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A B S T R A C T   

In the case of near-field tsunami emergencies, evacuation is considered the most important and effective method 
to save human lives. While significant efforts have been carried out to examine the relationships between urban 
forms and tsunami evacuation, challenges remain on delivering evidence-based urban design strategies, prin-
ciples or metrics that could be applied by decision-makers to guide the physical development or retrofitting of 
tsunami-prone coastal communities around the world. In this paper, we propose a methodology that combines 
tsunami flood and evacuation modelling with statistical analysis, to examine the pedestrian evacuation potential 
of 67 urban samples extracted from 12 case studies in Chile. Our findings show that urban form parameters like 
the number of exit points out of an endangered area, the mean distance from the street network to these points, 
and the population density, can have a noticeable impact on tsunami evacuation times, which nonetheless is 
significantly dependent on the evacuees’ departure time. Moreover, we demonstrate that Chilean urban coastal 
development has been noticeably carried out through grid-like form patterns that might contribute to hinder 
evacuation in case of a tsunami emergency.   

1. Introduction 

Near-field tsunamis have tragically affected -with tremendous 
human and material losses-several communities around the world, in 
countries like Indonesia (2004, 2006, 2010, 2018), Samoa (2009), Chile 
(2010, 2014, 2015) and Japan (2011), to mention recent examples. A 
range of mitigation strategies has been proposed to reduce risk in 
tsunami-prone areas, including [1]: (1) structural measures to protect 
coastal communities from floods (e.g. breakwaters, sea gates, seawalls); 
(2) non-structural measures aimed at accommodating development in-
side floodable areas (e.g. land-use and built environment strategies 
including zoning, relocation, and building codes); and (3) retreat mea-
sures to minimize exposure within those areas. Complementarily, a 

growing consensus is emerging among disaster scholars and managers, 
that emphasizes the pivotal role played by pedestrian horizontal evac-
uation, i.e. the one aimed at reaching naturally high ground, out of the 
tsunami inundation area [2]. Shuto [3] highlights it as the most critical 
and effective strategy to save human lives during this kind of emergency. 
Therefore, comprehensive risk reduction approaches, including 
numbers (1) to (3) above and also evacuation planning, can be capable 
of preventing the loss of human lives and material damage, for both 
recurrent tsunamis and rare extreme events with long return periods [4]. 

Nevertheless, reducing population vulnerability through proper 
evacuation planning might be the only feasible measure to apply in 
many tsunami-prone areas. This, because they lack the governmental, 
technical, and financial resources to construct large coastal defense 
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structures or implement significant changes in land-use patterns. 
Moreover, near-field tsunamis’ short arrival times pose critical impli-
cations for safe and effective evacuation, mostly an autonomous process 
[5]. Alongside the inherent risks of evacuation (e.g. transportation 
crashes, exposure to changing hazards, property looting), autonomy 
limits the applicability of existing protocols, leading to a tension be-
tween planned and actual evacuation [6]. Further factors that determine 
the outcomes of evacuation processes include [7]: (1) psychological 
variables (a greater possibility of evacuation exist when people perceive 
a high personal risk, when a threat is considered real, and when they 
have an individual adaptive plan); (2) the structure of warnings 
(repeated messages from a credible source, with a specific content, 
encourage evacuation); (3) social-network variables (contact with 
extended kin may increase the probability of evacuation, and the 
younger and the older are more likely to evacuate; the opposite occurs to 
minority groups that might face language and networking issues); and 
(4) variables related to the human behaviour after the warning (reasons 
for evacuating and not evacuating might widely vary due to factors such 
as the perception of no danger, the belief of safety at home, the past 
flood experience, and the type of warning received). 

The highly urbanized global context implies that an increasing 
number of people will evacuate within cities. In line with this, a growing 
area of research analyzes how the characteristics of a city’s urban 
physical form (determined by elements like the built environment, plot 
patterns, open space and urban networks) can increase communities’ 
capacities to deal with developing disasters like tsunamis. This aim can 
be achieved, for instance, through the provision of appropriate support 
to evacuation and sheltering [8–12]. Significant research examines, 
typically through computer-based modelling in case studies, the links 
between appropriate urban forms and tsunami evacuation potential, 
also including the proposal of changes or retrofitting measures in the 
built environment to enhance evacuation (e.g. Refs. [13–22]. Sharifi 
[11] delivers a more general approach to this problem, through a 
comprehensive literature review that underlines how an essential con-
stituent element of urban form, street networks, can contribute to urban 
resilience through enhancing emergency response and evacuation. 
Along these lines, Scheer et al. [23] propose a ‘generic’ framework for 
tsunami evacuation planning, suggesting changes in the street network 
(e.g. enlarging existing routes or creating additional routes) to increase 
the throughput of evacuees along the direction of escape. Also, 
governmental guidelines for tsunami evacuation planning (e.g. Refs. 
[24,25] typically include recommendations for the appropriate identi-
fication of evacuation routes and assembly areas, based on physical 
parameters like width, slope, capacity, and type of pavement. 

These are valuable research efforts and provide significant lessons 
learnt. However, they do not usually delve into evidence-based urban 
design strategies, principles or metrics that could be applied by decision- 
makers to guide the physical development or retrofitting of tsunami- 
prone coastal communities around the world, with the final aim of 
enhancing pedestrian evacuation and therefore increasing resilience. In 
this paper, we suggest that it is feasible to deliver fundamental urban 
design strategies, principles, or metrics to achieve this objective, as it has 
been done, for instance, in the case of wildfire risk reduction.1 To our 
best knowledge, no similar policies exist in tsunami-prone areas. 
Moreover, we propose a methodology to advance towards it, based on 
the analysis of 67 urban samples from 12 case studies in the tsunami- 
prone country of Chile. For each of them, we use GIS-based tools and 
secondary sources to survey their urban form characteristics, including 
the population density, morphological characteristics of the existing 

buildings, and street network properties. Then, we develop a generic 
tsunami flood scenario to examine every urban sample through a 
computer-based evacuation model. Lastly, we conduct a statistical cross- 
case analysis of the results, which allows us to study and assess the 
significance of the examined urban form characteristics in the evacua-
tion process. 

The rest of this paper is organized as follows. Section 2 describes the 
applied methodology, which comprises the selection of the Chilean case 
studies, the sampling and classification of urban areas located in them, 
plus a description of the tsunami flood and evacuation models, and of 
the cross-case statistical synthesis. Section 3 delivers the results of our 
research, which we discuss (alongside its limitations) in section 4. 
Lastly, section 5 provides the main conclusions of the study and suggests 
paths for future investigation. 

2. Methodology 

2.1. Case studies 

We selected 12 cities as case studies in Chile: Arica (18◦28′S, 
70◦18′W), Iquique (20◦13′S, 70◦08′W), Antofagasta (23◦39′S, 70◦23′W), 
Taltal (25◦24′S, 70◦29′W), Caldera (27◦04′S, 70◦49′W), Coquimbo-La 
Serena (29◦56′S, 71◦17′W), Viña del Mar-Valparaíso (33◦01′S, 
71◦35′W), San Antonio (33◦35′S, 71◦36′W), Constitución (35◦20′S, 
72◦25′W), Concepción Bay Area (36◦43′S, 73◦07′W), Coronel (37◦02′S, 
73◦08′W), and Lota (37◦05′S, 73◦09′W). To select them across the 
Chilean coastal locations, we used GIS-based tools to overlay their 
official tsunami flood charts [26], 2 provided by SHOA (the Chilean 
Navy’s Agency responsible for tsunami detection and warning), with the 
population and cartographic data from the 2017 census [27]. This 
analysis showed that these urban areas are among the top-20 in Chile 
with the largest ratios of exposed populations to tsunamis (see Table 1), 
making them relevant to study. Moreover, they encompass significant 
diversity on attributes such as location, topography, size, and urban 
form properties, such as density and street network type. Historical re-
cords (since the 16th century) show that destructive tsunamis have 
systematically affected these cities, in 1604, 1819, 1849, 1868, 1877 
and 1922 in northern Chile (Arica, Iquique, Antofagasta, Taltal, Caldera, 
and Coquimbo-La Serena). In central Chile (Viña del Mar-Valparaíso and 
San Antonio) a large tsunami struck in 1730, while in the southern coast 
of the country (Constitución, Concepción Bay Area, Coronel and Lota) 
destructive tsunamis hit in 1562, 1570, 1657, 1751, 1835, 1960 and 
2010. 

2.2. Urban sampling, classification, and selection 

In each case study, we selected urban samples for analysis (see Fig. 1 
and Table 1), using cartographic data from OpenStreetMap (www.ope 
nstreetmap.org) and Google Earth, combined with our own drone 
aerial imagery and fieldwork. This data was compiled and processed 
with ArcMap 10.4.1, using the WGS 84/UTM zone 19 S projected co-
ordinate system. To select the urban samples, we used the SHOA flood 
charts to identify the areas exposed to tsunamis. Then, we sampled these 
areas through the repetition, both along and perpendicular to the 
coastline, of a simple 500 × 500 m canvas (i.e. an area of 25 ha); this 
procedure allowed us to obtain a total of 571 urban samples from the 12 
case studies. We removed from the analysis 187 of these samples, as they 
did not have built structures or lacked census data. For each of the 
remaining 384 urban samples, we used GIS-based tools and the 2017 
census data to survey nine urban form parameters, which we identified 
according to their importance for tsunami evacuation. Parameter 1 is the 
population density, i.e. the ratio between the urban sample’s population 
(according to the 2017 census data) and its total area (25 ha, except in 

1 As shown by Ref. [20]; in the case of wildfire risk reduction there are 
several international policies (e.g. California, France) that establish urban form 
guidelines for improving evacuation in rural-urban subdivisions. These include, 
for instance, the location and number of access routes (according to the size of 
each lot), and distance to public roads. 2 Available at http://www.shoa.cl/php/citsu.php?idioma=es. 
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those samples including ocean zones, where we used the actual land 
area); this is a measure of the exposure to the tsunami hazard. Param-
eters 2 and 3 relate to the morphological characteristics of the existing 
buildings on each urban sample (which might impact on the charac-
teristics of the tsunami flood, like maximum depth and run-up of the 
flow). Parameter 2, the Building Coverage Ratio (BCR), is the sum of the 
size of the constructed buildings’ ground floors divided per the total 
buildable area of an urban sample, while parameter 3, the Floor Area 
Ratio (FAR), is the total built area in an urban sample (considering each 
building’s number of floors) divided per the total buildable ground area 
of it. Parameters 4, 5, 6 and 7 measure the connectivity of the street 
network, which is import for evacuation as increased street connectivity 
could provide “greater emergency vehicle access and reduced response 
time, and, conversely, provide multiple routes of evacuation in the case 
of disasters” [28]: 13). Parameter 4 is the density of the street network 
(km/km2), and parameter 5 is the street network permeability (i.e. the 
number of intersections or nodes in an urban sample). Parameter 6 is the 
connectivity index (also found in the literature as ‘beta index’ or 
‘link-node ratio’), i.e. the ratio between street links –the street sections 
between intersections– and street nodes, and parameter 7 shows the 
total length of the street network in an urban sample. Lastly, parameters 
8 and 9 assess the importance of exit points, i.e. where the street network 
leads evacuees outside an urban sample, on the opposite side from the 
tsunami attack. Parameter 8 counts them, while parameter 9 calculate 
the mean geometric distances (i.e. straight lines) between the street 
links’ centroids and each exit point in an urban sample. 

We used these nine urban form parameters to work out a classifica-
tion scheme for the 384 urban samples, including five main categories 
and ten sub-categories. To do this, we drew upon the works of Conzen 
[29]; Filion [30]; Kropf [31]; Kropf [32]; Lynch and Rodwin [33]; 
Marshall [34]; Scheer [35]; Sgroi [36]; Shpuza [37]; and Zhang et al. 
[38]. We summarize this scheme in Fig. 2. 

Then, we selected in each case study, for each urban form sub- 
category, a ‘representative’ urban sample for further analysis. We con-
ducted this selection by simple statistical analysis of the nine urban form 

parameters, followed by the selection of that urban sample whose values 
were closer to the group’s average. This method allowed us to obtain 67 
urban samples from the 12 case studies3 (see Table 1), which were 
subsequently examined with tsunami flood and evacuation models, as 
we describe below. See Table 2 for a summary of these samples’ urban 
form parameters. 

2.3. Tsunami flood and evacuation models 

For each of the 67 urban samples, selected according to the criteria 
explained in section 2.2, we designed a computer-based experiment to 
examine the impact of its urban form characteristics on a feasible but 
generic tsunami flood and pedestrian evacuation scenario. First, we 
looked for a suitable geographical context to test every urban sample 
with the same tsunami flood scenario. We chose a location in La Serena, 
Chile (29◦53′10′′S, 71◦16′9′′W), placed at roughly 200 m from the 
coastline, with an elevation between 4 and 5 m, and no current built 
development (see Fig. 3). Then, we developed a tsunami flood scenario 
for this area, using the Storm Surge and Tsunami Simulator in Oceans 
and Coastal Areas (STOC) simulator [39], specifically the Multi-layered 
Static Dynamics Model (STOC-ML). Input data for the simulation was 
compiled and processed with ArcMap 10.4.1, including bathymetry and 
coastline information provided by SHOA, topography and elevation data 
obtained from the official La Serena zoning scheme, and the digital 
elevation model from GEBCO (www.gebco.net). As an initial condition 
for tsunami generation, we used a rectangular fault model with a uni-
form slip for a Mw 8.3 earthquake offshore La Serena. Seismic param-
eters, including length, width, and slip, were calculated according to the 
scaling law proposed by Papazachos et al. [40]. We used five nested 
grids for the numerical simulation, with spatial resolutions of 1,536, 
256, 32, 8 and 4 m, respectively. The tsunami was simulated for 45 min 
(to comprise its development from the occurrence of the earthquake to 
the maximum inland penetration, i. e the inundation line or run-up) 
using a time step of 0.1 s, also recording time series, inundation depth 
every 10 min, and maximum inundation depth. 

Table 1 
Examined case studies in Chile.  

Case study Location Total population 
(census 2017) 

Exposed 
population 
(CITSU) 

Ratio of exposed 
population (%) 

Year of last 
recorded 
destructive tsunami 

Number of 
surveyed urban 
samples 

Number of 
examined urban 
samples 

Number of 
modelled urban 
samples 

Arica Northern 
Chile 

221,364 48,169 21.76 1877 52 33 7 

Iquique Northern 
Chile 

191,468 56,311 29.41 1877 51 35 9 

Antofagasta Northern 
Chile 

361,873 6260 1.73 1877 22 16 6 

Taltal Northern 
Chile 

13,317 602 4.52 1877 5 4 3 

Caldera Northern 
Chile 

17,662 850 4.81 1922 27 13 2 

Coquimbo-La 
Serena 

Northern 
Chile 

448,784 26,179 5.83 1922 117 100 8 

Viña del Mar- 
Valparaíso 

Central 
Chile 

630,903 39,546 6.27 1730 61 51 8 

San Antonio Central 
Chile 

91,350 3142 3.44 1730 26 12 4 

Constitución Southern 
Chile 

46,068 6634 14.44 2010 23 16 3 

Concepción Bay 
Area 

Southern 
Chile 

290,889 85,624 29.44 2010 130 65 6 

Coronel Southern 
Chile 

116,262 10,045 8.64 1835 34 20 6 

Lota Southern 
Chile 

43,535 5699 13.09 1835 23 19 5  

3 Some of the 10 classification sub-categories were not available on every 
case study. 
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Fig. 1. Urban samples (500 × 500 m) in the city of Arica, Chile, based on ArcMap’s satellite imagery and SHOA’s tsunami flood chart. Projection system: WGS 1984/ 
UTM zone 19 S. 
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We also examined each urban sample’s tsunami evacuation potential 
(i.e. the required time to evacuate the sample’s population through the 
exit points located on the opposite side to the tsunami attack), using an 
agent-based model. This is a type of bottom-up computer simulation that 
allows the examination of complex, real-life phenomena, particularly 
the interactions between their individual disaggregated elements 
(agents), encoded in a set of simple iterative rules which are stochasti-
cally performed within a set time threshold. In recent years, agent-based 
models have been extensively used to assess tsunami evacuation 

scenarios (e.g. Refs. [14,20,41,42]. In this research, we used the 
agent-based evacuation model extensively described in León et al. [43]; 
coupled with the tsunami flood simulation. We modified this model to 
include the impact of the density of evacuees on the routes. In the 
updated routine, every agent examines (at each time step) the density of 
evacuees at its destination cell along the route to its closest shelter. If this 
density is above 1.33 agents/sqm [44,45], the agent tries to avoid that 
cell, automatically adjusting its direction toward the closest cell with a 
density below this threshold. This action only occurs if this cell is located 

Fig. 2. Classification scheme for the examined urban samples.  

J. León et al.                                                                                                                                                                                                                                     



InternationalJournalofDisasterRiskReduction58(2021)102215

6

Table 2 
Summary of the examined samples’ urban form parameters.   

GRID TYPOLOGY 

SUBURBAN DISTRIBUTORY ORTHOGONAL GRID - 
SEMICOMPACT 

ORTHOGONAL GRID - COMPACT SUPERBLOCK 

Suburban street 
pattern with low 
density and 
detached 
buildings 

Distributory street 
pattern with low 
density and 
detached 
buildings 

Distributory street 
pattern with 
medium density, 
and detached and 
attached buildings 

Orthogonal 
grid with high 
density open 
block 

Orthogonal grid 
with medium 
density open 
block 

Orthogonal grid 
with mixed 
densities and 
half block 

Orthogonal grid 
with medium 
density closed 
block 

Orthogonal 
grid with high 
density closed 
block 

Medium 
density mix 
use 
superblock 

High density 
mix use 
superblock 

Number of examined samples 51 19 41 19 20 60 45 37 69 23 
Number of modelled samples 6 6 9 4 5 7 10 4 11 6 
Average values 

of urban form 
parameters in 
modelled 
samples 

Population 
density (pop/ 
ha) 

8.00 19.83 36.61 92.60 83.48 85.25 67.32 83.07 45.80 61.51 

Building 
Coverage Ratio 

0.09 0.17 0.42 0.54 0.37 0.62 0.73 0.89 0.45 0.49 

Floor Area 
Ratio 

0.15 0.22 0.70 0.98 1.46 0.95 1.36 2.02 0.74 0.91 

Street network 
density (km/ 
km2) 

7.50 12.94 19.32 21.55 9.80 17.84 19.36 20.32 10.85 13.36 

Street network 
permeability 

8.42 21.00 34.33 44.00 14.60 33.80 35.85 28.25 17.54 23.83 

Connectivity 
index 

2.17 2.18 2.54 1.76 2.00 1.83 1.97 2.09 2.23 1.95 

Total length of 
the street 
network (km) 

1.87 3.23 3.79 5.38 2.45 5.52 4.70 5.08 2.71 3.34 

Number of exit 
points 

1.85 2.4 3.5 4.5 3.2 4.28 4.4 5.25 3.45 5.16 

Mean distance 
to exit points 
(m) 

237.98 321.89 281.62 299.04 233.63 314.82 301.02 341.34 229.95 222.94  
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Fig. 3. Example of the simulated location of a 500 × 500 m sample, including estimated tsunami run-up (in blue) and exit points (S letters, in green), based on 
ArcMap satellite imagery. Projection system: WGS 1984/UTM zone 19 S. 

Fig. 4. (Left) Routine for the tsunami evacuation agent-based model. (Right) Routine for the assessment of the impact of population density on the agents’ moving 
direction and speed. 
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within a ‘visual field’ of 180◦ that every agent has. If no such cell exists, 
the agent stops during the necessary iterations to release the population 
density on that area. Fig. 4 describes the model’s routine and the pro-
cedure for the assessment of the density within it. 

We examined each of the 67 urban samples in four different com-
binations of evacuation and flood scenarios (see Fig. 3): (1) all exit 
points were available, with no tsunami flood; (2) only one exit point was 
available,4 with no tsunami flood; (3) all exit points were available, with 
tsunami flood; and (4) only one exit point was available, with tsunami 
flood. In numbers (1) and (2) all the evacuees had a simultaneous de-
parture time at t = 0, aiming at representing an ‘ideal’ scenario with no 
deaths, i.e. entirely determined by the urban sample’s form character-
istics. On the other hand, numbers (3) and (4) represent a more ‘realistic’ 
scenario including the impact of a tsunami, in which each evacuee’s 
departure time was probabilistically assigned according to a Rayleigh 
distribution [46], with a mean of t = 8 min.5 Lastly, as each of these four 
scenarios (for every urban sample) included random input parameters 
(different initial locations of the agents in all cases, and different de-
parture times of them in cases (3) and (4)), in every simulation round the 
value of our variable of interest (the number of escaped evacuees after 
45 min of the simulation) changed. To find out an average value capable 
of accurately representing this quantity, we set a 95% confidence in-
terval as a goal. Then, we successively increased the number of simu-
lation rounds to see the changes in the average number of escaped 
evacuees and its margin of error, defined as 1.96*standard devia-
tion/√(number of simulation rounds) [47]. After ten simulation rounds, 
we achieved a margin of error of less than 0.5% (i.e. between 26 and 0.1 
agents, for population samples between 5117 and 21, respectively), 
which we considered a good outcome. Overall, we ran 2680 simulations 
(67 urban samples * 4 evacuation and flood scenarios * ten simulation 
rounds per each of them). 

2.4. Statistical cross-analysis of results 

As a final step of the research, we carried out a multivariate 
regression analysis, to test each urban sample’s evacuation modelling 
outcomes (i.e. the dependent variable) against the urban form param-
eters described in section 2.2. (i.e. the regressor or independent vari-
ables). Through preliminary correlation tests,6 we chose seven of these 
parameters for further examination: population density, building 
coverage ratio, floor area ratio, connectivity index, the total length of 
the street network, the number of exit points, and the mean distance to 
exit points. We grouped the evacuation model’s output data into two 
broad categories: with and without tsunami (i.e. ‘ideal’ and ‘realistic’ 
scenarios). Preliminary tests also showed that the total required time to 
evacuate each urban sample’s population did not work well as a 
dependent variable, because the Rayleigh distributions of starting times 
influenced a sigmoid-shaped outcome curve, in which few delayed 
agents could significantly extend that time. To solve this issue, we 
decided to apply a K-Fold cross-validation method [48], testing as 
possible dependent variables a range of 20 required times for different 
evacuation percentages (from 5% to 100%, in steps of 5 points). To do 
this, we developed a random forests model combining tree predictors 
[49]. For each of the possible 20 dependent variables, we repeated the 
following method. First, we randomly split all the input data (i.e. in-
dependent & dependent variables) into four equal-size packages (folds). 

We used three of them (the training packages) to build our regression 
(random forest) model, and then we applied it to predict the values of 
the dependent variable in the fourth package (the testing package). Then, 
we calculated the strength of the relationship between these expected 
outcomes and the dependent variables’ actual values in this package, 
through their coefficient of determination (R2). Next, we tried the other 
three combinations of training and testing packages, leading to further 
R2 scores. Lastly, to provide an additional examination of the results, we 
analyzed other 29 random splits of the input data, bringing about an 
overall of 120 repetitions of the procedure. 

Fig. 5 shows the R2 scores of each possible dependent variable. In the 
tsunami flood scenarios, the required time for evacuating 75% of each 
urban sample’s population had the largest R2 score (median =

0.95739066), with a very low dispersion of results. On the other hand, in 
the non-tsunami scenarios, the data demonstrated that the required time 
for evacuating 65% of the population was the optimal dependent vari-
able (with a R2 median = 0.995434292). 

Then, we used the same model and 120 combinations of input data to 
examine the importance of the seven independent urban form variables 
on predicting the dependent variable. To do this, we applied a permu-
tation feature importance method [49] in which the independent vari-
ables are iteratively interchanged to examine the impact of each of them 
on the prediction of a dependent variable. Complementarily, we used 
SHAP values [50] to explain the outcomes of the permutation process. 
For instance, while the feature importance method can predict the 
importance of an independent variable on a dependent one, SHAP values 
can also point out if the latter would increase or decrease due to changes 
on the former. Lastly, we examined the sensitivity of our dependent 
variable, using our model to examine the impact of a range of incre-
mental changes (25, 50, 75, and 100%) on each of the urban form input 
parameters, to compare the differences between the ‘perturbed’ and the 
‘non-perturbed’ predictions of our regression model. 

We carried out the statistical analysis using an ad-hoc Python model, 
including the data analysis libraries NumPy [51] (https://numpy.org/), 
pandas [52] (https://pandas.pydata.org/) and SHAP [53] (https://gith 
ub.com/slundberg/shap). 

3. Results 

3.1. Tsunami flood and evacuation models for the urban samples 

Our tsunami flood model shows that the first wave arrives at the 
coast 630 s after the beginning of the tsunamigenic earthquake. It takes 
another 450 s to reach the west edge of our urban samples’ location, and 
then other 420 s to reach its maximum run-up. The tsunami inundates 
about 12.9 ha of the urban samples’ canvas (52% of its area). Maximum 
inundation depth is roughly 1.0 m on the canvas’ northwestern corner. 
Fig. 3 shows the tsunami run-up limit for a case with no buildings. 

Table 3 summarizes the outcomes of the agent-based model, for the 
four examined scenarios in 67 urban samples. Average results show that 
considering a simultaneous departure time and no tsunami, the required 
time to evacuate 65% of the urban samples’ populations is about 4.7 
min, which increases to roughly 6.2 min (+31.9%) when only one exit 
point is available. The urban sample with the largest total evacuation 
time is AN-F2-1, in the city of Antofagasta, which corresponds to the 
Orthogonal grid with medium density-close block typology. It needs 
roughly 16.5 min to fully evacuate its population, even when all its exit 
points are available (this time increases to 24.5 min if only one exit point 
is available). In the case of a more ‘realistic’ approach (i.e. considering 
an incoming tsunami and delayed starting times), the average evacua-
tion times to evacuate 75% of the urban samples’ population, when 
every exit point is available, is about 14.6 min. If only one exit point 
exists, the average evacuation time rises to 15.8 min (+8.2%). These 
cases also imply low non-escape rates (0.58% and 0.64% of the urban 
sample’s population), possibly due to the comparatively large tsunami 
arrival time at the location of the urban samples (18 min). When all exit 

4 To assess the likely impact of debris or cracked roads due to the earthquake 
in a ‘worst-case’ condition.  

5 To reflect a likely scenario in which people tend to wait for an official 
warning to be issued to evacuate, according to the historical data from the 
Chilean tsunami emergencies of Iquique (2014), Coquimbo (2015) and Val-
paraíso (2017).  

6 In these tests, correlation values between the chosen independent variables 
ranged from − 0.35 to +0.79. 
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points are available, sample IQ-D4-9, in the city of Iquique, which cor-
responds to the Medium density mixed superblock typology, has the 
largest total evacuation time: roughly 37.8 min. If only one exit point 
exists, the sample VV-F3-1, in the city of Viña del Mar, has a total 
evacuation time of about 42.2 min. See Fig. 6 for a comparison between 
the case studies, for a scenario when all the exit points are available. 

3.2. Statistical cross-analysis 

Fig. 7 shows the outcomes of the permutation feature importance 
model, for both categories of input data: with and without tsunami. Both 
analyses show the significance of the mean distance to exit points as the 
most important independent variable to predict the required amount of 
time to evacuate 75% and 65% of an urban sample’s population, 
respectively. In the case of tsunami scenarios, the number of available 
exit points follows this importance, and after that the population den-
sity. In the non-tsunami scenarios, the importance of these last two 
variables exchanges. The other four examined variables (the floor area 
ratio, the building coverage ratio, the connectivity index, and the total 
length of the street network) show comparatively low importance as 
predictors. Fig. 8 shows the most significant parameters, that is, mean 
distance to exit points, number of exit points and population density, 

Fig. 5. R2 scores from cross-validation using different target variables, for tsunami and non-tsunami scenarios.  

Table 3 
Summary of the outcomes from the agent-based evacuation model.  

Tsunami scenario No tsunami (simultaneous 
departure) 

With tsunami (delayed 
departure) 

Shelters availability All shelters 
are 
available 

One shelter 
is available 

All shelters 
are 
available 

One shelter 
is available 

Average percentage 
of escaped 
evacuees (%) 

100 100 99.42 99.36 

Average total 
escape time (sec.) 

493.6 592.8 1671.1 1735.6 

Average escape time 
for 75% of the 
population (sec.) 

323.9 417.9 876.5 946.1 

Average escape time 
for 65% of the 
population (sec.) 

282.6 369.2 787.5 855.4 

Maximum total 
evacuation time 
(sec.) 

989 1470 2265 2534 

Minimum total 
evacuation time 
(sec.) 

206 206 915 915  
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according to urban form typologies in the twelve analyzed cities. 
On the other hand, Fig. 9 displays the results of the SHAP values 

analyses (with evacuation times, in seconds, displayed on the horizontal 
axis). They also show that, with or without tsunamis, the mean distance 
to exit points, the number of exit points and the population density on 
each urban sample have the largest impacts on the predicted evacuation 
times. Moreover, SHAP values show that larger values of the mean 
distance to exit points tend to extend the evacuation times, while more 
exit points tend to diminish them. 

To assess the sensitivity of the expected evacuation times as pre-
dicted by our model, we ‘perturbed’ the input data (i.e. each of the urban 
form parameters, leaving unchanged the rest of them) in a range of in-
cremental changes (+25, +50, +75, and +100%). Table 4 shows the 
outcome of this analysis, summarizing the differences in the expected 
average evacuation times, compared with the ‘non-perturbed’ pre-
dictions of the model. 

4. Discussion 

In the case of a near-field tsunami emergency, evacuation plays a 
critical role as a life-saving strategy to be enacted by the endangered 
populations. Moreover, coastal communities should rely first on their 
autonomous responses rather than on coordinate evacuation [54]. This 
paper aimed at examining how the urban forms of the cities where these 

evacuations usually take place might provide adequate support to them. 
Authors like Allan et al. [55]; Giuliani et al. [56]; Olazabal et al. [57]; 
Sharifi [11]; and Zhang et al. [58] underlined the important relation-
ships between street networks and disaster resilience. Others, like 
Fakhrurrazi and Van Nes [59] and Marín Maureira and Karimi [19]; 
examined case studies in Indonesia and Chile to assess the importance of 
the street network configuration for tsunami evacuation. Nevertheless, 
to our best knowledge, our study is the first one that quantitatively 
delves into the specific impact of a range of urban form characteristics 
on evacuation times in case of a tsunami emergency. Our analysis de-
livers some important findings, which may also have meaningful im-
plications for urban planning and design. 

First, our evacuation model shows the important relationship be-
tween the placement of a street network and the exit points that connect 
it to safe areas. SHAP values demonstrate that larger mean distances to 
the exit points tend to increase evacuation times. In this regard, the 
‘perturbed’ data points out that a duplication of these distances could 
extend average evacuation times by 9.9% in the tsunami scenarios, and 
by +49.3% in the non-tsunami ones. This might occur because in our 
agent-based model, as the algorithm randomly locates the evacuees 
(agents) throughout the street network, several of them could have an 
initial position distant from the exit points, therefore enlarging their 
evacuation routes and related escape times. Hence, we must note that 
the street network typologies properties are as important as their rela-
tive location or distance to exits or shelters. 

The orthogonal grid prevails in tsunami-prone areas of Chilean urban 
coastal development (47.1% of the 384 examined samples). Particularly, 
it is predominant the typology Orthogonal grid with mixed densities and 
half block (approximately 50 × 100 m), which appears in 60 urban 
samples. This typology presents the second largest mean distance to exit 
points (314.82 m), only surpassed by the Orthogonal grid with high 
density closed block (which mainly corresponds to historic districts), 
with 341.34 m. These values underline the need to promote urban 
design mitigation in these areas, aimed at promoting greater efficiency 
in the evacuation potential. For instance, the impact of a more distant 
street network can be lessened by an increased number of exit points, 
which might have a noticeable effect on reducing evacuation times. In 
tsunami-exposed zones, street networks and public spaces (such as parks 
and green areas) defined in local planning schemes must consider this 
variable, aiming at reinforcing network connectivity out of those zones 
(for instance through street openings and new public spaces) to ensure a 
better performance for evacuation. Complementarily, local planning can 
promote vertical evacuation (in suitable high-rise buildings) as a risk 
reduction strategy, especially in areas exposed to near-field tsunamis 
with short arrival times. In Chile, the governmental emergency 

Fig. 6. Summary of the outcomes from the agent-based evacuation model, for 
the 12 case studies and their examined samples, when all the exit points 
are available. 

Fig. 7. Permutation feature importance of the model outcomes, for the tsunami and non-tsunami scenarios.  
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Fig. 8. Significant parameters according to urban form typologies in 12 examined cities.  
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management agency (ONEMI) recommends vertical evacuation only as a 
second choice if horizontal escape is not feasible [60]. Thus, we did not 
include it in this study, but also because several of the examined urban 
samples do not currently have high-rise buildings. In line with this 
approach, authors like Fraser [61]; León et al. [62]; Mostafizi et al. [2] 
and Wood et al. [21] discuss the impact of vertical evacuation as an 
alternative protection action for endangered populations during tsunami 
emergencies. 

It is also noticeable the impact of the population density on the ex-
pected average evacuation times, although this is significantly depen-
dent on the type of examined scenario, i.e. with or without tsunami. In 
the former, our ‘perturbed’ predictions point out that even steep in-
crements on the population density could lead to mild increases of 
average evacuation times (+2.4%). In this regard, the SHAP values show 
that both low and high values of population densities in the urban 
samples can have a range of impacts on the evacuation times (see Fig. 7). 
These results show that, in the case of delayed departure times, the 
impact of population density could strongly depend on each urban 
sample’s detailed morphological conditions, e.g. the width of its streets 
and how this condition prevents or promotes bottlenecks. In the case of 
non-tsunami scenarios (i.e. with a simultaneous departure time by all 
the evacuees in the model), ‘perturbed’ predictions point out a larger 
augment of average evacuation times, up to +13.1%, and the SHAP 
values show a more direct relationship between larger population den-
sities and extended evacuation times. In this regard, orthogonal grid 
typologies, which are abundant in the Chilean coastal zones, tend to 
concentrate the highest population densities, especially in central urban 
areas, followed by the superblock typologies. While planning schemes 
should restrict these morphological typologies in the urban development 
of tsunami-exposed areas, in already consolidated urban cores, where 
the street network is more difficult to intervene, density is one of the 
main variables that can be controlled by zoning schemes. Moreover, 
densely populated areas should be allowed only in the vicinity of suf-
ficient exit points, complemented by wider exit routes out of the tsunami 
floodable zones. 

It is also noticeable that three commonly used urban form variables, 
the building coverage ratio, the floor area ratio, and the total length of 
the street network, do not have (in both scenarios) significant impacts on 
the urban samples’ average evacuation times, even if those parameters 
are ‘perturbed’ up to 100%. 

Another significant finding is related to an urban form variable 
usually mentioned as relevant for assessing an urban form’s capacity for 
disaster-response activities, including evacuation. This is the connec-
tivity index, i.e. the number of street segments divided per the number of 
nodes in a study area. For instance, Handy et al. [28] points out that 
greater connectivity can reduce response time and multiply the routes of 
evacuation. Moreover, Sharifi [11] underlines that more connected 
street network patterns foster resilience, because they promote more 
and shorter routes, hence augmenting the permeability of the urban 
fabric and facilitating smooth evacuation in the case of disaster. Dill 
[63]; which denominates the connectivity index as ‘link-node ratio’ in 
her study for bicycling and walking connectivity, suggests that values 

around 1.4 are a good target for planning purposes; our examined urban 
samples have an average value of 2.08, well above this target. Never-
theless, our results point out that the connectivity index might have a 
limited impact on the modelled evacuation times. Moreover, the SHAP 
values and the ‘perturbed’ model predictions show that higher connec-
tivity indexes tend to extend, although in an amount that rapidly reaches 
its maximum impact (roughly 1.9% and 7.7% in the tsunami and 
non-tsunami scenarios, respectively), the predicted evacuation times. A 
possible explanation to this phenomenon, which nevertheless needs 
further research (and a combined assessment with other metrics like the 
permeability index), is that a more connected network enhances walk-
ability and urban vitality [64]. However, it does not necessarily lead to a 
better distribution of evacuation routes, as the available exit points ul-
timately determine these. As agents in the model look for the shortest 
evacuation routes to these points, this might lead to a concentration of 
them on few roads, increasing their pedestrian density and therefore 
diminishing the evacuation speeds. This effect is particularly noticeable 
in the simultaneous departure (non-tsunami) scenarios, where all the 
evacuees converge and move at the same time on the street network. 
These results show that for an optimal evacuation, urban planning and 
design should promote streets networks that have to be well inter-
connected but also include a diverse and redundant distribution of 
escape routes, connected to a diversity of exit points to safe areas. 

Lastly, our findings on population density and its relationship to 
street network characteristics point out how the evacuation scenarios’ 
outcomes might change according to the average departure time of 
evacuees. In this regard, tsunami emergency-management strategies 
[25,65] underline the importance of early warning and immediate 
evacuation. Nevertheless, our results show that a too-simultaneous de-
parture of evacuees might lead to congested routes due to sudden 
increased population density, therefore extending evacuation times. 
While emergency stakeholders must develop general evacuation pro-
tocols to be applied throughout a region or country, they should also 
promote more accurate case-by-case analyses. These might combine 
tsunami probabilistic flood modelling (e.g. to estimate arrival times and 
expected inundation depths) and evacuation modelling including 
detailed urban form characteristics. These analyses would have the final 
aim of identifying the most optimal emergency management protocol 
(and possible urban form retrofitting measures) for each specific case 
study. 

This study’s limitations are related, mainly, to its focus on tsunami- 
prone coastal communities’ physical development and its likely impact 
on evacuation processes. Rather than delivering an accurate-as-possible 
assessment of the examined cities’ evacuation potential, we aimed at 
using them as ‘evacuation labs’ to cross-test the influence of a range of 
urban form metrics on this process. Hence, complex real-world evacu-
ation variables like socio-cultural and demographic characteristics (e.g. 
age, gender, warning issue and belief, previous emergency planning or 
available information, seasonal changes of populations) were not part of 
our modelling. Other parameters, including the population, departure 
time, evacuation speed, and route selection, were simplified for simu-
lation. Despite these assumptions, our model is robust and flexible 

Fig. 9. SHAP values analyses.  
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Table 4 
Average change of expected evacuation times, as the result of incremental changes on urban form parameters, as predicted by the statistical model.  

Type of 
scenario 

Urban form 
parameters 

Incremental changes on urban form parameters 

+25% +50% +75% +100% 

Average change of 
evacuation times 
(sec.) 

Average change of 
evacuation times (%) 

Average change of 
evacuation times 
(sec.) 

Average change of 
evacuation times (%) 

Average change of 
evacuation times 
(sec.) 

Average change of 
evacuation times (%) 

Average change of 
evacuation times 
(sec.) 

Average change of 
evacuation times (%) 

With 
tsunami 

Mean distance to 
exit points 

+34.9 +4.2 +63.0 +7.5 +77.2 +9.2 +82.9 +9.9 

Number of exit 
points 

− 0.5 − 0.1 − 5.0 − 0.5 − 26.0 − 2.5 − 26.5 − 2.6 

Population density +8.6 +1.1 +16.1 +1.9 +18.3 +2.1 +20.6 +2.4 
Floor area ratio +2.0 +0.3 +2.0 +0.3 +4.7 +0.5 +5.5 +0.6 
Building coverage 
ratio 

− 2.9 − 0.3 − 4.0 − 0.4 − 4.6 − 0.4 − 5.0 − 0.4 

Connectivity index +11.8 +1.5 +15.0 +1.9 +15.0 +1.9 +15.1 +1.9 
Total length of the 
street network 

+5.3 +0.6 +8.7 +1.0 +9.4 +1.1 +9.9 +1.2 

Without 
tsunami 

Mean distance to 
exit points 

+51.3 +18.9 +96.3 +35.7 +119.5 +45.3 +128.8 +49.3 

Number of exit 
points 

− 1.3 − 0.3 − 5.4 − 1.1 − 32.4 − 7.6 − 33.7 − 7.8 

Population density +14.9 +4.78 +31.2 +8.5 +39.9 +10.8 +48.1 +13.1 
Floor area ratio +6.3 +1.7 +6.7 +1.9 +11.3 +2.8 +13.0 +3.4 
Building coverage 
ratio 

− 1.9 − 0.1 − 2.3 − 0.2 − 3.3 − 0.2 − 3.7 − 0.3 

Connectivity index +13.2 +6.9 +15.4 +7.8 +15.1 +7.7 +15.1 +7.7 
Total length of the 
street network 

+8.4 +4.6 +14.2 +6.5 +13.0 +6.5 +14.6 +6.9  
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enough to include more complex and realistic parameters, if they are 
available, to deliver an accurate tsunami evacuation assessment of a 
given case study. 

Another limitation of this study relates to the validation of the 
model’s outcomes, i.e. how reliably they reflect the behaviour of the 
‘target’ (i.e. a real-world evacuation process) [66]. Song and Fu (2016: 
82) point out that validation “determines the degree to which a model is 
an accurate representation of the real world from the perspective of the 
intended uses of the model”. They discuss the possibility of validating 
the models against experimental information (including empirical data 
and controlled experimental data). While the latter is complicated to 
set-up for an urban-scale evacuation, the former is more feasible to 
obtain in a tsunami-prone country like Chile, where such emergencies 
occur every certain number of years (recently in 2014, 2015, 2016 and 
2019). Although it is challenging to accurately grasp real-world evacu-
ation behaviour, in recent years CDR’s (call detail records) collected 
from smartphones have become a powerful tool to achieve this (see for 
instance León et al. [67]. Other authors like Solís and Gazmuri [68] and 
Poulos et al. [69] use data from evacuation drills to validate their 
agent-based models’ outcomes. Methods to collect this data include 
video recordings and direct field observation. 

5. Conclusion 

This paper focused on the analysis of the urban form characteristics 
of 12 coastal communities in Chile to assess their likely impact on 
tsunami evacuation. Our findings allow us to deliver several conclusions 
that could contribute to tsunami risk-reduction planning and further 
research.  

• Urban form parameters like the mean distance of a street network to 
exit points out of an endangered area, the amount of these points, 
and the population density can have a noticeable impact on tsunami 
evacuation times.  

• While some urban form parameters have a direct relationship to 
evacuation time (e.g. more exit points reduce the evacuees’ escape 
times), others (e.g. the connectivity index) show mixed outcomes 
that need further research.  

• An immediate evacuation after a strong earthquake is the most 
recommendable emergency-response strategy. Nevertheless, in 
certain urban forms, this action may contribute to increasing the risk 
of road congestion, therefore leading to extended evacuation times.  

• Urban expansion into tsunami-exposed areas should be discouraged. 
Nevertheless, if this development cannot be avoided, urban planning 
schemes and design strategies can use our findings to promote better 
new development in those areas, with the final aim of promoting 
rapid evacuations.  

• The orthogonal grid prevails in tsunami-prone areas of Chilean 
coastal development, leading to increased population densities and 
long distances to exit points that may hinder evacuation. In these 
cases, urban planning schemes and design strategies should focus on 
promoting an adequate spatial distribution of population densities 
and guaranteeing exit points from the street network to safe areas. 
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