shows more variation. Neighbourhoods like Wyckerpoort and Heugemerveld are in the
red, while the others are all in the green. This implies that while the district has general access to
transport infrastructure, some parts face localised bottlenecks.

In Wijk 05 Noordoost, the pattern is mixed: while Beatrixhaven and Borgharen have high estimated
evacuation times, Meerssenhoven shows a very short evacuation time, suggesting strong self-evacuation
capability and road availability.
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Finally, in Wijk 06 Zuidoost, results are again mixed, but mostly orange. Only the neighbourhood Heer
is in the green. Randwyck is the only neighbourhood in the red, but this neighbourhood contains the
hospital, which partially explains longer assisted evacuation times.

5.4. Evacuation bottlenecks per district
This section presents a district level analysis of evacuation constraints based on worst-case scenario
results. While overall evacuation times vary across Maastricht, nearly all districts include at least one
neighbourhood that exceeds the 8 hour threshold. The analysis distinguishes between two main types
of constraints: (1) capacity-related issues, such as limited outbound road access, and (2) mobility-
related factors, including low car ownership or high demand for assisted transport.

Rather than repeating detailed results, this section identifies the dominant constraint type per district
to support the interpretation of spatial differences in evacuation feasibility, providing input for the rec-
ommendations in Chapter 7.

Wijk 00 Centrum
In Wijk 00 Centrum, almost all neighbourhoods exceed the 8 hour evacuation limit in both scenarios,
with times up to 11.4 hours. Most areas rely on a small number of outbound roads, including the
A2 and Kennedy Bridge, leading to high congestion. Car ownership is relatively low, particularly in
Binnenstad and Jekerkwartier, yet road saturation remains the dominant factor. The results suggest
that infrastructure constraints are the main contributor to delays in this district.

Wijk 03 Noordwest
Most neighbourhoods in Wijk Noordwest remain under the 6 hour limit in both scenarios. An exception
is Frontenkwartier, which reaches 11.4 hours, likely due to limited road access. Car ownership is high
and assisted evacuation demand is low across the district. The results indicate a localised capacity
issue in one neighbourhood, while the overall district shows no major constraints.

Wijk 04 Oost
Several neighbourhoods in Wijk Oost exceed the 8 hour threshold in the worst-case scenario, specifi-
cally Wyckerpoort and Heugemerveld. These areas show high population density and limited outbound
routes. In addition, Oost has one of the highest assisted transport demands, due to a larger elderly
population and lower car ownership. The results point to a combination of infrastructure and mobility
constraints, with the latter being more pronounced.

Wijk 05 Noordoost
Evacuation times in most of Wijk Noordoost remain within the feasible window. However, Borgharen
and Beatrixhaven exceed 11 hours evacuation times. These delays are not due to assisted transport,
which is not required in this district, but rather linked to limited road access. Car ownership is high
throughout the area. Constraints in this district appear to be specific to a few locations with reduced
capacity.

Wijk 06 Zuidoost
In Wijk Zuidoost, several neighbourhoods have evacuation times near or above the 6–8 hour range.
Randwyck presents additional complexity due to the presence of MUMC+, requiring ambulance and
bus transport for over 700 people. Assisted evacuation demand is high and car ownership is relatively
low in parts of the district. The results indicate that mobility constraints, especially related to institutional
load, are a key factor in this area.

Summary
The worst-case scenario results show that all districts contain neighbourhoods with elevated evacua-
tion times, but the nature of these constraints differs. In Centrum and parts of Noordoost, delays are
primarily linked to limited road access. In Oost and Zuidoost, high assisted transport demand is a key
factor, particularly in areas with low car ownership or institutional populations. In contrast, most neigh-
bourhoods in Noordwest remain below the 6 hour threshold, except for one local outlier. The table
below summarises the dominant constraints per district.
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Table 5.4: Overview of dominant evacuation constraints per district

District Capacity Constraint Mobility Constraint Primary Bottleneck
Centrum High Medium Road capacity (congestion on exit routes)
Noordwest Low Low Localised capacity (Frontenkwartier)
Oost Medium High High assisted transport demand
Noordoost Medium Medium Road access (Borgharen, Beatrixhaven)
Zuidoost Medium High MUMC+ evacuation and elderly population



6
Discussion

This study aimed to provide a clear and structured first estimate of how long it would take to evacuate
the entire city of Maastricht during a large scale flood. By combining spatial and time based modelling,
the analysis looked at both the capacity of the road network and how the population is spread across
the city. It also included two types of evacuees: people who can leave on their own, and those who
need assistance.

6.1. Interpreting results through the analytical framework
To better understand the results, a combined analytical framework was used (see Table 3.1). This
framework brings together the three-layer model (focusing on people, roads and traffic) with the evacu-
ation timeline developed by Opper (2004), which breaks down the evacuation into different time phases.
By linking each research question to one or more parts of this framework, the analysis shows how space
and time together shape the outcome.

Travel demand layer
This layer focuses on howmany people need to leave each area and howmany of them need help to do
so. The results show big differences between neighbourhoods. Districts like Centrum and Oost have
both a high number of residents and low car ownership. In Zuidoost, the situation is even more complex
due to the presence of MUMC+. These areas remain problematic even in the best-case scenarios. This
confirms that understanding evacuation feasibility requires detailed, neighbourhood level analysis.

Infrastructure layer
This layer looks at the physical road network and its capacity. Some neighbourhoods have several
ways to exit the city or access public transport, but others depend on just one or two main roads. The
A2 and Kennedy Bridge act as major bottlenecks and become overloaded in almost every scenario.
This shows that having enough vehicles is not enough: the physical infrastructure must also be strong
and flexible enough to support evacuation.

Traffic flow layer
The traffic flow layer analyses how people move through the network once the evacuation starts. The
results show that congestion builds up quickly, especially around major bridges and junctions. This
congestion is mainly caused by private vehicles, as they make up the vast majority of traffic volume.
The addition of assisted transport vehicles has little impact on overall flow, since their numbers are
small compared to the number of cars. In fact, the model suggests that if more people used shared or
public transport, total evacuation time would likely decrease.

Time based interpretation: the evacuation timeline
Looking at the results through the lens of the timeline model, a clear pattern emerges: while many
neighbourhoods can be evacuated within the 8 hour window, several key areas exceed this limit, par-
ticularly Centrum, parts of Noordoost, parts of Oost, Frontenkwartier and Randwyck. This suggests
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that although large parts of the city might evacuate in time under favourable conditions, achieving a full,
city wide evacuation within the available timeframe remains highly challenging and risky. The variation
in clearance times highlights that even a few delayed districts could compromise the overall safety of
the evacuation operation.

This suggests that changes are needed, especially in the infrastructure and traffic flow layers. Options
include phased departures, promoting bus or train evacuations, temporary one-way routes (contra-
flow), or local pick-up points to shorten travel time. The timeline model helps identify not just where
congestion happens, but also when time becomes too short to evacuate everyone safely.

6.2. Limitations
Several limitations must be taken into account when interpreting these findings. Each limitation is linked
to specific components of the analytical framework, either spatial (layer based) or temporal (timeline
based), and influences the reliability of the outcomes.

Simplified modelling approach
A macroscopic and static modelling approach was used, applying the traffic flow formula Q = k × v
to estimate segment capacity. This ignores dynamic behaviours such as re-routing, signal delays or
incident based congestion.

• Effect: This may underestimate traffic build-up at critical points like the A2 or John F. Kennedy
Bridge, leading to evacuation times that are too optimistic, especially during peak flows.

Behavioural assumptions
The model assumes full compliance: all residents evacuate as instructed. Two simplified behavioural
cases (with or without car sharing) are included, but real world reactions are more unpredictable.

• Effect: Panic, refusal to evacuate or early departures may disrupt coordination. As a result, the
actual evacuation scenario could be very different from the models predictions.

Geographic scope
The analysis is limited to the administrative boundaries of Maastricht, without accounting for down-
stream effects on surrounding municipalities or on cross-border routes.

• Effect: Evacuation traffic may encounter congestion or delays outside the city, especially
near safe zones or major highways, which are not modelled here.

No flood dynamics included
Flood progression is not simulated. It is assumed that during evacuation all the roads are still safe and
available to drive on.

• Effect: In real flood scenarios, water may arrive in stages, cutting off specific districts or roads
earlier than planned. The model is not made to reflect on these time based road constraints.

Static transport availability
The availability of buses, trains and ambulances is treated as fixed and uninterrupted. Operational
issues such as delays, driver shortages or vehicle breakdowns are not included.

• Effect: This likely leads to an overestimation of assisted transport capacity, especially for
vulnerable groups in districts like Zuidoost or for hospital evacuations.

Data limitations
Data on car ownership, elderly population and vehicle availability were drawn from public sources and
generalised when necessary. Where specific data were missing, expert judgement and assumptions
were applied.

• Effect: These assumptions may affect district level accuracy, especially in cases such as insti-
tutional populations, assisted evacuees percentages or informal car sharing practices.

Estimated actual available time (Ea)
The Ea value should be estimated by hydraulic calculations, but was based on historical values.
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• Effect: The Ea value should be different per neighbourhood and can be longer or shorter depend-
ing on the place. This means that the feasibility of evacuation per neighbourhood can differ
completely.

Selection of districts
Only districts identified as flood prone based on elevation and historical data were included.

• Effect: While this narrows the analysis to high risk areas, it may underestimate total evacuation
needs in future flood scenarios, especially if infrastructure fails or water levels exceed current
expectations.

Exclusion of high elevation neighbourhoods based on theoretical assumptions
Neighbourhoods at higher elevation or adjacent to safe zones were excluded from the analysis, under
the assumption that evacuation toward higher ground is still possible.

• Effect: This assumption fits a dry weather, preventive evacuation model. However, in real flood
events combined with heavy rainfall, such areas may still become isolated or inaccessible,
especially if water flows down from hills. This may underestimate the true number of evacuees
and the complexity of the evacuation strategy.

Subjective selection evacuation routes
The selection of evacuation routes per neighbourhood was done manually, based on the largest or
most logical roads according to Google Maps.

• Effect: In reality, residents may use different or multiple routes based on familiarity, congestion
or police direction. This assumption may lead to overestimation of capacity per route and
underestimation of congestion spreading across the network.

No modelling of departure time distribution
All residents in a neighbourhood are assumed to evacuate in the same window, without modelling
phased or staggered departures.

• Effect: This may inflate peak demand on roads, especially in densely populated areas. In prac-
tice, authorities may stagger departures to reduce overload, which this model does not simulate.

6.3. Implications for future research
This study provides a first approximation of city wide evacuation feasibility using a simplified and acces-
sible modelling approach. However, several areas offer opportunities for further research to improve
the accuracy, realism and policy relevance of flood evacuation analysis.

First, future studies could implement dynamic traffic simulation models, to capture route choice, vehicle
interactions and time-varying congestion. This would allowmore realistic modelling of departure waves,
bottleneck evolution and adaptive routing.

Second, integrating flood dynamics into the model could improve the estimation of the actual available
time per neighbourhood. Linking traffic modelling with hydraulic simulations would help identify when
specific roads become unusable due to rising water levels.

Third, a behavioural layer could be added to account for factors such as evacuation delay, compliance
uncertainty and response to official warnings. This would make it possible to test not just clearance
times, but also the robustness of different communication and mobilisation strategies.

Finally, future research could expand the geographic and institutional scope of the analysis, for exam-
ple by including cross-border evacuation routes, regional shelter capacity and coordination between
neighbouring municipalities. This would help support integrated emergency planning at the regional
level.

Together, these directions would support the development of more detailed and operational evacuation
strategies for cities like Maastricht and beyond.
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Conclusion and recommendations

Conclusion
This study investigated how long it would take to evacuate the population of Maastricht during a large
scale flood, and whether this is feasible within the available time window, based on road capacity and
assisted transport demand. Using a simplified traffic model, spatial population data, and the evacuation
timeline by Opper (2004), clearance times were estimated per neighbourhood for both self-evacuating
and assisted groups.

The evacuation timeline divides the process into four phases: response, warning and preparation,
movement and a safety buffer. In this study, the response phase (around 6 hours) occurs before the
official evacuation window begins. A total available time (Ea) of 12 hours is assumed. After reserving
2 hours as a safety margin and 2 hours for the WAF and WLF, 8 hours remain for the actual evacuation.
Neighbourhoods requiring more than 8 hours cannot be fully evacuated in time, even under favourable
conditions.

In the worst-case scenario, where all residents without a car require assisted transport, evacuation
times increase only slightly. The main exception is Randwyck, where institutional transport demand
(MUMC+) causes significant delays. Overall, the largest bottlenecks are caused by the self-evacuating
group, especially in areas with high vehicle ownership and limited road access. Buses and trains appear
more efficient for moving large groups within limited time.

The district level analysis in Chapter 5.4 shows that constraints vary by location. In Centrum, road
capacity is the main limitation; in Noordoost, high private vehicle use leads to network congestion.
Districts like Oost and Zuidoost face additional challenges due to low car ownership and high demand
for assisted evacuation.

Estimated clearance times range from under 3 hours in well connected areas to over 11 hours in critical
neighbourhoods. This means that a full preventive evacuation of Maastricht is only feasible under ideal
conditions. In practice, several areas cannot be evacuated within the available time window unless
major operational improvements are made.

In summary, a full evacuation is theoretically possible, but not realistically achievable without strong
coordination and strategic planning. Future preparedness must focus on early mobilisation, targeted
use of transport resources and tailored strategies for the most vulnerable districts.

Recommendations
This section answers Subquestion 6: “Based on the analysis, what practical and location specific recom-
mendations can be made to the municipality to reduce evacuation time and improve safety, especially
in districts with high vulnerability or capacity gaps?”

Based on the results and bottlenecks identified in Chapter 5.4, the following recommendations are
provided. Each recommendation is linked to a key stakeholder and focuses on practical improvements
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within the strict time constraints of the evacuation timeline.

Municipality of Maastricht
• Reallocate assisted transport to high risk districts
Prioritise Zuidoost (MUMC+) and Oost (elderly population) when assigning buses and ambu-
lances. Consider pre-positioning vehicles near critical facilities.

• Encourage local car sharing initiatives
Launch awareness campaigns in low car ownership areas to promote voluntary car sharing in
advance. This can reduce pressure on public transport without major investment.

• Support phased departure strategies
Coordinate timed evacuations in districts with limited road capacity to avoid peak congestion,
especially where single exit routes are present.

Veiligheidsregio Zuid-Limburg (VRZL)
• Implement dynamic traffic control
Prepare contra-flow plans, use traffic marshals and coordinate road use with municipal authorities
to keep key routes operational during peak evacuation hours.

• Coordinate integrated drills
Organise simulations that include multiple agencies to test real time coordination and ensure the
warning and movement phases can be completed within the evacuation window.

Public transport operators (Arriva, NS)
• Formalise emergency agreements
Define clear protocols with the municipality on how many buses and trains can be made available
in crisis scenarios and under what timing and conditions.

• Share real time data with emergency planners
Enable better transport planning by providing access to vehicle availability, departure frequencies
and potential delays.

Healthcare and care institutions
• Align facility evacuation plans with regional strategy
Ensure that hospitals and care homes (e.g. MUMC+) are linked to ambulance availability and
evacuation priorities set by VRZL.

• Pre-identify patient transport needs
Maintain updated lists of patients requiring specialised transport and communicate these early
during warning phases.

Residents
• Prepare in advance and follow official routes
Encourage households to make advance plans, especially in high risk districts. Compliance with
routing and departure instructions is essential to avoid local congestion.

• Participate in preparedness campaigns
Public engagement improves the overall resilience of the evacuation strategy and can reduce
reliance on assisted transport.

These recommendations serve as a starting point for more detailed, operational planning. By address-
ing district level vulnerabilities and aligning stakeholder roles, Maastricht can improve its preparedness
for future flood evacuations.
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A
Maastricht districts and

neighbourhoods

Figure A.1: Overview of the Maastricht districts and neighbourhoods [16]
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B
Overview data sources

Figure B.1: Data sources overview
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C
Selected districts with

neighbourhoods

Figure C.1: Selected districts with neighbourhoods
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D
Infrastructure maps

Figure D.1: Infrastructure map with neighbourhoods
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Figure D.2: Infrastructure map



E
Road segment count

Table E.1: Count of selected road segments per functional type (bst_code)

BST Code Segment Count
AFR 38
HR 36
NRB 106
OPR 37
PAR 117
RB 4080
VBD 1
VBK 1
VBR 17
VBS 1
VBW 1
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F
Evacuation routes and self evac. times

Figure F.1: Estimated evacuation streets per neighbourhood
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G
Neighbourhood data table

Figure G.1: Total table Chapter 4.4

Table G.1: Population, household size and vehicle availability per district in Maastricht

District Population 65+ HH size Vehicles Veh./65+ Veh./res.
Centrum 20235 3820 1.3 5445 143% 27%
Buitenwijk Noordwest 2130 515 1.8 950 184% 45%
Buitenwijk Oost 30235 5990 1.8 11315 189% 37%
Buitenwijk Noordoost 2690 770 1.9 1600 208% 59%
Buitenwijk Zuidoost 20815 4525 1.8 9040 200% 43%
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H
Evacuation destinations

Figure H.1: Evacuation destinations

The trains go to the station of Sittard.
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I
Estimated self evacuation time per

neighbourhood

Figure I.1: Estimated self evacuation time per neighbourhood



J
Evacuation time by bus

Table J.1: Demographics and assisted evacuation demand per neighbourhood

Neighbourhood Population Population 65+ % Assisted Evac. Nassisted65+

Wijk 00 Centrum 20235 3820 46% 1764
Binnenstad 2155 215 59% 127
Jekerkwartier 1615 380 38% 145
Kommelkwartier 2575 660 48% 314
Statenkwartier 4660 650 56% 361
Boschstraatkwartier 1870 285 44% 126
Sint Maartenspoort 2025 235 58% 136
Wyck 5345 1395 31% 429
Wijk 03 Noordwest 2130 515 11% 56
Boschpoort 1565 385 12% 48
Bosscherveld 40 15 0% 0
Frontenkwartier 435 95 24% 23
Belvédère 25 5 0% 0
Lanakerveld 70 15 14% 2
Wijk 04 Oost 30235 5990 25% 1507
Wyckerpoort 3860 870 31% 266
Heugemerveld 2805 480 34% 162
Wittevrouwenveld 5530 810 38% 305
Nazareth 3105 570 31% 179
Limmel 1930 305 35% 107
Scharn 6550 1350 18% 246
Amby 6450 1610 8% 135
Wijk 06 Zuidoost 20815 4525 13% 595
Randwyck 2145 410 4% 18
Heugem 4380 975 19% 189
Heer 7310 1725 15% 255
De Heeg 5905 1120 15% 113
Vroendaal 1070 300 10% 31
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Table J.2: Evacuation time estimation by bus per neighbourhood

Neighbourhood B (buses) C (pp/bus) Troundtrip (min) Roundtrips Tbus (h)
Wijk 00 Centrum - - To Riemst - -
Binnenstad 1 40 30 4 2.0
Jekerkwartier 1 40 30 4 2.0
Kommelkwartier 2 40 30 4 2.0
Statenkwartier 3 40 30 4 2.0
Boschstraatkw. 1 40 40 4 2.67
Sint Maartenspoort 1 40 50 4 3.33
Wyck 3 40 40 4 2.67
Wijk 03 Noordwest 1 40 To Mopertingen 2 1.33
Boschpoort 0 40 30 0 -
Bosscherveld 0 40 30 0 -
Frontenkwartier 0 40 40 0 -
Belvédère 0 40 40 0 -
Lanakerveld 0 40 30 0 -
Wijk 04 Oost - - To Maastricht Airport - -
Wyckerpoort 2 40 30 4 2.0
Heugemerveld 1 40 30 5 2.5
Wittevrouwenv. 2 40 30 4 2.0
Nazareth 1 40 20 5 1.67
Limmel 1 40 20 3 1
Scharn 2 40 30 4 2.0
Amby 1 40 30 4 2.0
Wijk 06 Zuidoost 1 40 To Margraten 2 1.0
Randwyck 0 40 30 0 0
Heugem 1 40 30 5 2.5
Heer 2 40 20 4 1.33
De Heeg 1 40 20 3 1.0
Vroendaal 0 40 20 0 0



K
VCratio on OpenStreetMap

Figure K.1: VCratio map
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L
Use of AI (ChatGPT)

In the process of writing this thesis, I used OpenAI’s ChatGPT as a research and writing support tool.
Specifically, AI was used to:

• Structure and refine the research subquestions to ensure logical progression toward the main
research question.

• Translate and rephrase certain paragraphs between Dutch and English.
• Improve the academic tone and clarity of specific paragraphs.
• Assist with the use of tools such as QGIS and Excel.

All AI-assisted content was critically reviewed, adapted, and supplemented with academic sources and
original analysis. All content was based on my own research and ideas. The AI was not used to
generate conclusions or replace independent reasoning.
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