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Abstract: Previous tsunami numerical model results show that the 1755 tsunami reached the Figueir-
inha beach 35 min after the earthquake, resulting in the inundation of the beach, the parking lot,
and two sections of the road on the beach. Thus, an effective evacuation plan for the beach must
be identified. However, conducting drills and evacuation exercises is costly and time-consuming.
As an alternative, this study develops an agent-based model (ABM) to simulate the evacuation of
beach users. The findings from this study reveal that, across the six considered scenarios, it is not
feasible to evacuate all beach users in less than 35 min. The results also show there are only two routes
available for evacuation—the left and right sides—with the left side offering a shorter evacuation
time. However, both evacuation options come with advantages and disadvantages. The results of
this study will be disseminated to local stakeholders.

Keywords: agent-based model; fragility functions; tsunami; Setubal; Portugal

1. Introduction

The role of stakeholders and policymakers is extremely important in disaster risk
reduction, and, for this reason, a number of guidelines and tools have been created at
the international, national, and local levels [1]. These instruments have been elaborated
so that local stakeholders can collaborate with academic institutions, NGOs, and other
non-governmental organizations, companies, and industries, as well as the local population.
At the international level, the United Nations Office for Disaster Risk Reduction (UNDRR)
has provided many recommendations and guidelines to be applied at the local level
(municipalities), with the Sendai Framework for Disaster Risk Reduction 2015–2023 being
the most relevant [2]. At the national level, each country has its own legislation and scientific
and technical reports, which provide further tools to cope with disasters. In Portugal, the
National Authority of Emergency and Civil Protection provides several decree laws [3],
and the National Platform for Disaster Risk Reduction was created to provide national
response strategies for disasters [4].

At the local level, Portugal has legal instruments that offer general guidelines for all
types of risks that could impact its territory, including natural hazards and pandemics.
The Setubal municipality (Figure 1) has a highly diversified territory, with a variety of
land-use patterns [5], including SEVESO industries (Figure 1), which have very specific
directives [6]. A recent paper reviewed the challenges of and solutions to building resilient
urban communities in Setubal [1], finding that a local strategy has been defined [7]. Re-
garding previous hazards that have occurred at Figueirinha beach, forest fires, landslides,
and rock-fall hazards have been mitigated mainly through the use of local strategies [1].
However, the 1969 earthquake, with a magnitude of Ms 8.0 [8], hit Setubal, and previous
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tsunami numerical model results [8] showed that the first tsunami wave arrived at Figueir-
inha beach 44 min after the earthquake. In addition, the same study [8] indicated that the
1755 earthquake, with a magnitude of Mw 8.7, also hit Setubal. The tsunami numerical
model results [8] showed that Figueirinha beach, its parking lot, and the lower parts of its
road were inundated (Figure 1c). This study also showed that there were two sections of
the road with a low topography of 6–8m and 5–8m that could be partially inundated, thus
trapping people on low-ground areas. In addition, this study showed that the first tsunami
wave arrived 35 min [8] after the earthquake.
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tsunami inundation depth were adapted from [8]. Meeting Point Right was proposed by [8], and
Meeting Point Left is a new area proposed in this study that should be used in addition to Meeting
Point Right. Setubal land-use data were adapted from [5].

For these reasons, it is very important to identify an effective evacuation plan for
Figueirinha beach. Moreover, the regular practice of drills and evacuation exercises is an
important component in testing such a plan, improving it, and enabling people to memorize
the selected procedures. Although such recommendations have been published in the
literature for quite some time [9–11], this topic remains very relevant. To achieve this, the
Setubal municipality has organized many drills over the years, including some large-scale
drills with more than 800 participants [12,13], to raise awareness and provide education on
disasters, including tsunamis [1]. However, this is a costly activity, and its organization
takes time and significant effort in terms of both equipment and human resources.

As an alternative to real drills and evacuation exercises, agent-based simulations are
an important tool since they provide useful information to improve the implementation
of evacuation strategies. The benefits of this technique stem from its rapid information
processing and the possibility of considering different types of scenarios in an exploratory
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way, thus enabling the assessment of human or crowd behaviors and the characteristics of
risky zones [14,15]. For example, by using computer simulations, new safe areas and strate-
gies can be identified. The use of computer simulations, thus, constitutes a supplementary
approach to collecting information that can lead to improvements.

Since the 1980s, several agent-based models (ABMs) have been developed [16], ranging
from the most abstract models to more descriptive ones that seek to represent real-world
scenarios; for example, the abstract model developed by [17] consisted of a social simulation
in which individuals interacted in a neighborhood arranged in a grid and had to follow
the rules of behavior. ABMs allow the modeling of complex social and environmental
systems by representing individuals or agents with their own decision-making rules and
interactions. ABMs have been applied to various domains, where they have been utilized
to simulate the behaviors and interactions of individuals in an environment [18,19]. For
example, ABMs have been used to simulate the dynamics of evacuation from volcanoes [20]
and coastal communities in response to tsunami events [21,22]. Some studies were based on
past events [23], while others were aimed at risk analysis [24]. A comprehensive overview
of research in this field is provided in another work [22], which discusses the strengths and
limitations of various evaluated models. This review highlights the significant contributions
of ABMs to understanding tsunami evacuation but acknowledges the ongoing need for
further research to refine and validate such models. Overall, ABMs have shown promise
in simulating the complex interactions between social and environmental systems during
tsunami events, and further research in this area could provide valuable insights into the
design of effective disaster management strategies [24].

The objective of this study is to use an ABM to simulate the evacuation of beach
users at Figueirinha beach during a tsunami event (Figure 1c), to understand whether it is
possible to evacuate all beach users in less than 35 min [8], which corresponds to the time
of the first tsunami wave’s arrival after the 1755 earthquake. The final outputs are fragility
functions to estimate the probability of casualties at the beach due to a tsunami similar to
the 1755 event (worst-case scenario). This study aims to make a valuable contribution to
the improvement of the current evacuation plan for Figueirinha beach in the event of a
tsunami, and to raise tsunami awareness and provide education for the local population.
Furthermore, this study is intended to contribute to strategies for disaster risk reduction,
not only for Setubal but also for other municipalities.

2. Materials and Methods
2.1. Study Area

Figueirinha beach (Figure 1) is the largest beach of the Setubal municipality, spanning
approximately 530 m in length and 90 m in width, and it is very popular among residents
and tourists, especially during the summer months from June to September. However, this
area has several problems that constitute a significant challenge to stakeholders in terms of
risk management and spatial planning. One of the problems is access to the shoreline: due
to its wide sandy beach, several temporary walkways (2–4 m wide) are installed every year
to allow easy access from the parking lot to the shoreline. These walkways must be removed
due to winter storm surges, and, for this reason, it requires constant maintenance. Another
problem is the transportation of the population: since the beach is located approximately
7 km from the Setubal urban area, beach users travel to the beach mostly by car or public
bus. However, this constant flow of vehicles creates severe traffic congestion in the area. To
solve this problem, some measures have been undertaken and are still in place [1]: since
2018, and during the summer months, the number of cars is restricted, the parking lot
requires payment, and four shuttle buses are available for free. In addition, during the
months of June and July, some children travel to the beach by school buses, but these buses
do not remain in the area and park somewhere else.

While forest fires, landslides, and rock-fall hazards are mitigated mainly through
the use of local strategies for emergency planning [1], one situation that has not yet been
solved is related to beach evacuation. As mentioned in the Introduction, previous tsunami
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numerical modeling [8] showed that Figueirinha beach, its parking lot, and the low-ground
area of its road were completely inundated (Figure 2), and, for this reason, people should
not remain at the beach. Furthermore, the only access to higher ground is by using one
narrow road. Due to unstable high cliffs [5], which are more than 100 m high, in the vicinity
of the beach (Figure 1), there is constant work and countermeasures to contain rock falls [1],
and no other escape route exists, except for the aforementioned road.

Nevertheless, a tsunami Meeting Point has been proposed near the Outao Hospital [8],
which is indicated as Meeting Point Right (Figure 1c) and is located 29–40 m above the
mean sea level. Since this area is not sufficient to accommodate all beach users, as well as
hospital staff and patients, Meeting Point Left (Figure 1c) is proposed in this study, which is
located at approximately 22 m above the mean sea level. Thus, Meeting Point Left should
be used in addition to Meeting Point Right.

2.2. Field Survey

A field survey was conducted at Figueirinha beach on several occasions in 2022 and
2023. It was found that a female approximately 1.5 m in height and 75 kg in weight, thus
being classified in the obesity category, took approximately 2 min and 30 s to walk the path
of Route 1 (red line in Figure 2). It was not possible to walk through the tunnel because this
road was closed due to the danger of rock falls (Figure 3a).
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The length of Route 1 is approximately 180 m, which corresponds to an average walk-
ing speed of approximately 1.2 m/s (4.3 km/h). In addition, the results from the tsunami
numerical model [8] indicate that the road near the tunnel experiences an inundation depth
of up to 1.1 m in height, while the road after the tunnel remains outside the inundation
zone, being situated at 8.5 m above the mean sea level (Figure 2). Thus, while walking on
the road from this point onwards in the direction of Meeting Point Left (Figure 1c), beach
users are already safe from tsunami waves. However, they must continue walking to reach
Meeting Point Left because this route is too narrow to accommodate all beach users at once.

The same female participant conducted a second experiment by walking only on sand
and completed the path of Route 2 (purple line in Figure 2) in approximately 1 min and
30 s. The path spanned approximately 90 m long, which resulted in an average walking
speed of 1.0 m/s (3.6 km/h). The field survey also showed that the beach has six exits,
all of which are equipped with walkways, except for Exit 4 (Figure 2). These exits have
ramps and large stairs (Figure 3b) that allow easier mobility. Upon exiting the beach, people
should evacuate to a safe area that is located on high ground and outside the inundation
zone. Table 1 summarizes the distance between the Meeting Points and each beach exit,
illustrating that the Meeting Points are at a considerable distance from the beach.

Table 1. Distance, in meters, from Meeting Points Left and Right (Figure 1c) to each beach exit
(Figure 2).

Meeting
Point Exit 1 Exit 2 Exit 3 Exit 4 Exit 5 Exit 6

Left 757 794 869 944 988 1068
Right 1084 1050 992 967 902 853

During the field survey, a school group was observed arriving at the beach, and the
children took approximately 60 s to walk the 60-m walkway along Route 3 (blue line in
Figure 2), resulting in a walking speed of 1.0 m/s (3.6 km/h). Furthermore, the results
of the tsunami numerical model [8] show that the inundation depth on this road, which
is situated on the right side of the beach and is near trees and the parking lot, reaches up
to 1.4 m in height (Figure 2); in this area, the road is 7.5 m above the mean sea level, and
by walking on the road from this point onwards in the direction of Meeting Point Right
(Figure 1c), beach users are already safe from tsunami waves. Nevertheless, they must
continue walking to reach the Meeting Point Right due to the road’s limited capacity to
accommodate all beach users as it is too narrow. Unlike Meeting Point Left, which does not
have any emergency infrastructure, Meeting Point Right is located near the Outao Hospital
(Figure 1c), which can provide help and assistance to injured individuals.

2.3. Data

The data on the present population of beach users at Figueirinha beach were provided
by the Municipal Civil Protection and Fire Service of Setubal (SMPCB), which were com-
piled during the summer months (June to September) of 2022. To simplify the simulations,
two daily periods were considered: morning (7 a.m. to 12 p.m.) and afternoon (12 p.m.
to 7 p.m.). The authors had several meetings with Civil Protection to discuss the data, as
well as the preliminary results of the model. Moreover, in each period, the simulations
considered the maximum number of the present population (worst-case scenario), as sum-
marized in Table 2. Thus, there were a total of six scenarios. The details of each type of
transportation used by beach users are presented below, as well as the census data.
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Table 2. Data on the population of beach users at Figueirinha beach in 2022, who were transported
by public buses, cars, and school buses to the beach during the months of June, July, August, and
September. Abbreviations: C—average number of children; A—average number of adults; T—total
number of beach users.

Month Period Public Buses
C/A/T

Cars
C/A/T

School Buses
C/A/T

Total
C/A/T

June
Morning 11/122/133 30/321/351 424/21/445 465/464/929

Afternoon 11/122/133 30/321/351 0/0/0 41/443/484

July Morning 60/634/694 32/344/376 1811/91/1902 1903/1069/2972
Afternoon 60/634/694 32/344/376 0/0/0 92/978/1070

August Morning and
afternoon 66/699/765 39/413/452 0/0/0 105/1112/1217

September Morning and
afternoon 11/120/131 23/244/267 0/0/0 34/364/398

The number of cars was obtained based on parking lot payments registered from
10 June to 30 September 2022. The parking lot operates daily from 7 a.m. to 7 p.m., and it is
assumed that, on average, each car transports 2.5 people. Local knowledge and the parking
lot records show that, on average, there is a constant flow of cars entering and leaving the
parking lot approximately every 20 min; this means that there is a constant flow of people
entering and leaving the beach. In June 2022, the flow was approximately 50 people; in July,
it was 54 people; in August, it was 65 people; and in September, it was 38 people.

Previous studies that recorded daily beach users in Portugal from June to Septem-
ber [25] show that during the night-time period, there are people at the beach. However,
during the night-time period (from 7 p.m. to 7 a.m. of the next day), the parking lot
at Figueirinha beach is free and there are no locally available data. For this reason, the
night-time scenario was not considered in this study.

There are four lines of public buses that transport people from the city’s urban area to
the beach. They operate daily from 7 a.m. to 7 p.m., arriving and leaving Figueirinha beach,
on average, every 20 min. The total number of transported people in June was 17,059; in
July, it was 92,257; in August, it was 101,681; and in September, it was 16,849.

Children travel to the beach in the morning period (from 9 a.m. to 12 p.m.) during
the months of June and July and are transported by school buses. There were 163 buses
and 40 minivans to transport children in June, and 668 buses and 352 minivans in July. In
addition, there was, on average, one adult for approximately 20 children, but the adults
walked at the same velocity as the children.

Since the exact number of adults and children transported by public buses and cars is
unknown, the ratios according to the 2022 Census data [26] were considered, and it was
assumed that there were two age groups: 0–9 years and 10 years or older. The data show a
ratio of 8.6% for children and a ratio of 91.4% for adults. These two age groups were chosen
due to different walking velocities, as described in more detail in Section 2.4.3.

2.4. The Model

The model is an ABM programmed in Python. It was developed by the authors [27]
using Mesa [28], an open-source Python library for agent-based modeling. A GIS extension
called Mesa-Geo [29] was utilized, which implements a GeoSpace that can host GIS-based
GeoAgents. These GeoAgents are regular agents but with geometric attributes imported
from a shapefile and a coordinate reference system. We can view the model as consisting of
three tiers: the geographical information, the algorithm, and the visualization tiers.

The geographical information is imported from a shapefile that includes spatial data
related to Figueirinha beach, encompassing sand areas, walkways, stairs, buildings, the
parking lot, and roads (Figures 1c and 2). The algorithm processes the geospatial data
representing the environment of Figueirinha beach and governs the behavior of the agents,
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which represent beach users. The role of the algorithm is mainly to determine the movement
and navigation of the agents. Agent navigation is based on landmarks, which are virtual
or natural features embedded in the geographical information layer and processed by the
algorithm to guide the agents through appropriate routes. The visualization tier displays
the simulation, allowing for the observation of beach users’ behavior in the environment.

2.4.1. Agents

Agents can be seen as autonomous entities that interact with their environment and
other agents, each having a goal. In this case, the agents are the beachgoers present at
the beach, with the goal of escaping to a safe area in the context of an evacuation exercise
or a drill. There are two types of agents: adults and children. Adults can be alone or in
groups with other adults or children. In the case of schools, a group consists of 1 adult
and 20 children, which is in line with the previously mentioned data (Section 2.3). Initially,
agents are uniformly distributed across the sandy areas. The adults and children of each
school group are assigned to the same neighborhood.

2.4.2. Landmark-Based Routes

Algorithms that calculate an optimal nearest-path route for each agent tend to become
increasingly demanding as the number of agents increases. Stern (2019) [30] discussed
the challenges that algorithms like A* face in solving the nearest-path problems, con-
sidering the size of the search space and its branching factor. Landmark-based routing
approaches [31,32] provide an alternative for the simulation of evacuation exercises and
drills due to their lower computational demands.

A landmark is a reference point that captures visual attention, such as a naturally
salient reference point or a location in the architectural layout that can serve as the object of
the decision-making navigation process [33]. One advantage of landmark-based algorithms
is that they do not require each agent to maintain a set of possible routes in memory while
searching for the most suitable one [31]. In this model, landmarks are natural features or
user-defined virtual objects in the geographic information system layer, which guide agents
along appropriate routes.

Three types of landmarks were defined: safe areas (Figure 1c), beach exits (Figure 2),
and basic landmarks. The last type includes auxiliary references that are densely arranged
throughout selected walking areas to facilitate the building of a network of possible routes
to the beach exits and, from there, to the Meeting Points.

The algorithm that establishes the set of possible routes consists of two phases. Initially,
a reference to the nearest beach exit (Figure 2) is established at each basic landmark on
the beach. In the second step, each is linked to the nearest basic landmark that shares the
same beach exit. This leads to an interconnected mesh of landmarks, forming a network of
possible paths to the beach exits. Landmarks on the beach walkways (Figure 2) undergo a
specific treatment to maintain coherent routes if the agents choose to evacuate in this way.
The same process is then applied to the basic landmarks along the road, which connects the
six beach exits to the Meeting Points, with the distances varying between approximately
760 m and 1090 m, as indicated in Table 1. Therefore, agents who leave the beach using
Exits 1 to 4 travel to Meeting Point Left, and those who leave the beach using Exits 5 and 6
travel to Meeting Point Right, since these are the shortest distances to travel.

2.4.3. Agent Navigation, Walking Speed, and Collision Management

To leave the beach, agents either choose the closest walkway or ignore the walkways
and walk on the sand toward the beach exits. The proportion of agents who choose the
walkways is configurable. The walking speed on these walkways is higher than on the
sand, but walking on the latter can avoid the congestion that may occur on the walkways.
For convenience and due to the lack of data, it is assumed that if there are school groups at
the beach (in the scenarios during the mornings of June and July, as presented in Table 2),
the walkways are used exclusively to evacuate these groups, while the rest of the beach
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users should walk directly on the sand to the nearest beach exit. In the four scenarios with
no school groups (June and July afternoons, and August and September mornings and
afternoons), in which everyone arrives by car and public bus, it is assumed that 50% would
walk on the sand, and 50% would use the walkways.

The walking speeds of pedestrians vary widely depending on intrinsic and extrinsic
conditions, such as their physical condition, gender, age, country, surface, and slope [34–36].
A normal distribution with an average walking speed of 1.12 m/s (4.0 km/h) and 1 m/s
(3.6 km/h) is adopted for adults and children, respectively, both with a standard deviation
of 0.17 m/s (0.6 km/h), which agrees with the field survey data. On the other hand, a
penalty of 13% is applied when walking on sand [37]. Moreover, considering the average
gradient of the road leading up to the safe areas located on high ground, a 30% penalty is
applied to agents walking up the road [38].

Collision avoidance refers to the phenomenon of people changing their direction of
movement to prevent collisions with others. In the model, we observed the need to manage
the prevention of two types of collision, which could be classified as glancing and away
collisions [39,40]. Glancing occurs when two agents move toward the same place. In this
case, the agent closest to the destination has priority, while the other slows down or stops.
Away collisions refer to the possibility of colliding from behind with another agent. When
an agent is close behind another agent with a higher walking speed than the later, if both are
heading toward the same basic landmark, the former overtakes the latter using adjoining
basic landmarks.

2.4.4. Group Management

In the case of school groups, each group is assumed to comprise one adult and
20 children to be in line with the provided data, as described in Section 2.3. However,
due to the unavailability of data for other groups, certain criteria have to be assumed.
Adults may be either alone or with other adults or children. Children are never alone. For
individuals arriving by car or bus, the census data mentioned earlier indicate that 8.6% are
children, and it is assumed that groups can have up to a maximum of five individuals.

For school groups, the algorithm initially assigns a leader to each group, who must
be an adult-type agent. At the beginning of the simulation, followers meet with their
respective leaders. The leader searches within a certain influence area to check if the
group is reunited, and, once all followers are gathered, the leader starts the evacuation.
If followers have a lower walking speed, such as child-type agents, they can fall behind.
When a follower falls behind for more than a certain distance, the leader stops and waits.

3. Results and Discussion

In this study, the calculated casualties correspond to the number of people who may
be dead or injured, either by remaining in the tsunami inundation zone of the study area
or at the road (Figures 1c and 2), at 35 min after the earthquake. In the opposite situation,
people who reach Meeting Points Left and Right are considered to be safe. This study
also considers the orderly evacuation of beach users and assumes that they start to move
immediately after the earthquake.

For each of the six scenarios presented in Table 2, five runs were carried out. The
output results of the number of agents that were at the beach and at the Meeting Points
for each of the five runs were recorded, and then the mean and standard deviation were
calculated. These results are presented in Appendix A. In general, the standard deviation is
less than 5%, which shows that the results of the mean of the five runs are acceptable. Higher
standard deviation values were obtained for the four day-time scenarios without school
groups (June and July afternoons, and August and September mornings and afternoons)
because the number of children was considerably lower when compared to the number
of adults.

The results also show that the first adults and children leave the beach within a few
minutes (Appendix A and Figure 4), which is consistent with the data recorded during the
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field survey. However, in all of the six scenarios, the total population of beach users takes
approximately 15–20 min to leave the beach. These long evacuation times are related to the
large number of agents at the beach, all of whom have to evacuate by using the six beach
exits. Thus, we recommend increasing the number of walkways, as well as increasing the
width of these pathways, since it is easier to walk on hard floor than on sand. The shape of
the sandy beach and the distribution of people on the beach should also be evaluated so
that people can use the six beach exits evenly.
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In addition, the results show that in all scenarios, adults begin to reach Meeting
Points Left and Right at 15 min, while children reach them at 20 min (Appendix A and
Figures 4 and 5). At these times, there are still people remaining on the beach (Appendix A
and Figure 4). These results hold significant importance as they highlight the need for
people to evacuate in an orderly and quick manner to the Meeting Points and refrain from
lingering on the road, because the area is not sufficient to accommodate all beach users.
Furthermore, people should evacuate by walking and not using their cars. Moreover,
people may delay starting their evacuation, which may lead to more casualties [41]. For
this reason, beach users must begin to leave the beach for higher ground immediately after
an earthquake.

A fragility function is defined as a function describing the probability of exceeding
different limit states (such as damage or injury levels), given a certain level of a limit state—
for example, a function that relates earthquake intensities with the probability of exceeding
a certain ground-shaking level or the probability of damage to buildings [42]. Previous
tsunami studies have related the inundation depth with the probability of exceeding certain
thresholds for damaging houses or saving people [43]. The case study presented in this
research relates the evacuation time to the probability of exceeding certain limits for saving
people, or the percentage of people who may be saved, as opposed to the percentage of
casualties (Figure 5).
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At 35 min after the earthquake, the time that corresponds to the arrival of the first
tsunami waves [8], there are no people left at the beach or the parking lot in all the scenarios
(Figure 4).

In fact, the large majority of adults reach the Meeting Points (Appendix A, Figures 5 and 6),
with a mean of 92.3% and a standard deviation of 1.7% in the scenario of July mornings, and
a mean of 96.3 % and a standard deviation of 1.0% in the scenario of September mornings
and afternoons. On the other hand, approximately half of the children reach the Meeting
Points, with a mean of 45.8% and a standard deviation of 7.5% in the scenario of June
mornings, and a mean of 59.8% and a standard deviation of 9.6% in the scenario of July
afternoons. These results yield a mean total population of 63.9% at the Meeting Points and
a standard deviation of 5.7% in the scenario of July mornings, and a mean of 92.4% and a
standard deviation of 0.0% in the scenario of September mornings and afternoons.

In addition, by analyzing Figure 6, we observe a correlation of −0.73 between the
total evacuation time and the percentage of saved adults, and a correlation of −0.91 with
the percentage of saved children, both indicating strong negative correlations. On the
other hand, there is a strong positive correlation of 0.93 between the total evacuation
time and the percentage of total casualties. These results are robust enough to accept the
simulation outcomes. In addition, as the total evacuation time increases, the percentage of
safe individuals decreases, while the percentage of casualties increases. In other words, the
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faster the evacuation is conducted, the fewer casualties there will be due to the tsunami,
which is consistent with real-world expectations and observations.
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Figure 6. Percentages of safe adults and children and total casualties at 35 min after the earthquake,
and total evacuation time, considering that 98% of total beach users reach the Meeting Points
(Figure 1c).

However, 35 min after the earthquake, there are some people remaining on the road.
As mentioned earlier, the path to Meeting Point Left is prone to forest fires and rock-fall
hazards, making it an unsafe option to take. The path to Meeting Point Right is also prone
to forest fires and rock-fall hazards, along with two sections of the road that could be
inundated by the tsunami (Figure 1c). In light of this, we considered four new scenarios to
simulate the situations in which people need to evacuate either to the left or to the right of
the beach (Figure 7). For these scenarios, we utilized the June morning data (approximately
1000 agents with school groups) and the July afternoon data (approximately 1000 agents
without school groups) as the input.

A comparison of the results presented in Figures 5 and 7 shows that evacuation to
Meeting Point Left is faster than evacuation to both sides or to Meeting Point Right: the
first children arrive at the safe area within 25 min (9.4% to the left and 7.1% if they evacuate
to both sides) and within 30 min if they evacuate to the right (0.3%). On the other hand, the
first adults arrive at the safe area within 15 min (4.4% to the right and 3.1% if they evacuate
to both sides) and within 20 min (1.8% to the right).

The comparison of the results presented in Figures 5 and 7, at 35 min after the earth-
quake, is summarized in Table 3, highlighting that evacuating only to Meeting Point Right
causes more casualties. In fact, this situation occurred in 2023 during the period when
access to Meeting Point Left was closed due to rock-fall hazards (Figure 3a). One of the
reasons for the discrepancies in the results may be the considerable distances between
each beach exit and Meeting Points Left and Right (Table 1). Furthermore, evacuating to
Meeting Point Left may expose beach users to the danger of rock falls, while evacuating
to Meeting Point Right may lead to beach users being trapped by tsunami waves due to
the low topography of the road (Figure 1c). On the positive side, the right side offers the
advantage of having a large area to accommodate people, and the Outao Hospital will be
relocated (the construction of the new hospital at the new location is already underway).
Thus, we recommend that preventive measures to contain rock-fall hazards continue, along
with measures to increase the topography of the two stretches of the road and reinforce the
coastlines of these areas.
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Figure 7. Fragility functions: simulation results (means of 5 runs) in the scenarios of June morning
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evacuation to the left and right of the beach to reach Meeting Points Left and Right, respectively
(Figure 1c).

Table 3. Probability of casualties at 35 min after the earthquake, considering approximately
1000 agents with and without school groups.

Scenario Meeting Point % of
Children % of Adults % of Total

Population

June morning
(929 agents,

with school groups)

Left 33.2 5.0 19.0
Both 54.2 6.2 30.1
Right 97.7 16.3 56.9

July afternoon
(1070 agents,

without school groups)

Left 44.2 4.8 8.2
Both 40.2 5.7 8.7
Right 77.9 15.5 20.9

Therefore, there is no perfect solution, and both Meeting Points (Left and Right) have
their own advantages and disadvantages that need to be addressed. While the tsunami
warning system in Japan has been developed with significant recent progress [44,45],
Portugal still does not have a national tsunami warning system. This lack of an early
warning system clearly highlights the importance of the preparedness of the population,
including updating current emergency plans and conducting evacuation exercises to train
beach users and stakeholders in disaster management.

4. Conclusions

The Setubal municipality faces multiple hazards that need to be continuously eval-
uated and addressed by stakeholders. Especially at Figueirinha beach, which is mostly
susceptible to forest fires and rock-fall hazards, a safe place to remain is the beach. However,
if a large earthquake occurs, followed by a tsunami, the beach becomes the most dangerous
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area to remain. Consequently, beach users must evacuate immediately by walking to the
Meeting Points that are located outside of the inundation areas and on high ground. The
best option related to the fastest route is to evacuate everybody to Meeting Point Left.
Moreover, the Outao Hospital in this area will be relocated (the construction of the new
hospital at the new location is already underway).

Based on the simulation results of this study, we suggest that preventive measures to
contain rock-fall hazards continue and there should be measures to increase the topography
of the two stretches of the road, as well as reinforcement of the coastlines of these areas. We
recommend that the number of temporary walkways should be increased, as well as their
width; the shape of the sandy beach and the distribution of people on the beach should also
be evaluated. These parameters could be incorporated in future simulations as a follow-up
of this study.

The results of this study will be disseminated to Civil Protection to assess which mea-
sures may be taken to mitigate the local multi-hazards and to update the current emergency
plans and evacuation exercises to train beach users and stakeholders in disaster management.
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Appendix A

Table A1. Results of June morning.

% of Adults % of Children % of Total Population

At the Beach At the Meeting
Point At the Beach At the Meeting

Point At the Beach At the
Meeting Point

Time
(Minutes) Mean Stand.

Dev. Mean Stand.
Dev. Mean Stand.

Dev. Mean Stand.
Dev. Mean Stand.

Dev. Mean Stand.
Dev.

0 100.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
5 6.3 1.1 0.0 0.0 36.8 4.0 0.0 0.0 22.2 1.2 0.0 0.0

10 2.3 0.8 0.0 0.0 6.6 3.2 0.0 0.0 3.7 2.1 0.0 0.0
15 0.1 0.2 3.1 0.3 2.1 2.1 0.0 0.0 0.6 0.6 1.6 0.2
20 0.0 0.0 26.3 1.3 0.0 0.0 0.0 0.1 0.0 0.0 13.2 0.6
25 0.0 0.0 59.9 2.0 0.0 0.0 7.1 3.1 0.0 0.0 33.6 2.2
30 0.0 0.0 85.5 1.3 0.0 0.0 34.3 4.6 0.0 0.0 60.0 2.7
35 0.0 0.0 93.8 1.4 0.0 0.0 45.8 7.5 0.0 0.0 69.9 4.0
40 0.0 0.0 96.8 0.6 0.0 0.0 59.7 5.5 0.0 0.0 78.3 2.8
45 0.0 0.0 98.1 0.7 0.0 0.0 76.2 3.8 0.0 0.0 87.2 2.0
50 0.0 0.0 99.1 0.6 0.0 0.0 91.5 3.6 0.0 0.0 95.3 2.1
55 0.0 0.0 99.4 0.5 0.0 0.0 97.7 2.3 0.0 0.0 98.6 1.2
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Table A2. Results of June afternoon.

% of Adults % of Children % of Total Population

At the Beach At the Meeting
Point At the Beach At the Meeting

Point At the Beach At the
Meeting Point

Time
(Minutes) Mean Stand.

Dev. Mean Stand.
Dev. Mean Stand.

Dev. Mean Stand.
Dev. Mean Stand.

Dev. Mean Stand.
Dev.

0 100.0 0.1 0.0 0.0 100.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
5 5.1 2.1 0.0 0.0 91.7 7.0 0.0 0.0 12.4 2.5 0.0 0.0

10 2.0 0.9 0.0 0.0 31.2 10.0 0.0 0.0 4.5 1.6 0.0 0.0
15 0.2 0.3 3.5 0.8 6.8 6.1 0.0 0.0 0.8 0.8 3.2 0.7
20 0.0 0.0 28.7 4.5 0.0 0.0 0.0 0.0 0.0 0.0 26.3 4.2
25 0.0 0.0 62.0 3.8 0.0 0.0 5.9 5.6 0.0 0.0 57.2 3.9
30 0.0 0.0 87.0 3.1 0.0 0.0 28.8 13.7 0.0 0.0 82.1 3.9
35 0.0 0.0 96.0 1.3 0.0 0.0 53.2 19.5 0.0 0.0 92.4 2.5
40 0.0 0.0 99.0 0.5 0.0 0.0 75.1 12.6 0.0 0.0 96.9 1.5
45 0.0 0.0 99.7 0.2 0.0 0.0 88.8 8.9 0.0 0.0 98.8 0.9
50 0.0 0.0 99.8 0.3 0.0 0.0 89.0 12.1 0.0 0.0 98.9 1.3

Table A3. Results of July morning.

% of Adults % of Children % of Total Population

At the Beach At the Meeting
Point At the Beach At the Meeting

Point At the Beach At the Meeting
Point

Time
(Minutes) Mean Stand.

Dev. Mean Stand.
Dev. Mean Stand.

Dev. Mean Stand.
Dev. Mean Stand.

Dev. Mean Stand.
Dev.

0 100.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
5 10.9 2.3 0.0 0.0 42.7 6.3 0.0 0.0 31.2 4.9 0.0 0.0

10 4.1 1.5 0.0 0.0 9.4 2.5 0.0 0.0 7.5 2.0 0.0 0.0
15 0.7 0.5 2.5 0.5 2.6 1.1 0.0 0.0 1.9 0.8 0.9 0.2
20 0.0 0.0 23.8 2.0 0.1 0.1 0.0 0.1 0.0 0.1 8.6 0.7
25 0.0 0.0 58.7 1.7 0.1 0.1 2.2 1.3 0.0 0.1 22.6 1.1
30 0.0 0.0 81.3 1.5 0.0 0.0 11.9 2.7 0.0 0.0 36.9 2.0
35 0.0 0.0 92.3 1.7 0.0 0.0 47.8 8.1 0.0 0.0 63.9 5.7
40 0.0 0.0 96.9 0.8 0.0 0.0 76.2 6.0 0.0 0.0 83.7 4.1
45 0.0 0.0 98.7 0.2 0.0 0.0 92.9 2.6 0.0 0.0 95.0 1.7
50 0.0 0.0 99.2 0.1 0.0 0.0 98.3 0.4 0.0 0.0 98.6 0.3
55 0.0 0.0 99.3 0.0 0.0 0.0 99.3 0.7 0.0 0.0 99.3 0.5

Table A4. Results of July afternoon.

% of Adults % of Children % of Total Population

At the Beach At the Meeting
Point At the Beach At the Meeting

Point At the Beach At the
Meeting Point

Time
(Minutes) Mean Stand.

Dev. Mean Stand.
Dev. Mean Stand.

Dev. Mean Stand.
Dev. Mean Stand.

Dev. Mean Stand.
Dev.

0 100.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
5 13.6 3.0 0.0 0.0 93.3 3.6 0.0 0.0 20.4 2.9 0.0 0.0

10 2.5 0.5 0.0 0.0 38.9 10.5 0.0 0.0 5.6 1.2 0.0 0.0
15 0.3 0.3 3.0 0.6 6.7 2.8 0.0 0.0 0.9 0.4 2.7 0.6
20 0.0 0.0 21.1 1.0 1.5 2.3 0.2 0.5 0.1 0.2 19.3 0.9
25 0.0 0.0 57.2 1.6 0.0 0.0 8.5 5.5 0.0 0.0 53.0 1.7
30 0.0 0.0 82.2 1.9 0.0 0.0 28.9 4.9 0.0 0.0 77.6 2.1
35 0.0 0.0 94.3 0.7 0.0 0.0 59.8 9.6 0.0 0.0 91.3 0.5
40 0.0 0.0 98.2 0.4 0.0 0.0 80.2 3.3 0.0 0.0 96.6 0.6
45 0.0 0.0 99.4 0.4 0.0 0.0 91.7 2.6 0.0 0.0 98.8 0.6
50 0.0 0.0 99.8 0.3 0.0 0.0 97.2 2.7 0.0 0.0 99.5 0.4
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Table A5. Results of August morning and afternoon.

% of Adults % of Children % of Total Population

At the Beach At the Meeting
Point At the Beach At the Meeting

Point At the Beach At the
Meeting Point

Time
(Minutes) Mean Stand.

Dev. Mean Stand.
Dev. Mean Stand.

Dev. Mean Stand.
Dev. Mean Stand.

Dev. Mean Stand.
Dev.

0 100.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
5 12.0 2.8 0.0 0.0 87.7 3.7 0.0 0.0 18.5 2.9 0.0 0.0

10 2.8 1.9 0.0 0.0 36.5 9.0 0.0 0.0 5.7 2.4 0.0 0.0
15 0.6 0.4 3.2 0.4 7.9 5.7 0.0 0.0 1.2 0.9 3.0 0.4
20 0.1 0.1 19.6 1.1 1.3 1.9 0.0 0.0 0.2 0.2 17.9 1.0
25 0.0 0.0 56.5 1.7 0.2 0.4 5.2 4.3 0.0 0.0 52.1 1.6
30 0.0 0.0 84.2 0.9 0.0 0.0 30.4 5.4 0.0 0.0 79.6 1.2
35 0.0 0.0 95.5 0.5 0.0 0.0 58.7 3.0 0.0 0.0 92.3 0.7
40 0.0 0.0 98.4 0.2 0.0 0.0 75.0 8.2 0.0 0.0 96.4 0.8
45 0.0 0.0 99.5 0.1 0.0 0.0 88.8 0.6 0.0 0.0 98.6 0.1

Table A6. Results of September morning and afternoon.

% of Adults % of Children % of Total Population

At the Beach At the Meeting
Point At the Beach At the Meeting

Point At the Beach At the
Meeting Point

Time
(Minutes) Mean Stand.

Dev. Mean Stand.
Dev. Mean Stand.

Dev. Mean Stand.
Dev. Mean Stand.

Dev. Mean Stand.
Dev.

0 100.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
5 4.7 0.9 0.0 0.0 87.3 7.8 0.0 0.0 11.5 1.3 0.0 1.3

10 1.2 0.6 0.0 0.0 27.9 9.9 0.0 0.0 3.4 1.3 0.0 1.3
15 0.4 0.3 3.6 0.7 10.3 4.1 0.0 0.0 1.2 0.6 3.3 0.6
20 0.1 0.1 29.4 2.0 2.4 5.4 0.6 1.4 0.3 0.6 27.0 0.6
25 0.0 0.0 62.9 2.2 0.0 0.0 7.3 7.6 0.0 0.0 58.3 0.0
30 0.0 0.0 87.6 2.0 0.0 0.0 31.5 14.8 0.0 0.0 83.0 0.0
35 0.0 0.0 96.3 1.0 0.0 0.0 55.8 13.0 0.0 0.0 92.9 0.0
40 0.0 0.0 98.7 0.4 0.0 0.0 74.5 9.7 0.0 0.0 96.7 0.0
45 0.0 0.0 99.3 0.6 0.0 0.0 83.3 12.5 0.0 0.0 98.0 0.0
50 0.0 0.0 99.7 0.4 0.0 0.0 83.3 10.7 0.0 0.0 98.4 0.0
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