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Disaster risk management (DRM) is the application of disaster risk reduction policies and
strategies to reduce existing disaster risk and manage residual risk. However, due to
dynamic human factors, it is challenging to depict and assess the effectiveness of DRM
measures, and their implementation usually lacks a sufficient evidence-based evaluation
process. Therefore, this study developed an agent-based model to integrate dynamic
human behaviors into the DRM measures and evaluated their effectiveness in casualty
reduction. The model was calibrated to simulate the debris flow event at Longchi town,
China in 13 August 2010. The early warning system (EWS) and related DRM measures
were taken as examples. The effectiveness of different DRM measures was quantitated by
comparing the number of potential casualties. The main findings were: 1) EWS was very
effective for community-based DRM as it could significantly decrease the average
casualties by 30%. 2) Credibility of EWS was critical to its effectiveness. Less credible
EWS might reduce its effectiveness by 9%. 3) EWS could be supplemented by other
measures to further reduce casualties by 6%. 4) The downside effects of other DRM
measures to EWS might exist and reduce its effectiveness by up to 5%. This study put
forward an evidence-based approach to help policymakers select more cost-effective
DRM measure, especially in the less developed countries where the available resources for
DRM are limited.

Keywords: disaster risk management, early warning system, agent-based modeling, human dynamics, debris flows

INTRODUCTION

Disasters can bring devastating loss of life and injuries as well as damages to critical lifelines and
infrastructures. Nowadays, disasters are more threatening than we ever expected to the social,
environmental, and economic components of sustainable development, and subsequently, there is an
increasing demand for taking ambitious actions to disaster risk management (DRM). Communities
in mountainous areas are prone to natural hazards due to the complex geological settings that foster
favorable conditions to mountain hazards (Cui et al., 2021). Governments are liable to ensure the
safety of residents, critical lifelines, and infrastructure. DRM measures have been employed to
alleviate the extent of suffering and hardships caused by hazards. However, due to the variety of
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community settings regarding residents and facilities, DRM
measures would not effectively reduce disaster risks without
considering these factors. Instead, when implemented to the
community level, the DRM needs to precisely tailor its
measures for the locals, including the environmental and
social conditions of communities and individual differences of
their residents.

Take the early warning system (EWS) as an example. As one of
the essential DRM measures, EWS is widely utilized in many
cases worldwide to provide the lead time for residents to evacuate
from disasters (Alcantara-Ayala and Garnica, 2013). The United
Nations Office for Disaster Risk Reduction (UNDRR) defined
EWS as “the set of capacities needed to generate and disseminate
timely and meaningful warning information to enable
individuals, communities and organizations threatened by a
hazard to prepare and to act appropriately and insufficient
time to reduce the possibility of harm or loss” (UNISDR,
2009, p5). Smith (1996) divided the EW process into three
inter-related  stages: evaluation/forecasting, =~ warning/
dissemination, and response. Each stage involves many natural
and human aspects that can affect the effectiveness of the EWS. At
the community level, its effectiveness is primarily associated with
the number of casualties prevented. To improve the effectiveness
of EWS, many of current studies focused on natural science and
utilized new technologies and scientific advances to improve its
accuracy and timeliness, such as geological knowledge and risk
scenarios (Intrieri et al., 2012), UAV (unmanned aerial vehicle)
and InSAR (Interferometric Synthetic Aperture Radar)
(Mantovani et al, 2016; Peppa et al., 2016; Mateos et al.,
2017) and rarely considered the influence of human behaviors.
As human is also an essential factor constraining the effectiveness
of EWS (Twigg, 2003; Intrieri et al., 2012), it is necessary to
consider the individual differences in community vulnerability in
order to achieve more scientific and efficient DRM.

Human are complex creatures, and the behaviors of each
person vary objectively and subjectively. In the context of
disasters, their characteristics, such as gender (Bateman and
Edwards, 2002), risk perception and awareness (Baker, 1991;
Gissing et al., 2008; Smith and McCarty, 2009), social and
physical conditions (Baker, 1991; Sahin et al, 2019),
experience and knowledge (Nakanishi et al., 2019), can result
in various emergency behaviors during disasters events and affect
the effectiveness of EWS. These dynamics of human factors make
it challenging to simulate and assess the effectiveness of EWS;
thus, many models were neglected with an absence of
incorporating human dynamic decision-making process
(Schwarz and Ernst, 2009; Groeneveld et al., 2017). As a
primary tool for modeling individual decision-making and
complex interactions (Matthews et al., 2007), the agent-based
modeling (ABM) approach offers a quantitative, theoretical, and
mechanistic approach to explain and predict the typical findings
in disaster risk research, especially when humans are involved
during the DRM process.

Therefore, to extend the traditional disaster risk model, this
study adopted the ABM approach to relating DRM measures and
human behaviors during disaster events. The objectives of this
paper include: 1) development of a model to simulate human
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FIGURE 1 | Location of Longchi town.

behaviors and visualize their interactions with each other and the
environment during disasters; 2) assessment of the effectiveness
and influential factors of EWS and related DRM measures in
casualty reduction and 3) provision of scientific-based evidence
for better prioritization during DRM and resilience building in
disaster-prone areas by examining the effectiveness of DRM
measures.

STUDY AREA

Longchi town (31°N, 103°E), Sichuan Province, is located in the
southwest of China (Figure 1), approximately 80 km to the
northwest of Chengdu. In the 2008 Wenchuan Earthquake, as
it neighbored the epicenter (Yingxiu) with a straight-line distance
of 3 km, Longchi was hit with 36 people dead, 17 missing, and
1,558 injured.

Afterward, due to post-earthquake fractured rock and loose
soil on steep slopes, Longchi repeatedly suffered mass movement
processes (Zhang et al., 2019). The debris flow that occurred on
August 13™, 2010 (the 813 debris flow) was one of the most
destructive debris flows. The 813 debris flow was a flash flood-
debris flow disaster chain, and through more than 50 gullies
simultaneously occurred debris flows with a total volume of 7.78
x 106 m> (Xu et al., 2012). This event caused 495 casualties (about
3,000 population in total) and substantial economic losses.
Almost all the houses and roads near the river and the gullies
were destroyed.

METHOD AND DATA

The ABM (Agent-based modeling) approach is a modeling
method in which individuals (e.g., people, animals, and cells)
and their interaction with each other and their environment
are explicitly represented. It includes conceptions from
mathematics, physics, biology, sociology, and other
disciplines. One feature of the complex system theory was
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TABLE 1 | Agents and attributes.

Agents Attributes
1. Resident Physical: age, gender, vision, stamina, safety
Mental: risk perception, disaster experience, knowledge level
2. Disaster Rainfall, locations of gullies
3. House Location, state (safe or flooded)

4. Disaster shelter Location, number of residents arrived at shelters

that the global phenomenon came from the macroscopic
emergence of micro-interactions (Green and Sadedin, 2005).
In disaster event modeling, the challenging task was to predict
people’s behaviors from many factors affecting human
decisions. Studies in disaster risk management using ABM
gained traction and showed that it was possible to integrate
scientific theories on human behavior and perception into
disaster risk reduction. (Haer et al., 2016a; Haer et al., 2016b;
Jenkins et al., 2017; Aerts et al., 2018). The ABM could
simulate individual behavior, where agents acted in their
interests with decision rules for different adaptation actions
(Aerts et al, 2018). The current study adopted the ABM
method to consider human risk perception and dynamic
behaviors during the 813 debris flow disaster events and
generate the potential casualty. The changes in casualties
were used to reflect the effectiveness of the EWS and
related DRM measures.

Model Components

This study developed the ABM model with two types of
components, model environment, and agent. The model
environment created the foundation for the agents to move
and interact. In this case, the environment was reconstructed
based on the physical and social conditions of the 813 debris
flow event. There are four types of agents in this model,
i.e., disaster, resident, house, shelter. Each type of agent
was assigned with its own attributes that would formulate
the agents’ behaviors rules.

Model Environment

This model used GIS and RS data, including topography, the
river system, village, and building locations to depict Longchi
town before the 813 debris flow. The digital elevation model
(DEM) of Longchi, at a resolution of 5 m x 5 m, was imported
to the ABM modeling platform from ArcGIS. Debris flow
volumes during this event were calculated based on the
precipitation records.

Agent and Their Attributes

This ABM model included four types of agents: residents,
disasters (debris flow), houses, and disaster shelters, among
which residents and disasters agents could move and interact
with others. Each agent possessed different attributes to
simulate the disaster event by encapsulating the
psychology, sociology, geography, and disaster movement
mechanism. As shown in Table 1, each type of agent was
characterized by several attributes.

Relating Human Dynamic to DRM

Data source

Physical data from National Bureau of Statistics of China (2011); Mental related
from the interview

Rainfall station and Xu et al. (2012)

Location from Satellite Image

Location from field investigation

TABLE 2 | Evacuation willingness and evacuation strategy probability: The
probability of starting evacuation.

Risk perception

Low (%) Medium (%) High (%)
Knowledge level Low 50 56 44
Medium 55 62 49
High 65 73 58

Agent Behaviors Design
Behavior rules were fundamental to the ABM model

simulation. This study defined the behavior rules based on
the data collected through field investigation and semi-
structured interviews, which included risk perception,
willingness to evacuation, emergency choice, knowledge
level on disasters, numbers of disaster trainings attended,
conditions of DRM measures.

For the design of the semi-structured interview, we conducted
a focus group interview with 13 residents to gain an in-depth
understanding of their perception and behaviors on disasters and
related DRM measures. The follow-up interviews were then
conducted in all villages in Longchi with 54 households to
investigate their mental condition and behaviors before and
during the 813 debris flow. This survey covered nearly 50% of
current resident households, widely distributed in locations,
professions, gender, and age. Collected data have been
processed in SPSS to discover the general behavioral rules for
use in the ABM model.

Resident Agent: To Simulate Human Behaviors During
the Disaster Event

Each resident was displayed as an autonomous agent in the system
and had physical and mental attributes that could influence his or her
behaviors during disaster events. In this model, two factors could
affect human behaviors: evacuation willingness (EW) and evacuation
strategy (ES). The evacuation willingness determined whether the
resident agents started to evacuate. Residents with high evacuation
willingness were set to evacuate immediately when they received
alerts. In contrast, those with lower willingness would hesitate and
start to move when the disaster agent was within a visible distance
(40 m). Once the resident agent started to evacuate, evacuation
strategies would determine how the resident agent would move.
There were two types of evacuation strategies in this model: normal
and panic. For normal evacuation strategies, resident agents would
move toward disaster shelters or places with higher elevations.
Otherwise, they would move in any direction as long as it was
away from the disaster agent.
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TABLE 3 | Evacuation willingness and evacuation strategy probability: The
probability of the normal strategy.

Knowledge level

Low (%) Medium (%) High (%)
Trainings No 65 69 78
Yes 83 88 100
TABLE 4 | Attributes of resident agents.
Attributes Categories Ratio/value
Gender Male 51%
Female 49%
Age 0-14 years old 19%
15-64 years old 63%
Over 64 years old 18%
Speed (in mountains) 0-14 years old 200-400 m/h
15-64 years old 600-800 m/h
Over 64 years old 300-500 m/h
Stamina 0-14 years old 10-20
15-64 years old 50-55
Over 64 years old 20-25
Disaster knowledge level Low 24%
Medium 48%
High 28%
Disaster risk perception level Low 15%
Medium 35%
High 50%
Training and drills Never participated 43%
Once 17%
More than once 41%

This study obtained the probabilistic correlation between the
attributes of resident agents (knowledge level, risk perception,
experience, training) and EW/ES using the cross-tabulation
analysis of the interview results in SPSS (Kamakura and Wedel,
1997). Based on the knowledge level and risk perception, each
resident agent was assigned a probability to start evacuation
(Table 2). At the same time, each of the resident agents was set
to obtain a probability of conducting a normal or panic strategy
(Table 3) based on knowledge level and times of training.

Disaster Agent: To Simulate Debris Flow Movement
Disaster agents in this ABM model represented the debris flow
disaster, and their attributes included gully locations and debris
flow volumes. The disaster agent will move from the upstream of
the debris flow gully to the deposition area. The number of
disaster agents was calculated based on the debris flow volume
calculated for that specific debris flow gully. The gully locations in
this model were determined based on the field investigation after
the 813 debris flow (Chang et al., 2014).

Data Preparation and Simulation

Resident Data

Each resident was displayed as an autonomous agent in the
system and had physical and mental attributes that could
influence his or her behaviors during disaster events. These
attributes of resident agents (Table 4) were derived from the
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FIGURE 2 | Hourly precipitation in Yingxiu town during the 813 debris
flow (Xu et al., 2012).

Sixth National Population Census of the People’s Republic of
China (National Bureau of Statistics of China, 2011) and the
interviews. The data management and analysis were performed
by using SPSS. The analysis results formed the physical and
mental attributes of each resident agent in the ABM world
(Table 4).

Disaster Data

Hourly precipitation data from the monitoring station at Yingxiu
town (Figure 2), located 3 km to Longchi, were used to calculate
the debris flow volume. Each gully generated the initial disaster
agents based on the debris flow volume calculated (Table 5).

Simulation

The 813 debris flow lasted for 17 h, from 4.00 PM on August 13"
t0 8.00 AM on August 14™. The model was designed as one tick in
the ABM world equaled 15 min in the real world and was run for
76 ticks for each scenario simulation. A total of 18 different
scenarios had been simulated by this study (Table 6). Concerning
human dynamics in emergency response, each scenario
simulation was set to be repeated 50times. During
simulations, all types of agents were allowed to interact with
the pre-defined behavior rules (Figure 3). The interaction process
simulated the 813 debris flow event, and the average number of
casualties was used to evaluate the effectiveness of each DRM
measure.

The disaster agents in debris flow gullies moved based on the
topographic condition. As ticks went by in the ABM world,
disaster agents were set to interact with patches around and
move to the lower patch, and the water level of the patch was
calculated based on the volume or number of disaster agents.
Disaster agents would keep moving for 76 ticks until they reached
the lowest patch or move outside the calculation boundary. Once
resident agents encountered disaster agents, this resident agent
would be counted as a casualty (Figure 4).

Different DRM measures, including EWS, disaster shelters,
and incentive plans, were designed in the ABM model to study
their influence on the potential casualty. The EWS would affect
the initial time of resident evacuation. In 2010 when the 813
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TABLE 5 | Attributes of disaster agents.

Gully locations Area (km?) Accounting for the
total area (%)

Volume (m3/tick)

Relating Human Dynamic to DRM

Number of
disaster agents

1 7.36 9.42 16855.06 17
2 8.79 11.25 20121.38 20
3 1.75 2.24 4007.41 4
4 1.97 2.52 4504.45 5
5 7.64 9.78 17496.16 17
6 6.26 8.02 14342.13 14
7 20.32 26.01 46523.58 47
8 5.83 7.47 13359.85 13
9 3.56 4.56 8149.29 8
10 4.06 5.19 9285.11 9
TABLE 6 | Summary of scenario simulation and results.
Case No. Scenarios Parameter Casualties
1 813 event Without EWS (actual situation in 2013) 481
2 With EWS 337
3 EWS EWS credibility 1 368
4 2 343
5 3 339
6 4 328
7 5 321
8 EWS + Shelters Walking distance to shelter < 10min 315
9 < 30min 337
10 < 60min 324
11 > 60min 335
12 Facilities conditions not sure 346
13 few 354
14 some 335
15 many 320
16 EWS + Incentive plans Allowance 5 CNY 330
17 20 CNY 328
18 50 CNY 323

Model Topography R . T

environment (DEM) Precipitation Demography Behaviors data
A 4 A 4
4 Inundation
Disaster Resident
Model agents agents
runs
Other agents
\ Emergency response
A
Model Casualty Stgte of Survivor
output residents

FIGURE 3 | The ABM model considering interactions among environment and agents.
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FIGURE 4 | Simulation Case No. 10: (A) Residents encountered disaster (man in a blue patch); (B) Residents reach the shelter.

Legend

'a Shelter [l Disaster

* Resident = House

debris flow occurred, there was no EWS available. In this case, the
model only allowed resident agents to start the initial emergency
response process when the disaster agent appeared in their sight.
On the contrary, when the EWS became available, the warning
was released 2 h (8 ticks) before the debris flow occurred. It was
assumed that all residents could receive alerts and immediately
start the emergency response based on their behavior rules.
Shelter and incentive plans were set to affect their emergency
response. Resident agents would decide which destination they
move to base on their perception of the disaster shelter. The
incentive plans were to help raise the evacuation willingness of
residents after they received disaster warnings. The effectiveness
of disaster shelters and incentive plans in casualty reduction was
generated assuming that the EWS was available in this model.

RESULTS

Different DRM scenarios were simulated by the proposed
model (Table 6). Each scenario was repeated by 50 times, and
the average number of casualties was calculated. The case of
813 events without EWS (Case No.1 in Table 6) represented
the actual disaster situation in 2013 and generated the number
of potential casualties in this scenario (481). In addition, EWS
were often implemented along with other DRM measures to

supplement each other. In this paper, two types of DRM
measures were adopted to explore their effectiveness
through the change in casualty, which was 1) provide
disaster shelters and 2) set up incentive plans for
evacuation. The potential casualties of each scenario are
summarized in Table 6 and elaborated in the following
sections.

DRM Measure 1: Early Warning System

This study first explored the effect of installing EWS as the DRM
measures (Figure 5A). The average casualties significantly
decreased from 481 to 337, by 30% compared with no EWS
was available. As practices have proved that the EWS could not
always bring about early actions (Zaki et al., 2019), this study
further explored how the credibility of the EWS can affect the
effectiveness of the systems. The 5-point Likert-Scale questions
were used to obtain the public perception of the credibility of
EWS, among which point 1 was the least credible, and point 5 was
the most credible. Figure 5B showed that with the increase of
EWS credibility (1-5), casualties dropped from 368 to 321. It can
be seen that the public perception of the EWS credibility is
influential to its effectiveness. To quantify the influence of
other DRM measures in this section, 337 (casualty from case 2
in Table 6) was set as the baseline of assessment. When the public
was very satisfied (point 5 on Figure 5B) with the credible EWS,
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casualties could be further reduced by 5%, from 337 to 321. On
the contrary, less credible EWS would cause the casualties to
increase by 8%, from 337 to 368.

DRM Measure 2: Early Warning System With

Disaster Shelter

Disaster shelters provide residents with a safe place during
disaster events. Public perception of the shelter design, such as
distance to the current location and facilities provided in the
shelter, would affect residents’ choices on the evacuation strategy
and result in different casualties. The impact of public perception
on shelters design was studied from two aspects: distance from
home to shelters, and facilities provided in the shelter.

For public perception on the distance, this study divided the
distance from their location to the shelter into four degrees:
“<10min walking” (very close), “< 30 min walking” (close),
“< 60 min walking” (far), and “> 60min walking” (very far).
The number of casualties varied in the range of 315-337
(Figure 6A). The lowest casualties 315) occurred when people
felt very close to the shelter, with a casualty reduction rate of
about 34% compared to no EWS 481) and 6% compared with
EWS alone (337). For the public perception of the facilities
provided in the disaster shelters, this study categorized the
results into four groups: “few facilities” (basic living needs),
“some facilities” (living and medical needs), “many facilities”

>

380 ,

370

CASULTY (NO.S OF PEOPLE)

w
=)

Not Sure Few Facility Some Facility

SHELTER FACILITY

Many Facility

CASULTY (NO.S OF PEOPLE)

<30min <60min
SHELTER DISTANCE

<10min >60min

FIGURE 6 | Potential casualties with different shelter settings: (A)
walking distance from residents to shelters; (B) shelter facilities.

(living, medical needs, and entertainment), and “not sure” (no
idea of what facilities were provided). The results showed that
casualties varied from 354 to 320 (Figure 6B). Generally, as
shelter facilities improved, the potential casualties reduced. The
lowest casualties (320) occurred when there were many facilities
available in the shelter with a casualty reduction rate of about 33%
compared to no EWS (481) and 5% compared with EWS alone (337).

DRM Measure 3: Early Warning and

Incentive Plans

The Longchi government set up incentive plans to encourage residents
to evacuate after receiving the alert from the EWS. A small number of
living expenses was provided to residents who reached the disaster
shelter immediately after the EWS. The study found that most
respondents showed a positive attitude toward the incentive plan
and reported that this measure could attract them to cooperate with
the EWS. This study conducted three scenarios where residents were
provided with 5 CNY, 20 CNY, and 50 CNY, respectively, and
obtained the number of casualties under each scenario.

The results show that when residents were rewarded with 5 CNY,
casualties decreased to 330, further reduced 1.84% compared with
EWS alone (Figure 7). When rewards increased to 20 CNY and 50
CNY, casualties were 328 and 323, further reduced 1% and 2%
compared with when 5 CNY was provided. Although the amount
of reward increased dramatically from 5 CNY to 50 CNY, the further
reduction of casualties was not significant. Therefore, incentive plans
with EWS could help reduce the casualties, but they only worked at a
very marginally level.
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FIGURE 7 | Potential casualties with incentive plans.

DISCUSSION

ABM simulates and encapsulates complex systems from the behaviors
and interactions of individual agents. One of the main concerns is
whether an ABM represents reality well enough to extrapolate into the
future. Models are typically calibrated once, using historical data, then
projected forward in time to make a prediction (Ward et al,, 2016).
Some uncertainties in ABM come from dynamics (changing over
space and time), stochastic (containing inherent randomness), and
unobserved (unseen from the data) conditions of the real system
under study (Kieu et al., 2020). The extent of ABM can be validated to
reduce the uncertainty through calibration using historical data
(Bonabeau, 2002). Therefore, this study adopted the 813 debris
flow events data and calibrated the proposed ABM model to best
fit the disaster scenario with the local context of Longchi town.
However, an agreement between model and data does not always
imply that the model accurately describes the processes; it could only
indicate that the model is one of several that is plausible to a situation
(Papadelis and Flamous, 2019). The model in the current study also
suffered from uncertainty such as the population structure, human
movement speed during the evacuation, and choices they make when
faced with decisions. Studies have found that even a well-calibrated
model will diverge from the true state of the underlying system (Clay
et al,, 2020). In this case, to assure the significance of the conclusion,
this study simulated 3,000 entities for each scenario and repeated 50
runs for each scenario. The average of 50 runs was taken as the
estimation of the performance measure to reduce the model
uncertainty as much as possible.

EWS Was Essential for Community-Based
DRM, and Its Credibility Was Ciritical to Its

Effectiveness

EWS is one of the highly-praised DRM measures widely used
worldwide. Based on the 813 debris flow simulations, this study
found that having EWS could reduce casualties by up to 30%.
Since there was no EWS in 2013 during the 813 event, the
interview found that many people did not evacuate until they
had already faced the debris flow. Many casualties were caused
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due to a lack of time to evacuate. Thus, EWS can provide residents
with lead time for early evacuation and save more lives. However,
this study also found that the credibility of EWS would seriously
affect its effectiveness (Figure 5), and it could affect the result by
13%. When the public perception of the credibility of EWS was
low, people tended not to trust the alerts and not evacuate at all.
Therefore, it was necessary to carry out more in-depth scientific
research to understand the mechanism of disaster formation and
movement to improve the accuracy and credibility of EWS and
ultimately improve the effectiveness of DRM.

EWS Could Be Supplemented by Other

Measures to Further Reduce Casualties
EWS could be supplemented by other measures to further
reduce casualties and improve the effectiveness of DRM. This
study explored the effect of DRM measure and found that
disaster shelter and incentive plans could further reduce
casualties up to 6% and 4%, respectively, compared with
EWS alone.

For disaster shelter, its effectiveness depended on the location
of shelter and facilities provided in it. Distance between shelter
and resident location would affect their willingness to evacuate.
When the walking distance from home to the shelters was within
10 min, residents were more willing to evacuate, which resulted in
a casualty number at 315. Building shelters closer to residents
could raise public evacuation willingness and result in fewer
casualties. At the same time, from case No. 12 to No. 15 in
Table 6, it can be seen that facilities provided in the shelter also
affected its effectiveness by 9%. When the shelter facilities were
diversified with living, medical, entertainment facilities, the
number of potential casualties could be minimum, while in
the case of only basic living being provided, the potential
casualties increased.

Since not all residents are willing to evacuate immediately
after receiving early warning information, the incentives plan
can help them comply with EWS. However, this study showed
that increasing the amount of incentive does not effectively
reduce casualties further. In this case, residents’ annual
income per capita was 8,594 CNY (Dujiangyan
Government, 2021). When the incentive increased from 5
CNY to 50 CNY, it could only reduce casualty from 330 to 323,
by 2%. Therefore, though the DRM measures could be
improved by providing incentive plans for evacuation, the
marginal effect was obvious, and raising the allowance could
not significantly reduce the casualty.

The Downside Effects of Other DRM

Measures to EWS Might Exist

With all kinds of DRM measures, although the potential casualties
were all lower than that of the 813 event (Table 6), this study found
that there were cases that resulted in more casualties than that of
setting up EWS alone. The simulation showed that in some cases,
the location and facilities of shelters might constrain the
effectiveness of EWS. For example, in the case No.ll and
No.13, when shelter distance >60 min or very few facilities were

Frontiers in Earth Science | www.frontiersin.org

February 2022 | Volume 9 | Article 818913


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Wu et al.

provided in the shelter, there were more casualties (335 and 354
respectively) than that of setting up EWS alone (337). One possible
reason could be that the interview showed that when the distance
to the shelter was more than 60 min, residents were reluctant to
evacuate and tended to walk to nearby “assumed safe places” based
on their own judgment, which could lead to potential casualties in
the model. In addition, when residents were unsure what kind of
facilities were provided or knew there was only basic living, they
were more reluctant to evacuate to the shelter or return home from
the shelter after evacuation, which caused the increase of potential
casualties. Therefore, it was necessary to carefully design DRM
measures by considering various human factors in the
implementation process to manage their possible downsides
effects. Otherwise, spending a large amount of money would,
on the contrary, reduce the effectiveness of EWS.

CONCLUSION

By integrating comprehensive components and mechanisms, the
DRM measures are complicated with multiple approaches and
numerous influential factors, and therefore it is challenging to
quantify the effectiveness. This study developed an ABM
evaluation model to consider each resident’s individual
differences and simulated their behaviors during the disaster
event, and took the EWS as an example of DRM measures to
evaluate their effectiveness in casualty reduction.

This study showed that the EWS was an effective tool in
community-based DRM, and its credibility was critical to its
effectiveness. Credible EWS could reduce the casualties by as
much as 33%, from 481 to 321. In addition, when the EWS was
supplemented with other measures such as disaster shelter and
incentive plan, the casualties could be further reduced by 6%,
from 337 to 315. However, its effectiveness was largely affected by
the public perception of the design and implementation of those
measures. Therefore, when designing disaster shelters, priority
should be given to place shelters as close as possible to residential
areas. When the resource was adequate to optimize shelter
effectiveness, the needs of residents, not only the basic living
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