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Abstract: Jinhae Bay in South Korea is a common typhoon shelter, but there are no established
criteria for the area or vessel capacity. The aim of this study was to determine the optimal capacity
and arrangement of typhoon shelters for vessels in the sea area surrounding Jinhae Bay. The study
identified several areas that could serve as typhoon shelters and conducted a survey with experienced
VTS operators and ship operators to identify the best typhoon avoidance areas. The study found that
the Japanese and Spanish design criteria for anchoring in strong winds were useful in computing the
optimal capacity of typhoon shelters. A nesting algorithm based on the genetic algorithm and the
No-Fit-Polygon theory was used to optimize the arrangement of shelters. The study found that the
Jinhae Bay typhoon shelter can be effectively managed by arranging shelter-seeking vessels based
on the nesting algorithm. The study contributes to supporting quantitative methodology-based
decision-making and has practical significance for managing typhoon shelters in the Jinhae Bay area.
Further research is needed to evaluate the proposed arrangement plan for typhoon shelters and
confirm the validity of the results through simulation and practical implementation. Additionally,
the time complexity for vessels to approach the anchorage should be considered in future studies.

Keywords: anchorage design criteria; marine accident; nesting algorithm; ship safety; typhoon shelter

1. Introduction

Due to its geographical location, South Korea is hit by two or three typhoons each year,
causing ships in nearby waters to seek shelter in topographically safe shelters [1]. Jinhae
Bay is a well-known typhoon shelter in South Korea, but the crowded conditions during a
typhoon increase the risk of marine accidents [2].

Anchorages are typically established by designating specific areas on the sea surface
based on officially recognized design criteria outlined in regulations for port facility op-
eration. These designated areas, known as typhoon shelters, are not commonly used for
regular anchorage but serve as safe havens in emergency situations. However, the typhoon
shelters in the Jinhae Bay area of South Korea are not officially recognized and are operated
irregularly under the direction of the Vessel Traffic Service (VTS) during emergencies [3].
Since these areas are not officially designated as typhoon shelters, the exact location for
anchoring and the maximum capacity for ships are not specified. During typhoons, a
large number of vessels gather in the area, leading to anchor dragging, which is supported
by strong winds and increases the risk of marine accidents [4]. Therefore, it is crucial to
identify the appropriate anchorage area and establish its optimal capacity to ensure efficient
and safe shelter operations during typhoons.

This study was initiated by the need to efficiently and safely manage typhoon shelters
that are conventionally formed. Jinhae Bay, when used as a typhoon shelter, is not regulated.
Therefore, there is no choice but to operate the bay using the experience of Masan VTS
operators. The results of this study can provide appropriate anchorage capacity as an
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academically quantified technique and can support the decision-making of the VTS operator
in terms of policy.

This study aimed to examine the anchorage area and estimate the optimal capacity
for ships seeking shelter in typhoon shelters near Jinhae Bay, ensuring effective and safe
operation. The status of Jinhae Bay typhoon shelters was analyzed and the shelter areas
were geographically and logistically defined through surveys of VTS operators and ship
operators. Design criteria were analyzed, and relevant regulations for typhoon events were
considered to compute the suitable capacity for the identified areas. The nesting algorithm,
which is commonly used in industrial sites for optimal arrangement and utilization of raw
materials, was used to efficiently determine the anchorage capacity.

2. Literature Review

Typhoons can cause significant damage if proper measures are not taken [5–7]. Their
impact varies based on geographical factors, leading to many recent studies that predict
the probability of typhoon paths and speeds at each location to model the berthing capacity
of ports [8–10].

One study was conducted on the critical wind speed for anchoring vessels seeking shel-
ter in Jinhae Bay, a commonly used typhoon shelter in South Korea, by analyzing typhoons
that hit the sea near Jinhae Bay [1]. The safety measures of Jinhae Bay typhoon shelter were
evaluated through a survey of operators [2]. Despite this, there are limited studies on the
establishment and operation of shelter zones and the calculation of shelter capacity.

Anchorage, a crucial component of ports, is typically established based on each
country’s design criteria [11–14]. The capacity and suitability of anchorages have been ex-
tensively studied to accommodate as many ships as possible within a limited geographical
area, considering factors such as traffic density and occupied area [15–18].

However, the nature of a typhoon shelter demands the use of all available sea areas in
an emergency, leading to high marine traffic density. Therefore, the capacity of the typhoon
shelter must be determined based on its meteorological conditions and geographical
characteristics during a typhoon.

There are many studies related to anchorage capacity. One study proposed a river
terminal system for bulk cargo operations where the anchorage area was modeled as a sim-
ple first-in–first-out queue with a fixed capacity independent of the size of the vessels [19].
A more general model for anchorage area capacity was also presented [15]. In this study,
the capacity of an anchorage was defined as the maximum number of vessels that can be
accommodated by the anchorage over a period of time. The study suggests that the factors
affecting anchorage capacity are types of arriving vessels, average anchor time, and average
berth size. A simulation-based model was developed to assess capacity and utilization
of anchorages [16,20]. One study proposed two disk-packing algorithms for anchorage
planning, namely MHDF and WALLPACK-MHDF, with which they achieved significant
improvements over current practices. In terms of computational experiments, we compared
our multi-objective strategy against these two algorithms [21]. A mathematical model was
developed that simultaneously optimizes the navigation channel traffic and anchorage
area utilization [22]. An optimization model was presented using a mixed integer linear
program (MILP) to analyze the maximum theoretical reduction in congestion anchoring,
depending on the flexibility of vessel arrival time changes [23].

Regarding typhoons, a hybrid algorithm integrating Genetic Algorithm (GA) with
Receding Horizon Control (RHC) was introduced, which considers real-time typhoon
data, marine environment data, including ocean currents and reefs, etc., as well as safety
operation requirements for marine voyage to solve the path optimization problem for
marine vessels under typhoon scenarios [24]. Some studies have analyzed the berthing
capacity of Santa Yazhou fishing port using a typhoon prediction model [8].

The characteristic of this study in the literature review is to derive the number of ships
that can be anchored in emergency situations such as typhoons. This is to focus on the
maximum number of ships in consideration of safety in case of danger, rather than the
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process of anchoring. Additionally, to consider safety, the opinions of VTS operators and
ship operators were reflected.

3. Analysis of the Current Situation of Anchorages in the Jinhae Bay

South Korea experiences an average of two to three typhoons annually due to its
geographical location and the influence of westerly winds. Jinhae Bay serves as a primary
typhoon shelter in the southeastern seas of South Korea [1]. In particular, the area saw an
average of ten typhoons each year in 2019 and 2020, and 1679 ships sought shelter there
during that period [2]. When a typhoon is expected to hit, there is a surge in ship traffic as
they all converge on Jinhae Bay. The risk of marine accidents increases due to anchoring
between shelter-seeking vessels and anchor dragging caused by strong winds. Calculating
the optimal capacity, such as the maximum number of vessels that can be anchored, is
crucial for efficient anchorage management during typhoons. This chapter analyzes the
anchoring situation in Jinhae Bay as a basis for estimating the optimal capacity of the Jinhae
Bay typhoon shelter.

3.1. General Information
3.1.1. Study Area and Geographic Location

Jinhae Bay is situated in the southeast region of South Korea and is surrounded by
the mainland opposite the northwest coast of Geoje Island, the second-largest island in the
country. The Jinhae route entrance is located in the northeast of the bay, while the entrance
to Gadeoksudo can be found in the southeast, and the South Sea is accessible through the
Gyeonnaeryang Strait in the southwest.

As depicted in Figure 1, the study area encompasses Jinhae Bay, Gohyeon Bay, and the
surrounding waters near Yeondo Island, Jamdo Island, and Chorido Island, collectively
known as Jinhae Bay.
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3.1.2. Designation of Anchorages

Jinhae Bay is a designated anchorage area according to the Masan Port Facility Man-
agement Rules and the Gyeongsangnam-do Port Facility Management Rules, which include
Masan Port, Jinhae Port, and Goyeon Port. However, it does not include the commonly
used typhoon avoidance routes, such as the Masan, Jinhae, Goheyon, Wonjeon, Anjeong,
Jangjwa, and Naesan routes [25,26]. Ships often seek shelter in Jinhae Bay during typhoons,
but their anchoring is not officially recognized. As a result, the anchorage capacity, such
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as the maximum number of vessels and anchorages, is not clear. This study aimed to
determine the anchoring capacity in the water area surrounding the Jinhae Bay route,
excluding the anchorages at Masan Port, Jinhae Port, and Goyeon Port.

3.1.3. Typhoons

South Korea is vulnerable to typhoons due to its geographical location and experiences
the direct and indirect impact of typhoons every year. In 2019, 29 typhoons formed in
the Northwest Pacific, with 6 of them impacting the Korean Peninsula. These typhoons,
including Danas, Francisco, Krosa, Lingling, Tapah, and Mitag, occurred between July and
October [27].

In 2020, 23 typhoons formed in the Northwest Pacific, and 4 of them impacted the
Korean Peninsula, including Jangmi, Bobby, Mysak, and Highsun, which struck in August
and September [28].

The maximum wind speeds of typhoons affecting the Korean Peninsula during
2019–2020 were recorded by the Geoje-do weather buoys and the Silli-do meteorologi-
cal observatory. Table 1 summarizes the instantaneous maximum wind speeds. The Silli-do
observatory recorded wind speeds exceeding 25 m/s for typhoons Tapah, Maisak, and
Highsun, which posed a significant risk of anchor dragging and other marine accidents.

Table 1. Instantaneous maximum wind speed for each typhoon according to the meteorological
observatory [unit: m/s].

Typhoon
Observatory Silli-Do Meteorological

Observatory
Geoje-Do Meteorological

Observatory
Danas 18.9 17.8

Francisco 11.5 18.0

Krosa - 14.9

Lingling 19.2 20.8

Tapah 20.5 31.3

Mitag 15.8 22.9

Jangmi 12.1 22.4

Bavi 14.0 17.0

Maysak 35.4 36.0

Haishen 22.2 30.6

According to the International Association of Classification Societies (IACS), anchoring
equipment must be designed to withstand a maximum wind speed of 25 m/s and a
maximum current speed of 2.5 m/s in calm, sheltered sea areas. Any wind speeds or
current speeds exceeding these limits may lead to anchor dragging [29].

3.1.4. Other Water Facilities

Numerous vessels, including tugboats and fishing boats, operate in the vicinity of
Jinhae Bay at ports such as Busan New Port, Masan Port, Jinhae Port, Anjeong Port, Goyeon
Port, and Tongyeong Port. These ports have several designated routes, including the
Masan, Jinhae, Goheyon, Wonjeon, Anjeong, Jangjwa, and Naesan routes, as well as the
Gadeoksudo and Busan Port Route 5 (New Port Route) [30].

Seasons of fishing are frequent along the Masan, Tongyeong, Jinhae, and Anjeong
routes, as well as in the nearby seas surrounding Jinhae Bay. These areas have a large
number of fishing gear installations, making navigation challenging and posing risks to
safe sailing [31]. The study area around Jinhae Bay, including Chorido Island, Jamdo Island,
Yeondo Island, and Gohyeon Bay, has several fishing grounds, such as fish farms and fixed
shore nets, along its coastline. Fish farms are also present in these areas and are relevant to
the Jinhae Bay typhoon shelter, the main focus of this study.
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As previously mentioned, ships often anchor outside of the designated anchorage
during typhoons, and in some cases, even on the sea routes, when the capacity has been
exceeded. As a result, the waters surrounding Jinhae Bay have been found to be significantly
different from those frequently used by ships. In Section 4, we will delve into the specifics
of creating typhoon shelters and zones.

3.2. Analysis of the Risks of Typhoon Shelters
3.2.1. General Marine Accidents

Figure 2 displays the occurrence of marine accidents (collision, grounding, contact,
sinking, and capsizing) in the sea surrounding Jinhae Bay over the past two years (2019–2020).
The Korea Maritime Safety Tribunal reported 185 marine accidents in the Jinhae Bay region
during the same period. Although the locations of the accidents were generally dispersed,
a concentration of accidents was observed near the entrance to Jinhae Bay, in the vicinity of
Chorido Island and Geoga Bridge [32].
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3.2.2. Marine Accident Cases during Typhoons

The designated anchorage areas and the capacity for ships to anchor are not clearly
defined, leading to potential hazards such as anchor dragging or collisions with anchored
ships during adverse weather conditions.

Table 2 lists the marine accidents that occurred during typhoons.
As Table 2 illustrates, the accidents that took place in the vicinity of Jinhae Bay during

typhoons from 2019–2020 included ship-to-ship collisions as ships moved to anchor, anchor
dragging of anchored ships that posed a collision threat with other anchored ships, and
ships that ran aground while adrift due to anchor dragging. The number of ships seeking
shelter in Jinhae Bay during typhoons has seen a sharp rise each year. However, the unclear
distance between anchored ships and the extent and capacity of eligible anchorage areas
demand further investigation.
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Table 2. Marine accidents during typhoons.

Typhoon Date Vessels Type of Accident Weather Condition

Mitag
(2nd~3rd October 2019) 2 October 2019

NAUTA
(GT 4190, reefer ship)

KHANA
(GT 3475, reefer ship)

Collision
Wind: NE, 12~16 m/s

Wave: 1.5 m,
Visibility: 0.1 nm

Bavi
(08/26~27) 26 August 2020 FUTAI

(GT 995, general cargo ship) Dragging
Wind: NE, 6~8 m/s

Wave: 0.5~1 m,
Visibility: 3 nm

Lingling
(09/07~08) 7 September 2019 Precious9 (GT 2243, reefer ship) Dragging

Wind: SE, 20~25 m/s
Wave: 4~5 m,

Visibility: 2 nm

Maysak
(09/02~03) 2 September 2020 RISUN

(GT 1502, semi-container ship) Stranding
Wind: E, 30~35 m/s

Wave: 2 m,
Visibility: 0.5 M

3.3. Analysis of the Traffic of Shelter-Seeking Vessels

The last typhoon-seeking vessel’s arrival date was analyzed using Automatic Identi-
fication System (AIS) track information to evaluate the maritime traffic situation of ships
seeking shelter at Jinhae Bay. The data are presented in Table 3. The AIS traffic information
at the time of arrival of the final typhoon-seeking ship for each typhoon was analyzed. The
analysis was based on 24 h track data, starting at 09:00 on the day of the typhoon’s impact
and ending at 09:00 the following day.

Table 3. Times of the last shelter-seeking vessels during each typhoon (2019~2020).

Typhoon Date Refuge Time Typhoon Date Refuge Time

5th Danas 20 July 2019 11:00–12:00 18th Mitag 2 October 2019 19:00–20:00

8th Francisco 6 August 2019 15:00–16:00 5th Jangmi 10 August 2020 15:00–16:00

10th Krosa 15 August 2019 07:00–08:00 8th Bavi 26 August 2020 13:00–14:00

13th Lingling 7 September 2019 03:00–04:00 9th Maysak 2 September 2020 10:00–11:00

17th Tapah 22 September 2019 06:00–07:00 10th Haishen 6 September 2020 15:00–16:00

Analysis of AIS data from typhoons in 2019 and 2020 revealed that a total of 1728 ships
sought shelter at Jinhae Bay. Typhoon Mitag saw the highest number of vessels seeking
shelter (240). The findings are depicted in Figure 3, which shows the number of vessels
that sought shelter during each typhoon.

The results of the analysis on the number of ships seeking shelter during typhoons
in various sub-sea areas of Jinhae Bay from 2019 to 2020 showed that the majority of
ships took shelter in the Jinhae Bay area (869 vessels), followed by the Gohyeon Bay area
(410 vessels), Jamdo Island area (301 vessels), Chorido Island area (75 vessels), and Yeondo
Island area (43 vessels). The predominant types of shelter-seeking vessels were cargo
ships (658 vessels, 38.08%) and tankers (539 vessels, 31.19%), followed by fishing boats
(200 vessels, 11.57%), towing vessels (137 vessels, 7.93%), and other vessels (98 vessels,
5.67%). The remaining shelter-seeking vessels were comprised of unidentified vessels
(86 vessels, 4.98%), government ships (9 vessels, 0.52%), and one passenger ship (0.06%).

Based on the weight of the shelter-seeking vessels, the majority were between 3000 to
5000 tons (24.77%) and 1000 and 3000 tons (23.32%). Additionally, there were 299 vessels
weighing less than 1000 tons (17.30%) and 288 vessels weighing 5000 to 7000 tons (16.67%).
The vessels weighing 7000 to 10,000 tons (7.35%) and those weighing 10,000 tons or more
(4.80%) accounted for a smaller portion of the shelter-seeking fleet, with 100 vessels of
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unknown weight (5.79%) also recorded. In conclusion, ships in the weight range of 1000 to
5000 tons were the most frequent shelter-seekers.
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3.4. Anchor-Dragging Vessels during Typhoons

During typhoons, vessels seek shelter at Jinhae Bay, but strong winds often result in
significant anchor dragging. Table 4, based on data from the Masan Port VTS, summarizes
the anchor-dragging rates of vessels in Jinhae Bay that sought shelter during typhoons
in 2020. In the case of Typhoon Maysak, nearly all of the vessels had dragging anchors,
with a rate of 92.8%. The proportion of vessels with dragging anchors in Typhoon Haishen
was also high, at 71%. The highest wind speeds measured at the Silli-do meteorological
observatory in Jinhae Bay during these typhoons were 12.1 m/s for Jangmi, 14.0 m/s for
Bavi, 35.4 m/s for Maysak, and 22.2 m/s for Haishen. These high wind speeds led to a
high anchor dragging rate during Maysak and Haishen.

Table 4. Ratio of vessels with dragging anchors to shelter-seeking vessels in 2020.

Typhoon Jangmi Bavi Maysak Haishen Average

Ratio of vessels with
dragging anchors to

shelter-seeking vessels
21.3% 11.7% 92.8% 70.6% 47.8%

Table 5 summarizes the anchor-dragging ratios of ships by tonnage during typhoons
that impacted the Korean Peninsula in 2020. The highest proportion was observed in ships
weighing between 5000 and 7000 GT, with a ratio of 47.7%. The 7000 to 10,000 GT segment
followed closely with a ratio of 41.7%, while ships weighing 10,000 GT or above had a ratio
of 40%. In general, it was found that the anchor-dragging ratio increased as the size of the
ship increased.

The results of the survey indicate a high incidence of anchor-dragging incidents caused
by typhoons in the vicinity of Jinhae Bay, which is traditionally considered a safe haven.
While no major accidents have occurred, it is imperative to ensure proper maintenance of
the Jinhae Bay typhoon shelter as the risk of marine accidents is significant.
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Table 5. Ratio of vessels with dragging anchors to shelter-seeking vessels by tonnage in 2020 [unit: %].

Gross Tonnage Less Than 1000 GT 1000~3000 GT 3000~5000 GT 5000~7000 GT 7000~10,000 GT Over 10,000 GT

Ratio of vessels with
dragging anchors to

shelter-seeking
vessels by tonnage

32.6% 37.5% 37.8% 47.7% 41.7% 40%

4. Scope of Jinhae Bay Typhoon Shelter

The cumulative track map for ships that sought shelter in the Jinhae Bay area during
Typhoon Mitag, which saw the highest number of shelter-seeking vessels, is shown in
Figure 4. The map reveals that the Jinhae Bay area and the surrounding sea route are both
used as typhoon shelters. However, the strong winds pose a risk of grounding and collision
as the anchorage areas are not clearly defined and the capacity and average separation
distance for each area are unknown. To ensure the safe use of the sea area as a shelter
during emergencies, safety management procedures must be established.
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In this chapter, the anchorage capacity of the typhoon shelter near Jinhae Bay was
determined using a survey of experts and users of the sea area, and the findings were
applied to the area.

4.1. Analysis of Separation Distance of Shelter-Seeking Vessels

A survey was conducted among 14 VTS operators and 32 ship operators who had
sought shelter in Jinhae Bay during a typhoon to determine the safe separation distance
required between ships anchoring in the typhoon shelter.

The results, shown in Figure 5, display the average separation distance between
vessels, the average separation distance between cargo ships, the average separation
distance between cargo ships and tankers, and the average separation distance between
tankers, based on the responses of the VTS operators and ship operators. The survey also
included tugboats and barges, but only the results for cargo ships and dangerous cargo
carriers are presented.
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The results showed that the largest average separation distance between vessels was
in the range of 500 m to 750 m, and when dangerous cargo carriers were included, many
respondents chose the 1000 m range as well.

4.2. Selecting Sea Areas Where Vessels Can Take Shelter

The appropriate areas for Jinhae Bay typhoon shelters were determined through a
survey of ship operators who had utilized the VTS that manages the targeted sea area
and shelter.

The results of the survey involved asking respondents to mark safe shelter sites on a
map of Jinhae Bay and its surrounding waterways.

The locations identified as the safest shelters by VTS operators and ship operators
were overlaid to create multiple layers.

According to the survey results of VTS operators and ship operators, the safest ty-
phoon shelter conditions are characterized by: (1) protection from land and islands, which
reduces the impact of external forces and clearly identifies the location of fishing grounds;
(2) moderate water depth with a mud seabed and minimal interference from obstacles
such as fishing grounds; and (3) the ability to maintain a safe distance from surrounding
hazardous areas, such as islands and land.

Figure 6 presents the areas around Jinhae Bay where ships can anchor based on envi-
ronmental factors, barriers, and fishing grounds, as well as the opinions of VTS operators
and ship operators.
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4.3. Analysis of Design Criteria Related to Anchorage Capacity

This study aimed to explore the anchoring design criteria for typhoon avoidance in
the limited typhoon shelter area near Jinhae Bay, where a large number of ships gather
in close proximity. The regulations for anchoring design were analyzed to determine the
minimum anchorage area required for a single ship to safely avoid typhoons. In addition to
the standard wind speed criteria, specific design requirements were established to account
for the possibility of high wind speeds.

4.3.1. South Korean Harbor and Fishery Design Criteria

The Harbor and Fishery Design Criteria in South Korea specify the criteria for choosing
an anchorage, which include a calm and ample water surface, favorable seabed conditions
for anchoring, well-maintained buoys, and favorable weather conditions. Table 6 [11]
provides the anchorage size for each ship based on anchoring method and seabed condition.
However, it should be noted that these anchorage sizes are based on the assumption
of offshore standby or unloading and do not include specific guidelines for emergency
situations such as typhoon avoidance.

Table 6. Anchorage sizes in South Korea’s Harbor and Fishery Design Criteria.

Purpose of Use Method of Use Seabed Condition or Wind Speed Radius [m]

Offshore
standby or
unloading

Single anchor
Seabed condition is good for anchoring L + 6D

Seabed condition is poor for anchoring L + 6D + 30

Two anchors
Seabed condition is good for anchoring L + 4.5D

Seabed condition is poor for anchoring L + 4.5D + 25

(Note) L: LOA [m], D: water depth [m]

4.3.2. PIANC Design Criteria

The PIANC (The World Association for Waterborne Transport Infrastructure) provides
recommendations for the design of navigation channels to ensure safe and efficient passage



J. Mar. Sci. Eng. 2023, 11, 1031 11 of 19

of vessels in and out of ports and harbors. Equation (1) represents the minimum anchor-
age radius for the weather and seabed conditions recommended by the PIANC Harbor
Approach Channels Design Guidelines, revised in 2014 [12].

Ra[m] = LOA + 5h + 30 (1)

Here, Ra is the anchorage radius, LOA is the overall length of the ship, h is the anchorage
depth, and the constant term 30 represents an additional 30 m radius defining a margin of
water area for anchor dragging.

The PIANC Harbor Approach Channels Design Guidelines provide Spanish design
examples. The Spanish design criteria present the anchoring area for a ship according to the
anchoring method and environmental conditions. Equation (2) represents the anchorage
area by Spanish design, and Figure 7 show the criteria for calculating the anchoring area
for a single anchor, which needs the largest anchoring area [14].

R[m] = Pinaccurancies + W + Clength + LOA + Sclearance (2)
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Here, Pinaccurancies (Anchoring inaccuracies): Error caused by position and time mea-
suring method, etc., for which 25–50% of the ship length is applied.

W (Anchoring drag): This is a margin radius for preliminary notification during
anchor dragging, and Table 7 is applied according to the seabed condition and wind speed.

# Clength (Chain length): This can be calculated as a function of the water depth, the
height of the ship, and the weight of the chain. However, 7 to 9 shackles for evaluating
the risk of anchor dragging were applied in this study.

# LOA (Ship length): The overall length of the ship is applied.
# Sclearance(Safety clearance): The larger value between 10% of the ship length and 20 m

is applied as a margin radius for accident prevention.

Table 7. Anchoring drag values according to wind speed among Spain’s port design criteria.

Wind Speed Good Seabed Condition Poor Seabed Condition

10 m/s or less 0 m 30 m

Above 10 m/s and 20 m/s or less 60 m 90 m

Above 20 m/s and 30 m/s or less 120 m 150 m

Above 30 m/s 180 m 210 m
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4.3.3. Japanese Design Criteria

The Japan Coast Guard took preventive measures against anchor dragging accidents
in response to the Kansai International Airport connection bridge collision in 2019. An
expert review meeting was held to discuss ways to avoid such accidents in the future.
To this end, the length of chain extension was adjusted based on weather conditions, as
outlined in Table 8. The anchoring radius for each ship can be calculated by summing the
length of the ship with the amount of chain extension, as indicated in the table [33].

Table 8. Anchorage radius for each ship in Japan’s anchor dragging prevention measures.

Weather Conditions Radius [m]

Anchoring in normal weather L + 3D + 90

Anchoring in stormy weather L + 4D + 145

(Note) L: LOA [m], D: water depth [m]

5. Calculation of Optimal Capacity through Nesting Algorithm
5.1. Overview of Nesting Algorithm

The nesting algorithm is a method used to arrange shapes in a way that minimizes
wasted space or material [34]. The algorithm is commonly used in a variety of industries,
such as shipbuilding, vehicle and machine part manufacturing, and clothing and shoe
production, among others. The goal of the algorithm is to find the optimal layout of
shapes to minimize waste. In this study, the nesting algorithm was used to determine the
optimal arrangement of typhoon shelters. Building on earlier work, Yamauchi and Tezuka
combined the nesting algorithm with a genetic algorithm to find the optimal arrangement
of shapes [35]. Fujita et al. introduced the concept of Schemata to evaluate the superiority
of the genetic algorithm [36]. Han and Na further optimized material loss by introducing
a method for efficiently arranging complex two-dimensional patterns [37]. Fang et al.
proposed a nesting algorithm combined with reinforcement learning [38]. Struckmeier
and Leon applied nesting to sheet metal industry dealing with constraints of flatbed laser-
cutting machines [39].

The No-Fit-Polygon (NFP) method is a technique for expressing shapes that involves
combining all the positions where two shapes can be positioned in close proximity without
overlapping [40]. The NFP method can be used to determine if shapes overlap and to
calculate the direction and magnitude of displacement required to resolve overlaps (Ryu
& Kim, 2004). Another technique for expressing shapes is pixel representation, which
involves dividing shape outlines into grids and classifying each grid as either belonging
to the interior or boundary of the shape or not belonging to the shape [41]. Falkenauer
proposed a solution to the nesting problem using a genetic algorithm [42]. The cost function
used by Falkenauer [42] is as follows:

Maximize

∑i=1...N

(
Fi
C

)k

N
(3)

where N is the number of bins used, Fi is the sum of the sizes of objects in bin i, C is the bin
capacity, and k is a constant, k > 1. In this study, we used the Falkenauer [42] algorithm.

5.2. Applying the Algorithm

The capacity of vessels that could seek shelter in a single area was determined by
the permissible tonnage difference and was evaluated based on the opinions of Masan
Port VTS operators and ship operators. The number of vessels that can find shelter was
calculated using a nesting program, which is an optimization technique for industrial raw
material placement and cutting. The program was based on the genetic algorithm and the
No-Fit-Polygon (NFP) theory. The calculation process is illustrated in Figure 8.
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The anchorage radii for each ship are presented in Table 9 in descending order of
ship size. The ships were categorized into six groups based on their typhoon avoidance
performance during typhoons over the past two years. The average length of each group
was calculated, and this information was used to determine the anchorage area required
for each ship tonnage class. The sizes of the 93 unknown ships were randomly selected
to be between 1000 and 3000 tons, which is the widest range of sizes for typhoon-seeking
ships. The criteria for determining the necessary anchorage area for each ship were based
on the Japanese regulations for stormy weather conditions, which are similar to those in
South Korea. Graphic work was carried out on the anchorage area for each ship size and
the overall anchorage area to use the nesting program that supports CAD work files.

Table 9. Data preprocessing items for identifying the maximum tonnage that can take refuge.

Items Less Than
1000 Tons 1000~3000 Tons 3000∼5000 Tons 5000∼7000 Tons 7000∼10,000 Tons 10,000 Tons

or More Unknown Total Note

Number
of vessels 361 664 331 174 45 11 93 1679 (1)

Final
number of

vessels
361 757 331 174 45 11 - 1679

Ratio (%) 21.50 45.09 19.71 10.36 2.68 0.66 - 100

Standard
tonnage
(tons)

500 1,1500 4000 6000 8500 20,000 - - (2)

Converted
LOA (m) 60 85 100 115 130 165 - - (3)

Anchorage
radius (m) 210 235 250 265 280 315 - - (4)

(1) The 93 unknown ships are arbitrarily assumed to belong to the 1000-to-3000-ton group.
(2) The standard tonnage is set to the median value for each group.
(3) Conversion equation: ln(LOA) = (ln(GT) + 5.062)÷ 2.935
(4) The criteria for stormy weather in Japanese anchor dragging prevention measures were applied (L + 4D + 135 m).

The optimization process was carried out by utilizing nesting software that combines
No Fit Polygon and a genetic algorithm to restrict the maximum ship size for shelter. The
results of the optimization were then compared. Figure 9 shows the change in total capacity
as the maximum ship size for shelter varies. The study found a total capacity of 163 vessels
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when the maximum ship size was restricted to 7000 tons. This number is comparable to the
number of shelter-seeking vessels recorded during the 2020 Mysak typhoon, which had the
highest incidence of anchor dragging, with a total of 168 vessels.
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5.3. Result of Deriving the Optimum Capacity

To estimate and compare the optimal capacity within the typhoon avoidance area,
typhoon avoidance records and anchoring area guidelines for each ship size from the
previous two years were used. The optimal capacity was calculated using nesting software,
and the typhoon avoidance ratios for each ship size, as presented in Table 9, were used
as input values. This study only considered stormy weather conditions and three criteria
based on wind strength under good seabed conditions, which are included in Japanese port
design requirements to prevent anchor dragging. It was concluded that ships of 10,000 tons
or more could only anchor in the area near Yeondo Island.

5.3.1. Japanese Criteria

Table 10 and Figure 10 present the anchoring radius calculation (L + 4D + 145) during
stormy weather conditions, a measure used to prevent anchor dragging in Japan. The
results indicate a total capacity of 209 vessels, slightly higher than the average number of
vessels that sought shelter (173 vessels) during the past 2 years during 10 typhoons.

Table 10. Number of vessels that can be deployed based on the criterion of Japan Coast Guard
(L + 4D + 145 m).

Tonnage Criteria Number of Vessels

Less than 1000 tons 21

1000–3000 tons 95

3000–5000 tons 52

5000–7000 tons 27

7000–10,000 tons 12

10,000 tons or more 2

Total 209
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5.3.2. Spanish Criteria

Table 11 and Figure 11 present the results of computing the optimal capacity based on
three levels of wind speed under favorable seabed conditions using the Spanish port design
criteria for anchoring drag value by wind speed. The results show that the optimal capacity
varied depending on the wind speed. The comparison between the optimal capacity and
the actual number of shelter-seeking vessels in Jinhae Bay over the past two years showed
a significant difference, with the maximum being 240 and the minimum being 72. However,
no sea area was suitable for anchoring large ships of 10,000 tons or more during mid-level
typhoons with wind speeds of 20 m/s or higher.

Table 11. Number of vessels that can be deployed according to Spanish criteria.

Tonnage Criteria Weak Typhoon
10 m/s < Wind Speed < 20 m/s

Moderate Typhoon
20 m/s < Wind Speed < 30 m/s

Strong Typhoon
Wind Speed > 30 m/s

Less than 1000 tons 5 9 6

1000–3000 tons 42 31 23

3000–5000 tons 19 14 10

5000–7000 tons 10 7 5

7000–10,000 tons 5 2 1

10,000 tons or more 1 0 0

Total 82 63 45
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6. Discussion

Table 12 compares the number of vessels that sought shelter at Jinhae Bay during
the past two years with the maximum capacity for accommodating vessels based on each
respective criteria. The results show that when the Spanish criteria were applied, the
maximum capacity for accommodating vessels was exceeded in all typhoons except Krosa.
During Typhoon Maysak, nearly 3.7 times more vessels sought shelter than what was
defined by the Spanish criteria. On the other hand, based on the Japanese criteria, Typhoon
Mitag had 1.14 times more vessels seeking shelter than the maximum capacity, while the
other typhoons had fewer vessels than the maximum capacity. Despite this, in 6 out of
10 typhoons, more than 80% of the maximum capacity was utilized, and in 3 of those
typhoons, more than 90% of the capacity was utilized. This suggests that Jinhae Bay is now
accommodating typhoon shelter seekers to near its maximum capacity.

Table 12. Comparison of the number of vessels that took shelter and the maximum capacity for
accommodating vessels over the last two years.

Typhoons
Number of

Vessels That
Took Shelter

Maximum
Wind Speed of

the Silli-Do
Meteorological

Observatory
(m/s)

Ratio of the
Japanese
Criteria

(209 Vessels)
(%)

Ratio of Spanish
Criteria (%)

82 (Weak Typhoon)
63 (Moderate

Typhoon)
45 (Strong Typhoon)

Danas 176 18.9 84.21 214.63

Francisco 171 11.5 81.81 208.53

Krosa 72
14.9 (Geoje-do
meteorological
observatory)

34.44 87.80

Lingling 201 19.2 96.17 245.12

Tapah 205 20.5 98.08 325.39

Mitag 240 15.8 114.83 292.68

Jangmi 143 12.1 68.42 174.39

Bavi 199 14.0 95.21 242.68

Maysak 168 35.4 80.38 373.33

Haishen 153 22.2 73.20 242.85

Average 172.8 18.45 82.6 210.73

It was noted that there was a difference between the Japanese and Spanish port design
criteria. When the two-year average was analyzed, 172.8 ships used Jinhae Bay to avoid
typhoons. Japanese criteria was 82.6%, and Spanish criteria was 210.73%. When compared
to the actual number of vessels that sought shelter, the Japanese criteria were deemed to be
more realistic, likely due to Japan’s proximity and similar climatic conditions. Therefore,
when determining the maximum capacity for accommodating vessels at anchorages, it
would be reasonable to use Japanese criteria for calculation.

7. Conclusions

The study aimed to determine the optimal capacity for vessels seeking shelter during
typhoons in the sea area surrounding Jinhae Bay. It was found that several areas, including
Jinhae Bay, Gohyeon Bay, and the Masan, Jinhae, Goheyon, safe, and Jangjwa routes, could
serve as typhoon shelters. A survey was conducted with experienced VTS operators and
operators to identify the best typhoon avoidance areas. The results showed that the Japanese
and Spanish design criteria for anchoring in strong winds were useful in computing the
optimal capacity of typhoon shelters. However, the shapes of the typhoon avoidance areas
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were uneven, which could result in wasted space. To optimize the arrangement of shelters,
the study calculated the number of vessels that can take refuge using a nesting algorithm
based on the genetic algorithm and the No Fit Polygon theory.

The total number of vessels that can take refuge was found to be 209 using the
calculation method based on Japan’s anchorage design criteria for stormy weather. This
is slightly higher than the average number of vessels (173) that sought shelter during
typhoons over the past two years. On the other hand, the total number of vessels that can
find shelter in Spain was estimated to be between 45 and 82, according to the calculation
method based on the typhoon class design criteria. This was found to be significantly lower
than the average number of vessels (over ten typhoons) that sought shelter in the past two
years. The calculated separation distance between ships based on Japan’s anchorage design
criteria for stormy weather was close to the average separation distance, according to a
survey of VTS operators and ship operators. Given South Korea’s proximity to Japan, it
is believed that the Jinhae Bay typhoon shelter can be effectively managed by arranging
shelter-seeking vessels based on the first calculation method.

This study is significant in that it quantitatively analyzed typhoon shelters customarily
formed in Jinhae Bay. In particular, the use of the nesting algorithm for anchorage capacity
has an academic contribution. Additionally, from the VTS operator’s point of view, there is
a contribution to supporting quantitative methodology-based rather than experience-based
decision-making.

To improve the practical usefulness of this study’s findings, further research is needed
in the future. Firstly, the proposed arrangement plan for typhoon shelters in the Jinhae
Bay area must be evaluated from different angles. Although this study used the nesting
algorithm to arrange the shelters, further exploration and comparison of other algorithms
are necessary to determine the most optimal plan. Secondly, the validity of the results
should be confirmed through simulation and practical implementation. This can be done by
conducting ship steering simulations based on the findings of this study and comparing the
results with those obtained from other algorithms. Thirdly, a validation process involving
VTS operators and more years of investigation related to typhoon are necessary to ensure
the practical applicability of the arrangement plan. Additionally, since the purpose of this
study was to find the capacity to operate typhoon shelter, the time interval for vessels to
approach the anchorage was not considered. Therefore, future studies should consider
time complexity.
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