
Contents lists available at ScienceDirect

Safety Science

journal homepage: www.elsevier.com/locate/safety

Using microsimulation software to model large-scale evacuation scenarios.
The case of Sangüesa and the Yesa dam collapse

Pablo Alvareza,⁎, Virginia Alonsob

a Institute of Smart Cities, Department of Statistics and OR, Public University of Navarra, Spain
bDepartment of Mechanical Engineering, Imperial College London, United Kingdom

A B S T R A C T

The use of computer models to analyse evacuation scenarios and human behaviours in emergencies has greatly
increased due to their capabilities to simulate these processes. These models have been commonly applied to
different types of infrastructures in isolation, and little is known about their use for large-scale evacuation. This
paper explores the capabilities of micro-simulation tools for modelling large-scale evacuation, and also presents
the development and application of a computer based large-scale modelling tool. A novel methodology is pro-
posed here in which different sub-models are connected to represent the different levels of the evacuation
scenario. The methodology has been applied to a real case study: a small town in Spain, Sangüesa, which is in
risk of flooding as a consequence of a potential collapse of the Yesa dam. The inputs used were taken from survey
data, census data, plans of the town, data obtained from the emergency plan, data from other research studies
(flooding models and acoustic models), and a literature review process on human behaviour in emergencies. The
study was focused on the evacuation scenario at night (2:00 AM assuming the majority of residents are sleeping)
as one worst-case scenarios. Four scenarios were developed in order to analyse the impact of (1) two pre-
evacuation time distributions identified for residential evacuation at night and (2) group behaviours (with and
without) during the evacuation process. Results showed that the time needed to evacuate the whole town
(between 33 and 44min) is not sufficient, as in case of a dam collapse the water could reach Sangüesa in about
23min.

1. Introduction

Recent events such as hurricanes Harvey and Irma who caused
widespread and catastrophic damage in the Caribbean, Texas, and
Florida (El País, 2017) (September 2017, more than 200 fatalities, and
tens of thousands of evacuees), wildfires in Haifa, Israel (Carey and
Smith-Spark, 2016) (November 2016, with 60,000 evacuees) and Fort
McMurray, Canada (Fieldstadt, 2016) (May 2016, two fatalities and
nearly 90,000 evacuees), Ecuador earthquake (Wyss, 2016) (April
2016, about 650 fatalities), Oroville dam in California (Associated
Press, 2017) (February 2016, 200.000 evacuees) and Bento Rodrigues
dam disaster in Brazil (BBC News, 2015) (November 2015, 17 fatal-
ities), remind us that natural, technological and/or human-made dis-
asters have a high cost in terms of lives and material losses.

Emergency management normally relies on fixed protocols aimed at
reducing the effects and consequences of these disasters (when these
are imminent or actually happening). The evacuation of populated
areas is a common strategy in severe emergencies. Evacuation protocols

normally define actions such as the person responsible for the eva-
cuation, resources to be activated to support the evacuation, when and
how the area needs to be evacuated and where evacuees need to go.

With urban and transport planners currently developing new stra-
tegies to increase the resilience capacities of our cities, there is also a
need to develop a broader point of view on evacuation planning which
includes the evacuation of a large area of the city.

For decades, the analysis of evacuation has been focused on dif-
ferent types of infrastructures in isolation such as office, residential and
recreational buildings, sport stadia and transport interchanges (Stahl,
1982; Ronchi, 2013; Capote et al., 2012). In fact, the evacuation process
has been studied with an emphasis on how the people behave and move
during a fire evacuation from those infrastructures (Kuligowski, 2016).

The use of computer models to analyze and plan emergency eva-
cuations has greatly increased recently due to their capability to study
these processes as dynamic events as they change over the time instead
of static events (Kuligowski et al., 2010; Gwynne et al., 1999). Large
scale evacuation modelling is mostly approached from a vehicular
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evacuation point of view. For this reason, most of the current models
are focused on analyzing whether the current transport infrastructures
enable the evacuees to leave the populated area in non-congested si-
tuations or to define the resources to be activated (e.g. buses, patrols, or
ambulances).

These models usually have a macroscopic approach and disregard
the pedestrian evacuation, as well as the impact of how the evacuees
react or behave during an emergency. In macroscopic simulation
(macrosimulation) models, evacuees are not represented individually,
instead they are considered as a continuous flow. However, as is well
known, evacuation is a highly stochastic process due to the complexity
of human actions and decisions (Averill, 2012; Alvear et al., 2014), and
therefore considering individual and group behaviors is crucial (Drury
and Cocking, 2007).

The field of fire safety engineering on the other hand, has been
highlighting the impact of human behavior in fire situations for dec-
ades. As a result of this concern, many research works have been carried
out in order to understand, study and quantify the evacuee’s actions and
decisions (Kuligowski, 2016; Proulx, 2002; Shields and Boyce, 2000;
Kobes et al., 2010; Gwynne and Boyce, 2015), and most of the current
evacuation models use a microscopic approach.

The quantification of these actions and decisions relies on the
identification and definition of parameters which can predict human
behaviors and movements in fire such as pre-movement times, emer-
gency route choice, exit choice, group behaviors and walking speeds
(Kuligowski, 2016; Proulx, 2002; Shields and Boyce, 2000; Kobes et al.,
2010; Gwynne and Boyce, 2015). In addition, data collection on human
actions and decisions from experiments and drills, interviews, and real
fire events, has allowed for the creation of an important database of
these behavioral and movement parameters, especially for building
environments (e.g. pre-evacuation times in residential and office
building, walking speeds in stairs or wayfinding) (Gwynne, 2009).

The use of computer models to understand evacuation processes has
greatly increased recently due to their capacity to simulate these factors
(i.e. pre-movement times, walking speeds and route choice) in more
detail than ever before. Additionally, the use of random variables to
represent these stochastic parameters, enable the modeler to represent
the uncertainty of an evacuation. Whilst most of these studies have been
focused on fire evacuation, other fields such as crowd modelling take
advantages of microsimulation tools to ensure a level of comfort and
safety of people by representing pedestrian movements within different
infrastructures. Although there are various studies (Ronchi et al., 2015;
Lämmel et al., 2008; Veeraswamy et al., 2015; Lämmel et al., 2010;
Durst et al., 2012; Bernardinia et al., 2014) that highlight the possibi-
lities of current micro simulation software for modelling large scale, the
application of microsimulation software for real scenarios is still lim-
ited.

Based on the advantages of micro simulation models for re-
presenting evacuation processes and human actions and decisions, this
paper explores micro simulation models’ capabilities to study large
scale pedestrian evacuation. Based on a proposed methodology com-
posed by interconnected sub-models, this work analyses the evacuation
of a small town in Spain, Sangüesa (5000 inhabitants) in case of a
collapse of the Yesa dam. Modelling software (Legion, see Section 2.6)
was used to simulate the evacuation process at night, as a worse-case
scenario when the majority of residents are asleep.

2. Methodology

2.1. Model build overview

The analysis of evacuation using microsimulation software has been
commonly focused on different types of infrastructures in isolation such
as office buildings, sports stadia, and transport interchanges (Alvarez
et al., 2016). However, modelling a large-scale evacuation scenario for
an urban area is complex, as it is necessary to consider all the different

locations in which the evacuation processes take place, such as the
households, the buildings, and the streets. Developing a very detailed
model in which every household and building is included altogether is
possible, but at this scale this is not practical as it is very time-con-
suming and simulation run times can become very large. Therefore, a
new methodology which simplifies the whole procedure was developed.
This consists of the use of interconnected sub-models that represent
different parts of the evacuation process.

First, the evacuation taking place inside the house was analyzed
through an extensive literature review in order to obtain data about
pre-evacuation times and actions people perform before leaving their
household. Secondly, the evacuation of the building was simulated
using the software Legion Spaceworks (Section 2.6), considering the
different types of residential buildings existing in the town (see Section
2.3).

The last step was the modelling and simulation of all the streets,
including slopes and hills, through which the evacuees aim to reach the
safe assembly areas.

This methodology based on interconnected sub-models allows for a
simplification of such a complex scenario, but maintaining the con-
nectivity between all the parts of the evacuation process so that the
validity of the simulation results is maintained. The outputs of each sub-
model are the inputs for the subsequent sub-model.

Fig. 1 shows the methodology used with the three interconnected
sub-models, which will be explained in detail in the next sections.

2.2. In-house sub-model

This sub-model does not make use of any computer microsimula-
tion, as the time taken by the evacuees to leave the household, which
includes the recognition time and the response time, is already included
within the pre-evacuation time given by other authors and guidance
(Brennan, 2000; British Standards, 2004; Proulx et al., 2006; Proulx and
Fahy, 1997; Proulx, 2001). Therefore, a detailed microsimulation
model of how evacuees move inside the house is not needed. Section
3.6 includes all the data used to estimate the pre-evacuation time dis-
tribution, i.e. the time taken for people to evacuate the household,
which is the output of this sub-model.

2.3. In-building sub-model

This sub-model only applies when there are blocks of flats. For
terraced houses this sub-model is ignored, so in these cases the in-house
model would directly feed into the on-street model. The in-building
sub-model starts once the evacuees have left the household, and making
use of microsimulation it represents the evacuation process taking place
inside the building (or block of flats) before reaching the street. To
accurately represent the existing buildings, on-site visits and measure-
ments were carried out to then create five standard buildings that re-
present the main building typologies in the town:

– Building type 1: typical building from the old part of the town,
characterized by buildings with two or three floors, a single
household per floor, and narrow stairs.

– Building type 2: block of flats with two floors and two households
per floor.

– Building type 3: block of flats with three floors and two households
per floor.

– Building type 4: block of flats with four floors and two households
per floor.

– Building type 5: block of flats with four floors and four households
per floor.

In this sub-model, the evacuees from each household leave the
house following the time distribution (input) given by the in-house sub-
model. Three evacuees per household has been taken as a standard,
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