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4860, Macul, Santiago, Chile 
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A B S T R A C T   

The destructive potential of a massive tsunami is not only related to society’s response capacity 
and evacuation plans, but also to the urban morphology and land cover. The Boca Sur neigh-
borhood is one of the areas in central Chile that is most exposed to tsunamis, and it is framed in 
the context of increasing urban growth. Faced with the worst tsunami scenario (earthquake Mw 
= 9.0), residents’ evacuation potential is analyzed by using a least-cost-distance model, and two 
scenarios of land cover change are considered (2002 and 2018). Presently, the sector’s urban 
areas have grown by 83%, therefore its population has also grown. The evacuation times consider 
an average walking speed (1.22 m/s) for both years (2002 and 2018). This analysis establishes 
that over 40% of the study area is more than 60 min away from the safe zones established by 
authorities. This differs greatly from the 22-min average tsunami arrival time. Moreover, 19% of 
the area could not be evacuated in less than 30 min. Therefore, it can be concluded that the 
increased urbanization in the coastal area has not improved travel times, as urban planning did 
not consider the optimization of evacuation times to the designated safe zones. In this study, we 
propose new safe zones that would help reducing evacuation times to 30 min. In addition to the 
area’s high tsunami risk, the evacuated population’s strong travel time limitations are added, 
prioritizing the incorporation of social and urban resilience elements that help to effectively 
reduce the risk of disaster, by using land-use planning and community work.   

1. Introduction 

Coastal zones are one of the regions most threatened by natural disasters in the world [1]. In particular, tsunamis can cause severe 
damage to infrastructure and communities in vast coastal regions, as was recently observed in Indonesia (2004), Samoa (2009), Chile 
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(2010, 2014 and 2015) and Japan (2011) [2–5]. 
The extensive damage caused by large tsunamis is mainly explained by location factors that increase the population’s exposure and 

vulnerability, and therefore their risk [6,7]. One of the aspects frequently evaluated is the amount and type of population that lives in 
potentially dangerous areas. In this regard, coastal areas (understood as areas that are adjacent to the coast with an elevation below 10 
m) are home to nearly 625 million people worldwide. Moreover, this number could increase to 892 million in 2030, if we consider an 
average-growth scenario [6]. 

Consequently, studies dealing with tsunami risks that also include evacuation are of great importance for tsunami risk counter-
measures as well as the protection of human lives. Over the last decades, many studies that consider people’s behaviors while 
evacuating have been carried out, which has led to the development of different types of evacuation models. In a general manner, these 
can be classified under ‘dynamic’ and ‘static’ approaches [7]. The former aim to assess the evacuees’ individual behaviors during a 
specific emergency, their interactions among them and the environment, and the effect of these actions on the evacuation process (e.g. 
milling times, choices of route, and transport mode). In turn, ‘static’ models allow understanding the main characteristics of large 
evacuation scenarios and how their environmental factors influence the evacuation. These processes allow the identification of 
‘landscapes’ comprising multiple expected travel times, typically leading to the development of spatially explicit maps for supporting 
evacuation planning [8,9] The most common ‘dynamic’ types of models are agent-based (e.g. Refs. [10–15] and cellular automata (e.g. 
Refs. [16,17]. 

. In turn, the most used ‘static’ models are least-cost-distance (LCD) approaches, which apply geographic information systems (GIS) 
to measure the paths with the shortest travel times (from every endangered location) to safety sites (e.g. Refs. [9,18]. Several studies 
have provided valuable diagnoses of current evacuation conditions considering different scenarios and urban contexts; nonetheless, 
studies examining how and why these conditions have historically evolved are scarce [19]. In this sense, the resulting urban 
morphology can directly influence the community’s response and evacuation under a tsunami warning, which is considered a factor of 
human resilience [20]. Therefore, evacuation processes can be strongly conditioned by historic urbanization processes and 
urban-growth patterns. For example, patterns of real estate development might imply a progressive increase in population density in 
areas under tsunami hazard, making evacuation difficult [20,21]. Since coastal cities have recently been recognized as disaster hot 
spots, the relationships between disasters and urban configuration at the macro-scale have been studied in depth [10]. However, 
evacuation times are also sensitive to different typologies of land cover [22,21]. In this sense, historic changes to urban land cover (for 
example, building developments encroaching on rural or open areas) should also modify the population’s evacuation times, since it 
changes the direction and areas where the evacuees can advance. 

This study addresses this lesser-known aspect in the literature, examining a city that is part of the second most important urban 
cluster in Chile, the Concepción metropolitan area, which shows similar occupation patterns as the rest of the country and Latin 
America. 

It is important to emphasize that several coastal cities in Chile have been affected by destructive tsunamis. In fact, the most recent 
events took place in 2010, 2014 and 2015 [4,5,23]. Also, the urban sprawl growth pattern has been predominant in the country, 
currently shaping large metropolitan areas around the coast [24]. In this context, the Boca Sur neighborhood, roughly 9 km southwest 
of the Concepción City, is a significant case study. In this area, urban sprawl has been stressed since 1992 due to urbanization in high 
and peripheral areas. In turn, coastline occupation has also been intensified, thus reducing the distance between settlements and the 
coast to 1.2 km. This follows the tendency of cities on the Mediterranean coast to inhabit the first kilometer and, in turn, the phe-
nomenon of coastal conurbation in intermediate cites becomes evident [25,26]. Boca Sur increased its urbanized area by 96% between 
1990 and 2009, making it one of the neighborhoods with the most rapid growth in the region. This trend currently continues [25]. 
Furthermore, because of its proximity to the coast and the mouth of the BíoBío river, this location is highly exposed to tsunami hazards. 
Recent research has established that if faced with an extreme tsunami event (Mw = 9.0), around 16,000 people in Boca Sur could be 

Fig. 1. Geographical context of the study area. Left: General view of the BíoBío Region and the Gulf of Arauco, the red surface indicates urban areas. Right: Red area 
indicates the location of Boca Sur neighborhood, the study area, inside the San Pedro de la Paz city, which is located on the southern bank of the BíoBío River. 
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severely affected [27]. 
In this context, this study analyzes the evacuation potential for an extreme tsunami scenario and its relationship with the evolution 

of recent urban growth and the change in land cover in the Boca Sur neighborhood (2002–2018). It applies an LCD-approach that, 
following Wood et al. [28], allows to understand the entire evacuation landscape (spatial distribution of evacuation times) of a 
community, not determined by specific population distributions (e.g. daytime/night-time). Moreover, this study aims to identify 
critical conditions of land-use, which would allow for evacuation planning, and to propose relocation actions, prevention, or miti-
gation that would promote urban resilience. The results obtained will be valuable not only for the Boca Sur community but also for 
other urbanized coastal areas that are being transformed or deeply urbanized around the world, especially in the global south. 

This paper has 5 sections. The first one includes the geographical context of the study. The second section describes the meth-
odology of the research conducted, which includes a tsunami inundation model, a study of land cover changes (between the years 2002 
and 2018), and an evacuation potential model. The results are presented in the third section, while the fourth discusses them in depth. 
Finally, the fifth section includes the study’s main conclusions [29]. 

2. Geographical context 

The 18.3 km2 study area is made up of a coastal plain adjacent to the mouth of the BíoBió River (37◦S), called “Llanura de San 
Pedro” [30]. The Boca Sur neighborhood, which is part of San Pedro de la Paz (Fig. 1), is in this area. According to the 2017 Census, San 
Pedro de la Paz has 131,808 inhabitants [31]. The study area is composed of three main sectors: Desembocadura, Boca Sur Centro and 
Michaihue. Together, they comprise around 41,000 inhabitants (29% of them under 14 and above 65 years old) and 14,200 houses in 
an area of about 10 km2. Boca Sur neighborhood is the outcome of the nation-level slum eradication policy of the 1980s, and the social 
housing programs carried out in the following decade. Currently, a coastal conurbation is observed between the cities of San Pedro de 
la Paz and Coronel [25]. The “Llanura de San Pedro” used to be an expanse of dune fields, beaches and wetlands, which have been 
reduced and transformed by the recent decades’ intense urbanization [30,32]. 

San Pedro de la Paz is part of the country’s second largest metropolitan area, Concepción, which consists of 11 mostly coastal 
communes and makes up 62.4% of the regional population [31]. In a study conducted by Rojas et al. (2013), urban expansion was 
analyzed in this metropolitan area between 1990 and 2009, establishing an irregular and disperse growth (i.e. urban sprawl), 
expanding from 9000 to 17,000 ha. This accounts for an increase of 96% of the constructed area in only 9 years. 

3. Materials and methods 

3.1. Tsunami hazard analysis 

The tsunami hazard analysis considered a tsunami generated by a Mw 9.0 magnitude earthquake, as suggested by Martínez and 
Aránguiz [27]. That tsunami source had a total rupture length of 600 km, a width of 150 km and a uniform slip of 15 m. However, this 
study used a heterogeneous slip distribution with a maximum slip of 25 m, as proposed in the Risk Assessment Study of San Pedro de la 
Paz [33]. The Mw 9.0 event with heterogeneous slip distribution is used mainly for two reasons: first, the Mw 8.8 magnitude event of 
February 2010 [23] did not generate any inundation in the western shore of the Gulf of Arauco and Boca Sur neighborhood, due to the 

Fig. 2. Tsunami initial condition and nested grids used in the tsunami numerical simulations.  
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low tide at the moment of the tsunami and the effects of bathymetry and tsunami behavior [34,35]. Second, the uniform slip frequently 
underpredicts maximum tsunami amplitudes and the resulting tsunami hazard [36–38]. The present tsunami scenario considered three 
patches, at the north, center and south of the rupture area; thus, one of the patches is located off the coast of Boca Sur and BioBío river 
mouth. The size of the rupture area was defined as 600 × 150 km, divided into 96 sub faults of 50 × 18.75 km each. The dip angle was 
defined to be 18◦, while strike and rake angles were variables according to the trench direction and geometry of the subduction zone. 
The initial tsunami condition was obtained using the Okada [39] formulation as a superposition of all 96 sub faults (See Fig. 2). 

The tsunami inundation was obtained using the Non-hydrostatic Evolution of Ocean WAVEs (NEOWAVE) model [40,41] with four 
nested grids of 120, 30, 6 and 1” resolution. The level 1 and 2 grids were built from General Bathymetric Chart of the Oceans (GEBCO) 
data, while level 3 was built from a combination of nautical charts (Fig. 2). The level four grid combined bathymetry from a nautical 
chart and surveyed data along the coast. Meanwhile, the topography data corresponds to a 2012 DTM of 1 × 1m resolution of San 
Pedro de la Paz. 

Fig. 2 shows all grids used in the numerical simulations. In the level 4 grid, a good representation of the dunes, wetland, and river 
can be observed. The simulation considered a 4-h time-lapse and a high tide of 1.2 m above mean sea level to obtain the maximum 
tsunami inundation. The inset in Fig. 2-a shows the tsunami source. 

The tsunami hazard map was obtained from the inundation depth, which corresponds to the maximum flow depth measured from 
the ground surface. Three levels of tsunami hazard were defined, namely, low (0–0.5 m), medium (0.5–2.0 m), and high (>2) [42]. 

The resolution of the input data can significantly impact the quality of the results. Detailed high-resolution elevation data, accurate 
land-cover and water data, and up-to-date road information will produce a more realistic map for travel time to safety than coarser and 
more generalized data. In particular, coarser-resolution elevation was found to underestimate travel times across the hazard zone in a 
model sensitivity analysis [43]. 

3.2. Land change cover (LCC) 

As mentioned earlier, changes in urban land-use may affect the population’s evacuation times in case of tsunami. Therefore, 
changes in land cover were analyzed using information obtained for the years 2002 and 2018. Moreover, the land covering maps of the 
Boca Sur potential inundation areas were gathered from the digitalization of photomosaics, built with satellite pictures from Google 
Earth (years 2002 and 2018) using the ArcGIS Desktop software. 

The 15 types of land covering were re-categorized according to the CORINE Land-Cover parameters, based on the level 1 land cover 
definitions, thus establishing them as artificial areas, agricultural areas, forests, and (semi) natural areas, in addition to waterbodies 
and water surfaces [44]. Among the artificial areas, we can find urbanized areas, buildings, road networks (paved or dirt roads), 
fence/wall and railways. The agricultural areas include cultivation areas, while the forests and (semi) natural areas are composed of 
sand, forests, scrub/shrub, grassland, empty areas. Meanwhile, waterbodies and water surfaces include wetlands, lagoons, and canals. 

3.3. Pedestrian evacuation analyst 

To analyze the pedestrian evacuation potential in the study area, a Least-cost-distance (LCD) [43,45] model was used. Such models 
are based on the analyzes of matrixes where each cell has a difficulty or cost of movement, therefore determining a certain traverse 
time, which allows obtaining a spatial distribution of the evacuation times in a study area. In this regard, we are interested in 
measuring people’s travel times to identify the areas with more evacuation difficulties before the arrival of a potential tsunami. 

To obtain the travel times to safe zones, the model applied by Wood and Schmidtlein [43] was implemented, using the Pedestrian 
Evacuation Analyst Tools (PEAT) [46]. 

The model calculates the cost of travel according to the distance to the safe zone, including the influence of the slope and land 
cover. These variables are vastly used in this type of research [22,47,48]. The effect of the land cover on the travel speeds is expressed 
by Speed Conservation Value [49], which corresponds to the percentage of the maximum speed of movement that would occur in a 

Table 1 
Types of land cover at level 1 and 2 used in the current study. Speed Conservation values based on Soule and Goldman, 1972 [51], Wood and Schmidtlein, 2012 [49] and 
MINVU [52]. The value 0 is used to indicate where travel is not possible and then a range from 0.48 to 1.0 to note the percentage of the base travel speed.  

CLASS ID LEVEL 1 LEVEL 2 Speed Conservation Values (SCV) 

1 Artificial areas Urbanized areas 0 
2 Buildings 0 
3 Paved road 1 
4 Unpaved road 0.91 
5 Fence/wall 0 
6 Railroad 0 
7 Agricultural areas Crop areas 0.83 
8 Forests and (semi) natural areas Sand, beaches and dunes 0.48 
9 Forests and forest plantations 0.83 
10 Scrub/shrub 0.67 
11 Grassland 0.83 
12 Empty or uncovered areas 0.56 
13 Waterbodies and water surfaces Wetlands and waterbodies 0 
14 Lagoons 0 
15 Canals 0.56  
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given land cover (see Table 1). For the PEAT tool, the influence of the land slope over the travel speed is stated as the empirical 
relationship between the slope and the walking speed of hikers as described in Tobler [50]. 

digitalized using a 1:1.000 scale. 
Therefore, we have defined three analysis scenarios. The first one (ONEMI 2002) where pedestrian travel times are evaluated 

according to the 2002 conditions, using as a reference the land cover map of 2002 and the safe zones that were established by ONEMI 
(National Emergency Office in Chile). Additionally, the second scenario (ONEMI 2018) consists of evaluating the current travel times 
(land cover for the year 2018) towards the same ONEMI safe zones. Finally, the third scenario includes modeling the current travel 
times towards the alternative safe zones (ASZ 2018). These zones correspond to places that meet the following criteria: a) places 
outside the modeled tsunami inundation area; b) area of more than 1 ha; c) zones that do not have buildings nor restricted access. Fig. 3 
shows the three ASZ zones that were found following the previously mentioned criteria. These places coincide with the remaining 
strings of dunes in the San Pedro de la Paz plain [30]. 

In order to measure travel times, the following speeds were used: 0.751 m/s corresponding to a group of elderly people [53,54]; 
1.22 m/s corresponding to an adult moderate speed; 1.52 m/s corresponding to an adult walking fast and 1.79 m/s corresponding to an 
adult running slow [21,45,55]. 

4. Results 

4.1. Tsunami hazard assessment 

Fig. 4 shows the results of the tsunami numerical simulations. While Fig. 4a shows the maximum inundation height (maximum sea 
surface elevation measured from the mean sea level including high tide), Fig. 4b shows the maximum flow depth (maximum water 
column measured from the ground elevation including subsidence induced by the earthquake). The latter is the tsunami intensity 
measure used in the tsunami hazard analysis. Fig. 4c shows a map of tsunami arrival time, which represents the time after the 
earthquake when each cell is flooded. 

Fig. 5 shows the inundation map based on the flow depth. While the upper frame shows the inundation depth at 90 min with insets 
showing tsunami waveform at two locations (TS1 and TS2), the lower frames show snapshots of tsunami inundation at five different 
time intervals. From the tsunami waveforms, it is possible to observe that the first tsunami wave reached maximum amplitudes (6.4 m) 
only 22 min after the earthquake. In addition, another large wave of a similar amplitude takes place between 70 and 80 min after the 
earthquake. The maximum inundation area covered a surface of 63% of the study area’s total surface (Fig. 5). This is particularly 
worrying if we consider that this area is home to nearly 50,000 inhabitants. In addition, the study area is relatively flat, having an 
average ground elevation of 4–5 m. However, inside the inundation area, isolated zones without inundation are observed. These zones 
correspond to old dune strings or remaining dunes, with ground elevations of 8–12 m. These isolated zones are important for defining 
the alternative safe zones to avoid excessive evacuation distances. 

4.2. Land cover change 

Fig. 6 shows the land cover maps for the years 2002 and 2018. During this period, a change in land cover can be observed on about 
69.9% of the surface. Furthermore, a prominent increase in urban area is observed for the period under study. As a matter of fact, 

Fig. 3. Alternative safe zones (ASZ 2018).  
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artificial land, mainly represented by urbanized areas and buildings, is the only category that has increased its land cover in the 15-year 
period, representing a growth of 83%. This increase is equivalent to around 240 ha of new urban land, which is added to the 288 ha 
that already existed in 2002. 

Furthermore, of the total study area (1821 ha), a total of 1274 ha has undergone land cover change during the period under analysis 
(Fig. 7), while only 546 ha remain unchanged. Fig. 7 shows a persistence analysis, where zones with and without changes are 
identified. 

For both 2002 and 2018, the forests and seminatural area surface is the most important category when considering the ground 
cover. However, these types of cover have suffered the greatest decrease in absolute terms during this period (152.2 ha). Likewise, 
wetland areas and water bodies, in addition to agricultural land, decreased in their surface for the analyzed period (30 ha and 58 ha, 
respectively). It is noteworthy that in terms of percentage, the farming or agricultural lands were the ones that suffered the greatest 
reduction in coverage in the study area (39.9%) (Table 2). 

Nonetheless, the most notable change occurs in the artificial land, where the surface has almost doubled its size, increasing by 240 
ha in 16 years. This is equivalent to a growth rate of 15-ha per year for the “urban” surface, which in turn leads to an increase in the 
amount of residential population. 

4.3. Evacuation potential 

In this section, evacuation scenarios for the years 2002 (ONEMI 2002 model) and 2018 (ONEMI 2018 model) will be analyzed, 
using the land cover maps and safe zones designated by ONEMI as a reference. As mentioned in the methodology section, three 
different modeling scenarios were analyzed based on four different evacuation speeds. Fig. 8 shows the evacuation times for the 
ONEMI 2002 and ONEMI 2018 scenarios, based on the following speeds: 0.751 m/s, 1.22 m/s, 1.52 m/s and 1.79 m/s. 

Travel times were classified and presented in 5 categories (0–15, 16–30, 31–60, 61–120, 121–240 min), the first one being the most 
relevant according to what is considered by ONEMI (2017) (Table 3). In fact, ONEMI establishes as optimal evacuation time the first 
15 min after a tsunamigenic earthquake has occurred. Having this in mind, the population with higher evacuation times is the one with 
the greatest exposure to the modeled tsunami event. Table 3 shows the evacuation percentage in relation to the total area included in 
this study area, according to evacuation time and speed. 

An important factor to consider in an evacuation is the urban fabric, mainly because urban growth and the increase in material 
density modifies the escape speed and the evacuation routes. Moreover, when observing evacuation times towards the ONEMI 
established safe zones for the years 2002 and 2018 according to walking speed, it can be seen that there are few areas evacuated in less 
than 15 min for the three different evacuation speeds. Thus, only 5.2% of the survey area would be able to evacuate towards safe zones 
in less than 15 min, with a walking speed of 1.22 m/s, for 2002. 

Furthermore, in the time range between 31 and 60 min, the percentage of evacuated area considering a speed of 1.22 m/s is 38.1%. 
Meanwhile, this area increases to 62.9% when the walking speed is 1.79 m/s. 

Regarding the modeling for the ONEMI 2018 scenario, the percentage of evacuated areas is not considerably different from those 
modeled for 2002. As a matter of fact, for the 2018 modeling, the percentage of evacuated areas before 15 min is lower than 10%, for 
the four examined pedestrian speeds. Conversely, the largest evacuated area is in the range of 61- and 120-min considering speeds of 
0.751 m/s and 1.22 m/s (55.1% and 41.5%, respectively), while at a speed of 1.79 m/s the evacuated area decreases to 3.8%. 

If we compare the percentages of the areas evacuated towards the safe zones designated by ONEMI for the years 2002 and 2018, we 
can see that there is a decrease in the evacuated area at speeds of 1.22 m/s, 1.52 m/s and 1.79 m/s within the optimal evacuation time 
(0–15 min), while at a speed of 0.751 m/s, there is a slight increase in the percentage of the evacuated area. 

4.4. Evacuation times towards alternative safe zones 

In terms of the surface of the area evacuated towards the alternative safe zones (ASZ 2018) considered in this study, it can be stated 
that for the optimal evacuation time (0–15 min), the areas evacuated at walking speeds of 0.751 m/s and 1.22 m/s represent 18.2% and 
39.2%, respectively (Table 4). Meanwhile, the largest evacuated area is achieved at a speed of 1.79 m/s (63.5%). Furthermore, when 
observing evacuation times between 31 and 60 min, 39.5% of the area could evacuate at a speed of 0.751 m/s, and only 19% of the 

Fig. 4. Results of tsunami numerical simulations. a) Maximum inundation height (m). b) Maximum flow depth (m). c) Tsunami arrival time (min).  
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survey area if we considered a speed of 1.22 m/s. Finally, within evacuation times between 61 and 120 min, only 9% of the area is 
exposed to tsunami inundation when considering a speed of 0.751 m/s. 

It can be observed that with the alternative safe zones, evacuation times are improved and optimized for the three different walking 
speeds (compared to the evacuation times to the ONEMI safe zones), thus, increasing the percentage of evacuated areas within the first 
15 min of a tsunamigenic earthquake. At the same time, they also improve the evacuation of the population before the first 60 min and 
without areas that were not able to evacuate after 121 min (Fig. 9). 

Fig. 9 shows the evacuation times towards the alternative safe zones. It can be observed that a vast part of the survey area is located 
less than 60 min from a safe zone. In fact, 100% of the study area is less than 60 min from a safe zone, considering walking speeds of 

Fig. 5. Tsunami inundation depth as a function of time. Upper frame: inundation depth at 90 min and tsunami waveforms at locations TS1 and TS2. Lower frames: 
snapshots of tsunami inundation from 10 min to 80 min. 
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1.22, 1.52 and 1.79 m/s. Moreover, at a speed of 0.751 m/s, 91% of the survey area is less than 60 min from a safe zone. 

4.5. Evacuation routes 

The evacuation times for escape routes in the study area were analyzed for two cases: the ones proposed by ONEMI (2002 and 2018) 
and the new evacuation routes determined by the alternative safe zones included in this study. In addition, for all scenarios, the routes’ 
starting points were the ones established by ONEMI near the coast, while the ONEMI assembly points and the alternative safe zones 
were established as destination points (Fig. 10). 

The proposed meeting points were visited in the field and their accesses were validated for the population. On the other hand, the 
study “Actualización Estudio de Riesgos Naturales y Antrópicos San Pedro de La Paz” (Update Study of Natural and Anthropic Risks 
San Pedro de La Paz), carried out between 2017 and 2018 by the Municipality of San Pedro de La Paz, in which it was established that 
the majority of the official evacuation routes (ONEMI) are not enabled. 

According to the obtained results, two situations stand out. Firstly, the routes’ evacuation times are significantly lower towards the 
alternative safe zones proposed in this study in comparison to the ONEMI assembly points (Table 5). In fact, the assembly points are 
located at an elevation of at least 30 m, which means that their distances to the coastline are greater than the destination points 

Fig. 6. Land cover for the 2002 and 2018 period.  
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proposed in this study. Furthermore, the previously mentioned difference means that the calculated times, regardless of speed, are 
lower when considering the alternative safe zones of this study. 

For example, if we considered a speed of 1.22 m/s, an adult would take an average of 76 min to walk from any of the starting points 
to the safe zones (assembly points) defined by ONEMI. Conversely, it would take on average 26 min to reach an alternative safe zone, 
less than half of the time that it would take to arrive at an ONEMI safe zone. In this regard, it is important to emphasize that the location 
of the safe zones should consider the travel time in addition to the physical criteria of the chosen sites. 

On the other hand, the travel times do not significantly improve when comparing them to the modeled times for the ONEMI 2002 
scenario versus the current one (ONEMI 2018). As a matter of fact, for the A, B and C routes, the calculated times towards an ONEMI 
safe zone are not significantly modified between 2002 and 2018., where an increase of 3% was perceived. In the case of the D and E 
routes, travel times were reduced between 2002 and 2018, for all the speeds considered in this study. This reduction is about 9% for the 
D route and 17% for the E route. 

Finally, when comparing modeled travel times for the 2002 and 2018 scenarios, towards the alternative safe zones, no significant 
differences are observed. However, an important change was observed on route E, where the travel times decrease between 12 and 5 
min depending on the speed. 

A summary of evacuation times versus the arrival times of the first tsunami wave is presented in Fig. 11, in addition to the suggested 
routes that lead to the safe zones and assembly points. It can be noted that the evacuation times are quite high in areas near the coast. 
Moreover, urban areas act as a barrier or obstacle for evacuating the population. 

5. Discussion 

The results obtained by this study demonstrated the strong urban development process undergoing in the Boca Sur neighborhood, 
in south-central Chile, between the years 2002 and 2018. This is a territory highly exposed to tsunamis, especially, due to urbanization 
over areas of high environmental value such as dunes, marshlands, and beaches [27]. Furthermore, this process has increased the 
built-up area by over 83%, leading to a rise in the population that is exposed to the tsunami hazard. The building of big urban con-
glomerates near tsunami exposed areas is generalized across the country. This is consistent with what was established by Wamsler 
[56], who concluded that cities are becoming “hot spots” for natural disasters due to the concentration of infrastructure and popu-
lation, embedded in the rise of social inequalities, poor construction conditions of buildings and market-driven urbanization [10,20]. 

Fig. 7. Persistence map between 2002 and 2018.  

Table 2 
Land-use change areas, according to level 1.  

Land cover 2002 (ha) 2018 (ha) Δ (ha) Δ% 

Artificial land 288.4 528.5 240.2 83.2 
Farming or Agricultural land 149.2 91.2 − 58.0 − 39.9 
Forests and seminatural areas 1095.3 943.1 − 152.2 − 13.9 
Wet areas and waterbodies 288.5 258.5 − 30.0 − 10.4  
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Fig. 8. Evacuation time for the ONEMI 2002 and ONEMI 2018 scenarios.  

Table 3 
Percentage of area evacuated according to evacuation time, based on travel speeds, for the ONEMI 2002 and ONEMI 2018 scenarios.  

Evacuation Time (min) ONEMI 2002 ONEMI 2018 

0.751 (m/s) 1.22 (m/s) 1.52 (m/s) 1.79 (m/s) 0.751 (m/s) 1.22 (m/s) 1.52 (m/s) 1.79 (m/s) 

0–15 2.0 5.2 9.1 11.7 2.1 4.8 6.7 9.3 
16–30 6.3 13.5 19.7 22.6 4.8 11.2 18.1 25.5 
31–60 17.5 38.1 53.4 62.9 18.3 42.4 51.8 61.4 
61–120 53.6 43.1 29.0 2.8 55.1 41.5 23.4 3.8 
121–240 20.6 0.1 0 0 19.7 0.1 0 0  

Table 4 
Evacuated area by evacuation time according to ASZ 2018 scenario.  

Evacuation Time (min) ASZ 2018 

% of evacuated areas towards alternative safe zones 

0.751(m/s) 1.22 (m/s) 1.52 (m/s) 1.79 (m/s) 

0–15 18.2 39.2 48.8 63.5 
16–30 33.4 41.9 39.2 34.9 
31–60 39.5 19.0 12.0 1.6 
61–120 9.0 0 0 0 
121–240 0 0 0 0  
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The Boca Sur neighborhood is noteworthy because of the social housing policies implemented in recent decades, aimed at eradicating 
informal urbanizations in the metropolitan area of Concepción, which complies with a government vision that needs new criteria for 
the objectives of the sustainable development framework. In this regard and in the same line as León et al. [19], the effect of 
densification and over-densification on the exacerbation of urban vulnerability related to natural disasters should be studied in greater 
depth. 

Fig. 9. Time evacuation model to Alternative safe zones (ASZ 2018).  

Fig. 10. Evacuation routes towards ASZ 2018.  

Table 5 
Accumulated evacuation times (minutes) modeled for different speeds and scenarios.  

ID ROUTE ONEMI 2002 ONEMI 2018 ASZ 2018  

0.751 1.22 1.52 1.79 0.751 1.22 1.52 1.79 0.751 1.22 1.52 1.79 

A 141 87 74 60 144 89 75 61 25 16 13 11 
B 124 76 63 52 126 78 64 53 43 27 24 19 
C 123 75 66 52 124 77 66 53 50 31 26 21 
D 125 77 65 53 114 70 59 48 63 39 34 27 
E 104 64 56 44 86 53 45 37 38 23 20 16  
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Some widespread efforts to mitigate vulnerability and tsunami exposure, including civil engineering works or changes in land-use 
in land-use planning, appear to have a limited scope in a developing country like Chile. This makes focusing efforts on the evacuation 
process in the face of a threat appropriate [20]. Urban growth and the increase of the city’s built-up density reduces the availability of 
roads, which conditions the evacuation areas and routes [19]. In addition to placing more people in the territories exposed to the 
threat, the urbanization processes limit the space for evacuation (streets, squares, and other public areas). It should be noted that the 
main model of urban growth in Chile is urban sprawl, which assimilates rural land without major urban planning considerations for 
evacuation (at least in this country). In conditions of high population density, this can also lead, as you rightly point out, to lower 
evacuation speeds due to congestions on the streets [57]. 

Furthermore, in rapidly growing metropolitan areas, the selection of pedestrian evacuation routes is a sensitive and extremely 
relevant aspect to saving human lives. These areas are affected by several factors, such as the evacuation route’s characteristics, 
including width and length, capacity, individual characteristics, among others. Also because simulation drills with resident population 
are expensive and complex [58]. 

Our evacuation model shows that despite the significant change in the land cover of the survey area, the percentages of the area 
evacuated in relation to time have not significantly changed between 2002 and 2018. This could be because the progressive change of 
land cover in Boca Sur has not implied a significant change in the evacuation spatial system (for example, escape routes and destination 
points), therefore the maximum distances to be traveled by the population have not suffered meaningful transformations. In this 
regard, the model presented in this study shows that for 2002 and 2018, a large percentage of the survey area in Boca Sur faces 
similarly long travel times to the safe zones designated by ONEMI. For example, at a walking speed of 1.22 m/s, over 40% of the survey 
area (for both years) is located more than 60 min away from those zones. While this value could be reduced to 0% if the evacuation 
zones suggested in this study were implemented, at least 19% of the territory could not be evacuated in less than 30 min. Furthermore, 
these numbers imply a high risk for the Boca Sur community, especially when considering that the inundation models used in this study 
establish an expected tsunami arrival time close to 22 min. 

Considering the evacuation model towards this study’s alternative safe zones (optimistic scenario), which help optimize evacuation 
times in relation to the ONEMI assembly points, it becomes fundamental to define and implement actions that reduce the risk of 
disaster conditioned by local urban development patterns, mainly regarding the formation of an urban morphology capable of 
allowing for the community’s fast and adequate response [59]. This is particularly relevant considering that the population has little 
available time to plan and act upon a tsunamigenic earthquake. 

Our analysis shows that even though the evacuation times in the survey area have not significantly changed between 2002 and 
2018, the number of people exposed has noticeably increased [60]. This increase is serious and is largely explained by the public 
housing policies aimed at eradicating informal urban development in the metropolitan area of Concepción. Moreover, it is essential 
that this type of land-use action considers an accurate estimation of socio-natural threats existing in the territory, therefore not 
increasing the population’s risk with urban development patterns. Mitigation efforts should be directed towards the configuration of a 
network of wide sidewalks, which should be dense and connected, between the flood area and the safe zones, in addition to the creation 
of a network of open spaces such as parks and plazas, that allow meeting for several hours. They should also include the development of 
recovery efforts, like shelters, medical attention and the distribution of goods and services [20]. Likewise, attention should be paid to 

Fig. 11. Summary of evacuation times for alternative safe areas and routes suggested in this study (Scenario ASZ 2018, evacuation speed 1.52 m/s).  

J. Qüense et al.                                                                                                                                                                                                         



International Journal of Disaster Risk Reduction 69 (2022) 102747

13

addressing and developing methodologies for incorporating critical elements at a microscale level to the evacuation models, which 
could alter the evacuation process [19]. These may include the wrongful use of the streets (for example parking cars on sidewalks or 
petty trading), poor design of public spaces (for example narrow or dilapidated streets and trees, poorly located retail outlets or power 
poles) or problems related to the evacuation process (high levels of vehicular traffic or hanging billboards, facades and balconies 
collapsed or at risk of collapse), which will result in more accurate and realistic models. Additionally, the relationship between tsunami 
dynamics and human behavior in urban areas is one of the main weaknesses of least-cost evacuation modelling [49]. Another aspect 
that needs to be examined in future research is the scenario configuration of evacuation under reduced visibility, which usually 
happens during an emergency, when other aggravating factors, such as smoke from fires, are added, causing the evacuation speed to 
significantly decreases to 0.5 m/s or less [61]. 

In addition to possible changes in the evacuation protocol in Boca Sur, the design of urban morphology must be upgraded to 
accelerate evacuation. When adapting the suggested model in this study, for example, it must be followed by information and 
educational campaigns directed at locals. In turn, these might lead to guidelines and directions so that the community can respond 
rapidly when facing a tsunami event. In addition, a warning system and simulation drills can lead to a faster process and help to reduce 
the risk of disaster. Given the obtained results, vertical evacuation systems need to be suggested, due to the area’s high travel times and 
the low topography, where places with over 30 m in height are located several kilometers from the shoreline. Vertical evacuation 
shelters (VES), capable of enduring the forces of tsunami flooding, acting as a temporary shelter within the flood area [62], seem to be 
an effective alternative when considering the survey area. Thus, they should be subject to research and implementation owing to the 
lack of efficiency of the current evacuation routes. In fact, guidelines for the implementation of vertical evacuation are already 
available in Chile and can be considered as a reference to move forward in this type of mitigation measures in future events [10,19]. In 
addition, a new standard for design of structures under tsunami forces (Nch3369: 2015) was implemented, which would allow for the 
design of vertical evacuation structures in accordance with the American FEMA standard [63]. Given the common historic occurrence 
of tsunamis in the country, the rapid urban growth, and the lack of articulation of land-use planning instruments and risk zones, it is 
essential to advance in different mitigation measures of that involve both affected communities and decision-makers. Moreover, it is 
important to highlight that the alternative safe zones suggested in this study are based on the remnants of coastal landscapes highly 
affected by anthropization, especially urban growth. It is essential to conserve and restore the remaining elements such as dunes and 
wetlands, to include them into the urban landscape and as solutions based on the existing nature aimed at promoting safer, resilient, 
and sustainable cities. 

6. Conclusions 

The Boca Sur neighborhood, part of the second largest metropolitan area in the country, shows a weak evacuation capacity due to 
its urban landscape. 40% of the study area is located more than 60 min walking distance from a safe zone. Furthermore, another 
important area (19%) cannot be evacuated in less than 30 min. This is problematic when facing an extreme tsunami scenario 
(earthquake Mw = 9.0), where maximum waves heights of 6.4 m are expected 22 min after the earthquake, and wave trains would 
cause inundation for a period of at least 4 h covering around 60% of the survey area. The area is particularly affected due to the 
degradation of coastal ecosystems caused by intense urbanization. We recommend that these ecosystems be restored as part of nature- 
based solutions to increase the area’s resilience and promote better sustainability conditions. 

The study area experienced an urban growth of 83% between 2002 and 2018, with an average urban growth of 15 ha per year. 
Consequently, there has been a significant increase in the people exposed to a tsunami. No direct relationship was found between the 
changing urban fabric in the analyzed period (16 years) and the evacuation times, since in both scenarios (2002 and 2018), they 
remained similar and, in both cases, the optimal evacuation times were not achieved (less than 15 min). Additionally, the alternative 
safe zones suggested by this study facilitate evacuation compared with the zones established by the authorities (ONEMI), reducing 
evacuation times by half (60 min for speed of 1.22, 1.52 and 1.79 m/s). However, they are still considered to be insufficient, especially 
considering the risk to human lives. 

This study has established that the change in land cover slightly affected travel times in the analyzed period. Future research needs 
to model the evacuation potential including population growth, urban landscape, and the relationships between behavior and urban 
design. It can be concluded that the increase of urbanization in the coastal zone does not improve travel times, since urban planning has 
not considered this variable to optimize travel times towards safe zones. It is urgent to monitor cities with efficient land-use planning 
regarding urbanization and use of risk areas, with the main objective of including evacuation aspects, population movement and 
discouraging the location of critical infrastructure in areas with a high risk of a tsunami. 
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2016, pp. 3693–3702, https://doi.org/10.1007/978-3-319-55480-8_3. 
[37] D. Melgar, A.L. Williamson, E.F. Salazar-Monroy, Differences between heterogenous and homogenous slip in regional tsunami hazards modelling, Geophys. J. 

Int. 219 (2019) 553–562, https://doi.org/10.1093/gji/ggz299. 
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