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Abstract: This study focused on pre-flood measures to estimate evacuation times impacted by flood
depths and identify alternate routes to reduce loss of life and manage evacuation measures during
flood disasters. Evacuation measures, including traffic characteristics, were reviewed according to
different flood depths. Several scenarios were constructed for different flooding situations and traffic
volumes. Evacuation times in the study area were evaluated and compared for all scenarios with
reference to dry conditions. Results of network performance indicators compared to the dry situation
showed that average speed dropped to 2 km/h, VHT rose above 200%, and VKT rose above 30%.
Cumulative evacuee arrival percentage increased when flood levels were higher than 5 cm. Flood
levels of 10–15, 15–20, 20–25, and 25–30 cm represented percentages of remaining evacuees at 9%,
19%, 49%, and 83%, respectively. Time taken to evacuate increased according to flood level. For flood
depths of 5–30 cm, travel time increased by 40, 90, 260, and 670 min, respectively, suggesting the need
for early evacuation before the flood situation becomes serious.

Keywords: traffic behavior; evacuation time; flood water evacuation; road network

1. Introduction

In cities in Southeast Asia, due to squalls and typhoons during the rainy season, floods
occur frequently, causing great damage to people’s lives. Especially in urban areas, most
of the ground is covered with concrete, which has low rainwater infiltration capacity and
insufficient drainage. Therefore, once a flood occurs, the inundation progresses rapidly,
and it is not uncommon for many residents to be unable to evacuate and suffer damage. In
order to deal with this problem, it is necessary to predict the occurrence of floods, secure
evacuation routes in advance in response to ever-changing flood conditions, and reduce
loss of life.

The city of Hat Yai, which was the subject of this study, is the economic and trans-
portation center of Songkhla Province and southern Thailand and is the gateway for car,
train, and air travel to Malaysia and Singapore. Hat Yai city is located on a large plain as a
pan basin surrounded by mountains to the west, south, and east. The area slopes to the
south and west toward Songkhla Lake. The climate in Hat Yai city consists of northeast
monsoon winds from October to January and southwest monsoon winds from May to
October, resulting in heavy rainfall and runoff from the mountains into the U-Tapao Canal.
This was designed to support only 500 cubic meters per second of water flow.

As shown in Figure 1, between 2010 and 2019, low- and medium-density residential
areas and rural agricultural areas in Hat Yai City experienced urbanization with the con-
struction of infrastructure such as roads and houses. The construction of this infrastructure
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proceeded without strict enforcement of urban planning laws, which reduced the water
intake area due to land reclamation and surface concrete, which had a significant impact
on water runoff during the rainy season [1].

Figure 1. The expansion of Hat Yai city, a major city in southern Thailand, from 2010–2019.

The reduction in natural water intake areas has resulted in frequent flooding problems.
Frequent flooding areas (red pins) are recorded by the Hat Yai municipality and identified
from the analysis of satellite imagery. Figure 2a shows the pattern of flooding in Hat Yai.
The Khlong U-Tapao Basin (black arrow) in Sadao District flows through Hat Yai City
and drains into the Songkhla Lake within 10–30 h, causing the U-Tapao Canal to overflow.
Rainfall of more than 100 mm in 6 h causes runoff from Khohong Hill (brown arrow) into
the Khlongrien Basin [2]. Repeatedly flooded areas are also shown in Figure 2a. Damage
caused by flood has been huge. For example, the flood event in 1988 caused damage of
more than THB 2000 million, while 12 years later in 2000, flooding caused damages of THB
10 billion and the deaths of 30 people.

After this flood, the government upgraded the U-Tapao Canal by constructing natural
branch drainage canals [3]. However, the fact that a major flood in 2010 impacted 80%
of the area shows that these structural improvements to the drainage of the area did not
reduce economic losses and social risks. Data analysis from field surveys [4], showed that
many roads were cut off by the flood, as shown in Figure 2b. A maximum flood level of 4 m
was recorded, with damage estimated at more than THB 16 billion. Therefore, in addition
to upgrading the canal, flood countermeasures such as ensuring of evacuation routes
need to be adequately carried out by meeting about the situation before, during, and after
flood events.
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Figure 2. Location, maximum flood depth, frequency flood, and network model of Hat Yai city.

The objective is to evaluate the road network and suggest alternate routes during flood
disasters using a dynamic traffic assignment (DTA) model to reduce loss of life and manage
evacuation measures. Subsequently, the secondary objective of this study is to estimate
evacuation time and identify measures to control flooding based on past evaluations.

This paper is organized as follows. First, the background and objectives of the study
are explained in the introduction. Second, the literature on the identification of flooding
evacuation procedures and dynamic traffic assignment (DTA) is reviewed. Third, the
summary of background information, such as flooding impact on road transportation and
actual evacuation behavior in Hat Yai, is described. Fourth, the DTA model network by
Dynameq is explained. Fifth, the result of the scenario analysis is analyzed and evaluated
based on the travel speed, VHT, and VKT. Finally, conclusions and possibilities for future
work are summarized.

2. Literature Review

Planning an evacuation is the best way to avoid or mitigate the effects of disasters such
as hurricanes [5–8], nuclear power plant accidents [9–11], and earthquakes [12–14]. Several
previous studies have also been conducted to identify flooding evacuation procedures and
instigate optimal preventive measures [15–20]. Evacuation success depends on adequate
warning time, public preparedness, clear instructions, evacuation routes, traffic conditions,
and dynamic traffic management measures [19,20]. In particular, findings showed that
the key elements influencing the efficiency of evacuation services included controlling
road conditions at the outgoing motorway connections in the given network during the
evacuation period and access capacity from the downtown area to outbound freeway links.
A thorough analysis of the traffic impacts of a mass evacuation of the Halifax Peninsula
under several flooding scenarios was also conducted [21]. However, variables such as
human behavior and the type of disaster that triggers the evacuation are uncertainties [22].

In an evacuation scenario, extremely concentrated time-varying origin–destination
(O-D) demands result in highly unstable and disorderly link flows, with oversaturated
queues. In practice, the methodology generally followed by evacuation studies is to
assume the percentage of the population that is going to evacuate and then use behav-
ioral response curves to estimate the timing of the evacuation under random population
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distributions [23,24] with demand based on linearized S-curves at half-hour intervals re-
lated to a clearance time lower in magnitude than the average travel time. The clearance
time may be insufficient to provide adequate planning measures unless comprehensively
analyzed. Evacuation response problems can also be solved using census demographic data
and travel survey data to calculate the proportion of the population commuting into, out of,
or across an at-risk area to generate the percentage of the population that is going to evacu-
ate and make predictions on the behavioral capabilities of the different social groups [25].
To prevent traffic congestion, staggered departure times could be assigned to different
groups of evacuees in endangered areas [26,27]. Evacuation overcrowding on the roadways
will result in a partial or full loss of capacity at certain network links [24,28–31] because it
affects reliable evacuation times under realistic transportation network conditions.

An evacuation planning model aims to achieve different network optimal states that
mirror real-world evacuation events. The network might lose capacity as a result of both
human and disaster-related factors, while variations in the size and timing of evacuation de-
mand generated by the dynamic traffic assignment (DTA) model will provide more realistic
outcomes. DTA has been used to determine evacuation scenarios in macroscopic [32–34],
mesoscopic [35–38], and microscopic models [39–44].

The viability of using the Dynasmart-P DTA model was assessed for alternate traffic
evacuation tactics in downtown Minneapolis, Minnesota in the event of an emergency
requiring the evacuation of a sold-out crowd from the Metrodome [45].

Several previous studies were conducted to identify flooding evacuation procedures
and instigate optimal preventive measures. Land surface modeling connecting the Halifax
Stream and transportation networks was used to determine the magnitude of the flood and
associated network disruption. An examination of network performance showed persistent
congestion of 4 to 7 h during the evacuation. An analysis of transportation systems in
emergency conditions due to disaster scenarios was also presented in Di Gangi (2009) [46].
Piyapong et al. (2021) used mesoscopic (DTA) as a tool to improve road network traffic
flow performance under different flood conditions by applying the concept of the Macro
Fundamental Diagram (MFD) and take appropriate traffic control measures. A mesoscopic
(DTA) model was developed to determine quantitative indicators for estimating the ex-
posure component of total risk incurred by road networks [47]. Appropriate quantitative
methodologies based on a dynamic approach (DA) are a useful tool to support evacuation
strategic planning at different regional scales. A DA concept to simulate the supply of
transportation and the interplay between supply and demand for travel in an urban road
transportation system under emergency circumstances was presented [48]. Traffic data
were collected during a practical evacuation experiment carried out at Melito di Porto Salvo,
Italy and used to calibrate and validate transport supply models. A calibrated DA model
can be a helpful tool when planning and managing road networks and transportation in
emergency situations. A modeling approach was conducted on the Boston, Massachusetts
road network and a range of practical challenges related to evacuation modeling was
examined in Balakrishna et al. (2008) [49].

There is a case study used DynaMIT, a cutting-edge DTA model, to demonstrate
the advantages of network management methods. A Cellular Automata-based Dynamic
Route Optimization (CADRO) method was also considered for hydrodynamics, terrain,
and human response time to determine dynamic flood evacuation routes (FERs) [50]. The
CADRO method was employed in a suburb of Yangzhou City, China. Findings showed
that compared to the conventional method used for evacuation route optimization, average
and max lengths of FERs were reduced by roughly 32.70%, 34.04%, and 7.90%, respectively.
Mathematical model formulations underlying traffic simulation models used in evacuation
studies and behavioral assumptions were assessed by Pel, Bliemer, and Hoogendoorn
(2012) [51].

Evacuation travel behavior, which is based on the viewpoint from the social sciences,
as well as empirical investigations have also been discussed in detail. Traveler decisions,
such as whether to evacuate, what time to leave, where to go, and how to get there,
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can be forecasted using simulations. Facets of transportation systems under emergency
circumstances brought on by dangerous events were examined by Di Gangi (2011) [52] using
a mesoscopic (DTA) model to produce objective measurements and assess the exposure
attributes of overall risk suffered by regional road networks. Impacts on the transport
network were examined to demonstrate how effective quantitative approaches built on a
DA concept were a helpful tool to aid evacuation strategic planning. A macroscopic traffic
flow model utilizing a DYNEV II large-scale evacuating planning system was presented by
Lieberman and Xin (2012) [34]. This concept was represented as a single processing unit for
generalized networks with connection lengths ranging from 100 feet to several miles. The
model allowed simulation time steps of one minute or longer, significantly greater than
utilized for other models, and supported up to four turn motions from each link with a
wide variety of traffic controls at junctions to accurately reflect congested areas and their
spill back processes.

Therefore, this study creates a novel model to determine the effect on flood evacuation
time estimation of varying water depth with evacuation behaviors. Generally practical, the
methodology followed by evacuation studies is to assume the percentage of the population
that is going to evacuate. Then, it uses behavioral response curves to estimate the timing
of the evacuation under random population distributions [23,24] with demand based on
linearized S-curves at half-hour intervals related to a clearance time lower in magnitude
than the average travel time. The clearance time may be insufficient to provide adequate
planning measures unless comprehensively analyzed. However, this study fills the gap
by using the data from the questionnaire survey on flood evacuation behavior in Hat Yai
Municipality to analyze evacuation behavior during the flood. Moreover, this study consid-
ers the efficiency of the road network, which decreases with rising water levels, leading
to the ability to estimate evacuation time. This can be determined from the inundation
model characterizing the inundation in the study area. The model used in this study
brings the advantage from both macroscopic and microscopic levels, called the mesoscopic
level, which is a novel application for solving the road traffic network that increases the
modeling accuracy compared to the macroscopic without the need to prepare the same
in-depth details as on the microscopic level. The expectation is to obtain the preparation
plan, which is a solution helping government officials to avoid evacuation delays and loss
of life and property.

3. Background Information

Travel models can analyze evacuation processes and estimate evacuation times. How-
ever, simulation is a time-consuming process that includes model development, validation
of data collection, model testing, and data interpretation. In this study, the authors updated
the existing traffic demand by using a static origin–destination (OD) matrix to describe
the trip distribution. The estimation was based on current traffic counts using matrix
algorithms, which have been available for many years for static assignment models and
can be used to pre-process demand matrices for dynamic traffic assignment (DTA) models.
Trips were assigned to the city’s traffic analysis zones and existing roadway networks
extracted from the model. Reference trip tables were constructed for areas outside the city
to form background vehicle traffic as trips traveling to or from evacuation zones. Data were
taken directly from the travel model for a typical day and then distributed over each hour
of the day. The DTA model only reflected personal vehicle traffic, with travel modes such
as public transit or walking not considered. The overall vehicle travel demand was based
on hourly typical travel daily activity until the evacuation notice was given. The travel
demand for evacuation zones was separated from background traffic not associated with
evacuation zones. Departure times for leaving the evacuation zones varied according to the
time and type of the event. To conduct this study, the existing traffic demand was updated
as a static origin–destination (OD) matrix. Flood evacuation behavior in each area was
reviewed including percentages of evacuation timing (do not evacuate immediately after
warning or based on flood level), evacuation destination (out zone, evacuation center), and



Sustainability 2023, 15, 6305 6 of 23

travel patterns used for evacuation (walking, passenger car, motorcycle). These variables
are important to estimate the OD matrix of each flood scenario in a particular area.

3.1. Network Configuration and Parameter Setting

Estimating the spatial and temporal distribution of travel demand is important for
DTA models. One common approach is to use the calibrated OD matrix of macroscopic
travel demand models as Static Traffic Assignment (STA). This study used the OD matrix
from the regional demand model of Hat Yai District developed by Luathep et al. (2013) [53]
using the EMME program. The road network of Hat Yai City consists of 2507 links and
923 nodes including 142 zone centroids. Among the nodes, 41 are intersections with a
traffic signal, as shown in Figure 2c. Connectors were used to link the zone centroids to the
network. These were carefully placed to be as reflective of the actual situation as possible
while avoiding false network congestion.

The regional demand model data were then imported into the Dynameq program,
and a DTA road network was set up. Signalized intersections and signal plans and timings
were imported from the real world. The following settings correspond to Dynameq settings
required to run the assignment. This was implemented in order to get reasonable paths
while still respecting the observed free-flow times on locals and collectors. Dynameq allows
for signal offsets as inputs and provides improved computational efficiency compared to
a microscopic model in a regional network. This is particularly important for simulation-
based DTA. All movement capacities were calculated based on their types and parameters,
such as gap acceptance and property relationships. At intersections, movements and rules
were based on the signal plans. Links in the modeled network, characteristics of network
geometry including position, shape, and length, and functional characteristics such as
free-flow speed correspond to the real-world existing road network. Link capacity was
calculated using three factors: link free-flow speed, effective vehicle length, and vehicle
reaction time.

There is the possibility to clear the traffic during the flood by controlling the traffic
signals using a detecting system, which gives an input to the current system, with the
goal that it can adjust the changing traffic density patterns and provides a vital sign to the
controller in a continuous activity. Using this method, improvement of the traffic signal
switching expands the street limit, saves time for traveling, and prevents traffic congestion.

As mentioned above, model parameters such as drivers’ response time and vehicle
relative length can vary. Here, 6.25 m and 1.25 s were chosen as the worldwide effective
vehicle length and response time parameters, respectively. In Dynameq there are default
values for passenger car average effective length (6.25 m) and average response time (1.25 s).
The default and user-specified effective length and response time values can also be altered
for entire scenarios or for individual links through the use of multiplier factors for Effective
Length and Response Time. Any modifications to these two parameters resulted in a
change in jam density and maximum flow rate at each link. The free-flow speed is also an
important component that defines link capacity.

3.2. Origin–Destination Matrix

Data to produce the DTA model were obtained from the Hat Yai regional demand
model. This static assignment model could be reused for long periods and was also used
as a pre-processed travel demand matrix for the DTA model. Static traffic demand was
designed using a conventional 4-step model. Trip distribution was divided into two groups
as aggregate (secondary data) and disaggregate (survey) methods. Both models were also
combined as mixed distribution models [54]. A trip distribution model can be estimated
using a Poisson regression using variables extracted from a trip generation model [55],
with no constraints on the spatial relationships between origins or destinations, thereby
guaranteeing good reliability of the estimated parameters [56]. The cost objective, referred
to as an entropy function, plays a key role in terms of potential, exponential, and combined
trip distribution and is most commonly used to describe the empirical relationships between
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economic and behavioral variables [57]. For this study, with extracted trip production and
trip attraction from the Hat Yai regional model for every zone in the network, we then used
the growth rate of the population [58] to calculate the production and attraction trip of
2022. The calculation of the entropy function between each OD pair d, Ed in the network is
defined as

Ed = exp
(
− uod

ū

)
(1)

where
uod is the free-flow speed travel time between OD pair d;
ū is the mean of free-flow travel time between all OD pairs.
The process of trip distribution to find the prior OD matrix, the matrix balancing

method [59], was used, which balances the matrix of trip production data and attraction
data by entropy as weight for distribution. The prior matrix from the previous one will
be calibrated based on the observed hourly link volume. Using this method, the travel
demand matrix was automatically adjusted to existing peak-hour traffic volume. This
model was also used as a gradient method [60] to minimize the objective function as a
measure of the distance between observed flows (v′a) and assigned flows v(g). This distance
was weighted by the constant α, (0 ≤ α ≤ 1), which was used to weigh deviations from the
counts, the sum of squares between the new matrix, and also the difference between the
adjusted matrix g and the original matrix to be adjusted g’, as a constant used to weigh
deviations from the adjusted and the original matrices [61].

The mathematical formulation is shown in Equation (2).

Minimize: z(v, g) = α ∑
a3A

(va(g)− v′a)
2 + (1− α)∑

i3I
(gi − g′i)

2 (2)

where
a ∈ A are the links that have counts;
v(g) is the assigned flow using the adjusted matrix;
(1− α) is used to weigh the deviations from the adjusted and the original matrices,

and OD pairs are denoted by the index i, i ∈ I;
I is the OD cells that are included in the demand term of the objective function.
The best value choice as parameter α is dependent on the data when a particular

adjustment is carried out, such as the number of links with counts. The higher the value of
α, the more weight is given to fitting the counts. To preserve the structure of the adjusted
matrix, a judicial value of α would give weight to the demand matrix deviations. The model
was calibrated using a set of 1-morning peak hour of traffic counts and included data from
annual average daily traffic (AADT) converted to peak hour by comparing the percentage
of 1 peak hour with daily traffic. Peak-hour morning traffic was used for calibration because
the distribution of traffic was more uniform than in the afternoon, as seen from the Peak
Hour Factor (PHF). The 110 traffic links were compared with the model and results were
assessed using Bland–Altman plots, as shown in Figure 3.

Figure 3 is the plot of differences between model flow and observed flow vs. the
average of the two measurements, which help to investigate any possible relationship
between measurement error and the true value. Results show a bias of 19 units, represented
by the gap between the X-axis, corresponding to zero differences, and the parallel line
to the X-axis at 19 units. After ensuring that our differences are normally distributed,
we can use the standard deviation (SD = 144) to define the limits of agreement at a 95%
confidence interval. So, results measured by model flow are approximately 305 units below
or 264 above observed flow (red line).
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Figure 3. Bland–Altman plots between model flow and observed flow.

Then, considering the statistical values by using a two-sample t-test between model flow
and observed flow, the results are as follows. The mean in the model flow group was 4896.945
(SD = 3804.629), whereas the mean in the observed flow was 4878.239 (SD = 3793.905). A
two-sample t-test showed that the difference was not statistically significant at the t-test
statistic value, where p-value = 0.971 > 0.05 (95 percent confidence). The degree of correlation
was determined after traffic demand was adjusted by the iteration process. The degree of
correlation was calculated between the manually counted traffic volume and the developed
model traffic volume. Results showed that the developed model was calibrated at 0.986, as
shown in Figure 4.

Figure 4. Relationship between modeled and observed link volumes.
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3.3. Evacuation Behavior during the Flood

Travel and evacuation behavior data collected from a questionnaire were used to
investigate people’s behavior before, during, and after a flood incident from past experi-
ences. A total of 102 affected communities (zones) were integrated into four main areas
(zone groups) according to the Hat Yai flood response [62] to determine the proportions
of different evacuation decisions during flooding, as shown in Figure 5. More people in
all four areas of Hat Yai decided to evacuate than decided not to evacuate. Evacuation
scenarios were evaluated immediately after the warning: water level less than 50 cm, water
level of 50–100 cm, and water level of 100–150 cm.

Figure 5. Percentages of evacuation timing.

The secondary data in Table 1 were examined to determine the evacuation behavior of
people in Hat Yai municipality. Results showed that, on average, 71% of people chose to go
to evacuation centers provided by the local government within each flooded area, with 29%
going to centers outside the flooded areas. For evacuation, 88.75% of people chose private
cars as the primary mode of transport.

Table 1. Data from the questionnaire on flood evacuation behavior in Hat Yai Municipality.

Destination(%) Transport Mode Choice (%)
Area Evacuation

Center Outzone Walking Passenger
Care

Public
Transport

1 74.60 25.40 11.11 87.98 0.91
2 67.00 33.00 9.00 90.00 1.00
3 71.60 28.40 8.20 90.40 1.40
4 70.74 29.26 11.80 86.60 1.60

Average 71.00 29.00 10.02 88.75 1.23
Source: kb.psu.ac.th/psukb/handle/2016/11582 (accessed on 29 May 2022).

For sudden flood situations, this study applied the calibrated static OD matrix as a
1 h peak to evaluate an evacuation plan. This plan was then analyzed to determine the
proportion of evacuation decisions during flooding with water levels less than 50 cm and
then consider the trip production of zones distributed to trip attractions as evacuation

kb.psu.ac.th/psukb/handle/2016/11582
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zones designated by the local government. Private cars were selected as the main mode of
transport for evacuation, as shown in Table 1. Cars could drive through flooded roads with
water levels less than 50 cm and were assigned based on reduced road efficiency according
to flood depth.

3.4. Flooding Impact on Road Transport

Flood levels have different effects on the safety and reliability of the road network. Sev-
eral studies examined flooding effects on vehicle speed [63–78]. Pregnolato, Ford et al. [79]
combined data from experimental studies, observations, and modeling to develop a func-
tion that described speed limits of different vehicle types based on their dimensions (small
vehicles, large vehicles, and heavy vehicles). Interviews with taxi drivers and pickup truck
drivers also showed a relationship between flood depth and vehicle speed as a curve trend
(orange line) and combined data from experimental studies, observations, and modeling to
develop a function that described speed limits of different vehicle types based on their di-
mensions (small vehicles, large vehicles, and heavy vehicles). Interviews with taxi drivers
and pickup truck drivers also showed a relationship between flood depth and vehicle
speed [80] as a curve trend (estimated function), as shown in Figure 6. For this study, we
change the the free-flow speed parameter on the link to the set value according to the results
obtained by the flood function at different levels. However, we consider a flood depth not
exceeding 30 cm, in which the vehicles’ speed is reduced to 0 km/h as the ultimate level for
safe driving of most vehicles. At a flood depth of 30 cm, vehicle speed is reduced to 0 km/h.
When driving through flood water of less than 30 cm depth, drivers should consider safety
as their main priority. Driving in a water level of 5–10 cm is considered safe because the
water can easily be seen on the road surface. A water level of 10–20 cm is also considered
safe for cars to pass normally, but it may impact the movement of smaller cars with lower
ground clearance. Most passenger cars have a height clearance of 150–170 cm, and water at
a 20–30 cm depth will cover the exhaust pipe outlet. Short distances are manageable, but
traveling long distances is not recommended for safe driving. Water levels above 30 cm are
considered dangerous for all types of vehicles, and driving is not recommended.

Figure 6. Relationships between flood depth and vehicle speed [65–75,80].

4. DTA Model Network

This study presented the DTA at the mesoscopic scale using Dynameq 4 to efficiently
model traffic lane usage. Traffic flow is described with three components: car following,
gap acceptance, and lane changing [81]. Following the above, the application of the
relationships between flood depth and vehicle speed, which define vehicle motion on the
roadway through time of the car-following model, is shown in Equation (3).
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x(t) = MIN
[(

x f (t− RT) + FFS× RT
)
,
(
xl(t− R)− EL

)]
(3)

where
x f is the location of the following vehicle at time t;
xl is the location of the primary vehicle at time t;
FFS is the free speed of the roadway (km/h).
Equation (3) describes the trajectory of a vehicle based on a triangular diagram, as

shown in Figure 7, defined by the three parameters of free-flow speed (FFS), maximum
flow (qm), and jam density (kj), which represent flow as a function of density in each link.
This is similar to how Newell’s kinematic wave theory [82] was used for the propagation
of traffic delay. A positive slope in the first segment (increase, k < kc) indicates a vehicle
moving at FFS, where the absolute value of the negative slope in the second segment
(decrease, k > kc) is equal to the backward wave speed (BWS).

Figure 7. The triangular fundamental diagram.

This fundamental diagram shape changes if the average vehicle speed is reduced as a
result of any condition, such as bad weather affecting the maximum flow that can traverse
a road segment. The Dynameq program used a triangular shape diagram to describe
only three macroscopic traffic flow parameters (maximum flow, jam density, and wave
speed), thereby reducing the required input data. Values of the three macro traffic flow
parameters for a specific vehicle type and a specific road were determined from the free
speed of the link, the effective length, and the response time of the vehicle type, as shown in
Equation (4) below.

qm =
1

(RL + EL
FFS )

, k j =
1

EL
, vwave =

EL
RL

(4)

where
qm is the maximal possible flow rate (veh/h/lane);
k j is the stationary state when traffic flow stops completely, or jam density (veh/km/lane);
vwave is the speed at which shock waves move through a platoon of traffic against the

direction of flow for a specific vehicle type (km/h);
EL is the average space that the vehicle occupies on the road;
RL is the driver response time to change speed when the traffic flow state ahead

changes and the backward wave speed (BWS) is the rate of propagation of the change in
traffic flow state upstream as a result of changes in the downstream traffic flow.

At DTA equilibrium, vehicles starting their trips in the same zone and ending their
trips at the same destination will have the same travel time. To reduce travel time, the
dynamic user equilibrium (DUE) model was used [83]. This is a time-dependent path flow
that uses the method of successive averages (MSA). Corresponding path travel times were
determined following the method of Mahut et al. (2004) [84] using the Dynameq 4 program.
The overall structure of the study is presented as a schematic algorithm in Figure 8.
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Figure 8. Structure of the solution algorithm.

This study used two major components. The first determined the latest set of time-
dependent paths using the last cycle time-dependent paths, while the second defined the
actual travel time after completion of a given set of path flow rates. Large numbers of
vehicles in each particular zone caused network loading problems. To solve this, a route-
based dynamic traffic model was adopted. The initial paths must be provided to start the
algorithm; to satisfy this, the shortest paths are used based on the free-flow circumstances.
The mathematical equation representing dynamic equilibrium, consisting of demand for the
OD pair I(ga

i ), path flow for path k(h(a,n)
k ), travel time for path k(s(a,n)

k ), and the shortest

travel time for the OD pair I(u(a,n)
i ), was calculated for every time interval during the

assignment (a) for all iterations made during the simulation (n). The procedure is shown
below (Algorithm 1).

Algorithm 1 Dynamic MSA Equilibration Algorithm [85–88]

Step 0 Initialization (iteration n = 1); compute dynamic shortest paths
based on free-flow travel times and load the demands to obtain an
initial solution; n = n + 1

Step 1 If n ≤ N, compute a new dynamic shortest path and input path flow
(h(a,n)

k ) to each path k ∈ K

ha,n
k =

ga
i

n
, i = 1, 2, . . . , |i|

If n > N, identify the shortest among used paths and redistribute
the flows as follows:

ha,n
k =

{
ha,n−1

k
( n−1

n
)
+

ga
i
l if sa,n

k ; k 3 K, i 3 I, all a
ha,n−1

k
( n−1

n
)

otherwise

Step 2 If N ≤ L as the maximum number of iterations or RGap ≤ ε as
maximum average relative gap, STOP; otherwise, return to step 1
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Figure 8 illustrates the two main components of the Dynameq system, namely the
route choice model and the dynamic road traffic network loading. The system uses an
iterative approach to achieve dynamic user balance for dynamic traffic assignment (DTA)
based on mesoscopic traffic simulation. In each iteration, the route choice model and the
dynamic network loading model are run. The route choice model first allocates the OD
traffic volume of each point in the road traffic demand OD matrix at each departure time to
the effective road network based on the existing road traffic conditions. Subsequently, the
traffic flow of the road section that changes with time is transferred to the traffic simulation
model. This calculates the dynamic travel time of the road section, which is then sent to the
route choice model to correct the next route choice. This iterative process continues until a
predetermined critical value is reached, indicating equilibrium in the system. Overall, the
Dynameq system provides a robust and efficient approach for simulating and analyzing
dynamic traffic patterns under various scenarios [81].

A comparative gap is used in DTA to signify a perfect DUE flow. The stopping criterion
of the MSA was defined using the gap function, as shown by Equation (5) [88].

RGapa,n =
∑i∈I ∑k∈K ha,n

k sa,n
k −∑i∈I ga,n

i ua,n
i

∑i∈I ga
i ua,n

i
(5)

where
I is the set of all OD pairs;
Ka

i is the set of paths for the OD pair i and assignment interval a;
ha,n

k is the path flow for path k in interval a in iteration n;
ga

i is the OD demand for OD pair i in interval a;
sa,n

k is the travel time for path k in interval a in iteration n;
ua,n

i is the shortest travel time for OD pair i in interval a in iteration n.

5. Results

This study was performed by adjusting the free-flow speed factors of the model.
Alternative scenarios were developed based on evacuation demand (Flood ≤ 50) in
Figure 6 and FFS according to flood depth and vehicle speed in Figure 7. In the first
baseline scenario, the calibrated model identified potential congestion locations through-
out the network. This situation was utilized as the baseline to compare other situations
including flood depths of 0–5, 5–10, 10–15, 15–20, and 20–30 cm. The mesoscopic traffic
network model for Hat Yai developed by the Dynameq 4 platform is shown in Figure 9.

There were 142 zones including 133 communities and 9 evacuation centers, 923 nodes,
2507 links, and 41 signals. The appropriate OD matrix of personal vehicles, estimated using
the EMME subarea tool, was included in the imported demand matrices from the Hat Yai
regional model. A simulation was conducted, without a traffic volume warm-up interval,
to load the network at the beginning of the analysis period and cool down for network
clearance. The authors selected a ten-minute assignment period. This was identical to
6 cycles for a 1 h allocated OD matrix. Up to 20 routes were searched for one assignment
interval. Stop conditions were set at 200 cycles with a comparative difference of 1%.



Sustainability 2023, 15, 6305 14 of 23

Figure 9. Road network in Hat Yai city with Dynameq platform.

5.1. Result of Model Convergence

There is consistency with previous research on short-notice evacuation events, as docu-
mented in the Approach to Modeling Demand and Supply for a Short-Notice
Evacuation [89]. Departure time from the evacuation zones varies according to the flood
levels, with residents in the greatest danger evacuated first followed by those closer to the
highway. For events where ample notice is given, less time is required to prepare for the
evacuation. The time required to prepare for an evacuation is typically longer, as residents
need to pack their belongings and collect their animals. Using different evacuation starting
times will lessen the impact of the evacuation on roadway conditions. The evacuation curve
can be shifted or compressed toward the end of the assumed evacuation event. When con-
sidering evacuation orders, public officials must allow the residents ample preparation time
for departure balanced against the dangers of delaying the evacuation. Integrating travel
demand modeling and flood hazard risk analysis for evacuation and sheltering should
ensure the redundancy of critical transportation routes and allow continued access and
movement in the event of an emergency. This may also include addressing vulnerabilities
of bridges, major roadways and highways, railways, traffic signals/traffic control centers,
and other transportation facilities and infrastructure components to ensure the availability
of multiple viable evacuation routes [90,91].

Considering the implemented transportation operational strategies for evacuation
events, in the assessment above, capacities are based on typical limiting signal green time
allocations. The development of an evacuation coordination plan would achieve additional
capacity. Traffic signals in vulnerable areas could be prioritized, with improvements
connected online to the Traffic Management Center together with contingency plans for
loss of power and communications grids [92].

Before investigating the impact of floods on the road network, this study first assessed
the sensitivity of the network’s performance to degradation in free-flow speed under dry
conditions. This was carried out by considering scenarios in which the free-flow speed
was reduced by 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, and 90% and then evaluating
the resulting changes in average speed and vehicle hours traveled (VHT), as shown in
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Figure 10. The aim was to understand how much the road network performance could be
affected by changes in free-flow speed.

Figure 10. Free-flow speed network degradation.

The analysis revealed that the average speed on the network decreased linearly with a
relatively stable slope as the free-flow speed was reduced. This indicates that the reduction
in speed has a consistent impact on the network’s performance, regardless of the severity
of the speed reduction. However, the decrease in average speed was not the only factor af-
fecting the network’s performance. The study also found that the VHT gradually increased
as the speed reduction became more severe, until the network degradation reached 60%, at
which point the increase in VHT became more rapid. This suggests that the network was
starting to experience congestion and delays as a result of the reduced speed, particularly
when the speed reduction was more severe.

Overall, these findings highlight the importance of maintaining high levels of free-flow
speed on road networks, as even relatively small reductions in speed can have significant
impacts on travel times and congestion. The study also underscores the need to consider
the sensitivity of road networks to different types of disruptions, such as floods, in order to
better prepare for and mitigate the impacts of such events.

After running the DTA, it generated an output of model convergence to verify the
path flow corresponding to each driver’s assumed behavior mechanism in trying to reduce
their own travel time. Figure 11 shows that the convergence output, as the value of the
relative gap in the initial assignment interval, increased with an increase in departure time
as network congestion increased. Percentage variation in travel times increased for the
used pathways, according to the same starting time period, then steadily decreased, while
relative gap values increased to the 100th iteration. Beyond a set number of cycles, the
designed assignment resolved effectively, with an overall average difference of 5%. After
200 iterations, the relative gap for any given departure time interval became constant.
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Figure 11. Model average convergence of baseline scenario.

At every time interval, trip assignments were completed, indicating that almost all
vehicles arrived at their destinations and exited the road network within the time period
following the final demand loads. Figure 12 compares the total number of cars waiting
to access the network (on virtual connections) at the conclusion of the interval, measured
by the waiting time (red line). The total number of cars in the network at the conclusion
of the period was assessed by traveling time. Demand of departures during the first time
interval to the last demand loads used 11 time intervals (100 min) for network clearance.
All vehicles arrived at their destinations and exited the road network within a time interval
after the last demand loads.

Figure 12. Total number of vehicles waiting and traveling in the network of baseline scenario.
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The first time interval showed a non-congested situation and then traveling time
increased and the network began to fill up. Congestion then occurred as well as cars
waiting to enter the road network. Average speed continued to decrease, resulting in delay
in the network until the sixth time interval. Then, no waiting caused the trend of traveling
to decrease and speed increased.

5.2. Result of Scenario Evaluation

Urban floods affect transportation by increasing travel times, route changes, and
congestion due to low speed. Roads with a flood depth of more than 50 cm are considered
completely unusable by private vehicles. Therefore, evacuation timing demand in flood
levels lower than 50 cm was assigned to evacuation centers and out areas to compare the
efficiency of the road network under different flood conditions. Vehicles take the shortest
path to reach their destinations but change to longer paths with longer travel time under
flood conditions. For this model, variables of road function were degraded by flooding.
Vehicles changed routes to reduce their travel time based on user equilibrium principles.

Table 2 shows network performance indicators during the seven scenarios. Vehicle
speed during the flooding scenarios changed. The average speed during dry conditions
was 29.72 km/h. During the 0–5 cm flooding situation, speed decreased to 27.70 km/h, a
6.79% speed decrease. Similarly, 5–10, 10–15, 15–20, 20–25, and 25–30 cm flooding scenarios
decreased vehicle speed to 21.29, 14.43, 8.57, 4.08, and 2.03 km/h, with percentage changes
in speed of −28.38, −51.45, −71.15, −86.26, and −93.16 from the dry scenario.

Table 2. Network performance indicators comparison.

Performance Measure

Scenario Speed (km/h) VHT (veh-h) VKT (veh-h)

Value Change (%) Value Change (%) Value Change (%)

Dry 29.72 - 3542.68 - 109,276.68 -
0–5 cm 27.70 −6.79 3794.14 7.10 109,220.79 −0.04
5–10 cm 21.29 −28.38 4835.76 34.08 109,634.47 0.33
10–15 cm 14.43 −51.45 7034.85 72.40 113,030.73 3.42
15–20 cm 8.57 −71.15 11,000.06 120.05 120,578.22 10.00
20–25 cm 4.08 −86.26 25,961.01 186.83 136,639.76 22.69
25–30 cm 2.03 −93.16 56,626,33 204.47 152,914.00 31.94

Vehicle hours traveled (VHT) increased as vehicle speed decreased by 204.47% of
travel time from the dry condition to the 25–30 cm flooding scenario. Vehicle kilometers
traveled (VKT) also increased because, due to flooding, drivers choose alternate routes
to reach their destinations. The VKT value in a flood of 0–5 cm was negative. Drivers
may choose the fastest route by time but there may be a shorter distance because the
overall performance of the whole network at the flood level was not different from the dry
condition. Kilometers traveled increased by 31.94% compared to the dry condition for the
25–30 cm flooding condition. Results showed that flooding scenarios had a negative impact
on network performance.

Figure 13 represents the seven scenarios plotted as a percentage of evacuation against
time. Evacuation time for the baseline was “0” as dry. The evacuees took 110 min to arrive
at evacuation centers, while none remained in the road network. The dry condition was
compared to the seven scenarios. Evacuation time increased with deeper flood levels. For
the 0–10 cm depth, evacuation time was not different to the dry condition. When flood
levels increased to 10–15, 15–20, 20–25, and 25–30 cm, evacuation times increased to 40, 90,
260, and 670 min, respectively. The remaining evacuees increased with increasing flood
levels. For flood levels of 10–15, 15–20, 20–25, and 25–30 cm, the percentages of evacuees
remaining were 9%, 19%, 49%, and 83%, respectively.
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Figure 13. Cumulative evacuee arrival percentage.

6. Discussion and Conclusions

Hat Yai city, the economic and transportation hub of Songkhla province and southern
Thailand, experiences heavy rainfall and flooding throughout the year due to northeast
monsoon winds from October to January and southwest monsoon winds from May to
October. Sudden flooding, in particular, makes it impossible for people to move and
increases the risk of disaster. Therefore, people need to be evacuated quickly before flooding
occurs to avoid injuries and deaths. Several scenarios were constructed by changing
flooding situations and traffic volumes. Evacuation times in the study area were evaluated
and compared for all scenarios with reference to dry conditions.

In this study, evacuation time was estimated and measures were identified for coming
floods using past evaluation by providing dynamic alternate routes using DTA with a
positive impact on network performance. Six flood level scenarios were used—0–5, 5–10,
5–10, 10–15, 15–20, and 25–30 cm—and compared with the dry situation. During flooding,
the average speed dropped to 2 km/h, VHT rose above 200%, and VKT rose above 30%.

Cumulative evacuee arrival percentage showed that evacuees remaining in the road
network increased when flood levels were higher than 5 cm. Flood levels of 10–15, 15–20,
20–25, and 25–30 cm represented percentages of remaining evacuees at 9%, 19%, 49%, and
83%, respectively. Time taken to evacuate increased according to flood level. For flood
depths of 5–30 cm, travel time increased by 40, 90, 260, and 670 min, respectively. This
suggests that it is necessary to start evacuation as soon as possible before the flood situation
becomes serious.

This work was able to fully analyze the road network in depth to plan for route choice
planning. The outcome of this study can be extended for actual operation, which can
be identified to evaluate the road link that can be traveled the fastest in terms of travel
time; the shortest available road network map will be provide this to the evacuation traffic
planner. The avoidance route can be followed according to the historical data. The more
necessary data to be included is the Flood Model for analyzing the road network flooding
possibility. We conclude with some additional ideas to further expand on the topic of flood
evacuation traffic management.

Integration of Emergency Response Plans: This study could explore the integration of
emergency response plans into traffic management strategies during a flood evacuation.
The study could analyze how different emergency response agencies can work together to
coordinate traffic management efforts and ensure effective evacuation of affected areas. The



Sustainability 2023, 15, 6305 19 of 23

study could also consider the role of public information campaigns in promoting awareness
and preparedness among the public.

Evaluation of Evacuation Routes: This study could evaluate the effectiveness of dif-
ferent evacuation routes in reducing traffic congestion during a flood event. The study
could analyze how different factors, such as road capacity, network connectivity, and
population density, affect the efficiency of evacuation routes. The study could also con-
sider the impact of natural features, such as rivers or mountains, on the availability of
evacuation routes.

Assessment of Driver Behavior: This study could assess how driver behavior affects
traffic flow during a flood evacuation. The study could analyze how different factors, such
as age, gender, and experience, influence driver decision making during a flood event. The
study could also consider the impact of driver emotions, such as fear and anxiety, on traffic
flow and evacuation efficiency.

Use of Intelligent Transportation Systems: This study could explore the use of intelli-
gent transportation systems (ITSs) to improve flood evacuation traffic management. The
study could analyze how different ITS technologies, such as connected vehicles, traffic
signal prioritization, and dynamic message signs, can be integrated into traffic management
strategies. The study could also consider the impact of ITSs on reducing traffic congestion
and improving evacuation efficiency during a flood event.

Consideration of Vulnerable Populations: This study could consider the needs of
vulnerable populations, such as elderly people or people with disabilities, during a flood
evacuation. The study could analyze how different factors, such as accessibility of evac-
uation routes and availability of transportation options, affect the ability of vulnerable
populations to evacuate. The study could also consider the impact of community outreach
and support programs on improving evacuation outcomes for vulnerable populations.

Author Contributions: Conceptualization, P.S. and R.K.; Methodology, P.S., K.T., M.S. and R.K.;
Software, N.T.; Formal analysis, P.S.; Investigation, C.Y.; Data curation, P.S. and C.Y.;
Writing—original draft, P.S. and R.K.; Writing—review & editing, P.S. and R.K.; Supervision, A.F.
and S.J.; Project administration, K.T. and M.S.; Funding acquisition, R.K. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by SUT Research and Development Fund (Grant No. BRO7-712-
65-12-05).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work support by SUT Research and Development Fund .

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Land Development Department (Ministry of Agriculture and Cooperatives) Land Use. 2022. Available online: http://dinonline.

ldd.go.th/Landuse.aspx. (accessed on 29 May 2022).
2. Hatyai, (ASEAN Climate Change and Disaster Resilience Network Accredited Agency) Training for Creating Local Courses on

Flood Response Hat Yai Municipality. 2014. Available online: https://www.hatyaicityclimate.org/upload/forum/doc53d365c0
1b60f.pdf (accessed on 29 May 2022).

3. GISTDA. Thailand Flood Monitoring System 2020. Available online: www.gistda.or.th/news_view.php?n_id=1586&lang=EN.
(accessed on 29 November 2022).

4. Southern Regional Geo-Informatics and Space Technology Center. The Development of A Flood Model for Hatyai Municipality
Using HEC-RAS 2D. Available online: https://www.gispsu.net/files/com_news_download/2018-01_3a4592ad2e3c59e.pdf.
(accessed on 11 August 2022).

5. Baker, E.J. Hurricane evacuation behavior. Int. J. Mass Emergencies Disasters 1991, 9, 287–310. [CrossRef]
6. Chiu, Y.C.; Zheng, H.; Villalobos, J.A.; Peacock, W.; Henk, R. Evaluating regional contra-flow and phased evacuation strategies for

Texas using a large-scale dynamic traffic simulation and assignment approach. J. Homel. Secur. Emerg. Manag. 2008, 5 . [CrossRef]

http://dinonline.ldd.go.th/Landuse.aspx
http://dinonline.ldd.go.th/Landuse.aspx
https://www.hatyaicityclimate.org/upload/forum/doc53d365c01b60f.pdf
https://www.hatyaicityclimate.org/upload/forum/doc53d365c01b60f.pdf
www.gistda.or.th/news_view.php?n_id=1586&lang=EN
https://www.gispsu.net/files/com_news_download/2018-01_3a4592ad2e3c59e.pdf
http://doi.org/10.1177/028072709100900210
http://dx.doi.org/10.2202/1547-7355.1409


Sustainability 2023, 15, 6305 20 of 23

7. Yazici, M.A.; Ozbay, K. Evacuation modelling in the United States: Does the demand model choice matter? Transp. Rev. 2008,
28, 757–779. [CrossRef]

8. Zou, N.; Yeh, S.T.; Chang, G.L.; Marquess, A.; Zezeski, M. Simulation-based emergency evacuation system for Ocean City,
Maryland, during hurricanes. Transp. Res. Rec. 2005, 1922, 138–148. [CrossRef]

9. Gerber, B.J.; Ducatman, A.; Fischer, M.; Althouse, R.; Scotti, J.R. The Potential for an Uncontrolled Mass Evacuation of the DC Metro
Area Following a Terrorist Attack: A Report of Survey Findings; West Virginia University: Morgantown, WV, USA, 2006; Volume 81.

10. Meit, M.; Briggs, T.; Kennedy, A. Urban to Rural Evacuation: Planning for Rural Population Surge; NORC Walsh Center for Rural
Health Analysis: Chicago, IL, USA, 2008.

11. Zeigler, D.J.; Johnson, J.H. Evacuation behavior in response to nuclear power plant accidents. Prof. Geogr. 1984, 36, 207–215.
[CrossRef]

12. Fraser, S.A.; Wood, N.J.; Johnston, D.; Leonard, G.S.; Greening, P.D.; Rossetto, T. Variable population exposure and distributed
travel speeds in least-cost tsunami evacuation modelling. Nat. Hazards Earth Syst. Sci. 2014, 14, 2975–2991. [CrossRef]

13. León, J.; March, A. An urban form response to disaster vulnerability: Improving tsunami evacuation in Iquique, Chile. Environ.
Plan. Plan. Des. 2016, 43, 826–847. [CrossRef]

14. Mas, E.; Koshimura, S.; Imamura, F.; Suppasri, A.; Muhari, A.; Adriano, B. Recent advances in agent-based tsunami evacuation
simulations: Case studies in Indonesia, Thailand, Japan and Peru. Pure Appl. Geophys. 2015, 172, 3409–3424. [CrossRef]

15. Dawson, R.J.; Peppe, R.; Wang, M. An agent-based model for risk-based flood incident management. Nat. Hazards 2011,
59, 167–189. [CrossRef]

16. Dressler, G.; Müller, B.; Frank, K.; Kuhlicke, C. Towards thresholds of disaster management performance under demographic
change: Exploring functional relationships using agent-based modeling. Nat. Hazards Earth Syst. Sci. 2016, 16, 2287–2301.
[CrossRef]

17. Fujita, I.; Ito, T.; Sayama, T. Inundation analysis of the 2009 C hikusa R iver flood and comparison of evacuation criteria. J. Flood
Risk Manag. 2014, 7, 54–64. [CrossRef]

18. Lim, H.R.; Lim, M.; Bernadeth, B.; Piantanakulchai, M. Determinants of household flood evacuation mode choice in a developing
country. Nat. Hazards 2016, 84, 507–532. [CrossRef]

19. Masuya, A.; Dewan, A.; Corner, R.J. Population evacuation: Evaluating spatial distribution of flood shelters and vulnerable
residential units in Dhaka with geographic information systems. Nat. Hazards 2015, 78, 1859–1882. [CrossRef]

20. Mordvintsev, A.; Krzhizhanovskaya, V.; Lees, M.; Sloot, P. Simulation of city evacuation coupled to flood dynamics. In Pedestrian
and Evacuation Dynamics 2012; Springer: Berlin/Heidelberg, Germany, 2014; pp. 485–499.

21. Alam, M.J.; Habib, M.A.; Quigley, K.; Webster, T.L. Evaluation of the traffic impacts of mass evacuation of Halifax: Flood risk and
dynamic traffic microsimulation modeling. Transp. Res. Rec. 2018, 2672, 148–160. [CrossRef]

22. Lim, H., Jr.; Lim, M.B.; Piantanakulchai, M. A review of recent studies on flood evacuation planning. J. East. Asia Soc. Transp.
Stud. 2013, 10, 147–162.

23. Mas, E.; Imamura, F.; Koshimura, S. An agent based model for the tsunami evacuation simulation. A case study of the 2011
great east Japan tsunami in Arahama town. In Proceedings of the Joint Conference Proceeding. 9th International Conference on Urban
Earthquake Engineering & 4th Asia Conference on Earthquake Engineering; Tokyo Institute of Technology: Tokyo, Japan, 2012.

24. Yazici, A.; Ozbay, K. Evacuation network modeling via dynamic traffic assignment with probabilistic demand and capacity
constraints. Transp. Res. Rec. 2010, 2196, 11–20. [CrossRef]

25. Setiadi, N.; Taubenböck, H.; Raupp, S.; Birkmann, J. Integrating socio-economic data in spatial analysis: An exposure analysis
method for planning urban risk mitigation. In Proceedings of the Corp Konferenz, Vienna, Austria, 18–20 May 2010; pp. 1–8.

26. Post, J.; Wegscheider, S.; Mück, M.; Zosseder, K.; Kiefl, R.; Steinmetz, T.; Strunz, G. Assessment of human immediate response
capability related to tsunami threats in Indonesia at a sub-national scale. Nat. Hazards Earth Syst. Sci. 2009, 9, 1075–1086.
[CrossRef]

27. Saito, T.; Kagami, H. Simulation of evacuation behavior from tsunami utilizing multi agent system. In Proceedings of the 13th
World Conference on Earthquake Engineering, Vancouver, BC, Canada, 1–6 August 2004; pp. 1–10.

28. Yazici, M.A.; Ozbay, K. Impact of probabilistic road capacity constraints on the spatial distribution of hurricane evacuation shelter
capacities. Transp. Res. Rec. 2007, 2022, 55–62. [CrossRef]

29. Kalafatas, G.; Peeta, S. Planning for evacuation: Insights from an efficient network design model. J. Infrastruct. Syst. 2009,
15, 21–30. [CrossRef]

30. Ng, M.; Waller, S.T. Reliable evacuation planning via demand inflation and supply deflation. Transp. Res. Part E Logist. Transp.
Rev. 2010, 46, 1086–1094. [CrossRef]

31. Li, J.; Ozbay, K. Evacuation planning with endogenous transportation network degradations: A stochastic cell-based model and
solution procedure. Netw. Spat. Econ. 2015, 15, 677–696. [CrossRef]

32. Pel, A.J.; Bliemer, M.C.; Hoogendoorn, S.P. Analytical macroscopic modeling of voluntary and mandatory emergency evac-
uation strategies. In Proceedings of the 10th International TRAIL CongressNetherlands TRAIL Research School, Rotterdam,
The Netherlands, 14–15 October 2008.

33. Yusoff, M.; Ariffin, J.; Mohamed, A. Optimization approaches for macroscopic emergency evacuation planning: A survey. In
Proceedings of the 2008 International Symposium on Information Technology, Kuala Lumpur, Malaysia, 26–29 August 2008 ;
Volume 3, pp. 1–7.

http://dx.doi.org/10.1080/01441640802041812
http://dx.doi.org/10.1177/0361198105192200118
http://dx.doi.org/10.1111/j.0033-0124.1984.00207.x
http://dx.doi.org/10.5194/nhess-14-2975-2014
http://dx.doi.org/10.1177/0265813515597229
http://dx.doi.org/10.1007/s00024-015-1105-y
http://dx.doi.org/10.1007/s11069-011-9745-4
http://dx.doi.org/10.5194/nhess-16-2287-2016
http://dx.doi.org/10.1111/jfr3.12020
http://dx.doi.org/10.1007/s11069-016-2436-4
http://dx.doi.org/10.1007/s11069-015-1802-y
http://dx.doi.org/10.1177/0361198118799169
http://dx.doi.org/10.3141/2196-02
http://dx.doi.org/10.5194/nhess-9-1075-2009
http://dx.doi.org/10.3141/2022-07
http://dx.doi.org/10.1061/(ASCE)1076-0342(2009)15:1(21)
http://dx.doi.org/10.1016/j.tre.2010.04.001
http://dx.doi.org/10.1007/s11067-014-9241-y


Sustainability 2023, 15, 6305 21 of 23

34. Lieberman, E.; Xin, W. Macroscopic traffic modeling for large-scale evacuation planning. In Proceedings of the Transportation
Research Board 91st Annual Meeting, Washington, DC, USA, 22–26 January 2012.

35. Naser, M.; Birst, S.C. Mesoscopic Evacuation Modeling for Small-to Medium-Sized Metropolitan Areas; Technical Report, Mountain-
Plains Consortium; University of Wyoming: Laramie, WY, USA, 2010. Available online: https://www.ugpti.org/resources/
reports/downloads/mpc10-222.pdf (accessed on 3 December 2022).

36. Marinov, M.; Viegas, J. A mesoscopic simulation modelling methodology for analyzing and evaluating freight train operations in
a rail network. Simul. Model. Pract. Theory 2011, 19, 516–539. [CrossRef]

37. Di Gangi, M.; Polimeni, A. A mesoscopic approach to model route choice in emergency conditions. In Proceedings of the
International Conference on Optimization and Decision Science; Springer: Berlin/Heidelberg, Germany, 2017; pp. 547–555.

38. Di Gangi, M.; Watling, D.; Di Salvo, R. Modeling evacuation risk using a stochastic process formulation of mesoscopic dynamic
network loading. IEEE Trans. Intell. Transp. Syst. 2020, 23, 3613–3625. [CrossRef]

39. Stern, E.; Sinuany-Stern, Z. A behavioural-based simulation model for urban evacuation. In Proceedings of the Papers of the Regional
Science Association; Springer: Berlin/Heidelberg, Germany, 1989; Volume 66, pp. 87–103.

40. Franzese, O.; Han, L. Using traffic simulation for emergency and disaster evacuation planning. In Proceedings of the 81st Annual
Meeting of the Transportation Research Board, Washington, DC, USA, 13–17 January 2002.

41. Jha, M.; Moore, K.; Pashaie, B. Emergency evacuation planning with microscopic traffic simulation. Transp. Res. Rec. 2004,
1886, 40–48. [CrossRef]

42. Liu, M.; Kajita, Y.; Hirai, T.; Sumi, T. A Microscopic Simulation of Evacuation Model Considering Car-Following Behavior under
Flood. J. East. Asia Soc. Transp. Stud. 2010, 8, 1–15.

43. Chen, X.; Zhan, F.B. Agent-based modeling and simulation of urban evacuation: Relative effectiveness of simultaneous and
staged evacuation strategies. In Agent-Based Modeling and Simulation; Springer: Berlin/Heidelberg, Germany, 2014; pp. 78–96.

44. Lämmel, G.; Rieser, M.; Nagel, K.; Taubenböck, H.; Strunz, G.; Goseberg, N.; Schlurmann, T.; Klüpfel, H.; Setiadi, N.; Birkmann, J.
Emergency preparedness in the case of a tsunami—Evacuation analysis and traffic optimization for the Indonesian city of Padang.
In Pedestrian and Evacuation Dynamics 2008; Springer: Berlin/Heidelberg, Germany, 2010; pp. 171–182.

45. Kwon, E.; Pitt, S. Evaluation of emergency evacuation strategies for downtown event traffic using a dynamic network model.
Transp. Res. Rec. 2005, 1922, 149–155. [CrossRef]

46. Gangi, M.D. Planning evacuation by means of a multi-modal mesoscopic dynamic traffic simulation model. In Geocomputation
and Urban Planning; Springer: Berlin/Heidelberg, Germany, 2009; pp. 99–115.

47. Suwanno, P.; Kasemsri, R.; Duan, K.; Fukuda, A. Application of macroscopic fundamental diagram under flooding situation to
traffic management measures. Sustainability 2021, 13, 11227. [CrossRef]

48. Musolino, G.; Vitetta, A. Calibration and validation of a dynamic assignment model in emergency conditions from real-world
experimentation. Procedia-Soc. Behav. Sci. 2014, 111, 498–507. [CrossRef]

49. Balakrishna, R.; Wen, Y.; Ben-Akiva, M.; Antoniou, C. Simulation-based framework for transportation network management in
emergencies. Transp. Res. Rec. 2008, 2041, 80–88. [CrossRef]

50. He, M.; Chen, C.; Zheng, F.; Chen, Q.; Zhang, J.; Yan, H.; Lin, Y. An efficient dynamic route optimization for urban flooding
evacuation based on Cellular Automata. Comput. Environ. Urban Syst. 2021, 87, 101622. [CrossRef]

51. Pel, A.J.; Bliemer, M.C.; Hoogendoorn, S.P. A review on travel behaviour modelling in dynamic traffic simulation models for
evacuations. Transportation 2012, 39, 97–123. [CrossRef]

52. Di Gangi, M. Modeling evacuation of a transport system: Application of a multimodal mesoscopic dynamic traffic assignment
model. IEEE Trans. Intell. Transp. Syst. 2011, 12, 1157–1166. [CrossRef]

53. Luathep, P.; Suwanno, P.; Taneerananon, P. Identification of critical locations in road networks due to disasters. East. Asia Soc.
Transp. Stud. 2013, 9, 206.

54. Cascetta, E.; Pagliara, F.; Papola, A. Alternative approaches to trip distribution modelling: A retrospective review and suggestions
for combining different approaches. Pap. Reg. Sci. 2007, 86, 597–620. [CrossRef]

55. Hall, R. Handbook of Transportation Science; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2012; Volume 23.
56. Griffith, D.A. Spatial structure and spatial interaction: 25 years later. Rev. Reg. Stud. 2007, 37, 28–38. [CrossRef]
57. Cascetta, E. Transportation Systems Analysis: Models and Applications; Springer Science & Business Media: Berlin/Heidelberg,

Germany, 2009; Volume 29.
58. Hat Yai City Municipality. Basic Information: Demographics. 2022. Available online: https://www.hatyaicity.go.th/content/

general (accessed on 23 June 2022).
59. Furness, K.P. Time function iteration. Traffic Eng. Control 1965, 7, 458–460.
60. Spiess, H. A gradient approach for the OD matrix adjustment problem. Transp. Sci. 1990, 24, 1–16. [CrossRef]
61. Florian, M.; Noriega, Y. OD Matrix Adjustment: Using a Reference Matrix and Multiclass Adjustments. In Proceedings of the

Transportation Research Board 89th Annual Meeting, Washington, DC, USA, 10–14 January 2010.
62. Luathep, P.; Suwansunthon, A.; Sutthiphan, S.; Taneerananon, P. Flood evacuation behavior analysis in urban areas. J. East. Asia

Soc. Transp. Stud. 2013, 10, 178–195.
63. Gallaway, B.; Ivey, D.; Hayes, G.; Ledbetter, W.; Olson, R.; Woods, D.; Schiller, R., Jr. Pavement and Geometric Design Criteria for

Minimizing Hydroplaning; Texas Transportation Institute: Arlington, TX, USA, 1979.

https://www.ugpti.org/resources/reports/downloads/mpc10-222.pdf
https://www.ugpti.org/resources/reports/downloads/mpc10-222.pdf
http://dx.doi.org/10.1016/j.simpat.2010.08.009
http://dx.doi.org/10.1109/TITS.2020.3038478
http://dx.doi.org/10.3141/1886-06
http://dx.doi.org/10.1177/0361198105192200119
http://dx.doi.org/10.3390/su132011227
http://dx.doi.org/10.1016/j.sbspro.2014.01.083
http://dx.doi.org/10.3141/2041-09
http://dx.doi.org/10.1016/j.compenvurbsys.2021.101622
http://dx.doi.org/10.1007/s11116-011-9320-6
http://dx.doi.org/10.1109/TITS.2011.2143408
http://dx.doi.org/10.1111/j.1435-5957.2007.00135.x
http://dx.doi.org/10.52324/001c.8286
https://www.hatyaicity.go.th/content/general
https://www.hatyaicity.go.th/content/general
http://dx.doi.org/10.1287/trsc.24.1.1


Sustainability 2023, 15, 6305 22 of 23

64. Ong, G.P.; Fwa, T.F. Hydroplaning risk management for grooved pavements. In Proceedings of the 7th International Conference
on Managing Pavement Assets, Alexandria, VA, USA, 2–4 June 2008; pp. 23–28.

65. Morris, B.; Notley, S.; Boddington, K.; Rees, T. External factors affecting motorway capacity. Procedia-Soc. Behav. Sci. 2011,
16, 69–75. [CrossRef]

66. Chung, Y. Assessment of non-recurrent congestion caused by precipitation using archived weather and traffic flow data. Transp.
Policy 2012, 19, 167–173. [CrossRef]

67. Galatioto, F.; Glenis, V.; Roberts, R.; Kilsby, C. Exploring and modelling the impacts of rainfall and flooding on transport network.
The case study of Newcastle upon Tyne. In Proceedings of the 2nd International Conference on Urban Sustainability and Resilience;
Newcastle University: Newcastle upon Tyne, UK, 2014.

68. Pearson, M.; Hamilton, K. Investigating driver willingness to drive through flooded waterways. Accid. Anal. Prev. 2014,
72, 382–390. [CrossRef]

69. United States Comments to Proposed Requirements for EVS GTR on “Protection against Water”. Available online: https:
//globalautoregs.com/documents/11234 (accessed on 10 August 2021).

70. Expert Advice: Driving Through Flood Water. Available online: http://blog.greenflag.com/2015/expert-advice-driving-through-
flood-water/ (accessed on 10 August 2021).

71. Boyce, L. As the Rain Keeps Falling, Will Driving through Puddles Damage Your Car Engine and Prove an Expensive Mistake?
Available online: http://www.thisismoney.co.uk/money/experts/article-2141778/Does-driving-puddles-cause-car-engine-
damage.html#ixzz4Ky9gmDOq (accessed on 22 January 2012).

72. Gissing, A.; Haynes, K.; Coates, L. Motorist behaviour during the 2015 Shoalhaven floods. Aust. J. Emerg. Manag. 2016, 31, 25–30.
73. Kramer, M.; Terheiden, K.; Wieprecht, S. Safety criteria for the trafficability of inundated roads in urban floodings. Int. J. Disaster

Risk Reduct. 2016, 17, 77–84. [CrossRef]
74. Yin, J.; Yu, D.; Yin, Z.; Liu, M.; He, Q. Evaluating the impact and risk of pluvial flash flood on intra-urban road network: A case

study in the city center of Shanghai, China. J. Hydrol. 2016, 537, 138–145. [CrossRef]
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