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ARTICLE INFO ABSTRACT
Editor: Fernando A.L. Pacheco In recent years, dam failures have occurred frequently because of extreme weather, posing a significant threat to
downstream residents. The establishment of emergency shelters is crucial for reducing casualties. The selection of
Keywords: suitable shelters depends on key information such as the number and distribution of affected people, and the
Dam-failure floods effective capacity and accessibility of the shelters. However, previous studies on siting shelters did not fully

Population distribution
Weather factors
Emergency transfer
Shelters selection

consider population distribution differences at a finer scale. This limitation hinders the accuracy of estimating
the number of affected people. In addition, most studies ignored the impact of extreme rainfall on the effective
capacity and accessibility of shelters, leading to a low applicability of the shelter selection results. Therefore, in
this study, land-use and land-cover change (LUCC) and nighttime lighting data were used to simulate population
distribution and determine the number and distribution of affected people. Qualified candidate shelters were
obtained based on screening criteria, and their effective capacity and accessibility information under different
weather conditions were quantified. Considering factors such as population transfer efficiency, construction cost
and shelter capacity constraints, a multi-objective siting model was established and solved using the non-
dominated sorting genetic algorithm II (NSGA- II) to obtain the final siting scheme. The method was applied
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to the Dafangying Reservoir, and the results showed the following: (1) The overall mean relative error (MRE) of
the population in the 35 downstream streets was 11.16 %, with good fitting accuracy. The simulation results
truly reflect the population distribution. (2) Normal weather screening generated 352 qualified candidate
shelters, whereas extreme rainfall weather screening generated 266 candidate shelters. (3) Based on the popu-
lation distribution and weather factors, four scenarios were set up, with 63, 106, 73, and 131 shelters selected.
These two factors have a significant impact on the selection of shelters and the allocation of evacuees, and should
be considered in the event of a dam-failure floods.

1. Introduction

Increasing global temperatures have contributed to a higher fre-
quency of extreme rainfall events (Wu et al., 2021; Kreibich et al., 2022;
Kotz et al., 2022); combined with many reservoir dams that have been
built for a long time and have poor operational management, this leads
to dam breaches occurring worldwide (Ge et al., 2021, 2022; Zhu and
Tang, 2023), posing significant threats to the safety of downstream
residents (Zhang et al., 2023a, 2023b; Lv et al., 2022; Ge et al., 2020a,
2020b). In May 2020, the Edenville and Sanford dams in the United
States collapsed successively, resulting in the emergency evacuation of
over 10,000 residents (Wang et al., 2022a, 2022b; Wang et al., 2023a,
2023Db). In the same month, the Sardoba Reservoir in Uzbekistan failed,
causing 5 deaths, over 50 injuries, and the evacuation of >70,000 people
(Li et al., 2021a, 2021b). In July 2021, the Yong'an and Xinfa reservoirs
in Inner Mongolia, China, were breached, leading to the emergency
evacuation of over 1400 people (Wang et al., 2023a, 2023b). Addi-
tionally, the “7-20" heavy rainfall in Zhengzhou endangered the Guo-
jiazui  Reservoir, Changzhuang Reservoir, and downstream
embankments of the Jialu River, resulting in the emergency evacuation
of hundreds of thousands of people (Zhang et al., 2023a, 2023b). With
social and economic development, the population protected by dams has
increased, rendering the consequences of dam failures increasingly un-
acceptable (Li et al., 2018; Ge et al., 2017, 2022). As a preparatory
measure for disaster prevention and mitigation, urban emergency
shelters play a crucial role in reducing casualties (Baharmand et al.,
2019). Therefore, the scientific siting of emergency shelters to efficiently
satisfy the evacuation requirements of residents and management re-
quirements of the government is an inevitable choice to enhance the
ability of cities to respond to sudden disasters and accidents. It is also an
important part of the construction and improvement of the city's public
safety and emergency management system (Felice et al., 2021; Ottavia
et al., 2021).

Modern site selection research originated in 1909, Weber (1929) was
the first to propose the problem of minimizing the total distance from a
single warehouse site to multiple customers, which initiated a theoret-
ical study of the site selection problem. Later, the introduction of the p-
median (Hakimi, 1964), p-center (Hakimi, 1965), set covering (Toregas
et al., 1971), and maximum covering models (Church and Revelle,
1974), marked the beginning of the shift towards a systematic approach
in siting studies. Over the years, researchers have extensively applied
and improved these four models by incorporating various considerations
and refining the application scenarios. For instance, Wood and
Schmidtlein. (2013) analyzed the evacuation potential of populations
under tsunami threats and proposed the creation of vertical shelters in
areas with difficult evacuation. Kilci et al. (2015) determined the weight
of each shelter by considering factors such as transportation status,
evacuation distance and minimum utilization rate of the site, and then
constructed a site selection model for earthquake. Esmaelian et al.
(2015) used geographic information system (GIS) and multi-criteria
decision-making methods to develop a shelter selection model that
considered seismic grade, building age, and population density; they
was applied to the Tehran region. Zhao et al. (2017) studied the rela-
tionship between evacuation time and total shelter area under different
population sizes and used an improved particle swarm algorithm to
solve the seismic shelter siting problem. Yao et al. (2017) proposed a

dual objective model for optimizing the siting of urban fire stations,
considering service coverage, accessibility, and the impact of existing
fire stations. Qin et al. (2020) considered the variation of typhoon paths
and developed an emergency evacuation model by using an improved
particle swarm algorithm. Rahman et al. (2020) developed a model for
optimizing the spatial distribution of emergency evacuation centers by
analyzing the sensitivity of flooding in the Sylhet area of Bangladesh to
help reduce casualties, and property damage, and improve emergency
operations. Baharmand et al. (2020) considered factors such as coverage
range, logistics costs, and response time to establish a model for the site
selection of temporary relief distribution centers; they validated the
method with the example of the 2015 Nepal earthquake. Geng et al.
(2021) developed a dual-objective hierarchical model consisting of two
stages, namely the temporary shelter and the short-term shelter stages,
offering dependable solutions for shelter site selection and material
distribution in Chengdu, China. Zhong et al. (2022) combined static
network analysis with dynamic evacuation simulation and used genetic
algorithms to plan shelters in the central urban area of Xinyi City, China.

Population distribution is a crucial factor in assessing the number of
affected people. However, most studies on site selection are based solely
on official statistics to determine the number of people affected by a
disaster without sufficiently considering the differences in population
distribution at a finer scale. This limitation is particularly pronounced in
China where publicly available census data are generally based on dis-
tricts and counties with large spatial scales. Because the inundation area
of a dam-failure floods does not align with administrative boundaries, if
differences in population distribution are not considered, a significant
discrepancy would occur between the estimated and actual number of
affected people. In addition, the shelter requirements of the affected
populations vary depending on the type of disaster. For example, for
earthquakes, shelters should be set up in parks, squares, and other open
spaces outside collapsed buildings. For dam failure floods, because
extreme rainfall is one of the main causes of dam failure (Alessia et al.,
2023), shelters should be well protected against rainfall and flooding
when a dam fails under extreme rainfall weather. However, current
siting studies have paid insufficient attention to dam-failure floods
(Ozbay et al., 2019) and weather impacts, resulting in some planned
shelters being limited by their elevation or spatial morphology. This
makes it difficult to satisfy the sheltering requirements of populations
under extreme rainfall weather conditions. To address these challenges,
this study aimed to compare and analyze the effects of population dis-
tribution and weather condition on shelters selection. The findings of
this study can provide valuable insights for emergency managers and a
reference for selecting suitable shelters.

Additionally, we emphasize that, as a social public facility, the in-
vestment, construction, and planning of shelters are primarily deter-
mined by the government. Therefore, site selection should be
approached not only from a mathematical perspective by adding con-
straints or optimizing objectives but also from a policy and strategic
perspective (Trivedi, 2018). For instance, with the intensification of
global climate change and increasing environmental concerns, many
countries have joined low-carbon development teams to address global
environmental crises in, which sustainable development plays an
increasingly crucial role in government decision-making (Sun et al.,
2022). However, owing to the different carbon emission patterns and
levels among countries, their corresponding sustainable development



Y. Jiao et al.

policies and progress also differ (Jakovljevic et al., 2020), thus requiring
different focus areas in shelter selection for different countries. Most
economically developed countries in the Organization for Economic Co-
operation and Development (OECD) have established good examples of
low-carbon development (Jeong et al., 2021). Many BRICS countries
actively promote low-carbon development through policy support,
technological innovation, and structural energy adjustments (Jakovl-
jevic et al., 2022, 2023). Therefore, integrating low-carbon consider-
ations will become a popular topic in siting research in these countries
(Maryam et al., 2023), and will facilitate the implementation of siting
schemes. However, some low-income and middle-income countries
influenced by limited national economic and social capital may priori-
tize economic growth at the expense of resources and the environment
(Allahham et al., 2022). Currently, a low-carbon prioritization strategy
may lead to inappropriate prioritization settings and strategic plans
(Ranabhat et al., 2020). Thus, minimizing investment costs while
satisfying population requirements is crucial for implementing siting
schemes in these countries. While policy considerations are not the
primary focus of this paper, we call upon researchers to give it due
attention to promote the implementation of siting scheme.

2. Materials and methods
2.1. Study areas

The Dafang Ying Reservoir (31.93 N, 117.24 E) is located in Hefei
City, Anhui Province, China, along the Sili River, a tributary of the
Nanfei River. It serves as a large (II) type reservoir primarily for floods
control and urban water supply. The reservoir consists of a main dam,
sub-dam, spillway and discharge culvert. The main dam spans 2135 m,
and the sub-dam spans 1703 m, all of which are roller-compacted ho-
mogeneous earth dams. The reservoir basin has an area of 184 km?, total
capacity of 184 million m®, 500-year floods design, design water level of
30.74 m, probable maximum floods (PMF) standard check, and check
water level of 33.64 m. Notably, the main dam is only 5 km from the city
center and is the closest large reservoir in China to its capital city
(Hefei), supporting the city along with the Dongpu Reservoir. Hefei City
falls within a humid monsoon climate zone and experiences significant
spatial and temporal variations in rainfall. Influenced by cold fronts, low
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vortices, typhoons, and other factors, the region experiences concen-
trated rainfall in summer, frequent rainstorms, and floods. Therefore,
Hefei has been listed as one of the 31 key floods control cities in China.
Downstream of the reservoir are the districts of Luyang, Shushan, Yao-
hai, and Baohe in Hefei City, and the population is concentrated in the
middle-terrain and low-terrain areas with convenient transportation and
a developed economy, whereas the population distribution in the high-
terrain areas is lower, and the spatial distribution of the population is
considerably different. An overview of the study area is shown in Fig. 1.

2.2. Site selection process

Site selection is a complex process that involves considering various
factors and adapting them to local scenarios. Regardless of specific cir-
cumstances, accurate information on the number of people affected by
disasters and the capacity and accessibility of shelters should be ob-
tained, as these data form the basis for shelter selection. During a dam-
failure floods event, the first step in the shelter selection process is to
determine the number and distribution of the affected population. As the
population is not uniformly distributed geospatially, its precise number
and distribution should be determined in combination with population
distribution simulations. When the affected populations have been
identified, the next step is to screen candidate shelters that satisfy spe-
cific basic criteria, such as safety and efficacy, and collect information
on the geographic location, effective capacity, and accessibility of these
shelters (that some information may change owing to weather condi-
tions) to support the subsequent determination of the final shelters.
Finally, a mathematical model for shelter selection should be established
based on certain objectives and constraints, taking the above informa-
tion on the affected population and candidate shelters as inputs to the
model and using an algorithm to solve the model to realize shelter se-
lection and the population allocation. The shelters selection process for
the dam-failure floods is shown in Fig. 2.

2.3. Numerical simulation of dam failure floods

Dam failure floods simulations can be used to determine potential
inundation areas downstream of a dam. In this study, the HEC-RAS
hydrodynamic model was used to simulate dam failure flooding (US
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Fig. 1. Overview of the study area.
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Fig. 2. The process of selecting dam failure floods shelters.

Army Corps of Engineers, Hydrologic Engineering Center, 2016).
Assuming that the dam breaches through overtopping, according to Xu
and Zhang (2009), we set the top width, bottom width, height and
breach time of the breach to 123 m, 90 m, 16.1 m and 6.9 h, respectively.
The duration of the simulation was set to 24 h. The data used in the
simulation process included a 30 m resolution digital elevation model
(DEM) (used to reflect the topographic and geomorphological changes
in the downstream area) and 30 m resolution land-use and land-cover
change (LUCC) data (used to set the corresponding roughness).

2.4. Simulation of population distribution

Population distribution modeling can be used to determine the
number and distribution of a population downstream of a reservoir.
Traditionally, demographic data have been the primary method of
obtaining population numbers. However, this method has the following
problems in practical applications (Wang et al., 2018; Bao et al., 2023):
(1) Population statistics are often based on administrative divisions,
with a large spatial scale, and the population distribution within
administrative units cannot be reflected. (2) The boundaries of admin-
istrative areas do not align with floods inundation boundaries, making it
difficult to accurately estimate the affected population. Population dis-
tribution simulation at the grid scale provides an effective solution to
address these problems. Advancements in remote-sensing technology
have facilitated the use of remote sensing images in population spatial
distribution studies, offering benefits such as easy accessibility, high
accuracy, and wide coverage (Weber et al., 2018; Chen et al., 2023). A
significant correlation between nighttime lighting and LUCC data in
remote-sensing images and population distribution has been confirmed,
which has significant potential for characterizing population spatial
distribution (Li et al., 2018; Fang et al., 2022). Nighttime light data from
sources such as DMSP/OLS, NPP/VIIRS, and Luojia-1, as well as LUCC
data such as Globeland30 and WorldCover, have achieved global
coverage and can be utilized in any city or country. This study used the
30 m resolution LUCC data from Hefei City in 2020 (Center for Resource
and Environmental Science and Data, 2020) and the 130 m resolution
nighttime light data provided by the Luo Jia 1 satellite (State Key Lab-
oratory of Surveying and Mapping and Remote Sensing, Wuhan Uni-
versity, n.d.) simulate the population distribution.

The unified coordinate system was WGS 1984 UTM Zone 50 N, and
the grid size was set to 130 m, which is consistent with the accuracy of
the nighttime lighting data. Due to the LUCC are discrete geographic
data with intermittent distribution characteristics, they were resampled
to 130 m using the nearest-neighbor method (Bahareh et al., 2020; Lv
et al., 2021). The first level classification of LUCC data was used as a
modeling factor, excluding watersheds and unused land, which have low
relevance to population activities. Cropland, forest land, grassland, and
urban and construction land were selected as population modeling
factors.

2.4.1. Progressive regression fitting

Land is a carrier of the population, and LUCC data can indicate the
population distribution of different land types. However, it fails to
capture variations in population distribution within the same type of
land. This limitation can be addressed by using nighttime lighting data
to depict the internal variability (Wu et al., 2023). Therefore, with the
above four land types, the area of lights on the land, and the intensity of
the lights as independent variables, and the demographics as dependent
variables, according to the principle that if there is no land, then there is
no population, the constant term of the regression equation was set to 0,
and the equation was established as shown in Eq. (1).
POPi = " (a-ALij + b-ILij)

J=1

@

where: POP; is the number of resident population in the ith township
from the demographic data; j is the number of land use types; AL; and IL;
are the area of lighted areas and the total intensity of light on the jth land
type in the ith township, respectively; a, b are the regression coefficients.

Stepwise regression was employed to fit the data, and independent
variables were retained if their coefficients were significant at a confi-
dence level of 0.05. Furthermore, to ensure that the population on each
grid was positive and to avoid inconsistencies with reality, independent
variables with negative coefficients were removed each time the
regression equation was created.

2.4.2. Zoning based on population agglomeration degree

The modeling concept of the above progressive regression fit is the
assumption that the same type of land is equally attractive to the pop-
ulation. Differences in the attractiveness of the same type of land to the
population were observed (Zhao et al., 2020). To enhance simulation
accuracy, this study subdivided the study area using population
agglomeration, which aided in capturing the variations in the attrac-
tiveness of the same land type in different regions (Tan et al., 2018). The
calculation formula of the population agglomeration degree (Agg) is
given by Eq. (2).

P;/P, 1 P;/A;
Agg, — (Pi/Pa) X 100% _ Pi/A,

T (A/A,) x 100% P, /A, 2)

where: Agg; is the agglomeration of street i; P; is the population of street i;
A, is the area of street i; P, is the total population of the study area; and
A, is the total area of the study area.

2.4.3. Evaluation of the fitting error

To evaluate the accuracy of the simulation results, Ry, relative error
(RE) and mean relative error (MRE) were used to evaluate the fitting
effect, and the calculation formulas are shown in Egs. (3) to (5).
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S>(POP, — POP)(POP, — POP)
R = = 3

S (POP;' — POP')* , /S (POP; — POP)*
i=1 i=1
POP; — POP;
RE = % (C)]
POP POP
Z | | (5)

where: POP; and POP; are the statistical and estimated population of

street i, respectively; POP and POP'are the average of the statistical and
estimated population of all streets in the region, respectively; and n is
the number of streets in the region.

2.5. Screening and information quantification of candidate shelters

2.5.1. Selection criteria for candidate shelters

The final site selection results were generated from the qualified
candidate shelters. Eligible sites from parks, plazas, green spaces, and
schools in the study area were selected as candidate shelters using
screening criteria based on safety, effectiveness, and connectivity re-
quirements (Amini et al., 2022). Safety means that the shelters should be
outside the potential inundation range of the dam-failure floods, and far
from areas prone to geological hazards such as landslides, mudslides,
seismic fault zones and storages of flammable and explosive explosives
and poisonous gases to avoid the occurrence of secondary disasters.
Effectiveness means that the capacity of the shelter should not be too
small to avoid overcrowding, which could lead to stampedes, and dif-
ficulty for the government to unify the rescue and management of the
population. Connectivity means that shelters should be set up in a place
with flat terrain and a suitable slope to avoid restrictions on population
transfer and medical assistance measures owing to the steepness of the
terrain.

2.5.2. Quantification of effective capacity for shelters under different
weather conditions

Extreme rainfall is one of the main causes of dam failure, and when a
dam failures during extreme rainfall weather, the outdoor areas lack the
necessary sheltering capabilities to effectively accommodate the
affected population. Under normal weather conditions, both outdoor
and indoor shelter areas are available to the affected population.
Therefore, the capacity of each candidate shelter was subdivided into
outdoor capacity C, and indoor capacity C;. C, was based on the infor-
mation provided by the Hefei Emergency Management Bureau and re-
quirements of the GB51143-2015 (Code for Design of Disasters
Mitigation Emergency Congregate Shelter), and a per capita effective
area of 2 m%/person was used to convert the measured outdoor area
(measured from high-definition satellite maps and deleting fractional
sites with insufficient plot widths) into capacity (it should be the
normative requirement of each country). The indoor capacity C; was
converted based on the floorage, considering that the walls, tables and
chairs in the building also take up a certain amount of area; the capacity
was converted to 3 m2/person (it should be valued according to each
country). Under normal weather conditions, the effective capacity of the
candidate sites is Cj; = C, + C;. However, during extreme rainfall, the
effective capacity of the candidate site is Cj; = C;.

2.5.3. Quantification of accessibility for shelters under different weather
conditions

Accessibility is a core concern in shelter selection studies. Accessi-
bility can be interpreted as the shortest time required for affected pop-
ulations to reach a designated shelter. The longer the time, the worse the
accessibility. The path that takes the shortest time to evacuate a
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settlement to a shelter is considered optimal. However, under different
weather conditions, the optimal path is not necessarily the same. Even if
the optimal path is the same, the time spent evacuating is not necessarily
the same. This is because under extreme rainfall weather, roads leading
to some lower-lying shelters may be flooded, rendering the original
optimal path unavailable and requiring the affected people to take a
longer time to reach the shelters by detouring or even losing accessibility
to the shelters due to the total flooding of the surrounding roads. Rainfall
also reduces driver's ability to perceive the surrounding environment,
and forming a film of water between the road surface and the tires,
reducing friction, which can cause changes in a vehicle's travel speed
and increase evacuation time.

This study used an origin-destination (OD) matrix to quantify
accessibility. In the OD matrix, the starting points are the settlements
and the end points are the candidate shelters, which are connected
through the actual road network. After a time attribute is assigned to
each road (the time required for the affected population to pass through
the road), the OD matrix can be solved using time as an impedance to
obtain the shortest time required to evacuate from each residential area
to each shelter. Therefore, the key is to assign time attributes to each
road. As the evacuation method has a significant impact on the evacu-
ation time, the two most common evacuation methods driving a car and
walking were considered.

(1) Evacuation by cars

When driving a car to evacuate in normal weather, a road resistance
function is introduced to quantify the relationship between the road
travel time and road traffic load (Li et al., 2021a, 2021b). Commonly
used road impedance functions include the Bureau of Public Road's
(BPR) function, the Conical function from the University of Montreal in
Canada, the Logit function from the Ministry of Transportation and Road
Safety in Israel, and the Indian Highway Capacity Manual Model (IDCM)
in India. According to different national conditions, suitable road-
resistance functions should be selected or established, and in this
study, the Conical function was selected. The Conical function is an
improved version of the BPR function (fitted from a large amount of
reliable data), that solves the problem caused by large $ values in the
BPR function. Owing to its strong applicability and simplicity, it is
adopted by the well-known planning software EMME2. The Conical
function is expressed in Eq. (6).

L

=g (2B —n/C) 4@ g -n/C)—a) ©)

where: ty; is the traveling time on road a in normal weather; L, is the
length of road a; Vj is the design speed of road a; x, is the traffic flow on
road a; C, is the actual capacity of road a; eand f are constants, they
should be valued according to national conditions, taking a=1.4, f/=1.8
in China.

The value range of Vj (which should be adjusted for different country
scenarios) was based on the China JTG B01-2014 (Technical Standard of
Highway Engineering) in Table 1. However, during an actual disaster
evacuation, traveling speed may be influenced by factors such as
pedestrian interference and road width. To account for these factors, we
applied the coefficients of pedestrian interference (y;) and road width
(y2) to adjust Vj, as expressed in Eq. (7). The value criteria for

Table 1
Design speeds corresponding to different types of roads.
Road type Motorway/ Primary Secondary Tertiary
trunk roads roads roads
Design speeds 60-80 40-60 20-40 20-30
(km/h)
Setting in 60 40 30 20
manuscript
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coefficients y; and y» are listed in Tables 2 and 3, respectively. The
corrected traveling time on road a is given by in Eq. (8).

Vo = Voyiy2 @

fal :%<2+\/ﬁ2(1_xa/ca)+a2 7/5(17)6,,/6'“)—6() ®)

0

where: V' is the corrected design speed on road a.

Xxq/Cq is the actual load capacity of road a, which is reflected in the
road service level. According to JTG B01-2014 (Technical Standard for
Highway Engineering), road service is categorized into six levels based
on the state of traffic flow. These levels describe the changing stages of
traffic flow, from free, stable, saturated, and forced flow. In this study,
the service level of each section of the road was set to the fifth level of
service, that is x,/C, € (0.9, 1]. At this point, each section of the road
reaches the maximum capacity of the operating state, and any inter-
ference in the traffic flow may cause long queues.

When driving a car during rainy weather, if the water on the road
surpasses the height of the exhaust pipe, the car may stall. In China, the
exhaust port of an average car is typically positioned 20-30 cm above
ground. Therefore, roads with water depths exceeding 20 cm should not
be designated as evacuation routes. Moreover, even if the road does not
have standing water, rainfall can impair driver perception and diminish
friction by creating a water film between the ground and tires. This can
result in changes in the vehicle speed. Zhang et al. (2017) examined the
impact of varying congestion levels and road conditions on travel speeds
at different precipitation intensities; the results are shown in Eq. (9) and
Table 4. Vehicle travel in rainy weather is also affected by pedestrian
interference and road width; therefore, vehicle speeds and travel times
in rainy weather can be calculated based on normal weather, as shown
in Egs. (10) and (11):

AV =aln(I)+b 9
L

V, = T — AV 10)
al
La

lo = v an

where: AVis the value of speed loss; I is the intensity of precipitation
(mm/15 min); a and b are coefficients to be determined; V; is the trav-
eling speed on road "a" under rainfall weather; t,2 is the traveling time on
road "a" under rainfall weather.

(2) Evacuation on foot

When evacuating on foot, the walking speed of individuals under
normal weather conditions is influenced by various factors, including
age, sex, height, health status, and emotions. Environmental factors such
as slope and temperature, also play a role. During rainy weather, the
depth of water on roads and rainfall intensity further affect the walking
speed. Because of the multitude of factors affecting walking speed,
establishing a detailed distinction between different population groups
becomes difficult. Typically, healthy adults maintain a speed of 4.5 to 6
km/h, where elderly individuals and children tend to exhibit slower
speeds. However, during the actual evacuation process, vulnerable
groups, such as the elderly and children, may receive assistance from
family members or prioritize other evacuation methods. To simplify
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Table 3
Criteria for the value of the coefficient of the road width y».
Road width(m) Y2 Road width(m) Y2
2.5 0.50 (4.0, 4.5] 1.20
(2.5, 3.0] 0.75 (4.5, 5.0] 1.26
(3.0, 3.5] 1.00 (5.0, 5.5] 1.29
(3.5, 4.0] 1.11 >5.5 1.30
Table 4
Criteria for the values of a and b in the coefficient y;.
Time periods Road type a b
Peak hours Motorway/trunk 3.015 9.888
Primary roads 0.395 3.518
Secondary roads/tertiary roads 0.393 2.574
Non-peak hours Motorway/trunk 2.122 6.864
Primary roads 1.407 2.528
Secondary roads/tertiary roads 0.929 1.897
Free flow Motorway/trunk 2.291 4.519
Primary roads 1.432 1.899
Secondary roads/tertiary roads 1.638 2.206

Note: In this study, it is assumed that the state of the road during the actual
disaster evacuation is similar to that during peak hours. Therefore, the values of
a and b on each type of road correspond to the peak hours.

calculations, we used a uniform walking speed of 5 km/h for the entire
study population.

2.6. Shelter selection modeling and solving

2.6.1. Shelter selection objectives and constraints

We established the following mathematical model for site selection
that considers factors such as site selection cost, population distribution,
weather conditions, shelter capacity, accessibility, and the principle of
centralized resettlement.

(1) Transfer efficiency objective

Population transfer efficiency is a crucial objective of shelter selec-
tion studies (Ashlea et al., 2023). The less time required for transfer, the
more efficient the transfer. To maximize the transfer efficiency of the
affected population, we establish an objective function F; that aims to
minimize the total transfer time for all populations, as shown in Egs.
(12)—(15).

N
Fi=min > (YicPiclic + Yo Piutin) w
=1 j=1
tijc S {ti/'cl ) I[jt‘z} (13)
tijw € {tl,'/'wl ) Z‘!_/’WZ} (14)
Yie, Yy € {1,0} .

where: M denotes the number of settlements; N denotes the number of
candidate shelters; P;c and Py, are the number of people in settlement i
transferred to shelter j by driving cars and walking, respectively; tj is
the time when the affected people in settlement i arrive at shelter j by
driving, under normal weather take t;;, under extreme rainfall take t;co;
tijw is the time when the affected people in settlement i arrive at shelter j

Table 2
Criteria for the value of the coefficient of the pedestrian interference y;.
Interference degree Extremely serious Serious Moderate General Slight None
Y1 0.5 0.6 0.7 0.8 0.9 1.0
Setting in manuscript / / Tertiary roads Secondary roads Primary roads Motorway/trunk
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by walking, under normal weather take t;j1, under extreme rainfall take
tijwz; Yijc and Yy, are decision variables, when the population of settle-
ment i transfers to shelter j by driving (walking), Yj. = 1(Yy, = 1),
otherwise Yjc = 0(Yj = 0)o .

(2) Construction cost objective

Shelters are social and public facilities that are primarily funded by
government approval and appropriation. The cost plays a crucial role in
determining the feasibility of constructing such facilities. Reducing the
number of shelters to be built not only reduces construction costs, but
also saves daily management and maintenance costs. It is important to
minimize these costs while ensuring effective transfer efficiency (Jin
etal., 2021). Consequently, the objective function Fs is considered as the
minimum total number of shelters to be constructed, as shown in Egs.
(16) and (17).

N
Fy=miny_ Q)Y 16)
j=1

Y, € {1,0} a”

where: Q; is the priority parameter for shelter site j to be selected; Y; is
the decision variable, Y; = 1 when shelter site j is selected and
0 otherwise.

(3) Population transfer constraints

To ensure that each resident could be assigned to a shelter and
transferred to different shelters, we set the constraints shown in Eq. (18).
Considering the principle of batch transfer for resettlement, the number
of people to be transferred is set to 100 K (where K is a natural number)
as shown in Egs. (19) and (20). The number of people transferred to each
settlement can be calculated using Eq. (21).

N
(Pje+Py) =PYieM 18

Jj=1
100K = gje < Py,Vie M\Nj €N 19
100K = g, < Py, Vi€ M,Vj €N ©20)
P; = POPy, D)

x=1

where: P; denotes the number of people in settlement i; g;;c and gj;, are
the number of people in settlement i transferred to shelter j by driving
and walking, respectively; m denotes the number of people in settlement
i with m flooded grids; POPgq denotes the number of people corre-
sponding to the xth grid that was flooded, which was determined based
on the population distribution simulation results mentioned above.

(4) Shelter capacity constraints

The number of people accommodated in each shelter should not
exceed its effective capacity. Thus, constraints are established as shown
in Eq. (22). Based on the above analysis, the effective capacity of the

shelter differs according to different weather conditions, as shown in Eq.
(23).

M
Y Pi<GYjEN 22)
i=1

C € {C,Cn} (23)

where: C; is the capacity of shelter j, which is divided into two
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conditions: the effective capacity under normal weather conditions, Cji,
and the effective capacity under extreme rainfall weather, Cjs.

2.6.2. NSGA-II (Non-dominated Sorting Genetic Algorithm II) solves

This model is a non-deterministic polynomial (NP) problem, which
refers to a problem with non-deterministic polynomial complexity. Ge-
netic algorithms are a type of search algorithms constructed by mathe-
matical simulation based on Darwin's proposed laws of evolution
(survival of the fittest genetic mechanism) in the biological world, and
are very effective for solving the NP problem in this type of optimization
combination (Kaseb and Rahbar, 2022; Seyed et al., 2023). This study
used the NSGA-II to solving the problem, which has the following ad-
vantages over the traditional genetic algorithm: @ Fast non-dominated
sorting reduces computational complexity. @ Its elite strategy better
retains good individuals in the evolutionary process, and rapidly im-
proves the population level by storing all individuals in the population
hierarchically. ® The introduction of the crowding degree and crowding
distance comparison operator, instead of a fitness strategy that requires
an artificially specified sharing radius, enhances species population
diversity.

The NSGA-II process for retaining elite strategies is shown in Fig. 3,
and the concepts of dominance level and crowding degree are sche-
matically depicted in Fig. 4. To make this easier to understand, we
explain it using a more generalized example. For instance, we aim to
design a car shape that reduces air resistance (f1) while increasing the
comfort of driving (f2). However, these two objectives are contradictory
(reducing the air resistance will reduce the comfort of driving). To
determine a solution that does well in both aspects, the NSGA-II achieves
the followings:

(1) Initialization. Randomly generate a set of initial solutions of size
X, also called parent population P;. Each solution represents a
combination of parameters for the car shape design, which are
assumed to be controlled by three parameters: car length [, car
width w, and car height h.

(2) Crossover and mutation. Use crossover and mutation operations
to generate a new set of solutions, also called the offspring pop-
ulation Qy, of the same size as the P;. The crossover operation
generates new offspring solutions by combining some parts of the
two parent solutions; for example, a single-point crossover be-
tween parent solutions P; (I, wi, h1) and Py (lo, wa, hy) occurs at
the second parameter position, generating new offspring solu-
tions Q1 (I3, wo, hy) and Qz (I, w1, hi). Mutation enables one or
more genes to be randomly selected and changed. For example,
the parent solution Pj (I3, ws, h3) has a mutation in the car length
gene [3, which increases in value by 2 cm, generating a new
offspring solution Q3 (2 cm + I3, ws, h3).

(3) Non-dominated sorting. Combine P; and Q; to form a new popu-
lation R; of size 2 X, and perform fast non-dominated ordering of
all solutions in R until all solutions are classified into the corre-
sponding ranks (e.g., L1 and L2 in Fig. 4). For example,
comparing the dominance relationship between R; (I3, w1, hp)
and Ry (I, wo, hy) in Ry, if Ry (I3, w1, hp) better than R (Is, wa, ha)
in both objectives (reducing air resistance, improving driving
comfort), or when it is equal in one objective and better in
another objective, it is denoted as R; (I3, wy, h;) dominates R (lo,
wa, h2)

Calculate the crowding degree distance. The crowding degree

distance represents the distribution density of a solution in the

solution space, which is determined by measuring the distance

between a solution and its neighboring solutions, as in Fig. 4

where the cuboid represents the crowding degree of solution i.

The larger the crowding degree distance of a solution, the more

distinctive it is, and we aim to maintain it to increase the diversity

of the population and produce better offspring.

(4

—
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(5) Selection and filling. Individuals in the excellent dominance level
(L1) are selected to be placed into the R, generation first. When
the number of individuals placed into a level (e.g., L3 in Fig. 3)
exceeds the limit of X, individuals at that level with greater
crowding (e.g., solution iin Fig. 4) are selected to be filled in until
the population Ry, size reaches X.

Evolutionary iteration. Repeat steps (2) to (5); each generation of
the population gradually evolves to produce a better solution set
until the final result stabilizes and the program satisfies the
termination condition.

(6

[

3. Result

3.1. Results of simulation of dam failure floods and population
distribution

According to the results of the dam-failure floods simulation, 26
streets (townships) in the study area were within the potential

inundation range of the dam failure-floods. To ensure that the samples
were sufficient for modeling in each sub-district after partitioning, the
number of streets was increased to 35, and the study area was divided
into four sub-districts; A, B, C, and D. The streets they contains are Al
(Silihe Street), A2 (Xinghuacun Street), A3 (Hongguang Street), A4
(Wanghu Street), A5 (Feihe Town), A6 (Daxing Town), A7 (Luyang
Economic and Technological Development Zone), A8 (Changqing
Street), A9 (Luogang Street), A10 (Dayang Town), All (Jinggang
Town), Al12 (Qilitang Street), B1 (Jiashan Street), B2 (Sanxiaokou
Street), B3 (Xiaoyaojin Street), B4 (Daoxiangcun Street), B5 (Chengdong
Street), B6 (Sanli'an Street), B7 (Fangmiao Street), C1 (Tongling Street),
C2 (Qilizhan Street), C3 (Changhuai Street), C4 (Hupo Street), C5
(Xiyuan Street), C6 (Baogong Street), C7 (Wulidun Street), C8 (Wuhu
Street), D1 (Mingguang Street), D2 (Shengli Street), D3 (Sanli Street),
D4 (Xinglin Street), D5 (Haitang Street), D6 (Heping Street), D7 (Bozhou
Street), D8 (Shuanggang Street), as shown in Fig. 5. The results of the
population fitting accuracy evaluation are presented in Table 5 and
Fig. 6. Among them, 19 streets had a RE below 10 %, 15 streets had a RE
below 20 %, and only two streets, A11 (Jinggang Town) and D2 (Shengli
Street), had a RE of >30 %, at 31.35 % and 33.93 % respectively. The
overall MRE was 11.16 %, which indicated good fitting accuracy and
effectively reflected the spatial distribution of the downstream popula-
tion. The number and distribution of the affected populations were
extracted based on the simulation results of floods routing and popula-
tion distribution, as shown in Fig. 7. According to the Hefei Statistical
Yearbook for 2020, on average, four people in Hefei own a private car.
Assuming that each car seats two people, each residential area was set to
half the number of people evacuated by car or walking.

3.2. Screening results of candidate shelters

In this study, sites such as schools, parks, green spaces and squares in
four administrative districts, namely Luyang District, Shushan District,
Yaohai District and Baohe District, were acquired, from which qualified
candidate shelters were obtained according to the screening criteria.
Under normal weather conditions, 352 candidate shelters were selected.
In extreme rainfall weather, referring to the extremely heavy rainstorm
disaster in Hefei in 2020 (Feng et al., 2023; Hefei Emergency Manage-
ment Bureau, n.d.), roads with an elevation of <13.3 m were set to be
impassable with ponding depth of >20 cm. Consequently, 86 inacces-
sible shelters with zero effective capacity were screened out from 352
candidate shelters, resulting in 266 candidate shelters being ultimately
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Fig. 5. Simulation results of floods routing and study area zoning.
Table 5
Specific situation of each zone.
Zone Agglomeration degree Including the number of streets Fitting formula R? MRE
I 0.5-2 12 y = 0.002x;+2707.444x2+6658.254x3 0.899 11.09
II 2-2.5 7 y = 0.004x, 0.730 10.49
111 2.5-3 8 y = 0.005x; 0.974 6.98
v >3 8 y = 0.006x; 0.750 14.31

Note: x; is the DN value (Digital Number) of lights on residential land; x, is the area of lights on cultivated land (km?); x3 is the area of lights on grassland (km?).

retained. The screening results for candidate shelters are shown in Fig. 8.

3.3. Results of shelter selection

Prioritizing the use of established and high-level shelters should be
considered to reduce construction costs and improve the comfort of the
population. Therefore, in Eq. (16), the priority parameters Q; were set to
1, 1.1, 1.2, and 1.3 for grades I, II, III, and the remaining shelters,
respectively (which can be dynamically adjusted according to the needs
during application). The 100 groups of shelters selection schemes are
initially constructed randomly, and the crossover and variance proba-
bilities in the genetic algorithm were taken as 0.8 and 0.1, respectively
(Hu et al., 2022), and the model results tended to stabilize after 5000
iterations after many experimental tests to obtain the pareto solution set.
Considering the strong destructive character of the dam failure floods, in
the pareto solution set, this study took the solution with the smallest
value of objective F; (i.e., the highest population transfer efficiency) as
the siting solution, and obtained the siting results for different scenarios
as shown in Fig. 9 and Table 6.

4. Discussion

According to Table 6, when the population distribution and the ef-
fects of extreme rainfall weather were not considered (Scenario 1), 127
locations were selected for population sheltering. Out of these, 63
shelters were designated for people evacuating on foot, 53 for those
evacuating by car, and 11 for those evacuating using both methods.
After considering only the impact of extreme rainfall (Scenario 2), the
number of shelters increased to 183 because of the failure of outdoor
capacity or inaccessibility in some shelters. In particular, Linghu Park,
Wanghu Park, Lei Street Basketball Park, Hupotan Park and Hefei No. 38
Middle School (Yaohaiwan Campus), which previously accommodated
>10,000 people (13,300, 14,900, 12,000, 16,500 and 15,400, respec-
tively) were not selected under this scenario (the locations are shown in
A, B, C, D, and E in Fig. 10). This change necessitated a greater number
of shelters to accommodate the population that they used to serve. As
shown in Table 6, the number of shelters that only accommodated pe-
destrians increased the most, as slower evacuations of pedestrians were
prioritized to shelters closer to them. Among the newly added shelters
with a capacity of over 5000, only 5 were arranged to accommodate
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Fig. 10). The Botanical Gardens were selected because of their larger
JI7P180"E 117°21'0"E 117°24'0"E capacity (100,000), although they farther away. Several smaller ca-
SiRieridl . z pacity but closer shelters were added after considering the population
i N umber ol peope = distribution, such as the 9600-capacity Jinhu Middle School in Hefei (K
" { i . o100 2315000 5 in Fig. 10) and the 4900-capacity Xincheng Elementary School (L in
P L 4 [0 101-200 [N 601 - 1960 il Fig. 10), to which a portion of the Botanical Garden's population was
201-350 assigned. Population sharing by smaller capacity but closer shelters was
- also one of the reasons why the other four shelters were not selected.
- Another reason was that the populations they accommodated were
i s shared by distant but larger-capacity shelters, such as the University of
= K Science and Technology of China Affiliated High School South Campus
b - (L in Fig. 10).
After considering the population distribution and effects of extreme
rainfall (Scenario 4), the number of selected shelters increased to 203.

117°12'0"E 117°15'0"E 117°18'0"E 117°21'0"E

Fig. 7. Number and distribution of affected population downstream
of reservoirs.

pedestrians because their proximity, whereas 21 were arranged to
accommodate drivers because of their distance.

After only population distribution was considered (Scenario 3), the
estimated number of affected people increased from 656,000 to
847,000. This increase was due to the inundation areas in potential dam-
failure floods being located in densely populated areas. Most shelters
that had not reached their maximum capacity showed exhibited an in-
crease in capacity after considering the population distribution. How-
ever, five shelters exhibited a decrease in capacity. The capacity of the
Botanical Garden decreased from 8700 to 6100. The number of people in
the four shelters in Hefei 61st Middle School, Hefei 28th Middle School,
South Campus of Hefei 61st Middle School and Angao Square decreased
from 2700, 5600, 1600 and 3500 to 0, respectively (F, G, H, I, and J in

10

Among these, 131 shelters accommodated populations evacuated on
foot, 69 shelters catered to populations evacuated by car, and three
shelters accommodated populations evacuated by both methods. The
inclusion of these two factors resulted in significant changes in the
number of selected shelters, the effective capacity of the shelters, the
actual number of people accommodated, the source of the population,
and the evacuation methods used. These two factors play crucial roles in
determining the shelter selection outcomes. The shelters mentioned
above, which varied significantly in the different scenarios, are shown in
Fig. 10.

In actual disasters, ensuring safety often requires the evacuation of
entire streets or areas. However, this does not mean that considering the
population distribution is ineffective. In this study, to reduce computa-
tional complexity, we did not use the population of each grid as an
evacuation request point. The population distribution simulation was
performed only to determine the total number of people affected by the
disaster on each street, and the entire street was still used as one evac-
uation request point. However, in practical applications, each grid can
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Table 6
Comparison of shelters selection results in Different Scenarios.

Science of the Total Environment 914 (2024) 169901

Scenarios  Considering population Considering extreme Number of shelters
distributi infall
istribution ramnta Selected Only for people on Only for people driving Both of two
shelters foot cars methods
1 X X 127 63 53 11
2 x v 182 106 72 4
3 v x 141 73 55 13
4 v v 203 131 69 3
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Fig. 10. Shelters that undergo significant changes in different scenarios.

serve as an evacuation request point by leveraging better hardware
configurations and advanced algorithms to enhance the computational
efficiency. This enables a more careful reflection of the effects of dif-
ferences in population distribution on shelter selection, such that the
shelters are set up closer to the grid with more people to improve the
efficiency of population transfer. In addition, the fitting method based
on nighttime lighting and land type data achieved satisfactory results in
our research case. However, for some lower middle income countries
(LMIC) or regions with low lighting brightness, more factors (such as
altitude and terrain) may be added to improve the fitting accuracy.

Predicting the pattern and consequences of dam-failure floods is
challenging because of their uncertainty and complexity. Therefore, this
study only simulates the dam-failure floods under specific working
conditions to highlight the significance of considering population dis-
tribution and weather factors when selecting shelters. However, for
practical applications, a more detailed analysis of dam-failure floods is
necessary.

Reasonable planning and layout optimization of shelters are vital to
reducing disaster losses and promoting sustainable urban development.
The establishment of a multi-objective mathematical model ensures the
scientific natural of the shelter selection scheme, which not only im-
proves the efficiency of emergency transfer and resettlement but also
avoids shortages or over-planning of shelters. In addition, government
decides shelter planning, and different national conditions lead to
different directions for decision-makers. Therefore, follow-up research
should consider siting from the perspective of political strategy, which is
the key to transforming theoretical achievements into practical
applications.

12

5. Conclusion

Setting up emergency shelters is crucial to effectively reducing the
loss of life in the event of dam failure. In this study, the population
distribution downstream of a dam was modeled using land type and
nighttime lighting data, and combined with the results of HEC-RAS
simulations of dam failure flooding to determine the population num-
ber and distribution. Qualified candidate shelters were screened based
on the screening criteria and their effective capacity and accessibility
under in different weather conditions were analyzed and quantified. A
shelter selection model was established considering factors such as
population transfer efficiency, construction cost, shelter capacity, pop-
ulation distribution differences, and weather conditions. By inputting
population and candidate shelter information into the model and using
NSGA-II, we obtained shelter selection results for various scenarios. The
results indicate the following: (1) The overall MRE of the population
distribution simulation results was 11.16 %, which was a good fitting
accuracy and can reflect the distribution of most of the population. (2)
Normal weather screening yielded 352 qualified candidate shelters, and
after considering extreme rainfall weather, 86 sites with zero effective
capacity and inaccessible sites were excluded, resulting in 266 sites. (3)
In the study area, 141 shelters should be set up under normal weather,
whereas 203 shelters should be set up in extreme rainfall weather. (4)
The selection of shelters and allocation of population to them undergo
significant changes when accounting for population distribution and
weather effects. Therefore, the impact of these two factors on dam-
failure floods disasters should be considered.
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